ntertidal sand flats (Table 2). Lowstand deposits are high intertidal to supratidai shale
(Table 2). At Mount Union, this fifth-order sequence consists entirely of red shale,
probably of non-manne ongin (Table 2).

Comparison of the interval with the model of a complete fifth-order sequence
(Figure 7) suggests that PAC 1 is missing at all three localities owing to non-deposition
(hiatus) prior te the initial deposition over (flooding of) the basal unconformity.
Sequence II A4 is thicker, more complete, and more manne at the southem localities
suggesting deposition on a gentle slope. Precession-driven sea-level rises flooded this
sloping surface differentially, in steps. Presuming that the second sixth-order cycle is an
augmented relative sea-level rise within the fifth-order sequence, then PAC 2 was
deposited and preserved at all three localities. In that case, PACs 3, 4, and 5 at Mount
Union were either not deposited (because subsequent sea-level rises did not reach that far
landward), or cycle boundaries were obliterated by bioturbation. Comparable thicknesses
at all three localities suggest that PACs 3, 4, and 5 were obscured at Mount Union
(Appendix B).

Fifth-order Sequence i1 8

Fifth-order Sequence II B begins at a major facies change where the supratidal
shales of the sequence below are overlain by low intertidal sandstones and carbonates
(Figure 13 and Table 2). This predominantly sandstone sequence is complete (containing
5 PACs) at Pinto, MD and consists of 4 PACs at Mount Union. At Cedar Chiff, only two
PACs were identified, but the similanty in thickness relative to Pinto suggests that some

cycle boundaries could not be discerned at Cedar CIiff (Appendix B).
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. Scquence I B at Pinto, Maryland. Sequence II B, bounded by green
lines. contains 5 PACs. which are delineated by white lines. PACs in this

sequence are delineated by clay seams at non-depositional surfaces in
bedded gray-brown sandstone. Measuring sticks are 4 feet long:

stratigraphic up is to the left.

37



At the most complete section, Pinto, the cycles consist of subtidal, gray-brown
laminated caicisiltite and sandstones (Table 2) that consist of moderately- to well-sorted
carbonate or quartz grains averagmg 0.1 mm in diameter (Figure 14). These marine
sandstones at Pinto contrast with the iron-rich red sandstones contaming poorly sorted
grains of quartz (ranging from 0.1 mm to .01 mm), silt, and clay (Figure 15) at Mount
Union. These differences in composition, grain size, sorting, and the presence of
oxidized iron at Mount Union suggests that the depositional environments at the two
localities were quite different. At the northem locality, the poorly sorted fine grained-
clastics were deposited nearer to the clastic source, in a non-marine setting (Table 2),
while Pinto was a shallow marine setting, where persistent current activity produced
well-sorted deposits. At both localities, PACs are recognized by non-depositional
surfaces marked by thin clay beds. Absence of these surfaces in Sequence I3 B at Cedar
Chif makes cycie definition problematic. However a paleosoil present at the top of the
sequence indicates prolonged exposure (Appendix B). Sequence II B is anomalously
thick at Mount Union (15 feet versus 10.5 feet at the southem localities).

Deposition of cycles in this sequence was controlled by position of each locality
relative to the shoreline. The sca-lcvel rise that initiated Sequence 11 8 flooded the high
intertidal shales terminating Sequence II 4 at Pinto, but did not flood the Mount Union
area. The second sea-level nse, resulting in PAC 2, flooded all three localities.
Eccentricity-dampened sea-level rises also flooded the entire region, resulting in PACs 3,
4, and 5. At Cedar Cliff, the presence of the paleosol at the top of PAC 3 was interpreted

to form on a topographic high point, exposing the top of the sequence for the duration of
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Figure 14. Thin Section of the Base of PAC 2, Sequence Il B at Pinto, MD.
The base of PAC 2 in Sequence Il B consists of subrounded to
rounded carbonate and quartz grains. The field of view is 1.4 mm
horizontally.

Figure 15. Thin Section of the Base of PAC 2, Sequence Il B at Mount Union, PA.
The base of PAC 2 in Sequence I B contains subrounded to subangular
quartz grains in an iron-rich, red matrix. The field of view is 1.4 mm

horizontally.
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the scquence (deposition of PACs 4 and 5 elsewhere). The greater thickness of the
sequence at Mount Union can be explained by higher rates of subsidence and proximity
to the source of siliciclastics.
Fifth-order Sequence I1 €

Sequence I[ C, the most carbonate-rich sequence in Fourth-order Sequence II,
consists of marine carbonate facics at the southern localitics, and dominantly non-marine
red siltstone and shale facies at Mount Union. Thickness of this sequence 1s comparable
at all three localities (10.5 feet at Pinto, MD, 10 fect at Cedar Cliff, MD, and 12 feet at
Mount Union, PA). This ostracod-bearing, carbonate-rich sequence consists of four
PACs at the southem localities, where it has been mapped as the Cedar Cliff Limestone
Lentil (Hoskins, 1961); only two, carbonate and non-manne siliciclastic PACs could be
clearly distinguished at Mount Union {(Appendix B).

At all localities, Sequence II C is initiated by PAC 2, an ostracod-bearing
restricted marine cycle. At the southem localities, this PAC consists of restricted subtidal
marine ostracod-rich quartz sandstone (Figure 16 and Table 2), while non-marine (iron-
rich red shale) and minor restricted subtidal facies (osiracod-bearing, laminated
calcisiltite} constitute the sequence at Mount Union (Table 2). At all three localities, the
vertical sequence of PACs in Sequence 11 C exhibits progressive shallowing above the
deepest facies at the base of PAC 2. PAC 3 at the southemn localities consists of bedded
oolitic and pelletal fine calcarenite with ostracods (Figure 17 and Table 2). PAC 4
contains thrombolites, oolites and peilets in calcisiltite. PAC 5 terminates the sequence at

the southem localities, consisting of oolites and low intertidal to subtidal thrombolites in
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Figure 16. Thin Section of the Base of PAC 2, Sequence Il C at Cedar CIiff, MD.
The base of PAC 2 in Seauence II C consists of ostracods in a fine quartz

sandstone and calcarenite matrix. Grains are subrounded to subangular in
shape. The field of view is 2.9 mm horizontally.

Figure 17. Thin Section of the Base of PAC 3, Sequence II C at Cedar CIiff, MD.
The base of PAC 3 in Seauence 11 C contains ooids. pellets, and ostracod

fragments in fine-grained calcarenite. The field of view is 1.4 mm
horizontally.
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interbedded shale and laminated limestone (Table 2). In the non-marine facies at Mount
Union, PACs consist of restricted lagoonal carbonate or green sandstone overlain by non-
marine red siltstone or sandstone caps (Table 2).
Application of the model of an ideal fifth-order sequence (Figure 7) to Sequence
I C suggests:
1. PAC 1 is missing by hiatus (non-deposition)
2. An eccentricity-enhanced precessional sea-level rise flooded all localities,
resulting in deposition of PAC 2.
3. Eccentricity-dampened sea-level rises produced successively shallower PACs
3,4, and 5 (?) at all localities.
These interpretations are supported by the correlative ostracod-nich quartz arenite and
calcarenite at the base of the sequence with subsequent deposition of progressively
shallower PACs. Although more subsidence was interpreted at Mount Union than at the
southem localities, PAC 5 was not deposited or could not be discriminated. Lateral
facies distribution suggests deposition of Sequence I1 C on a gentle slope from
dominantly non-marnine conditions at Mount Union to restricted-manne environments at
Cedar Cliff and Pinto.

Fifth-order Sequence I1 D

Fifth-order Sequence 11 D, the dominantly shaley fina! sequence of Fourth-order
Sequence II, is composed of cycles containing thin, restricted subtidal calcarenite or
quartz arenite highstand deposits overlain by supratidal to non-marine shale and siltstone

lowstand deposits. Thicknesses of the sequence at Pinto and Mount Union are similar
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(14 and 14.5 feet, respectively), while the seguence at Cedar CIiff is not as thick (12 feet).
Internally, the southem localities are complete, containing 5 PACs each, while the
sequence at the northern locality 1s composed of 4 PACs (Appendix B).

The first PAC in Scquence {I £ begins with 2 corrclative 1 to 2 foot thick,
massive iron-nich red sandstone that 1s very similar in texture, composition, sorting, and
rounding at all localities {Figure 18). At Pinto, PAC 2 is a low-intcrtidal to subtidal, thin
calcarenite bed capped by gray shale (Table 2). Subsequent cycles at Pinto become more
shale-rich {Figure 19). At Cedar Cliff, PAC 2 consists of a bioturbated subtidal
calcaremte-nich base with a low-intertidal gray to green siltstone cap (Table 2). At Cedar
Cliff, PAC 3 highstand deposits contain pocrly sorted quartz grains (.1mm average
diameter} with silt and clay in bioturbated reduced iron-rich cement capped by green
siltstone lowstand deposits. Beds of calcarenite and green siltstone compose the base of
PAC 4, which is capped by non-marnne red shale (Table 2). PAC S contains a thin, iron-
nich, non-marine, bioturbated sandstone hed capped by thick, non-manne red shale (Table
2). PACs 2, 3, 4, and 5 in the sequence at Mount Union are composed of red to green
sandstone bases with red shale caps; the sandstone becomes greener and less massive and
the shale component becomes increasingly thick in successive cycles (Figure 20).

Relative sea-level rise at the beginning of Sequence il D initiated the deposition
of PAC 1, consisting of an intertidal, two-foot-thick, iron-rich sandstone beg capped by a
two-inch-thick gray shale at the southem localities, and capped by non-marine red shale
at the northern locality (Appendix B). At the southern localities, gray calcaremte capped

by gray shale comprises PAC 2, interpreted as subtidal (Table 2), while this cycle
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Figure 18. Thin Section of the Base of PAC 1, Sequence II D at Pinto, MD.
The base of PAC 1 in Seauence I1 D consists of subrounded to

subangular quartz grains in an iron-rich. red matrix. The field of
view is 1.4 mm horizontally.

Figure 19. Fifth-order Sequence II D at Pinto, MD. Sequence II D, bounded by
a green line and a dark blue line (fifth-order and fourth-order boundaries.
respectively), contains 5 PACs, which are delineated by blue lines. Each
PAC in this sequence is composed of gray calcarenite highstand deposits
capped by lowstand shale. Measuring sticks are four feet long;
stratigraphic up is to the left.
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Figure 20. Fifth-order Sequences II D and Il A at Mount Union, PA. Sequence Il D,
bounded by a green line and a blue line (fifth-order and fourth-order
boundaries, respectively), contains four PACs, which are delineated by black
lines. PACs are composed of red and gray sandstone bases with red shale
caps. Sequence I1I 4, contains two PACs, which are composed of green
calcarenite and red shale. Measuring stick is four feet long; stratigraphic up
is toward the top of the page.
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consists of red sandstone and shale at the northern locality, reflecting a less marine or
non-marine environment. At the southem loczlittes, PAC 3 contains green sandstone,
interpreted as low-to mid-intertidal (Table 2), while at Mount Union, this cycle consists
of a mid-intertidal highstand, capped by non-marine red shale. PACs 4 and 5 are capped
by supratidal red shale at Cedar CLiff (Figures 19 and 21), interpreted to be less marine
than at Pinto, where these cycles are capped by intertidal gray shale. The unexpectedly
thick sequence at Mount Union can be attnibuted to relatively high subsidence rates,
increasing accommodation space, as interpreted for Sequence II € at this locality.
Summary: Fourth-order Sequence I

Determining the position of this fourth-order sequence within the first Wills
Creek third-order sequence was accomplished by comparning the pattems of facies change
with the expected model {Figures 9 and 12). Although this fourth-order sequence could
be either Fourth-order Sequence II or 111, relationships of this fourth-order sequence
within the third-order sequence and with the subsequent fourth-order sequence indicate
that it contains the deepest facics preserved in the third-order sequence, suggesting that it
is Fourth-order Sequence I1. Using this intcrpretation, a hiatus of at least 400 Ky
occurred at the beginning of the Salina Third-order Supersequence and possibly agam at
the end of the sequence where Fourth-order Sequence V may also be missing (Figure 12).

Intemally, Fourth-order Sequence [I is complete at the fifth-order scale, but
incomplete at the sixth-order scale. Generally PACs arc missing at the bases or tops of
fifth-order sequences, especially at Mount Union, the more landward locality. Only

precessional sea-level rises associated with eccentricity maximums flooded all lecalities;
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Figure 21. Fifth-order Sequence II D and III A at Cedar CIiff, MD. Sequence II D,
bounded by a green line and a dark blue line (fifth-order and fourth-order
boundaries, respectively), contains 5 PACs, which are delineated by white
lines. PACs consist of limestone or sandstone highstand deposits capped by
lowstand gray to red shale. The sequence begins with a correlative, massive
iron-rich sandstone, and becomes more shale-rich toward the top. The
presence of non-marine red shale in the lowstand deposit of PAC 5, is
interpreted to indicate that this locality was slightly shallower than Pinto.
PACs in Sequence IIT 4 consist of fine sandstone and calcarenite highstand
deposits capped by lowstand gray to red shales. Measuring sticks are 4 feet
long; stratigraphic up is toward the top of the page.
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precessicnal sea-level rises dampened dunng eccentneity mimmums were insufficient to

inundate the landward locality.

The paleogeographic interpretation of Fourth-order Sequence II {non-marine at

Mount Union, restricted marine at the southern localities) is based on:

1.

The facies interpretations of the predominantly sand Sequence II B (poorly-
sorted, iron-rich, and red at Mount Union; well-sorted and gray at the southern
localities).

The presence of a paleosel terminating Sequence II B at Cedar Cliff, MD;
there is no paleosol at that stratigraphic horizen in the section at the most
marine locality {Pinto) 5.25 kilometers to the south.

The presence of intertidal carbonate facies (high-intertidal laminites and low-
intertidal to subtidal thrombaolites) at both of the manne southern localities
and deposition of oxidized iron-rich, red, non-marine shale in Sequence II C at
Mount Union, missing in the previous, deeper sequence. (Table 2).

in Sequence [I D, sixth-order lowstand shales change laterally frem all non-
marine red shale at Mount Union to all gray and green intertidal to supratidal
shale at Pinto. At Cedar CIiff, an intermediate locality, red shale 1s found only
in the lowstand deposits of PAC 5, the shallowest PAC in the sequence

(Figures 19, 20, and 21).

Fourth-erder Sequence I1I

Fourth-order Sequence 1l is the second preserved fourth-order sequence of the

Salina Supersequence (Figure 11). In contrast to siliciclastic-dominated Sequence 11,
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Fourth-order Sequence IiI consists of cycles with bedded carbonate bases and shale-rich
tops. Laterally, Fourth-order Sequence Il contains nearshore manne carbonate and shale
at Pinto and Cedar Cliff, and mixed non-marine red shalc and restricted marine carbonate
deposits at Mount Union. This interpretation is based on observation of lateral facies
change in individual PACs. For example, highstand deposits at the southern localities are
more carbonate-rich and consistently thicker than the thinner mixed siliciclastic and
carbonate, highstangd deposits to the north. Furthermore, cycle tops also fit a pattern of
being thicker, more iron-rich and red at the northem locality, while the beds are thinner
and gray to the south (Appendix B).

Fourth-order Sequence 111 is similar in thickness at all localities, measuring 32
feet at Mount Union, 32.5 feet at Cedar CIiff, and 33 feet at Pinto {Appendix B). Fourth-
order Sequence Il is stratigraphically complete, matching the model of a fourth-order
sequence (Figure 8) in consisting of four fifth-order sequences. Also consistent with the
model (Figure 8}, Fifth-order Sequence B contains deeper facies than Fifth-order
Sequence 4 and Sequences C and D consist of progressively shallower facies. Although
Fourth-order Sequence II1 is complete at the fifth-order scale, all of its fifth-order
sequences are mncomplete at the sixth-order scale, especially Sequences C and D.
Fifth-order Segquence IIi 4

Representing a relative deepening of facies compared to the shallowing trend
(increasing red shale) at the top of Fourth-order Sequence I, Fifth-order Sequence I 4
contains more carbonate and less shale at the southem localities compared to the previous

fifth-order sequence. The fifth-order sequence is complete and more manne at the

49



southem localities, but is highly incomplete and thinner at the non-manne Mount Union
locality to the north (Appendix B).

At the marine localities, sixth-order cycles consist of fine, calcarenite-rich
highstand deposits, interpreted as mid-intertidal deposits (Table 2), capped by high-
intertidal gray shales (Figure 21 and 22). The deepest facies in the sequence are the
wavy-bedded calcisiltites at the base of PAC 2, at Pinto. Deposition of the sequence at
Cedar CIiff was interpreted to be in slightly shallower water than at Pinto, owing to
increased quantities of quartz grains in highstand deposits of PACs and the presence of
non-rnarine red shale in this fifth-order sequence (Figure 21). In contrast to the
dominantly manne sequence at the southern localities, the non-marine sequence at Mount
Union is highly incomplete, consisting of just two cycles (PACs 2 and 3) of green
calcarenite and non-marine red shale (Figure 20), interpreted as supratidal facics (Table
2).

The interval at the southern localitics comparcs well with the modetl of a complete
fifth-order sequence (Figure 7), consisting of 5 PACs, of which the first two were
produced by enhanced precessional nises. Above the deep facies at the base of PAC 2,
highstand deposits of PACs 3, 4, and 5 reficet successive shallowing during a time of
decreasing eccentricity. At Pinto, shallowing m PAC 5 produced a thick supratidal shale
not present 5.25 kilometers to the north at Cedar Cliff. At Mount Union, the more

landward locality, only enhanced precessional nses 2 and 3 flooded the area.

50



Figure 22. Sequence III A at Pinto, Maryland. Sequence III 4, bounded by a blue
line and a green line (fourth-order and fifth-order boundaries, respectively),
contains 5 PACs, which are delineated by white lines. PACs in this
sequence are delineated by buff to gray carbonate bases capped by shale.
The shale at the top of PAC 5 is missing at Cedar Cliff. Measuring sticks
are 4 feet long; stratigraphic up is to the left.
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Fifth-order Sequence I B

Sequence ]I B is initiated at the change from the high-intertidal laminites and
supratidal red shale of the previous sequence to massive, subtidal gray calcisiitite and low
intertidal gray calcarenite (Appendix B and Table 2). The sequence 1s thicker toward the
north, measuring 7.5 feet at Pinto, 10 feet at Cedar Cliff, and 12.5 feet at Mount Union,
PA. Thicknesses at each locality correspond to the completeness of the sequence at those
localities; fewer PACs at the most marinc locality (Pinto) indicate less accommodation
space during the accurnulation of this fifth-order sequence.

At the most marine locality (Pinto), sixth-order cycles contain gray, subtidal, fine
calcarenite highstand deposits (Figure 23 and Table 2) overlain by low-intertidal, gray
shale lowstand tops (Figure 24). At Cedar Chiff, cycles of gray calcarenite and shale
become increasingly shale-rich toward the top; the sequence is terminated with a gray
shale cycle 1hat is calcareous and bioturbated at the base (Figure 25). PACs 1, 2, and 3 at
Mount Union consist of carbonate-nich bases with non-marine, red shale caps (Table 2).
The fine calcarenite highstand deposits of PAC 2 (Figure 26) contain less terrigenous silt
than the bases of other cycles in the sequence. PAC 4, which terminates the sequence,
has a restricted subtidal green siltstone base and a thick red shale top (Table 2).

Comparison of the thickness and completeness of Sequence III B at each iocality
{Appendix B) appears to contradict the expected depositional patterns for marine and
non-marine environments, in that the sequence is the thinnest at the most marine locality
where one would expect the greatest accommodation space. A possible explanation of

the anomalously thin sequence at Pinto is that subsidence decreased at this locality.
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Figure 23. Thin Section of the Base of PAC 2, Sequence III B at Pinto, MD.
The base of PAC 2 in Sequence 111 B consists of fine, gray calcarenite.
The field of view is 2.9 mm horizontally.
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B. bounded by
green lines, contains 3 PACs, which are delineated by white lines. PACs
in this sequence consist of gray to buff micritic highstand beds overlain
by gray to buff shale. Measuring sticks are 4 feet long; stratigraphic up is

to the left.
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Figure 25. Fifth-order Sequence III B at Cedar Cliff, MD. Sequence III B, bounded
by green lines, contains 4 PACs, which are delineated by white lines. PACs
1, 2, and 3 consist of calcarenite highstand deposits capped by lowstand
gray shale; PAC 4 is a gray shale, bioturbated at the base. Measuring sticks

are 4 feet long; stratigraphic up is toward the top of the page.
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Figure 26. Thin Section of the Base of PAC 2, Sequence III B at Mount Union, PA.
The base of PAC 1 in Sequence 111 B consists of fine, gray calcarenite. The
field of view is 2.9 mm horizontally.
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However, similarity in the facics at Pinto and Cedar CLiff suggests similar rates of
subsidence throughout the sequence. Also, the similarity of the combined thickness of
Sequences 11! 4 and & at all localities suggests constant subsidence. Therefore, the
anomalous thickness at Pinto is more likely explained by that locality being
topographically higher at the end of Sequence 111 4. This interpretation 1s supported by
the presence of a thick supratidal shale at the top of PAC 5 in Sequence I1I A at Pinto
{Table 2), a facies not present at the other two localities (Figure 22). Thus, the
precessional sea-level rise initiating PAC |1 of Sequence III 8 was insufficient to inundate
Pinto while flooding the other two topographically lower localities (Appendix B).
Following flooding of all localities by the second precessional rise, accumulation of the
remainder of the sequence occurred under similar environmental and tectonic conditions
at all localities.

Fifth-order Sequences [l C and D

Terminating Fourth-order Sequence I1 are the thin and incomplete Fifth-order
Sequences III C and III D {Figure 27). Sequence III C, ranging in thickness from 5 feet
to 8 feet, consists of 2 to 3 PACs. Sequence III D is even thinner and less complete,
ranging in thickness from 2.5 feet to 7 feet and consisting of 1 or 2 PACs (Appendix B).
These sequences vary in facies from mid- to high-intertidal carbonates to supratidal
shales.

Dampening of the precessional pulse by decreasing eccentricity at the end of the
fourth-order and third-order cycles produced thinner and less complete fifth-order

sequences at the end of Fourth-order Sequence IIT at all three localities. At the more
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Figure 27. Fifth-order Sequence III C and D at Cedar Cliff, MD. Sequence I1I C,
bounded by green lines, contains 3 PACs, which are delineated by white
lines. PACs consist of micrite or calcarenite highstand deposits capped by
lowstand gray shale. Sequence III D, bounded by a green line and a blue
line (fifth-order and fourth-order boundaries, respectively), consists of
limestone, mudcracked laminites and gray shale cycles. Measuring sticks
are 4 feet long; stratigraphic up is toward the top of the page.
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marine localities to the south, both Scquences [iI C and £ contain more cycles than the
same interval at Mount Union (Appendix B).
Summary: Fourth-order Sequence Il

The position of tins fourth-order sequence within the third-order hierarchy was
determined by comparing the patierns of facies change with the expected model (Figures
9 and 12). The lack of 2 major unconformity at the surface between Fourth-order
Sequence II and I1] was interpreted to indicate that the two sequences were deposited
consecutively. Overall, facies in Sequence III are shallower than facies of the previous
sequence as expected at a ime of long-term eccentricity (Figures 20 and 21}. This
decrease in accommodation space is also reflected in the higher degree of incompleteness
of the four fifth-order sequences, especially Sequences C and D, of Sequence IiI
{Appendix B). Furthermore, Fourth-order Sequence III is thinner than the previcus
scquence owing to the decrease in accommodation space. As third-order eccentricity
diminished through Fourth-order Sequence III, dampened precessional pulses were
insufficient to mundate the localities, resviting m thmner and less complete sequences.
Study Interval Cyclicity: Summary

The study interval, consisting of two fourth-order sequences, was interpreted to
contain the second and third fourth-order sequences in Third-order Sequence A of the
Salina Supcrscquence (Figures 12 and 28). These fourth-order sequences are complete at
the fifth-order scale, each consisting of four fifth-order sequences. However, each fifth-
order sequence is incomplete at the sixth-order scale, by hiatus at the top or bottom of the

sequences. The sequences contain more manne facies at the southem localities, with
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Figure 28. Position of Study Interval within 2 my Third-order Sequence A. The study interval consists of Fourth-
order Sequences II and III, the first two preserved sequences within the 2 my duration Third-order Sequence A
(see also Figure 12). Fourth-order Sequence II, at the base of the Salina Supersequence rests unconformably on
the Mifflintown Supersequence.



Cedar Ciiff, MD being slightly more onshore than Pinto, MD; non-marine facies
dominate at Mount Union, PA. At the most landward locality (Mount Union), most fifth-
order sequences are less compiete that at the southem localities. Similar thicknesses for
the study interval at all localities suggest that the subsidence rate remained constant for
800 ky, the duration of the two fourth-order sequences. Thus, incompleteness is
mterpreted as resulting from variations in amplitude of sea-level fluctuations, pnmarily as

a function of eccentrncity-modulation of the precessional signal.
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CHAPTER 4

BASIN DYNAMICS

Characteristics of Fourth-order Sequences

The study interval comprises two fourth-order sequences {Sequences II and IIT) in
Third-order Sequence A of the 10 my Salina Supersequence (Figures 10 and 11). In the
study area (Central Pennsyivania and Western Maryland) Fourth-order Sequence I is
missing by hiatus at the unconformity with the Mifflintown Supersequence below. Total
thickncss of the study interval at each locality is relatively constant, ranging from 76.5
feet at Cedar CLiff, MD to 81 feet at Pinto, MD, and 83 feet at Mount Union, PA.
Sequence IT is approximately 50 percent thicker (averaging 47.5 feet) than Sequence 11
(averagmg 32.5 feet) and contains a greater diversity of facies, including the most manne
facies in the study interval. The study interval at each locality fits the pattermn of an idcal
fourth-order sequence, containing four fifth-order sequences composed of from 1 to 5
cycles (PACs). Fourth-order sequences have characteristic pattems of facies change,
with sandstone or carbonate-dominated bases and increasingly shallow, shale-rich facies
toward the top of each scquence.

Sequence II, the first preserved fourth-order sequence in the Salina
Supersequence, contains unique facies mapped traditionally as the Wilhamsport
Sandstone and the Cedar CLiff Limestone Lenti) {Hoskins, 1961). These umque shallow
marine facies grade into non-marine red sandstone and shale facies to the north at Mount
Union. Thickness of the sequence ranges from 44 feet at Cedar Cliff to 51 feet at Mount

Union. At all localities, the fourth-order sequence consists of the requisite four fifth-order
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sequences. Although the sequence is thickest at Mount Union, it contains fewer sixth-
order cycles than at the southem localities (Appendix B1).

Fourth-order Sequence i1 consists of carbonate and shale facies that are typical of
the rest of the Lower Wills Creek Formation. This fourth-order sequence is significantly
thinner ang more vniform in thickness than Fourth-order Sequence I, measuning 32 feet
at Mount Union, PA, 32.5 fcet at Cedar Cliff, MD, and 33 fect at Pinto, MD. Similar to
Sequence II, Sequence JII 1s complete at the fifth-order scale, but Sequence III is more
incomplete at the sixth-order scale, especially at the non-marine locality of Mount Union,
and in the last two fifth-order sequences at all localities {Appendix B1).

Stratigraphic Processes

Stratigraphic accumulation of the study interval was influenced by eustatic sea
level change, subsidence, and paleogeographic position of the localities. The primary
factor in cycle production was custasy, predominantly controlled by precession, and
modulated by three pericds of eccentricity (106 ky short eccentricity, 400 ky long
eccentricity, and 2 my eccentricity). Subsidence and paleogeographic position affected
thickness of the section and the types of sediments deposited.

Eustasy

Precession was the principal cycle-producing mechanism during deposition of the
study intcrval. Precessional cyeles (sixth-order cycles or PACs) are sharply bounded 20
ky packages of sandstone and carbonate highstand deposits overlain by shaley lowstand
deposits. These cycles average 2.4 feet in thickness at the marine localities and 3.8 feet

at Mount Union. This difference in average thickness may be 2 function of greater
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subsidence rates at Mount Union or it may mean that PAC boundaries are obscured in
these non-marine facies. The fact that cycles at Mount Union are usually more shaley
than cycles at the southern localities suggests that the original thickness differential was
even greater than the current differential. Therefore, subsidence rates were probably
greater at Mount Union.

Modulation of the precessional signal by short eccentricity {100 ky) bundled
PACs into asymmetric fifth-order sequences, which average 10 feet in thickness. Dunng
periods of high eccentricity, precessional sea-level changes were enhanced, producing a
major facies change at the beginning of a fifth-order sequence and another significant
facies change to the second cycle in the sequence. Conversely, during perieds of low
eccentricity, dampened precessional sea-level rises and falls generated successively
shallower PACs in the upper portion of the fifth-order sequence (Figure 7).

Precessional sea-level fluctuations were also enhanced and dampened by
eccentricity at two larger scales, a2 400 ky cycle and possibly a 2 my cycle (Figures 8 and
9). The 400 ky eccentricity cycle bundled fifth-order sequences into fourth-order
sequences, each of which has a predictable symmetry reflecting long-term pernods of high
and low eccentncity (Figure 8). While the basic asymmetry of each {ifth-order sequence
was maintained (Figure 7), the amplitude of sea-level fluctuations was influenced
(enhanced or dampened), resulting in greater facics changes and deeper facies in the first
and second fifth-order sequences. Similarly, third-crder sequences are possibly the result
of the 2 my eccentnicity cycle which bundled fourth-order sequences into large-scale,

generally shallowing-upward sequences (Figure 9).
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Modulation of the precessional pulse by eccentricity also affected the
completeness of the sequences. During penods of maximum eccentricity (at any scale)
cycles were more likely to be preserved, because accommodation space was greater
owing to enhanced precessional sea-level rises (Figure 9). During periods of minimal
eccentricity, cycles were often not deposited because dampened precessional sea-level
rises were insufficient to flood the nearshore and/or non-marine localities (e.g.,
Sequences III C and D in Appendix Bl1).

Subsidence

Given adequate supply of sediment, subsidence 1s the pnncipal control of
stratigraphic thickness (Anderson, et al., 1986). For the study interval, supply of
sediment was sufficient to fill all accommodation space; essentially all cycles shallow
upward to sca-level facies. Therefore, vertical and lateral variations in thickness between
sequences and among localities can be attributed to differences in subsidence. For the
study interval as 2 whole, average subsidence rates were similar at al] three localities, as
evidenced by similar thicknesses (81 feet at Pinto, 76.5 feet at Cedar Cliff, and 83 feet at
Mount Union) and similar facies (Appendix B1)}. Vertically, Sequence III is thinner and
less complete than Sequence II at all localities, indicating decreased subsidence rates
during the accumulation of Sequence IIl. An average thickness of 32 feet for Sequence
I1I, compared to an average thickness of 48 feet for Sequence II, suggests that the
subsidence rate for Sequence III was approximately two-thirds of the rate for Sequence

IL.
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However, differential compaction of the more shaley Sequence [I1 needs to be
considered because shale compacts much more than carbonate during lithification. If
compaction occurred early, as dewatering of clays, duning accumulation of a single
shaley PAC, then original PAC thicknesses would have been comparable to current
thicknesses, and thickness would be proportional to subsidence. If, on the other hand,
compaction occurred later, after burial of a sequence of PACs, then original thicknesses
of shaley PACs were substantially greater that current thicknesses. In that case, greater
subsidence rates would be required to produce accommodation space for the
accumulation of twice as much intertidal and supratidal shale. Thus, if compaction
occurred after the study interval was buried, rates of subsidence would not be
proportional to current thickness. In that case, estimates of subsidence rates for Sequence
IIT wouid be 100 low.

Therefore, the issue of differences in subsidence rates between Sequence IT and
Sequence Il depends on the timing of compaction and the amount of differential
compaction. Although evidence of timing of compaction is sparse, a study by
Teodorovich and Chemnov (1968) suggests that significant (approximately 26 percent}
loss of porosity and therefore loss of volume occurs in clays within 8 to 10 meters of
burial. Whether this reduction ¢can occur within a meter or less of accumulation, and
therefore within the time of accumulation of a single PAC, has not been determined.
Lacking a comprehensive study of the timing of compaction in the context of an

allocyclic framework, the diffcrence in thickness between Sequence Il and Sequence 111
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1$ 1nterpreted as resulting from decreasing subsidence possibly combined with dampened
sea-level rises caused by the long-term (2 my) eccentricity cycle.

Paleogeographic Position

The relative paleogcographic position of cach locality along the shoreline affected
the facies charactenstics of cycles and sequences. Persistently shallower facies at Mount
Union, PA indicate that this locality was situated more onshore than the southern
locahties (Figure 29). At Mount Union, the most non-manne locality, proximity to the
Appalachian highlands to the east increased the siliciclastic content of Sequence I B, C,
and D and Sequence III 4 relative to the southem localities (Appendix B1). Furthermore,
the presence of sandstone and red shale in Sequence il B at Mount Union can also be
interpreted as evidence of closer proximity to siliciclastic sources in relation to the
carbonate and gray shale-rich Sequence II B at Pinto, MD. Along the muddy shoreline at
the eastern edge of the Appalachian Basin, precessional rises inundated the localities,
generating temporary times of clear water carbonate deposition, durning precessional
highstands. Although the southem localities were more offshore relative to Mount
Unton, the gentle slope of the basin edge coupled with low-amplitude sea-level nises
restricted water depth to a2 few meters even duning deposition of the first and second
{maximum water depth) cycles within each fourth-order sequence.

Thus, this study has discriminated the contributions of orbitally forced eustasy,
subsidence, and paleogeographic position in the accumulation of two Lower Silurian
fourth-order sequences, encompassing 800 ky. While subsidence and paleogeographic

position affected total thickncss and general composition of facies withun the study
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Figure 29, Late Silurian Paleogeography. Study localities are marked by stars. The
northem locality (Mount Union, PA} is closer to siliciclastic sources to the
east. Shoreline is an approximation of maximum and minimum sea levels.
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interval, the principal mechanism responsible for hierarchic cyclicity is the precessional
signal modulated by eccentricity at two {possibly three) scales. The existence of
hierarchic cyclic patterns matching the predictions of the Milankovitch model dunng a
time of minimal to nonexistent continental glaciation {Bambach et al., 1981 and
Chumakov, 1984) suggests that this process-determined model may have general

application throughout the stratigraphic record.
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APPENDIX Al. LOWER WILLS CREEK FORMATION

AT MOUNT UNION, PENNSYLVANIA.
N/ 807775 Lt /T |

Scale

Location of Section at Mount Union, PA. The section at Mount Union is located on
the Mount Union, PA quadrangle at coordinates 40° 23’ 41 N Latitude,
77°52° 45 W Longitude. The outcrop is located along a roadcut for U.S.
Routes 522 and 22 on the north side of the highway across the Juniata
River from the town of Mount Union, Pennsylvania. The study section is
located with an arrow.
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APPENDIX A2. LOWER WILLS CREEK FORMATION
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Location of Section at Cedar CIliff, Maryland. The Cedar Cliff section is located on
the Cresaptown, MD quadrangle at coordinates 39° 36’ 31 N Latitude,
78° 48’ 30" W Longitude. The outcrop is in Cedar CIiff, Maryland, 5
miles south of Cumberland, Maryland along the Conrail tracks adjacent to
the Juniata River. Access to the tracks is from the end of the road leading
to the Cumberland Fair Grounds, 0.5 miles east of Route 220. The study
section is located with an arrow.
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APPENDIX A3. LOWER WILLS CREEK FORMATION

AT PINTO, MARYLAND.
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12”W Longitude. The outcrop 1s in the town of Pinto
miles south of Cumberland, Maryland,

Cresaptown, MD Quadrangle, at coordinates 39°34°
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to the Juniata River. Access to the tracks is from the end of Pinto Road,
0.7 miles east of Route 220. The study section is located with an arrow.
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