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a b s t r a c t

Cathodoluminescence imaging reveals that sandstones of the middle Pennsylvanian Lee Formation and
Breathitt Group along the Pine Mountain Overthrust (PMO) contain inter- and intra-granular authigenic
quartz in proportions that differ markedly between samples of contrasting deformational state. Fracture
surfaces generated during fault movement provided nucleation substrates favorable for the emplace-
ment of substantial amounts of intragranular quartz (up to 11 volume percent in the Lee Formation).
Relatively undeformed sandstones contain cement that is dominantly intergranular whereas sandstones
from highly deformed cataclasites along the trace of the PMO contain cement that is dominantly
localized within intragranular fractures. Therefore, the chemical diagenetic histories of different samples
of Breathitt and Lee sandstones diverged markedly as a consequence of differing deformational histories
and the cementation history thus constitutes a record that is relevant to deciphering the timing of
deformation.

The small quantities of early-formed, intergranular cement within the cataclasites (average 3.7 volume
percent), show evidence of breakage and accordingly, must have largely pre-dated the deformation.
Quartz cementation modeling (Touchstone�) suggests that emplacement of this pre-deformational
intergranular cement within these deformed rocks can be bracketed within a period from approximately
280 to 260 Ma. An interpretation of fault movement that shortly post-dates this initial period of quartz
cementation is consistent with other estimates for the timing of the Alleghanian orogeny. Because of
their protracted period of burial, rocks in the vicinity of the PMO remained at temperatures amenable to
continued quartz cementation until the middle Cenozoic, and thus, most of the quartz cementation in
the cataclasites and also in the surrounding undeformed sandstones post-dates movement on the fault.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Deciphering the way in which chemical and mechanical
processes operate in concert is vital for understanding the evolu-
tion of rock properties (both chemical and mechanical). For
example, brittle processes such as compactional grain crushing and
through-going fracturing impact chemical processes such as
cementation by dramatically changing the availability of essential
nucleation substrates (Chuhan et al., 2002; Makowitz and Milliken,
2003; Laubach et al., 2004; Makowitz, 2004; Milliken et al., 2005),
thus affecting the ultimate volume and spatial distribution of
cement (Bloch et al., 2002; Makowitz and Milliken, 2003; Milliken
: þ1 512 471 0140.
ken).
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et al., 2005; Eichhubl et al., in press) and even the rates of cement
emplacement (Lander et al., 2008). In turn, emplacement of cement
induces lithification that profoundly impacts the mechanical
properties of granular aggregates (Dvorkin et al., 1991, 1994;
Bernabé and Brace, 1992; Zang and Wong, 1995; Elata and
Dvorkin, 1996; Dewhurst and Jones, 2003; Laubach and Ward,
2006; Olson et al., 2007).

Several authigenic minerals display precipitation-rate behavior
that can be described using empirically-determined Arrhenius
kinetics (Walderhaug, 1994b, 1996; Lander and Walderhaug, 1999;
Perez and Boles, 2005; Lander et al., 2008). Thus, the observed
volumes of these cements can provide an estimate of the timing
and conditions of cement precipitation when such kinetic models
are used in concert with reconstructed thermal histories (Makowitz
et al., 2006). If the paragenesis of such cements can be placed in the
context of a deformational event or process (e.g., Laubach and Diaz-
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Tushman, 2009; Becker et al., 2010), the quantitative estimates of
timing that arise from the modeling of cement emplacement can
then be applied to the deformation as well.

This study uses empirical-kinetic modeling of quartz cement
precipitation in middle Pennsylvanian sandstones and associated
fault rocks to obtain constraints on the timing of the Pine Mountain
Overthrust (PMO), a classic and well-documented example of
thrust-faulting along the eastern side of the Southern Appalachian
foreland basin.
2. Geologic setting

The complex history of the Appalachian Basin foreland basin
involves a multi-stage history that includes Taconic (450 Ma,
Ordovician), Acadian (410e380 Ma, Devonian), and Alleghenian
(320e260 Ma, Carboniferous) thrusting episodes (Quinlan and
Beaumont, 1984; Tankard, 1986; Beaumont et al., 1987). The Alle-
ghanian Orogeny is the most important deformation event in terms
of its strong overprint on the depositional style and structure of the
region.
Fig. 1. Study area and s
The PMO is the western-most Alleghenian-age structure in the
southern Appalachians, crossing Virginia, Tennessee, and Kentucky
(Fig. 1) and is considered to be a classic example of the structural
style in fold and thrust belts adjacent to foreland basins (Wilson
and Stearns, 1958; Miller, 1962; Zafar and Wilson, 1978; Mitra,
1988). The fault disrupts the orogenically-derived clastic sedi-
ments of the Lee Formation and Breathitt Group, and thus must
post-date the middle-Pennsylvanian. The structural geometry
consists of an east-northeast striking major thrust that climbs from
a detachment in the Cambrian Rome Formation through succes-
sively younger units and flattens into a detachment localized in the
Devonian Chattanooga Formation wherein it reaches the surface
(Zafar and Wilson, 1978; Mitra, 1988). The surface exposure of the
thrust sheet consists of a rectangular block about 200 km long and
40 kmwide, bounded on the northwest by the Pine Mountain Fault,
to the southeast by the Wallen Valley and Hunter Valley faults
(Mitra, 1988). The thrust sheet terminates to the southwest and
northeast at two primary tear faults, the Jacksboro and the Russell
Fork Faults, respectively. Total displacement associated with the
PMO system decreases from about 21.3 km at the southwestern end
to less than 3 km on the northeastern end (Mitra, 1988). All along
ampling locations.
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the trace of the fault, the Breathitt and Lee sandstones immediately
in front of and below the PMO are highly deformed and locally
overturned. In addition, at several localities complex second- and
third-order thrusts form slices that climb from the main detach-
ment into the overlying Pennsylvanian units (e.g., Froelich, 1972;
Froelich and Tazelaar, 1973, 1974)

The thickness and maximum burial of the Carboniferous rocks
deposited in the southern Appalachian Basin increase towards the
orogen and the PMO (Johnsson, 1986; O’Hara et al., 1990; Roden,
1990; Hower and Rimmer, 1991). Consistent with this, the Penn-
sylvanian sandstone above the PMO (initially deposited in the more
rapidly subsiding part of the basin) generally display diagenetic
features such as greater compaction and quartz cementation
consistent with greater burial and thermal exposure (Milliken,
1998). Based up on apatite fission track analysis (AFTA),
maximum temperatures experienced by the northern PMO excee-
ded 110 �C and a burial depth of 3 km (Boettcher and Milliken,
1994). This estimate from AFTA is in broad agreement with esti-
mates from coal maturation studies by O’Hara et al. (1990) of
2.9e3.1 km maximum burial of the Fire Clay Coal in the vicinity of
the PMO. South of the PMO, in southwestern Virginia, Ordovician
rocks indicate a maximum burial and maximum temperature of
3.4 km and 120 �C, respectively (Roden, 1990). Data from farther
north in the basin (Virginia, West Virginia, and Maryland) from
Devonian rocks yield identical values (Roden et al., 1993).

The data of Boettcher and Milliken (1994) indicate that cooling
probably commenced in the Jurassic, with temperatures remaining
>60 �C until the Late Cretaceous toMiocene. This thermal history is
consistent with that proposed (also from AFTA) for southwestern
Virginia and southernPennsylvania (Roden,1990; Rodenet al.,1993)
and also with a regional study in the vicinity of the PMO using coal
Fig. 2. Mosaic of cathodoluminescence images used to for point-counting the a
rank trends (for Pennsylvanian coals) (Hower and Rimmer, 1991).
The timing of unroofing initiation may be contemporaneous with
the transition from rift- to drift-extension along the Atlantic conti-
nental margin (Poag, 1992). A final and relatively rapid period of
uplift occurred in the Miocene (Blackmer, 1992; Boettcher and
Milliken, 1994), an event that is recorded in the thick siliciclastic
units of Miocene age on both the Atlantic margin of North America
(Poag and Sevon, 1989; Poag, 1992) and in the Gulf of Mexico
(Galloway et al., 2000; Galloway, 2005).

The Lower Pennsylvanian Lee Formation and the formations of
the middle Pennsylvanian Breathitt Group crop out extensively
along the PMO. The Lee Formation is composed of massive, largely
quartzose sandstone and the Breathitt Group is the dominant coal-
bearing unit of the region and includes lithic sandstone, siltstone,
mudstone, coal, and underclay. The Lee Formation is dominantly
fluvial whereas the Breathitt group lithologies represent primarily
deltaic environments interspersed with marine transgressive
mudstones (Greb and Chesnut,1996). Compositionally, both the Lee
and Breathitt sandstones reflect derivation from mixed orogenic
sources consistent with their foreland basin setting, including older
siliciclastic rocks, carbonate sedimentary rocks, mica-rich meta-
morphic rocks, crystalline basement, and a very minor component
of volcanic or shallow intrusive rocks (Fu et al., 1994; Milliken,1998,
2001, 2002, 2003; Makowitz, 2004)

3. Sampling

Samples were collected along the entire 200 km length of the
thrust (Fig. 1). The fault itself is not well-exposed, but intensely
deformed blocks of cataclasite occur discontinuously along and
immediately in front of the PMO as pods that range from a few tens
bundance of detrital quartz and quartz cement (inter- and intra-granular).



Table 1
Point-count data.

Sample
type/
unit

Sample Inter-granular
quartz
cement

Intra-granular
quartz
cement

Total
quartz
cement

Intra-
granular/
total cement

IGV

Cataclasite samples
Lee 16 4.8 4.0 8.8 45.7 13.4

16b 3.5 9.5 13.0 73.3 13.6
19 6.4 8.2 14.6 56.0 15.5
34 1.1 9.4 10.5 89.2 12.5
37 3.2 6.4 9.6 66.5 10.2

38a 1.6 10.9 12.5 87.0 14.4
38b 3.0 5.4 8.4 64.6 14.7
38c 2.5 6.1 8.6 70.9 14.3
39 3.3 7.9 11.2 70.7 11.3
41 0.8 7.9 8.7 91.2 9.0
50 4.4 7.3 11.7 62.5 11.7

Average 3.1 7.5 10.7 70.7 12.8
Breathitt 11 5.8 4.0 9.8 40.8 12.3

23 4.6 3.2 7.8 41.3 11.0
44 6.8 3.9 10.7 36.8 12.6

Average 5.7 3.7 9.4 39.7 12.0
Undeformed samples
Lee 17 10.5 1.5 12.0 12.5 16.6

18 12.0 1.0 13.0 7.7 18.6
42 7.3 3.8 11.1 34.2 12.7
45 9.7 1.2 10.9 11.0 11.9
46 10.1 1.1 11.2 9.8 11.9
47 15.0 1.3 16.3 8.0 17.3

Average 10.8 1.7 12.4 13.9 14.8
Breathitt 1 7.4 1.0 8.4 11.9 10.1

2 9.9 0.2 10.1 2.0 11.6
3 5.3 3.2 8.5 37.6 12.0
4 6.2 1.8 8.0 22.5 11.8
5 15.7 0.7 16.4 4.3 17.4
7 13.7 0.7 14.4 4.9 18.7
8 13.7 0.9 14.6 6.2 21.5
9 18.5 0.8 19.3 4.1 21.0

13 5.9 2.0 7.9 25.3 12.3
15 8.1 0.8 8.9 9.0 12.7
21 6.8 2.0 8.8 22.7 9.0
22 5.4 1.4 6.8 20.6 6.9
24 10.6 3.6 14.2 25.4 16.6
25 14.5 1.9 16.4 11.6 19.9
26 8.5 1.6 10.1 15.8 19.5
27 4.6 1.1 5.7 19.3 8.5
30 10.8 1.9 12.7 15.0 14.4
31 10.9 1.2 12.1 9.9 13.2
35 7.5 4.3 11.8 36.4 16.0
36 6.1 1.2 7.3 16.4 8.1
40 8.1 1.2 9.3 12.9 9.9
48 9.5 1.4 10.9 12.8 15.6
49 12.5 2.8 15.3 18.3 17.2
51 16.8 0.9 17.7 5.1 18.3
52 18.9 1.0 19.9 5.0 21.4

Average 10.2 1.6 11.8 15.0 14.5

Letters (a, b, c) indicate multiple samples from a single locality, the locality numbers
being shown in Fig. 1.

Fig. 3. Quartz cement distribution in cataclasites and relatively undeformed
sandstones.
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to hundreds of meters in length. Bedding in these pods is nearly
undetectable. Faint linear and anastomosing deformation bands
can be observed locally, but in general the cataclasites appear to be
nearly homogeneous in outcrop. Fourteen cataclasites were
collected from 11 outcrops. Eleven of the 14 cataclasite samples are
quartz-rich Lee Formation and the remaining 3 have compositions
consistent with the lithic-rich Breathitt sandstones. Thirty-one
sandstones, not visibly affected by the thrust fault were also
collected in close proximity to the fault, of which 6 are from the Lee
Formation and 25 from the Breathitt Group. It is important to note
that although these “undeformed” samples come from outcrops
that have near-to-horizontal bedding and clearly visible sedimen-
tary structures, they are not entirely devoid of deformational effects
at the microscale, having many small quartz-filled microcracks and
pressure solution features.
4. Petrography

The abundance of detrital grains, cements, and porosity in each
of the samples was determined using scanned cathodoluminscence
imaging, a powerful tool for discriminating quartz cement from
detrital quartz (Sippel, 1968). Uncoated polished thin sections were
imaged using a Gatan PanaCL cathodoluminescence detector (with
RGB color filters) installed on an FEI XL 30 environmental scanning
electron microscope (ESEM). Four non-overlapping areas of
approximately 3.4 mm2 were selected for imaging on each sample
by using a random number generator to select the xey coordinates
on the ESEM stage. For each area a collage of 9 images (Fig. 2) was
collected and stitched using the image stitching program Pan-
avue�. A grid with 400 intersections was applied to each mosaic
and components were recorded at each intersection, yielding
a total count of 1600 points per sample. Point-count data are pre-
sented in Table 1.

The cataclasite samples and undeformed samples of both Lee
and Breathitt sandstones do not show significant contrast in terms
of their compactional state (as measured by the intergranular
volume), nor in the total quartz cement content (Table 1). Instead,
the main contrast lies in the distribution of the quartz cement, the
undeformed samples being dominated by intergranular quartz
cement whereas the cataclasites contain a substantially higher
proportion of intragranular (fracture-filling) quartz cement
(Fig. 3).

Quartz cement in both deformed and undeformed samples
displays a range of colors in cathodoluminescence, including red,
dark-blue, and light-blue. The red-luminescing cement is
commonly overgrown by the blue (Fig. 4A). Red cement is not
pervasively distributed and cannot be found on all grains. Some
fractures are filled with red cement, but most are filled by the dark
blue quartz (Fig. 4B). The fracturing of the early red-luminescing
intergranular cement and its distribution primarily on the outer
surfaces of grains indicates that phase of cementation is pre-
kinematic (terminology of Laubach, 1988; Laubach and Milliken,
1996). In some samples fractures filled with dark-blue cement
cross-cut fractures filled with the red cement (Fig. 4B). The
majority of all cement, both on outer grain surfaces and within
intragranular fractures is dark-blue. Light-blue cement is less
common and post-dates the dark-blue cement and is rarely
observed within fractures.



Table 2
Summary of modeling results.

Quartz
cement

Measured Slow kinetics Fast kinetics

Time,
Ma

Temp,
�C

Depth,
m

Time,
Ma

Temp,
�C

Depth,
m

Average 3.7 261 131 2567 274 96 1817
Min 0.8 270 105 1999 282 66 1270
Max 6.8 259 136 2675 272 102 1940
Range 11 31 676 10.0 36 670

Fig. 4. Cathodoluminescence image showing the varieties and small-scale distribution
of quartz cement in PMO cataclasites. A. Cataclasite sample showing thin rims of red-
luminescing quartz followed by a larger quantity of blue-luminescing quartz that
completely fills the pore. B. Cataclasite sample showing instances of blue fracture-
filling quartz cross-cutting the earlier-formed red-luminescing quartz.
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5. Modeling approach

An average of approximately 4 volume percent intergranular
quartz cement is observed within the deformed samples, ranging
from 0.8 to 6.8 percent (Tables 1 and 2). Because the red-lumi-
nescing, dominantly intergranular cement pre-dates deformation,
the time required to precipitate the observed volumes of this
cement within the cataclasites can be used as a constraint on the
timing of the deformation. Deformation must therefore post-date
the emplacement of this earliest phase of cementation.

It is important to note that CL color and the cross-cutting
paragenetic relationships amongst different generations of quartz
cement are not being used to here in the quantitative determina-
tion of the pre- and post-kinematic cements. Rather, these petro-
graphic relationships are used to confirm that a small portion of the
cement is indeed pre-kinematic. The volumetric amounts of the
pre-kinematic cement within the cataclasites are measured by
virtue of the quantity of intergranular cement in these rocks and it
is these values that are used in the modeling. As grains were
comminuted the available intergranular space for quartz cement
emplacement was diminished, in essence traded, for intragranular
spaces which became the dominant loci of quartz precipitation in
the deformed rocks. Both deformed and undeformed rocks contain
both pre- and post-kinematic cement and the post-kinematic
cement is dominant in both sample types.

Over the past decade, refinement of a chemical rate model for
quartz cementation has provided ameans to predict the progress of
quartz cementation in the subsurface with considerable accuracy
(Lander and Walderhaug, 1999). This model has significant impli-
cations for understanding the interrelationships between chemical
diagenesis and mechanical rock properties that arise as cement is
added progressively to the rock over a period that may coincide
with deformation (Olson et al., 2009). The primary controls on
quartz cement abundances for “normal” overgrowths in sandstones
(i.e., overgrowths related to direct precipitation of quartz from
aqueous solution during deep burial and not to silica-precipitating
soils or to conversion of opaline silica) are temperature, time,
nucleation surface area, and the size of the nucleation substrate
(Heald and Renton, 1966; Walderhaug, 1994a, 1996; Lander and
Walderhaug, 1999; Walderhaug et al., 2000; Makowitz and Sibley,
2001; Lander et al., 2008; Olson et al., 2009). Quartz precipitation
is modeled using an Arrhenius expression that results in an expo-
nential rate increase with temperature (Walderhaug, 2000). The
overall nucleation surface area for quartz overgrowths is a function
of the abundance and size distribution of detrital quartz grains.
Nucleation area, however, declines in the presence of grain coatings
(Heald and Larese, 1974) and in association with porosity loss
(Lander and Walderhaug 1999; Lander et al., 2008). Cement
abundances increase at a somewhat lower than linear rate with
time for a given temperature due to (1) a tendency for nucleation
surface area to decline with porosity loss and, (2) to an increase in
the fraction of the nucleation area associated with slow growing
euhedral faces with crystal growth (Lander et al., 2008). Smaller
crystal domains tend to have slower rates of growth compared to
larger counterparts due to more rapid development of euhedral
crystal forms (Lander et al., 2008).

In this study we used the Touchstone� sandstone diagenesis
model (version 7.0 developed by Geocosm LLC) to simulate the pre-
deformation history of quartz cementation. This model considers
the controls on quartz cementation discussed above as described in
greater detail by Lander et al. (2008). Typically this modeling
approach employs kinetic parameters that are optimized to match
quartz cement abundances from natural sandstones in light of their
reconstructed thermal histories. The pervasive quartz cementation
and high thermal exposures of the study samples, however, make it
difficult to obtain kinetic parameters specifically for the PMO
samples because an upper limit cannot be placed on the precipi-
tation rates. Consequently we instead use end-member scenarios in
kinetic parameters reported by Lander et al. (2008) to explore
a range in the likely time for the onset of cataclastic deformation.
These end-member scenarios are derived from geologic settings in
which kinetic parameters could be determined from sandstone
samples with free surfaces where overgrowths could continue to
nucleate and grow. The “fast” kinetics scenario is derived from
fluvial sandstones of Miocene age from offshore Southeast Asia
whereas the “slow” kinetics scenario corresponds to Ordovician



Fig. 5. Comparison of sandstone texture and composition for study samples with Touchstone input realizations. A. Framework grain abundances as shown on the upper half of
a QFR diagram (Folk, 1980) for (1) samples with cataclastic deformation, (2) non-cataclastically deformed samples where quartz makes up >85% of the framework grain abundance,
and (3) realizations used as input for Touchstone simulations. B. Distributions in mean grain sizes for realizations used as input for Touchstone simulations and non-cataclastically
deformed samples where quartz makes up >85% of the framework grain abundance.
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Fig. 6. Modeled intergranular volumes (IGV) at initiation of cataclasis for the two
quartz cement kinetic scenarios. IGV values are higher for the “fast” kinetics scenario
because rigid quartz cement formed at lower effective stresses associated with shal-
lower depths.
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samples from a cratonic basin in North America that also was
studied by Makowitz et al. (2006). The activation energies for
quartz growth for a reference grain size of 0.35 mm for these
scenarios are 55.51 and 61.67 kJ/mol, respectively. Both model
scenarios use a pre-exponential constant value of 9x10�12 mol/
cm2s and assume the same relative change in growth rate with the
size of the nucleation domain.

Because our objective is to reconstruct the pre-deformation
history of quartz cementation in the cataclastically deformed
samples, the Touchstone simulations employ compositions and
grain size distributions that reflect the probable state of the sand-
stones prior to cataclastic deformation. Thus, the non-cataclasti-
cally deformed (“undeformed”) samples serve as ideal constraints
on these sandstone characteristics. Some of the compositions of
these samples, however, are significantly less quartzose than their
cataclastically deformed counterparts. This compositional differ-
ence mainly reflects a larger proportion of samples from the more
quartzose Lee Formation in the cataclastically deformed sample set
compared to the “undeformed” sample set. In the least quartzose of
the cataclastically deformed samples, roughly 85% of the grain
volume is made of quartz. We therefore used this compositional
cutoff as the basis for identifying analog samples among the
“undeformed” samples sample set (Fig. 5A). The resulting analog
suite consists of 23 samples.

Our quartz cement results are based on 1000 Touchstone
realizations that honor the textures and compositions of the
analog samples. We used non-parametric probability distribu-
tions to describe variations in framework grain and non-quartz
cement abundances as well as in mean grain size, sorting, and
grain coating. We also determined Kendal rank correlation coef-
ficients among these sample characteristics and found that the
only significant co-variation affecting the pre-deformation char-
acteristics of the sandstones is between quartz grains and phyllite
grains (�0.478). We then generated the Touchstone input reali-
zations using a Latin hypercube sampling approach with a bivar-
iate Gaussian copula that accounts for the quartz/phyllite co-
variation. These realizations honor the characteristics of the 23
analog samples while representing additional likely composi-
tional and textural combinations for the broader sandstone
population. The resulting framework grain proportions for the
Touchstone realizations are shown in Fig. 5A. The pre-deforma-
tion distribution in mean grain size for the Touchstone realiza-
tions is shown in Fig. 5B together with the distribution from the
analog samples.

We assume in our simulations that prior to fault movement
there was no compaction beyond what occurs under normal burial
conditions. The depositional intergranular porosity for all realiza-
tions is 45% and is consistent withmeasured values from fluvial and
beach sands (Atkins andMcBride,1992).We defined parameters for
Touchstone’s compaction model that lead to intergranular volumes
(IGVs) ranging from 22 to 28 volume percent at an effective stress of
28 MPa (roughly equivalent to a value expected at 2500 m of burial
under hydrostatic fluid pressure and dominantly vertical loading)
(Fig. 6). These results are consistent with observations from rigid
grain sandstones in basins where vertical loading is the dominant
control on effective stress (e.g., (McBride et al., 1991; Lander and
Walderhaug, 1999; Paxton et al., 2002). Variations in simulated
IGVs reflect differences in the modeled mechanical strength of the
sandstone associated with variations in the relative abundances of
the framework grains as well as in simulated quartz cement
volume. While the simulated IGVs are substantially higher than the
measured values for the “undeformed” samples, they are likely to
be consistent with the states of these samples prior to faulting.
Much of the syn and post faulting IGV loss is due to grain-to-grain
chemical compaction (“pressure solution”) and brittle grain
deformation that occurred at higher stresses and temperatures
associated with faulting and subsequent burial.

The other critical input for the simulation is the burial history
reconstruction for the sandstone samples along the fault. Gen-
esis� (developed by Zetaware Inc.) was used to model the
thermal and effective stress history. Parameters such as heat flow,
types of sediment, and thermal conductivity were taken directly
from Rowan et al’s. (2004) basin modeling work on the Appala-
chian region. Maximum burial depth and temperature as well as
the unroofing history were taken from studies around or in close
proximity to the PMO (Boettcher and Milliken, 1994; Roden,
1990). Basement heat flow is constant through time at 60 mW/
m2 (Rowan et al., 2004). The Breathitt Group and Lee Formation
reached a maximum burial during Early Cretaceous time of
5.2 km at 160 �C (assuming a 25 �C/km geothermal gradient).
Boettcher and Milliken (1994) document three episodes of
varying rates of uplift from AFTA which are used in this study: 1)
uplift of 2.3 km of strata from 145 to 80 Ma; 2) 0.4 km removal of
strata from 80 to 20 Ma; 3) 1.5 km of strata removal from 20 Ma
to the present. All strata uplifted and removed are assumed to be
Pennsylvanian and Permian in age composed of a mixture of
predominantly sandstones, with some siltstones, mudstones and
coals, as described in references on the sedimentation and
loading history around the PMO. A necessary assumption is that
the same burial history can be applied along the entire trace of
the PMO. Because the fault strike parallels the basin’s deposi-
tional strike it is a reasonable assumption that contrasts in burial
histories along this strike-parallel transect will at least be less
than the potential differences that would apply to transects that
parallel the basinal depositional axes.
6. Modeling results

The outcome for modeling using both fast and slow kinetics as
described above and the observed range for the abundance of
pre-kinematic quartz cement in the cataclasites is presented in
Table 2 and Fig. 7. Based on these ranges of input values the
emplacement of the pre-kinematic quartz cementation in the
PMO cataclasites was attained within a period corresponding to
280e260 Ma.



Fig. 7. Timing of quartz cement emplacement for “fast” and “slow” quartz cementation rates across a range of cement contents observed in the cataclasite samples. The light gray
envelopes in quartz cement abundance show the calculated range for the 1000 Touchstone realizations whereas the solid central line indicates the average abundance. The dark
shaded vertical regions indicate the range in times for completion of the minimum and maximum measured pre-cataclasis quartz cement and the heavy dotted line shows the time
when the average measured quartz cement abundance formed.
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7. Discussion

No published estimates of timing have been made previously
that are specific tomovementon thePMO.The faulting is interpreted
to entirely post-date deposition (around 310 Ma) given that no
Fig. 8. Comparisons of various estimates for timing of the Alleghanian Orogeny (top 4 bars)
cataclasites along the PMO.
growth strata or other evidence of closely syn-tectonic deposition
have been described from either the Lee Formation or the Breathitt
Group. The regional timing of the Alleghanian in the southern
Appalachians has been estimated fromthe thermalmaximum in the
Carolina Slate Belt at 295e315 Ma (Secor et al., 1986), followed by
with results from this study for the timing of pre-kinematic quartz cementation within
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episodes of uplift and deformation ending at 268e290 Ma (Secor
et al., 1986). Other dates are determined from illitization of
bentonites on the Cincinnati Arch at 286e301 Ma (Elliott and
Aronson, 1993), remagnetization at 280 Ma (Miller and Kent,
1988), and also remagnetization results for the central Appala-
chians at 255e275 Ma (Stamatakos et al., 1996). Fig. 8 compares
these dateswith the constraints formovement on the PMOobtained
from quartz cement modeling (w260e280 Ma).

Timing of fault movement interpreted in this study slightly post-
dates most of the regional estimates, but is still within the overall
timing of the Alleghanian orogeny. Timing of Appalachian thrust
emplacement is generally regarded to have proceeded from east to
west (Hatcher and Odom, 1980) and so, as it represents the
western-most of the Alleghanian structures, a relatively young age
for the PMO is not surprising.

8. Conclusions

1. In the vicinity of the PMO, the chemical histories of different
samples of Breathitt Group and Lee Formation sandstones
diverged markedly as a consequence of their contrasting
degrees of cataclasis.

2. The abundant fracture surfaces generated during fault move-
ment provided nucleation substrates favorable for the
emplacement of substantial amounts of intragranular quartz
(up to 11 volume percent in the Lee Formation).

3. Quartz cementation modeling suggests that emplacement of
the pre-deformation intergranular cements within the cata-
clasites was complete by 280e260 Ma, roughly corresponding
with published estimates of the timing of the Alleghanian
Orogeny. Most of the quartz cement in the cataclasites and also
in the undeformed sandstones around the PMO is post-
kinematic.

4. The histories of chemical and mechanical processes described
here demonstrate the synchronicity of basinal diagenetic and
regional structural deformational processes in the sandstones
near the PMO.
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