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Preface

The 2004 Joint Northeast-Southeast Section Meeting of the Geological Society of America is
the fourth such meeting and the third to be held in or near Washington, D.C. This guidebook
and the field trips presented herein are intended to provide meeting participants, as well as
other interested readers, a means to understand and enjoy the rich geological and historical
legacy of the National Capital Region.

The field trips cover all of the major physiographic and geologic provinces of the central
Appalachians in the Mid-Atlantic region. Trip 1 outlines the tectonic history of northern Virginia
along an east-to-west transect from the Coastal Plain province to the Blue Ridge province,
whereas the other field trips each focus on a specific province. From west to east, these excur-
sions investigate the paleoclimate controls on the stratigraphy of the Paleozoic rocks of the
Allegheny Plateau and Valley and Ridge province in West Virginia, Pennsylvania, and Maryland
(Trip 3); Eocene volcanic rocks that intrude Paleozoic rocks in the westernmost Valley and Ridge
province in Virginia and West Virginia (Trip 4); age, petrology, and structure of Mesoproterozoic
gneisses and granitoids located in the Blue Ridge province within and near Shenandoah
National Park, Virginia (Trip 2); the use of argon data to unravel the complex structural and
thermal history of the metamorphic rocks of the eastern Piedmont province in Maryland and
Virginia (Trip 5); the use of cosmogenic isotopes to understand the timing of bedrock incision
and formation of terraces along the Potomac River in the eastern Piedmont province near Great
Falls, Virginia and Maryland (Trip 6); the nature of the boundary between rocks of the
Goochland and Chopawamsic terranes in the eastern Piedmont of Virginia (Trip 7); the role of
bluffs and fluvial terraces of the Coastal Plain in the Civil War Battle of Fredericksburg, Virginia
(Trip 8); and the Tertiary lithology and paleontology of Coastal Plain strata around the Chesa-
peake Bay of Virginia and Maryland (Trip 9).

Some of the field trips present new geochronological research that uses isotopic techniques to
unravel Earth history and processes, including U-Pb dating to determine the timing of metamor-
phism and igneous activity associated with the Mesoproterozoic Grenville orogeny (Trip 2);
argon (*°Ar/®Ar) analysis to understand the complex Paleozoic history of deformation and
metamorphism in the Piedmont (Trip 5); and cosmogenic beryllium-10 data to derive exposure
ages of landforms and deposits of the Potomac River valley (Trip 6).

Several trips shed insight on significant or enigmatic geologic features of the region. Trip 3
presents evidence for global paleoclimate controls on the Paleozoic stratigraphy of the
Appalachian basin, including evidence for Late Devonian glacial deposits. Trip 4 investigates
unusual Focene igneous rocks in the Eastern United States, and Trip 2 visits several local duc-
tile high-strain zones, offering geologists opportunities to consider the importance of such
structures relative to the poorly understood Rockfish Valley fault zone in the Blue Ridge
province. In the Piedmont province, Trip 7 focuses on a controversial terrane boundary, whereas
Trip b crosses several lithologic belts with distinct thermotectonic histories that suggest ter-
rane boundaries. Trip 6 sheds new light on the erosional history of a major river gorge cut into
crystalline rocks in the Fall Zone.



Four trips are recommended for Earth science teachers and are cosponsored by the National
Association of Geologic Teachers (NAGT). These trips focus on the tectonic history of northern
Virginia (Trip 1), terraces of the Potomac River at Great Falls and cosmogenic isotone analysis
to date the terraces and the incision history (Trip 6), and Tertiary lithology and paleontology of
the Chesapeake Bay region (Trip 9). Trip 8 takes advantage of the rich Civil War history of this
region to look at the role that geology played in the strategies and outcome of the Battle of
Fredericksburg.

This guidebook is the result of much hard work by many individuals. The editors wish to thank
the field trip leaders and authors, the technical reviewers, and Nancy Stamm of th= USGS Geo-
logic Names Committee. We also owe a very special thanks to Linda Gundersen, Chief Scien-
tist, Geologic Discipline, USGS, who provided funding for the guidebook.
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Conversion Factors

Multiply By To obtain

Length
inch (in.) 254 centimeter (cm)
inch (in.) 254 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
yard (yd) 09144 meter (m)

Area

square mile (mi*) 2.590 square kilometer (km”)

Volume
cubic foot (ft) 0.02832 cubic meter (m*)
cubic mile (mi*) 4.168 cubic kilometer (km?)

Flow rate

cubic foot per second (ft'/s) 0.02832 cubic meter per second (m*/s)
mile per hour (mi/h) 1.609 kilometer per hour (km/h)

Length
centimeter (cm) 0.3937 inch (in.)
millimeter (mm) 0.03937 inch (in.)
meter (m) 3.281 foot (ft)
kilometer (km) 0.6214 mile (mi)
meter (m) 1.094 yard (yd)

Area

square kilometer (km-) 0.3861 square mile (mi”)

Volume
cubic meter (m*) 35.31 cubic foot (ft*)
cubic kilometer (km?) 0.2399 cubic mile (mi*)

Flow rate

cubic meter per second (m¥/s) 35.31 cubic foot per second (ft¥/s)
kilometer per hour (km/h) 0.6214 mile per hour (mi/h)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F=(1.8xC}+32
Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:
°C=(°F-32)/1.8







































Regional Tectonic History of Northern Virginia 13

Stop 7. Stone Bridge over Bull Run.

Upper Triassic red clastic sediments of the Balls Bluff Siltstone (Lee and Froelich,
1989; Southworth and others, 2000) are exposed here along Bull Run. These strata also dis-
play the regional westward dip seen at Stop 6. Note that this is a finer grained facies than
the red conglomerates of Stop 5 even though both had a common source. The conglomer-
ates near both the east and west margins of the basin are closer to the source. The much
finer sediments (now rocks) in the center of the basin were transported a greater distance
from the source.

Mileage
Incremental Cumulative
Exit parking area and turn right onto U.S. 29 South.
1.5 41.5 Turn right at traffic light onto Sudley Road, Va. 234 North.
7.5 49.0 Turn right at traffic light onto James Madison Highway. U.S. 15 North.

Route 15 runs along the western side of the Culpeper basin. The western border fault
lies to the west of U.S. 15. and just west of the fault is the Blue Ridge, which is visible on the
horizon to the left. As we drive north, U.S. 15 gets closer to the western edge of the basin.

6.7 55.7 Cross U.S. 50, continue straight on U.S. 15 North.
4.1 59.8 Cross Goose Creek, continue straight on U.S. 15 North.
0.5 60.3 Turn left onto Lime Kiln Road, Va. 733.

Within a few hundred feet is the western border fault of the Culpeper basin.

3.7 64.0 Pass outcrop of metabasalt (greenstone) of the Catoctin Formation on right.
Drive ahead 0.1 mile and carefully park vehicles on right across from house.
Walk back to the outcrop.

Stop 8. Goose Creek near Steptoe Hill.

The Neoproterozoic Catoctin Formation is a foliated greenstone and greenschist
interbedded with metasedimentary rocks. The Catoctin greenstone is metabasalt as indicat-
ed elsewhere by vesicles and amygdules. porphyritic texture, flow-top breccias. and pillows
(Kline and others, 1991). The Catoctin is commonly referred to as greenstone (a field term)
because of the abundance of green-colored chlorite and epidote.

The Catoctin Formation represents an episode of continental ritting. Its pre-metamor-
phic age (Southworth and others, 2000) indicates that it was emplaced before Appalachian
mountain building in the Paleozoic, and certainly before the opening of the Atlantic Ocean
in the Mesozoic. The Catoctin rifting occurred during the Neoproterozoic (latest
Precambrian) and is good evidence of the opening of the Proto-Atlantic Ocean or lapetus.

Mileage

Incremental Cumulative

Continue west on Lime Kiln Road.
1.7 65.7 Turn left into Groveton Farm.
This stop is on private land, and permission is required.
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Stop 9. Goose Creek at Groveton Farm.

Here is the nonconformity between the gneiss (metagranite) of the Mesoproterozoic
Marshall Metagranite and the arkosic metaconglomerate of the Neoproterozoic Fauquier
Formation, as described by Kline and others (1991) and Southworth and others (2000). The
Fauquier Formation is overlain by the Catoctin Formation.

Compare the relations here with the nonconformities observed earlier today at Gar-
Field High School (Stop 2) and on Union Mill Road in Centreville (Stop 5). Similar to the
earlier stops, this nonconformity represents younger sediments overlying older metamor-
phic rocks. However, one major difference exists here: the younger sediments (Fauquier
Formation) are foliated (like the overlying Catoctin Formation) and therefore are pre-meta-
morphic. The older basement gneisses here are more severely metamorphosed than the
overlying metasediments. This indicates that the older basement rocks had undergone
metamorphism before deposition of the overlying sediments. Subsequently, these sediments
and the underlying metamorphic basement rocks were metamorphosed. Two episodes of
metamorphism are therefore evident, the older of which predates the metamorphism of the
Appalachian events. This older metamorphism is associated with the Mesoproterozoic
Grenville orogeny, which represents mountain building prior to the opening of the Proto-
Atlantic Ocean.

Return to Leesylvania State Park.



Note=



Notes
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Table 3. SHRIMP U-Pb isotopic ages of basement rocks in the field trip area.

Igneous Inheritance
Crystallization =~ Metamorphic Ages
Sample Age (Ma) Ages (Ma) (Ma)
Lithologic Unit Number [+ 2 sigma] [+ 2 sigma] [+ 2 sigma]
low-silica charnockite (Yfqj) SNP-99-93 1050+ 8 1018+ 14
Old Rag magmatic suite OR-97-35 1060 + 5 1019+ 15
(coarse-grained
leucogranite) (Y gr)
979 £ 11
1059 + 8* 1027 £ 9
garnetiferous syenogranite SNP-02-197 1064 £7 1028 + 14 1135+ 6
(Yeg) 1099 +9
leucogranite gneiss (Ylgg) SNP-99-90 1078 +9 1028 + 10
997 + 19
foliated pyroxene granite SNP-02-177 1117+ 14 1043 £ 12 1175+ 14
(Yfpg)
high-silica charnockite (Ycf)  SNP-96-10 1159+ 14 1052+ 14
foliated megacrystic SNP-02-189 1183+ 11 1110+ 38
leucocratic granite (Y1g) 1043 £ 16

* monazite ages indicated by italics; all other ages obtained from zircon.

ing episodes at 1,350 to 1,190 Ma, about 1,090 Ma, and 1,090
to 1,030 Ma. The Adirondack ages overlap episodes of major
magmatic and metamorphic events recognized in the
Grenville province of Canada (Gower and Krogh, 2002) and
suggest that the two areas share some aspects of orogenic
activity. However, extrapolation of these tectonic events to
the Blue Ridge is tempered by the allochthonous nature of the
Blue Ridge and the possibility that the terrane was separated
from the Adirondack-New England region by a major tectonic
boundary during Grenvillian orogenesis (Bartholomew and
Lewis, 1988).

Lithologies and age relations

Textures, compositional characteristics, and field rela-
tions suggest that nearly all basement rocks within the study
area were originally igneous in origin. Nomenclature was
determined using normative compositions and standard proce-
dures recommended by the International Union of Geological
Sciences (IUGS) because the locally very coarse grain size
and strongly preferred orientation of fabrics in some rocks
hindered direct application of standard modal-based proce-

dures. General petrologic nomenclature using pararieters cal-
culated from normative data are presented in table 1, with
IUGS-recommended names for orthopyroxene-bearing vari-
eties included where appropriate. The basement rocks collec-
tively display a wide range of normative compositions; how-
ever, in most cases, individual lithologic units are character-
ized by relatively restricted compositional variation (fig. 4;
table 4). Syenogranite to monzogranite compositiors are most
common, especially for the older rocks that predate local
Grenvillian deformation. The low-silica charnockite (Yfqj),
which includes numerous chemically consanguineo-s dikes of
both similar and less-evolved composition, is chara~terized
by the greatest internal variation, ranging from orthnpyrox-
ene-bearing monzogranite (farsundite') to quartz monzodior-
ite (quartz jotunite). Older rocks that predate regioral
Grenvillian deformation are dominated by orthopyroxene-
bearing, charnockitic granitoids, whereas rocks that postdate

"Nomenclature suggested for orthopyroxene-bearing rocks of probable
igneous origin by Le Maitre and others (1989). Such terms are i‘alicized
wherever used throughout the text. Where charnockite is used tc refer to
orthopyroxene-bearing granitoids in general, it is not italicized.
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Table 4. Geochemical data for basement rocks from the field trip area.

Stop 1 - 2 3 3 4
Map Unit Ygg Yeg Ypad Yeg Ypad Ylgn
Sample SNP-03-197 SNP-01-164  SNP-01-175  SNP-01-174  SNP-01-155  SNP-01-150
SiO; 64.10 68.94 55.29 72.51 63.51 65.49
TiO, 0.23 0.51 1.71 0.45 1.20 0.79
AlLO; 18.44 16.13 16.49 14.63 1518 15.83
Fe,Og* 6.59 3.02 933 1.92 9.19 5.08
MnO 0.26 0.03 0.14 0.03 0.13 0.07
MgO 0.28 0.42 478 0.40 4.54 1.04
CaO 292 1.30 6.54 1.17 1.93 343
Na,O 4.13 2.59 3.00 2.14 1.85 295
K;O 2.71 6.50 2.00 6.18 2.66 4.43
P05 0.11 0.16 0.52 0.14 0.05 0.20
Total 99.77 99.60 99 80 99 55 100.23 100.31
Rb 65.9 1733 579 155.7 1114 1939
Ba 786 1524 1030 1198 726 895
Sr 511 327 993 308 194 213
Pb 39 44 11 49 17 25
Th' 38.20 21.68 0.59 50.9 59 36
U 1 0.8 0.63 1.9 1.1 nd
Zr 331 305 188 286 259 38°
Hf 10.38 10.98 6.55 9.30 7.88 11.37
Nb 7.8 7.9 6.7 44 12.1 12.5
Ta 042 0.47 0.70 0.60 1.10 1.28
Ni 1 3 32 3 35 S
Zn 41 54 130 23 192 87
Cr 20 24 144 30 139 34
Ga 27 24 25 17 22 23

Vv 1 17 161 11 168 45
La 103.2 100.6 39.2 1202 35.0 45.7
Ce 323 4 203.1 79.4 264.1 70.0 108.7
Nd 121.4 79 47 102 32 545
Sm 16.83 955 8.43 17.12 6.56 10.85
Eu 202 2.48 2.66 2.00 191 201
b 1.65 0.71 1.04 1.37 1.51 1.77
b 521 11 1.80 2.0 57 46
Lu 0.79 0.16 0.28 025 0.92 0.65
Y 38.8 12.4 21.8 243 53.4 527
Sc 5.04 4.38 20.24 4.04 2429 14.02
Ga/Al 2.77 2.81 286 220 2.74 275
A/CNK 1.23 1.18 0.87 1.19 1.61 1.00
FeOt/(FeOt+MgO) 0.95 0.87 0.64 0.81 0.65 0.81
* total iron expressed as Fe;Os. n.d.: not detected

! elements measured by instrumental neutron activation (INA) analysis noted in italics; all other elements measured by
X-ray flucrescence.
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Table 4. Geochemical data for basement rocks from the field trip area.—Continued

Stop 4 5 5 6 7 --
Map Unit dike Ycf Ycf Yef Yg Yig
Sample SNP-01-149  SNP-01-142  SNP-01-143  SNP-96-10 SNP-96-1 SNP-96-17
S10; 50.03 74.58 70.09 69.78 68.37 63.75
Ti0, 272 0.30 0.46 0.74 0.64 1.29
AlLO;, 14.03 12.84 14.22 13.64 14.93 15.22
Fe,O5* 10.10 2.57 4.09 423 422 5.97
MnO 0.15 0.02 0.04 0.07 0.06 0.09
MgO 6.61 0.25 0.40 0.66 0.70 1.23
CaO 712 1.00 1.93 2.29 245 351
Na,O 2.58 1.94 2.33 2.38 3.19 3.17
K;O 471 6.90 6.50 5.63 4.94 5.30
P,0s 1.61 0.04 0.15 0.19 0.18 0.47
Total 99 65 100.45 100.23 99.60 99.66 99 99
Rb 276 238.7 2126 199.3 170.3 181.2
Ba 2388 563 870 668 986 1650

Sr 611 85 107 128 175 579
Pb 39 49 39 28 30 33
Th' 7.2 40.0 10.93 23 12,0 22
U 20 35 1 0.7 nd. 1.4
Zr 644 444 474 260 330 501
Hf 17.1 14.7 15.84 11.2 10.7 15.1
Nb 134 11.5 19.0 93 9.6 14.6
Ta 210 0.46 1.10 0.85 0.64 1.49
Ni 123 3 3 3 7 3
Zn 154 66 90 63 81 120

Cr 267 21 19 28 34 22
Ga 22 19 24 21 21 25

Vv 142 5 10 25 36 44
La 109.7 258.4 948 52.8 58.0 102.0
Ce 226.4 477.0 2245 94.3 105.0 185.0
Nd 112 165 102 47 47 91
Sm 17.22 23.50 17.91 10.30 10.00 19.10
Eu 3.7 1.81 2.70 2.09 1.82 331
Tb 1.97 1.41 226 1.50 1.25 230
b 3.60 26 5.6 3.4 22 53
Lu 0.49 0.35 0.73 0.42 0.23 0.60
Y 423 314 726 38.2 26.2 63.5
Sc 20.88 2.44 8.75 8.90 9.08 11.30
Ga/Al 296 2.79 319 291 2.66 3.10
A/CNK 063 1.03 0.99 0.96 0.99 0.88
FeOt/(FeOt+MgO) 0.58 0.90 0.90 0.85 0.84 0.81
* total iron expressed as Fe,05. n.d.: not detected

I elements measured by instrumental neutron activation (INA) analysis noted in italics; all other elements measured bv
X-ray fluorescence.
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Table 4. Geochemical data for basement rocks from the field trip area.—Continued
Stop -- -- 11 12 13 14
Map Unit Yor Yer-d Yipg Yth Ybg Yfqj
Sample OR-97-35 OR-97-51 SNP-02-177 SNP-01-146 SNP-02-186 SNP-02-180
S10; 7218 72.85 67.36 69.69 62.41 5324
Ti0, 0.28 043 0.78 0.58 1.44 2.69
AL, 14.44 14.36 14.73 15.21 13.87 15.69
Fe,O5* 2,76 1.61 534 3.80 913 11.96
MnO 0.06 0.03 0.08 0.05 0.15 0.18
MgO 0.34 0.44 0.95 0.68 0.81 2.14
CaO 1.15 1.38 272 1.87 3.97 6.51
Na,O 2.85 2.50 273 2.34 2.80 3.11
KO 6.04 5.69 483 6.13 4.43 272
P,0s 0.10 0.23 022 0.15 0.69 1.31
Total 100.19 99.53 99.74 100.49 99.70 99.55
Rb 3051 240.6 186.2 166.7 109.1 528
Ba 425 746 863 951 2112 1926
Sr 80 151 161 170 314 633
Pb 65 53 28 28 28 19
Th' 75.1 53.8 15.00 3.19 1.40 1.4
U 9.5 4.2 1.5 nd. 0.83 05
Zr 230 392 336 239 1354 988
Hf 9.0 121 13.07 9.26 43 22.90
Nb 10.9 126 10.4 8.6 252 355
Ta 0.72 0.68 1.1 0.50 1.4 1.57
Ni 2 2 8 5 1 2
Zn 70 48 77 64 249 241
Cr 25 18 39 27 11 21
Ga 25 24 22 20 25 30
Vv 8 10 49 33 39 95
La 112.0 170.9 69.5 46.2 83.6 117.8
Ce 202.0 339 1292 100.4 170 2502
Nd 81 130 61 429 106 127
Sm 20.80 23.70 10.82 7.06 18.87 28.61
Eu 0.91 1.49 1.72 1.83 5.0 451
Tb 3.61 1.45 0 0.85 1.9 3.24
b 10.2 1.5 39 1.9 4.6 5.40
Lu 1.10 0.22 057 0.27 0.73 0.8
Y 62.6 324 40.1 20.5 58.6 84.1
Sc 6.27 272 12.57 10.84 20.0 20.82
Ga/Al 327 3.16 282 2.48 3.41 361
A/CNK 1.09 1.12 1.00 1.10 0.83 0.79
FeOt/(FeOt+MgO) 0.88 0.77 0.84 0.83 0.91 0.83

* total iron expressed as FepOs.

X-ray fluorescence.

n.d.: not detected
T elements measured by instrumental neutron activation (INA) analysis noted in italics; all other elements measured by
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Table 4. Geochemical data for basement rocks from the field trip area.—Continued

Stop 15 20 20 20
Map Unit Yig2 Ylgg Yfqj Yfqj
Sample SNP-03-199  SNP-99-90 SNP-99-91  SNP-99-92
Si0, 75.67 74.26 62.57 58.59
TiO, 0.14 0.20 1.58 1.78
ALO; 12.65 13.93 13.87 15.44
Fe,03* 0.85 1.94 9.45 10.79
MnO 0.02 0.02 0.12 0.17
MgO 0.01 0.22 0.85 299
Ca0 0.61 0.79 3.26 216
Na,0O 3.02 3.15 2.35 3.40
K0 6.73 6.16 4.82 3.26
P,05 0.02 0.04 0.60 0.85
Total 99.71 100.71 99.47 99.45
Rb 237.1 161.5 144.0 89.6
Ba 126 1009 2132 978

Sr 60 157 351 o0
Pb 46 28 31 8
Th! 34.64 334 1.75 3.1
u 13 12 1.1 02
Zr 75 169 1676 1157
Hf 453 6.8 45.0 34.7
Nb 3.9 6.7 242 32.7
Ta 0.16 0.72 1.45 22
Ni 1 4 2 1
Zn 20 18 286 420
Cr 19 30 13 13
Ga 17 22 28 22

\Y% 1 5 42 50
La 81.7 94 91.1 123.7
Ce 144.4 190 193 273
Nd 58.7 64 105 142
Sm 11.25 8.35 22.4 20.8
Eu 0.52 1.65 4.95 5.01
Th 0.96 0.62 1.54 1.53
¥h 1.22 1.38 6.4 6.8
Lu 0.15 0.2 1.10 10
Y 10.6 8.1 69.7 83.1
Sc 3.19 3.75 18.71 2035
Ga/Al 254 298 3.81 2.69
A/CNK 0.95 1.05 0.92 1.18
FeOt(FeOt+MgO) 0.98 0.89 091 0.76

* total iron expressed as Fe,Os.
T elements measured by instrumental neutron activation (INA) analysis noted in italics;
all other elements measured by X-ray fluorescence.
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deformation include both leucocratic granitoids ranging from
alkali feldspar granite to syenogranite and low-silica
charnockite that is likely unrelated to the contemporaneous
leucocratic rocks. Results from U-Pb isotopic analysis of zir-
cons indicate that mineralogically similar leucocratic grani-
toids were emplaced during each of the three magmatic inter-
vals presently identified within the Blue Ridge study area.
The ~1,180-Ma leucocratic granitoid and megacrystic leuco-
cratic granite gneiss (Ylg). which also includes abundant
leucogranite pegmatite, constitutes an intrusive complex char-
acterized by multiple generations of igneous activity and rep-
resents the oldest dated rock in the region. Pervasively
deformed screens and xenoliths of leucogranite gneiss (Ylgg)
of ~1,080-Ma age occur within low-silica charnockite and
represent the youngest intrusive unit presently recognized to
predate regional Grenvillian deformation. Following deforma-
tion, magmatic activity continued to produce leucocratic
granitoids represented by the garnetiferous syenogranite
(Ygg), Old Rag magmatic suite (Ygr), and two small bodies
of coarse-grained alkali feldspar granite (Yaf) exposed in the
Madison quadrangle (fig. 3) which may be correlative with
the larger Old Rag magmatic suite.

Geologic mapping and related studies throughout five
contiguous 7.5-minute quadrangles in the north-central Blue
Ridge (fig. 3) indicate that Mesoproterozic basement rocks
define three groups based on age and field characteristics: (1)
foliated rocks of about 1,180- to 1.160-Ma age, (2) foliated
rocks of 1.115- to 1,080-Ma age, and (3) largely nonfoliated
rocks of <1.060-Ma age. Each group is characterized by the
following features.

Foliated rocks of 1,180- to 1,160-Ma age: This group
comprises a compositionally diverse assemblage of litholo-
gies, including leucocratic granitoids and granitoid gneisses,
layered gneiss, and foliated charnockite. All rocks display
evidence of pervasive, typically ductile deformation that is
interpreted as Grenvillian in origin. Within the mapped quad-
rangles, this group includes the following lithologic units: (1)
leucocratic granitoid and megacrystic leucocratic granite
gneiss (Ylg): (2) high-silica charnockite (Ycf, charnockite
and farsundite). (3) garnetiferous granite gneiss (Yg); and (4)
garnetiferous gneiss (Ygn). Charnockitic layered granodiorite
gneiss (Ylgn) may also belong to this group.

Foliated rocks of 1,115- to 1,080-Ma age: Rocks within
this group also predate the major deformational event believed
to be responsible for developing pervasive, high-temperature
fabrics in many of the basement units. Two dated lithologic
units are placed within this group: (1) foliated pyroxene gran-
ite (farsundite. Yfpg) and (2) leucogranite gneiss (Ylgg).
Similar to the older high-silica charnockite (Ycf). the foliated
pyroxene granite (Yfpg) contains abundant orthopyroxene of
likely magmatic origin and is likewise also charnockitic.

Nonfoliated rocks of <1,060-Ma age: Nonfoliated litho-
logic units are interpreted as postorogenic with respect to the
main period of Grenvillian deformation in the Blue Ridge. All
rocks in this group within the field trip area are broadly

granitic and include the following: (1) garnetiferous
syenogranite (Ygg); (2) the Old Rag magmatic suite (Hackley.
1999), which includes pyroxene-bearing leucogranites of vary-
ing grain size and mineralogical composition (Y gr): (3) alkali
feldspar granite (Yaf); and (4) low-silica charnockite (Yfqj,
farsundite and quartz jotunite). The compositionally similar
granitic units (including Ygg, Ygr, and Yaf) are dist'nctive leu-
cocratic rocks with high potassium feldspar to plaginclase
ratios and likely constitute a regional suite.

In summary, results from recent field, petrologic. and
geochronological studies indicate that basement rocks of the
northern Blue Ridge preserve evidence of tectonomagmatic
events that spanned over 160 m.y. of Grenvillian orogenesis
(Aleinikoff and others, 2000; Tollo and others, in pess a).
Presently, ages derived from high-precision U-Pb isotopic
analyses of zircons indicate that an early interval of magmatic
activity occurred at about 1,180 to 1,140 Ma and irvolved
granitoids (now gneisses and deformed megacrystic
leucogranites) of considerable compositional diversity. This
episode was followed at about 1,110 Ma by a second period
of magmatism presently defined by two compositionally dis-
similar plutons within the northern Blue Ridge. Following
another hiatus, plutonism resumed at about 1,080 Ma and was
rapidly followed by a significant period of deformation that
occurred within the interval 1,080 to 1.060 Ma. Most of the
ductile fabrics developed in many of the older plutonic rocks
were likely formed during this episode. Following deforma-
tion, plutonism continued to about 1,050 Ma, producing gran-
itoids of considerable compositional diversity, including
charnockite of A-type affinity. Isotopic evidence further indi-
cates that thermal disturbances occurred throughout the
region at 1,020 to 980 Ma. This temporal framewo-k is simi-
lar to the sequence of Grenvillian events documented in the
Adirondacks and Canadian Grenville province (McLelland
and others, 1996; Rivers, 1997). suggesting the possibility of
tectonic correlations between the Blue Ridge and these
Laurentian terranes.

Geochemical characteristics

Geochemical data indicate that basement rocks within
the field trip area are characterized by diverse cherical com-
positions and a range in silica content of nearly 30 weight
percent (figs. 5A~F). Most lithologic units are felsic, contain-
ing >65 weight percent SiO,, a compositional characteristic
that is reflected in the abundance of granitoids throughout the
field area (figs. 3, 4). Mafic to intermediate rock types are
represented only by the low-silica charnockite (Yfaj) and foli-
ated pyroxene quartz diorite (Ypqd). which form a large plu-
ton and small inlier, respectively (fig. 3). Although variation
for the region as a whole is extensive, most indivicual litho-
logic units are characterized by relatively modest chemical
diversity, suggesting that significant differentiation did not
occur at or near the emplacement level of most individual
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Figure 5. Plots of Si0, versus (A) Ti0,, (B) FeQ, {total iron expressed as FeQ), (C) Ca0, (D) aluminum saturation index (A/C*K=molar
Al,0./(Ca0+Na,0+K,0), (E) Na,0+K,0, and {F) Fe0/MgO0 for basement rocks from the field trip area. Dashed line in A encloses field of

igneous charnockites from Kilpatrick and Ellis {1992). Dashed line

separating alkaline and subalkaline fields in E is from Irvine and

Baragar (1971). Dashed line separating tholeiitic and calc-alkaline fields in F is from Miyashiro (1974). All data are expressed in weight

percent. Symbols are the same as in figure 4.

plutons. In contrast to most lithologic units, the low-silica
charnockite (Yfqj) and biotite granitoid gneiss (Ybg) exhibit
trends in compositional and normative variation that are both
considerable and petrologically distinctive. The internally dif-
ferentiated low-silica charnockite, which includes abundant
compositionally related dikes and fractionated pegmatite
(Tollo and others, in press a), ranges in silica content from 50

to 65 weight percent, defining about half of the variation doc-
umented to date in the study area (fig. 5). Chemical variations
in the biotite granitoid gneiss are bimodal, with compositions
clustering at about 62 and 67 weight percent SiO, (fig. 5).
This compositional diversity corresponds to normative com-
positions ranging from syenogranite to quartz monzonite (fig.
4), and is likely a reflection of compositional layering that
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Road Log and Stop Descriptions

The field trip begins at the McDonald's restaurant on U.S. 522/U.S. 340 directly south
of Exit 6 off I-66 in Front Royal, Va.

NOTE: Throughout the road log. numbers in the left-hand column indicate cumulative
mileage for the entire field trip; numbers in the right-hand column indicate cumulative
mileage within each stop-to-stop segment of the trip.

Mileage

Trip Stop-to-Stop

Cumulative Cumulative

0.0 Proceed south on U.S. 522/U.S. 340.

0.5 0.5 Cross the North Fork of the Shenandoah River.

Relatively undeveloped flood plain is visible on both sides of the highway.

0.8 0.8 Proceed straight at intersection with Va. 55 toward Front Royal.

1.0 1.0 Cross the South Fork of the Shenandoah River.

Residential development bordering the flood plain is visible
on the left.
Remain in left lane.

1.6 1.6 Turn left at traffic light to remain on U.S. 522/U.S. 340/Va. 55.
Remain in right lane.

22 2.2 Proceed straight through traffic light to remain on U.S. 340 S/ Va. 55 E.
Proceed straight through Front Royal on U.S. 340 S (Royal Avenue).

3.0 3.0 Pass United Methodist Church.

The church is constructed largely of limestone of the tvpe conumonly
obtained from carbonate valleys of the central Appalachians.

3.5 3.5 Proceed straight through traffic light to remain on U.S. 340 S.

Merge into left lane.

4.0 4.0 Pass entrance to Shenandoah National Park on the left.

4.2 4.2 Turn left onto Va. 649 S (Browntown Road).

8.2 8.2 Roadcut on lefi side exposes very fresh, medium- to coarse-grained,
garnet+biotite leucogranite that contains locally abundant,
disseminated graphite.

8.4 8.4 Stop 1.

Turn right onto Gooney Falls Lane.
Follow Trip Leaders
PRIVATE PROPERTY

Stop 1. Garnetiferous alkali feldspar granite to syenogranite (Ygg).

This outcrop is part of a series of exposures along Gooney Run located near the north-
ern end of the garnetiferous alkali feldspar granite to syenogranite (Ygg) pluton, which
extends south to the vicinity of Gravel Springs Gap Road where it is cut, but not truncated,
by a northeast-southwest-striking fault (fig. 3). This lithologic unit is typically garnet-bear-
ing, leucocratic, and characterized by alkali feldspar-to-plagioclase ratios >1. The rock at
this outcrop is syenitic. and may represent a feldspar cumulate. The syenitic composition is
in contrast to that of other exposures in the area which are generally granitic, especially in
the southern part of the pluton. The foliation visible in this outcrop (strike 355°, dip 65° E.)
is likely to have developed during regional Paleozoic orogenesis due to the absence of
high-temperature textural and mineralogical characteristics. This lithologic unit is inferred
to intrude the orthopyroxene+amphibole quartz diorite (Ypgd). on the basis of field rela-
tions observed at Boyd's Mill (Stop 3). The granitoid is intruded by north-south-striking
metadiabase dikes at this outcrop. one of which is about 20 m (66 ft) wide. The chemical
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composition of a sample collected from the largest dike is presented in table 5 (sample
SNP-01-159). and the significance of these data is discussed in the text devoted to Stop 6).
Such dikes are very common throughout the Blue Ridge, but are especially abundant in the
northern Blue Ridge (Burton and others, 1995).

Throughout the field trip area, the Ygg unit includes white, medium- to very coarse-
grained, inequigranular, weakly to strongly foliated syenogranite and white, medium-
grained, equigranular, weakly foliated alkali feldspar granite to syenogranite composed of
35 to 40 percent orthoclase, 15 to 25 percent plagioclase, and 20 to 25 percent quartz with
2 to 10 percent garnet, 2 to 5 percent biotite, and 2 to 5 percent pseudomorphs after
orthopyroxene. Accessory minerals include apatite, zircon, and ilmenite. Locally strong
foliation within medium- to very coarse-grained syenogranite is defined by alignment of
tabular feldspar megacrysts and elongate, polygranular garnet in garnet+biotite-rich
domains. Weak foliation in the medium-grained, equigranular alkali feldspar granite to
syenogranite is defined by alignment of polygranular garnet-rich domains. Meter- to
decimeter-scale dikes of medium-grained. equigranular alkali feldspar granite to
syenogranite locally intrude medium- to very coarse-grained syenogranite. Rare pegmatitic
dikes, typically <10 cm (4 in) in width, locally intrude all lithologic phases of this unit.
This lithologic unit is mineralogically and geochemically similar to medium- to very
coarse-grained, inequigranular, massive to weakly foliated granite and medium-grained,
equigranular to inequigranular, massive to weakly foliated leucocratic granite (Ygr) that
occurs in the Old Rag Mountain 7.5-minute quadrangle (Hackley and Tollo, in press) and
adjacent areas (fig. 3). However, these units can be distinguished in the field on the basis of
quartz color: quartz is typically gray to white in garnet-bearing alkali feldspar granite to
syenogranite (Ygg); whereas coarse-grained Old Rag Granite ( Yor of Hackley and Tollo. in
press) and associated medium-grained leucogranite (Ygr of Hackley and Tollo, in press)
typically contains blue quartz.

Rocks within this lithologic unit typically have silica contents in excess of 69 weight
percent and are mildly to moderately peraluminous (fig. 5). These leucocratic granitoids
have high concentrations of Na,O+K.O, a compositional feature that is reflected in the
characteristic modal abundance of alkali feldspar relative to plagioclase (fig. 4). K,O/Na,O
molar ratios are characteristically high and similar to those of other leucocratic rocks in the
field trip area. The high-silica, alkali-rich compositions are a distinctive geochemical char-
acteristic of the post-tectonic leucocratic granitoids in the field trip area (fig. 5SE). The low-
silica concentration characterizing the granitoid at this exposure (table 4, sample SNP-03-
197) is compositionally atypical of the Ygg unit in the field trip area and appears to be rep-
resentative of a relatively minor lithologic variant. For this reason, the composition of a
more chemically typical sample of the pluton collected 0.67 km (0.42 mi) northwest of the
field trip stop along Gooney Run is also included in table 4 (sample SNP-01-164).

Ygg is part of a group of leucocratic granitoids that were emplaced following the
main episode of local Grenvillian orogenesis that occurred at 1,080 to 1,060 Ma (Tollo and
others, in press a). In addition to Ygg, these postorogenic rocks in the field trip area include
the typically garnet- and (or) biotite-bearing leucocratic granitoids of the Old Rag magmat-
ic suite (Ygr) (Hackley, 1999). which is associated with the pluton at Old Rag Mountain
(fig. 3), and alkali feldspar granite (Yaf) that occurs as two small bodies near Madison
(Bailey and others, 2003) (fig. 3). Southworth (1994, 1995) and Southworth and Brezinski
(1996) mapped possibly correlative, nonfoliated to weakly foliated, leucocratic rocks in the
northern Blue Ridge of northernmost Virginia and Maryland as garnet monzogranite (unit
Ygt on the geologic map of Virginia (Virginia Division of Mineral Resources, 1993)).

Detailed SHRIMP analysis indicates that zircons from this locality are compositional-
ly and isotopically complex. SHRIMP data suggest that crystallization occurred at 1.064+7
Ma (table 3. sample SNP-02-197). This age is similar to isotopic data obtained by conven-
tional isotope-dilution thermal ionization mass spectrometry (ID-TIMS) techniques
obtained by Aleinikoff and others (2000) for possibly related garnetiferous metagranite
(Ygt) and white leucocratic metagranite (Yg) from the northern Blue Ridge dated at
1,077+4 Ma and 1,060+2 Ma, respectively.

47
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Mileage

Trip Stop-to-Stop

Cumulative Cumulative

0.0 Proceed to intersection of Gooney Falls Lane and Va. 649.

8.7 0.3 Turn right (south) onto Va. 649.
Buck Mowuntain, visibie on the right, is underiain by tvpically
coarse-grained leucocratic granitoid of the Ygg lithologic unit.

9.1 0.7 Prominent roadcut on the left exposes relatively fresh foliated
pyroxene-+biotite quartz diorite (Ypqd).

9.8 14 Stop 2.

Outcrop on left (east) side of Va. 649.

Stop 2. Pyroxene+biotite quartz diorite (Ypqd).

This fresh outcrop of pyroxene+biotite quartz diorite (Ypqd) is typical of roadcuts
along Va. 649. The unit is mapped as a small. elongate body that is intruded by and
enclosed within garnetiferous alkali feldspar granite to syenogranite (Y gg). The body is
interpreted to form an inlier within the larger leucocratic Ygg pluton. Gneissic layering
defined by alternating feldspar- and pyroxene+biotite-rich domains is characteristic of this
unit, and is best seen on weathered surfaces. Isoclinal folds developed locally within the
compositional layering exhibit considerable thickening of the layers in the hinge zones, and
are interpreted to have formed under ductile conditions during Grenvillian orogenesis.

Samples of this lithologic unit are typically dark-gray, medium-grained, equigranular,
moderately to strongly foliated quartz diorite to quartz monzodiorite (fig. 4) composed of
20 to 25 percent orthoclase, 60 to 65 percent plagioclase. and 12 to 15 percent quartz with
5 to 7 percent orthopyroxene and 2 to 4 percent biotite. Accessory minerals include apatite,
zircon. and Fe-Ti oxide. Alignment of biotite and orthopyroxene grains typically defines
foliation that is parallel to centimeter-scale gneissic layering.

The Ypqd lithologic unit is one of the most chemically distinctive lithologic units docu-
mented within the field trip area. Two samples have similar low-silica compositions (fig. 5),
with SiO, contents ranging from 55 to 57 weight percent. These compositions rank among
the most chemically primitive observed within the field trip area. Although major-element
abundances are similar to the most silica-poor variants of the low-silica charnockite (Yfqj).
trace-element concentrations differ significantly, indicating likely separate petrologic line-
ages. Lower concentrations of high-field-strength elements in the Ypqd samples suggest an
otigin involving sources with a significant volcanic-arc component, in contrast to the more
typical crustal-type sources from which the low-silica charnockite was likely derived.
Compositionally, the Ypqd unit corresponds closely to typical I-type granites, whereas the
low-silica charnockite (Yfqj), with high Nb+Y concentrations and elevated 10*xGa/Al and
FeO/MgO ratios, exhibits close chemical affinity to A-type granitoids (fig. 7).

Field relations observed at Boyd's Mill (Stop 3) indicate that the Ypqd unit is older
than. and likely intruded by, the surrounding Ygg leucogranitoids, suggesting that the for-
mer is older than 1,062 Ma. The available field and petrologic data are insufficient to sug-
gest correlation between the Ypqd lithologic unit and older, similarly charnockitic units of
known age that occur to the south.

Mileage
Trip Stop-to-Stop
Cumulative Cumulative
0.0 Proceed south on Va. 649,
10.2 0.4 Stop 3.

Intersection of Va. 622 and Va. 649 at Boyd’s Mill.
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Outcrop on left side of Va. 649.
Park on right side beyond intersection.

Stop 3. Garnetiferous alkali feldspar granite to syenogranite (Ygg) intruding
pyroxene+biotite quartz diorite (Ypqd).

Field relations observed at this roadcut indicate intrusion of the Ygg leucocratic grani-
toid into medium-grained, equigranular, charnockitic rocks of the Ypqd inlier. Coarse-
grained, garnet+biotite-bearing leucocratic granite is interlayered on a scale ranging from
decimeters to meters with medium- to dark-gray, medium- to coarse-grained, foliated
pyroxene-bearing gneissic granitoid that locally contains garnet. Geologically, this roadcut
is located along the mapped north-south-trending contact separating leucocratic granitoid
rocks of the Ygg pluton from the western border of the Ypqd inlier (fig. 3), and thus the
exposure is interpreted as part of the contact zone formed by intrusion of leucogranitoid
into the melanocratic gneissic rocks. The leucocratic granitoid in this roadcut is composed
of abundant perthitic orthoclase+plagioclase+quartz+garnet+biotite+Fe-Ti oxide+chlorite.
Plagioclase is typically altered to sericite; primary garnet is partly replaced by
chlorite+minor titanite. Garnet in the melanocratic granitoid occurs in proximity to leuco-
cratic granite and is interpreted as metamorphic in origin.

Geochemical data for a sample of leucocratic granitoid from this roadcut (table 4,
sample SNP-01-174) indicate a high-silica, peraluminous composition with high K,0/Na,O
molar ratio, corresponding closely to the average composition of rocks constituting the Ygg
pluton. The composition of a representative sample of the melanocratic granitoid (table 4.
sample SNP-01-155) bears close chemical similarity to rocks collected elsewhere from the
inlier except for distinctly higher silica contents, lower concentrations of Ca0, K,O. and
Na,O. and correspondingly high values of aluminum saturation index (molar
ALO,/(Na,0+K,0+Ca0). Such differences in composition are interpreted to reflect chemi-
cal exchange that occurred as a result of metamorphic reactions induced by intrusion of the
leucogranite.

Mileage

Trip Stop-to-Stop

Cumulative Cumulative

0.0 Turn around and proceed north on Va. 649.

15.9 5.7 Turn right (northeast) onto U.S. 340.

16.1 5.9 Turn right into the entrance to Shenandoah National Park
and Skyline Drive South.

16.7 6.5 Pass through entrance station to Shenandoah National Park.

18.9 8.7 Shenandoah Valley Overlook.
The view from the overlook on the right includes the abandoned former
Avtek factory located along the Shenandoah River in Front Roval. This
factory and the surrounding environmentally sensitive area constitute a
designated Superfund site slated for remediation.

20.8 10.6 Dickey Ridge Visitor Center.

219 11.7 Signal Knob Overlook.

On a day with high visibility, the view from this

overlook provides a rich perspective on the geology of the central
Appalachians. The double-topped linear ridges in the middle distance
define Massanutten Mountain, a complex svncline whose topographic
expression is defined by resistant Silurian sandstone. Most of the floor
of the surrounding Shenandoah Valley is underlain by the Ordovician
Martinsburg Formation and Cambrian and Ordovician carbonate rocks
exposed in the footwall block beneath the Blue Ridge thrust that runs
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along the base of the foothills in the foreground. North Mountain, which
Jorms the long linear ridge on the horizon. is capped by Devonian
sandstone and is a tvpical landform of the Appalachian Valley and
Ridge province.
The roadcut on the east side of Skvline Drive exposes
two lava flows of the Neoproterozoic Catoctin Formation separated by
a 1-to 1.5-m (3.3—4.9 fi)-thick stratum of tervestrial sedimentary deposits. Jasper
veins developed in the metasedimentary layer are typical of the contact
zone beneath and between lava flows in this area.

23.1 12.9 Gooney Run Overlook.
View to the west overlooks areas of the Chester Gap 7.5-minute
quadrangle visited in Stops 1-3. Buck Mountain, underlain by
leucocratic granitoids of the Ygg pluton. is located directlyv west
of the overlook. Stop 1 is located at the northern end of the mountain;
Stops 2 and 3 are located along the road extending along its
eastern flank.

25.6 15.4 Stop 4.
Outcrop on left (east) side of Skyline Drive.

Stop 4. Orthopyroxene+amphibole layered granodiorite gneiss (Yign).

The large roadcut at Lands Run Gap on Skyline Drive exhibits characteristics typical of
the orthopyroxene+amphibole layered granodiorite gneiss (Ylgn) and is designated as the
lithologic type locality for this unit (Tollo and others, in press b). This stop is located about
0.5 km (0.3 mi) east of an unnamed fault that juxtaposes basement units and greenstone
against basement (fig. 3). The Ylgn lithologic unit underlies a large area in the central part of
the Chester Gap quadrangle where it is both overlain by and in fault contact with greenstones
of the Catoctin Formation. Compton Peak, visible to the south, represents an isolated erosion-
al remnant of the cover sequence that preserves a succession of rocks of the Swift Run and
Catoctin Formations nonconformably overlying basement (Gathright, 1976) (fig. 3).

The Ylgn lithologic unit consists of dark-gray, medium- to coarse-grained. inequigran-
ular, strongly foliated granodioritic (opdalite) gneiss composed of 35 to 40 percent alkali
feldspar (microcline or orthoclase), 30 to 40 percent plagioclase, and 20 percent quartz
with 3 to 5 percent amphibole and 3 to 5 percent orthopyroxene. Accessory minerals
include apatite, zircon, and ilmenite. Characteristic gneissosity is defined by alternating
centimeter-scale quartz+feldspar-rich (light) and pyroxene+amphibole-rich (dark) layers
that form intrafolial folds within a foliation plane defined by discontinuous polygranular
domains of amphibole and orthopyroxene. Interlayered and crosscutting, decimeter-scale
sheets of light-gray to white, medium- to coarse-grained, inequigranular, massive
leucogranite composed mostly of white feldspar and gray quartz are characteristic, and
likely represent dikes of younger granitoid that may be related to the circa-1,060-Ma pos-
torogenic type that includes the Old Rag magmatic suite and other similar rocks. The
development of gneissosity, leucogranitoid boudins, and isoclinal intrafolial folds are inter-
preted to reflect deformation of probable Grenvillian age.

Geochemical data indicate that the Ylgn lithologic unit is mildly metaluminous and
intermediate in composition with SiO, contents of 64 to 67 weight percent (fig. 5SD). The
overall chemical correspondence of this unit to typical granodioritic compositions is inter-
preted as evidence for an igneous protolith. Ylgn is the least chemically evolved of the
orthopyroxene-bearing granitic units characterized by silica contents >60 weight percent in
the field area. Like the other charnockites, Y1gn exhibits compositional features that are
transitional between I- and A-type granitoids (fig. 7) and was likely derived from sources
of mixed composition, including both volcanic-arc and crustal components (fig. 6).

The characteristic gneissic fabric of this lithologic unit indicates that Ylgn is part of
the older group of deformed rocks in the area. This group includes a compositionally
diverse array of charnockitic and non-charnockitic granitoids that display mineralogic and
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textural evidence of deformation that occurred at high-grade conditions. Dated rocks within
this group, which include the Yecf (1,147+16 Ma) and Ylg (1,183+11 Ma) lithologic units,
represent the oldest recognized lithologies in the field area. Two tabular bodies of dark-col-
ored, foliated to massive, fine-grained, biotite-rich granitoid. both <1.3 m (4.3 ft) in width,
occur at a slight angle to foliation and gneissosity in a nearby roadcut, and are interpreted
to be dikes cutting the Ylgn lithologic unit. Mineralogic and geochemical similarity of
these dike rocks (table 4, sample SNP-01-149) to the pyroxene quartz diorite ( Ypqd) litho-
logic unit (table 4, sample SNP-01-175) suggest that Ypqd is younger than Ylgn.

Mileage

Trip Stop-to-Stop

Cumulative Cumulative

0.0 Proceed south on Skyline Drive.

26.9 1.3 Indian Run Overlook.
Rocks exposed in the long roadcut display one of the finest examples of
columnar jointing in metabasalt of the Catoctin Formation within
Shenandoah National Park. Such columns, which are common
throughout the Catoctin Formation on the west limb of the Blue Ridge
anticlinorium, are evidence of the subaerial eruptive origin of the
lava flows.

28.5 2.9 Jenkins Gap Overlook.

33.7 8.1 Gravel Springs Gap.

351 9.5 Mount Marshall Overlook.

36.1 10.5 Stop 5.

Little Devil Stairs Overlook. Outcrop on west side of road.

Stop 5. Orthopyroxene+amphibole syeno- and monzogranite (Ycf).

The large roadcut at Little Devil Stairs Overlook is located about 200 ft (61 m) north
of the unconformable contact separating basement from the overlying Catoctin Formation,
exposed in the hillslope to the south (Gathright, 1976). This stop is located about 1.1 km
(0.7 mi) west of a fault that intersects the Stanley fault near Keyser Mountain to the south-
east (Gathright, 1976). Despite their appearance in the roadcut, basement rocks at this
locality are intensely weathered and preserve only partial evidence of the primary ferro-
magnesian mineral assemblage. Throughout the exposure, fine-grained charnockite forms
meter-scale dikes cutting coarser grained charnockite. The rocks exhibit weak to moderate-
ly developed, steeply dipping foliation striking 075° to 090°. The predominantly east-west
strike of the foliation is unusual in an area that is otherwise dominated by northeast-south-
west fabrics associated with Paleozoic orogenesis (Mitra and Lukert, 1982), and is likely to
have been developed during the Grenvillian orogeny. Both the fine- and coarse-grained
varieties of charnockite are composed of alkali feldspar microperthite (dominantly micro-
cline in the coarse-grained variety, mostly orthoclase in the fine-grained variety). plagio-
clase and quartz, with rare amphibole and abundant pseudomorphs that likely formed after
orthopyroxene. This primary mineral assemblage is also characteristic of the foliated
pyroxene granite (Yfpg) (table 2, fig. 3).

Chemical compositions of samples of both fine- and coarse-grained charnockite col-
lected from this outcrop (table 4. samples SNP-01-142 and SNP-01-143, respectively) dis-
play geochemical similarities to samples of both the high-silica charnockite (Ycf) and foli-
ated pyroxene granite (Yfpg) (table 4, samples SNP-96-10 and SNP-02-177, respectively).
The Ycf unit and the foliated pyroxene granite (Yfpg). which have crystallization ages that
differ by 45 m.y., are both foliated, amphibole+orthopyroxene-bearing, siliceous charnock-
ites, and thus the mineral assemblage and chemical composition of the rocks at this roadcut
do not represent sufficient evidence on which to establish lithodemic correlation. However,
the more homogeneous (albeit foliated) fabric and more disseminated nature of the



52 Geology of the National Capital Region—Field Trip Guidebook

orthopyroxene in Ycf are features that are similar to the rocks at this exposure, contrasting
with the characteristically very coarse and clustered nature of orthopyroxene in Yfpg. Thus.
on the basis of this fabric, the rocks at Little Devil Stairs Overlook are considered part of
the Ycf lithologic unit, pending detailed mapping of basement lithologies in the
Bentonville 7.5-minute quadrangle.

The charnockite is cut by five large metabasalt (greenstone) dikes of meter-scale
thickness at the northern end of the exposure. Numerous fine- to medium-grained mafic
dikes intrude basement rocks throughout the field trip area and across the Shenandoah mas-
sif. Such dikes exhibit diverse textures, metamorphic grade, and mineralogic compositions
ranging from basalt to diabase to greenstone. Although largely undated by modern isotopic
techniques, most mafic dikes have been mapped as either Mesozoic or Neoproterozoic in
age on the basis of crosscutting relations, mineralogic composition, and the presence or
absence of metamorphic fabrics (for example, Burton and others, 1995: Southworth, 1995:
Southworth and Brezinski, 1996; Bailey and others, 2003). In general, dikes of late
Neoproterozoic age contain mineralogic evidence of recrystallization at greenschist-facies
metamorphic conditions, including development of assemblages containing
actinolite+biotite+serpentine. which are commonly absent in Mesozoic dikes (Wilson and
Tollo, 2001). Many Neoproterozoic dikes display tectonic cleavage as a result of deforma-
tion and retrograde metamorphic recrystallization; such cleavage is absent in Mesozoic
dikes. Samples of the dikes cutting basement at this stop contain abundant chlorite+epi-
dotexserpentine, and are typical of the most abundant type documented by studies within
the Blue Ridge which generally have weakly quartz-normative, tholeiitic compositions.
Nevertheless. dikes throughout the area show major- and trace-element characteristics that
are largely bimodal and may be indicative of two ages of emplacement. As illustrated in
figure 8, the bimodal major-element compositions of Blue Ridge dikes correspond closely
to either the Mesozoic Mt. Zion Church Basalt in the nearby Culpeper basin or relatively
unaltered lava flows and associated dikes of likely Neoproterozoic age (Badger, 1989).
Chemical analyses of two of the dikes at this locality (table 5, samples SNP-01-144 and
SNP-01-145) indicate high TiO, contents and low values of 100(MgO/(MgO+FeO,) (fig.
8), suggesting close compositional affinity to dikes and lava flows associated with the
Catoctin Formation (Badger. 1989). Such dikes may have served as conduits for magma
moving toward the surface during eruption, an interpretation that is consistent with the
physical proximity of these dikes to the overlying Catoctin greenstones. The usefulness of
the chemical discriminants plotted in figure 8 is underscored by the similarity in composi-
tions of two samples of thoroughly retrograded greenstone (squares with diagonal crosses)
to those of less retrograded metabasalt and metadiabase (filled squares), indicating that, in
many cases, Paleozoic greenschist-facies metamorphism did not result in mass transfer of
chemical components. Dikes formed during Mesozoic rifting are apparently much less
abundant in the Blue Ridge, and can be distinguished chemically from dikes of inferred
Neoproterozoic age on the basis of lower TiO, contents and higher 100(MgO/(MgO+FeO,)
ratios (Wilson and Tollo, 2001) (fig. 8). Mesozoic dikes also contain higher SiO, contents,
are relatively enriched in compatible elements such as Ni and Cr, and show lower concen-
trations of high-field-strength elements, including Zr, Nb, and Y (Wilson and Tollo, 2001).
In figure 8, only 4 dikes (from the total population of 29 dikes sampled as part of this
study) correspond closely in composition to the tholeiitic Mount Zion Church Basalit,
which is the oldest and most primitive basalt type in the nearby early Mesozoic Culpeper
basin (fig. 2). This composition also corresponds to the most common type of diabase
sheets that intruded sedimentary strata within the basin, and is the only Mesozoic diabase
magma type that is comparable to any of the dikes in the Blue Ridge (Froelich and
Gottfried, 1988).
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Mileage

Trip Stop-to-Stop

Cumulative Cumulative

0.0 Proceed south on Skyline Drive.

40.0 39 Pass Elkwallow Store.

473 11.2 Pass intersection with U.S. 211 at Thornton Gap.

47.4 11.3 Pass Panorama on right of Skyline Drive.

48.0 11.9 North portal of Mary’s Rock Tunnel.
A large, northeast-striking mafic dike displaving prominent
columnar jointing cuts high-silica charnockite (Ycf) on the west side of
the tunnel portal. The fine-grained diabase contains microphenocrysts
of clinopyroxene+pigeonite+plagioclase and shows relatively little
evidence of retrograde metamorphism. Nevertheless. the chemical
composition of the dike (table 5, sample SNPD-99-1) indicates
high-TiO, content and trace-element characteristics that are tvpical of
dikes of Neoproterozoic age (Wilson and Tollo, 2001). The overall
lack of development of retrograde mineral assemblage and tectonic
cleavage in the dike is a likely consequernce of its occurrence within the
rigid, relatively anhydrous charnockite pluton.

48.2 12.1 South portal of Mary’s Rock Tunnel.

Stop 6.
Parking on left (east) side of Skyline Drive.

Stop 6. Orthopyroxene+amphibole syeno- and monzagranite (Ycf).

The view toward the east from the tunnel parking lot provides an informative perspec-
tive on the physiographic Piedmont province of the central Appalachians and geological
tramework of the Blue Ridge anticlinorium. The Blue Ridge foothills located in the fore-
ground directly to the east are underlain mostly by Mesoproterozoic basement rocks.
including some lithologic units that also occur along Skyline Drive. These foothills give
way eastward to the typical low topography of the core of the Blue Ridge anticlinorium,
most of which is included in the Piedmont physiographic province (Fenneman, 1938). The
core of the anticlinorium is underlain primarily by Mesoproterozoic basement rocks and,
locally, by igneous and metasedimentary rocks formed during Neoproterozoic rifting. The
two symmetric hills in the middle distance (Little Battle Mountain and Battle Mountain,
north and south peaks, respectively) are underlain by the Battle Mountain volcanic com-
plex that includes both volcanic and subvolcanic felsic rocks associated with the extension-
related, 730- to 702-Ma Robertson River batholith (Tollo and Aleinikoff, 1996; Tollo and
Hutson, 1996). The elongate batholith continues both north and south of these hills, ulti-
mately stretching nearly 110 km (70 mi) across the anticlinorium from the west limb in the
north to the east limb in the south (fig. 2); however, the intrusion only locally underlies
steep topography. The flat-topped ridge of the Bull Run Mountains occupies the horizon
and is underlain by resistant quartzite of the upper Neoproterozic to Lower Cambrian
Weverton Formation, which is stratigraphically underlain by the Catoctin Formation for
much of the length of the ridge. These rocks constitute part of the Blue Ridge cover-rock
sequence, thus locally defining the eastern limb of the Blue Ridge anticlinorium.

This stop is located in the central part of a pluton consisting of moderately to strongly
foliated, coarse- to very coarse-grained, orthopyroxenetamphibole-bearing syeno- and
monzogranite (charnockite and farsundite, Ycf). This lithologic unit occurs across most of
the Thornton Gap quadrangle (fig. 3) and is a member of the oldest group of plutonic rocks
in the region. In this area, the Ycf pluton includes map-scale inliers of coarse-grained,
orthopyroxene+garnet granite gneiss (farsundite gneiss, Yg), which constitute probable
screens of older rocks. Mapping also indicates that Ycf is intruded by elongate bodies of
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massive to weakly foliated granite of the Old Rag magmatic suite (Ygr) and massive to
weakly foliated, low-silica charnockite (Yfqj) (fig. 3). Collectively, charnockitic rocks of
the Ycf, Yg. and much younger Yfqj lithologic units constitute part of the classic orthopy-
roxene-bearing Pedlar Formation that was mapped throughout much of this part of the Blue
Ridge (Gathright, 1976) before the advent of modern analytical methods made geochemical
and age-based differentiation of mineralogically similar units possible.

The rocks near the tunnel expose strongly foliated, coarse- to very coarse-grained,
orthopyroxene+amphibole, inequigranular to megacrystic syeno- and monzogranite
(charnockite and farsundite) that is typical of the Ycf pluton. The rock is composed of 22
to 57 percent alkali feldspar microperthite (chiefly microcline), 10 to 37 percent plagio-
clase. and 11 to 49 percent quartz with <1 to 14 percent orthopyroxene, 0 to 11 percent
amphibole, and rare clinopyroxene. Accessory minerals include apatite, ilmenite, mag-
netite, zircon, epidote, and actinolite. Locally prominent gneissic layering is defined by
interlayered quartz+feldspar- and ferromagnesian mineral-rich domains ranging from less
than 1 cm (0.4 in) to greater than 13 cm (5 in) and is especially visible on weathered sur-
faces. Foliation is defined locally by planar alignment of ferromagnesian minerals and is
parallel to gneissic layering. Subhedral to euhedral, monocrystalline alkali feldspar
megacrysts range up to 13 cm (5 in) in length and are best observed on weathered surfaces.
The strongly developed fabric is characteristic of the older group of plutonic rocks in the
field trip area.

Electron microprobe analyses indicate that pyroxenes in the Ycf lithologic unit display
strong Quad (Ca-Fe-Mg) compositional features, according to the criteria of Morimoto
(1988). Pyroxene compositions show very little variation both within individual grains and
between grains in single thin sections. Clinopyroxenes in the Ycf charnockite are relatively
Fe-rich (average Wo,;En,.Fs,,); however, application of the charge-balance criteria of
Lindsley (1983) indicate that ferric iron contents are negligible. Orthopyroxenes in Ycf are
very Ca-poor and Fe-rich (average Wo,En,,Fs, ). Visible exsolution is rare in either pyrox-
ene type. Compositions of coexisting pyroxenes in Ycf indicate equilibration temperatures
of less than 500°C, as calculated by the QUILF program of Andersen and others (1993) for
pressures consistent with observed granulite-facies mineral assemblages. Because such
temperatures fall hundreds of degrees below likely crystallization temperatures for igneous
charnockites (Kilpatrick and Ellis, 1992), and because the pyroxenes exhibit evidence of
thorough compositional homogenization, the rocks are inferred to have undergone an
extended interval of subsolidus re-equilibration at temperatures that remained elevated but
below peak granulite-facies conditions.

Amphiboles are typically brown and closely associated with orthopyroxene, locally
separated by a narrow optical transition zone. Compositions of the amphiboles correspond
to hornblende (sensu lato) according to the criteria of Deer and others (1992) and to the
calcic group of Leake and others (1997). Data from electron microprobe traverses of indi-
vidual grains indicate little evidence of compositional zoning, and repeated analyses of
multiple grains within single samples indicate restricted compositional variation.
Amphiboles in Yef (and Yfqj) display compositional similarities to amphiboles observed in
charnockites from the calc-alkaline Louis Lake batholith in the Wind River Range of
Wyoming., which were interpreted by Frost and others (2000) to represent primary phases
that crystallized from igneous melts. Amphiboles of likely igneous origin occur in
charnockitic rocks of tholeiitic affinity from many other locations (Malm and Ormaasen.
1978; Duchesne and Wilmart, 1997; Sheraton and others, 1992), suggesting that the occur-
rence of igneous amphiboles in charnockitic rocks is not uncommon. For this reason, and
because of their association with pyroxene that displays textural features consistent with
original igneous crystallization, the Blue Ridge charnockitic amphiboles are also interpret-
ed as primary magmatic minerals.

Chemical analyses indicate that Ycf rocks show only restricted compositional varia-
tion thoughout the field trip area. The granitoids are mildly metaluminous. with SiO, con-
tents in the range of 68 to 72 weight percent (table 4: fig. 5). The high-silica Ycf pluton is
one of several siliceous rocks of charnockitic affinity in the northern part of the study area.
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Others include the garnetiferous granite gneiss (Yg), foliated pyroxene granite (Yfpg) (both
units shown on fig. 3) and a small, typically medium-grained, equigranular charnockitic
pluton documented by recent mapping in the Big Meadows quadrangle (not shown in fig.
3). However, of these four orthopyroxene-bearing units, only the charnockite from Big
Meadows and the distinctive Ycf unit are characterized on fresh surfaces by the dark-
greenish-gray appearance that is typical of charnockites worldwide. Trace-element analyses
of Ycf rocks suggest derivation from mixed sources of possible volcanic-arc and crustal
affinity (fig. 6) and indicate that the pluton displays chemical characteristics that are transi-
tional between I- and A-type granitoids (fig. 7).

U-Pb isotopic analyses obtained using SHRIMP techniques indicate that zircons in the
Ycf lithologic unit are compositionally complex. Two populations are present, based on
crystal morphology: (1) euhedral, elongate prisms displaying dipyramidal terminations and
(2) smaller, nearly equant grains (Tollo and others, in press a). Examination of the prismat-
ic zircons in cathodoluminescence (CL) indicates the presence of cores characterized by
concentric oscillatory zoning surrounded by narrow unzoned rims. Multiple analyses indi-
cate a weighted average *"*Pb/>**U age of 1,159+14 Ma for the zoned cores, which is inter-
preted as the time of igneous crystallization. Analyses of the equant grains and overgrowths
on the prismatic grains indicate a composite age of 1,052+14 Ma, which likely corresponds
to a period of regional thermal activity. Results from ID-TIMS dating by Aleinikoff and
others (2000) indicate that meta-igneous rocks of similar age, possibly including a
charnockite. occur in the Blue Ridge north of the field trip area.

Mileage
Trip Stop-to-Stop
Cumulative Cumulative
0.0 Proceed south on Skyline Drive.
48.7 0.5 Stop 7.
Buck Hollow Overlook.

Parking on left (east) side of Skyline Drive.

Stop 7. Orthapyroxene+garnet granite gneiss (Yg) and orthopyroxene+amphibaole

syeno- and monzogranite (Ycf).

The roadcut opposite the overlook exposes one of the freshest examples of orthopy-
roxene+garnet granite gneiss in Shenandoah National Park. Field relations indicate that this
exposure is part of a large screen of garnetiferous gneiss mapped as lithologic unit Yg that
is enclosed within high-silica charnockite (Ycf) (fig. 3), suggesting that the latter pluton
intruded and enveloped the former (Tollo and others, in press a.,b). Direct crosscutting rela-
tions have not been observed in outcrop, however. This field relation and the ubiquitous,
strongly developed fabric of the granitic gneiss, which is characteristic of rocks that pre-
date the main episode of Grenvillian orogenesis in the area, suggest that Yg predates the
high-silica charnockite (Ycf) and therefore is older than 1,159 Ma. The curved contacts of
the screen and adjacent rocks of the Old Rag magmatic suite suggest the presence of map-
scale folds developed in the basement rocks (fig. 3). The locally parallel alignment of
gneissic layering defined by primary minerals and the trend of the folded contacts further
suggest that such deformation may be Grenvillian in age.

Rocks at this locality include light-gray to gray, medium- to coarse-grained,
inequigranular, strongly foliated syeno- to monzogranite gneiss (farsundite gneiss) com-
posed of 28 to 49 percent alkali feldspar microperthite (chiefly microcline). 14 to 30 per-
cent plagioclase, and 28 to 35 percent quartz with 4 to 6 percent orthopyroxene, <1 to 7
percent garnet, <1 to 3 percent biotite, and rare clinopyroxene. Accessory minerals include
apatite, ilmenite, magnetite, zircon, and chlorite. Typically prominent gneissic layering is
defined by interlayered quartz+feldspar- and ferromagnesian mineral-rich domains ranging
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from less than 1 cm (0.4 in) to greater than 70 cm (28 in) in thickness. Foliation is defined
locally by planar alignment of ferromagnesian minerals and is parallel to gneissic layering.
A locally well-developed mineral lineation is defined by elongate domains of garnet and
biotite located within the foliation plane.

Clinopyroxene in the garnetiferous granite gneiss (Yg) is generally too altered for
meaningful chemical analysis. However, orthopyroxene (Wo,En.¢Fs,;) is similar in compo-
sition to orthopyroxene in the high-silica charnockite (Ycf), but consistently indicates
slightly lower temperatures of equilibration. Like orthopyroxene, garnet exhibits very little
compositional variation both within individual grains and among multiple grains. Garnet in
Yg is Fe-rich (Grs: 9.3, Alm: 79.5, Prp: 11.2), reflecting the elevated FeO/MgO whole-
rock ratio (fig. 5F).

Samples of the Yg lithologic unit are borderline metaluminous to moderately peralu-
minous with SiO, contents of 70 to 75 weight percent (fig. 5D). The Yg rocks display over-
all compositional features that are similar to other siliceous charnockites in the region,
including relatively low TiO,, FeO,, and CaO contents (table 4). Compositionally, Yg dif-
fers from the Ycf unit that encloses it in having generally higher SiO, contents, higher
FeO/MgO ratios, and distinctly peraluminous bulk compositions (table 4; fig. 5D, F).
These geochemical characteristics and normative compositions of granitic affinity suggest
that Yg is meta-igneous in origin.

Map relations and the characteristic deformed fabric of the garnetiferous granite
gneiss suggest that the lithologic unit is one of the oldest rocks in the area. Like the
leucogranite gneiss (Ylgg) lithologic unit that occurs in the Fletcher 7.5-minute quadrangle
(fig. 3). Yg rocks occur only as inliers that are isolated within igneous plutons of likely
younger age. These field relations suggest that the present erosion surface in the Blue
Ridge coincides with a paleodepth interval at which Grenvillian plutons were successively
emplaced. This zone of emplacement is dominated by plutons and is characterized by an
apparent paucity of preexisting country rocks. Whether the missing country rock was
removed by subsequent erosion of higher levels or remains as roof pendants concealed at
depth is not presently known.

Large outcrops and roadcuts of medium-grained, gray-green, orthopyroxene+amphi-
bole syeno- and monzogranite (Ycf) occur nearby, adjacent to Skyline Drive about 200 ft
(61 m) north of the Buck Hollow Overlook exposure. The contact separating Ycf from the
Yg inlier is not exposed, but likely is located in the east-trending stream valley that crosses
Skyline Drive south of Skinner Ridge. The atypical finer grain size of the Ycf rocks in this
area is interpreted to result from contact-related cooling against the Yg screen during mag-
matic emplacement.

Mileage
Trip Stop-to-Stop
Cumulative Cumulative
0.0 Proceed south along Skyline Drive.
49.3 0.6 Meadow Springs Overlook and Parking Area.

Exposures of low-silica charnockite (Yfqj) along the west side of
Skyline Drive opposite the overlook are part of a small dike that
intruded along the contact separating high-silica orthopyroxene+
amphibole syeno- and monzogranite (charnockite+farsundite, Ycf) fiom
garnetiferous granite gneiss (farsundite gneiss, Yg) (fig. 3). Sample
SNP-96-17 (table 4) was collected from the roadcut and is
mineralogically and geochemically typical of the Yfgj pluton, but
generally finer grained.

523 3.6 Jewel Hollow Overlook.
The view to the west includes the Massanutten Mountain synclinorium
in the middle distance and North Mountain on the horizon. Outcrops at
the overlook expose high-silica charnockite of the Ycf lithologic unit.
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535 4.8 A large northeast-striking mafic dike cuts garnetiferous granite gneiss (Yg)
in the roadcut on the west side of Skyline Drive. The chemical
composition of the dike (table 5, sample SNPD-99-3) is typical of
Catoctin-related mafic rocks in the area. This geochemical affinity and
close spatial association with extrusive metabasalt of the Catoctin
Formation occurring to the south suggest that the dike is part of the
feeder complex that provided magma to the rift-related basalt flows.

54.4 5.7 Stony Man Mountain, a well-known landmark in Shenandoah National
Park, is visible directly to the south. The mountain is underlain by
metavolcanic and metasedimentary rocks of the Catoctin Formation
(Gathright, 1976) that define five major eruptive flow units and at least
two layers of intercalated metasedimentary rocks and volcanic breccia,
all of which dip gently toward the southeast (Badger, 1999). The view to
the west includes a broad expanse of the eastern Shenandoah Valley. The
South Fork of the Shenandoah River is visible east of Massanutten
Mountain, where it has a low-gradient path characterized by numerous

meanders.

551 6.4 Skyline Drive ascends uphill through roadcuts of Catoctin Formation
greenstone.

57.5 8.8 Entrance to Skyland on the right, highest point on Skyline Drive

at 3,680 ft (1,122 m). Like the eastern part of Skyland, most of the
higher elevations in the Park are underlain by greenstones of the
Catoctin Formation. Examples include Hawksbill Mountain at 4,050 fi
(1,234 m), Stony Man Mountain at 4,011 ft (1,223 m), and Hazeltop
Mountain at 3,812 ft (1,162 m).

59.0 10.3 Stop 8.
Timber Hollow Overlook.

Stop 8. Unakite developed in nonfoliated low-silica amphibole-bearing
charnockite (Yfqj).

This overlook provides views to the west of the eastern Shenandoah Valley and
Massanutten Mountain in the middle distance. On a clear day, talus slopes composed of
variably sized blocks of white Silurian quartz arenite of the Massanutten Formation can be
observed on the flanks of the ridges. Such talus deposits are a characteristic feature of the
hillslopes, which are typically capped by resistant quartz-rich sandstone. New Market Gap,
where U.S. 211 crosses Massanutten Mountain, can also be observed west of Luray. The
north-striking Stanley fault, part of the thrust that transported Blue Ridge basement rocks
northwestward over lower Paleozoic sedimentary strata during late Paleozoic Alleghanian
orogenesis, is located about 4.0 km (2.5 mi) west of the overlook in the valley below.

Timber Hollow Overlook is underlain by low-silica charnockite that is correlated min-
eralogically and geochemically with a larger pluton composed of amphibole-bearing far-
sundite and quartz jotunite (Yfqj) mapped to the south (fig. 3). Gathright (1976) mapped
stratified rocks of the Catoctin Formation (dominantly greenstones) and underlying Swift
Run Formation (dominantly phyllites) as unconformably overlying charnockite in this area,
with a contact located about 1,000 ft (305 m) to the east of the overlook. As a result of the
low dip of this contact, charnockite outcrops located below the overlook display abundant
mineralogic evidence of contact metamorphism related to thermal effects caused by extru-
sion of overlying lava flows. The normally dark-greenish-gray charnockite is typically
bleached light gray due to retrograde recrystallization of abundant primary plagioclase and
lesser alkali feldspar. Ferromagnesian minerals are completely pseudomorphed by hydrous,
low-temperature assemblages. Parts of the charnockite located adjacent to major joints are
locally converted to unakite, in which plagioclase is mostly replaced by green epidote-
group minerals, alkali feldspar is replaced largely by a pink hematite-bearing assemblage,
and small amounts of originally blue quartz remain relatively unaltered. The localization of
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well-developed unakite adjacent to fractures is a likely consequence of hydrothermal fluid
migration induced by heat from the overlying lavas during Neoproterozoic extension. The
effects of thermal metamorphism decrease rapidly downhill away from the contact. Unakite
is a visually distinctive, but rare, rock type that is typically developed in Blue Ridge base-
ment rocks through retrograde recrystallization associated with (1) extrusion of the overly-
ing Catoctin Formation, (2) enhanced fluid flow associated with fault zones, or (3) local
effects of regional Paleozoic metamorphism (Tollo and others, in press b; Wadman and oth-
ers. 1998).

Mileage
Trip Stop-to-Stop
Cumulative Cumulative
0.0 Proceed south along Skyline Drive.
63.5 4.5 Stop 9.

Fisher’s Gap.
Proceed to Dark Hollow Falls.

Stop 9. Erosional window exposing coarse-grained, inequigranular,
amphibole-bearing charnockite (Yfqj).

Fisher’s Gap and the surrounding area are located within the thrust sheet that carried
basement and overlying rocks northwest over Paleozoic strata during Alleghanian orogene-
sis. Drainage from the nearby Big Meadows area flows northeast along Hogcamp Branch,
which is partly responsible for developing an erosional window through cover rocks north
of the falls (Gathright, 1976). Dark Hollow Falls is located within stratified rocks of the
Catoctin Formation, which locally include massive and phyllitic greenstone, amygdaloidal
greenstone, and metaconglomerate containing cobble-sized clasts of basement rocks
(Badger, 1999). The Catoctin Formation nonconformably overlies basement rocks through-
out the area, but has been removed by erosion in the vicinity of Hogcamp Branch, leading
to exposure of the underlying basement rocks. The contact separating greenstone from
charnockite is located in the stream valley below the intersection of the access road and
Hogcamp Branch (Gathright, 1976). Charnockite is well exposed in ledges located within
and adjacent to the stream, from an elevation of about 2,600 ft (790 m) down to near the
intersection of Hogcamp Branch and the small stream that descends from Rose River Falls.
The basement rocks are composed of massive to weakly foliated, coarse-grained,
inequigranular, amphibole-bearing charnockite that is correlated with the large Yfqj pluton
located about 3.2 km (2 mi) to the southeast (fig. 3). This low-silica charnockite is distin-
guished in the field by typically massive to weakly foliated fabric, relatively low quartz
content, abundance of pyroxene, and local presence of magnetite. This widespread litholog-
ic unit underlies a significant part of the Big Meadows 7.5-minute quadrangle (geology not
shown in fig. 3), as well as most of the Fletcher 7.5-minute quadrangle (fig. 3).

Mileage
Trip Stop-to-Stop
Cumulative Cumulative
0.0 Proceed north along Skyline Drive.
68.0 4.5 Timber Hollow Overlook.
78.3 14.8 Buck Hollow Overlook.
78.8 15.3 Mary’s Rock Tunnel.
79.8 16.3 Turn right off Skyline Drive toward U.S. 211.
79.9 16.4 Turn left onto U.S. 211 and proceed east.

80.6 17.1 Earth flows are continually developed in loose soils underlying



Mesoproterozoic Geology of the Blue Ridge Province in North-Central Virgin:a

the steep slope adjacent to the road on the Ieft.

81.3 17.8 A small quarry in greenstone of the Catoctin Formation is located
ot the left.
81.7 18.2 Outcrops located along the road expose garnetiferous granite gneiss (Yg)

near the northern end of a large screen within foliated amphibole-bearing
high-silica charnockite (Ycf) of 1.159-Ma age.

854 21.9 Stop 10.
Outcrop on left side of U.S. 211.

Stop 10. Old Rag magmatic suite (Ygr).

This outcrop is located near the eastern border of a map-scale dike of garnet-bearing
leucogranite that cuts foliated amphibole-bearing high-silica charnockite (Ycf). The large
dike is part of the Old Rag magmatic suite and is composed of both medium- and coarse-
grained leucogranites that, in this area, cannot be mapped separately at a scale of 1:24,000.
The lithologically similar, large pluton that underlies Old Rag Mountain and vicinity is the
most likely source of this magma but may be separated from the dike by the Sperryville
high-strain zone (SHSZ, fig. 3) originally mapped by Gathright (1976).

Rocks of the Old Rag magmatic suite include massive to moderately foliated, fine- to
coarse-grained, inequigranular granite and leucogranite that locally contains
biotite+orthopyroxene+garnet (Hackley. 1999). This composite unit was mapped as Old
Rag Granite by previous workers (Allen, 1963; Gathright, 1976). In this study, Old Rag
Granite is defined only in the vicinity of Old Rag Mountain, where it forms a triangular-
shaped plutonic body composed of homogeneous, massive to weakly foliated, coarse- to
very coarse-grained, inequigranular. garnet+orthopyroxene granite and leucogranite. Using
mineralogic, geochemical, and field criteria, Hackley (1999) demonstrated that the fine- to
locally coarse-grained, inequigranular granite and leucogranite that is the dominant litholo-
gy of the map-scale dike (and other smaller bodies) and the coarse- to very coarse-grained
granite at Old Rag Mountain are petrologically consanguineous, and considered both litho-
logic varieties to constitute the Old Rag magmatic suite. All granitoids within the suite are
composed of variable amounts of alkali feldspar+plagioclase+quartz (typically blue).
Orthopyroxene. biotite, and garnet occur nonsystematically as primary ferromagnesian
phases. The rocks are typically massive to weakly foliated; alignment of ductilely
deformed quartz locally defines a crude lineation.

Rocks of the Old Rag magmatic suite are characterized by high SiO, contents (table 4)
and peraluminous compositions (fig. 5D). The suite includes some of the most chemically
evolved rocks in the area; however, similar FeO /MgO ratios suggest that the Old Rag
rocks are not petrologic derivatives of the penecontemporaneous low-silica Yfqj charnock-
ite (fig. 5F). Two representative chemical analyses of rocks of the suite are included in
table 4: OR-97-35, coarse-grained garnetiferous leucogranite; and OR-97-51, fine-grained
biotite leucogranite. Both samples were collected from Old Rag Mountain; zircons from
OR-97-35 were analyzed isotopically for U-Pb geochronology, as described below. These
leucogranites display trace-element features that suggest derivation from sources of mixed
composition and are typical of post-tectonic granitoids (Forster and others, 1997) (fig. 6).
As such, rocks of the Old Rag magmatic suite display geochemical characteristcs that are
transitional between I- and A-type granitoids (fig. 7).

Mineralogically and geochemically similar, massive to weakly foliated, leucocratic
granitoids constitute a significant lithologic component of Blue Ridge Mesoproterozoic
basement, including the Old Rag magmatic suite, garnetiferous alkali feldspar and
syenogranite (Ygg). and alkali feldspar granite (Yaf). Gathright (1976) was among the first
to recognize that the nonfoliated to weakly foliated fabric and crosscutting field relations of
the Old Rag granitoids indicated a relatively late emplacement age among basement rocks.
Results from high-precision SHRIMP analyses of zircons from a sample of coarse-grained
Old Rag Granite collected from Old Rag Mountain demonstrate a complex geochronologi-
cal history for this unit. CL imaging indicates that nearly all of the zircons have oscillatory
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zoned cores and dark overgrowths. Thirteen analyses of the oscillatory zoned portions of
zircons from the Old Rag Granite yield a weighted average of the *”’Pb/*"Pb ages of
1,060+5 Ma, which we interpret as the time of emplacement of the Old Rag Granite and.,
by extension, the Old Rag magmatic suite. Ages of overgrowths indicate two episodes of
post-magmatic crystallization occurring at 1.019+15 Ma and 979+11 Ma, which we inter-
pret as indicating times of thermal disturbance. Monazite from the Old Rag Granite was
also dated by SHRIMP methods. Five analyses yield an age of 1.059+8 Ma, identical with-
in uncertainty to the emplacement age interpreted from zircon. Six other monazite analyses
yield an age of 1,027+9 Ma and one grain is 953+30 Ma, both within uncertainty of the zir-
con overgrowth ages of 1.019+15 and 979+11 Ma, respectively. Thus, these data appear to
indicate that a significant episode of post-tectonic igneous activity occurred at about 1,060
Ma, following a period of deformation that must have begun after 1,080 Ma (Tollo and oth-
ers, in press a). This magmatism was, in turn, followed by one or two periods of regional
thermal disturbance.

Mileage
Trip Stop-to-Stop
Cumulative Cumulative
0.0 Proceed east on U.S. 211.
91.5 6.1 Turn left onto U.S. Bus. 211 and proceed north toward Washington, Va.
92.7 7.3 Continue straight on Main Street at intersection with Va. 622.
Va. 622 branches left from Va. 628; continue straight on Va. 628.
95.2 9.8 Stop 11.
Turn right onto Horseshoe Hollow Lane.
Follow Trip Leaders
PRIVATE PROPERTY

Stop 11. Foliated pyroxene granite (Yfpg).

Foliated pyroxene granite (Yfpg) defines a circular pluton that appears to cut Flint
Hill Gneiss in the southeastern part of the Chester Gap 7.5-minute quadrangle (fig. 3). The
northwest border of the body is truncated by the Stanley fault, which juxtaposes Y fpg
charnockite against greenstone of the Catoctin Formation. This meta-igneous intrusive
body is part of a subset of charnockitic rocks characterized by high to moderately high sili-
ca contents, but its emplacement age is different from any other charnockites presently
dated within the field trip area. The ages of silica-rich charnockitic rocks already dated and
field characteristics of a recently discovered high-silica charnockite in the Big Meadows
7.5-minute quadrangle suggest that silica-rich charnockitic magmas were emplaced during
each of the three main episodes of magmatic activity in the northern Blue Ridge.

The Yfpg pluton is composed of light-gray, medium- to coarse-grained, inequigranular,
strongly foliated monzogranite (farsundite) composed of 30 to 40 percent microcline, 30 to
40 percent plagioclase, and 15 to 20 percent quartz with 5 to 7 percent orthopyroxene, 0 to 2
percent amphibole, 0 to 5 percent biotite. and rare garnet. Accessory minerals include
apatite, zircon, and ilmenite. Foliation is defined by discontinuous, centimeter-scale domains
composed of ferromagnesian minerals. Dikes composed of coarse-grained, nonfoliated alkali
feldspar+blue quartz, that range up to 1 m (3.3 ft) in width, and coarse-grained. nonfoliated
garnet-bearing leucogranite, that range up to 1.5 m (4.9 ft) in width, locally intrude monzo-
granite and are typically oriented parallel to foliation. The strong foliation defined by dis-
continuous clusters of minerals sets this lithologic unit apart from all other charnockites in
the area. Overall grain size is greatly reduced, and mineralogic segregation becomes less
pronounced where the pluton is affected by deformation along the Stanley fault.

Rocks analyzed from the Yfpg pluton exhibit a range in SiO, content of 67 to 72
weight percent and are weakly peraluminous to borderline metaluminous (fig. 5D). The
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composition of a sample collected from this outcrop for U-Pb geochronologic analysis is
included in table 4 (sample SNP-02-177). The Y{pg rocks are geochemically similar to
other, older high-silica charnockites, including the garnetiferous gneiss (Yg) and amphi-
bole-bearing charnockite and farsundite (Ycf) (fig. 5). Trace-element data indicate that,
like these rocks, Yfpg was probably derived from sources of mixed composition.

Zircons analyzed from a sample collected from this outcrop are isotopically complex
and provide considerable insight into the regional geologic history. Analyses of zircon
cores provide a weighted average age of 1,178+14 Ma, which we interpret as indicative of
inheritance. Analyses of zoned mantles indicate a likely crystallization age of 1.115+13
Ma. which is interpreted as the time of pluton emplacement. Analyses of rim overgrowths
indicate ages of 1,050+13 Ma and ~1.010 Ma. The 1,115-Ma emplacement age indicates
that the Yfpg pluton intruded nearly contemporaneously with the 1.111-Ma Marshall
Metagranite, a lithologically complex noncharnockitic granitoid that occurs in the Blue
Ridge approximately 32 km (20 mi) to the northeast, and which was dated by Aleinikoft
and others (2000) using ID-TIMS techniques. The local significance of this magmatic
episode is not yet understood; however, McLelland and others (1996) suggested that mag-
matism of similar age in the Adirondacks resulted from far-field effects of activity associat-
ed with development of the Midcontinent Rift. The 1,178-Ma inherited age of the Y{pg
pluton corresponds closely to the age of megacrystic leucocratic granite gneiss (Ylg) that
occurs in the southern part of the field trip area and suggests that crust produced during the
earlier magmatic episode was partly recycled during subsequent magma genesis. Finally.
the overgrowth ages of 1,050 and 1,010 Ma are each considered to preserve evidence of
thermal disturbance. The former age corresponds to the timing of the final magmatic
episode in the Blue Ridge, during which rocks such as the Old Rag magmatic suite (Ygr)
and low-silica charnockite (Yfqj) were emplaced, and the 1,010-Ma date falls within the
range of a possible heating event for which evidence is preserved as overgrowths on zir-
cons from other basement rocks in the Blue Ridge (table 3) (Tollo and others, in press a).

Mileage
Trip Stop-to-Stop
Cumulative Cumulative
0.0 Proceed north on Va. 628.
96.6 14 Turn left to continue on Va. 628 at intersection with Va. 606.
97.4 . Turn right onto Va. 628 at (poorly marked) four-way intersection.
99.3 4.1 Turn left onto Va. 630, which becomes unpaved.
101.2 6.0 Stop 12.

Outcrop on left side of Va. 630 before bridge.

Stop 12. Flint Hill Gneiss (Yfh).

The Flint Hill Gneiss constitutes a distinct lithologic unit that underlies a large, elon-
gate area of the Blue Ridge basement core east of the Sperryville high-strain zone in north-
ern Virginia (Virginia Division of Mineral Resources, 1993). The rock is characterized by a
strongly developed gneissic fabric and abundance of typically blue quartz. The unit has not
been dated by modern isotopic techniques, but the strongly detformed fabric suggests that it
is likely part of the oldest group of basement rocks in the region.

The Yth lithologic unit includes dark-gray, medium- to coarse-grained, inequigranular,
strongly foliated syeno- to monzogranitic gneiss composed of 35 percent microcline, 20
percent plagioclase, and 20 percent quartz with 2 percent biotite and 5 percent chlorite.
Accessory and secondary minerals include apatite, leucoxene, zircon, and ilmenite.
Gneissic layering is defined by alternating quartz+feldspar-rich and biotite+chlorite-rich
domains that are typically 1 to 10 cm (0.4—4 in) in thickness. Foliation is defined by planar
alignment of biotite and is parallel to gneissic layering. Granular quartz ranges from dark
gray to blue; locally abundant quartz veins are typically blue. The characteristic composi-
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tional banding in the gneiss is commonly contorted and kinked (Clarke, 1984), preserving
visible evidence of the high degree of deformation that has affected this unit. Veins com-
posed primarily of blue quartz and dikes composed of fine- to medium-grained leucocratic
granite are common within the Flint Hill Gneiss. Clarke (1984) reported that the wide-
spread blue quartz veins are generally conformable to gneissic layering. whereas dikes typ-
ically crosscut banding.

The Flint Hill Gneiss is characterized by SiO, contents that are generally in the range
of 69 to 72 weight percent (table 4; fig. 5). Limited sampling of Flint Hill rocks suggests
that a lower silica variant with SiO, contents about 64 weight percent is present in nearby
quadrangles. The rocks are generally mildly peraluminous, consistent with the ubiquitous
presence of biotite. Normative compositions and trace-element characteristics and occur-
rence of this lithologic unit within a terrane that is otherwise dominated by rocks of intru-
sive magmatic origin suggest that the Flint Hill Gneiss is meta-igneous in origin. Results
from previous geochronologic investigations involving U-Pb isotopic analysis of zircons
from the Flint Hill Gneiss are considered unreliable due to the isotopic complexities that
have been documented in zircons from other Grenvillian rocks in the area (Aleinikoff and
others, 2000; Tollo and others, in press a).

Mileage
Trip Stop-to-Stop
Cumulative Cumulative

0.0 Turn around and proceed east on Va. 630.
103.1 1.9 Turn left to continue on Va. 630.
103.9 2.7 Turn right onto U.S. 522 and proceed south through the town of Flint Hill.
108.7 7.5 Turn right onto U.S. 522/U.S. 211 and proceed west.
116.7 15.5 Turn left onto U.S. 522/Va. 231 in Spetryville and proceed south.

Cross bridge over the Thornton River.

116.8 15.6 Turn left to remain on U.S. 522 and proceed southeast.
117.4 16.2 Turn right onto Va. 231 and proceed south.
126.6 254 Old Rag Mountain is visible to the west (right). The mountain, formerly

called "Old Raggedy, " is characterized by steep rocky slopes and is a
popular local recreational destination. The mountain is underlain by
typically coarse-grained, locally garnet-bearing leucogranite of the Old
Rag magmatic suite, defining a fault-bounded pluton.
132.5 31.3 Turn right onto Va. 670 and proceed west. View toward the west (straight
ahead) of Double Top Mountain, which is underlain primaril by
amphibole-bearing low-silica charnockite (Y1gj).

133.3 Stop 13. Follow Trip Leaders. PRIVATE PROPERTY

98]
[RS]
—_—

Stop 13. Biotite granitoid gneiss (Ybg) containing xenoliths of medium-grained
foliated leucocratic granitoid (Ylg).

Medium- to coarse-grained biotite granitoid gneiss and layered granitoid gneiss,
mapped together within a single lithologic unit (Ybg), underlie a large area east of the
Quaker Run fault zone in the northern part of the Madison 7.5-minute quadrangle (fig. 3).
This mineralogically distinctive unit. and other similarly biotite-rich rocks mapped east of
the Rockfish Valley fault zone in areas of the Blue Ridge province located to the south
(Hughes and others, in press), contrast sharply with the more typical granites, leucogran-
ites, and charnockitic rocks that underlie much of the area. Pegmatites associated with the
Old Rag Granite pluton appear to cut biotite granitoid gneiss along the southeastern margin
of the body southeast of Old Rag Mountain (Hackley, 1999), indicating that the peralumi-
nous leucogranitoids of the Old Rag magmatic suite are likely younger than the Ybg rocks.
Dikes of probable Ybg affinity intrude leucogranite gneiss (Ylg) at Stop 15 and elsewhere
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1643 14.3 Stop 17.
Pull over south of the bridge over Garth Run.
Proceed to exposures in stream valley.

Stop 17. Mylonitic rocks of the Garth Run high-strain zone.

The Garth Run high-strain zone is well exposed in a 200-m (650-ft)-long outcrop
scoured out along the channel of Garth Run during the June 1995 storm. This exposure has
proven to be seminal to our understanding of ductile deformation in the Blue Ridge. The
high-strain zone strikes north-northwest to north-northeast and joins the 1- to 2-km
(0.6—1.2-mi)-wide Quaker Run high-strain zone to the north and tips out to the south
(Berquist and Bailey, 2000). Although the high-strain-zone boundary is not exposed. out-
crop data indicate the zone is approximately 125 m (410 ft) thick). The zone is bounded to
the west by medium- to coarse-grained, equigranular to porphyritic charnockite (Yfqj), and
to the east by rocks of the leucogranite complex (Ylg). Medium-grained layered granitic
gneiss is the dominant rock type east of the Garth Run high-strain zone. The gneiss is
intruded by a series of fine- to coarse-grained leucogranite dikes ranging from 0.3 to 5 m
(1-16 ft) in thickness.

Rocks exposed in the Garth Run high-strain zone are dominantly porphyroclast-bear-
ing protomylonites and mylonites. Finely-layered mylonitic leucogneiss, leucogranite, and
well-foliated fine-grained metabasalt occur as tabular to lenticular bodies that are 0.2 to 2
m (0.6-6.5 ft) thick throughout the high-strain zone. These tabular bodies are both subpar-
allel and slightly discordant to the foliation. Foliation, defined by mica-rich surfaces, elon-
gate quartz grains, and fractured feldspars, strikes 345° to 010° and dips 30 to 50° to the
east. A mineral elongation lineation plunges downdip or obliquely to the east-northeast:
however, mineral elongation lineations are not present everywhere.

Sheath folds occur in the finely-layered mylonitic leucogneiss and sheath axes plunge
moderately to the east, parallel to the mineral elongation lineation. Coarse-grained
leucogranitic bodies display pinch-and-swell structures, and are commonly isolated as
lozenge-shaped boudins surrounded by porphyroclastic mylonites. Leucogranitic boudins
record elongation both parallel and normal to the east-northeast-plunging elongation lin-
eation, indicating bulk extension in both the ¥ and X directions. Leucogranites have a weak
foliation and are cut by numerous transgranular fractures. Slightly discordant, tabular.
boudinaged leucogranitic dikes are locally folded. At a few locations. the mylonitic folia-
tion is kinked into narrow bands that are 2 to 5 cm (0.8-2.0 in) wide.

Asymmetric structures such as sigma and delta porphyroclasts, shear bands, and
asymmetric boudins are common in the Garth Run high-strain zone. Asymmetric struc-
tures, both parallel (reverse sense of shear) and perpendicular (sinistral sense of shear) to
the mineral elongation lineation, are consistent with triclinic deformation symmetry.
Sectional strains estimated from discrete quartz lenses and ribbons range from 3:1 to 23:1.
Three-dimensional strains record apparent tlattening. The kinematic vorticity number was
estimated using the porphyroclast hyperbolic distribution method of Simpson and De Paor
(1993) on ultramylonite thin sections and joint faces with well-exposed porphyroclasts. W -
values range from 0.6 to 0.4, indicating general shear deformation. Shear strain is conserv-
atively estimated at 4 and integrates to a total displacement of ~500 m (1.640 ft) across the
Garth Run high-strain zone. Discrete brittle faults with displacements of (.2 to 2 m (8-79
in) cut the mylonitic fabrics.

Folded leucogranite boudins may offer a clue about the progressive deformation histo-
ry of the Garth Run high-strain zone. These structures formed when competent leucogran-
ite dikes were first elongated and then shortened. During progressive steady-state deforma-
tion, material rotated from the field of shortening into the field of extension, a progression
that did not fold boudins. Folded boudins are generally interpreted to develop by polyphase
deformation, such that material elongated during the first deformation is shortened by a
second deformation having a different orientation. However, a change in the incremental
vorticity will cause some material that was originally deformed in the field of extension to
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move into the field of shortening. There are no crosscutting ductile fabrics in the Garth
Run high-strain zone. Bailey and others (in press) proposed a model in which the dominant
mechanism of deformation changed from simple shear to pure shear over time.

Mileage
Trip Stop-to-Stop
Cumulative Cumulative

0.0 Turn around and proceed south on Va. 665.
165.7 1.4 Turn left to remain on Va. 665.
166.4 2.1 Turn left onto Va. 622 (Graves Mill Road) and proceed north.
167.4 3.1 View of debris-slide scars to the east on German Mountain.
170.2 5.9 Graves Mill.

Continue straight onto Va. 615 (Bluff Mountain Road).

1714 7.1 Stops 18 and 19.

Pull into parking area on right side of Va. 615.

Stop 18. Kinsey Run, west branch: low-silica amphibole-bearing charnockite (Yfqj)
and associated pegmatite; mylonite, and protomylonite.

Stops 18 and 19 are located about 2 km (1.2 mi) uphill from the road and can be
reached by hiking along a logging trail to the upper reaches of Kinsey Run. The stops
include the denuded channels caused by mass-wasting processes resulting from the intense
rainfall that affected the area in June 1995. The stops are located on two branches of Kinsey
Run that were significantly widened by the debris flows. Stop 19 can be reached from the
logging trail by hiking eastward from the west branch over the drainage divide to the east
branch.

Both stops are located within medium- to very coarse-grained, equigranular to
inequigranular, massive to weakly foliated, amphibole-bearing low-silica charnockite (Yfqj)
that defines a large pluton in the southern part of the field trip area (fig. 3). The generally
nonfoliated fabric of the charnockite indicates postorogenic emplacement and is consistent
with the 1,050+8-Ma age determined by U-Pb isotopic analysis (Tollo and others, in press a:
table 3). Microstructural characteristics also indicate emplacement within a post-deformation
environment. Quartz grains (2-7 mm), which compose 15 to 25 modal percent of the rock,
are bleb-like and display no grain-shape preferred orientation, attesting to the relatively
undeformed nature of the charnockite. Orthopyroxene exhibits partial alteration to a mixture
of fine-grained uralitic amphibole+secondary biotite that is localized along grain boundaries
and most Jikely indicative of Paleozoic retrograde metamorphism.

The Yfqj charnockite in the main area of exposure contains several decimeter- to
meter-size pods of coarse-grained amphibole+magnetite-bearing pegmatite that generally
grades into the surrounding medium- to coarse-grained charnockite. The mineral assemblage
within these pegmatite pods is similar to the surrounding charnockite. Moreover, amphiboles
in these pegmatites are characterized by edenitic (nomenclature after Leake and others,
1997) compositions that are similar to amphiboles within the surrounding charnockite, indi-
cating that the pegmatites are most likely derived from the charnockitic magmas through
local fluid saturation and differentiation.

Three subvertical mafic dikes, striking ~350°, are exposed intruding the charnockite
(fig. 14). Contacts are well exposed and display both chilled margins and fragments of coun-
try rocks that indicate emplacement under brittle conditions. The dikes are composed of
clinopyroxene+plagioclase+pigeonite, with minor amounts of magnetite, chlorite, actinolite,
biotite, and quartz. The presence of pigeonite is especially characteristic of dikes of
Mesozoic age (Wilson and Tollo, 2001), and is consistent with the whole-rock chemical
compositions that indicate high SiO, and relatively low TiO, contents (table 5, samples
SNP-99-7, -8, and -9) compared to metabasalt of the Neoproterozoic Catoctin Formation.
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terized by concentric, oscillatory zoning surrounded by distinct. unzoned rims. Thirteen
analyses of cores yield a weighted average of the "7Pb/**Pb ages of 1.078+9 Ma, which is
interpreted as the crystallization age of the igneous protolith (table 3) (Tollo and others, in
press a). Analyses of a limited number of overgrowths suggest two periods of metamor-
phism at 1,028+10 Ma and 997+19 Ma (table 3). The occurrence of these foliated
leucogranite gneiss xenoliths within the 1,050+8-Ma charnockite indicates that local defor-
mation took place within the interval 1,078 to 1,050 Ma. The age of this Blue Ridge defor-
mation partly overlaps the period of tectonomagmatic activity associated with Ottawan oro-
genesis in the Adirondacks that was constrained to the interval 1,090 to 1,035 Ma by
McLelland and others (2001). As a result, ductile fabrics and gneissosity developed in the
leucogranite gneiss and older units are interpreted to result from a possibly correlative peri-
od of orogenesis in the Blue Ridge.

End of Field Trip.
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Figure 13. Lithofacies distribution of the Ames marine zone in the central Appalachian basin. Cross sectional interpretation (bottom) of
fifth-order deepening episodes with corresponding lithotopes (modified from Brezinski, 1983).

Goshen Road exit (Exit 146) in Monongalia County, West
Virginia. The cut exposes approximately 34 m (~110 ft) at,
and just above road level. including the following units, in

descending order: the Grafton sandstone, Ames marine zone,

Harlem coal bed, and Pittsburgh red shale, all of the
Glenshaw Formation. This stratigraphy is depicted in the
upper half of figure 12.

Lithostratigraphy

The Grafton sandstone (sensu White, 1903), exposed at
the top of the section, consists of interbedded siltstone and
sandstone, and elsewhere is overlain by the Casselman
Formation. Underlying the Grafton is the Ames marine zone

of the Glenshaw Formation. It represents the last known major
marine transgression and inundation in the central A opala-
chian basin. As such, the Ames serves as an importent unit for
lithostratigraphic correlation across the basin. The Ames is an
impure, shaley, fossiliferous limestone to calcareous shale in
the area immediately surrounding the area of Stop 2, but
grades westward into a greenish-gray, highly fosssiliferous
limestone in eastern Ohio (Brezinski, 1983) (fig. 13).

The coal bed directly beneath the Ames marin= zone is
termed the Harlem coal bed by the West Virginia Geological
Survey (fig. 13). In Ohio, there are two coal beds bneath the
Ames marine zone; the coal bed immediately underlying the
Ames marine zone is the Ames coal and the second is the
Harlem coal. This guidebook will continue to follow the ter-
minology of the West Virginia Geological Survey. The
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Harlem coal bed is a thin (generally less than 0.6 m (2.0 ft)
thick), laterally persistent unit that occasionally attains mine-
able thickness. Compositionally, the Harlem coal bed general-
ly contains high percentages of vitrinite group macerals, and
low to moderate amounts of liptinite and inertinite group
macerals. Ash yields and sulfur content commonly are moder-
ate to high. Other Conemaugh Group coal beds of regional
extent include the Mahoning, Bakerstown, Elk Lick, and
Little Clarksburg.

The Pittsburgh red shale (sensu White, 1903) directly
underlies the Harlem coal bed at this stop (fig. 12). Here the
Pittsburgh red shale consists of alternating beds of impure
limestone and variegated red-green claystone that often con-
tain calcium carbonate nodules. This unit contains features
indicative of repeated and (or) prolonged subaerial exposure
and pedogenesis. These features include calcareous nodules
and mukkarra structures (crosscutting slickensides) of pedo-
genic origin. In addition. midway between the base of the
exposure and the Harlem coal bed there is a lateral break in
soil structure that includes a channel-form structure indicating
that the Pittsburgh red shale may be composed of two or
more paleosols.

Depositional Environments

The abundant calcium carbonate in the paleosol section
is indicative of repetitive prolonged dry seasons. A nonmarine
limestone often occurs as discontinuous pods at the top of the
Pittsburgh red shale. This limestone is of mixed lacustrine
and pedogenic origin, and it occurs in topographic lows on
the gilgai surface (paleosol relief) of the Pittsburgh red shale.
Rainy periods lasting months to a few years resulted in lacus-
trine carbonate deposition. During drier climatic periods,
these lakes dried up, resulting in pedogenesis of the lacustrine
carbonates. The lateral persistence of the Pittsburgh red shale
throughout the Dunkard basin indicates that pedogenesis
occurred during a lowstand in sea level and that the climatic
conditions were basinal in extent.

Unlike the underlying Pottsville Group and Allegheny
Formation strata, the Conemaugh Group contains abundant
calcareous red shales and mudstones. Regionally, these cal-
careous red sediments first appear in the section 30 to 60 m
(100-200 ft) below the Ames marine zone and are present to
varying degrees in the upper two thirds of the Conemaugh
Group throughout its area of occurrence. The calcium carbon-
ate content of Conemaugh Group strata is high as compared
to Middle Pennsylvanian strata (Cecil and others, 1985).
Calcium carbonate occurs as admixtures in marine intervals,
as nonmarine lacustrine beds (for example, Clarksburg lime-
stone of White (1891)), and as pedogenic nodules, discontinu-
ous lenses, and admixture within mudstones and shales.

Although of regional extent, Conemaugh Group coal
beds tend to be fewer, thinner, and more impure than those in
the underlying Allegheny Formation or overlying
Monongahela Group. For example, the Little Clarksburg coal

bed rarely exceeds 0.6 m (2 ft) in thickness in this region. It
is thicker and mineable in the Potomac Basin of eastern West
Virginia and western Maryland, but is of poor auality, locally
known there as the "Dirty Nine-foot.” The Elk Lick coal bed,
exposed just above the first bench on I-68 (milepost 4.0)
between Stops 2 and 3, also has been mined in the Potomac
Basin in western Maryland and also in central West Virginia
and is known as the Barton coal in western Maryland. The
Elk Lick is 0.9 m (3 ft) thick along I-68 at milenost 4.0, but
has not been commercially exploited locally. As a group,
Conemaugh coal beds are higher in ash yield and sulfur con-
tent than the underlying Allegheny Formation coal beds. and
comparable in sulfur content with the overlying Monongahela
Group coal beds, but higher in ash yield. The Elk Lick coal
bed exposed in the I-68 roadcut is 3 ft (0.9 m) thick and rep-
resents peat that accumulated during the long-term
Conemaugh drier interval (see fig. 10) than the stratigraphi-
cally lower Upper Freeport or Mahoning coal b=ds. The Elk
Lick coal was formed after the demise of the peat-swamp
arboreous lycopsids at the Westphalian-Stephanian boundary.
The Elk Lick coal bed is high in ash yield and high in sulfur
and contains significantly greater inertinite, and less well-pre-
served (>50-u) vitrinite than the Upper Freeport or coal beds
lower in the Pennsylvanian. At the top of the I-68 section the
Little Clarksburg coal is exposed, and the stratigraphically
lower Harlem and West Milford coals are exposed in nearby
outcrops. These coal beds are similar in ash yie'd, sulfur con-
tent, petrographic composition, and floral chara-ter to the Elk
Lick and typify Conemaugh coal beds that appe+ently accu-
mulated in planar swamps with significant surface and
ground-water influx of minerals and dissolved solids in mod-
erate pH waters. Sulfur emplacement, especially as pyrite,
was extensive and coincided with severe degradation of the
peat and loss of >50-u vitrinite components, probably by
anaerobic microbes. These attributes suggest a seasonal pale-
oclimate with insufficient annual rainfall to maintain a highly
acidic ombrogenous swamp.

Paleoclimate and Sea-Level History

The strata at Stop 2 were deposited during a long-term
dry interval that began in the middle Late Pennsylvanian and
ended in the late Late Pennsylvanian (fig. 10) (Cecil, 1990).
This long-term drier interval is coincident with the Late
Pennsylvanian global greenhouse condition noted by Frakes
and others (1992). In contrast to the humid climatic condi-
tions of pedogenesis at Stop I, the paleosols at Stop 2 are
indicative of a paleoclimate that was dry subhumid to semi-
arid. A short- to intermediate-term increase in humidity
(moist subhumid climate) must have been associated with
peat formation (Harlem coal) during maximum lowstand
(maximum ice) as suggested by Cecil and others (2003b).
This stop illustrates both the long-term dry conditions associ-
ated with long-term greenhouse conditions and the short-term
climate cycles associated with glacial-interglacial conditions.
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The compound nature of the paleosols at this stop sug-
gests at least two periods of deposition followed by exposure
and pedogenesis. This interpretation is supported by a recon-
naissance study (by R.G. Stamm) that identified conodonts
within the paleosols. If further work unequivocally demon-
strates the presence of conodonts within the paleosols, then
some of the Missourian marine transgression deposits in the
Appalachian basin were nearly obliterated by pedogenesis
during subsequent glacioeustatic lowstands.

Stop 3. Late Middle Pennsylvanian Lower
Freeport coal bed(?) and associated strata on
Interstate 68 at milepost 11.4

Lat 39°42.5' N., long 78°17.6' W., Lake Lynn, Pa.-W. Va.,
7.5-minute quadrangle.

Leaders: Blaine Cecil, Nick Fedorko, Frank Dulong, and
Cortland Eble

Introduction

An accurate stratigraphic correlation of the coal beds at
this stop remains equivocal. However, the palynoflora in
these coal beds suggest that they are the Lower and Upper
Freeport coal beds of the Allegheny Formation. The section at
Stop 3, therefore. includes the stratigraphic interval from the
Lower Freeport limestone up to the Upper Freeport coal bed
of the Middle Pennsylvanian Allegheny Formation (Wilmarth,
1938) (fig. 14). The primary emphasis at this stop is the
stratigraphic interval from the base of the Lower Freeport
limestone to the top of the Lower Freeport coal bed.

Lithostratigraphy

The Lower Freeport coal bed(?) of Platt and Platt (1877)
crops out just above road level at Stop 3. The overlying strati-
graphic succession (in ascending order) includes the Upper
Freeport sandstone and shale (Butler sandstone of White,
1878). Upper Freeport limestone (absent at this locality) of
Platt and Platt (1877), Upper Freeport fire clay (underclay of
the Upper Freeport coal bed) of Stevenson (1878), and Upper
Freeport coal bed of Platt and Platt (1877). At Stop 3, the clas-
tic interval above the Lower Freeport coal bed is predominant-
ly sandstone. The Upper Freeport fire clay (paleosol) and coal
are exposed at the top of the roadcut on the south side of I-68.

Lower Freeport Coal
The Lower Freeport coal at Stop 3 consists of three

splits over a 4.3-m (14.1-ft) interval. The main (lower) split is
0.9 m (3 ft) thick, is vitrinite-rich, especially the >50-u vitri-

Upper Freeport coal bed
P

Upper Freeport
sandstone and she'e

64120
4 —
% 3 10§
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om0

MIDDLE PENNSYLVANIAN
ALLEGHENY FORMATION

Lower Freeport coal bed

P& Lower Freeport limestone

Figure 14. Stratigraphic section, Middle Pennsylvanian
Allegheny Formation. Upper Freeport coal bed; Upper Freeport
sandstone and shale (Butler sandstone of White, 1878); Lower
Freeport coal bed; and Lower Freeport limestone of Platt and
Platt (1877) are shown. See figure 11 for explanation of lithology
symbols.

nite types, and is low in ash yield and sulfur. Palynnlogic
results show a tree fern spore-dominant swamp palynoflora
throughout, but with a moderate arboreal lycopsid spore con-
tribution. At this location, development of the Lowar Freeport
swamp was not at its best (mineable) quality, but the lower
and middle benches of this split probably represent paleoenvi-
ronments of the thicker coal to the north. Initial peat accumu-
lation was in a planar swamp (Cecil and others, 1985) with
minor emplacement of minerals and sulfur. Tree ferns domi-
nate the flora and the pre-vitrinite plant debris was preserved
moderately well, with little oxidation of the peat. With further
peat accumulation (middle bench) the planar swamo may
have become slightly elevated. Mineral and sulfur emplace-
ment was low. Tree fern spores dominate the palynoflora, but
increased arboreal lycopsid spore abundance may indicate a
standing water cover.

The paleoclimate at the time of Lower Freepo-t peat
accumulation probably was transitional between the perhumid
Early and early Middle Pennsylvanian climate and the drier
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and more seasonal climate of the early Late Pennsylvanian.
The paleoclimate was obviously wet enough to allow for the
widespread development of the Lower Freeport coal, and for
the accumulation of some low ash and sulfur, pre-vitrinite-
rich peat. However, while the annual rainfall may have been
insufficient to allow for extensive domed peat formation (in
other words, to the extent inferred for many Lower and
Middle Pennsylvanian swamps), it certainly was adequate to
allow for the development of an extensive peat swamp that,
in some areas, may have attained some elevation above the
regional water table. With the buildup of the peat, oxidation
became more frequent in a seasonal paleoclimate where
insufficient seasonal rainfall did not allow for extensive dom-
ing during peat accumulation. Oxidation of the peat surface
and an increase in inertinite abundance preceded the ultimate
drowning of the Lower Freeport coal.

Stratigraphy at Stop 3

The top of the Upper Freeport coal bed (top of the road-
cut) is defined as the top of the Allegheny Formation and the
base of the overlying Conemaugh Group (Stevenson, 1873).
Both the Lower and Upper Freeport coal bed horizons occur
throughout the Appalachian basin in Pennsylvania, Maryland,
West Virginia, and Ohio. Where they are sufficiently thick,
these laterally extensive coal beds have been mined from the
eastern outcrop belt in western Maryland and eastern
Pennsylvania to the western outcrop belt in east-central Ohio, a
distance of over 150 mi (250 km). Nonmarine strata, including
underclay, sandstone, siltstone, shale, flint clay, and the Lower
Freeport limestone underlie the Lower Freeport coal bed.

Above the top of the Lower Freeport coal bed at Stop 3 is
the Upper Freeport sandstone and shale (Butler sandstone of
White, 1878) and overlying underclay (paleosol) and Upper
Freeport coal bed. The Upper Freeport coal bed is of particular
significance in that it is the stratigraphically highest coal bed
that contains abundant Lvcospora sp., the dispersed spore of
some of the giant lycopsid trees (for example, Lepidophloios
and Lepidodendron) that dominated many Lower and Middle
Pennsylvanian coal beds throughout Euramerica.

Paleoclimate and Sea-Level History

The interval from the base of the Lower Freeport lime-
stone to the top of the Lower Freeport coal bed is interpreted
to be the result of a complex set of conditions that occurred in
response to a cyclic paleo water-table, sediment flux, pedoge-
nesis, and paleoclimate (Cecil and others, 1985). The lime-
stone is nonmarine and was probably deposited in large, shal-
low lakes. as indicated by multiple subaerial exposure fea-
tures that include subaerial crusts, pedogenic brecciation, and
residual pedogenic clay. Intermittent deposition and subaerial
exposure of the limestone is indicative of a fluctuating lake
level and water table. The frequency of water level fluctua-

tion is unknown but may have been controlled by short-term
or very short term variations in paleoclimate (teble 1). Lake
waters must have been alkaline. pH 7.8 or greater (Krumbein
and Garrels, 1952), during deposition of the limestone. The
alkalinity and high concentrations of dissolved solids in lake
waters during deposition of the limestone was, in part, the
result of a relatively dry paleoclimate that concentrated dis-
solved solids through evaporation (Cecil and others, 1985:
Cecil, 1990). The Lower Freeport limestone was then buried
by a thin (~1-2 m; 3-7 ft), but widespread. infl"x of silici-
clastics. Subsequently, both were subjected to an extended
period of subaerial exposure, weathering, and p=dogenesis
{Cecil and others, 1985). The weathering and re<ultant resid-
ual clay deposits imply a drop in the water table during the
onset of increasing pluvial conditions. Further increases in
rainfall led to increased vegetative cover, rainfall dilution of
runoff, and leaching of residual soils, all of whi~h reduced
erosion and the influx of siliciclastic sediment cnd dissolved
solids. Extensive leaching of the landscape, during the pluvial
part of intermediate-term climate cycles, restric*2d the buffer-
ing capacity of surface water systems by reducing the concen-
tration of dissolved solids. A rising water table with low
buffering capacity led to acidic water (pH <6) from decaying
vegetal matter. These conditions of a high water table and low
pH are necessary for the formation of thick, laterally exten-
sive, high-quality peat (Cecil and others. 1985).

On a regional scale, a complex of kaolin-e1riched pale-
osols occurs in a facies mosaic at the base of all upper Middle
Pennsylvanian coal beds, including the Lower and Upper
Freeport. These paleosols appear to be the resul* of a fluctuat-
ing water table and weathering during humid perts of climatic
cycles. The most intensely developed paleosols formed on
well-drained paleotopographic highs. The kaolin-enriched
deposits have been mined locally and used in the manufacture
of refractory brick. The unconformity at the top of the pale-
osols and the base of the coal is interpreted as a fourth-order
sequence boundary.

Interruption of peat formation, as illustrated by the three
benches of coal and interbedded partings at Stop 3, are some-
times interpreted as crevasse splays or other autocyclic deposi-
tional events (for example, Ferm and Horne, 1979). Alter-
natively, these interruptions are interpreted herein as the result
of allocyclic controls that caused a change in water table and an
influx of siliciclastic sediment. The latter interpretation is sup-
ported by the regional extent of many partings, which suggests
a drowning of the peat-forming environment by a prolonged
elevation of the water table, and concomitant siliciclastic depo-
sition in a lacustrine environment (Cecil and othe-s, 1985).

Peat formation in both the Lower and Upper Freeport
paleoswamp environments was terminated by an allocyclical-
ly controlled rising water table that finally outpaced peat for-
mation (Cecil and others, 1985). The lacustrine environment
of the drowned paleoswamp became the site of an autocyclic
facies mosaic of siliciclastic deposition. The sheles may rep-
resent deposition in a lacustrine environment, whereas the
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and lowest Middle (early Atokan) Pennsylvanian strata are
missing at Stop 5. Here, the Mississippian-Pennsylvanian sys-
temic boundary occurs within the 4-m (13-ft) interval
between the lower Middle Pennsylvanian unnamed coal bed
and the Mississippian Mauch Chunk Group red beds.
Petrographically. these coal beds contain high percentages of
vitrinite and low to moderate amounts of inertinite. Despite
their thinness, these coal beds display petrographic character-
istics similar to age-equivalent Kanawha coal beds in south-
ern West Virginia.

Depositional Environments

The interval exposed at Stop 5 appears to contain at least
two mineral paleosols and a paleo-Histosol represented by the
coal bed at the top of the paleosol sequence. The stratigraphy
of the mineral paleosols is quite complex at this locality, but
they appear to represent at least two periods of deposition,
each followed by subaerial exposure, weathering, and pedo-
genesis. The top of the lowermost paleosol occurs about 2.1
m (6.9 ft) below the base of the overlying coal bed. The
lower paleosol overlies and appears to grade downward into
green and red strata of the Upper Mississippian Mauch Chunk
Group; thus, deposition probably occurred during the
Mississippian, whereas subaerial exposure and pedogenesis
appears to have been during the Early Pennsylvanian. The
well-developed lower paleosol may be classified as a paleo-
Ultisol whereas the poorly developed upper paleosol may be
more properly classified as a paleo-Inceptisol or Entisol (U.S.
Department of Agriculture classification system (Soil Survey
Staff, 1975; Retallack, 1989: Buol and others, 1989)). The
intensely burrowed and pyritic sandstone (Betsie Shale
Member equivalent) overlying the coal bed is suggestive of
marine onlap and rising sea level.

On the basis of an analysis of the “mid-Carboniferous
eustatic event” (Saunders and Ramsbottom. 1986), up to 4.5
m.y. may be represented in the 4-m (13-ft) interval exposed at
Stop 5. The interbasinal complexity of the stratigraphy at the
Mississippian-Pennsylvanian systemic boundary appears,
therefore, to be the source of a great deal of confusion as to
the “age™ of the unconformity.

Paleoclimate

On an interbasinal scale, high-alumina refractory clay
deposits, such as the Mercer clay in Pennsylvania, the Olive
Hill clay in eastern Kentucky. and the Cheltenham clay on the
flanks of the Ozark dome in Missouri, also occur at the
Mississippian-Pennsylvanian systemic boundary. The high-
alumina deposits in the eastern half of the continent are inter-
preted as paleo-Ultisols. In addition, residual chert (chat)
occurs at the boundary in southern Missouri, northern
Arkansas, and parts of Kansas. Farther west in Colorado, a
thick sequence of residual cherty limestone breccia (Molas
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Kanawha Formation
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Figure 17. Stratigraphic section of the Mississippian-
Pennsylvanian unconformity along Interstate 68 at Exit 15. See
figure 11 for explanation of lithology symbols.

Formation) occurs at the top of the Leadville Lime<tone and
is associated with the mid-Carboniferous unconformity. The
Molas Formation is unconformably overlain by an arenaceous
marine limestone of early Middle Pennsylvanian age (late
Atokan) (R.G. Stamm, unpub. data). The lithologier of all
residual deposits at the systemic boundary appear to be the
result of intense long-term weathering and pedogenesis under
high annual rainfall, which was fairly evenly distri~nted
throughout the year (humid to perhumid). Weathering may
have commenced as early as 330 Ma during the Lete
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Figure 18. Regional stratigraphic relations of the Mauch Chunk and Greenbrier Formations. See figure 11 f=r

explanation of lithology symbols.

Mississippian at the onset of the global eustatic event
(Saunders and Ramsbottom, 1986). Exposure may have per-
sisted for up to 4.5 m.y. in much of North America, including
the aforementioned areas, as the continent was moving north-
ward into the paleo-equatorial zone. However, weathering
appears to have been particularly protracted and intense
across the North American continent from the Appalachian
basin through Colorado. Compared to the paleosol at Stop 5,
other coeval exposure surfaces across the continent appear to
have been somewhat more elevated and better drained, which
accounts for the depth of intense weathering.

Paleosol development at the mid-Carboniferous uncon-
formity progressed during the 4.5-m.y. period of subaerial

exposure (latest Mississippian into the Middle Pennsylvanian).

Sea-level fall became significant in the Late Mississippian,
continued through the Early Pennsylvanian. before beginning
to rise again in the early Middle Pennsylvanian (Atokan), evi-
denced at this stop by marine strata in the lower part of the
Pottsville Group. The deep weathering (in response to a long-
term humid climate). therefore, was primarily an Early
Pennsylvanian event. This long-term Early Pennsylvanian
humid period in the Appalachian basin was coincident with
long-term ice house conditions that began in the Late
Mississippian, culminated in the Early Pennsylvanian, and
ended in the early Late Pennsylvanian as discussed at Stops 2
and 3. Available climate and sea-level data indicate that the
mid-Carboniferous eustatic event was glacial in origin result-
ing from long-term ice house conditions.

Stop 6. Loyalhanna Limestone Member of the
Mauch Chunk Fermation at the Keystor= quarry,
Springs, Pa.

Lat 39°44.65' N, long 79° 12.28' W, Grantsville, Md.-Pa.,
7.5-minute quadrangle.

Leader: Rob Stamm

Introduction

The Late Mississippian Loyalhanna Limestone Member
of the Mauch Chunk Formation is examined at this stop. Also
exposed are the Deer Valley and Savage Dam Members of the
Mauch Chunk (Greenbrier Formation in West Virginia and
Maryland) (fig. 18). The Loyalhanna’s origin, with its large
crossbed sets, has long been debated.

Lithostratigraphy

The Loyalhanna Limestone Member of the Mauch
Chunk or Greenbrier, as it is called in Maryland. is equivalent
to the Loyalhanna Formation of Pennsylvania (fig. 18). This
is a widespread unit that extends at least as far north as
Scranton, Pa. The Loyalhanna at this location is a 15-m (49-
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Figure 19. Map of Loyalhanna Limestone and associated units, showing outcrop, well, and core occur-
rences. Numbers refer to localities defined by Adams (1970).

ft)-thick, festoon crossbedded, arenaceous grainstone to cal-
careous sandstone. The Loyalhanna in this area and adjacent
Maryland has a reddish tint caused by a small admixture of
red clays that appear to be syndepositional. The quartz sand is
medium to fine grained. and the carbonate grains consist of
ooids, coated grains, intraclasts, and fossil fragments. The
fossil fragments consist of brachiopod, bryozoan, crinoids,
and endothyrid foraminifers. In addition R.G. Stamm (unpub.
data) has recovered wind-abraded conodonts of probable Late
Devonian age from the festoon crossbeds. Although the fos-
sils have been typically comminuted to sand-size grains in
this high-energy environment, at some nearby localities com-
plete articulated brachiopods and straparollid gastropods have
been recovered from this unit. Adams (1970) partially docu-
mented the regional extent of the Loyalhanna Member (fig.
19). Adams (1970) suggested that much, if not most, of the
quartz sand has its origin from a northern Pocono source.
This is indicated by the increase in terrigenous sand content
in the Loyalhanna in that direction. In contrast, crossbeds are
directed mainly to the east and northeast (Adams, 1970
Hoque, 1975) suggesting a provenance area to the west if the
Loyalhanna is eolian in origin.

The large-scale crossbeds are accentuated on weathered
joint faces along the entrance into the main working face of
the Keystone quarry. This typical weathering character is
caused by the more arenaceous layers, which are less soluble
than the carbonate-rich layers. Thus, the more arenaceous lay-
ers stand out in relief on weathered surfaces.

At many locations on the worked face one can usually
observe thin (<1.0 ft; 0.3 m), tan siltstone lenses. Ttese lenses
pinch out laterally, are convex downward, and are truncated on
the upper surface. Brezinski (1989b) interpreted these lenses
as representing remnants of shallowing episodes or slack
water deposits preserved in swales between submarine dunes.
that later were scoured and largely removed by subsequent
dune migration.

Overlying the Loyalhanna is the Deer Valley Limestone
Member (Flint, 1965) of the Mauch Chunk (Greentier)
Formation, a white limestone 3 m (10 ft) thick. The Deer
Valley is separated from the subjacent Loyalhanna by a 6-in
(15-cm) red siltstone (not shown at the scale of figure 18).
The Deer Valley differs from the underlying Loyaltanna in
that the former is wavy bedded, rather than crossbedded, and
lacks the quartz sand that characterizes the Loyalhanna.
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Furthermore, the Deer Valley Limestone contains a more
abundant. although low diversity, brachiopod fauna. The
Deer Valley is composed of a peloidal lime packstone-grain-
stone carbonate sand. Many of the carbonate grains are ooids
and intraclasts.

The Deer Valley depositional basin is largely confined to
northern West Virginia and Maryland. It extends only slightly
into Pennsylvania and feathers out only a short distance to the
north of this location (Brezinski, 1989c), whereas the
Loyalhanna extends much farther north and west. In southern
Garrett County, Md., the Deer Valley Member interfingers
with dark-gray limestone contained within the Loyalhanna
Member of the Greenbrier Formation, attesting to at least par-
tial contemporaneity of the two units.

Overlying the Deer Valley Limestone Member is an
interval ranging in thickness from 15 to 70 m (49-230 ft) of
red and green clastics. Brezinski (1989b) named this unit the
Savage Dam Member of the Greenbrier Formation. In
Pennsylvania this interval is considered the basal part of the
Mauch Chunk Formation, although it can only be recognized
where it separates the Deer Valley and (or) Loyalhanna from
the overlying Wymps Gap Limestone Member. White cross-
bedded sandstone, calcareous red and green siltstone and silty
shale, and thin, fossiliferous limestone intervals, especially
near the top of the member, characterize the Savage Dam
Member. These marine lithologies are interbedded with red-
brown siltstone, shale. and mudstone that are commonly mud-
cracked and contain pedogenic surfaces. The alternation of
marine and nonmarine lithologies led Brezinski (1989c¢) to
contend that these strata were deposited during a number of
short-lived sea-level cycles. As many as six marine-nonma-
rine cycles can be recognized within the Savage Dam
Member (Brezinski, 1989c¢).

Depositional Environments

The depositional origin of the Loyalhanna has been
debated for some time. Although the large-scale crossbedded
foresets are suggestive of an eolian depositional setting, the
abundant ooids, intraclasts, fossils, and fossil fragments,
intertonguing with marine carbonates, basin geometry, and
interpreted shallowing-up facies in presumed nearshore facies
indicate a shallow marine origin for the unit. In contrast,
Ahlbrandt (1995) presented compelling evidence indicating
that the Loyalhanna is eolian.

The Deer Valley represents a submarine sand shoal envi-
ronment that submerged a small area of southern Somerset
County, Pa.. and Garrett County. Md. It represents a distinct
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depositional episode from the Loyalhanna as indicated by the
red siltstone that invariably separates the Deer Valley from
the Loyalhanna. The cyclic marine and nonmarine lithologies
that characterize the Savage Dam Member were deposited in
a peritidal setting, with shallow marine sandstcne and shale
forming during short-lived marine transgressio~s, and tidal
flat, rooted mudstone forming during periods of shallowing.
Brezinski (1989c) interpreted these shallowing episodes as
representing fifth-order cycles.

Paleoclimate

The Loyalhanna Limestone Member can t= traced from
as far as northeastern Pennsylvania to south-central West
Virginia (figs. 19, 20). According to Ahlbrandt (1995). the
Loyalhanna is an eolianite, as evidenced by sand sheets, sand
flow toes, inverse graded bedding, dissipation structures, and
wind ripples. The presence of eolian abraded conodonts of
Late Devonian to Early Mississippian age support an eolian
interpretation (pl. 1). In contrast, the many occurrences of
complete, articulated. and identifiable benthic macrofauna
argue for normal marine conditions. This would be in keeping
with most earlier interpretations that have suggested a high-
energy marine environment of deposition. However. such
widespread high-energy conditions are difficult to explain. If
the Loyalhanna is an eolianite, then the basin-s-ale distribu-
tion of this sand sea attests to aridity during a lowstand of sea
level during the Late Mississippian when eastern North
Ammerica was approximately 15° south of the paleoequator
(fig. 7). These arid conditions contrast sharply with the humid
to subhumid conditions of the Late Devonian and Early
Mississippian (Stop 11) and the long-term perhumid climate
of the Early and early Middle Pennsylvanian (s-e fig. 10).

A long-term period of aridity to semi-aridity, developed
in the Mississippian during the late Kinderhookian, was most
severe during the Osagean (evidenced by evaporites from
Nova Scotia through the midcontinent of the United States).
and continued through the Meramecian before beginning to
diminish in the late Chesterian. This long-term period of arid-
ity was coincident with general long-term Mississippian
greenhouse conditions (Frakes and others, 199Z). Deposition
of the Loyalhanna, however, appears to be related to short- to
intermediate-term (fourth-order) climate forcing mechanisms.
Following deposition of the Loyalhanna and Deer Valley
Members, fluvial influxes of siliciclastic sediments in the lat-
est Mississippian foretell the onset of increases in rainfall,
sea-level fall, and global climate change associated with the
development of ice house conditions.
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Figure 22. Intertonguing relation between the Devonian Hampshire and Rockwell Formations in western Maryland. From Brezinski

(1989a).

shelf environment for the deposition of this marine zone at
Finzel. Beuthin (1986a,b) and Bjerstedt and Kammer (1988)
favored a restricted bay environment and interpreted the
Skolithos-burrowed sandstones as the sand-bar complex of a
prograding tidal or bayhead delta.

A 115-ft (35-m)-thick interval of lenticular, greenish-
gray sandstone and reddish-brown and greenish-gray siltstone
and shale overlie the Oswayo marine zone at Finzel. The
sandstones exhibit erosional bases, shale-pebble basal con-
glomerates, crossbedding, and fining-upward texture. These
beds probably were deposited on a prograding alluvial plain
concomitantly with Oswayo regression (Brezinski, 1989b).
Just west of Finzel, the middle nonmarine zone of the
Rockwell Formation is punctuated by a thin marine unit that
Dennison and others (1986) equated with the Bedford Shale
of eastern Ohio. The “Cussewago equivalent”™ (lower
Murrysville sandstone), exposed in the Conemaugh River

gorge through Laurel Mountain (Harper and Laugh-ey, 1989:
Laughrey and others. 1989), is probably equivalent to the
middle nonmarine zone of the Rockwell Formation at Finzel.
A second Rockwell marine unit overlies the nonmarine
Rockwell facies at Finzel. Although it is not well exposed. this
upper marine zone is represented by a tan, fine-grained, medi-
um-bedded, bioturbated sandstone. This sandstone is lithologi-
cally recognizable at other Rockwell exposures in western
Maryland and adjacent Pennsylvania. This marine sandstone is
correlative with the Riddlesburg Member of the Rockwell
Formation in the Broad Top synclinorium of Pennsylvania
(Bjerstedt and Kammer, 1988; Brezinski, 1989a,b), and expo-
sures from the Conemaugh River gorge through Laurel
Mountain (Harper and Laughrey, 1989; Laughrey and others,
1989). Throughout most of western Maryland, littoral sand-
stones rather than black, silty lagoonal shales, as in the Broad
Top region of Pennsylvania, represent the Riddlesburg trans-
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Figure 23. Measured section of upper Hampshire Formation and lower Rockwell Formation along Interstate 68 at Finzel Road inter-
change, Garrett County, Maryland. Section is based on exposure along eastbound entry ramp.

gression. However, a black-shale facies of the Riddlesburg “the exact placement of this boundary is still up for grabs and
marine zone has been reported about 24 mi (39 km) southeast  should provide some interesting discussion during this field con-
of Finzel at Altamont, Md. (Beuthin, 1986a). ference.” Their words are no less true for the pres=nt field trip.
The Riddlesburg sandstone facies is exposed on the Using brachiopod species considered to be index fossils,
north side of I-68 at Finzel. The remaining Rockwell and Kammer and Bjerstedt (1986) and Carter and Kammer (1990)
overlying Purslane Formation are not exposed at this stop. correlated the Oswayo Member of the Price Formation of north-

ern West Virginia with the Oswayo Formation of northwestern
Pennsylvania. Those workers assigned a late Late Devonian age

Devonian-Mississippian Contact to the Oswayo of northern West Virginia (except for the upper-
most portion) on the basis of fossil content. A Mississippian age
As concerns the Devonian-Mississippian boundary in the for the Riddlesburg Member of the Rockwell Formation is gen-

central Appalachians, Harper and Laughrey (1989) stated that erally supported by biostratigraphically significart fossils
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(Kammer and Bjerstedt, 1986). Furthermore, several recent
studies (Dennison and others, 1986; Beuthin, 1986¢; Bjerstedt,
1986b; Kammer and Bjerstedt, 1986; Bjerstedt and Kammer,
1988) have interpreted the Riddlesburg marine zone as an east-
ern facies equivalent of the Sunbury Shale of Ohio, which con-
ventionally is assigned to the Lower Mississippian (Pepper and
others, 1954; De Witt, 1970; Eames, 1974). On the basis of the
aforementioned age determinations, the Devonian-Mississippian
contact in western Maryland apparently falls within the interval
comprising the uppermost Oswayo beds and the middle nonma-
rine zone of the Rockwell Formation (fig. 23).

Bjerstedt (1986b) and Bjerstedt and Kammer (1988)
placed the base of the Mississippian System in West Virginia
and Maryland at what they interpreted to be a regional uncon-
formity that is equivalent to the interval of the Berea Sandstone
of Ohio and subsurface deposits in West Virginia. This uncon-
formity occurs at the base of the Riddlesburg Member of the
Rockwell Formation at Sideling Hill, Town Hill, and La Vale,
Md. At those locations the lower Riddlesburg consists of
interbedded diamictite and crossbedded, light-gray sandstone.
Lower Riddlesburg beds were deposited in shallow marine or
shoreline settings that were quite likely highly erosive in
nature. As a result, one would expect unconformable contacts

at the base of such units. Where these marine beds ave absent.
physical evidence of a “Berea-age™ unconformity beneath the
Riddlesburg is lacking. At Keysers Ridge, the Riddlesburg
Member grades into the underlying strata, indicating apparent
conformity. Consequently, deposition during the Devonian-
Mississippian transition probably was continuous throughout
much of western Maryland. and Berea equivalents are likely
present, even through they may be represented by a more ter-
restrial facies than the type Berea in Ohio. Harper ard
Laughrey (1989) and Laughrey and others (1989) have report-
ed a Berea equivalent (upper Murrysville sandstone) from the
section exposed in the Conemaugh River gorge through Laurel
Mountain. At Finzel, the top of the Oswayo marine zone
(Finzel marine tongue) approximates the Devonian-
Mississippian contact, although the contact probably occurs
slightly higher in the overlying nonmarine interval (fig. 24). At
Sideling Hill (Stop 11), the Devonian-Mississippian boundary
is relatively closer to the Hampshire-Rockwell Formation con-
tact because a diamictite and the overlying Riddlesbirg
Member occur near the base of the Rockwell.

The intertonguing nature of the Hampshire-Rockwell
Formation contact, the eastward pinchout of the Oswayo
marine zone, and apparent upsection migration of the contact
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from west to east (fig. 24) indicate that the Hampshire-
Rockwell transition is diachronous; therefore, this lithostrati-
graphic boundary cannot be equated with the Devonian-
Mississippian systemic boundary across the region.

Depositional Environments

Figures 25 and 26 illustrate the relative sea-level
changes in western Maryland and vicinity during the deposi-
tion of the Rockwell. Shaly beds of the basal Oswayo marine
zone (Finzel marine tongue of Dennison and others, 1986)
record the culmination of a late Famennian sea-level rise. The
Skolithos-burrowed sandstones of the upper Finzel tongue and
the crossbedded channel sandstones of the overlying nonma-
rine Rockwell interval indicate progradation of coarse clastics
and shoreline regression during highstand. In Maryland, the
sea-level drop associated with the Berea Sandstone of Ohio
and West Virginia locally caused emergence above base level,
sedimentary bypassing, and fluvial incision. Shortly there-
after, sea level rose again, causing the Riddlesburg transgres-
sion (fig. 25). Because the Riddlesburg extends farther east
than the Oswayo marine zone, a larger rise in sea level is
inferred for the former. Rockwell nonmarine beds overlying
the Riddlesburg probably represent post-Riddlesburg high-
stand. Using microspore zonation of strata enclosing the
Devonian-Mississippian boundary, Streel (1986) demonstrat-
ed the presence of two interregional transgressions on the
Devonian Old Red Continent (Euramerica). The earlier of
these two events was initiated during the late Famennian and
is represented in Pennsylvania and Maryland by the Oswayo
marine zone. The later transgression occurred during the early
Tournaisian and corresponds to the Sunbury Shale of Ohio.
Interregional correlations therefore strongly indicate that the
Oswayo sea-level rise was eustatic. If. as inferred by
Dennison and others (1986), Beuthin (1986¢), and Bjerstedt
and Kammer (1988). the Riddlesburg marine zone is an east-
ern facies equivalent of the Sunbury Shale (or a portion of it),
then it also was probably eustatically controlled. Streel (1986)
further suggested that the interregional late Famennian trans-
gression was a glacioeustatic event. Caputo and Crowell
(1985) and Veevers and Powell (1987) documented evidence
for a mid-Famennian glacial episode in Brazil and adjacent
(then) northwest Africa. Late Famennian waning of the
Gondwana ice sheet perhaps was the major control on the
Oswayo transgression. A glacioeustatic mechanism for the
early Tournaisian (Sunbury) sea-level rise remains somewhat
speculative because Early Mississippian glaciation on
Gondwanaland is unresolved (Caputo and Crowell, 1985).

Paleoclimate

The paleoclimate in the Appalachian basin region during
the Devonian-Mississippian transition is presented in the
paleoclimate section for Stop 11.
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Lat 39°40.36' N, long 78°57.77° W., Frostburg, Md.,
7.5-minute quadrangle.

Leaders: Blaine Cecil, Cortland Eble, and Fab Stamm

Introduction

The Upper Mississippian Mauch Chunk Formation and
Middle Pennsylvanian Pottsville and Allegheny Formations
are exposed in the I-68 roadcut at the top of Big Savage
Mountain. The Mauch Chunk exposure is 56 m (184 ft) thick
and the Pottsville and Allegheny exposures are 31 m (102 ft)
and 27 m (88 ft) thick, respectively (fig. 27). Th=
Mississippian-Pennsylvanian contact is unconfcrmable. The
laterally extensive units exposed at this locality, and their cor-
relatives, occur throughout the central Appalachian basin.
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Figure 26. Third- and fourth-order global sea-level events of the Late Devonian and Early Mississippian {modi-
fied from Johnson and others (1985) and Ross and Ross (1988)), and corresponding lithologic units of the central
Appalachians. Fras., Frasnian; Famenn., Famennian; Kind., Kinderhookian; Osag., Osagean; Mer., Meramecian;

Ches., Chesterian.

Lithostratigraphy

The Mauch Chunk Formation in Maryland, approximately
170 m (560 ft) thick, extends from the top of the Wymps Gap
(Alderson) Limestone Member of the Greenbrier Formation to
the base of the Pottsville Formation (Brezinski, 1989b). The
Mauch Chunk, as defined in adjacent Pennsylvania, extends
from the base of the Loyathanna Member (Stop 6) or any sub-
jacent red beds to the base of the Pottsville. In southern West
Virginia, the Mauch Chunk has group status and extends from
the top of the Greenbrier Formation to the base of the Lower
Pennsylvanian Pocohontas Formation. The Mauch Chunk
Group in southern West Virginia includes the Bluefield,
Hinton, and Bluestone Formations in ascending order. Collect-
ively, these formations are over 2,500 m (8,200 ft) thick.

The Loyalhanna through Wymps Gap interval is a facies
of the upper Greenbrier Limestone sequence to the south and
west and the upper part of the Maxville Limestone of Ohio.
The Mauch Chunk Formation correlates, in part, with the
marginal marine Mauch Chunk Group of southern West
Virginia and western Virginia and with the Bangor Limestone
and Pennington Formation of Georgia, eastern Tennessee, and
eastern Kentucky.

The unconformable Mississippian-Pennsylvanian bound-
ary in western Maryland (White, 1891) is associated with the
global mid-Carboniferous unconformity as discussed by
Saunders and Ramsbottom (1986). At Stop 8, the Atokan-age
base of the Pottsville Formation disconformably overlies the
Chesterian-age Mauch Chunk Formation. This disconformity

is the result of a major eustatic sea-level drop in the Early
Pennsylvanian (early Morrowan). Section from the late
Chesterian to late Atokan is missing here within the discon-
formity because of erosion and (or) nondeposition. At this
stop the disconformity is at a thin claystone (fig. 27). It is
often difficult to separate the Mauch Chunk and Po‘tsville
Formations in western Pennsylvania, Maryland, and northern
West Virginia because it is often difficult to distinguish non-
red Mauch Chunk sandstones from those of the Pottsville
Formation. The last occurrence of red coloration is not a con-
sistently reliable criterion to separate the two units (Edmunds
and Eggleston, 1993).

The Pottsville Formation usually contains a large propor-
tion of sandstone with lesser amounts of shale and mudstone
as exposed in the rolling stop between Stops 4 and 5. Here at
Stop 8, the Pottsville is primarily sandstone. The olive-gray
coloration of the lower part of the sandstone is atypical, as
the Pottsville is usually medium gray to light gray.

The thickness of the Pottsville in this area ranges from 18
m (59 ft) near the Maryland-Pennsylvania border 11 km (7 mi)
to the northeast to 100 m (328 ft) near Kitzmiller, 35 km (22
mi) to the southwest (Waagé. 1950). Here, the Pottsv'lle is rela-
tively thin (32 m: 105 f1). If the Pottsville here at Stop 8 is
equivalent to the upper part of the Kanawha Formation of
southern West Virginia, it is late Atokan and early Desmoinesian
in age.

Correlations of the Allegheny Formation coal beds and.
therefore, the Pottsville-Allegheny boundary are those of
Waagé (1950). His coal bed correlations were derived from
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many logs of long drill holes taken from the Conemaugh
Formation to the Mauch Chunk Formation.

Pennsylvanian and Mississippian Depositional
Environments

According to Edmunds and Eggleston (1993), the Mauch
Chunk Formation exposed at Stop 8 was deposited in an
upper-delta-plain setting. If so. then deposition was controlled
by autocyclic processes.

Edmunds and Eggleston (1993) described the Mauch
Chunk Formation in this area as a sequence of litharenite and
sublitharenite sandstones (McBride, 1963) intercalated with
mudstone and shale. Illite, mixed-layer clay, kaolinite, calcite,
and siderite are common. Metamorphic and igneous rock
fragments, and both potash feldspars and plagioclase are
common. Grains appear to be angular, poorly sorted, and gen-
erally immature. Edmunds and Eggleston (1993) recognized
four fining-upward cycles, which they interpreted as fluvial
(fig. 27). Only the top of their lowest cycle is exposed. Their
second cycle consists of a medium-gray, fine-grained sand-
stone with a scoured base and a basal lag gravel of shale
clasts and caliche nodules. The second cycle culminates with
reddish- and greenish-gray silty shale and hackly siltstone and
claystone. Their third fluvial cycle grades upward from a
medium-gray, fine-grained sandstone with an incised base
containing a zone of preserved plant fragments into reddish-
and greenish-gray sand-silt laminate and hackly silty shale
and claystone. Their fourth fluvial cycle is medium-light-gray
to pinkish-gray, fine-grained sandstone with a scoured base.
The lower part of the sandstone also grades laterally into the
upper part of the hackly shale and siltstone of the underlying
cycle. They interpret this sequence as a distributary building
across and into the terminal fine-grained clastics of the previ-
ous cycle. The sandstone passes upward into medium-gray
and olive-gray interbedded hackly shale and fine-grained
sandstone. The upper part of the fourth cycle is truncated by
the sub-Pottsville erosion surface.

The Mauch Chunk at Stop § also contains calcic pale-
osols of unknown lateral extent. These paleosols are indica-
tive of a drop in the paleo water-table, which generally is the
result of a drop in base level or a decrease in rainfall, both of
which are allocyclic processes.

Edmunds and Eggleston (1993) interpret the Pottsville
Formation here as a high-energy fluvial-alluvial deposit. They
suggested that the olive color of the lower of the Pottsville
sandstone reflects the high content of clay altered from rock
fragments. This olive color, however, is the result of modern
weathering of syngenetic or early diagenetic pyrite, probably
the opaque minerals noted in Edmunds and Eggleston (1993).
The pyrite is the result of reducing conditions and relatively
high sulfate concentrations at the time of deposition. The
source of the sulfate for the pyrite was from either marine
waters or high dissolved solids in fluvial systems. We suggest
that the sulfate was derived from marine water in what may
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have been an estuarine setting. In contrast to the Mauch
Chunk. the Pottsville Formation here consists of coarse-
grained quartz arenite and sublitharenite. Clay minerals are
generally less abundant than in the Mauch Chunk: feldspar
and calcite are generally absent.

Edmunds and Eggleston (1993) attributed depnsition of
the clastics and coal beds within the Allegheny Formation to
autocyclic delta plain depositional processes. It seems clear,
however, that allocyclic processes were the primary controls
on sedimentation and stratigraphy (Cecil and others 2003b).
Basin and interbasin scale paleosols (underclays and coal
beds) clearly document lowstands of sea level and major fluc-
tuations of the water table. The apparent lack of marine or
brackish fossils and the general coarseness of the clastics
noted by Edmunds and Eggleston (1993) is part of a facies
mosaic within highstand deposits. Eastern or proximal facies
along the eastern outcrop belt are of probable deltaic origin
whereas distal facies in western Pennsylvania, West Virginia,
and Ohio contain marine or brackish water depositz

Paleoclimate

On the basis of the occurrence of calcic paleo~ols, calcic
nodules as channel lags in paleostream channels, and the tex-
tural and mineralogical maturity of the sandstones, the paleo-
climate of the Late Mississippian must have been semiarid to
dry subhumid. Unaltered feldspar, illite, and mixed layered
clays in Mauch Chunk sandstones are a good indic~tion of
limited chemical weathering in the source area and a relative-
ly dry paleoclimate. Syngenetic and early diagenet'~ calcite is
a further indication of a high dissolved solids content in flu-
vial systems. In contrast, Pottsville sandstones contain mostly
quartz that is texturally immature. The absence of feldspar.
mixed layered clays, and illite. and the texturally immature
quartz are indicative of chemical weathering in a humid cli-
matic regime. The absence of syngenetic and early diagenetic
calcite in Pottsville sandstones is indicative of fluvial systems
that were low in dissolved solids, which is consistent with a
leached source area regolith that was deeply weath~red under
a humid tropical climate. This stop illustrates the production
of quartz arenites through humid tropical weathering, in con-
trast to Stops 9 and 12 where the quartz arenites appear to be
the product of mechanical weathering under an arid or semi-
arid tropical climate. This stop further indicates the change in
rainfall patterns from the relatively dry conditions of the Late
Mississippian to the humid conditions of the Early and
Middle Pennsylvanian.

Although the Mississippian unconformity is evosional at
Stop 8. residual weathering deposits commonly are developed
on Mississippian and older strata (see Stop 5 discussion). In
the Appalachian basin, these deposits consist of high-alumina
clays, such as the Mercer clay in Pennsylvania and the Olive
Hill clay in Kentucky. On the margins of the Ozarl- dome,
residual deposits include the Cheltenham clay and unnamed
chert residuum in the tristate district of Kansas, Missouri, and
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Oklahoma. These residual deposits resulted from humid tropi-
cal weathering on topographic highs mainly during the Early
and earliest Middle Pennsylvanian. They were subsequently
buried by onlap of Middle Pennsylvanian strata in response to
eustatic sea-level rise as the long-term ice house world of the
mid-Carboniferous waned.

Stop 9. Upper Ordovician Juniata Formation and
Lower Silurian Tuscarora Sandstone at Wills
Creek Water Gap, Cumberland, Md.

Lat 39°39.75" N., long 78°46.81" W., Cumberland, Md..
7.5-minute quadrangle.

Leaders: Dave Brezinski, John Repetski, and Blaine
Cecil

Introduction

The Upper Ordovician Juniata and Lower Silurian
Tuscarora Formations are exposed in the Wills Creek Water
Gap, Wills Mountain anticline, Cumberland, Md. The accom-
modation space and sediment supply for the underlying
Middle Ordovician Martinsburg Formation, the Upper
Ordovician Juniata Formation, and the basal Silurian
Tuscarora Sandstone are generally thought to be the result of
the Taconic orogeny when an island arc or microcontinent
collided with eastern Laurentia (Drake and others, 1989).
According to the tectonic model, clastics for these units were
supplied from mountains created by the Taconic orogeny.

The Lower Silurian Tuscarora Sandstone is a major ridge
former in the Appalachian Valley and Ridge physiographic
province and, here, the Tuscarora is exposed on the west limb
of the Wills Mountain anticline. The Tuscarora and equivalent
sandstone strata extend from central New York (Medina
Group) through Pennsylvania, Ohio (“Clinton sandstone™),
Maryland, West Virginia. Virginia, and Kentucky to the
Valley and Ridge in northeast Tennessee (Clinch Sandstone).

Lithostratigraphy

The Upper Ordovician Juniata Formation, which is
approximately 600 ft (183 m) thick at this locality
(Dennison, 1982), consists primarily of red lithic wacke
interbedded with dark-red mudstone. In Pennsylvania, the
Juniata is subdivided into three members on the basis of dif-
ferences in the relative proportions of sandstone and mud-
stone (summarized in Cotter, 1993). In the lowest member,
laterally extensive sheet-like sandstones dominate over the
mudstones and the sandstones. The middle member contains
more mudstone beds than sandstone beds. The upper member
contains more sandstone beds than mudstone beds (Cotter,
1993 and references therein). In central Pennsylvania, up to
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1,200 ft (366 m) of nonmarine gray and red sandstone and
conglomerate of the Bald Eagle Formation intervenes strati-
graphically between the Martinsburg Formation (or the equiv-
alent Reedsville Formation) and the Juniata Formation
(Thompson, 1999). The Bald Eagle Formation thins rapidly in
south-central Pennsylvania and is very thin and only locally
present in Maryland. The lower contact is generally placed at
the first occurrence of red beds at the top of the underlying
marine Martinsburg Formation (Cotter, 1993). Where the
Bald Eagle Formation is present, it is placed at the first per-
sistent occurrence of red beds. The upper contact is placed
where quartz arenite defines the base of the overlying
Tuscarora Sandstone (Cotter, 1983).

In contrast to the underlying Juniata, the Tuscarora pri-
marily is a quartz arenite. In New York, strata eauivalent to
the Tuscarora are referred to as the Medina Grop, and in
eastern Pennsylvania equivalent strata are referred to as the
Shawangunk Conglomerate (Thompson and Sevon, 1982).

Depositional Environments

Depositional environment interpretations of the Juniata
and Tuscarora Formations presented herein are based primari-
ly on the summaries by Cotter (1983, 1993) and references
therein. According to Cotter (1993), the Juniata Formation
was deposited in a lower alluvial plain setting, and the lower
and upper sandstone members were deposited by braided
streams. The medial member, however, may have been the
result of a glacioeustatic-induced transgression toward the
southeast with deposition occurring in a paralic, coastal, or
lower delta plain setting (Dennison, 1976). Allocyclic
changes in sea level, therefore, may have been the dominant
control on accommodation space and the depositional envi-
ronments of the three members of the Juniata.

Many of the mudstones in the Juniata are paleosols
(Retallack, 1993). According to Retallack (1997), calcic pale-
osols formed on stream terraces and along alluvial fan
streams. According to these interpretations, the Juniata pale-
osols are autocyclic in origin and not the result of allocyclic
fluctuations in sea level.

The origin of the Lower Silurian Tuscarora Sandstone
remains enigmatic. Cotter (1983) summarized earlier work and
presented his own comprehensive sedimentological analyses
of the Tuscarora in Pennsylvania. He suggested that the
Tuscarora was the result of an Early Silurian transgressive
event and renewed tectonic elevation of the Taconic terrane.
He divided the Tuscarora into five regional and stratigraphic
lithofacies. “Lithofacies one,"” his eastern cross-laminated
lithofacies, was attributed to braided stream depnsition.
“Lithofacies two,” his western cross-laminated lithofaces, was
deposited in a marine-shelf sand wave and shoreface-connect-
ed sand ridge environment. Cotter noted that sard grains in
“lithofacies two™ were well rounded. “Lithofacies three,” his
basal horizontal laminated facies. was deposited in foreshore
and shoreface environments; quartz grains in this lithofacies
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also are well rounded. “Lithofacies four,” basal pink transi-
tional lithofacies, was deposited in paralic conditions.
Texturally mature grains also were noted in this lithofacies in
contrast to the lithic arenites of the underlying Juniata.
“Lithofacies five,” the uppermost part of the Tuscarora, is the
red Cacapon Sandstone Member in West Virginia and
Maryland (Castanea Member in Pennsylvania), which he sug-
gested was deposited in a low-energy coastal flat complex that
prograded over the underlying quartz arenite facies during
regression. The Cacapon Sandstone Member is intensely bur-
rowed locally, and it is composed primarily of rounded quartz
sand grains in a hematitic matrix (C.B. Cecil, unpub. data).

Paleoclimates of the Late Ordovician and Early
Silurian

On the basis of carbonate occurrence and other paleosol
features in the Juniata Formation, Retallack (1993) suggested
that the climate of the Late Ordovician was semiarid and that
annual rainfall, although limited, was seasonal. This interpre-
tation is consistent with the presence of braided stream
deposits in the upper and lower members. However, Late
Ordovician sea-level oscillations, controlled by advance and
retreat of ice sheets in what is now North Africa (Dennison,
1976), must have been accompanied by global climate change.
Given a paleolatitude of approximately 30° south for the
Appalachian basin in Late Ordovician time, the amount and
seasonality of annual rainfall was the predominant form of cli-
mate change. Such changes in rainfall patterns could account
for the variation in sediment supply within and among mem-
bers of the Juniata. The braided stream sheet sands of the
upper and lower members of the Juniata may represent
increased sediment supply whenever the climate shifted from
semiarid toward dry subhumid conditions. In an alluvial plain
setting, the return from dry subhumid to semiarid conditions
would favor a reduction in sediment supply, deposition of
finer grained material, and a lowering of the water table result-
ing in conditions necessary for soil development.

The change in lithology from the immature red wacke
sand of the Juniata to the mature quartz arenite of the
Tuscarora and equivalent strata remains problematic. Most
interpretations attribute the textural and mineralogical maturi-
ty of the Tuscarora to marine depositional processes (for
example, Cotter, 1983). However, an eolian mechanism for
winnowing and rounding of grains is far more likely because,
unlike gravel and cobbles, sand is far more susceptible to
rounding under eolian conditions than in aqueous environ-
ments (for example, Kuenen, 1960). It appears, therefore, that
the Tuscarora was derived from a mature eolian regolith that
consisted primarily of quartz.

Dennison and Head (1975) and Brett and others (1995)
recognized an unconformity at the contact between Upper
Ordovician and Lower Silurian strata that extends from
Ontario southward through the central Appalachian basin. This
regional unconformity (Cherokee unconformity of Dennison

and Head, 1975) separates the immature lithic sand and mud-
stone of the Upper Ordovician from quartz arenite cf the
Lower Silurian. It is highly probable that a mature eolian
regolith developed on the exposed surface as a result of eolian
mechanical weathering and winnowing, given the long-term
semiarid to arid conditions of the latest Ordovician and earliest
Silurian. Although there appears to be some fluvial deposition
along the eastern outcrop belt, most workers believe that the
Tuscarora was deposited under marine conditions during trans-
gression (for example, Cotter, 1983). Reworking of texturally
and mineralogically mature eolian materials by marine tran-
gressive processes appears to account for the litholcgy and the
widespread distribution of the Tuscarora and equivalent strata
over the Cherokee unconformity.

Stop 10. Silurian strata of the Wills Creek and
Tonoloway Formations on Interstate 68.

Lat 39°41.48" N., long 78°39.37° W., Evitts Creek, Md..
7.5-minute quadrangle.

Leaders: Dave Brezinski, John Repetski, and Blaine
Cecll

Introduction

The Late Silurian tidal flat facies of the Wills Creek and
Tonoloway Formations is exposed along the south side of I-68
at this stop. The section exposed at this stop includes (from bot-
tom to top) the upper Rose Hill Formation, Keefer Sandstone,
McKenzie Formation, including the Rochester Shale Member at
the base, followed by the Wills Creek Formation and. finally,
the Tonoloway Formation. The Bloomsburg Formation is not
exposed. We will concentrate on the upper part of the section,
which is Late Silurian in age (fig. 28).

Lithostratigraphy

The upper part of the section begins along the ramp of
eastbound I-68 within the basal strata of the Tonoloway
Formation. Although the Tonoloway is more than 120 m (390
ft) thick, only about 3 m (10 ft) of this unit is expo-ed at this
location. The Tonoloway consists of thinly bedded to thinly
laminated shaly limestone. The formation characteristically
weathers into tan, platy and shaly chips. The only fauna
known from this part of the Tonoloway are leperditiid ostra-
codes, eurypterids, and a low diversity conodont association.
Some of the platy limestone chips exhibit casts of gypsum
and halite crystals. Westward (downsection), the st-ata
become increasingly shaly. With this increase in siliciclastics
the laminated Tonoloway passes into the underlying Wills
Creek Formation. The Wills Creek is characterized by thin- to
medium-bedded. gray-green to tan weathering, calcareous
shale and laminated silty dolomite. The formation contains



sabkhas formed. It was on these mud flats that the peritidal
lithologies of the Wills Creek and Tonoloway Formations
were deposited. The regional extent of these pe-itidal units
documents basin-scale tidal sedimentation. The shaly compo-
nent of these formations appears to have been the result of
either of the following: (1) the distal facies of a Silurian clas-
tic wedge that formed to the east and resulted in the deposi-
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Figure 28. Stratigraphic section exposed at Stop 10 of the upper
Wills Creek and basal Tonoloway Formations and their interpret-
ed depositional environments.

horizons of desiccation cracks and domal stromatolites. Halite
and gypsum casts also are common in some intervals near the
top of the formation. The Wills Creek Formation is approxi-
mately 150 m (490 ft) thick in this area (Swartz, 1923). It is
correlative with the salt beds of the Salina Formation that
occur in the subsurface to the west in Pennsylvania and West
Virginia. and to the north in New York (Allings and Briggs,
1961; Smosna and Patchen, 1978).

Along Md. 144, the Wills Creek strata seen on the north
side of I-68 also are exposed. Here the alternating shale-
dolomite couplets that characterize the Wills Creek Formation
can be observed (fig. 29).

Depositional Environments

During the Late Silurian much of the Appalachian basin
became a restricted salt basin. The greatest thickness of salts
(halite and anhydrite) was formed in an elongate basin
stretching from northern West Virginia through western
Pennsylvania into western New York (Allings and Briggs,
1961; Smosna and Patchen. 1978) (fig. 30). Along the eastern
margin of this salt basin. extensive supratidal mud flats and

tion of the Bloomsburg Formation or (2) the reenlt of eolian
(dust) deposition as suggested by Grabau (1932, p. 569) for
equivalent strata in New York. The great thicknzss of mud
tlat lithologies records a large number of small-scale (fifth-
order?) shallowing cycles (fig. 29). Rarely are any subtidal
lithologies preserved within these cycles. indicating that most
of the deposition occurred within the intertidal and supratidal
setting. Indeed. the preponderance of evaporite casts in some
horizons attest to the supratidal salt flat (sabkha) environment
of deposition.

The shaly evaporite flats persisted through most of the
Late Silurian with the deposition of the Tonoloway
Formation. During the latest Silurian, the Appalachian basin
was once again submerged with normal marine waters as a
deepening seaway resulted in the deposition of the Keyser
Formation as seen at Stop 12.

Late Silurian Paleoclimate

There is abundant evidence for long-term aridity in the
Late Silurian in the Appalachian basin. It was d1ring this time
that extensive salt deposition was occurring in deeper parts of
the basin and in the Michigan basin. The common evaporite
casts are indicative of an arid climate as well as a supratidal,
salt flat (sabkha) environment of deposition. Th= formations
seen at this stop are regional in extent and record mixed tidal
and eolian processes on the flat floor of a continental basin
under arid climatic conditions. The general conditions of Late
Silurian sea-level lowstand and coeval aridity suggest signifi-
cant amounts of ice in high latitudes. If so, glacial-interglacial
fluctuations would account for the intermediate-term sea-level
fluctuations that are recorded at this stop.

Stop 11. Upper Devonian and Lower
Mississippian strata on Interstate 68 a* Sideling
Hill, Md.

Lat 39°38.9' N., long 79°50.0' W., Bellegrove, Md.,
7.5-minute quadrangle.

Leaders: Blaine Cecil, Dave Brezinski, Vik Skema, and
Rob Stamm

Introduction

As the trip progresses eastward, Upper Devonian and
Lower Mississippian strata are exposed in a syncline at
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Figure 31. Stratigraphic section exposed at Stop 11 and interpreted depositional environments. Modified from Brezinski (1989a).

fluvial deposition in the lower Purslane to braided fluvial
deposition in the upper Purslane can be attributed to increas-
ingly seasonal rainfall and a progression from a humid or
moist subhumid climate to dry subhumid conditions and
finally arid conditions during deposition of the overlying
Maccrady and Greenbrier Formations (Cecil, 1990). This
interpretation is consistent with coal occurrences in the
Pocono and equivalent units and evaporites, Aridisols, and
carbonates in overlying Mississippian strata (Cecil, 1990). It
is highly unlikely that the changes from Devonian aridity to
the humid conditions of the Late Devonian and Early
Mississippian, followed by a return to aridity in the
Mississippian (Osagean), were the result of either long-term

climate change caused by continental drift through paleolati-
tudes or tectonic processes.

Evidence for Late Devonian and Early Carbonifercus Global
Cooling and a Humid Climate in the Appalachian Rasin

There is compelling evidence for Late Devonian glacia-
tion in the Amazon Basin and in northern Africa (Libya and
Algeria) (Caputo and Crowell, 1985; Veevers and Powell,
1987). In addition, Frakes and others (1992) suggested that the
Late Devonian-Early Mississippian was a time of glabal cool-
ing (ice house conditions). Even though evidence for Late
Devonian glacial conditions in the Appalachian basin has been
recognized for many years, this evidence has consistently been

discounted (Sevon, 1969, p. 7; Berg, 1999, p. 133). However,
compelling evidence for Late Devonian glaciation in the
Appalachian basin is evident in the Spechty Kopf Formation
and overlying strata in Pennsylvania, and the correlative units



116

(lower Rockwell) in Maryland and northern West Virginia.
This 1s the enigmatic stratigraphic interval (ESI) referred to
above in the section that discusses depositional environments.
The ESI is known to occur in a 40-km (25 mi)-wide belt
extending 400 km (249 mi) from northeastern Pennsylvania,
across western Maryland, into north-central West Virginia.
This belt is about 45 km (28 mi) wide in the northeast as
measured between Jim Thorpe and Wilkes Barre, Pa., in the
region of the anthracite coal fields. Southward in Maryland, it
narrows to approximately 25 km (16 mi). but this may be very
misleading and strictly a result of erosion and of a lack of
exposure to the east. The original eastern extent of the ESI is
unknown because of erosional removal of the section. The
western border of the ESI belt is a well-defined curvilinear
edge. There are many exposures of the horizon to the west of
the belt and none contain the diamictite or related lithologies.
For example. Stop 7 at the Finzel exit of I-68 is 10 km (6 mi)
west of the La Vale ESI exposure, but none of the same
lithologies are contained at the horizon. The same is true at a
number of locations in Pennsylvania where the western edge
of the ESI terminates abruptly. The ESI thickness in northeast-
ern Pennsylvania varies locally from O to 185 m (0-607 ft)
(Berg. 1999). The following features suggest a glacial to
periglacial control on the origin of the ESI (in ascending strati-
graphic order): (1) a basal, nonbedded polymictic diamictite
containing matrix-supported clasts (of known and unknown
origin) up to 2 m (7 ft) in diameter (tillite), (2) bedded silt-
stone and sandstone containing matrix-supported polymictic
clasts, up to 2 m (7 ft) in diameter (dropstones), and (3)
laminites (flaser-bedded sandstone, as discussed above) with
clasts (glacial varves and dropstones. respectively). Striated
facets, which we interpret to be glacial in origin, are present
on some clasts. The tillite, dropstones, varves. and faceted-stri-
ated clasts in the ESI are indicative of deposition at or near the
terminus of either a continental ice sheet that was centered in
Gondwanaland (South America) or glaciers that debouched
from undocumented highlands to the southeast. The regular
nature of the curvilinear western edge of the belt is most con-
sistent with the ice sheet hypothesis. In either case, the study
region was situated in the vicinity of lat ~30° S. during the
Devonian-Carboniferous transition (Scotese, 1998). which is
approximately coeval with the onset of Late Devonian condi-
tions of global cooling (Frakes and others, 1992).

The ESI unconformably overlies the Upper Devonian
Catskill Formation (Hampshire Formation in West Virginia),
which is characterized by red beds with caliche, suggesting that
deposition occurred under semiarid conditions (high pressure,
consistent with paleolatitude). The ESI and the overlying Lower
Mississippian formations at this stop and elsewhere contain plant
debris and coal, indicating that deposition occurred under a humid
climate (low pressure, inconsistent with paleolatitude). However,
the humid climate that dominated the region during the
Devonian-Mississippian transition is consistent with the develop-
ment of a subpolar low-pressure system that was associated with
a polar front along the northern edge of the ice. Aridosols and
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other features of aridity in Osagean red beds that overlie the
Pocono Group indicate that high pressure and aridity returned to
the study region once global warming and ice melting caused a
poleward migration of the subpolar low-pressure system.

A cold climate in the Appalachian basin also is indicated
by the paleoecology of marine fauna (D.K. Brezinski, unpub.
data). First, the latest Devonian sea tloor fauna in western
Pennsylvania and southern New York known from these strata
is unusual, even though the epeiric seas of the time were some
of the shallowest waters in the Late Devonian and Early
Mississippian in the Appalachian basin. The fauna is composed
of cold-water siliceous sponges, not shallow warm-water cal-
careous sponges. This exotic fauna has, for nearly a century,
perplexed paleontologists by virtue of the paradox of a demon-
strably “deep water” (cold) fauna dominating shallow-water
environments. Clearly the Appalachian basin, during this time,
contained very cold waters allowing deep water faunas to
migrate to shallow waters. Second, there is a clesr empirical
correlation between brachiopod diversity through the Late
Devonian and Early Mississippian of North America and its
relation to both sea-level fluctuations and glacial episodes on
Gondwanaland. Overall brachiopod diversity dips in the latest
Famennian and climbs back to high levels during the
Kinderhookian. Copper (1998) recognized that certain families
of Late Devonian brachiopods (spiriferids, athyr‘ds, rhyn-
chonelids, and terebratulids) were eurythermal (not affected by
temperature changes). When those groups are taken as a per-
centage of the total brachiopod fauna, it is apparent that the
eurythermal groups dominated during the latest Devonian, a
time known to have seen glaciation in the southern hemisphere.
This glacial episode is coincident with a period of sea-level
draw down at the Devonian-Carboniferous boun-ary. This gla-
cial episode also is coincident with the long-term humid period
during the Devonian-Mississippian transition in the
Appalachian basin. The succeeding arid climate is coincident
with global warming and sea-level rise. As noted above, the
long-term humid period during the Devonian-Mississippian
transition is best explained by the close proximity of a polar
front that was associated with the northern edge of ice as indi-
cated by features contained within the ESI.

Stop 12. U.S. Silica property along Sandy Mile
Road.

Lat 39°42.72" N., long 78°13.82° W., Hancock, Md.,
7.5-minute quadrangle.

Leaders: Dave Brezinski, John Repetski, and Blaine
Cecil

Introduction

At this stop we will examine the Silurian-Devonian con-
tact interval. The main units exposed are the Keyser
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Formation, which occurs in an abandoned quarry just to the
east, and the Lower Devonian Oriskany Sandstone. The
Keyser Formation is predominantly a limestone unit and rep-
resents a Late Silurian submergence of the Appalachian basin.
The Oriskany on the other hand is a carbonate-cemented
sandstone, grading laterally in some places into an arenaceous
limestone. The Oriskany has been one of the most prolific
gas-producing units in the central Appalachians.

Lithostratigraphy

Helderberg Group

Although much of the Helderberg Group is encompassed
by this stop, only about 65 m (213 ft) of the lower part of the
basal unit, the Keyser Formation. are accessible (Brezinski,
1996). The Keyser Formation is exposed in the abandoned quar-
ry located east of the road. At this location the Keyser For-
mation is predominantly composed of nodular-bedded, argilla-
ceous, fossiliferous lime wackestone. This interval contains thin
(<5 cm) pelmatozoan packstone or grainstone intervals that are
commonly graded and exhibit hummocky cross-stratification.
The uppermost 10 m (33 ft) of the exposure becomes more reg-
ularly bedded and contains noticeably more and thicker layers
of grainstone-packstone. The lithologies exposed at this location
are included within the nodular facies of Head (1969) and the
shaly/nodular-bedded/cherty limestone facies of Dorobek and
Read (1986).

Although these strata are highly fossiliferous, most faunal
components have been comminuted. The most common faunal
components include abundant ramose and fenestrate bryozoans,
rugose corals, tabulate corals, trilobites, brachiopods, and pelma-
tozoans. The regularly bedded intervals near the top of the expo-
sure contain brachiopod coquinas and more pervasive indications
of current activity such as crossbedding and graded beds.

On the basis of conodont ranges, the Silurian-Devonian
contact can be placed within the upper Keyser near the contact
with the overlying New Creek Limestone (Denkler and Harris,
1988). Consequently, the Keyser Formation here is almost total-
ly Silurian (Pridolian) in age. Between the Keyser exposure and
the outcrop of the overlying Oriskany Sandstone is a covered
interval approximately 35 m (115 ft) thick. On the basis of
regional stratigraphic relations this covered interval contains the
intervening units of the New Creek Limestone, Corriganville
Limestone, Mandata Shale, and Shriver Chert. The New Creek
Limestone consists of thick-bedded lime grainstone that is
intensely crossbedded. The Corriganville Limestone is charac-
terized by nodular-bedded, shaly limestone. The Mandata Shale
and Shriver Chert are composed of dark-gray. calcareous shale,
chert, and siliceous shale and siltstone. All of these intervening
units are Early Devonian in age.

Oriskany Sandstone

Regionally, the Oriskany Sandstone is underlain and over-
lain by marine cherty units and black shales, respectively.
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Unit Lithology Environment Sea level
Onskany Sandstone|  white sandstone shallow marine
Shriver Chert black shaly siltstone basinal
Mandata Shale black shale basinal
Corriganville nodular-bedded
Limestone limestone deep ramp
New Creek crossbedded tidally dominated
Limestone encrinites shelf
Keyser nodular-bedded
Formation limestone deep ramp

Figure 32. Relations between stratigraphy and sea-level curve at
Stop 12. Modified from Dorobek and Read (1986).

These chert-bearing units are indicative of a high silica input
into the basin just prior to and immediately following deposi-
tion of the Oriskany Sandstone. C.B. Cecil (unpub. data) has
attributed the source of the silica to wind-blown dust from
coeval nearby warm-arid sand seas. At this location, the
Oriskany Sandstone is approximately 50 m (164 ft) thick and
consists of light-gray, medium-bedded. fine- to medium-
grained, carbonate-cemented quartz sandstone. Crossbedding is
prevalent in only a few intervals. To the south in West Virginia,
U.S. Silica mines this unit for use in the manufacture of glass.
As a consequence of the carbonate cementation, this sandstone
is easily leached on exposed surfaces, leaving behind a residue
of pure quartz sand.

The Oriskany Sandstone is highly fossiliferous in some
intervals. These fossiliferous intervals are concentrated near
the top of the formation and the fossils occur in the form of
internal and external molds. The faunal components are pri-
marily large, thick-shelled, coarsely plicate brachionods, and,
more rarely, large, platyceratid gastropods. These cnarsely
plicate brachiopods are indicative of turbulent, current-swept
environments. The preponderance of brachiopod valves are
disarticulated and convex-up indicating that they have been
rearranged post-mortem by traction currents.

Depositional Environments

Dorobek and Read (1986) examined the Helderberg
Group from a regional perspective. Their interpretations are
summarized in figure 32. From their interpretations it is possi-
ble to recognize two separate transgressive-regressive episodes
within the Helderberg Group of the central Appalachians. The
first of these episodes is manifested in the Late Silurian
Keyser Formation. This deepening episode submergad the
tidal flat facies of the underlying Tonoloway Limestone as
seen at Stop 10 and continued into the latest Silurian, com-
pletely drowning the Appalachian basin. At maximum deepen-
ing, the center of the basin was the site of deposition of nodu-
lar-bedded, argillaceous lime wackestone as seen at this stop.
Dorobek and Read (1986) interpreted this facies as a deep
ramp deposit formed below fair-weather wave base. The bur-
rowed character of the sediments and the paucity of shallow
water features suggested water depths of up to 50 m (164 ft).
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Head (1969) also interpreted these lithologies as occurring
near the center of the Keyser seaway. The increased numbers
of crossbedded intervals near the top of the exposure suggest
regression.

The overlying New Creek Limestone marks the base of
the second of the two transgressive episodes and is interpret-
ed as a skeletal sand bank that formed in water depths of less
than 15 m (49 ft) (Dorobek and Read. 1986). The upsection
transition of the New Creek encrinites into the nodular-bed-
ded Corriganville Limestone indicates a continued deepening
of the Early Devonian sea. Like the Keyser lithologies at this
stop, the Corriganville nodular-bedded lithologies are inter-
preted as deep ramp deposits. Upsection, the Corriganville
Limestone passes into the Mandata Shale and Shriver Chert.
These two lithologies represent basinal lithologies that
formed at the apex of the Helderberg transgression. Water
depths are estimated in excess of 50 m (164 ft) (Dorobek and
Read. 1986).

Presumably the regressive phase of this episode resulted
in the shallow water deposition of the Oriskany Sandstone.
The presence of crossbedding, coarsely plicate and thick-
shelled brachiopods, and the disarticulated, convex-up bra-
chiopod valves suggest strong, current-swept conditions.

Paleoclimate

During the Late Silurian and Early Devonian, the
Appalachian basin was in the vicinity of lat 30° to 40° S. in a
belt analogous to modern-day aridity and high pressure.
Paleoclimate indicators suggest that the climate was arid
(Scotese, 1998). Unlike the limestone intervals at this stop,
the origin of the highly siliceous Lower Devonian strata
remains speculative. On a regional scale, the siliceous strata
consist of the tollowing in ascending order: (1) the Shriver
Chert, (2) the Oriskany Sandstone, and (3) the Huntersville
Chert. The Shriver Chert consists predominantly of decime-
ter-scale interbedded chert and silty limestone. The overlying
Oriskany Sandstone contains rounded sand grains floating in
a carbonate matrix and rounded to subrounded quartz grains
in quartz arenite. Grabau (1932, 1940) and Cecil and others
(1991) proposed an eolian provenance for the Oriskany sand;
the quartz sand was either blown into the carbonate environ-
ments of the Oriskany seaway or the sand was derived from
ergs that were reworked during sea-level rise. Shinn (1973)
has described a similar set of conditions in the modern
Persian Gulf where dust and sand are blown into modern car-
bonate environments. The Huntersville Chert (not present at
this stop) grades from impure chert in West Virginia into the
cherty Onondaga Limestone in Pennsylvania and New York
(Dennison, 1961). Sheppard and Heald (1984) described the
following seven lithotypes in the Huntersville Chert in West
Virginia: (1) clean chert, (2) chert with organic material, (3)
spicular chert, (4) dolomitic chert, (5) glauconitic chert, (6)
silty, argillaceous chert. and (7) dolomitic, silty, argillaceous
chert. They pointed out that all lithotypes in the Huntersville

contain some dolomite and silt-size (quartz) detritus.

The source of silica for the Shriver and Huntersville
Cherts (and equivalent cherty limestones) has previously been
attributed to the biotic extraction of silica from seawater
derived from the dissolution of volcanic ash (D=nnison, 1961:
Sheppard and Heald, 1984). Although minor amounts of biot-
ic components have been recognized in the che-ts, and vol-
canic ash (bentonite) occurs near the top of the Huntersville,
the lithologies of the siliceous stratigraphic inte-val consid-
ered herein appear to be best explained by eolian sand and
dust as the predominant source of silica. The coarsest silt
fraction accounts for the quartz silt noted in the cherts as well
as the quartz silt in interbedded limestone, whereas the finer
size fraction of quartz dust readily provided an ample supply
of soluble silica and residual particles that are equivalent in
size to quartz crystallites in chert. Thus, the Early and early
Middle Devonian sequence in the Appalachian basin can be
readily explained by temporal and spatial variations in eolian
processes in a warm arid climate. In contrast, it is unclear
how the enormous amounts of Devonian chert can be
accounted for by either silica derived from dissolution of vol-
canic ash or biotic extraction of silica from normal seawater.

Stop 13. Ordovician Beekmantown through
Chambersburg Limestone.

Lat 39°36.99" N., long 77°52.99' W., C&O Canal Towpath,
milepost 103, Hedgesville, W. Va., 7.5-minute cuadrangle.

Leaders: Dave Brezinski and John Repetski

Introduction

At this stop we are on the western flank of the
Massanutten synclinorium, a broad fold that is bordered on
the east by the South Mountain anticlinorium and generally
coincides with the Great Valley section of the Valley and
Ridge physiographic province. The section here begins in the
Lower Ordovician Stonehenge Limestone and continues east-
ward (and upsection) along the C&O Canal through the
Lower to lower Middle Ordovician Rockdale Run Formation,
the lower Middle Ordovician Pinesburg Station Dolomite into
Middle Ordovician St. Paul Group, and Upper Ordovician
Chambersburg Limestone. The basal strata of tte Upper
Ordovician Martinsburg Formation are the uppermost strata
exposed. We will concentrate on the lower part of this sec-
tion, which records the final regressive phase of the Sauk
Sequence (Brezinski and others, 1999).

The widespread marine facies that existed in North
America during the Cambrian and Early Ordovician is known
as the Sauk Sequence (named by Sloss. 1963). Vail and others
(1977) proposed that the Sauk Sequence was a first-order
deepening episode. Palmer (1981) subdivided th= Sauk
Sequence into three sequences. Sauk L. Sauk II, and Sauk IIIL
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Each of these subsequences represents a separate transgres-
sive and regressive episode that is interpreted as third-order in
magnitude (Brezinski and others, 2002).

Lithostratigraphy

The lowest strata encountered are assignable to the
Stonehenge Limestone. The Stonehenge is 150 to 250 m
(492-820 ft) thick, although only the upper 30 m (98 ft) are
exposed at this location. Three members of the Stonehenge
are recognized. The basal member, the Stoufferstown
Member, is composed of ribbony limestone interbedded with
thin intraclastic grainstones, 3 to 6 cm (1-2 in) thick. The
middle member of the Stonehenge, unnamed, consists of
thick-bedded, thrombolitic algal limestone and, rarely, rib-
bony limestone. The upper member is also unnamed and is
lithologically similar to the Stoufferstown Member. The con-
tact between the Stonehenge and the overlying Rockdale Run
Formation is generally placed at the lowest tan-weathering,
laminated dolomitic limestone. This dolomite reflects the
onset of peritidal cyclic sedimentation that characterizes the
Rockdale Run Formation.

The Rockdale Run Formation is approximately 850 m
(279 ft) thick and consists mostly of 1- to 5-m (3-16 ft)-thick
peritidal carbonates that are probably fifth-order in magni-
tude. The lithologic character of these cycles varies upsection
with certain intervals containing thick limestone and thin
dolomite subcycles and other intervals containing thicker
dolomite and thin limestone subcycles (fig. 33A, B).

Sando (1957) recognized three subdivisions of the
Rockdale Run Formation in this region. He noted that the
basal 30 to 50 m (100-160 ft) contained large, silicified algal
masses. Above these basal cherty beds, the Rockdale Run
Formation contained abundant oolitic beds. Much higher in
the formation a thick dolomite interval is prevalent. Sando
(1957, pl. 4) also recognized a number of vertically distrib-
uted faunas. These faunas include the Bellefontia fauna within
the upper Stonehenge Limestone and macrofaunas character-
ized by Lecanospira, Archaeoscyphia, Diparelasma, and
Syntrophopsis-Clelandoceras in the Rockdale Run Formation,
in ascending order (fig. 34). Hardie (1989) interpreted the
faunas within the Stonehenge and lower Rockdale Run
Formations to represent large-scale deepening episodes that
he believed were third-order in magnitude. Brezinski and oth-
ers (1999) showed that there were several different orders of
sea-level cycles displayed within this stratigraphic section
(fig. 34). The variations between limestone-dominated and
dolomite-dominated cycles are the result of the large-scale
deepening episodes as recognized by Hardie (1989). It
appears that the fifth-order cycles, which formed near or at
the transgressive apex of the larger scale cycles are limestone
dominated, whereas fifth-order cycles that have been inter-
preted to have formed during regression or at the regressive
nadir are dolomite dominated. Our observations in the
Rockdale Run, however, indicate that regression was rapid
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and resulted in exposure surtaces at the top of the subtidal
limestone units rather than at the top of the peritidal dolomite.
Exposure at the top of the subtidal limestones is indicated by
pedogenic brecciation and subaerial crusts (fig. 33R). These
subaerial exposure surfaces represent fourth- or fifth-order
sequence boundaries. The peritidal dolomite formed during
relatively slow transgression and is part of the transgressive
systems tract.

Within the dolomite member of the upper Rockdale Run
(sensu Sando, 1957), cycles are difficult to recognize inas-
much as diagenetic overprinting has obliterated many of the
internal features. However, it does seem likely that this
dolomite tongue was deposited during a major sea-level low-
stand or slowly rising sea level during transgression.

Overlying the Rockdale Run Formation is the Pinesburg
Station Dolomite, which is the uppermost formation of the
Beekmantown Group. The Pinesburg Station Dolorite is 120
to 160 m (394-525 ft) thick and consists of cherty, laminated
dolomite and burrow-mottled dolomite. The Pinesburg Station
Dolomite is unfossiliferous, save for conodonts and many
stromatolitic intervals. The Pinesburg Station Dolomite is
overlain by a Middle Ordovician succession of inte-bedded
limestone and dolomite, termed the St. Paul Group by
Neuman (1951). Neuman subdivided the St. Paul Group into
two units, the lower Row Park Limestone and the upper New
Market Limestone. The Row Park Limestone consists of
light-gray, massive, micritic to fenestral limestone with thin
interbeds of laminated dolomitic limestone. It is approximate-
ly 85 m (279 ft) thick. The overlying New Market Limestone
is characterized by interbedded, medium-bedded, light-gray,
burrow-mottled limestone; stromatolitic limestone; and gray
and tan, laminated dolomite and dolomitic limestone. It is
capped by a light- to medium-gray, micritic limestone. The
New Market is approximately 67 m (220 ft) thick. Fossils are
not common in either of the St. Paul Group Formations; how-
ever, they are present within horizons in the upper part of the
New Market Limestone. The main macrofaunal components
are macluritid snails. Conodonts occur throughout these units.
Overlying the St. Paul Group is an interval of medium- to
dark-gray, medium- to wavy bedded and even nodular-bed-
ded, shaly, fossiliferous limestone termed the Chamrbersburg
Limestone.

Depositional Environments

The Stonehenge Limestone was deposited during a
major deepening episode that was probably third-order in
magnitude and appears to exhibit a symmetrical facies distri-
bution (Hardie, 1989; Taylor and others, 1993). The sea-level
drop that was concurrent with the regression at the termina-
tion of Stonehenge deposition also produced the fifth-order
depositional peritidal cycles in the basal Rockdale Pun
Formation. The peritidal mud flats that existed throughout
most of the Rockdale Run deposition were periodically sub-
merged by shallow subtidal waters, indicating that larger
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Figure 33. A, Fifth-order(?) cycle variations within the Rockdale Run Formation at Stop 13. Left column

shows limestone-dominated subcycles with interpreted sea-level curve (Hardie, 1989). Maximum water
depth is during limestone deposition shallowing upward to peritidal conditions during dolomite deposi-
tion. Right column shows dolomite-dominated subcycles. B (facing page), Fifth-order(?) cycle variations
within the Rockdale Run Formation at Stop 13. Left column shows limestone-dominated subcycles with
re-interpreted sea-level curve based on exposure surfaces at the top of the limestone beds. Right columr

shows dolomite-dominated subcycles.

scale cycles of a fourth- or third-order are superimposed on
the sequence. The thick dolomite in the upper part of the
Rockdale Run Formation was previously thought to record a
significant shallowing episode for the central Appalachians.
Our observations, however, indicate that at the scale of the
fifth-order lithologic cycles. subtidal limestone deposition
was followed by abrupt regression and subaerial exposure.
Primary dolomite was deposited on the exposure surfaces
during subsequent transgression and deepening. This cyclic
sedimentation continued during the deposition of the
Pinesburg Station Dolomite at the end of Beekmantown
Limestone deposition.

Mitchell (1982) discussed in detail the vertical arrange-
ment of lithologies within the St. Paul Group of Maryland. The
vertical arrangement of lithologies within the Pinesburg Station

Dolomite to New Market Limestone led Mitchell to interpret
the sequence as two separate transgressive and r2gressive pairs.
The deepening event at the end of the Middle Ordovician
of the central Appalachian basin produced the Cl ambersburg
Limestone. This deepening episode resulted from the down-
warping that occurred with the onset of the Taconic orogeny.
This deepening provided the accommodation space for the grap-
tolitic black shales of the overlying Martinsburg Formation.

Climate of the Early and Middle Ordcvician

In contrast to the moist subhumid climate of the Late
Precambrian and Early Cambrian as discussed at Stop 14,
long-term aridity prevailed during deposition of Early
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Figure 33. Continued

Ordovician strata (Stop 13). Intermediate- to short-term cli-
mates fluctuated from arid to semiarid. Paleogeographic
reconstructions indicate that deposition at Stop 13 occurred in
the arid high-pressure belt at approximately lat 30° S.
Indications for long-term aridity at Stop 2 include (1) the lack
of fluvial siliciclastic influx, (2) stratigraphically equivalent
evaporites to the west in the depocenter of the basin (Ryder
and others. 1992), (3) intervals of nodular chert that presum-
ably are replacements of gypsum or anhydrite. and (4) pri-
mary dolomite resulting trom probable hypersaline conditions
in peritidal environments. Localized evaporate casts within
the subjacent Conococheague Formation (Demicco and
Mitchell, 1982) corroborate these interpretations.

At a continental scale, the eolian St. Peter Sandstone of
the midcontinent also was being deposited during part of this
time (coeval with the mid-St. Paul Group and younger strata).
Contemporaneous deposition in the sediment starved
Ouachita basin consisted of deep water shale, chert, and lime-
stone (Stone and others, 1986, p. 19). Sediment starvation in
the deep water Ouachita basin during the Ordovician is con-
sistent with low fluvial sediment supply to continental mar-
gins under arid conditions (fig. 1A). Interestingly. the pulses

of quartz sand deposition in the Ouachita trough represented
by the Crystal Mountain and Blakely Sandstones appear well
correlated with the central Appalachian shallowing episodes
represented by the initiation of Rockdale Run depo-ition and
the peritidal dolomite deposition of the upper Rockdale Run
through Pinesburg Station, respectively.

The interpreted sea-level history at Stop 2 is bect
explained by a glacial model even though direct evidence for
Early and early Middle Ordovician glaciation is lacking
(Frakes and others, 1992). The third-order cycle of subtidal
deposition of the Stonehenge followed by deposition of the
Rockdale Run in peritidal environments may be best explained
by greenhouse followed by ice house conditions. Th= fourth- or
fitth-order cycles within the Rockdale Run have inferred sea-
level curves (fig. 33B) that are similar to glacial-interglacial
cycles. Exposure surfaces at the top of subtidal limestone beds
represent fourth- or fifth-order sequence boundaries. Following
subaerial exposure in the fourth- or fifth-order cycles of the
Rockdale Run. sea level appears to have slowly risen during
deposition of the peritidal dolomite followed by subtidal car-
bonates which, in turn, was followed by a rapid fall and sub-
aerial exposure (fig. 33B). If the third- through fourth-order
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cycles were driven by the presence or absence of continental
glaciation, then the third-order Stonehenge deepening is likely
the result of greenhouse conditions, whereas the fourth- and
fifth-order cycles of the Rockdale Run and Pinesburg Station
may be the product of long-term ice house conditions and
intermediate- to short-term glacial cycles and the accompany-
ing sea-level and climate cycles.

From a practical perspective, climate considerations
become important in predicting porosity and permeability in
carbonates and sandstones. Primary dolomitization in carbon-
ates as well as texturally and mineralogically mature quartz
arenites deposited by eolian processes may be the result of
arid conditions. Both dolomitized limestone and quartz aren-
ites (Stops 3. 6) are often targeted as potential petroleum
TeServoirs.

Stop 14. Late Precambrian and Early Cambrian
Chilhowee Group on U.S. 340, Weverton, Md.

Lat 77°40.47" N.. long 39°19.29' W., Harpers Ferry, W. Va..
7.5-minute quadrangle.

Leader: Dave Brezinski

Introduction

At this stop we will examine the Chilhowee Group of the
northern Blue Ridge physiographic province. The Chilhowee
Group, the basal Cambrian clastic unit in the northern Blue
Ridge. is a main ridge-forming unit of the Blue Ridge. The
Blue Ridge of northern Virginia, Maryland, and Pennsylvania
consists of a large overturned fold called the South Mountain
anticlinorium (Cloos. 1971). The South Mountain anticlinori-
um contains Grenville basement (1.1 b.y.) at its core and is
flanked by Chilhowee strata. The eastern flank, known as
Catoctin Mountain in Maryland and the Bull Run Mountains
in Virginia, is the normal limb of the South Mountain anticli-
norium and dips southeastward at approximately 35°. The
western limb of the anticlinorium, known as South Mountain
in Maryland and Short Hill in Virginia, is overturned and also
dips to the southeast, but at a much steeper angle than the
eastern limb (Catoctin Mountain). The Grenville basement
complex is overlain, in ascending order, by Late Proterozoic
sediments of the Swift Run Formation, basaltic lava flows of
the Catoctin Formation, and clastics of the Chilhowee Group.
These units are generally termed the Blue Ridge cover
sequence. Both the Swift Run and Catoctin Formations exhibit
considerable syndepositional thickness variation. Their geome-
tries suggest that they were deposited in linear basins presum-
ably formed by attenuation of the underlying basement com-
plex (Schwab, 1972). Most of the Chilhowee units, on the
other hand, appear to be more or less continuous throughout
the northern Blue Ridge, indicating that much of the Late
Precambrian topography had been filled prior to its deposition.
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Figure 35. Diagrammatic sketch showing stratigraphy and struc-
ture of the Weverton Formation at the Maryland Heigtts section
at the terminus of South Mountain, Md. €wb, Buzzard Knob
Member; €wm, Maryland Heights Member; €wo, Owzn Creek
Member, all of the Weverton Formation. €h, Harpers Formation;
€1, Loudoun Formation.

At this stop we will examine the type section of the Weverton
Formation at the southern terminus of South Mountain and
discuss the Sauk I transgression and its initial deposition with-
in the Appalachian basin (fig. 35).

Lithostratigraphy

The Chilhowee Group in the northern Blue Ridge con-
sists of the following in ascending order: the Loudoun,
Weverton, Harpers. and Antietam Formations. These units
generally overlie the Catoctin Formation, but at this location
the Catoctin is absent, and the Chilhowee units sit directly on
top of the Grenville basement strata. The basal unit of the
Chilhowee Group, the Loudoun Formation, consist: of inter-
calated black tuffaceous phyllites and polymictic conglomer-
ate. The Loudoun Formation exhibits considerable variation
in thickness and extent. This patchy distribution has led some
workers to abandon the name Loudoun and assign the con-
glomeratic intervals to the Weverton Formation and the tuffa-
ceous phyllites to the underlying Catoctin Formaticn (see
Nunan, 1979). The Loudoun can vary in thickness from as lit-
tle as 2 m (7 ft) to more than 70 m (230 ft). At Stop 14 the
Loudoun is represented by several loose blocks of gray. tuffa-
ceous phyllite, and it is estimated that more than 30 m (98 ft)
of the formation is present.

Weverton Formation

The Weverton Formation. unlike its subjacent units, is
relatively continuously distributed throughout the northern
Blue Ridge. The Weverton has been subdivided into three
members in ascending order as follows: (1) Buzzard Knob,
(2) Maryland Heights, and (3) Owens Creek (fig. 35).

Buzzard Knob Member

The Buzzard Knob Member of the Weverton Formation
is the single most significant ridge-forming unit in the north-
ern Blue Ridge. The Buzzard Knob Member consists of medi-
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um-bedded, light-gray to greenish-gray. chloritic, coarse-
grained to very coarse grained, subarkose to quartzose aren-
ite. The crossbedding within this unit is poorly defined and
consists mainly of tabular to planar sets as well as horizontal-
ly stratified beds. At this location the basal 10 m (33 ft) con-
sist of a very coarse grained sandstone to granular, feldspathic
arenite. The upper 35 m (115 ft) comprise a resistant, light- to
medium-gray, coarse-grained quartzite with dusky-blue, gray-
ish-olive, and grayish-yellow bands. Trough crossbedding is
much more prevalent in this part of the unit, although cross-
bed foresets are restricted to individual beds. Separating the
two resistant intervals is approximately 10 m (33 ft) of
interbedded, light-gray to dusky-yellow, platy. micaceous
sandstone and light-olive-gray. quartzose siltstone. This inter-
val weathers more readily than do the surrounding quartzite
layers. and thus gives the member an apparent bifurcation
that is manifested in less well-exposed areas of the two sepa-
rate arenite units.

Maryland Heights Member

The middle member of the Weverton Formation, named
the Maryland Heights Member. is difficult to accurately and
thoroughly describe, and varies from 100 to 150 m (328492
ft) in thickness. The unit is strongly deformed and less resist-
ant to weathering than the massive units that make up the
upper and lower parts of the Weverton. The Maryland
Heights Member is generally composed of alternating medi-
um-dark-gray, conglomeratic graywacke and dark-gray phyl-
lite and metasiltstone. The incompetent phyllite and metasilt-
stone, being situated stratigraphically between the underlying
and overlying resistant members, are deformed to the degree
that stratigraphic characteristics are obscured.

At this location the Maryland Heights Member consists
of olive-gray, grayish-black, and olive-black, quartzose
metasiltstones that contain thin intervals, 0.33 to 0.6 m (1-2
ft) thick. of conglomerate with white quartz pebbles and 1- to
10-m (3-33 ft)-thick intervals of gray and greenish-gray aren-
ite and graywacke. The thicknesses of the metasiltstone inter-
vals are obscured by isoclinal folds and pervasive foliation.
Near the middle of the unit is a 25-m (82-ft)-thick interval of
medium-gray quartzite, which is nearly identical to the upper
resistant quartzite of the underlying Buzzard Knob Member
exposed at another point in the roadcut. Folding can be
observed within these units. This quartzite, which is truncated
above road level by a small fault, has been interpreted to be a
fragment of the Buzzard Knob Member (Southworth and
Brezinski, 1996; fig. 35).

Owens Creek Member

The upper member of the Weverton consists of another
ledge-forming quartzite termed the Owens Creek Member
(Brezinski, 1992). Although this member is more resistant
and much better exposed than the Maryland Heights Member,
rarely does it form the prominent ledges and ridge crests
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common to the Buzzard Knob Member. At this location, more
than 35 m (115 ft) of the Owens Creek Member crops out.
The lower 25 m (82 ft) consist of medium- to medium-dark-
gray, medium-bedded, coarse-grained, crossbedded conglom-
eratic sandstone with many interbeds of dark-gray. sandy silt-
stone as well as conglomerate, which contains white, pink,
and bluish quartz pebbles. Many of the beds in this interval
fine upward. The upper 7 to 10 m (23-33 ft) are composed of
medium-light-gray to greenish-gray. medium-bedded, coarse-
grained sandstone that is typically trough crosst=dded. The
contact with the overlying Harpers Formation is not exposed
at this location. From other locations the contact is gradation-
al, with progressively thicker interbeds of shaly Harpers
punctuating the sandstones of the upper Weverton.

Harpers Formation

Overlying the Weverton Formation is an interval of
shale, siltstone, sandstone and quartzite called the Harpers
Formation. The Harpers Formation is characterized by dark-
gray to olive-black, medium-grained sandstone and siltstone
in the lower 30 to 50 m (98-164 ft). Above this basal sandy
interval, the Harpers consists of greenish-black to brownish-
black, highly cleaved siltstone, fine-grained sanistone, and
some silty shale. Somewhat higher in the stratigraphic section
the first distinct trace fossils are present. These are mainly in
the form of the vertical burrow Skolithos.

Several small exposures of the lower Harpers Formation
are evident to the west. However, these are intensely sheared
owing to the proximity of these exposures to a large thrust
fault that is present approximately 200 m (656 ft) to the west
of the Weverton-Harpers contact.

Depositional Environments

No detailed depositional studies have been conducted on
the Chilhowee strata of the northern Blue Ridge of northern
Virginia and Maryland. However. the similarity of vertically
juxtaposed lithologies between the Weverton at this location
and the correlative Unicoi Formation of central and southern
Virginia allows extrapolation of correlative depositional
processes. The following discussion is based on the work of
Schwab (1972) and Simpson and Eriksson (1982) and their
studies on the coeval Unicoi Formation of Virginia. From
these studies it can be inferred that the Chilhow<=e of the
northern Blue Ridge represents a preserved rift-to-drift
sequence. Moreover, the deepening episode that is preserved
within these strata represents the initial submergence of the
North American craton during the early Paleozoic and. thus,
marks the onset of the Sauk transgression.

The underlying Swift Run and Catoctin Fornations repre-
sent rift sedimentation and volcanism that filled grabens within
the basement complex during extension (Wehr ard Glover,
1985). The lack of Catoctin basalts at this location indicates
that this site was located on an erosional horst be*ween the
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Table 3. Interpreted stratigraphic relations at Stop 14 and proposed depositional environments extrapolated from Schwab (1971,
1972), Simpson and Eriksson (1989) and interpreted tectonic regimes from Wehr and Glover (1985, table 2) and Fichter and Ciecchio

{1986, fig. 1)

Unit Lithology

Environment Tertonic regime

Harpers Formation Dark silty shale and thin sandstone

Weverton Formation

Loudoun Formation Tuffaceous shale and conglomerate

Catoctin Formation Basaltic lava flows

Swift Run Formation Arkosic sandstone and varved shales

Crossbedded arkosic and conglomeratic sandstones

Shatlow marine Transgressive

Meandering fluvial Trailing margin deposition

Braided fluvial
Alluvial fan-ritt valley
Extensional, rift volcanics

Extension and rifting

Rift valley

southern Pennsylvanian graben and the central Virginia graben.

The patchy distribution of the Loudoun Formation, as well as
the apparent interfingering of the tuffaceous shales of the for-
mation with the lavas of the underlying Catoctin Formation,
suggests that these two formations may have been, in part,
coeval. The localized distribution of the cobble conglomeratic
facies of the Loudoun appears to reflect localized depocenters.
probably within small fault-created basins in the underlying
Proterozoic strata. The coarseness of these strata suggests dep-
osition by high-gradient streams. An alluvial fan environment
of deposition is suggested for this unit.

The planar bedded and trough crossbedded facies of the
Buzzard Knob Member of the Weverton Formation appears
to be similar to facies association C of the Unicoi Formation
(Simpson and Eriksson, 1989). These lithologies were inter-
preted to be consistent with a distal facies of a braided flu-
vial plain.

The interbedded shale and thin sandstone lithologies of
the Maryland Heights Member are interpreted to represent
alluvial plain deposition. In this scenario the shaly strata,
including the thin (<1 m; <3 ft) sandy conglomerates, are
suggestive of overbank deposits and the thicker sandstone
(>10 m; >33 ft) are channel deposits. The Owens Creek
Member is much coarser grained and exhibits thicker, trough
crossbedded sandstones than does any subjacent unit of the
Weverton. A similar relation is present in the upper Unicoi of
Virginia. This association of lithologies indicates deposition
in a shoreface or tidal setting (Simpson and Eriksson, 1989).
Schwab (1972) interpreted this part of the stratigraphic sec-
tion to be fluvial channel sandstones.

The Harpers Formation exhibits a vertical arrangement
of lithologies that suggests a transgressive relation (Schwab,
1971, 1972). The lower Harpers contains many, Skolithos-
burrowed sandstone intervals, which are suggestive of littoral
and sublittoral deposition (Brezinski, 1992). The increase in
shaly strata upsection suggests a progression from nearshore
to more offshore deposition within the lower Harpers.

Tectonics and Depositional Sequences

The late Precambrian to Early Cambrian deporitional
pattern of the central Appalachians suggests that th~ late
Precambrian volcaniclastic and overlying Chilhowee Group
represents the progression of depositional environments from
rift basin alluvial fan (Loudoun) to braided and meandering
fluvial (Weverton) to nearshore marine (upper Owens Creek
Member, lower Harpers) and deeper shelf environments
(Harpers) (table 3). This vertical sequence and the resulting
environmental progression indicates a depositional onlap. The
resulting transgressive episode. which began in the latest
Precambrian, is equivalent to the Sauk I Sequence of Palmer
(1981) and Sequence 1 of Read (1981). This apparent third-
order eustatic event and the late Precambrian rift-basins and
their accumulated sediments, resulted in the transitons from
rift sedimentation to trailing margin sedimentation (Fichter
and Diecchio, 1986).

Climate of the Late Precambrian and Eerly
Cambrian

Climate interpretations of the late Precambrian and the
Early Cambrian presented herein are primarily bas=d on inter-
pretations of lithologies and the depositional environment
interpretations cited above. The massive influx of siliciclastic
material that comprises the Chilhowee Group is consistent
with a moist subhumid climate (fig. 1A, table 1). Snch a cli-
mate is compatible with a paleogeographic location of
approximately lat 40° S. (Scotese, 1998). The subarkosic sed-
iments within the Weverton Formation are indicative of a
dryer, perhaps subarid climate. However. the paucity of cal-
careous materials in Chilhowee strata indicates a subhumid or
wetter climate setting where fluvial systems were low in dis-
solved solids precluding syndepositional precipitation of cal-
careous materials.
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Field Trip Summary and Discussion

This trip traversed and included stops in Paleozoic strata
from the latest Pennsylvanian to the earliest Cambrian within
the central Appalachian basin. The Early Cambrian illustrates
the tectonic influence of rifting and siliciclastic sediment sup-
ply in response to a long-term, dry subhumid to subhumid cli-
mate (table 1), which is consistent with a paleolatitude loca-
tion of approximately 40° S. In contrast, Early Ordovician
strata at Stop 13 consist of carbonates that were deposited in
response to allocyclic changes in sea level. Sea level fluctuat-
ed from subtidal to total withdrawal with protracted subaerial
exposure. By the Early Ordovician, the region was located in
the high-pressure climate zone near lat 30° S., which is consis-
tent with inferred climate ranges of arid to semiarid condi-
tions.

As a result of the Taconic orogeny. the Appalachian
tforeland basin was well developed by the Late Ordovician
and the red continental siliciclastic strata of the Juniata
Formation (Stop 9) were deposited in response to semiarid to
dry subhumid conditions. The depositional hiatus at the end
of the Ordovician was succeeded by transgression and depo-
sition of the Early Silurian Tuscarora Sandstone. The origin
of the Tuscarora (Stop 9) remains enigmatic even though
most workers agree that both marine and fluvial processes
contributed to its deposition: neither process adequately
explains the textural and mineralogical maturity of the
Tuscarora. This maturity, however, can be attributed to
mechanical weathering by eolian processes in an arid envi-
ronment, which resulted in sand seas that were reworked and
redeposited by hydraulic processes during sea-level rise in
the Early Silurian.

The long-term climate remained arid throughout the
remainder of the Silurian and into the Devonian. Regional-
scale Upper Silurian peritidal carbonates (Stop 10) with abun-
dant halite casts are indicative of these dry conditions. Latest
Silurian and earliest Devonian sea-level rise resulted in sub-
tidal carbonate deposition (Stop 3) throughout the central
Appalachian basin. Such deposition is consistent with long-
term aridity and very low fluvial siliciclastic sediment supply.

The textural and mineralogical maturity of the Lower
Devonian Oriskany Sandstone (Stop 12) may be best
explained by continuation of Silurian long-term aridity and
mechanical weathering by eolian processes. The lithology of
the Oriskany, which regionally ranges from a pure quartz
arenite to an arenaceous limestone. may indicate the pre-
dominance of eolian transport of sand into the carbonate
environments of the Early Devonian seaway. Similarly, the
Lower Silurian Tuscarora Sandstone was the result of trans-
gressive reworking of an eolian regolith. Both the Tuscarora
and the Oriskany owe their textural maturity to eolian
processes.

Following deposition of the Oriskany Sandstone, there
was an apparent deepening of the Appalachian foreland basin
as indicated by widespread deposition of finer grained silici-
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clastic materials, including black shale. The deepening of the
foreland basin was likely in response to the Accdian orogeny.
Abundant terrestrial organic matter in some black shale facies
appears to indicate high terrestrial organic productivity in
response to a wetter paleoclimate. Following black shale dep-
osition, basin filling materials coarsened upward, culminating
in a major influx of sand in the Late Devonian and Early
Mississippian (Stops 4, 8). The widespread dist-ibution of this
sand, from New York to Tennessee, is indicative of a climate
control on sediment supply. The amount of sand and the types
of paleosols. including coal, associated with these sands indi-
cates that the long-term climate was moist subhumid. Based
on the occurrence of coal and variation in siliciclastic sedi-
ment supply, the intermediate- to short-term climate fluctua-
tions ranged from dry subhumid to humid during the
Devonian-Mississippian transition in response to the proximi-
ty of glacial ice.

The influx of sand in the Early Mississippian was fol-
lowed by a return to aridity as evidenced by deposition of
evaporites throughout much of North America including
southwest Virginia. Coeval terrestrial red beds containing
Aridisols occur in southern West Virginia (informally referred
to as the Pocahontas basin). Late Mississippian transgression
under these arid conditions resulted in deposition of the over-
lying Greenbrier Formation. In the vicinity of tt= field trip
route, the lowstand Loyalhanna Limestone Member eolian-
ite(?) further indicates Late Mississippian aridit:. Latest
Mississippian strata are missing in the vicinity of the field trip
route as a result of the worldwide mid-Carboniferous uncon-
formity. However, relatively rapid subsidence in the
Pocahontas basin resulted in nearly continuous deposition
during the Late Mississippian and Early Pennsylvanian. In the
Pocahontas basin, Late Mississippian deposition was only
interrupted by eustatic drops in sea level that rerulted in low-
stand pedogenesis of regional subaerial exposure surfaces.
These paleosols record both eustatic cycles and climate cycles
that ranged from semiarid to humid. The influx of sediment
and deposition of Late Mississippian red beds reflects the
onset of global ice house conditions that spanned the
Devonian-Mississippian transition.

Although Lower Pennsylvanian strata also are missing in
the vicinity of the field trip route, deposition in the
Pocahontas basin recorded a fluctuating water table, probably
related to eustatic changes in sea level, and climate cycles
that were much wetter than those of the Late Mississippian.
Paleosols in the Early Pennsylvanian of the Pocrhontas basin,
as well as those at the Mississippian-Pennsylvanian unconfor-
mity (Stop 11), indicate that the climates of the Early
Pennsylvanian ranged from humid to perhumid. These cli-
mate cycles and sea-level cycles appear to have been driven
by glacial-interglacial conditions.

By the late Middle Pennsylvanian (Desmoinesian of the
United States; Westphalian D of Europe), the long-term cli-
mate shifted from humid to moist subhumid corditions.
Intermediate- to short-term climate cycles ranged from perhu-
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mid to dry subhumid conditions as evidenced by a marked
but cyclic change in the sedimentary geochemistry of nonma-
rine strata. Dry subhumid conditions are indicated by
increased siliciclastic flux, abundant pyrite and calcite,
including nonmarine limestone (Stops 10, 12). In contrast.
humid to perhumid conditions produced chemically weath-
ered and highly leached mineral paleosols and coal beds dur-
ing lowstands.

A pronounced long-term dry subhumid climate devel-
oped in the early Late Pennsylvanian (Missourian) as evi-
denced by lowstand calcic-Vertisols, calcareous red beds, and
far fewer economic coal deposits (Stop 13). A shift toward
moist subhumid conditions during deposition of uppermost
Pennsylvanian strata (Virgilian) in the central Appalachian
basin resulted in increased coal formation (Stop 14) under
moist subhumid conditions. Peat developed in topographic
lows while coeval Ultisols formed around the basin margins.
Moist subhumid conditions were followed by dry subhumid
conditions that led to clastic influx and burial of the underly-
ing peat. The driest parts of climate cycles, which were dry
subhumid to semiarid, were conducive to nonmarine lime-
stone deposition in topographic lows in the basin. while
coeval calcic-Vertisols formed around the basin margins.
Climate change, therefore, was the primary control on the
lithostratigraphy of Upper Pennsylvanian strata in the
Appalachian basin.

Paleoclimate and the Origin of Paleozoic
Quartzose Sandstones

The origin of quartz-rich sandstones in Paleozoic strata
in the Appalachian basin is generally attributed to multicycles
of sedimentation. reworking within aqueous depositional
environments, and (or) diagenesis. However, weathering
within tropical paleoclimates appears to provide a explanation
for the textural and mineralogical maturity of Paleozoic
quartz arenites. From the Ordovician through the Early
Devonian, the Eastern United States was in the southern
hemisphere tropical dry belt and moved northward into the
equatorial tropical rainy belt in the latest Mississippian and
Pennsylvanian. Texturally mature quartz and trace amounts of
unaltered detrital feldspars in Late Cambrian through
Devonian quartz arenites are indicative of mechanical weath-
ering by eolian processes in an arid or semiarid climate rather
than chemical weathering in a humid tropical climate (Cecil
and others, 1991). Grabau (1940, p. 220) suggested that the
Oriskany Sandstone was an eolian deposit that was reworked
by a marine transgression. An eolian component may be
equally viable for the origin for the Silurian Tuscarora
Sandstone as noted at Stop 9. Furthermore, the Oriskany and
Tuscarora are associated with other strata that appear to be
the result of deposition under arid conditions. Although both
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the Oriskany and parts of the Tuscarora Sandstones were
deposited in aqueous environments, they may have been
blown into a marine environment analogous to the modern
Persian Gulf where massive amounts of sand are being blown
into a marine carbonate environment (Shinn, 1973).

In contrast, Late Mississippian and Pennsylvanian quartz
arenites in the Appalachian basin tend to be texturally imma-
ture and nearly devoid of feldspars and, therefore. apear to be
products of chemical weathering under humid conditions
rather than mechanical weathering under arid conditions.
Regional occurrences of residual kaolin deposits of latest
Mississippian and Early Pennsylvanian age. which result from
chemical weathering in humid tropical environments, are con-
sistent with this interpretation. Thus, mature sandstcnes in
Cambrian through Devonian strata may. in part, be the result
of mechanical processes in eolian environments. prior to depo-
sition in aqueous systems, whereas chemical weathering
appears to have been a primary factor in the genesis of quartz
arenites in Mississippian and Pennsylvanian strata.

Conclusions

By the examples included herein, we have attempted to
illustrate the relative importance of allocyclic and autocyclic
processes as controls on sedimentation and stratigraphy in the
central Appalachian basin. Allocyclic processes apprar to be
the dominant control on lithostratigraphy. Autocyclicity
seems to control facies relations within allocyclic packages.
Clearly long-term tectonic subsidence was a primary control
on accommodation space. Tectonic influence on fluvial sedi-
ment supply, while commonly suggested. is unclear and may
be highly over emphasized. Intermediate- to short-term eusta-
tic changes in sea level were also important controls on
accommodation space but probably had little influence on
sediment supply. Global long- to short-term changes in cli-
mate, however, were the primary controls on variation in sed-
iment supply, both chemical and siliciclastic, and th= predom-
inant control on lithostratigraphy.
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PLATE 1.

[Conodonts from the Deer Valley and Loyalhanna Limestone Members of the Mauch Chunk Formation]

FIGURES 1.2.  Conodonts from the Deer Valley Member of the Mauch Chunk Formation. Keystone auarry, Pa.
This collection (93RS-79c¢) is from the lower 10 cm of the Deer Valley Member. Note the non-
abraded. although slightly broken, conodont elements of the high-energy oolitic marin= facies of the
Deer Valley Member.

1. Kladognathus sp., Sa element, posterior view, X140.
2. Cavusgnathus unicornis, gamma morphotype, Pa element, lateral view, X140.

3-9.  Conodonts from the uppermost Loyalhanna Limestone Member of the Mauch Chunk Formation,
Keystone quarry, Pa. This collection (93RS-79b) is from the upper 10 cm of the Loyalhanna
Member. Note the highly abraded and reworked aeolian forms.

3. 4. Kladognathus sp.. Sa element, lateral views, X140.
5. Cavusgnathus unicornis, alpha morphotype, Pa element, lateral view, X140.
6, 7. Cavusgnatius sp., Pa element, lateral view, X140.
8. Polvgnathus sp., Pa element. upper view, reworked Late Devonian to Early Mississippian
morphotype, X140.
9. Gnathodus rexanus?, Pa element, upper view, X140.

10-14.  Conodonts from the basal 20 cm of the Loyalhanna Limestone Member of the Mauch Chunk
Formation. Keystone quarry, Pa. (93RS-79a), and Westernport, Md. (93RS-67). Note the highly
abraded and reworked aeolian forms.

10. Polygnathus sp.. Pa element. upper view, reworked Late Devonian to Early Mississippian
morphotype, 93RS-79a, X140.

1. Polvgnathus sp., Pa element, upper view, reworked Late Devonian to Early Mississippian
morphotype, 93RS-67, X140.

12. Gnathodus sp., Pa element, upper view, reworked Late Devonian(?) through Mississippian
morphotype, 93RS-67, X140.

13. Kladognathus sp.. M element, lateral views, 93RS-67, X140.

14. Cuvusgnathus sp., Pa element, lateral view, 93RS-67, X140.











































































Middle Eocene Igneous Rocks in the Valley and Ridge of Virginia and West Virginia

Road Log

See text for description of each stop. and figure 27 for stop locations.

Day 1

From Washington, D.C., travel west on I-66 to junction with I-81. Turn south on I-81.

Mileage

Incremental Cumulative

0.0 0.0 Junction of I-81 and Va. 275 (Woodrow Wilson Parkway) in Staunton.
Turn right (west) onto Va. 275.

1.3 1.3 Cross U.S. 11, continue west on Va. 275.

3.6 4.9 Junction of Va. 275 and U.S. 250. Turn right (west) onto U.S. 250.

4.6 9.5 Craigsville.

9.9 19.4 West Augusta.

6.2 25.6 Shenandoah Mountain. Turn into parking area at Confederate breastworks.

Stop 1. Confederate breastworks on Shenandoah Mountain (elevation 893 m; 2,930 ft).

Mileage
Incremental Cumulative
Turn right (west) from breastworks parking area onto U.S. 250.
29 28.5 Village of Head Waters.
. 20.2 Crest of Shaws Ridge (elevation 701 m; 2,300 ft).
1.1 30.3 This landslide occurred in 1998 and was seated in one of the
ash beds of the Devonian Tioga Bentonite. The subsequent
remediation by Virginia Department of Transportation can be seen.
1.3 31.6 Top of Bullpasture Mountain (elevation 835 m; 2,740 ft).
2.7 343 Village of McDowell.
41.5 Top of Jack Mountain (elevation 1,038 m: 3,406 ft).
1.7 43.2 Downtown Monterey.
End of Day 1.
Day 2
Mileage
Incremental Cumulative
0.0 0.0 Junction of U.S. 250 and 220 in Monterey. Travel east on U.S. 250.
0.2 0.2 Junction of Va. 649 and U.S. 250. Turn right (south) onto Va. 649.

0.5 0.7 Travel south on Va. 649, past high school. to “End State Maintenance™ sign and stop.
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Stop 2. View of Trimble Knob.

Mileage
Incremental Cumulative
Retrace route back to U.S. 250.
0.5 1.2 Junction of Va. 649 and U.S. 250. Turn left (west) onto U.S. 250.
0.2 1.4 Junction of U.S. 250 and U.S. 220. Turn right (north) onto U.S. 220.
3 5.0 Junction of U.S. 220 and Va. 629 (Strait Creek Road). Turn right (east) onto Va. 629.
2.7 7.7 Turn left into entrance to Beverage Farm.

Park at main house.

Stop 3. Beverage Farm diatreme, basalt, and felsic rock.

Observe the rocks near the main house. then hike northeast approximately 0.7 km (0.4
mi) along the farm road to the small knoll that exposes “Breccia no. 1™ and surrounding
matfic and felsic rocks (fig. 14). Note: As this location is on private property, obtain per-
mission from the landowners before visiting the stop.

Mileage
Incremental Cumulative
Board vehicles, return to Va. 629 and turn left (south).
1.1 8.8 Junction of Va. 629 and U.S. 250. Turn left (east) onto U.S. 250.
6.4 15.2 Junction of U.S. 250 and Va. 654 in McDowell. Turn left (north) onto Va. 654.
7.1 223 Junction of Va. 654 and Va. 624 in the village of Doe Hill. Turn left (west) onto Va. 624.
1.3 23.6 Turn right into Hull Farm. Pull into driveway and park.

Stop 4. Hull Farm basalt and diatreme.

Note: As this location is on private property, obtain permission from the landowners
before visiting the stop.

Mileage

Incremental Cumulative

Board vehicles, turn left (east) onto Va. 624, and return to Va. 654 in Doe Hill.

1.3 249 Junction of Va. 624 and Va. 654 in Doe Hill. Turn left (north) onto Va. 654.

1.2 26.1 State line. Leave Highland County, Va.. and enter Pendleton County, W. Va.
Va. 654 becomes Doe Hill Road (County Road (CR) 23).

5.5 31.6 Junction of Doe Hill Road and Simmons Mountain Road (CR 23/2).
Turn right (east) onto Simmons Mountain Road.

29 34.5 Simmons Mountain Road becomes Crummets Run Road (CR 21/8).
Continue straight (east) on Crummets Run Road.

1.7 36.2 Junction of Crummets Run Road and Sugar Grove Road (CR 21).
Turn left (north) onto Sugar Grove Road.

1.5 37.7 Junction of Sugar Grove Road and Brushy Fork Road (CR 30).

Turn right (east) onto Brushy Fork Road.
1.1 38.8 Pull off in parking area to right of road at the junction of Fleisher Run Road (CR 30/2).
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Stop 5. Ugly Mountain overview.

Mileage
Incremental Cumulative
Continue ahead on Brushy Fork Road.
1.6 40.4 Park near, but do not block, church driveway.

Stop 6. Brushy Fork albitite dike.
Walk downstream (west) 69 m (75 yards) to streambed outcrop of albitite dike. Use

caution in stream as rocks are slippery and the water is cold. Please take samples from rock
already broken.

Mileage

Incremental Cumulative

Board vehicles and retrace route on Brushy Fork Road back to Sugar Grove Road.

2.6 43.0 Junction of Brushy Fork Road and Sugar Grove Road.
Turn left onto Sugar Grove Road.
0.2 43.2 Park on east side of the road and walk across road to outcrop.

Use caution as outcrop is close to road.

Optional Stop. Wilfong Church gabbro.

Mileage
Incremental Cumulative
Continue south on CR 21.
23 45.5 Park on the west (left) next to the outcrop. Use caution as outcrop is close to road.

Stop 7. Sugar Grove sill-dike.
Mileage

Incremental Cumulative

Turn around and travel north on Sugar Grove Road.
5.2 50.7 Junction of Sugar Grove Road and Moyer Gap Road (CR 25)
in the village of Sugar Grove.
Continue right on Sugar Grove Road.

10.0 60.7 Junction of Sugar Grove Road and U.S. 33 in Brandywine.
Turn right (east) onto U.S. 33.
7.6 68.3 State line and top of Shenandoah Mountain (elevation 1,052 m; 3,452 ft).
10.4 78.7 Rawley Springs.
9.8 88.5 Harrisonburg city limits.
0.6 89.1 Junction of U.S. 33 and High Street.
Turn right onto High Street.
0.4 89.5 Junction of High Street and Cantrell Avenue.
Turn left onto Cantrell Avenue.
0.3 89.8 Cross U.S. 11. Continue straight on Cantrell Avenue.
1.2 91.0 Junction of Cantrell Avenue and East Market Street.
Turn right onto East Market Street.
0.5 91.5 Junction of East Market Street and I-81.

Turn north onto I-81 and return to Washington, D.C.

End of Day 2.
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Road Log and Stop Descriptions

This trip transects the Piedmont beginning with Stops 1 and 2 in the chlorite-grade
rocks of the Westminster terrane west of the Pleasant Grove fault. The remainder of the trip
will be in several different tectonothermal domains of the Potomac composite terrane east
of the Pleasant Grove fault. Stop 3 is in biotite-grade rocks of the Blockhouse Point
domain, the westernmost part of the Potomac terrane. Stop 4 and lunch is in kyanite-grade
rocks of the western Bear Island domain. Stop 5 is in staurolite-sillimanite-grade rocks of
the eastern Bear Island domain. Stop 6 is in sillimanite-grade rocks retrograded to chlorite
grade in the Stubblefield Falls domain in the Plummers Island fault zone.

Mileage
Incremental Cumulative
0.0 0.0 Depart from back door, Tysons Corner Hilton.
Drive around front, and turn right on Jones Branch Road.
1.2 1.2 Turn right on Spring Hill Road.
0.1 1.3 Turn right on Va. 267 east, Dulles Toll Road.
1.1 24 Exit to 1-495 north.
7.2 9.6 Exit to 1-270 north.
214 31.0 Exit to Md. 109 (Exit 22, Hyattstown, Barnesville).
0.2 31.2 Turn left on Md. 109 north.
0.5 31.7 Turn right on Md. 355.
0.1 31.8 Turn left on Frederick Road—Hyattstown Mill Road.
0.7 325 Use parking area by rusty footbridge at junction of Hyattstown Mill Road and

0.3

Prescott Road to turn around and head back westbound on Hyattstown Mill Road.
Pull off to the right at trailhead to Dark Branch Trail.
Outcrop is on north side of road, on small hill on the right side (east) of

small valley of Dark Branch.

Stop 1. Hyattstown.

Western Westminster terrane above Hyattstown thrust fault, in metasiltstone and phyl-
lite of the Marburg Formation, Urbana, Md.. 7.5-minute quadrangle (Southworth, 1999).

The rocks at this stop are chlorite-grade metasiltstone. phyllite, and thin quartzite
assigned to the Neoproterozoic and Early Cambrian Marburg Formation (Southworth,
1999). The foliation regionally and in the rocks here strikes northeast and dips steeply to
the southeast. This foliation is a composite of nearly coplanar cleavages, bedding, and
transposed vein quartz. Where bedding is at a high angle to cleavage it can be conspicuous,
as it is on the left side of the knoll here as we climb up from the parking area. Here, graded
beds of metasiltstone strike northwest and dip moderately to the southwest. Bedding is
made conspicuous by beds that are relatively rich and poor in hematite, giving the rock a
strikingly banded appearance (fig. 8A). Also visible here are isoclinally folded quartz veins
(fig. 8B). These are significant in that they cut older foliation, but have limbs transposed
into the schistosity, and axial planes parallel to the later composite foliation. They thus
demonstrate the composite nature of the foliation here. Late quartz veins do exist, however.
that are relatively undeformed and cut this cleavage at moderately high angles.

Regionally. similar Marburg Formation rocks comprise a ~12-km-wide lithotectonic belt
in the eastern part of the Westminster terrane. The belt is separated from the Potomac com-
posite terrane to the east by the Pleasant Grove fault zone. To the west 4.7 km, the 50-km-
long Hyattstown thrust fault places rocks of the Marburg Formation above greenstone and
phyllite of the Sams Creek Formation. Rocks of the Marburg Formation are distinctively dif-
ferent from the rocks to the west of the Hyattstown thrust fault, which are a diverse assem-
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The Incision History of a Passive Margin River, the Potemac Near Great Falls

Networks of shoestring channels of similar length and aspect
ratios are preserved on several straths; some are active during
floods. Examples include the heads of Vaso Island. Sherwin
Island. incised channels at the south end of Bear Island. and
the complex, multi-tiered network of channels around Rocky
Island (Zen, 1997a). At Rocky Island. both straight and arcu-
ate channels, the latter mimicking a meander, had formed in
an alternating time sequence, crossing and beheading one
another. Comparison of the configurations of these channels
suggests that the bedrock shoestring channels might be
imprinted from preexisting alluvial channels. If so, we might
infer that during quiescent periods, the Potomac channel and
straths were veneered with alluviom. Floods would remove
this material to expose the rock floor to erosion. We see these
latter records. but miss the alluvial parts of the story (see also
Howard, 1998, p. 307). Inheritance from vanished alluvial
regimes might have played a major role in the alignment of
modern channels, including Mather Gorge itself.

An illustrative shoestring channel near Lock 12 of the
Chesapeake and Ohio Canal opposite Plummers Island is an
oxbow having a sinuosity of 2.4 (defining nearly three-quar-
ters of a circle), about 15 ft (5 m) deep and 25 ft (8 m) wide,
cut into the Hidden Gorge strath. Its configuration seems to
require an origin through superimposition from an alluvial
mantle where meander loops could develop. Thus, compari-
son of the alluvial and bedrock channels suggests their com-
mon origin.

Is the Gorge Erosion Still Active?

The age of the Potomac River gorge complex, including
Mather Gorge, is being measured by the cosmogenic nuclide
method and the results are a major focus of Day 2. We now
know that for the upper reaches of Mather Gorge, the Bear
Island strath became substantially dry by about 35 ka
(Bierman and others, 2002) implying an average gorge inci-
sion rate of about 2.5 ft/1000 yr (0.8 m/1000 yr) (the modern
submerged gorge floor has sill elevations at about 70 ft (21
m) asl between deeps; J.C. Reed, Jr., USGS. oral commun.,
1993). The young date suggests that gorge incision and knick-
point retreat at Great Falls are active, but do the hydraulics of
the recorded floods support this idea?

‘We can estimate the water gradient during floods near
the entrance to Mather Gorge. For the largest recorded flood,
that of 1936, a minimum estimate of the gradient, based on
data in Grover (1937), is 0.3 percent: for the January 1996
flood Zen measured a gradient of 0.6 percent near the marker
post (this may be anomalous: see discussion for Stop 9) but
0.3 percent along Mather Gorge. In what follows, I used a
gradient of 0.3 percent. For the 1996 flood, I estimated a flow
speed of 1543 ft/s (5£1 m/s) at the entrance to Mather Gorge
46 hours after the peak: and a flow speed of 9+1.5 ft/s (3£0.5
m/s) at Sandy Landing. Leopold and others (1964) cited a
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value of 22 ft/s (6.7 m/s) at Little Falls Gauge Station for the
1936 flood but this seems improbable: the average speed of
passage of the crest of that flood between Great Falls and
Little Falls was 6 ft/s (2 m/s), the same as what Zen obtained
for the 1996 flood by dividing the discharge, Q. by an accu-
rately constructed cross section area of the channel across
Mather Gorge.

These parameters lead to an estimated unit stream power
within the main channel of about 2 to 3 kilowatts p=r square
meter (kW/m?) (Williams, 1983). Extrapolation from
Williams (1983) suggests that blocks as much as 6 ft (2 m) in
diameter could be moved. This estimate is consistent with the
preserved evidence of movement of 1-m (3-ft) blocks at Stop
8. As a dimension of 1 m is comparable to the spacings of
fractures and joints in the bedrock near Great Falls, the head-
ward retreat of Great Falls and the resulting extension of
Mather Gorge could occur during decadal floods even though
the evidence for the process is largely hidden from our view.

The Little Falls gauge record goes back only to 1930.
However, in May 1994 the Great Falls Park posted notes on
some post-1773 floods, including those post-1930. that rose
“above drought level” below Great Falls. Comparison
between these values and the flood levels recorded on that
marker post (which has a base elevation of 146 ft (44 m) asl:
Stop 9) shows that “drought level™ is 65 ft (20 m) asl.
Calculated pre-1930 flood records are shown in tab'= 1.

If the tabulations are reliable, then a striking feature is
that since 1773 only the 1785 and 1889 floods have topped
the Bear Island strath. Even if the itemized 19th-century
floods were all underestimates, there were fewer 19th-century
floods of comparable magnitude. This deficit is compatible
with the climate record since 1730 based on a tree-ring study
at Point of Rocks (Cook and Jacoby, 1983). However, the
extant post-1773 flood records are consistent with the idea
that headward migration of Mather Gorge through knickpoint
retreat is still episodically active. The modern process, how-
ever, may be slower than its counterpart during the glacial
intervals and, with our short historical and hydrological
records, humans would hardly notice the landscape modifica-
tions caused by knickpoint retreat at Great Falls.

Day 1 Trip Route and Stop Descriptions (fix. 7)

Leaving the McLean Hilton, turn left on Joner Branch
Drive.

Turn right (north) on International Drive/Spring Hill
Road.

Proceed about 0.5 mi, then turn left (west) onto Old
Dominion Drive.

Continue on Old Dominion Drive (west) about 3 mi.

Enter Great Falls Park.

Pass the park entrance and park in the farthest parking
area about 0.5 mi past the guard station.
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Table 1. Major floods at Great Falls since 1773.

[Abbreviations are as follows: ft, feet; m. meters: asl: above sea level)]

Flood height Known/calculated Discharge,
above “drought elevation above in 1000 ft*/s (1000 m%/s)

Date level,” in ft sea level, in ft at Little Falls
Sept. 1996 — 146 314 (8.89)
Jan. 1996 — 148 347 (9.82)
Nov. 1985 82 147 317 (8.98)
June 1972 87 151 359 (10.16)
Oct. 1942 90 155 447 (12.66)
Apr. 1937 85 150 347 (9.82)
Mar. 1936 91 156 484 (13.70)
Mar. 1924 >65 139!
1889 >73 >138
1877 70 135
1870 >60 >125
1857 >60 >125
1852 64 129
1847 >58 >123
1785 >80 >145
1773 >75 >138

'This is the level based on the photographic record at Lock 17 on the C&O Canal
(National Park Service, 1991, p. 59). Lock 17 is directly across from the lower observation
platform (140 ft (43 m) asl) in Great Falls Park.

“Notes on the U.S. Geological Survey's Little Falls Gauge Station (01616500) webpage
say that the “flood of June 2, 1889, was approximately the same magnitude as that of

March 19, 1936.”

Stop 1. Lower observation platform.

The horizontal line at the upstream end of the visible
river is the Water Intake Dam, built on a flat bedrock channel
floor. Below Great Falls. this floor forms the principal rock
benches visible to the right. It is hummocky as a result of
subsequent erosion, mainly along fractures. Great Falls is a
series of cataracts, each 10 to 15 ft (3-5 m) high, separated
by pools (fig. 3). Inmediately below the observation platform
on the Maryland side (if water level permits viewing) is a
large rock bench with a sharp peak at about 100 ft (30 m) asl.
The base of this peak, at about 95 ft (29 m) asl, is ringed by
lateral potholes; it was a rock obstacle when the channel was
at the Black Pond level (here at 95 ft; 29 m). Another pre-
served bench of this strath is downriver, on the Virginia side,
across from the fishladder. Looking at Rocky Island. its top is
the Bear Island strath (here at 140 ft: 43 m). The transverse,
arcuate channel at its north (left) side has a rock sill at 77 ft
(24 m) (the Hidden Gorge strath). Hidden Gorge is an erosion
channel that at high water bisects Rocky Island; it is a wet-
land area during periods of low to medium flow.

Walk along footpath that parallels the ruins of the
Patowmack Canal. to the edge of the clearing.

Cross small wooden bridge to right.

Take the Carriage Road to the right of the building to
follow the base of Glade Hill.

The swamp to the right occupies a former channel of the
Bear Island strath. Milton (1989) reports that badrock is a few
feet below the muck surface: this is confirmed by Lee (1993)
using a portable seismograph. The bedrock here is about 140
ft (43 m) asl, confirming that the valley is a part of the Bear
Island strath. The upper end of the valley is partly filled by
colluvium, which prevented even the 1936 flood to enter; nor
could it have backed up beyond the abandoned quarry (en
route to Stop 3) from Sandy Landing (see also Milton, 1989).
This wetland area thus is fed by rainwater and seepage. The
Carriage Road follows a regional sewer intercentor (from
whence cometh the odor in warm weather).

Stop 2. Glade Hill.

Ascend at the point opposite a weir in the swampy val-
ley. Notice outcrops of fresh schist to about 201 ft (61 m) (top
elevation, 210 ft; 64 m), as well as scattered bealders of
quartzite. The hill is flat-topped; it has no saprolite or streams
running off its side. It is set within the incised upland whose
top is about 350 ft (107 m). Glade Hill is not a Piedmont hill:
instead, it is the oldest recognized strath of the Potomac River
(Glade Hill level; see also Reed and others, 197°0) preserved
through topographic inversion. It is capped by a boulder bar
in the former channel.

The boulders are various types of quartzite that can be
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to be colonized by crustose lichens after about a quarter cen-
tury: 10 years ago, the chipped surface was still shiny.

Stop 3B. (optional; Reed and others, 1980, p. 31).

A well-preserved vertical pothole, bottom not exposed. In
the Great Falls area, the depth/width aspect ratio of vertical
potholes rarely exceeds 1.5; frictional energy loss probably
controlled the erosional reach (see Alexander, 1932). Two
well-preserved vertical potholes (one 0.2 m (0.7 ft) and the
other 1 m (3 ft) across at the bottom) have double basins sepa-
rated by a water-sculpted ridge. Could it be that the tip of the
vortex was bi-stable (Jonathan Tuthill, oral commun., 2000)?

Follow the path along the canal locks.
Take the path left to ascend toward the ruins of
Matildaville.

The footpath roughly follows the alignment of Canal
Street. The large building was the Superintendent's House,
and the glass-and-crockery-littered ground at Stop 4 marks
the site of Dickey Inn, which existed until the early 20th cen-
tury. The foundation with a curious alcove was the spring
house (Garrett, 1987).

Stop 4. Matildaville.

This hamlet for canal keepers was sited at 155 ft (47 m)
level on the Matildaville level strath. The site was safely
above even the 1936 flood. The exposure is waterworn; large
lateral potholes, belonging to the 140-ft (43-m) or Bear Island
strath, occur at its northeastern base and establish the chrono-
logical sequence of the Bear Island and Matildaville straths.
A lateral pothole consistent with the Matildaville strath can be
seen on the side of a waterworn rock prominence west of the
picnic area, near the small parking lot.

Go across the alluvium-filled holding basin of the
Patowmack Canal.

Go east on the trail that parallels the basin's outflow
channel.

Turn right onto the blue-blaze River Trail.

Stop 5. Trestle over small stream.

This miniature gorge in the small stream which we first
crossed at the holding basin seems much too large for a
watershed area of about 0.5 km* (0.2 mi*). Milton (1989) sug-
gests that the channel is sited on lamprophyre dikes. I found
no dike within the channel: at the channel mouth, dikes are
exposed off the side (see photograph in Reed and others,
1980, p. 27). This robust channel is a fossil strand of the
Potomac River when the paleo-Great Falls was just upriver
from the mouth, abandoned when further knickpoint retreat
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deprived this stream of its flow. The flat stretch of the chan-
nel below the trestle is consistent with its being part of the
Sandy Landing strath.

Go south and cross the trestle.

Peel off immediately to the left, and climb up a large
rock at the top of the cliffs above Mather Gorge.

Watch out for rvock climbers!

Do not fall into the river!

Stop 6. View above Mather Gorge.

Across the river, on the Maryland side of Mather Gorge.
at least three lamprophyre dikes, each no thicker than 1 ft (0.3
m), are aligned with the small valley (part of the Sandy
Landing strath). These dikes are weathered back from the
more resistant schist and follow parallel joints that dip steeply
downriver. Biotite in dikes just like these, near Stop 1, yield-
ed 363-360+13 Ma by the K-Ar method (Reed anc' others,
1970), showing that not only had rock deformation and meta-
morphism ceased, but that some joints had already formed.
On the Virginia side. a triplet of lamprophyre dikes are
assumed to be the same dikes as those visible on the
Maryland side. If true, then projecting their strikes across the
70-m (230-ft)-wide gorge would show a dextral offset of 25
m (82 ft), a point used as evidence (for example, Reed and
others, 1980, see photograph on p. 27) that a fault is responsi-
ble for this straight 1.4-km (0.9-mi) reach of the gerge (sinu-
osity <1.01). However, this evidence is permissive, because
the dikes might have jumped across preexisting fra~tures
(indeed, the just-mentioned photograph of the dikes shows
two of the dikes to pinch out). As the strike of the dikes is
visible only for a couple of meters, their straight extension
across the gorge is an assumption. No fault could be identi-
fied along its expected on-land continuation on Rorky Island.
Detailed landform analysis of the Bear Island strath shows no
preferred thalweg; yet 25 ft (8 m) lower, the Sandy Landing
channel closely followed the Mather Gorge alignm=nt (Stops
3. 5.6, 8). A fault that did not affect the Bear Island strath
would have to become the controlling structure within that
short vertical distance.

Another possible cause of the straight gorge is control by
fractures. Tormey (1980) reported concentration of fractures
in a direction parallel to the gorge. Again, the evidence is per-
missive because the fractures could be the result of stress
release, analogous to the formation of sheeting fractures in
quarries (Jahns, 1943). One joint-bounded cliff fac= just up
river shows a lateral pothole at the Sandy Landing level, so at
least some of the gorge-parallel joints dated back to when the
gorge excavation was just beginning.

The rocks here are mica schists and graywackes meta-
morphosed in the Ordovician. Sillimanite, andalusite, and
large pseudomorphs of cordierite are present, as well as dis-
puted pseudomorphs of kyanite (which may be tha* of silli-
manite; see Hopson, 1964; and Fisher, 1970). The metamor-
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phic pressure was likely in the 2 to 4 kilobar range (lower if
the identification of kyanite was invalid). As the granite and
pegmatite show that the temperature must have reached
700°C (Stop 3A), the average vertical thermal gradient must
have been 60-70°C/km. This is unlikely for an “upstroke™ P-
T trajectory in a subduction zone; more likely the setting was
back-arc extension. These rocks must have been elsewhere
during the Taconian deformation.

Return to the River Trail. Recross the trestle bridge.

Go past the bronze plaque marked Mather Gorge
Overlook to a large rock outcrop on the left about
500 ft (150 m) beyond the plaque.

Stop 7. Lateral pothole.

Three aligned potholes on a large rock obstacle within
the Bear Island strath. The pothole farthest upriver (north) is
about 4 m (13 ft) from the rock’s prow (Zen and Prestegaard.
1994, figs. 3, 4). Note that the potholes are not nucleated on
fractures. Note the overhanging alcove, the shallow and sim-
ple basin, and the downstream inclination of the potholes.
The plans of these potholes are far from circular: they termi-
nate sharply in the downstream direction but taper on the
upstream side. The waterworn sloping downstream edges of
the potholes are integral parts of the architecture. They are
not broken edges of former vertical potholes.

Lateral potholes form where vortices are created by flow
separation at rock obstacles. The process can be observed
during floods on many rivers, including the Mather Gorge
reach (see also Zen and Prestegaard, 1994, p. 50). The over-
hangs mark levels of water-air intersection during “average”
eroding floods. The asymmetry results from the tip of the
eroding vortex being anchored in the pothole but the top
being swept downstream by the current; in the absence of
other indications, they can give the paleoflow direction.

The processes of removal of rock material during pot-
hole drilling include hydraulic impact, cavitation, and blasting
by suspended load. The interiors of the potholes show strong
material control (see also Stop 3A): millimeter-thick quartz-
rich layers stand out in relief, and the ridges smoothly grade
into recessed unweathered mica-rich layers. The millimeter-
scale selectivity rules out large “grinders™ as the principal
agent of erosion (see Alexander, 1932; see Wentworth, 1924),
Large grinders found in fossil potholes may have choked the
hydrodynamic process, contrary to the intuitive inference.

Reliable data on the rates of pothole formation are
scanty. The available data from natural settings, however,
yield consistent values on the order of 1 in (2-3 cm) per yr
(Gregory, 1950; Putzer, 1971; Bloom, 1998). A pothole of the
size seen here could be formed within a human lifespan. The
interior of the potholes on high level straths are commonly
coated with colonies of crustose lichens whose enlargement
rate is a fraction of a mm per yr (Lawrey and Hale, 1977).

Geology of the National Capital Region—Field Trip Guidebhook

Their presence shows that the occasional inundations during
decadal floods do not modity the potholes.

Continue on the River Trail to where the gravel path
splits near the edge of the open area.

Take the right split for about 70 ft (20 m).

Go right on an unimproved trail for 100 ft (30 m).

Opposite a low rock on the right, bear left on an
obscure path toward the river, emerging in the open
area above an abandoned plunge pool.

Stop 8. Plunge pool of a fossil cascac'e.

The outlet is at 115 ft (35 m), part of the river's Sandy
Landing strath. The cascade formed when the paleo-Great
Falls was near the head of Rocky Island, subsequent to its res-
idence near Stop 5. The top of this fossil falls is about 130 ft
(40 m) asl. incised about 10 ft (3 m) into the Bear Island level.

During the waning stage of the January 1996 flood, the
river current damaged and bent every tree within the
amphitheater; their direction of bend described a large clock-
wise gyre (looking down) that persisted for som= hours. A
rampart fronting the reshaped debris apron was about 9 ft (3
m) high and sloped 20° towards the pond. This rampart was
formed of blocks of local schist mixed with blocks of con-
crete and a few blocks of sandstone. The blocks were as
much as 2 m (7 ft) across and showed a tendency for the long
dimension to be aligned with the strike of the rampart. The
top of the reshaped apron consisted of sand draped over the
blocks, introduced at a later and lower stage from a side chan-
nel, as well as artifacts, such as a 10-ft (3-m) section of 2-in
(5-cm) diameter iron pipe, the working end of a rusted manu-
al lawnmower, and other objects whose shapes provide little
or no hydrodynamic lift. These may have been “lags” from
earlier events. One block of concrete., 42 by 27 by 8 in (1.1
by 0.7 by 0.2 m), bent a standing iron fence post (a piece of
old detritus) and rested in its crook, demonstrating that blocks
of this size were moved by the flood, which at this point
should have generated unit stream power of abot 1 kW
(Williams, 1983).

Return to the River Trail and onto the picnic ground.

Stop 9. Flood marker post.

The water levels for six post-1930 floods are shown on
figure 9. These, plus a seventh flood that just touched the
base of the post, together yielded a regression relation
between these local elevations and Q values recorded at the
Little Falls Gauge Station (Bob Ridky, USGS, oal commun.,
2002). The Little Falls Q value needed to first dissect the
Bear Island level (here at about 140 ft (43 m) asl) into islets,
then to completely inundate it, is about 220,000 to 230.000
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arates the Elk Hill Complex from the pegmatite belt and the
Chopawamsic Formation throughout the area mapped. The
eastern boundary of the Elk Hill is marked by the strongly
mylonitic rocks of the Spotsylvania high-strain zone.

Although the Elk Hill Complex and the Chopawamsic
Formation are superficially similar in that they are both domi-
nated by mafic metavolcanic rocks, we note certain dissimi-
larities. The Elk Hill includes, particularly south of the James
River, distinctive fine-grained felsic metavolcanic rocks inter-
layered with amphibolite. The felsic rocks contain concentri-
cally zoned plagioclase phenocrysts. presumably of primary
volcanic origin; such phenocrysts are not observed in the
Chopawamsic Formation at this latitude. Geophysically, the
Chopawamsic Formation is characterized by a high-ampli-
tude, short-wavelength pattern on total intensity aeromagnetic
maps; the pattern over the Elk Hill Complex is lower ampli-
tude and longer wavelength. Furthermore, the Chopawamsic
Formation contains substantial deposits of precious metals
and massive sulfides. These well-known deposits were heavi-
ly exploited beginning in the early 19th century, to the point
that a well-defined band of rocks now recognized as the
Chopawamsic terrane was known as the “gold-pyrite belt”
(Lonsdale, 1927 Spears and Upchurch, 1997). Despite
intense prospecting by gold seekers, adjacent parts of the
Piedmont remained largely unproductive. The Elk Hill (as
well as the pegmatite belt and the Goochland terrane) is
apparently barren of metallic mineralization, as demonstrated
by the total absence of known mines.

These dissimilarities raise suspicions that the Elk Hill
Complex and the Chopawamsic Formation, while both osten-
sibly of volcanic origin, may be of different ages and affini-
ties. Additional work is needed to fully characterize the dif-
ferences between these two blocks, and to establish the possi-
ble relation of the Elk Hill to other metavolcanic units in the
Piedmont.

Conclusions

The Goochland and Chopawamsic terranes have marked-
ly different histories that indicate that they developed inde-
pendently and were not juxtaposed until post-Late
Ordovician. Unpublished monazite ages in the Goochland ter-
rane, referred to above, raise the intriguing possibility that
they were separate until even later, post ~420 Ma (Silurian),
and that the granulite-facies metamorphic event may be mid-
die Paleozoic. While the basement rocks of the Goochland
terrane, including the State Farm Gneiss, superficially resem-
ble Laurentian rocks of the Virginia Blue Ridge. our work on
the kinematics of its western boundary indicates that it origi-
nated far to the north. Quantitative understanding of the kine-
matics does not resolve whether the Goochland is a native
Laurentian or an exotic terrane; however it does place mean-
ingful limits on its pre-Alleghanian position in the
Appalachian orogen. If the Goochland terrane is Laurentian,
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it originated somewhere between the Pennsylvania reentrant
and the New York promontory. not outboard of the Virginia
Blue Ridge.

The Elk Hill Complex and the pegmatite belt form two
fault slices of uncertain affinity between the Goochland ter-
rane and the Chopawamsic terrane proper. In addition, we
recognize an unusual suite of mafic to ultramafic rocks asso-
ciated with faults along the terrane boundary. Further work is
needed to establish the significance of these units and their
relation to adjacent terranes. These previously unrecognized
crustal elements must be considered in future models for the
tectonic assembly of the southern Appalachian Piedmont.
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Road Log and Stop Descriptions

Day 1 (Sunday, March 28, 2004)

The field trip begins at the 1-64/1-295 interchange west of Richmond.

Mileage

Incremental Cumulative

4.5 4.5 Proceed west on I-64 for 4.5 miles (mi) to Exit 173.

1.2 5.7 Turn left and go south on Va. 623 for 1.2 mi to stop sign.

0.7 6.4 Turn right (west) on U.S. 250 for 0.7 mi to Va. 621.

2.3 8.7 Turn left (south) on Va. 621 for 2.3 mi to Va. 644.

0.75 9.45 Turn right (west) and follow Va. 644 for 0.75 mi to third
driveway on left after crossing Dover Creek.

0.15 9.6 Follow driveway 0.15 mi to creek crossing. Park along driveway.

Stop 1. Neoproterozoic granitoid along unnamed, east-flowing tribu-
tary of Dover Creek.

Outcrop in creek upstream (west) of driveway.

The slopes and creek bed here contain excellent exposures of a distinctive type of
Neoproterozoic granitoid (Zgr) within the State Farm Gneiss (fig. 3). The rock here is char-
acterized by a somewhat spotted appearance, reflecting oriented clusters of biotite+amphi-
bole. This same rock type also occurs as a small body some 10 km (6 mi) to the north (not
shown on figure 3 because of scale). Although the full dimensions of this pluton have not
been completely mapped out, it is exposed in several drainages to the west of Dover Creek
covering an area of at least 2 x 0.5 km (1-0.3 mi) (A.K. Teepe, 2001. undergraduate geolo-
gy thesis, College of William and Mary). Thin sections show that the rock is dominated by
microcline, plagioclase, and quartz: dark-green amphibole, yellow-brown biotite, allanite,
and sparse garnet are accessory minerals. Samples from this pluton are typically quartz
syenite, with SiO, ranging from 60 to 69 weight percent in four samples (Owens and
Tucker, 2003). One sample (south of this stop) yielded a U-Pb zircon age of 588+9/-12 Ma
(Owens and Tucker, 2003).

Mileage

Incremental Cumulative

0.15 9.75 Retrace route back to Va. 644, Turn left (west).

3.7 1345 Follow Va. 644 for 3.7 mi to stop sign. Turn right (west) on Va. 6.
0.1 13.55 Proceed west on Va. 6 for 0.1 mi. Park on shoulder of road.

Stop 2. State Farm Gneiss and Neoproterozoic granitoid in roadcut on
north side of Va. 6.

Outcrop is in roadcut on north side of road.

This location represents one of the few actual roadcuts in this part of the Goochland
terrane. Although highly iron-stained, this exposure shows a key intrusive relation between
a mafic variety of the State Farm Gneiss (~57 weight percent SiO,) and a leucocratic vari-
ety of Neoproterozoic granite (~70 weight percent SiO,). Both rock types are exposed at
various places in the roadcut, but the west end shows that a number of small (centimeter-
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Stop 5. Elk Hill Complex on U.S. 250 near East Leake.

Small outcrops in roadcut on north side of U.S. 250.

Small outcrops of the Elk Hill Complex here were fresh and more extensive when
photographed by C.B. Brown in 1937 (his pl. 7). We can still observe the general nature of
the complex, compositionally layered amphibolite interlayered with biotite gneiss, as it is
expressed north of the James River. The compositional layering here is parallel to a moder-
ately developed foliation that strikes 040° and dips 70° SE. A weak mineral lineation
(mostly hornblende) plunges gently northeast (20°-48°). On the north side of the road. out-
crops display northeast-plunging Z-shaped refolded folds.

The main purpose of this stop is to demonstrate that the Elk Hill Complex is a coher-
ent body of relatively undeformed amphibolitic rocks between two parallel high-strain
zones (fig. 6). It is bounded on the east by the Spotsylvania high-strain zone (Stop 4) and
on the west by mylonitic rocks in the hanging wall of the Lakeside fault (Stop 6). Our
mapping indicates that the Elk Hill extends from here at least as far as the Farmville basin.
40 km (25 mi) to the southwest. Its northeastward extent has not been determined. While
these rocks supertficially resemble amphibolites in the Chopawamsic Formation, they are
structurally separated from the main body of the Chopawamsic Formation to the west.

Mileage
Incremental Cumulative
04 379 Continue west on U.S. 250 for 0.4 mi. At bottom of hill, park on grassy shoulde.

Walk through woods following creek north-northeast. about 0.3 mi.

Stop 6. Mylonitic rocks in the hanging wall of the Lakeside fault in
unnamed creek north of U.S. 250.

Creek pavement outcrops near [-64 culvert.

Exposures in this streambed give us a view of mylonitic rocks in the hanging wall of
the Lakeside fault (fig. 6). A fine-grained matrix of biotite, muscovite, and quartz encloses
abundant porphyroclasts of plagioclase feldspar. Plagioclase-quartz pegmatite layers have
been deformed into lens-shaped, generally foliation-parallel domains of various sizes.
Foliation trends 042° with an average dip of 50° SE. Preliminary analysis of porphyroclast
asymmetry indicates dextral oblique motion on this mylonitic zone, similar to that in the
Spotsylvania high-strain zone. Creeks crossing this zone at a high angle yield outcrops that
indicate a width of nearly 900 m (3,000 ft). Elsewhere, the trace of the Lakeside fault is
marked by extensive development of siliceous breccia (for example, Stop 10A), an indica-
tion of Mesozoic brittle reactivation of this Paleozoic ductile fault zone. The outcrops here
represent part of the case for extending the Lakeside fault northeast of the terminus shown
in northern Cumberland County on the geologic map of Virginia (Virginia Division of
Mineral Resources, 1993). Its northeastern termination has not yet been determined.

Mileage
Incremental Cumulative
2.9 40.8 Return to vehicles and continue west on U.S. 250 for 2.9 mi.

Turn vehicles around in driveway near top of hill and park on south shoulder of road.
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Stop 7. Amphibole-rich metapyroxenite at Hadensville, U.S. 250.

Roadcut at crest of hill on south side of U.S. 250.

This roadcut exposes one of the most prominent mafic to ultramatic dike-like bodies
in the Piedmont province of Virginia. It was originally mapped as pyroxenite by Brown
(1937), but labeled as hornblende gabbro on the 1963 geologic map of Virginia. Curiously.
the body was omitted from the 1993 geologic map of Virginia (Virginia Division of
Mineral Resources, 1993). The body is well exposed in outcrop or float for about 5.5 km (3
mi), ranges up to ~200 m (~660 ft) wide, and is oriented ~040° (Murray and Owens, 2002).
Most exposures are dominated by green, medium- to coarse-grained (<1 cm), blocky calcic
amphibole. and textures range from massive to slightly foliated. The blocky shapes may
reflect pseudomorphic replacement of pyroxene by amphibole. In thin section, the rocks
typically consist of ~85 to 90 percent calcic amphibole (actinolite to actinolitic hornblende
to magnesio-hornblende). minor epidote and quartz, and rare talc (and even rarer cumming-
tonite). Clinopyroxene (relict igneous?) occurs in small amounts in a few samples as
ragged grains within amphibole. Eight samples from along the length of the body show
similar whole-rock SiO, (50-55 weight percent), ALO; (3—7 weight percent), and Mg#
(73-82), but a range in MgO (14-23 weight percent) and CaO (5-14 weight percent).
Normative mineralogy of typical samples is dominated by clinopyroxene and orthopyrox-
ene; all are quartz normative. These observations and data suggest that the body represents
a pyroxenite metamorphosed at middle- to upper-amphibolite-facies conditions, and that
the protolith was a cumulate consisting largely of two pyroxenes and minor plagioclase.
The mode of emplacement is an unresolved issue. The body clearly has a dike-like form,
but its original cumulate character suggests that it could not have been emplaced as a lig-
uid. In addition, no other indicators of intrusive emplacement (chilled margins, contact
metamorphism, xenoliths) have been observed. Alternatively, the body was emplaced tec-
tonically. Its proximity to the Little Fork Church fault (fig. 6) may be significant in this
regard, but no clear field evidence linking these features has thus far been observed. [Much
of this information is from the 2002 undergraduate geology thesis by J.D. Murray, College
of William and Mary; see also Murray and Owens (2002)].

Mileage

Incremental Cumulative

0.9 41.7 Return east on U.S. 250 for 0.9 mi to Va. 606. Turn right (south).
1.8 435 Follow Va. 606 for 1.8 mi to Va. 609. Turn right (west).

1.0 44.5 Follow Va. 609 for 1.0 mi to Mill Creek.

Park in driveway on left.

Stop 8. Granitic gneiss, mylonitized pegmatite, and breccia in the peg-
matite belt near Mill Creek.

Outcrops on hillside north of road.

This leucocratic. fine-grained, weakly layered granitic gneiss with thin pegmatites is
typical of the structurally lowest unit of the pegmatite belt (fig. 3). The pegmatites are
composed mostly of pinkish-white microcline with lesser quartz and muscovite, and are
typically deformed into lens-shaped bodies. Pegmatite bodies are parallel to the foliation,
which strikes 052° and dips 68° NW. “Floating” porphyroclasts surrounded by fine-grained
gneiss suggest that some of the granitic gneiss may be derived from extreme deformation
of pegmatite. Pegmatites in this unit are the coarsest grained rocks seen in this part of the
Piedmont, with individual microcline crystals up to 15 cm (6 in) long. Feldspars in the peg-
matite are strongly fractured, with development of subgrains having nearly paralle] crystal-
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Mileage

Incremental Cumulative

Retrace route 50 yd back to blinking light. Turn left (south) on Va. 690.

3.1 75.4 Follow Va. 690 for 3.1 mi to Va. 602. Turn left (east).
1.0 76.4 Follow Va. 602 for 1.0 mi to Va. 605. Turn right (south).
2.1 78.5 Follow Va. 605 for 2.1 mi to edge of flood plain at bottom of hill. Park on side of road.

Stop 10. Fault breccia, pegmatite belt, and diabase at “Bodatious”
race track.

A. Breccia associated with the Lakeside fault.

Outcrops on hillside northeast of road.

This prominent northeast-trending ridge is underlain by erosionally resistant siliceous
fault breccia, which marks the trace of the Lakeside fault (fig. 4). This fault forms the
western bounding normal fault of the Farmville basin, 20 km (12 mi) to the southwest.
From here, the fault continues northeastward, crossing the James River between Columbia
and Cartersville. Our mapping extends the fault at least as far north as I-64 in Goochland
County (fig. 6, Stop 6).

Breccia occurs discontinuously along the fault trace. This, the largest mapped breccia
body, is about 8 km (5 mi) long. The breccia is composed of cherty. cryptocrystalline silica
with multiple generations of partly to fully filled fractures. Some fractures are filled with
microbreccia, but more commonly they are fully or partly healed with crystalline quartz:
partly open fractures display terminated quartz crystals. Angular clasts displaying truncated
internal fractures are common; they are either supported by microbreccia. by other clasts, or
completely surrounded by cherty silica. Bourland (1976) reports zeolite minerals and
prehnite from fractures associated with this fault. The breccia apparently formed from silica-
rich hydrothermal fluids migrating along the fault in the early Mesozoic: the still-active fault
fractured the hydrothermal deposits repeatedly during their formation.

Cross road and enter “Bodatious™ race track complex. Walk 250 yd to the northwest to dirt drag strip.

B. Structural complex in upper unit of pegmatite belt.
Large saprolite cut along north side of drag strip.

This large saprolite cut provides a rare view of the structure of the eastern part of the
pegmatite belt in the footwall of the Lakeside fault (fig. 4). The strongly compositionally
layered gneiss consists of amphibolite, quartzofeldspathic biotite gneiss, and thin concordant
pegmatites. These lithologies are typical of the structurally highest lithologic unit in the peg-
matite belt (pgl. fig. 4). Layers have been deformed into a series of upright outcrop-scale
folds that plunge steeply to the northeast. The folds are cut by two families of younger nor-
mal faults, one dipping steeply to the southeast and one dipping gently to the northwest. The
faults commonly contain thin discontinuous fills of vein quartz. Crosscutting relations at
most fault intersections indicate that the northwest-dipping set is younger, but a few exam-
ples can be found in which the southeast-dipping set displays more recent movement.

Follow creek upstream (west) for 100 yd.

C. Granitoid gneiss and amphibolite in middle unit of pegmatite belt.

Creek pavement outcrops west of race track.
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In this outcrop, light-gray, fine-grained granitoid gneiss is intruded by a 1.5-m (5-ft)-
thick amphibolite dike. The irregular boundaries of the dike cut and trend more easterly
than weak compositional layering in the granitoid gneiss. Foliation dips steeply to the
southeast (038° 80° SE) and cuts both the dike and the country rock. The amphibolite has
been deformed into Z-shaped folds and is locally stretched into boudins of various size.
The presence of amphibolite boudins within granitoid gneiss is a characteristic feature of
the middle unit of the pegmatite belt (pga, fig. 4). Fine brittle fractures in both lithologies,
apparently related to Mesozoic deformation, are filled with epidote and zeolite minerals.

Continue upstream (west) on path along north bank for 50 yd.

D. Large diabase dike.

Stream pavement, boulders, and blocks in ruins of mill dam.

This old mill dam, now in ruins, was built of local boulders placed on top of stream
pavement composed of diabase. The boulders themselves are primarily diabase, but light-
gray granitic gneiss and white siliceous breccia also are evident. This diabase, one of several
large, north-trending Jurassic dikes in the Virginia Piedmont, can be traced on aeromagnetic
maps for at least 80 km (50 mi) to the south. To the north, this dike crosses the James River
2 km (1 mi) east of Columbia, where Brown (1937) measured its width at 75 m (250 ft).

South of this outcrop (1.2 km; 0.75 mi), the dike intersects the trace of the Lakeside
fault near the Willis River (fig. 4). Although the intersection of the dike with the fault is
beneath the flood plain of the river, mapping indicates that where the dike emerges from
the flood plain in the hanging wall of the fault, it displays an apparent right-lateral offset of
600 m (2.000 ft) (fig. 4). This evidence suggests a degree of dextral offset on the Lakeside
fault after intrusion of the diabase in Early Jurassic time.

Mileage

Incremental Cumulative

2.1 80.6 Return to vehicles and go south on Va. 605 for 2.1 mi to stop sign at Va. 690.

0.7 81.3 Turn left (southeast) and follow Va. 690 for 0.7 mi to stop sign at Va. 45.

4.7 86.0 Turn right (south) on Va. 45 and travel for 4.7 mi to Va. 615. Turn right (west).

1.7 87.7 Follow Va. 615 for 1.7 mi to Va. 663. Turn right (north).

1.2 88.9 Follow Va. 663 for 1.2 mi to end of gravel. Park vehicles and walk down old road to creek.

Stop 11. Gneissic diorite near Whiteville.

Outcrops and blocks in creek.

This coarse-grained melanocratic gneiss (dg), described here for the first time, occupies
an area of 6 km’ (2 mi”) in northern Cumberland County (fig. 3). Tt forms an elongate fault
block bounded on the west by mylonitic rocks in the hanging wall of the Lakeside fault, and
on the east by a narrow band of mylonitic biotite schist that separates it from metavolcanic
rocks in the Elk Hill Complex (fig. 3). Composition is dominantly hornblende+plagioclase
with minor clinopyroxene, quartz, titanite, and epidote. Foliation strikes 042° and is nearly
vertical; hornblende defines a mineral lineation plunging 12° and bearing 042°. The weak to
moderate gneissic layering seen here (fig. 9) is quite variable, with some outcrops showing
no layering or foliation. Supertficially, this unit resembles dioritic rocks identified as high-
grade equivalents of the Carolina slate belt generally on strike to the south (W.C. Burton,
written commun., 2003). When considered with the metapyroxenite in western Goochland
County (Stop 7) and poorly exposed talc-chlorite soapstone about 3 km (2 mi) to the north-
east (D.B. Spears, unpub. field data), all spatially associated with mapped faults, we can
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cut a moderately developed foliation in the granite, but these have not been systematically

examined.
Mileage
Incremental Cumulative
29.1 152.1 Retrace route back to Va. 711 and turn left (east).
Follow Va. 711 approximately 15 mi back to suburban Richmond.
Turn left (north) on Va. 147. Follow signs to I-64/I-295 interchange.
End of field trip.

End of Day 2.
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Road Log and Stop Descriptions

See figure 8 for field-trip stop locations.

Take 1-95 South from the Capital Beltway, I-495.

Mileage

Incremental Cumulative

0.0 0.0 Take Exit 130-A (Fredericksburg) onto Va. 3 East; turn left on Lafayette Boulevard.
2.5 25 Park and go to Visitor Center.

Stop 1. Visitor Center, Fredericksburg and Spotsylvania National Military Park.

View the park video and visit the museum. Restrooms available.

Mileage

Incremental Cumulative

Turn left on Lafayette Boulevard.

Go nine blocks and turn left on Caroline Street.

Go five blocks and turn right on William Street.

Cross the river, then turn left on Chatham Heights Road.

1.8 4.3 Following brown signs to Chatham Manor, turn left on Chatham Lane.

Caroline Street in this area is on the lower terrace.

Stop 2. Chatham Manor, Fredericksburg and Spotsylvania National Military Park Headquarters.

Chatham Manor, located on Stafford Heights and the home of the Lacy family, was
General Sumner’s headquarters during the battle. The Union army had heavy artillery
deployed along Stafford Heights, which commanded the battlefield, from Falmouth to just
across the river from the Confederate right flank. One hundred forty-seven heavy guns
were deployed in four sections (Rable, 2002; O'Reilly, 2003). The location of the former
upper pontoon bridges is clearly visible from the terraces on the river side of the house.
Restrooms available.

Mileage

Incremental Cumulative

Exit Chatham Manor and turn left on River Road.

Turn right on Va. 3 (William Street), crossing the river.

Turn right on Sophia Street.

Go four blocks to the historical marker on the right. River Road
is on the flood plain of the Rappahannock and Sophia Street
is on the lower terrace.

0.9

w
to

Stop 3. Upper Pontoon Bridge crossing.

There were three pontoon bridge sites across the Rappahannock River. This upper
crossing (fig. 3), which consisted of two bridges, was the most strongly contested by the
Confederate army. Sharpshooters positioned themselves in houses and in basements along
the edge of the lower terrace. and defeated nine attempts by Union engineers to complete
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construction of the pontoon bridge. The Union artillery on Stafford Heights was unable to
depress the barrels of the guns sufficiently to fire upon the sharpshooters and provide cover
for the bridge builders. The tenth attempt, carried out by volunteers, was successful, and
Union infantry were able to cross the river during the night of December 11. This was the
first bridgehead landing ever secured under fire by U.S. forces (O'Reilly. 2003). Once
Union troops crossed the river, they had to traverse the very small flood plain in this area
under fire, and force themselves up the 10-m (33-ft)-high bluff to the lower terrace. The
Confederate sharpshooters—Barksdale’s Mississippians—withdrew slowly from the terrace
edge, which resulted in fierce hand-to-hand fighting in this area of the city. This was one of
the few occurrences of urban warfare in the Civil War.

Mileage

Incremental Cumulative

Continue north one block on Sophia Street.
Turn left on Pitt Street.
Go two blocks and turn left on Princess Anne Street.
Turn left on Frederick Street.
Go one block and turn right on Sophia Street.
1.3 6.5 Proceed to the Public Boat Landing (City Dock; dead end).

Stop 4. Middle Pontoon Bridge crossing.

This is the flood plain of the Rappahannock River, with the lower terrace to the west.
Although the terrain in this area provided superior defensive positions for Confederate
sharpshooters, bridge building was not strongly opposed, because the terrain above and
west of the bluff was exposed to the full firepower of Union artillery on Stafford Heights
across the river. One bridge was built in this location (fig. 4). This area also was the loca-
tion of the historic ferry crossing from Stafford County to the city of Fredericksburg. Ferry
Farm, from which the ferry crossed. was the boyhood home of George Washington. It is
said that the cherry tree incident occurred on Ferry Farm and that it was really this part of
the Rappahannock across which George Washington threw his dollar, not the Potomac

River.
Mileage
Incremental Cumulative
Go north one block on Sophia Street.
Turn left on Frederick Street.
Go three blocks and turn left on Charles Street.
Turn right on Dixon Street (Va. 2 and U.S. Bus. 17), which becomes Tidewater Trail.
Turn right on Va. 608, Benchmark Road.
4.0 10.5 Pull into the gravel lane immediately on the left.

On the horizon to your right as you drive south along Tidewater Trail is the ridge
upon which the Confederate army was deployed. At the time of the Civil War, the terrace
to the right was treeless and used for farming.

Stop 5. “The Gallant Pelham.”

Grove of cedar trees from which “The Gallant Pelham™ (Major John Pelham, com-
mander of Stuart’s Horse Artillery) distracted the Union army at the beginning of
Franklin’s attack against Jackson’s position along the ridge to the west. Pelham received
this sobriquet from Lee because of his action here. Pelham’s fire, initially with only one
gun, a 12-pounder Napoleon (fig. 5), delayed the Union attack and also revealed the Union
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Mileage
Incremental Cumulative
Turn left on Lee Avenue (almost a U-turn).
Go one long block and turn right on Charlotte Street.
Go two blocks and turn left on Littlepage Street.
Go two blocks and turn right on Lafayette Boulevard.
0.5 26.8 Turn right into the National Park Visitor Center parking lot.

The area you are driving through is the ground over which the Union army advanced.
Littlepage Street marks the approximate location of the swale.

Stop 9. Visitor Center, Fredericksburg and Spotsylvania National Military Park.

This area below Marye's Heights was the focus of Major General Sumner’s “Grand
Division's™ attack on Longstreet’s corps. The foundations of several houses are preserved,
and one house from the 1860s still stands. The wall along the north end of the sunken road
is the only part of the original wall extant (fig. 7). Confederate infantry and artillery were
deployed along the top of the ridge, and additional infantry, several men deep, were behind
the stone wall. Union infantry advanced across the open fields, and most attacks got no
closer than 100 m (110 yd) to the Confederate line. One bayonet charge, that of
Humphrey’s Division, did get within about 25 m (80 ft), resulting in hand-to-hand fighting
(Reardon, 1995). The Marye House of Civil War fame is now Brompton, the home of the
president of Mary Washington College. Confederate infantry repulsed six attacks on their
position during the battle. The National Cemetery just west of the Visitor Center is located
on Willis Hill, from which the best views of the city and this part of the battlefield can be
obtained. Restrooms available.

Turn right out of the parking lot onto Lafayette Boulevard.
Turn right on Va. 3 (Blue-Gray Parkway).
Turn right onto 1-95 North and return to Northern Virginia.
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9. Tertiary Lithology and Paleontology,

Chesapeake Bay Region

By Lauck W. Ward' and David S. Powars’

Introduction

Tertiary beds exposed along the Chesapeake Bay and
Potomac River southeast of Washington, D.C., have been
studied since the early 1800s. Because of their relative prox-
imity to that city, where both the U.S. Geological Survey and
the Smithsonian Institution are housed, many geologists and
paleontologists have worked on the stratigraphy and fossils.
Most of the earliest efforts were taxonomic ones, but Rogers
(for a summary see Rogers, 1884) described the Paleocene
and Eocene deposits of Virginia. Later work by Darton (1891)
drew from these earlier investigations and he proposed the
primary lithic division of Coastal Plain sediments in Virginia
and Maryland. The term "Pamunkey Formation" was pro-
posed for the glauconitic units, and the overlying shelly sands
and marls were named the "Chesapeake Formation." Since
then, a steady refinement of the units has led to the present
stratigraphic framework.

Geologic Setting

Stratigraphic units exposed in the Chesapeake Bay area
consist of Mesozoic and Cenozoic Coastal Plain beds deposit-
ed in a tectonic downwarp known as the Salisbury embay-
ment (fig. 1). The Salisbury embayment includes parts of
Virginia, Maryland, Delaware, and southern New Jersey and
is bordered on the north and south by the South New Jersey
arch and the Norfolk arch, respectively. Subsurface data indi-
cate that these arches are characterized by stratigraphic thin-
ning or truncation of formations of Cretaceous and Tertiary
age. The basement complex underlying the embayment
includes Precambrian and Paleozoic age crystalline rocks and
Mesozoic age rift-basin fill. The Salisbury embayment was
the site of intermittent marine overlap and deposition during
the Early and Late Cretaceous and most of the Tertiary. Beds
are of fluvial, deltaic, and open-shelf origin and were deposit-

'Virginia Museum of Natural History, Martinsville, VA 24112,
*U.S. Geological Survey, Reston. VA 20192,

ed in a wedge-like configuration with their thin, westward
edge overlapping the Piedmont. To the east, the Coastal Plain
deposits thicken to several thousand feet.

The lithology. thickness, and dip of the various forma-
tions deposited in the Salisbury embayment are, to a great
extent, structurally controlled. This tectonism occurred at sev-
eral local and regional scales. Tectonism on a regioral scale
involved tilting of the entire Atlantic continental margin. Of
lesser importance was the independent structural movement of
the various basins, or depocenters, and the intervening arches,
or high areas. These high and low areas moved independently
of each other, creating a stratigraphic mosaic that is unique
from basin to arch. Various tectonic models include block
faulting and possible movement of the landward portions of
the Coastal Plain. Parts of oceanic transform faults have been
suggested as causes for the arch-basin configuration.
Variations in the distribution and thickness of Cretaceous and
Tertiary deposits also suggest the gradual migration of basins
through time. Other structural deformation in the Szlisbury
embayment consists of localized, downdropped grabens that
occur along northeast-trending lineaments. These grabens are
related to early Mesozoic rifting and caused certain areas to be
unstable. These areas were reactivated during the Cretaceous
and Tertiary, possibly due to sediment loading. The presence
of the grabens resulted in structural highs behind which finer
sediments accumulated. Thus, each of these various structural
elements contributed to the overall depositional patterns on the
Coastal Plain and in the Salisbury embayment.

Lower Tertiary deposits consist of glauconitic silty sands
containing varying amounts of marine shells. The Tertiary
beds are principally marine-shelf deposits. Fluvial, deltaic,
and nearshore-shelf facies are generally lacking. Th= same is
true for the upper Tertiary marine beds, which consist of
diatomaceous silts and silty and shelly sands. However, sands
and gravels of fluvial and deltaic origin cap most of the high-
er intefluves in the Salisbury embayment area and are thought
to be Miocene. Pliocene, and (or) Pleistocene.

The Salisbury embayment had a warm-temperate to sub-
tropical marine setting throughout much of its history. During
the late Tertiary, a portion of the temperate molluscan fauna
became endemic. Abrupt cooling in the late Pliocene caused a
major local extinction involving these taxa that had been suc-
cessful since the Oligocene.
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Figure 1. Map showing principal basins and arches of the Atlantic Coastal Plain.



Tertiary Lithology and Paleontology, Chesapeake Bay Regio~

265

Cycles of R o
N of Relative Changes @ W1 Atiaatic Coastai Plain Sauisbury Embayment Albemarie Embayment Charteston Embayment | Marine Chimatic
of Sea Levei Based on Coastal Oniap w g Sea Level Changes Sea Level Changes Sea Level Changes Sea Level Changes Fluctuations
EPOCHS (After Vail and Mitchum, 1979) g9 EPocHs
- "“';"' . Fatme ~ | O 1R Present Sea-Level Present Sea-Lavel Present Sea-Level Present Sea-Level Brogent
| . n Fﬁ.ﬁ { g - Riving . Fatilag > | « Risng Faliog = | < Rising vg' Failing » | = Rising Foling> |<Warmer  Coolerm
_________________ - — - i = gl
§§ ——————————— ===_- -] g R ~ Fz
P DI | S S VY T - T -
‘5 e T (r: .......... B o | e e S £h
- ——— —-.—-\\ vvvvvv 11:}1«
N 4 . 7 -
e — et h—— R ~—
: { - 7 3 N
I | Y . S~ ol -
e — <
w] w R h Zlz
zlzlhe e [ S - . Se— o J = =3
HE e |7 ] - : = cle
) ol | P NN N o . ~ ~. S g o
= N '\ ™
: e o e o e e e e e - . - N
— e >
E \\ wi - \,% ~ \ z
<
""""""""""""" B e
i | p— -
o = - (Hv*g_' ’
............... - ORI = — { P -
wl s v \ ‘ . »e
z| 3 \ P ) =1c
Gl — ! "le
Q ~ ~ o
<] ~ o b o
9 m
3 N B ) 7
Ses Levet ’

LATF] FARLY

S
i} 4 IHvd

EOCENE
MIDDLE
i
i
i
i
i
]
/"‘{//
\
1
1
i
]
T
i
]
'
1
i
i
i
1
o
i
=
!
f
[
I

EARLY
i
i
[
t
]
1
1
i
t
'
t
i
t
'
i
‘
[
‘
1
'
1

o
i

1/]

LRt

/]/(
7

A

3IN3003

4
{
]
ETTS]

PALEOCENE
LAT
T
[
i i
vy
'
' i
' i
4
i
]
t
1
i
T
i i
[ i
[
'
ey
t
[
i
i +
I
S
B
l T

*a “

/
/]

AINIVOA IV

4
.

Figure 2. Onlap-offlap history of the Atlantic Coastal Plain, based on onshore outcrop and subsurface data. Sea-level fluctuations in the Salisbury,
Albemarle, and Charleston embayments are plotted against a chart of cycles and supercycles by Vail and Mitchum (1979). Data from the basins are
combined to appraximate global sea-level events as seen along the Atlantic Coastal margin. The marine climate curve represents conditions in the
Salisbury embayment and is based on data from fossil molluscan assembiages.

Tertiary History of the Salishury
Embayment

The Salisbury embayment and the entire Atlantic Coastal
Plain have had a complex history. In contrast to "passive margin"
descriptions, this was a structurally dynamic area whose sedimen-
tary history clearly shows the effects of structural movement as
well as of global sea-level events. To identify and eliminate local
tectonic "noise" and detect actual global sea-level changes, one
must compare the detailed stratigraphic records of several embay-
ments. In figure 2, the sea-level curves of three principal Atlantic
Coastal Plain basins (Salisbury embayment, Albemarle embay-
ment, and Charleston embayment) are summarized. A fourth
curve for the Atlantic Coastal Plain combines the data obtained in
the three basins and attempts to show the actual record of sea-
level fluctuations. These curves are plotted against the cycles and
supercycles of Vail and Mitchum (1979). The curves are based on
our interpretations of onshore outcrop and subsurface data. We
have made no attempt to plot sea-level changes beyond the pres-

ent coastline. The following trends occur and are based on the
onlap relations of formations in the three basins.

Paleocene

In the middle early Paleocene, there is agreem=nt for a
moderately strong marine pulse. This pulse is evidenced by
the Brightseat Formation in the Salisbury embayment (figs. 3,
4A), the Jericho Run Member of the Beaufort Formation in
the Albemarle embayment, and the Black Mingo Formation
in the Charleston embayment. Another strong onlar sequence
occurred during the late Paleocene and lasted almost that
entire period. In the Salisbury embayment, beds associated
with the event are included in the Aquia Formation (fig. 4B).
There are at least two recognizable sea-level pulses. repre-
sented by the Piscataway and Paspotansa Members. involved
in that sequence. A final small transgression, probably only in
the Salisbury embayment, resulted in the deposition of the
Marlboro Clay (fig. 4C).
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Figure 3. Correlation chart showing Tertiary units from New Jersey to Alabama.
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cate areas where boundary data are lacking.

Eocene

During the early Eocene a moderately strong transgres-
sion occurred in the Salisbury embayment (Potapaco Member
of the Nanjemoy Formation. fig. SA). In the late early Eocene
a second transgression occurred, which is reflected in the
Salisbury embayment by the Woodstock Member of the
Nanjemoy Formation (fig. 5B).

The most extensive transgression during the Tertiary
occurred in the middle Eocene. In Virginia and Maryland it
took place during the middle middle Eocene and resulted in
the deposition of the Piney Point Formation (fig. 5C). To the
south, this transgression consists of carbonate beds: Castle
Hayne Formation in North Carolina: Moultrie Member of the
Santee Limestone and McBean Formation in South Carolina
and Georgia: and Lisbon Formation in Georgia and Alabama.
Beds associated with this event are present in all areas of the
Gulf Coastal Plain. It is clear that these deposits record a
global sea-level rise. At least five small transgressions are
reflected in the middle Eocene sequence, but they are plotted
as a single event in figure 2 because of the lack of correlative
data. During the late Eocene, a small-scale transgression took
place in Virginia (the Chickahominy Formation of Cushman
and Cederstrom, 1945; fig. SD). This thin unit contrasts with
the thick stratigraphic sequence deposited in the Gulf area at
that time. That record suggests a high sea-level stand, but the

meager upper Eocene record in the Atlantic basins indicates a
general sea-level lowering, unless most of that area was tec-
tonically emergent.

Oligocene

During the early Oligocene, a thick sequence of beds
was deposited in the Gulf, while in the Atlantic reg’on there
are only thin subsurface units of that age. In the late
Oligocene, data indicate a relative highstand, which resulted
in the deposition of beds in the Charleston embayment,
Albemarle embayment, and the Gulf. During the very late
Oligocene or very early Miocene a brief, small-scal=, high
stand left a sedimentary record in the Salisbury embt2yment
(Old Church Formation, fig. 6A). In spite of the thinness of
these deposits, their widespread occurrence is good evidence
for a global sea-level rise and the submergence of niuch of
the Atlantic Coastal Plain (Ward, 1985).

Miocene

Following the Old Church transgression and a brief
regression, onlap in the Salisbury embayment during the
Miocene is characterized by nearly continuous sedimentation
punctuated by short breaks, resulting in a series of thin,
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unconformity-bounded beds. Three of these transgressions
produced the silty sands and diatomaceous clays of the
Calvert Formation (Shattuck, 1902, 1904; fig. 6B). The
diatom assemblages indicate the first and second transgres-
sions occurred in the late early Miocene, and the third in the
early middle Miocene (Abbott, 1978; Andrews, 1978). The
axis of the depocenter was still to the northeast and it was
apparently a restricted basin. Diatomaceous clays accumulat-
ed deep in the embayment while coarser grained, sandy
deposits predominated in a seaward direction. Small-scale
marine pulses brought coarser sediments deep into the
embayment and stillstands resulted in clay accumulations.
This formed cyclic deposits of alternating thick beds of clay
and sand. Each of the Calvert pulses was successively more
extensive: the third pulse partially overlapped the Norfolk
arch and extended into the Pungo River Formation sea in the
Albemarle embayment.

In the middle and late middle Miocene, the Salisbury
embayment was again the site of two brief transgressions.
Both were less extensive than the earlier Calvert seas and
brought coarser sediments deeper into the embayment (fig.
6C). Beds of the first transgression, including the Drumcliff
and St. Leonards Members (of Gernant, 1970) of the
Choptank Formation, unconformably overlie the Calvert
Formation. The second pulse of the Choptank, which corre-
sponds to the Boston Clifts Member of Gernant (1970),
unconformably overlies beds of the first pulse. Molluscan
assemblages indicate cool-temperate to warm-temperate, shal-
low-shelf. open-marine conditions.

In the early late Miocene, another pair of marine trans-
gressions occurred in the Virginia-Maryland area (fig. 6D).
Predominantly clayey sands were deposited. with some beds
containing a prolific and diverse molluscan assemblage.
These beds, which have been assigned to the St. Marys
Formation, conformably overlie the Choptank Formation and,
in turn, are unconformably overlain by beds of the second
pulse, which corresponds to Shattuck’s (1904) "Zone 24."
Both units contain abundant and diverse molluscan assem-
blages that indicate shallow-shelf, open-marine, warm-tem-
perate to subtropical conditions. During the second pulse, the
locus of marine deposition shifted substantially to the south.
This shift indicates an end of the northeast depositional align-
ment that appeared to have dominated in the Salisbury
embayment from the Paleocene to the middle Miocene. After
the shift, the principal basinal area was centered in Virginia.
while Maryland was largely emergent.

After a break of approximately 1.5 to 2.0 m.y., marine
sedimentation resumed with a large-scale transgression in the
late late Miocene (fig. 7A). It began with localized subsi-
dence in central Virginia that caused the deposition of a thick
sequence of inner-bay, shallow-shelf sediments, termed the
Claremont Manor Member of the Eastover Formation (Ward
and Blackwelder. 1980). The Claremont Manor Member is a
poorly sorted mixture of clay and sand with the finer material
concentrated in the westward portion of the basin. Toward the
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center, fine-grained sands dominate and contair large concen-
trations of mollusks in the beds. Some of the nearshore clays
deposited at that time contain appreciable concentrations of
diatoms. Molluscan assemblages found in the Claremont
Manor Member are less diverse than in either of the previous
pulses in the St. Marys Formation and are less diverse than
the subsequent Cobham Bay Member of the Ea<tover
Formation. The composition of the fauna suggests cool to
mild temperature conditions in a somewhat pro‘ected and
restricted embayment.

After a brief lowstand, a high sea-level pulse in the late
Miocene resulted in a very thin, but widespread, marine
deposit termed the Cobham Bay Member of the Eastover
Formation (Ward and Blackwelder, 1980: fig. 7B).

Stratigraphy
Pamunkey Group

Brightseat Formation

The Brightseat Formation, named by Bennett and
Collins (1952) for outcrops in Prince George's County,
Maryland, consists of olive-black (5Y 2/1), micaceous. clayey
and silty sands. Ward (1985) reported that the Rrightseat
Formation crops out as far south as the Rappahannock River
in Virginia. The Brightseat sea occupied principally the north-
eastern portion of the Salisbury embayment and was separat-
ed from the Albemarle embayment to the south by the
Norfolk arch (fig. 4A). In its type area, 1.0 mile (mi) west-
southwest of Brightseat, Prince Georges Count, Md.. mol-
lusks are abundant, but only the calcitic forms are well pre-
served. Away from the type area, the macrofossils are
leached, leaving only molds and casts. In the P-ince Georges
County area, the Brightseat Formation unconformably over-
lies marine deposits of the Severn Formation (Upper
Cretaceous). To the south, on the Potomac and Rappahannock
Rivers, it overlies fluvial deposits of the Potomrac Group
(Lower Cretaceous). Beds now placed in the Brightseat
Formation were originally assigned. with some reservations,
to "Zone 1" of the Aquia Formation (Clark and Martin, 1901).

On the right bank of Aquia Creek (Stop 1) (see figure 8
for locality map). the Brightseat Formation unconformably
overlies the Patapsco Formation of the Potoma~ Group. The
Brightseat Formation is, in turn, unconformably overlain by
the Aquia Formation. Macrofossils at the locality are leached
and are present only as rare molds and casts, but the mica-
ceous silty sand, nearly devoid of glauconite, distinguishes
the unit. The Brightseat Formation is not known to either crop
out or exist in the subsurface south of the Rappahannock
River exposures; however, it has been identitied in cores from
the Dismal Swamp area near Norfolk.

Hazel (1968. 1969), studying the ostracod=s of the
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Brightseat Formation in the type area. found the unit to be
equivalent to the upper part of the Clayton Formation in
Alabama, and placed it in the Globoconusa daubjergensis-
Globorotalia trinidadensis zone on the basis of planktic
foraminifers. He showed the Brightseat Formation to be early
Paleocene in age and placed it in the upper part of the Danian
Stage. According to Gibson and Bybell (1984), calcareous
nannofossils present in the Brightseat Formation indicate its
placement in nannoplankton zone NP 3 (of Martini, 1971).

Aquia Formation

The use of the term "Aquia" as a stratigraphic unit was
first introduced by Clark (1896). He gave the name "Aquia
Creek Stage" to beds that crop out in the vicinity of Aquia
Creek, Stafford County, Va. The concept of the unit was soon
revised, and it was renamed the Aquia Formation by Clark
and Martin (1901). Bennett and Collins (1952) restricted
Clark's and Martin's (1901) earlier definition of the Aquia
Formation when beds placed in "Zone 1" by Clark and Martin
were designated the Brightseat Formation. It is the Aquia
Formation, in this restricted sense, that unconformably over-
lies the Brightseat Formation in the northeastern area of its
range and unconformably overlies Lower Cretaceous deposits
south of the Rappahannock River. The Aquia Formation con-
sists of clayey. silty, very shelly, glauconitic sand. It crops out
in a continuous arc from the upper Chesapeake Bay to the
area around Hopewell, Va., on the James River. Both mem-
bers of the Aquia Formation, the Piscataway and Paspotansa,
are recognized along the Potomac, Rappahannock. Mattaponi,
Pamunkey. and James Rivers, and both are extremely fossilif-
erous (see figure 4B for the basinal outline of the Aquia).

Macrofossils in the Aquia Formation locally are well
preserved but more commonly are leached, making recovery
difficult. Microfossil groups consist of ostracodes,
foraminifers, pollen, dinoflagellates, and calcareous nanno-
fossils. Microfossil work has indicated placement of the
Aquia Formation in the upper Paleocene. Gibson and Bybell
(1984), on the basis of calcareous nannofossils, placed the
Aquia Formation in zones NP 5-9.

Piscataway Member

The Piscataway Member of the Aquia Formation was
named by Clark and Martin (1901) from exposures along
Piscataway Creek. Prince Georges County, Md. It included
seven "zones," which were traceable along the Potomac River
in the type area of the Aquia Formation. "Zone 1" of Clark
and Martin (1901) has since been recognized as a distinct unit
by Bennett and Collins (1952) and was termed the Brightseat
Formation. Study of the lectostratotype section (principal ref-
erence section designated by Ward, 1985; Stop 2) of the
Aquia Formation and the Piscataway and Paspotansa
Members has revealed the most significant lithic change to be
at the "Zone 5"-"Zone 6" contact of Clark and Martin (1901).
There it changes from a poorly sorted. clayey sand to a very
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well sorted, micaceous, silty, fine-grained sand. Ward (1985)
proposed that the boundary between the two memt-<rs be
placed between Beds 5 and 6 and that the base of the
Paspotansa be extended downward to include "Zor=s 6 and
7" of Clark and Martin (1901). Beds 2 to 5, assign=d to the
Piscataway Member, consist of clayey. silty, poorly sorted
glauconitic sands containing large numbers of macrofossils,
principally mollusks. The mollusks are concentrated in beds
of varying thicknesses and are cemented at several intervals
into locally traceable indurated ledges. Large bivalves, which
include Cucullaea, Ostrea, Dosiniopsis, and Crassatellites
(see pl. 1), are the most conspicuous taxa. The quartz sand
present in the Piscataway Member is usually poorl:’ sorted,
angular, and clear. Glauconite is extremely abundant. ranging
from sand-size pellets to coatings on and in molluscan fossils.
The sand, glauconite, and mollusks are interspersed in a
clayey, silty matrix producing a very tough, olive-gray (5Y
4/1) calcareous marl. Glauconite percentages range from a
low of 20 percent in far updip localities to 70 percent or more
in the more seaward parts of the basin.

Paspotansa Member

The Paspotansa Member of the Aquia Formation,
described by Clark and Martin (1901), received its name from
Passapatanzy Creek, a tributary of the Potomac River in
Stafford County, Va. As originally defined, the Pasnotansa
included "Zones 8 and 9" of Clark and Martin (1901).
However, as previously discussed, Ward (1985) recommend-
ed that Beds 6 and 7 also be included in the Pasporansa
Member. Bed 6 consists of an olive-gray (5Y 4/1), very fine
grained, micaceous, glauconitic sand containing large num-
bers of Turritella mortoni. Beds 7 and 8 consist of olive-black
(5Y 2/1), fine-grained, glauconitic sand, with scattered, thin
Turritella beds. Bed 9 is an olive-black (5Y 2/1), fine-grained,
glauconitic sand containing large numbers of closely packed
Turritella in beds of varying thickness. The thicknesses of the
units, as well as their fossil content, vary from locality to
locality, but several characteristics are internally consistent.
The Paspotansa Member consists of fine- to very fine
grained, silty, well-sorted, micaceous, glauconitic and quart-
zose sand in massive or very thick beds. This texture is strik-
ingly different from the underlying poorly sorted. clayey,
shelly, glauconitic and quartzose sand of the Piscataway
Member. The Paspotansa Member is usually overlain by a
gray (N 7, when fresh), tough clay termed the Marlboro Clay.
This bed, where present, makes the recognition of the upper
boundary of the Paspotansa Member relatively easy. Where
the Marlboro Clay is absent, the well-sorted, fine-grained
sands of the Paspotansa Member may be distinguirhed from
the overlying, clayey, highly bioturbated, poorly sorted glau-
conitic sands of the Potapaco Member of the Nanjemoy
Formation.

As in all formations in the Pamunkey Group, the glauconite
content of the Paspotansa Member of the Aquia Formation varies
with proximity to the paleoshoreline. Percentages are much
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lower near the perimeter of the basin, in some areas less than 10
percent. Seaward, in an eastward direction, the glauconite con-
tent may reach 90 percent. The nature of the shell deposits with-
in the Paspotansa Member further serves to distinguish that unit
from the underlying Piscataway Member and the overlying
Nanjemoy Formation. Massive glauconitic sands containing con-
siderable numbers of large Turritella in thin beds or lenses char-
acterize the Paspotansa Member. in striking contrast to the very
shelly, silty sands of the Piscataway Member, which are usually
dominated by loosely packed, medium-size to large bivalves.
Also notable is the massive nature of the Paspotansa Member,
often exposed in the high vertical walls of bluffs along the
Potomac, Rappahannock, and Pamunkey Rivers. Where very
fresh, the unit is dark-olive-black (5Y 2/1). Where partially
weathered, it is grayish-orange (10YR 7/4), and where very
weathered, it appears yellowish-orange (10YR 7/6), because of
the oxidation of iron in the glauconite.

The Paspotansa Member apparently disconformably
overlies the Piscataway Member, but the nature of the contact
is commonly obscured. Clark and Martin (1901) described
the nature of the contact between "Zones 6 and 8" along the
bluffs below Aquia Creek, but the most notable lithic change
occurs at the contact between their "Zones 5 and 6" (Ward,
1985). On the Rappahannock and Mattaponi Rivers, the con-
tact between the two members is obscured by slumping and
poor outcrops. Along the Potomac River, however, the contact
between the two members is sharp and undulating. No phos-
phate accumulations or burrows are present, indicating only a
brief period of nondeposition.

The Paspotansa Member crops out in a broad arc from
the Eastern Shore of Maryland to the James River in Virginia
(see fig. 4B). Clark and Martin (1901, p. 73) described the
Paspotansa Member from the Chester River in Kent County,
Md., and their descriptions of the sections on the Severn and
South Rivers in Anne Arundel County, Md., indicate the pres-
ence of the unit there. Additional sections are described in the
Upper Matlboro area of Prince Georges County., where the
Paspotansa Member includes a heavy concentration of bry-
ozoans. The most extensive outcrops of the member extend
along the Virginia shore of the Potomac River from the mouth
of Aquia Creek to below Fairview Beach. Between Potomac
Creek and Aquia Creek (Stop 2), 61.5 feet (ft) (18.8 meters
(m)) of the Paspotansa Member occurs in steep, almost verti-
cal bluffs. which have been weathered to a reddish-orange
color. This section was designated the principal reference sec-
tion (lectostratotype locality) of the Paspotansa Member by
Ward (1985). Several distinct shell beds are present, as well
as several discontinuous ledges of boulder-size concretions.
Other shell concentrations, consisting principally of large,
current-oriented Turritella mortoni (see pl. 2), occur in lens-
shaped masses.

Marlboro Clay

Clark and Martin (1901, p. 65) first applied the term
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"Marlboro clay" to sediments included in "Zone 10" of Clark
(1896, p. 42). The name was derived from exposures of that
unit near Upper Marlboro, Prince Georges Courty, Md. Clark
and Martin (1901) considered this unit to be the basal unit of
the Potapaco Member of the Nanjemoy Formation. Clark and
Miller (1906) briefly described the outcrop area of the
"Marlboro clay" across Maryland and Virginia and included it
in the basal bed of the Nanjemoy Formation. Clark and Miller
(1912) again included the pink clay as the basal bed in the
Nanjemoy Formation. However, at only one locality, below
Hopewell. Va., on the James River (Clark and Miller, 1912, p.
115), is a specific outcrop section described. Daton (1948),
in a short note. described the areal extent of the Marlboro
Clay and referred to that unit as the basal memb-r of the
Nanjemoy Formation. This had the effect of formalizing the
name. A more detailed study, including a detaile geologic
map by Darton (1951), also placed the Marlborc Clay as the
basal bed of the Nanjemoy Formation. Glaser (1971), howev-
er, was the first to formally propose the elevation of the
Marlboro Clay to formational rank. This restricted the origi-
nal concept of the Nanjemoy Formation and. more specifical-
ly, that of the Potapaco Member. This treatment of the
Marlboro Clay, as a separate formation, was cortinued by
Reinhardt and others (1980).

Glaser (1971, p. 14} characterized the Marlboro Clay as
"a silvery-gray to pale-red plastic clay interbedded with much
subordinate yellowish-gray to reddish silt.” Glaser noted that
both the lower and upper contacts of the Marlboro Clay were
sharp and nongradational and probably represented at least a
brief hiatus between the underlying and overlying units. A
more recent study by Reinhardt and others (1980) on a core
from Westmoreland County, Va., concluded that the Aquia-
Marlboro contact was somewhat gradational, wl =reas the
upper Marlboro-Nanjemoy contact was sharp and was marked
by burrows into the underlying Marlboro Clay.

The areal distribution of the Marlboro Clay was mapped
by Darton (1951) and schematically shown by Glaser (1971),
but no detailed study of the formation has been made in much
of the Virginia Coastal Plain. OQutcrops of the Marlboro Clay
examined by us have been limited to those found on the
Potomac, Mattaponi, Pamunkey, and James Rivers. Outcrop
patterns indicate a spotty, although widespread, occurrence of
the unit.

Because of the lack of calcareous fossils, th> age of the
Marlboro Clay has been assigned principally on the fact that
it occurs between the Aquia and Nanjemoy Forrations. This
brackets its age but does not afford primary evicence. A
detailed study of a core from Oak Grove, Westmoreland
County, Va., by Gibson and others (1980) and Frederiksen
(1979) afforded the best paleontologic evidence of its age.
The consensus of pollen and dinoflageliate data suggested an
age of very late Paleocene and possibly very early Eocene.
Mixing of the two floral assemblages may have occurred
through reworking and bioturbation or the unit may contain
the Paleocene-Eocene boundary.
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Nanjemoy Formation

Beds now included in the Nanjemoy Formation were
first studied in detail by Clark (1896), who divided them
(along with those now included in the Aquia Formation) into
"zones." Those "zones" above the "Aquia Creek Stage" of
Clark (1896) were numbered 10 through 17. "Zone 17" was
named the "Woodstock Stage." Clark and Martin (1901)
revised this terminology and placed their "Zones 10 through
17" in the "Nanjemoy Formation or Stage." The Nanjemoy
Formation was divided into the "Potapaco Member or sub-
stage" including "Zones 10-15" and the Woodstock Member
including "Zones 16 and 17." In this same publication Clark
and Martin (1901, p. 65) introduced the term "Marlboro clay."
informally, for part of their "Zone 10." In a brief, preliminary
report on the stratigraphy of the Virginia Coastal Plain, Clark
and Miller (1906) dropped the stage and substage terminolo-
gy and referred only to the Aquia and Nanjemoy Formations.
Clark and Miller (1912) continued this usage and retained
both as formations. The "Marlboro clay" was briefly men-
tioned again (Clark and Miller. 1912, p. 103) but was specifi-
cally reported from only one locality (Clark and Miller, 1912,
p. 115). The zonation of beds and their breakdown into mem-
bers was retained only for those well-studied exposures along
the Potomac River. South of the Potomac, assignment only to
formation was attempted. The term "Marlboro Clay” was
finally formalized by Darton (1948), but the unit was retained
as a basal member of the Nanjemoy. This removed the
Marlboro Clay ("Zone 10," in part, of Clark) from beds previ-
ously included in the Potapaco Member. The Marlboro Clay
was retained as a member of the Nanjemoy until Glaser
(1971) elevated it to formational rank. This, in effect, restrict-
ed the original concept of the Nanjemoy Formation, and only
part of "Zone 10" and "Zones 11-17" remained in that forma-
tion. Beds younger than "Zone 17" were not included in the
original description or sections of the Nanjemoy Formation
but were later lumped under the term "Nanjemoy Formation"
by Clark and Miller (1912).

Potapaco Member

The Potapaco Member of the Nanjemoy Formation was
described by Clark and Martin (1901, p. 65) and received its
name from "...the word Potapaco found on the (Captn. John)
Smith and others early maps..." The Potapaco Member
included "Zones 10 to 15" of Clark and Martin (1901). Part of
their "Zone 10" included the Marlboro Clay. Clark (1896),
Clark and Martin (1901), and Clark and Miller (1912)
described the beds ("Zones") found in the Potapaco Member
at sections upriver from Popes Creek on the left bank of the
Potomac River, Charles County, Md. The section described
by Clark and Martin (1901, p. 70. Section VII) was designat-
ed the principal reference section (lectostratotype) of the
Nanjemoy Formation and the Potapaco Member by Ward
(1985). The exposure is just downstream of Stop 6 in this
report.
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The following terminology is used for the series of four
beds that have been recognized in the Potapaco Member (let-
tered from oldest to youngest) (from Ward, 1984, 1985):

Bed D—Concretion-bed Potapaco

Bed C—Burrowed Potapaco

Bed B—Bedded Potapaco

Bed A—Nonbedded Potapaco

Bed A—Nonbedded Potapaco

Bed A is found on the Potomac, Rappahannock,
Mattaponi, and Pamunkey Rivers. It consists of a clayey.
silty, fine-grained sand that contains scattered, small mollusks
including Venericardia potapacoensis Clark and Mertin, 1901
(see pl. 3). Glauconite occurs in relatively small amounts in
the sand-size fraction in updip areas. but glauconite percent-
ages increase in a seaward direction. Small phosphate pebbles
are common. The bed is estimated to be 15 to 20 ft (4.6-6.1
m) thick and, in most places, unconformably overlies the
Marlboro Clay. Bed A is distinguishable from Bed R by its
darker color, lack of bedding, and less clayey texture.
Calcareous fossils are generally leached, leaving only molds
and casts. The unit is present on the right bank of the
Potomac River 1.75 mi (2.8 km) below Fairview Beach in
King George County, Va. (Stop 4).

The lithic and faunal makeup of Bed A suggests an ini-
tial marine pulse and basal transgression in contrast to the
quiet, protected embayment indicated by the Marlboro Clay.
Physical and paleontologic evidence indicates that little time
occurred in the break between the Marlboro Clay and Bed A
of the Potapaco Member.

Low molluscan diversity and small glauconite percent-
ages suggest restricted conditions during the deposition of
Bed A. In spite of this evidence. renewed marine influence is
apparent. Dinoflagellate assemblages are marked by reduced
diversity; the flora is dominated by a single taxon, indicating
restricted marine conditions (L.E. Edwards, written commun.,
1984). Mollusks, in general, are poorly preserved bt where
present are low in diversity.

Calcareous nannofossils found in the Oak Grove core in
Westmoreland County (Gibson and others, 1980), from the
interval just above the Marlboro Clay, probably corie from
Bed A and indicate the placement of that bed in calcareous
nannoplankton zone NP 10 (early Eocene). Assemb'ages of
pollen, dinoflagellates, foraminifers, and ostracodes substanti-
ate this placement.

Bed B—Bedded Potapaco

Bed B, the most striking unit in the Potapaco Member. is
easily recognized by its thinly bedded appearance. This
appearance is due to the accumulation of a small bivalve,
Venericardia potapacoensis Clark and Martin, 1901, in vast
numbers along many discontinuous. thin bedding planes. Bed
B varies in thickness from locality to locality. Its exact thick-
ness in surface exposures is difficult to determine because of
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poor outcrops. It is estimated to range from only a few feet
(about 1 m) to more than 15 ft (4.6 m) thick. The sediment in
Bed B consists of olive-gray (5Y 4/1), very clayey, glauconitic
sand to sandy clay. The clay, when fresh. appears to be grayish
orange pink in color (5YR 7/2) and contains varying amounts
of fine- to medium-size glauconite and quartz sand.
Glauconite content ranges from less than 10 percent in the
westernmost exposures to more than 75 percent with increas-
ing distance eastward (seaward). Bedded concretions ranging
up to boulder size are common in Bed B. These nodules,
although sometimes regionally traceable, are not sufficiently
stratigraphically continuous to be used as marker beds.
Sedimentological and faunal characteristics of Bed B
indicate deposition in a shallow, somewhat restricted embay-
ment. Glauconite grains, which appear to be concentrated in
burrows, are common. The burrows and the concentrations of
abraded bivalves along bedding planes suggest shallow
depths, probably not below wave base. Glauconite-coated,
worn, disarticulated valves of Venericardia indicate periods of
slow sediment accumulation. Bivalves may be concentrated
along those winnowed zones because of intermittently favor-
able bottom conditions or storms. Elsewhere in the section,
where soft clays inhabited by burrowing organisms predomi-
nated, the bottom may not have been suitable for the settle-
ment of bivalve larvae. The molluscan assemblage of Bed B
is dominated (up to 95 percent of the assemblage) by
Venericardia potapacoensis Clark and Martin, 1901 (pl. 3).

Bed C—Burrowed Potapaco

Above the thin-bedded clayey sand of Bed B is a series
of sandy clays to clayey sands that are easily recognizable by
their intensely burrowed appearance. Bedding, if it was ever
present, has been obscured by bioturbation except along a
few very thin planes. Along those surfaces sedimentation
appears to have been interrupted and is marked by local
diastems, by a concentration of glauconitic sand, and by glau-
conite-filled burrows extending down into the underlying sed-
iment. These stratigraphic breaks, if that is what they are,
have not been traced over a wide area and may be only local,
possibly current-scoured surfaces. The dominant lithic charac-
teristic of Bed C is its very clayey texture; grains of fine- to
medium-grained sand-size glauconite are interspersed in a
grayish-orange-pink (SYR 7/2) clay matrix. In some areas, the
concentration of glauconite is such that the lithology is best
described as a clayey sand. This very clayey, glauconitic tex-
ture is typical of the entire Potapaco Member, but the intense-
ly burrowed nature of the unit is unique to Bed C. The macro-
fossil component of Bed C consists principally of small or
broken, poorly preserved mollusks that are concentrated in
burrows and make up a small percentage of the bed.
Thicknesses of as much as 20 ft (6.1 m) have been observed
in outcrop.

Bed C overlies Bed B with no distinct contact between
the two, suggesting a gradation from one environmental
regime to another. In most of its outcrop area, Bed C is over-
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lain by the Woodstock Member of the Nanjemoy Formation.
On the Pamunkey River, at least, Bed C is ove-lain by a thin
bed (Bed D), 1.5 to 3.0 ft (0.5-0.9 m) thick, of clayey, very
glauconitic sand marked by a series of boulder-size concre-
tions. The contact between Bed C and this younger unit, Bed
D. is abrupt and is marked by a sharp, but burrowed, contact
indicating a probable diastem. Elsewhere, whe-e Bed D is
missing, the Bed C-Woodstock boundary is disconformable
and is marked by an abrupt change in lithology, a lag deposit
of phosphate, bone, pebbles, and wood in the lower part of
the Woodstock Member, and burrows containing Woodstock
sediment extending several feet into the underl;'ing Bed C.
The olive-black (5Y 2/1), very fine grained, well-sorted,
micaceous, glauconitic sand of the Woodstock Member is
easily distinguishable from the very clayey. butrowed sand of
Bed C. This contact has been observed on the Patuxent,
Potomac, Mattaponi, and Pamunkey Rivers. Upriver of Popes
Creek on the left bank of the Potomac River, Charles County,
Md., the area in which Bed C should descend to water level is
slumped and obscured by weathering of the cliff face.

Dinoflagellate assemblages indicate near-shore or high-
energy conditions that had an abundant source of nutrients
(L.E. Edwards, written commun., 1984). On th= basis of the
dinoflagellate flora, Bed C may be correlated with calcareous
nannoplankton zone NP 10 or 11.

Bed D—Concretion-bed Potapaco

Bed D crops out only along the Pamunkey River below
the mouth of Totopotomoy Creek in Hanover County, Va.,
and therefore is discussed only briefly here. Bed D, in its
small outcrop area, consists of 1.5 to 3.0 ft (0.£-0.9 m) of
clayey, very glauconitic sand and has sharp upper and lower
contacts. Both the upper and lower contacts are marked by
abrupt changes in lithology and color and contain concentra-
tions of quartz and phosphate pebbles, and wood. Burrows at
both contacts extend down into the underlying beds. The high
glauconite content of Bed D makes it easily distinguishable
from the lighter colored clays of Bed C and the less glau-
conitic silty sand of the basal portion of the overlying
Woodstock Member. The bed is marked by a line of boulder-
size concretions, which occur in the middle of the unit.

Woodstock Member

The Woodstock Member of the Nanjemoy Formation
was first proposed by Clark and Martin (1901, p. 66) for beds
of glauconitic sand exposed near Woodstock, "an old estate
situated a short distance above Mathias Point," King George
County, Va. The term "Woodstock" had previously been used
by Clark (1896) to describe the Woodstock Stage. a unit
defined principally by its fauna. Clark and Martin (1901)
described the Woodstock Member as consisting of their
"Zones 16 and 17.” The bluff described by Clark (1896, p.
40, PL. 1V, Section III) and Clark and Martin (1901, p. 70,
Section IX) exhibits both the Potapaco and Woodstock
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Members. Stop 5 of this guidebook was designated the lec-
tostratotype section by Ward (1985).

The Woodstock Member consists of olive-black (5Y 2/1),
very fine grained. well-sorted, silty, glauconitic sands. The
glauconite content increases markedly from a low of 10 to 15
percent in its most inland outcrops to 70 to 80 percent in its
most seaward exposures. Carbonaceous material in the form
of logs, branches, and nuts is abundant. The Woodstock
Member unconformably overlies the Potapaco Member and is
unconformably overlain either by the Piney Point Formation
in the James and Pamunkey River areas or by younger beds
on the Mattaponi, Rappahannock, and Potomac. The lower
contact with the Potapaco Member is an easily recognized
feature that may be seen from the Patuxent River to the
Pamunkey River. There is a significant faunal and floral
change at this boundary, although it represents only a relative-
ly brief hiatus. The Woodstock Member may be distinguished
from the underlying Potapaco Member by its fine-textured,
micaceous, massive appearance, which differs from the very
clayey, poorly sorted, bioturbated texture of the underlying
Potapaco Member.

Molluscan assemblages in the Woodstock Member are
diverse and abundant and are scattered throughout the fine
matrix (pl. 4). Many of the taxa are new, and their stratigraph-
ic significance is, at present, poorly understood. A number of
species were listed by Clark and Martin (1901) as being pres-
ent in the Woodstock Member, but the list is in serious need
of updating. Large valves of Venericardia ascia Rogers and
Rogers, 1839, are concentrated along bedding planes in some
areas but are easily distinguished from the much smaller
Venericardia potapacoensis found in the Potapaco Member.
Along the Potomac River above Mathias Point on the right
bank (Stop 5) and below Popes Creek on the left bank (Stop
6). the Woodstock Member is overlain by transgressive sedi-
ments of the Calvert Formation that range from early to mid-
dle Miocene in age. The contact is marked by a basal lag con-
centration of phosphate and quartz pebbles, a burrowed sur-
face. and an abrupt lithic change from glauconitic sand to
olive-brown, clayey, phosphatic sand. At the end of the blufts,
downriver from Popes Creek (below Stop 6), a very thin
tongue of burrowed, gray clay and a bed of glauconitic sand
occur between the typical. easily recognized Woodstock
Member and the Calvert Formation. These two beds thicken
downstream but are beveled off upstream south of Popes
Creek. Macrofossils are leached from the beds, but dinofla-
gellates indicate that they are early Eocene in age (L.E.
Edwards. written commun., 1984). Therefore, we include
them in the Woodstock Member in spite of their different
lithologies. We believe that these units are represented in the
Oak Grove core by the clay and sand beds shown as occur-
ring in the upper part of the Nanjemoy by Reinhardt and oth-
ers (1980, fig. 1).

Best evidence, at this time, of the age and correlation of
the Woodstock Member is found in the dinoflagellate and cal-
careous nannofossil assemblages. Calcareous nannofossils in
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the Putney Mill core, New Kent County, Va., indicate an
approximate equivalence with nannofossil zone NP 12 (L.M.
Bybell, written commun., 1984). This zone also wa-< reported
in the Oak Grove core (Gibson and others, 1980) ir the inter-
val between 227.0 and 269.4 ft (69.2 and §2.1 m). LM.
Bybell (written commun., 1984) now believes that only the
69.2- to 82.1-m interval in the Oak Grove core contains cal-
careous nannofossils indicative of nannoplankton zone NP 12.
The Woodstock sea occupied a broad embayment reach-
ing from at least the Patuxent River in Maryland to a short dis-
tance south of the James River in Virginia (fig. 5B). The locus
of the embayment was somewhat south of the Potomac River.

Chesapeake Group

The term "Chesapeake Formation" was introd-iced by
Darton (1891, p. 433) for a series of beds in southeastern
Maryland and Virginia that consists of sands. clays. marls,
diatomaceous clays, and shell fragments. Dall and Harris
(1892) elevated the unit to group status and included all
stratigraphically equivalent beds at the same horizon from
Delaware to Florida. Shattuck (1902) subdivided tt=
Chesapeake Group in Maryland into (in ascending order) the
Calvert Formation, Choptank Formation, and St. Marys
Formation. Shattuck (1904) greatly expanded this work and
described the units. and their contained molluscan fauna, in
detail. Clark and Miller (1906) expanded the definition of the
Chesapeake Group by including the Yorktown Formation in
Virginia. Clark and Miller (1912) included beds along the
Chowan River in Bertie County, N.C., in the Yorktown
Formation. Mansfield (1944) also included the Chowan River
beds in the Yorktown. Blackwelder (1981) named those beds
the Chowan River Formation; he split the unit into two mem-
bers. the Edenhouse Member (lower) and the Cole+ain Beach
Member (upper), and included this new formation in the
Chesapeake Group.

Ward (1985) recommended that a new unit, the Old
Church Formation, be included in the Chesapeake Group. The
Old Church Formation is a calcareous, shelly sand that con-
tains only small amounts of glauconite. It unconformably
underlies the Calvert Formation and unconformably overlies
the Piney Point Formation. It is easily differentiated from the
underlying, very glauconitic beds of the Pamunkey Group. It
is unclear whether Darton (1891) or Clark and Miller (1912)
actually observed the unit that Ward (1985) termed the Old
Church. Therefore, where they would have placed the Old
Church Formation is unclear.

The following units constitute the Chesapeake Group:

Chowan River Formation
Colerain Beach Member (upper Pliocene)
Edenhouse Member (upper Pliocene)
Yorktown Formation
Moore House Member (upper Pliocee)
Morgarts Beach Member (upper Plio~ene)
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Rushmere Member (upper Pliocene)
Sunken Meadow Member (lower Pliocene)

Eastover Formation
Cobham Bay Member (upper Miocene)
Claremont Manor Member (upper Miocene)

St. Marys Formation
Windmill Point Member (upper Miocene)
Little Cove Point Member (upper Miocene)
Conoy Member (lower upper Miocene)

Choptank Formation
Boston Cliffs Member (upper middle Miocene)
St. Leonard Member (middle middle Miocene)
Drumcliff Member (middle middle Miocene)

Calvert Formation
Calvert Beach Member (lower middle Miocene)
Plum Point Marl Member (lower middle Miocene)
Fairhaven Member (lower and lower middle
Miocene)

Old Church Formation (upper Oligocene and lower
Miocene)

Only beds of the Calvert, Choptank, St. Marys, and
Eastover Formations crop out in the field trip area and are
described here.

Calvert Formation

The Calvert Formation was named and described by
Shattuck (1902, 1904) for Miocene beds exposed along the
Calvert Cliffs in Calvert County, Md. Sections for the Calvert
Formation were given by that author, principally along the
Chesapeake Bay, but he described a few other localities in
Maryland. The Calvert Formation in Virginia was first men-
tioned by Clark and Miller (1906), and it was soon thereafter
mapped in the Richmond area by Darton (1911). Clark and
Miller (1912) documented, rather completely, the extent of
the Calvert and other Coastal Plain units; no such exhaustive
treatment has since been attempted. More recently, descrip-
tions have been published in guidebooks, treating exposures
described by Clark and Miller (1912) (see Stephenson and
others, 1933: Ruhle. 1962). Shattuck (1904) described 15
"zones" or beds in the Calvert Formation.

Fairhaven Member

The Fairhaven Member of Shattuck (1904) included
"Zones 1-3." "Zones | and 2" are two basal transgressive
sands that accumulated during the first Calvert pulse or sea-
level rise (see fig. 6B). "Zone 3," a massive series of diatoma-
ceous clays, includes most of the Fairhaven Member. "Zone
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3" contains two distinct marine pulses (Beds 3—-A, 3-B).
which exhibit basal transgressive lags and fining-upward
sequences. Exposures at the Kaylorite pit on Fe'ry Road,
Calvert County, Md. (Bed 3-A), and the lower 10 ft (3.0 m)
of the Fairhaven Member below Popes Creek, Charles
County, Md. (Bed 1). contain beds associated with the first
pulse of the Calvert. At Popes Creek, this bed ir separated
from the remaining, upper portion of the Fairhaven Member
by a phosphate pebble lag indicating an unconformity or at
least a diastem. This lower unit (Bed 1) was named the Popes
Creek Sand Member by Gibson (1982, 1983) and was exclud-
ed from the Fairhaven even though it was included in that
unit by Shattuck (1904) as "Zone 1" (Bed 1). Beds associated
with the first transgression can be found as far south as the
area of Wilmont on the Rappahannock River, Westmoreland
County, Va. Beds of the second pulse are known as far south
as the vicinity of Reedy Mill on the Mattaponi River,
Caroline County, Va.

Plum Point Marl Member

The Fairhaven Member is overlain, unconformably, by a
series of shelly sands that is interbedded with diatomaceous
clays and grouped under the term Plum Point Marl Member.
This series contains a number of identifiable pulses: the first
pulse includes "Zones 4 to 9" (of Shattuck, 1904), the second
pulse includes "Zones 10 and 11." the third pulse includes
"Zones 12 and 13," and the fourth pulse includer "Zones
14-16." The pulses are included in the area plot=d as the
third pulse on figure 6B. "Zone 16." as exposed at Calvert
Beach, Calvert County, Md. (Stop 10), was originally includ-
ed in the Choptank Formation by Shattuck (1904). This mis-
correlation and the fact that "Zone 16" contains "Choptank
fossils" led to its inclusion in that unit despite its very differ-
ent lithology and the presence of a striking unconformity.
Mollusks that characterize "Zones 17 and 19" of the
Choptank Formation make their first appearance at least as
far down in the sequence as "Zone 14." and some taxa may
be present in "Zone 12." It was recommended that "Zones
14-16" be included in the Calvert Beach Member and kept in
the Calvert Formation (Ward. 1984). The Plum Point Marl
Member, as a lithic entity, is recognizable only as far south as
the Westmoreland Cliffs in Westmoreland County, Va. Farther
to the southeast, beds equivalent to the Plum Point Marl
Member grade into silty, diatomaceous clays that resemble
the Fairhaven.

Mollusks are common in the Calvert Formation but are
well preserved only in beds along the Chesapeake Bay in
Calvert County. Md. Some of the common form« are (pl. 5)

Astarte cuneiformis

Bicorbula idonea (Conrad, 1833)
Cvclocardia sp.

Ecphora tricostata Martin, 1904
Lirophora latilirata (Conrad, 1841)
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Lucinoma contracta (Say, 1824)
Marvacrassatella melinus (Conrad, 1832)
Melosia staminea (Conrad, 1839)
Mercenaria sp.

Pecten humphreysii Conrad, 1842

Choptank Formation

The Choptank Formation was named and described by
Shattuck (1902, 1904) for the shelly, sandy Miocene beds
exposed along the Choptank River, Talbot County, Md., and in
the Calvert Clifts in Calvert County, Md. The Choptank was
originally composed of "Zones 16 through 20" of Shattuck
(1904). Ward (1984) recommended the placement of "Zones
14-16" in the Calvert Beach Member, as defined by Gernant
(1970), and expanded by Ward (1984). Blackwelder and Ward
(1976) recommended that "Zone 20." or the Conoy Member of
Gernant (1970), be removed from the Choptank Formation
and placed in the St. Marys Formation. Distribution of the
Choptank beds is shown in figure 6C.

The Choptank Formation consists of three members (in
ascending order): the Drumcliff (Bed 17), St. Leonard (Bed
18). and Boston Cliffs (Bed 19). The Drumcliff and St.
Leonard Members are best seen along the Chesapeake Bay in
Calvert County from Scientists Cliffs to the Baltimore Gas
and Electric Powerplant. On the Patuxent River they are best
seen in the vicinity of Drumcliff (Jones Whart) in St. Marys
County. Mollusks commonly found in the Choptank
Formation are shown in plate 6.

St. Marys Formation

The St. Marys Formation was named and described by
Shattuck (1902, 1904) for Miocene beds exposed along the
Calvert Cliffs in Calvert County, Md., and along the St.
Marys River, St. Marys County, Md. The St. Marys can be
seen overlying the Choptank Formation (Bed 19) in the
Westmoreland Cliffs on the Potomac River. There, the
Eastover Formation unconformably overlies the St. Marys.
The St. Marys was divided into three members by Ward
(1984): Conoy Member ("Zone 20" of Shattuck, 1904), Little
Cove Point Member ("Zones 21-23" of Shattuck, 1904),
Windmill Point Member ("Zone 24" of Shattuck, 1904). The
Windmill Point Member can be identified near Tappahannock
on the Rappahannock River and at White Oak Landing on the
Mattaponi River. Mollusks commonly found in the St. Marys
Formation are shown on plate 7. The distribution of the St.
Marys beds is shown in figure 6D.

Eastover Formation
The Eastover Formation of Ward and Blackwelder

(1980) was named for shelly sands on the James River in
Surry County, Va. These beds are present in the uppermost
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portion (top 50 ft; 15 m) of the Westmoreland Cliffz on the
Potomac River. Some of the upper beds in the soutl =rn
Calvert Cliffs may represent a marginal-marine, incer bay
facies of the Eastover Formation. The Eastover Formnation
was divided into the Claremont Manor and Cobham Bay
Members by Ward (1980).

Claremont Manor Member

Two facies of the Claremont Manor Member are very
evident: a sandy, basal transgressive portion which grades
into a silty clay containing many diatoms and an overlying
clayey sand. Mollusks in the Claremont Manor Member are
low in diversity and are usually poorly preserved (p!. 8). The
distribution of the Claremont Manor Member is shown in fig-
ure 7A.

Cobham Bay Member

The Cobham Bay Member consists of very shelly, well-
sorted sand and unconformably overlies the Claremont Manor
Member. The unit is quite thin and is approximately 12.0 ft
(3.6 m) thick at Cobham Wharf, Surry County, Va., the type
area. The distribution of the Cobham Bay Member is shown
in figure 7B.

Mollusks in the Cobham Bay Member are much more
diverse than those in the Claremont Manor Member and prob-
ably represent open-shelf, warm conditions.
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Field Trip Stop Descriptions
Potomac River Sections

Stop 1. Aquia Creek.

Right bank of Aquia Creek. 0.5 mi (0.8 km) above Thorney Point, Stafford County, Va.
ft m

Sloped and covered by vegetation 3.0 0.9
Paleocene
Aquia Formation
Piscataway Member
Sand, grayish-orange (10YR 7/4), silty. fine-grained, very 9.0 2.7
glauconitic, poorly sorted, weathered, and leached;
some molds and casts
—Unconformity—
Brightseat Formation
Sand, dark-olive-black (5Y 2/1), micaceous, clayey. silty, very fine 7.0 2.1
grained, well-sorted in the lower half, weathered to grayish-orange in
the upper half; an 8-in (20-cm)-thick indurated capping present at the
lower end of the exposure but beveled off at the upper end of the exposure
—Unconformity—
Lower Cretaceous
Patapsco Formation
Sand. well-consolidated, clayey. silty, light-blue-gray (5B 7/1); 0.0-1.0  0.0-0.3
burrowed and eroded upper surface
—Sea Level—
Below the mouth of Aquia Creek, most of the good exposures are on the Virginia shore for the next 5.0 mi (8.0 km). The
blufts immediately downriver of the mouth of Aquia Creek are the site of the lectostratotype section of the upper Paleocene
Aquia Formation. Ward (1985, p. 62) described the section as follows.

Stop 2. Aquia Creek.

Right bank of the Potomac River, 1.5 mi (2.4 km) below the mouth of Aquia Creek, Stafford County, Va.

ft m
Covered 5.0 1.5
Eocene
Nanjemoy Formation
Sand, yellowish-gray (5Y 8/1), weathered, moderately 5.0 1.5
glauconitic, fine-grained
Paleocene
Marlboro Clay
Clay, light-gray (N 8), weathered: where this bed is 0.0-0.75 0.0-0.23

absent there is a distinct line between the Aquia Formation
and the overlying bed of Nanjemoy Formation
Aquia Formation
Paspotansa Member
Sand. weathered, grayish-orange (10YR 7/4). 35.0 10.7
glauconitic, fine-grained; contains large number of Turritella
in lenses, bands, and large indurated masses
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Sand, olive-black (5Y 2/1), fine-grained. well-sorted. silty: 25.0
scattered, poorly preserved Turritella
Sand, olive-black (5Y 2/1), glauconitic, very fine-grained. L.5
well-sorted; many Turritella ("Zone 6" of Clark and Martin, 1901)
—Unconformity—

Aquia Formation
Piscataway Member

Sandstone, light-olive-gray (5Y 6/1), indurated, 2.0
glauconitic: many molds and casts, some siliceous
replacements ("Zone 5" of Clark and Martin, 1901)

Sand, olive-gray (5Y 4/1). very glauconitic, silty. 12.0
clayey, very shelly, poorly sorted; packed with large
bivalves and Turritella. Appears light-olive-gray
(5Y 6/1) from a distance because of large numbers of
mollusks present: preservation, poor to moderate:
irregularly indurated in beds where Ostrea are concentrated

—Sea Level—

Stop 3. Belvedere Beach.

Right bank of the Potomac River, 0.3 mi (0.5 km) above Belvedere Beach, King George County. Va.
ft

Covered 5.0
Paleocene
Aquia Formation
Paspotansa Member
Sand. olive-black (5Y 2/1). fine-grained, well-sorted, silty, 12.0

micaceous, glauconitic: many Turritella, scattered

as well as in distinct bands; common Ostrea sinuosa:

moderate molluscan diversity

—Sea Level—

Stop 4. Fairview Beach Marina

Right bank of the Potomac River, just 100 yd below the Fairview Beach Marina, King George County, Va. (Ward, 1985, p.
m

ft

Sloped and covered 5.0
Eocene
Nanjemoy Formation
Potapaco Member (Bed A)
Sand. grayish-yellow (5Y 8/4), weathered. clayey. fine-grained. 6.0
poorly sorted. glauconitic
—Unconformity—
Paleocene
Marlboro Clay
Clay, light-gray (N 7). somewhat weathered, blocky 6.0
Aquia Formation
Paspotansa Member
Sand, grayish-yellow, silty, very weathered; molds 25
of Turritella mortoni
—Sea Level—

7.6

0.6

37

1.5

3.7

1.5

1.8

1.8

0.8

64).
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Stop 5. Woodstack Member lectostratotype.

Right bank of the Potomac River (high blutfs), 2.0 mi (3.2 km) above Mathias Point. King George County. Va.

ft
Pleistocene
Sand, orange. coarse-grained 5.0
Conglomerate, sand, gravel, cobbles, boulders 3.0
—Unconformity—
Miocene

Calvert Formation
Fairhaven Member
Clay, yellowish-gray (5Y 8/1), silty, somewhat 17.0
sandy near base. weathered, blocky, diatomaceous,
phosphate pebbles and coarse-grained sand along
basal contact

—Disconformity—
Eocene
Nanjemoy Formation
Woodstock Member
Sand, pale-greenish-yellow (10Y 8/2). weathered, 25.0

fine-grained. micaceous; molds and casts; upper surface
very eroded and burrowed with as much as 3 ft
(0.9 m) of relief
Sand. olive-black (5Y 2/1), silty, very fine grained. 15.0
micaceous, glauconitic; small mollusks with
moderate preservation
—Sea Level—

Stop 6. Popes Creek.

Left bank of the Potomac River, 0.95 mi (1.5 km) below the mouth of Popes Creek. Charles County, Md.

ft

Pleistocene

Conglomerate, yellowish-orange, weathered; gravel, sand, 25.0
cobbles, boulders
Miocene
Calvert Formation
Fairhaven Member
Clay, light-yellowish-gray (5Y 9/1). blocky. 10.0
diatomaceous
Sand, yellowish-gray (5Y 8/1), silty 2.0
—Disconformity—
Clay. light-yellowish-gray (5Y 9/1). blocky 0.5
Sand, yellowish-gray (5Y 8/1), silty 5.0
Sand, olive-brown (5Y 4/4), silty, phosphatic, pebbles 1.5
Sand, yellowish-gray (5Y 7/2), silty 25
Sand, olive-brown (5Y 4/4), silty, phosphatic, pebbles 2.0
—Unconformity—
Eocene
Nanjemoy Formation(?) The following unit is provisionally placed in the Woodstock Member.

Sand, olive-gray (5Y 4/1), medium-grained, very glauconitic; 0.75

many molds and casts; unit becoming thicker downstream
—Disconformity—

n

7.6

4.6

7.6

3.0

0.6

0.2
L5
0.5
0.8
0.6

0.23
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Nanjemoy Formation
Woodstock Member

Sand, olive-black (5Y 2/1), very fine grained, micaceous,

silty, glauconitic; many small mollusks, poorly
preserved

Concretions, olive-gray (5Y 4/1). calcareous,
sandy, glauconitic, rounded

Sand, olive-black (5Y 2/1), very fine grained, micaceous,

stlty, glauconitic; many small mollusks, moderately
preserved
—Sea Level—

Chesapeake Bay Section

Stop 7. Randle Cliffs (northern end).

High bluff just south of Chesapeake Beach, Calvert County, Md.

Soil
—Unconformity—
Miocene
Choptank Formation
Boston Cliffs Member
Silt, sandy, blocky (Bed 19)
—Unconformity—

Drumcliff and St. Leonard Members, undivided
Silt, sandy. blocky (Beds 17, 18)
Calvert Formation
Calvert Beach Member
Silt, clayey. blocky (Bed 15)
Sand, silty, shelly (Bed 14)
Plum Point Member
Silt, clayey, blocky (Bed 13)
Sand, silty: poorly preserved shells (Bed 12)
Silt, clayey, blocky (Bed 11)
Sand, silty; very shelly (Bed 10)
—Unconformity—
Sand, silty; many Corbulids concentrated
in bands (Beds 4-9)
Fairhaven Member
Silt, clayey, blocky, burrowed (Bed 3)
—Sea Level—

Stop 8. Camp Roosevelt.

3.7 mi south of the mouth of Fishing Creek at Chesapeake Beach, Calvert County, Md.

Soit
—Unconformity—
Miocene
Choptank Formation
Boston Cliffs Member

5.0

5.0

5.0

ft

7.0
10.0
6.0
17.0
6.0
3.0

2.0
10.0

ft

1.5

1.5

1.5

0.6

3.0

5.2
1.8
0.9
0.6
3.0

10.7

0.6

0.6
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Silt, sandy. fine-grained, with sand near base (Bed 19) 14.0 4.3
Drumcliff Member
Sand, silty, clayey; poorly preserved shells (Bed 17) 1.0 0.3
—Unconformity—

Calvert Formation
Calvert Beach Member

Silt, clayey. blocky (Bed 15) 10.0 3.0
Sand, silty, clayey: poorly preserved shells (Bed 14) 10.0 3.0
Plum Point Member

Silt, clayey, blocky (Bed 13) 7.0 2.1

Sand., silty. shelly (Bed 12) 4.0 1.2
—Unconformity—

Silt, clayey, blocky (Bed 11) 4.0 1.2

Sand, silty: very shelly (Bed 10) 12.0 37
—Unconformity—

Sand. silty: many small Varicorbula 25.0 7.6

concentrated in several distinct bands (Beds 4-9)

Stop 9. Plum Point.

1.0 mi (1.6 km) south of Plum Point, Calvert County, Md.

ft m
Miocene
Choptank Formation
Boston Cliffs Member
Silt, clayey, blocky (Bed 19) 17.0 5.2
St. Leonard Member
Silt, clayey, blocky (Bed 18) 9.0 2.7
Drumcliftf Member
Sand. silty, clayey; some preserved shells (Bed 17) 4.0 1.2
Calvert Formation
Calvert Beach Member
Silt, clayey, blocky, laminated (Bed 15) 10.0 3.0
Sand, silty, clayey; moderately shelly (Bed 14) 15.0 4.6
Plum Point Member
Silt, clayey, blocky (Bed 13) 13.5 4.1
Sand. silty, clayey; poorly preserved mollusks (Bed 12) 2.5 0.8
Silt, clayey, blocky (Bed 11) 10.0 3.0
Sand, silty: very shelly (Bed 10) 9.0 2.7
—Sea Level—
Stop 10. Parkers Creek.
Just above Scientists Cliffs, Calvert County, Md.
ft m
Covered with vegetation 1.5 0.5
Miocene
St. Marys Formation
Clay, silty 4.9 1.5

Choptank Formation
Boston Cliffs Member
Sand, silty, fine-grained; many mollusks 13.1 4.0
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St. Leonard Member

Sand, clayey, siity, well-burrowed; some molds 14.7 4.5
of mollusks
Drumcliff Member
Sand. very shelly. fine-grained; many large mollusks, 13.1 4.0

well-preserved
Calvert Formation
Calvert Beach Member

Sand, silty, fine-grained: scattered, small. 6.5 2.0
poorly preserved mollusks
Sand, shelly, silty; many mollusks, especially Glossus 49 1.5
Plum Point Member
Clay, blocky. silty 9.8 3.0
Sand, shelly, silty: many, poorly preserved mollusks 0.9 0.3
Clay. blocky, silty 4.2 1.3
—Sea Level—

Stop 11. Baltimore Gas and Electric Powerplant.

The section given below, now inaccessible, was described from a bluff just upbay from the powerplant, Calvert County, Md.
A similar section near Rocky Point, below the plant site, will be visited instead.

ft m
Pleistocene(?)
Miocene
St. Marys Formation
Little Cove Point Member

Soil 1.5 0.5
Sand. pebbly, coarse-grained 10.0 3.0
Sand, silty, fine-grained:; molluscan molds 14.7 4.5
Sand, fine-grained, burrowed, clean, well-sorted 32 1.0
Sand, medium-grained, well-sorted 3.2 1.0
Shell hash. clayey, sandy: very worn mollusks 1.9 0.6
Clay, sandy: scattered, small fragmented mollusks 4.9 1.5
Clay, sandy: scattered, small, poorly preserved mollusks 1.3 0.4
Clay, sandy; scattered, small shells 4.9 1.5
Sand, shelly, fine-grained 1.5 0.5
Clay. blocky; molluscan molds 1.9 0.6
Sand, clayey, fine-grained 5.1 1.6
Clay, blocky: molluscan molds abundant 5.1 1.6

along thin horizontal planes
Choptank Formation
Boston Cliffs Member
Sand, shelly. fine-grained: abundant large moHusks. upper 5.1 1.6
1.0 m (3.3 ft) indurated
St. Leonard Member

Sand, silty, fine-grained. very burrowed; mollusks scarce. 5.1 1.6
scattered, poorly preserved
Drumcliff Member
Sand, shelly, silty, fine-grained; abundant mollusks, 104 32

cetacean remains common

































