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Abstract

We often think folds and faults in the Appalachian Basin are exemplified by the Chestnut Ridge Anticline in southwest Pennsylvania. After all,
it is one of the sites where “thin-skinned tectonics” first was recognized (Gwinn, 1964), and well logs and seismic have contributed to our view
of this structure over the years (e.g., Beardsley, et al., 1999; Scanlin and Engelder, 2003). However, other structures in the western Appalachian
Foreland Basin of Pennsylvania (PA) (western Allegheny Plateau of PA) may better illustrate structural elements that we can fashion into a
complete structural and hydrocarbon migration model.

In northwestern PA, seismic lines display back rotated fault blocks that have the appearance of slump blocks (Figure 1). They appear similar to
slump-block images in seismic reflection profiles off Labrador and off the coast of Norway (e.g., Loseth et al., 2011). The slump blocks are
directed toward the hinterland, with a zone of removal on the (paleo) upslope side and an easterly directed thrust on the (paleo) downslope side
of the block (Figure 1); many of the thrusts ramp up from the Onondaga or Tully (e.g., Figure 1). The primary decollement (glide plane) is
below the Silurian F salt and is in the Silurian Vernon Formation—it is not in the Salina “F” salt. The zones of removal in the salt and Vernon
section resulted in drape or collapse synclines above the glide plane. Onlapping the limbs of the collapse syncline, and in-filling the collapse
syncline are Upper Devonian sediments, including the Upper Devonian Bradford and Elk sands. Thus, these structures initiated in the Late
Devonian. They were not initially Alleghanian structures; rather, they were (neo) Acadian structures. Several seismic lines in NW PA
demonstrate these slump block features with a Late Devonian age.

In PA one of the EQT 3D seismic areas displays spectacular folds and faults. Here too are fault blocks with the distinctive upslope zone of
removal, downslope anticlines constructed from a thickened salt and VVernon section, and the east-directed thrust at the downslope border of the
fault block (Figure 2).

Flattening on the Silurian Rose Hill reflector reveals that the zone of removal results primarily from the removal of section below the Salina F
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salt down into the Vernon. Note that in the flattened section it is apparent that the F salt does not change thickness significantly across the zone
of removal (Figure 3). The thick F salt here is NOT the unit that is causing the thinning—it is thin salts and fine-grained units in the Salina and
Vernon below the F salt. Immediately downslope from the zone of removal are spectacular box fold sets and kink bands along a dramatic
decollement, indicating that the section above the decollement slid downslope away from the zone of removal (Figure 4). At the downslope
portion of the fault block system is a small anticline with associated thrust ramp. This anticline is different from the broad anticline in that its
thickness increase results from not only the units underlying the F salt, but also from a slight thickening of the F salt in the core of the fold.
Additionally, unlike the zone of removal, which shows almost no effect on the thickness of the F salt, the syncline downslope from the
associated thrust-fault does show a thinning of the F salt, consistent with older concepts of withdrawing the (F) salt from adjacent regions for
increased accumulation in the anticlines.

An isochron (isopach) map of the Rose Hill to base-of-the-F-salt interval shows the same contrast between structural features: significant
thinning in the zone of removal, little thickening in the core of the anticline, and some thinning in the syncline adjacent to the thrusted anticline.
In contrast, the base-of-the-F-salt to Onondaga isochron (isopach) map shows a dramatic thickening in the thrusted anticline but negligible
thinning in the syncline.

Although the collapse syncline and fault block are hypothesized to be slump-related, the 3D seismic survey shows that the faults and zone of
removal are not appreciably U-shaped in map pattern (unlike the upslope parts of many sediment slides and slumps); rather, the structural
elements are constructed of linked individual segments that are extremely straight. The overall trend reflects the faulted upwarp in underlying
reflectors (visible in Figure 4) that are related to through-going faults that offset basement. Flattening on the EIk Upper Devonian reflector
indicates that these through-going faults (and associated upwarp) were reactivated in Late Devonian. These reactivated “basement” faults are
similar to those that were hypothesized to have initially opened in lapetan-opening times (e.g., Scanlin and Engelder, 2003; Jacobi et al., 2003,
2004a,b, Jacobi, 2010).

The anticline with the thrust fault (Figure 2) apparently was developing from Onondaga time through Bradford time, based on thinning and
thickening reflector intervals. Flattening on successive reflectors above the Onondaga shows that the Marcellus and Geneseo black shales thin
over the developing anticline, and that the Rhinestreet thickens appreciably on the limb of the anticline. Significant differential deposition over
the anticline in the Rhinestreet-to-Elk interval and the Elk-to-Bradford sand interval totally remove effects of the anticline farther upsection.
Similarly, the thrust fault also climbs only to the Elk or Bradford (depending on the location). Thus, we suggest that the anticline and its
associated thrust are also Acadian in age. In contrast, the broad anticline indicated by the bracket in Figure 2 clearly affected the highest
reflectors we recorded, and thus, it is primarily an Alleghanian feature.

That reflectors representative of the Upper Devonian Bradford and Elk onlap the collapse syncline over the zone of removal indicates that the
syncline and syn-slumping phase faults developed initially during the (neo) Acadian, not Alleghanian. All these faults were thus already
present when the sediments subsided into the oil and gas windows during the Alleghanian. We propose that these fault systems were conduits
for oil and gas migration, which resulted in charging the Upper Devonian sands (and also probably resulted in seeps at the seafloor).
Subsidence curves suggest that oil was generated in the Carboniferous and gas from Permian onward (Chris Willan and Scott McCallum,
personal communication, 2012). Independent evidence, from which we might infer that the faults were indeed present and open when the



sediment entered the oil and gas windows, comes from two sources. In a core of Devonian fine-grained sandstone, associated pyrobitumen was
observed; it might indicate a liquids charge to the system from underlying black shales and subsequent conversion to gas. For gas migration
times, limited image log data suggest that the orientation of J1 fractures deviates close to the fault. If that observation is correct, then the fault
was open at the time of J1 generation. Thus, the gas-driven J1 fractures delivered gas in the fractures directly to the faults, which were open.

A summary cartoon of some of the critical elements in the slump model is shown in Figure 5. Note that in this model the effects of the
Alleghanian orogeny are not shown.
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Figure 1. Rotated fault blocks gliding on Vernon and lower Salina.
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Figure 2. Seismic reflection section from a 3D seismic survey in PA. Broad, low-amplitude anticline discussed in text is indicated by bracket.
Arrow indicates the thrust-fault-associated anticline.
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Figure 3. Seismic reflection section from a 3D seismic survey in PA, flattened on Silurian Rose Hill reflector. General location of the zone of
removal discussed in text is indicated by the ellipse. Seismic section is in the same location as Figure 2.
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Figure 4. Seismic reflection section from a 3D seismic survey in PA. Selected faults indicated. Major decollement obvious at horizon indicated
by arrow. The zone of removal that results in the drape syncline can be seen just above the arrow where the F salt cuts down-section in the
syncline (indicated by the ellipse).
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Figure 5. A summary cartoon of some of the critical elements in the Acadian slump model. Green lines with arrows indicate hydrocarbon
migration. Yellow blobs indicate Bradford and Elk sands. Phase 1 and 2 are Late Devonian in age. Note that the Alleghanian structural effects
are not displayed in this model.



