
78°00’

325 000

400 000

DU

DU

D U

DU

DU

DU

DU
D

U

DU

DU

DU

DU

DU

DU

DU

D
U

DU

  T
AN

K 
CR

EE
K 

FA
U

LT

DU
M

FR
IE

S 
FA

U
LT

 Z
O

N
E

CH
O

PA
W

A
M

SI
C 

TH
R

U
S

T

FA
U

LT

R
O

C
K

  C
R

E
E

K
  S

H
E

A
R

Z
O

N
E

FA
U

LT

PLUMMERS

IS
LA

N
D

T
H

R
U

S
T

R
E

D

FO
X

THRUST

FA
U

LT

B
U

R
K

E

TH
R

U
S

T
FA

U
LT

PL
U

M
M

ER
S

IS
LA

N
D

T
H

R
U

S
T FAULT

O
A

K
T

O
N

THRUST

FA
U

LT

BULL

RUN

M
O

U
N

TA
IN

FA
ULT

CARTER RUN FAULT

HORNER RU
N

FA
U

LT

Z
U

LL
A

 F
A

U
LT

H
A

LFW
A

Y
FA

U
LT

S
H

O
R

T
H

IL
L

FA
U

LT

FA
U

LT

M
O

U
N

TA
IN

R
U

N

B
U

LL

DU
M

FR
IE

S F
AU

LT
 Z

O
N

E

BR
O

O
KE

 F
A

U
LT

 Z
O

N
E

Tn Qal
Tc

Tn
Qsh

Oc QtsTaOpm
Qsh

Tn

af
Tc

Tn
QhmQsh Qal

Tc Qbc

_lr_Zg

Kp
^cbg

TcQal
Qal

J^tm

Qts
Qsh

Qtlp

Qsh

_ch

QtlpQsh

Jd

QspOp

TcTa

Op
Qts

Tc

Qts

Og

Og

Kp

Ta
Qal

QTw

QTw QccOcl
Qts

Op

Tc

Qal

Jdg
^ctm

^cbg

Qsh

^ctm

QshQhm

Ta

Qts
Qcc

Op Tmsg

QspTc Tn

Qal

O_mlll

Zmd

Zu

Qcc
Qal

Oqb

^cbg

Qhm
Tm Tc Ty

Ta
Ta

Ta

Qal

Op

Jdg

OcgOqb

Tn

Ofg

QhmQsh
Qts

Qtlp
Qcc

Qal

Qsh

O_mlll

_p

Qsp
Tc Tn

Qcc

Kp

Tc

Tn

_ch

_ch

Tn

Qts
Kp

^cmp

Qsh
Tm

^cbg

Jmh

Tc

Tc

Qsh
Qhm

Qts

SOq
QalQcc

Qhm Ta
Qtlp

Qsh
Tmsg

Ta

Jmt

Zcs

Qcc
Tc

J^tm

Tc

Kp

_ch Qts

Qcc

Qts

Jdg

Tm

J^tm Qcc

Op

Qtlp

Ty

Qal

Tn

Ta

Jdl

Qal

Qal

Qbc

Zcs

JdgZclb

Qcc

_ch

Ta

Ocf

Jdl

Qtlp

Ocg

Jdg

Qsp

Zmd

QTwQts

Qsh

TyOcl

_p

Tc

_ch
Ty

Qsh

Tn

Qtlp

Tn

J^cm

Kp

Qtlp
Qhm

Jdl

Zmd

QhmKp

Kp

Qsp
Qcc

Ta
Qcc

Tm

Qal

^cbg

Qbc

Op

Qbc
Tc

Zu

J^cm Ocf

Zlch

_ch

Ta

Qsh

QTw
Ty

Ta

_lr

SOq
Qts

Ocg

Zmd

Kp

Zm

Qal

Tn

Qcc
Qsh

Kp

Qsh Qal

Tn

Jdl Kp

J^tm
Jdg

Og

Qtlp

TmQtsQtlp

_lr

QTw

Qsh

Tc

Oi

Ocf
Ty

Qts

Qbc

Kp

Qtlp

Qsh

Qts

Tn Qbc

SOq

_lrum Kp

Qsp

Qhm

Tn

Jdl

Qts

_ch

Ocs
QccJ^tm

O_gu

^cbg

SOq

SOq Tc

Od

Qal Qbc

Qts

Ty

J^tm

_lr

Qhm

Ty

Qsp

Zcs

Qcc

TcQTw

Jdh

Jdh

Ty

Zmd

Qbc

Qtlp
_lr

Qts

Jdg

Qsp

Qts

J^tm

Qtlp

Qbc
Tn

Qts

Qsp
_chJd

Tn
Qcc

_lrum

O_ps

Oo

SOq

Qsh

Kp

Qal

Ty
Qts

SOq
_ch

Jdo

Qtlp
Qts

Qcc

Zga

Jmw

Oo

Zcs

Qtlp
Ty

Kp

Qtlp

Ot QtlpQts
Qsp

Zga

Jdl

Jmss
Qal

_ch

Qal

Zmd

Qsh

QtsQalQcc
SOq

QalOcs
Qts QshSOqSOq

O_ps

Tm

Qal

Tm

Jmss

Zmd

Kp

Zmd

Ocs

Tc

Qbc

Qts
Ty

Qbc Tc

Qsh

Qal

Jmss

Tc

Zlbm

Tc
Tn

Zmd
SOq

Qtlp QshJdg

^cbg

TmQtlp

Qsh

^cmr

Ocs

Qbc

Jd

Tc

Ty
Ot

_ch

Kp
Ty

Qts

TaQTwOcs

Qts

Zfmm

Qbc

Ol

Qtlp

Zclb

Ty

Qsp

Zlbm

^cc
Qts

Qtlp Qal

Ot

Kp Qtlp

Ty

Ocs

Qts

J^tm

Zcs

Qtlp

Zcm

_p

Qtlp

Zcs

_ch

_p

Ty

KpsQal

Qts

^cbg

Qal
Qbc

J^cm

Qal

_ch

Kpc

Tc

Qts

Oo

Oo

Tn
Tm

Ty

Jmwm

Qbc

Zcs

Qts

Ta

Qts
Kp

J^cm

Qbc

Qal Qal

TKb
af

Jmhs

QtsQts

Kpc
Ty

Zmd

QbcQbc

Qsh

Zcs

Jdo

Zcm

Jdl

Qbc

Oo

Op

Zlbm

_cw

Qcc

Jms

Qtlp
Qts Qal

Qcc

Kps

Qal

Qbc

^cbg

Qsh

Zmd
Zmd

Kps
Qsh

Jdl

Zclb _p

Qsh

Kp

Qcc

Zmd
QalOo

^cbg

Zfsm

Qcc

Zrbg

_Zms

Jdl

Zrd

Qhm
Qhm

Ob

Kps Qcc

Zcs

_Zmg

Qal

Qal

Ty

Qsh

Jdh Kps

Jmt

Zmd

Jms

Qchow
Kps

Zcs

_Zms

Qbc

Ta
Kpc

J^tm

Oo

Jmh

Qcc

J^cm

TKb

Qal

^cbg

^cc

Zmd

_Zmg

Kps

Jmw

Jmt
Kp

Zcs

Qcc

Zm

Qtlp

_Zmp

Ty

Kp

Oo
_Zl

Zm
Qbc

Zcs

Oo

Kps

Zrl

Zcs

QalQts

_Zl

Jdo
_s

KpsJdh
Qbc

af Qtlp

Jdh

Kp

Oo

Ym

Jdh

af

Jdl

Oqb _Zl

Qchow

Kps

Jdl

af

Jdh
Qal

Kpc

^cbg

Qts

J^tm

Zfmm

QTw

Jdg

QalQal
Dl

Zcs

Jdg

Qbc

Qsp
Ta

^cmp

Qal

^cc

Ty

_Zl

Jdh

Jd

Kpc

Qal

Qtlp

J^tm

Kps

Jmwm

Zfbh
Jdh

Ty
Qsh

^cmr

QTw

Zmd

KpcOb

Ty

Jd
Qcc

_iZp
_y

_p

af

Ty

Jd
^cbg

^cmp

Ypg

Kp
Qbc

Ygt

Qbc

Tmsg

Jmwm

KpJdh

Jmm

Qcc

Ypg
Zcs

J^cm

Qsh

_Zpg

Qbc

Jdl

Kp

J^tm

_cw
Qal

Oo

Tmsg Qchow

Zcm

Om

Qbc

af

J^tm

Tmsg
OftTmsg

Ofm
_Zu

Jdl

Zm

_s

Zav

_Za

_Zl

Zcb

Zfcrr

_y

^cmp

_y

_Zu

Zcs

af

Zcm

Qchow

Ypb

Qal
Oft

_p

Jms

Jdg

Qbc

Zfbh

_i
Ob

Ty

Qts

Yfh

Qtlp

Kp

Qts

af

Ym

Qbc

Kp

Qsh

^cbg
Zfcrr

Ty

Qtlp

Qal

Zcs

_Zl

Tmsg

_ZaZfsmc af

^cbg

Qchow

_s

Kp

_s

_i

^cmr

_Za

_i

J^tm

Kp

_cw

Yfh

Zfsm

Tmsg

Tmsg

_Zpg
Oftr

Jdh

Yfh

^cmp

J^tm

O_po

J^tm

Zfbh

Jdh

Qtlp

_Zpb

Qbc

Qtlp

Kps

Oft

Qts

^cbb

Qal

Ypb

^cbb

_Zpb _Zms _l

J^tm

Ob

Qcc

Tmsg

O_ps

^cmp

Qbc

Kp

Ty

Kp

Zcs

_Zmg

Ty

Zclb

af

J^tm

Ymc

af

Qcc

KpsOgh

_Zms

Yg

Jdh

O_po

_Zu

^cbg

Ty

Tmsg

_Zms

Qbc

Jdh

_s

^ccg

_ch

Zmd

_l
Ty

Zcs

_ch

Ogg^cmr

_cw

SOq

Qcc

^cbg

Jmwm

Ogh Qbc

Jdh

Tmsg

Tc

Kpc

Ypb

Ymc

Jdh

Ob

Qbc

_cw

Yfh

Ogb
_Zms

Ym

Ob

^cbg

Ogb

Tc

Zfsmc

Qcc

Kp_Zu

Qchow
Ob

Odt
Tmsg

_Zmg

Yn

Ypg

^cc

Odm

^cmp

Ogh

J^cm

^cc

Odt

TmsgTc

Kpc

Jmh

_Zmg

_Za_s
Ogh

Jdh

Jmt

Ogh

Odl

Oqb

_ZuOb

Zmd

Ocl

Ymc

Jms

_Zu

Oqb
Ty

Ygt
Jd

Jd

SOq

_s

Tmsg

Zcs

Ogh

Kps

Kpc
Oqb

Ogg _Zmp

_Zmg
Jdl

_s

Tmsg
SOq

_Zmg

_Zms _s

Zmd

Zfsm

OdlOgh

_l

Jdg

_Zms_Zms

Jmh
^ccg

^cbg

_Zmp

^cc

Ymc

Jmt

^cbg

Ogh

Jd

J^tm

J^tm

Jmm

Ob

_s

Ymc
Jms

Odm

Odm

J^tm

^cmp

_Zmm

Zcs

Jmss

Jdl

_lu

Zmd

_l

Kps

_ch

Zrl

^cbg

_Zu

Zss

Oqb _Zms
Tmsg

J^tm

J^tm
Ymc Jdh

J^tm

_l

_Zmg

_Zmg

J^tm
Zmd

Zrc

^cbb

_Zu

SOq

Jdg

_l

Jmh

Oqb
_l

_lu

Ok

_Zmg

Odl

Ogh

_s

Odm

Ogg

Ogp

Ogh
_s

Dl

_Zms

_Zmp

_Zmm

Zcs

_Zms

^cmr

_Zms

^cmr

Jdh

J^tm

^cc

J^tm

Jdh

Jdo

Yc

^cbb

JdJdl

^cbb

Zmd Jdg

Jdh

J^tm

Zcb

^ccg

Zmd

Jmt

Jms

Zcm

Zfcrr

Zfcr

Zfsm

Ymc
Jd

Zfcr

Ylm

Ym

Yml

Zq

Ypg

Ylg
Ylg

Ya
Yn

Zp

Ya

Ylg

Zrc

ZssZss

Ypb

ZssZcs

Zcm

^cmr

Ty

Qts

Kpc

Jmm

Jmw

Ybm

Zcs

Ogh

Zrl

Ypb

Zrc

Zrc

Yfh

Zrc

Ypg

Ypg

Zrbg

Zfbh

Ym

Zlbm

Zlbm

Zrl

Zfbh

Zfmm

Zclb

Jmm

Jmt

J^tm

Ybm

Jms

^cbg

Jmm

_cw

Jmw

_ch

Zfcrr

Jmw

Jdo

Jms

Jms

Jdl

_Zpg

_Zpb

Qal

_s

_s

Qsh

_s

Kps

_lu

Kp

Qbc

^cmr

Zfsm
Zfcr

Zcm

Zcm

Zcm

Zcm

Zcm

Zcm

Ylg

^cmp

_lr

_lr

_s

_a

_a

_a

^cbb
Ol

O
CCO

Q
U

AN
 FAU

LT ZO
N

E

Op

Op

Qal

Qal

Qal

Qal

Qal
Qal

Qal

Qal

Qal

Qal

Qal

Qal
Qal

Qal

Qal

Qal

Qal

Qal

Qal

Qal

Tmsg

Qal

Qal

Qal

Qal

Qal

Qal

Qal

Qal

Qal

Qal

Qal

Tmsg

59

65

51

55

68

57

40

65

17

25

39

38

11
34

20
4

58

46

47

48

49

60

40

58
71

66

67 73

54

46

56

52
24

12

23

21

20

15
70

5

40

67

76

15

26

71

77

42 54

57

50
52

37

40

48
42

20

10
45

35

60

50

10

45

47

56
65

35
50

45

42

47

45
52

46

42

68

48
42

15
30

15 26

186

5

10
15

35

40

17

13 19

21

27 5

40

67

60

40

10

10

16

80
20

58

61

61

1215

24

15

25

28
27

19

1217

15

16

23

22

23

20

19

15

53

45

50

48

61

53

33

39

39

52

50

55

31

51

48

39

39

60

37

55

50

13

12

26

17
15

14
10

22

15

17

17

30

18

28

15

21

17

28

13

14

18

16

30

11

13

10

11

47

40

55

41

49

34

41

71

70

66

45

57

60

3060

58

51

68

23

45
40

28

39

37

36

25

30

28

28

46

24

28

33

21

40

28

20

17

20

36

16

15

37

23

24

32

30

7

15
30

25

10

10

18

10

10

15

16

14
28

25

23

18

23

39

19

24

20

40

2526

24

25

3122
19

40

40

25

40

50 44

36

57

39

35

4146

42

51

43

25

25

28 32

37
23

55

24
37

43

37

36

29
40

23

30
31

20

37

33
15

18

21

16

2813

1815

11

15

5

7

10

20

16

12

13
7

10
12

19

7

7
11

1010

7

5
8

8

18

5

6

17

13

32

15

16

27

19

24

21

20

8

36
13

29

26

26

28

24

35

27
23

22

20
21

13

23

6

10

7

2223

15

20
30

12

1623

5

19

15

11
6

8

6

6

15

12

15

10

15

7 75

10

10

8
14

27

613

18

15 4

15

15

15

15

5

10

515

20
15

25

5

35

15

238

11

6

35

2621
18

25

18

15

7

17

26

7

20

30
38

2920

10

15
6

14

10

15
15

10
5

5

10

25

20

10

20

5

60

85

55
55

50

9

15

45

60

80

70

80

40

70

40

46

45

60

63

7

15

60
37

52

38

63

33

24

14

9

60

60

65

35

16

9

33

60

82

77

63

22

24

20

16

24

38

55

80

60

85

85

60

75

65

70

85

80

65

65

60
60

65

80

58

50

73

70

81

45

55

70

65

60
20

61

70

50

62

65

60

53

57

45

72

80

77

73

31

75

70

60

77

75

75

65

75

80

7080

75

30

55

75

73

85

70

60

80

85

65

70

65

8055

45

65

70

80

80

50

74

75

75

40

53

75

70

81

84

60

63

65

80

52

53

62

71

70

43

40

34

55

63

55

65

60

75
75

70

69

55

45

75

50

83

70

65

70

50

71

80

60

60

60

35

50

40

60

40

60

71

45

80

60

71

71

51

67

53

84

31

55

60

59

49

80

64

71

62

59

69

61

55

40

35

40

60

75

60

50

70

55

70

8550

60

61

55

77

40
70

65

55

84

46

60

46

70

60

46

35

74

36

74

50

71

51

25
23

66 43

60

72

71

70

7070

55

61
45

72

48

55

40

50

50

65

50

45

60

43

47

25

50

60

52

53

60

50

70

51

65

65

54

40

53

62

56

71

63

57

70

61
62

57

53

65

75

75

63

83

75

70

70
85

85

85

85

37

71

55

70

45

79

69

80

80

80

70
75

80

80

80
80

80

80

70

70

70

70
70

60

80

45

72

58

81

59

70

30 85

72

71
58

43

46

52

35

3759

34
43

71
81

44

86

73

80

78

80
80

70

60

10
75

70

65

80

80

50

70
75

65

80
80

80

80

85

80

50

4050

55

70

7580

58

70

24

59

53

75

64

44

60

85

70

85

45

66

55
53

54

7080

87

77

37

7367

73

65

70 80

80

50
65

75

70

65

85

70

60
75

75

45

70

75
75

85

70

80

7070

67
70

70

75

70

58

85

64

70

55

35
70

50

59
81

40

84

34

55

70
70

45

75

65

65

75

8075

75

65

65

75

85

80

65

60 75

63

8071

43
80

49
8060

80

80

60

7575

35

80
55

30

80

65

80

80
78

60

60

80

53
55

80

68

80

50

50

60

70

4370

25

43
70

80

68

7367

76
35

64

60

61

74

68

57

70

58

64

40

50

40

60

52

55

56

62

72

60

61

80

64

78

78

60

75

45

45

50

45

65

60

65

48

80

34

55

75

40

72

62

42

65

80

60

31

61

53

80

43

84

60

65
55

78

50

45

75

47

41

75

75

85

75

56

50

73

53
40

85

62

84

64

80

62

45

50

88

6670

41

34

39
30

45

21
15

20

55

20

43

49

16

20

15
27

56
35

37

24

34

35

80

33

30

30

29

45
626

37

30

20

33

30
50

40

50

45

20

35

35

63

58

2530

73

6

40

A

A'

U.S. Department of the Interior
U.S. Geological Survey

Open-File Report 2017–1142

JO
PL

IN

UPP
ER

VI
LL

E

RE
CT

ORT
OW

N

M
ID

DLE
BURG

ARC
OLA

HER
NDON

VI
EN

NA

FA
LL

S 
CH

URC
H

W
ASH

IN
GTO

N
W

ES
T

M
OUNT V

ER
NON

ORL
EA

N

M
ARS

HALL

GAIN
ES

VI
LL

E

M
ANASS

AS

TH
ORO

UGHFA
RE

GAP

FA
IR

FA
X

ANNANDALE

ALE
XA

NDRI
A

PO
RT

 TO
BACC

O

JE
FF

ER
SO

NTO
N

W
ARR

EN
TO

N

NOKE
SV

ILL
E

IN
DEP

EN
DEN

T 
HILL

CA
TL

ET
T

OCC
OQUAN

FO
RT

 B
EL

VO
IR

BRA
NDY 

ST
AT

IO
N

RE
M

IN
GTO

N

M
ID

LA
ND

SO
M

ER
VI

LL
E

QUANTI
CO

IN
DIA

N H
EA

D

INDEX OF 1:24,000-SCALE GEOLOGIC MAPS AND DATA SOURCES 

39° 39° 

38° 30’

78°

78° 77° 

77° 

38° 30’

1 2 3 4 5 6 7 8

9 10 11 12 13 14 15 16

17 18 19 20 21 22 23 24

25 26 27 28 29 30 31 32

Blue Ridge Province 

Culpeper Basin

Piedmont Province

Coastal Plain Province

1. Nelson (1997)
2. Leo (1990)
3. Kline and others (1990)
4. Lee (1978);  R.E. Weems (unpub. data)
5. Eggleton (1975); R.E. Weems (unpub. data)
6. Drake and Lee (1989)
7. Drake and Froelich (1997)
8. Fleming and others (1994)
9. J.W. Clarke (unpub. data)

10. Espenshade (1986)
11. Lee (1980); P.T. Lyttle, A.J. Froelich, and R.E. Weems (unpub. data)
12. Lee (1979); R.E. Weems (unpub. data)
13. Lee (1980); Drake and other (1994); R.E. Weems (unpub. data)
14. Drake (1986)
15. Drake and Froelich (1986)
16. Drake and others (1979)

17. Kasselas (1993)
18. Kasselas (1993)
19. Lee (1980); R.E. Weems (unpub. data)
20. Lee (1980); R.E. Weems (unpub. data)
21. Lee (1980); Pavlides (1990)
22. Drake and others (1979); Seiders and Mixon (1981)
23. Drake and others (1979); Seiders and Mixon (1981)
24. McCartan (1989b); D.S. Powars (unpub. data)
25. Lee (1980); Kasselas (1993)
26. Lee (1980); Kasselas (1993)
27. Lee (1980); Weir (1977); R.E. Weems (unpub. data)
28. Lee (1980)
29. Mixon (1990); Pavlides (1990)
30. Mixon and others (1972)
31. McCartan (1989b); D.S. Powars (unpub. data)
32. McCartan (1989b); D.S. Powars (unpub. data) 

1 10 KILOMETERS0 1 2 43 5 6 7 8 9

SCALE 1:100 000
1 8 MILES10 2 3 4 5 6 7

CONTOUR INTERVAL 10  METERS
NATIONAL GEODETIC  VERTICAL DATUM OF 1929

Base from U.S. Geological Survey, 1978; revised in 1986
1927 North American Datum
25,000-foot grid ticks based on Virginia coordinate system, north zone,
and Maryland coordinate system

10,000-meter Universal Transverse Mercator grid ticks, zone 18

Geology mapped from 1975 to 2013

GIS database and cartography by E. Allen Crider Jr. (2012–2017)

HT
R

O
N

CI
T

E
N

G
A

M

APPROXIMATE MEAN
DECLINATION, 2017

T
R

U
E

  N
O

R
T

H

10½°

VIRGINIA

MARYLAND

MAP  LOCATION

W. VA. Magnetic declination of 10½° shown on map is at time of publication. 
Magnetic declination during time of mapping (1975 to 2013) was 8 to 10.5°

JdoJd Jdl* Jdh*

201.2
±1.3 Ma

Jdg

199.3
±3.0 Ma

J^tm

Jms
Jmss

Jmt

Jmw

Jmwm

Jmh Jmhs

Jmm

J^cm

^cmp

^ctm

^cc ^ccg

^cbb^cbg

^cmr

Stratified and 
volcanic rocks

Intrusive rocks

Culpeper
Group

Dl

Oqb

Yc*

Ylg*

Ylm*

Ybm*

Yfh*

Yml*

Ym*

Zq

Zp*

Zrl*

Zrbg*

Ypb*

Zrc*

Zav*

|cw

Zmd ZgaZuZrd*

567±4 Ma

1,144±8 Ma

1,123±6 Ma

1,143±8 Ma

Ymc* 1,169±7 Ma

1,150±6 Ma 

Ypg* 1,172±8 Ma 

Oc Ocf*

SOq*

O|mIII O|mIIO|mIV

|lrum|lr |p

Op Opm

Ocs453±4 Ma Ocg

Zcm
Zclb

Zcs Zcb

|ch

Zlbm

Zlch
Zfcrr

Zfcr

Zfsm

Zfsmc

Zfmm

Zfbh

ZmZss

|a*

Chilhowee
Group

Fauquier
Group

Lynchburg
Group

DEVONIANUpper Devonian

Middle Ordovician

Early Ordovician

Upper Ordovician

Neoproterozoic

Mesoproterozoic

ORDOVICIAN

CAMBRIAN

PROTEROZOIC

≥665 Ma; 708 Ma 

  705±2 Ma

  722±3 Ma

Od*

Ol*
Ot

Ogp

O|gu

|Zg

O|poO|ps

Og* 456±9 Ma

  459±4 Ma

  461±7 Ma

Oo*

Oi

  483±9 Ma

  729±1 Ma

 <960 Ma

Yg*  1,167±7 Ma

Ygt*   1,163±9 Ma

  1,049±6 Ma

Ogh* Ogg

Ob*

Ocl

Om

Ya

OfgOft* Ofm Oftr

Ok* 463±8 Ma

  469±6 Ma

Ogb  472±4 Ma

 478±6 MaOdm* OdtOdl

|Zpb|Zu |Zpg|Zl |Zmp|Za |Zms |Zmg|Zmm

|l|lu|s|i |y

1,153±11 Ma

1,166±8 Ma

1,160±15 Ma

TERTIARY

QspQhm

TmsgTmsg

Tc

Unconformity

Ta

Unconformity

Tmsg

Tc

Tn

Ty Ty

Unconformity

Qchow

Unconformity

Qbc

Unconformity

QTw

Unconformity

Unconformity

Qcc

Unconformity

Qsh*

Qts

Qtlp

QalQal

PIEDMONT PROVINCE COASTAL PLAIN PROVINCECULPEPER BASIN

Qal

af

Unconformity

middle Pleistocene

lower Pleistocene

upper Pleistocene

Holocene and
Pleistocene

Holocene

CORRELATION OF MAP UNITS
(Units with an asterisk have been radiometrically dated)

Miocene

lower Eocene

upper Paleocene

CRETACEOUS

TRIASSICUpper Triassic

JURASSICLower Jurassic

Unconformity

Tm

Unconformity

Unconformity

Tm

Unconformity

Kp

Kps

Kpc

Unconformity

TKb

Unconformity

lower Paleocene

Kp

Kps

Kpc

QUATERNARY184±20 ka;
500–800 ka

  469±20 Ma

  525±60 Ma; 550 Ma

360±13 Ma; 363±13 Ma 

Pliocene

Mine Run Complex

Mather Gorge Formation

Georgetown Intrusive Suite

Falls Church Intrusive Suite

Robertson River
 Igneous Suite

Dalecarlia Intrusive Suite

Potomac
Formation

Potomac
Formation

Chopawamsic Formation

BLUE RIDGE PROVINCE

Catoctin Formation

Yn

Silurian and
Ordovician427–440 Ma; 448±4 Ma

Geologic Map of the Washington West 30’ × 60’ Quadrangle, Maryland, Virginia, and Washington D.C.
By

Peter T. Lyttle,  John N. Aleinikoff, William C. Burton, E. Allen Crider Jr., Avery A. Drake Jr., Albert J. Froelich1, J. Wright Horton Jr., Gregorios Kasselas, Robert B. Mixon1, Lucy McCartan, Arthur E. Nelson, 
Wayne L. Newell, Louis Pavlides1, David S. Powars, C. Scott Southworth, and Robert E. Weems 

2017

Any use of trade, product, or firm names in this publication is for descriptive purposes only and does not 
imply endorsement by the U.S. Government.

This map was printed on an electronic plotter directly from digital files. Dimensional calibration may vary 
between electronic plotters and between X and Y directions on the same plotter, and paper may change 
size due to atmospheric conditions; therefore, scale and proportions may not be true on plots of this map.

For sale by U.S. Geological Survey, Information Services, Box 25286, Federal Center, Denver, CO  80225, 
1–888–ASK–USGS (1–888–275–8747).

Suggested citation: Lyttle, P.T., Aleinikoff, J.N., Burton, W.C., Crider, E.A., Jr., Drake, A.A., Jr., Froelich, 
A.J., Horton, J.W., Jr., Kasselas, Gregorios, Mixon, R.B., McCartan, Lucy, Nelson, A.E., Newell, W.L., 
Pavlides, Louis, Powars, D.S., Southworth, C.S., and Weems, R.E., 2017, Geologic map of the Washington 
West 30’ × 60’ quadrangle, Maryland, Virginia, and Washington D.C.: U.S. Geological Survey Open-File 
Report 2017–1142, 1 sheet, scale 1:100,000, https://doi.org/10.3133/ofr20171142.

ISSN: 2331-1259 (online)
https://doi.org/10.3133/ofr20171142

1Author is deceased

_lr

Ypg

_lr

Og

Ypg

O_mIII

Zfbh

Zcm

^cbg
Zfbh

Zfmm

^cbb
Zlbm

Jdl

Jdh

^cbb

Ym

_ch

OpJmt

^cbb

^cbg

Jmm ^cmp

O_mII

SOq

^cbg

^cmp

Ocg^cbg OcfOp
Zlbm

O_mIV

O_mIV

Op

_lr

^cbg

Zrbg

Jms

Zclb

^cmp

Ccw

Jms

Cch

J^tm
Jms

J^tm

_lr

J^tm

J^cm

J^tm

Zga

J^tm
Jmw ^cbg

^cmr

Jmss

Jmss

Jms _ch

Op
KpJdg

Jdg

Jdg

Kp KpKp

Jdl

Zcm

Zfmm

^cmpJmt Jmm ^cbg ^cbg ^cbg ^cbb Og Op Op Op _lr

Zfmm

ZfbhYpg ZlbmZfmm
SEA LEVEL

500

1000

1500

2000

2500

500

1000

2000

2500

1500

3000

3500

4000

4500

SEA LEVEL

500

1000

1500

2000

2500

500

1000

2000

2500

1500

3000

3500

4000

4500

METERS

A

METERS

A'

Q
ua

nt
ic

o 
C

re
ek

R
ap

pa
ha

nn
oc

k 
R

iv
er

G
re

at
 R

un

B
U

LL
 R

U
N

 M
O

U
N

TA
IN

 F
A

U
LT

C
H

O
PA

W
A

M
S

IC
 T

H
R

U
S

T
 F

A
U

LT

D
U

M
FR

IE
S

 F
A

U
LT

 Z
O

N
E

VA
 S

TA
T

E
 R

O
U

T
E

 2
29

U
.S

. R
O

U
T

E
 2

9

  I
N

T
E

R
S

TA
T

E
 H

IG
H

W
A

Y
 9

5
BLUE RIDGE PROVINCE CULPEPER BASIN PIEDMONT PROVINCE

R
A

P
P
A

H
A

N
N

O
C

K
 C

O

C
U

L
P

E
P

E
R

 C
O

FA
U

Q
U

IE
R

 C
O

P
R

IN
C

E
 W

IL
L
IA

M
 C

O

NO VERTICAL EXAGGERATIONAlluvium (Qal) is not shown

?

Qhm

Qsp

Qal

Tn

Tm

Ta

af

Jms

Zfcrr

Ybm

Ofm

Qtlp

Qts

Qsh

Qcc

TKb

Kp

Jmwm

Jmt

Jmhs

Jmh

_ch

_cw

Zcm

Zfsm

Zlch

Ya

Ylg

Ypg

QTw

Qbc

Qchow

Ty

Tmsg

Tc

Kpc

Kps

Jd

Jdo

Jdl

Jdh

Jdg

J^tm

Jmw

Jmss

Jmm

J^cm

^cc

^ccg

^ctm

^cbg

^cbb

^cmr

Zcs

Zcb

Zclb

Zrd

Zmd

Zu

Zfcr

Zfsmc

Zfmm

Zfbh

Zlbm

Zav

Zrbg

Zrc

Zrl

Zp

_y

_lu

_lr

_Zl

_Za

_Zmp

_Zmm

_Zms

_Zmg

Oft

Ofg

Oftr

Ob

Ogp

Ogh

Ogb

Ogg

Odm

Odl

Odt

Om

Oo

Oi

O_gu

Yfh

Ylm

Yc

Ygt

Yg

Ymc

Yn

Dl

Oqb

Oc

Og

Ocf

Ocg

Ocs

_l

_lrum

^cmp

Zm

Zss

Zga

Ym

Ypb

Zq

Od

O_po

_a

_i

O_ps

15

32

42

58

70

33

D
U

SOq

Ok

Ot

Op

Opm

Ocl

_sOlYml

_Zg

_Zu

_Zpb

_Zpg

O_mIV

O_mIII

O_mII

_p

DESCRIPTION OF MAP UNITS

UNCONSOLIDATED SURFICIAL MATERIAL

[In many areas, a veneer of colluvium 3 to 6 feet (ft) thick blankets hill 
slopes and obscures the underlying sediments. Most upland surfaces are 
mantled by 2- to 3-ft-thick residual soils. Dunefields are widespread on 
terraces east of the Potomac River. These thin deposits are not mapped]

Artificial fill—Sandy and gravelly materials in areas filled for construction 
of roads, highways, bridges, and dams

Marsh deposits (Holocene)—Soft mud and muddy sand, medium- to 
dark-gray; may include grayish-brown peat or peaty sand and mud. 
Deposits are covered intermittently by water, may be vegetated by rushes 
and other grass-like plants. Locally, the unit includes shells of freshwater 
mollusks. Thickness is generally less than 5 m (meters) (16 ft) 

Swamp deposits (Holocene)—Mud, muddy sand, and muck; contains 
abundant decaying leaf and stem material and trunks of trees. The unit is 
thickly vegetated by shrubs and trees; occurs as a thin veneer that is less 
than 3 m (10 ft) thick directly overlying alluvial fill of stream valleys; 
commonly grades downvalley into marsh deposits

Alluvium (Holocene and Pleistocene)—Fine to coarse gravelly sand and 
sandy gravel, silt, and clay, light- to medium-gray and yellowish-gray; 
clasts consist mainly of vein quartz, quartzite, and other metamorphic 
rocks.  Beds along the Potomac River and its tributaries south of the 
District of Columbia contain sparse brackish water clam shells as well as 
rare lenses of shells reworked from units as old as Paleocene. East of the 
Potomac River clasts of metamorphic rocks become much less 
abundant. Thickness is typically 1 to 6.5 m (3 to 21 ft), but can be as 
much as 15 m (49 ft). This unit is present in all physiographic provinces 
shown on the map

COASTAL PLAIN PROVINCE

Tabb Formation (upper Pleistocene)—Fine to coarse, crossbedded sand, 
sandy gravel, silt, and clay, light- to dark-gray and yellowish-gray; 
pebbles and cobbles are mostly quartz, metamorphic rock of various 
types, and red mudstone and sandstone derived from the early Mesozoic 
Culpeper basin. Within the map area this formation is subdivided into 
two units, the Lynnhaven and Poquoson Members (undivided), and the 
Sedgefield Member

Lynnhaven and Poquoson Members, undivided (upper Pleistocene)— 
Muddy, fine to coarse sand and sandy silt underlying low terraces ranging 
in elevation from sea level to about 6 m (20 ft) and paralleling tidal creeks 
and bays tributary to the Potomac River. Thickness varies from a feather 
edge to 14 m (40 ft) and as much as 30 m (100 ft) in paleochannels 
beneath the Potomac River

Sedgefield Member (upper Pleistocene)—Upward fining sequence of 
gravelly sand, silt, and clay; primarily fine to coarse sand, well to poorly 
sorted, tan to orange in the upper one-third; poorly sorted, gray to olive 
silty clay in most of the lower two-thirds; and olive-gray pebbly sand at 
the base.  Underlies terraces at elevations of 6 to 11 m (20 to 36 ft) 
along the Potomac River and is typically 1.5 to 14 m (5 to 46 ft) thick 
and as much as 30 m (100 ft) thick in paleochannels beneath the 
Potomac River. Diatom assemblages and oyster beds (Crassostrea virgini-
ca) with a sandy mud matrix (present at 1 to 3 m [3 to 10 ft] above sea 
level) suggest an estuarine environment of deposition. Diatom assem-
blages are from the Mathias Point Neck on the Potomac River a few 
miles south of the map area. Oyster beds are located in bluffs, east and 
west of Maryland Point, south of the Washington West quadrangle on 
the east side of the Potomac River, in western Charles County, Maryland

Shirley Formation (middle Pleistocene)—The sequence generally 
includes, from bottom to top, at least three of the following sediment 
types: (1) medium to coarse, light-gray to white sand, thick-bedded and 
coarsely cross-stratified, commonly oxidized bright yellow or orange, in 
units as much as 3 m (10 ft) thick; (2) light- to medium-gray sand, thin- 
bedded, interbedded with thin silt and clay beds, which locally contain 
abundant wood fragments; the unit weathers yellowish brown to pale 
red, thin beds of limonite are common; (3) massive, light-gray or green-
ish-gray, sandy clay and silt in units 1.5 to 3 m (5 to 10 ft) thick; contains 
scattered pebbles, cobbles, and limonite-filled root tubes; weathers pale 
red and forms vertical faces in natural exposures; and (4) fine to coarse, 
massive, orange-brown sand as much as 2 m (6.5 ft) thick, which locally 
forms the uppermost part of the terrace. Includes pebble- to cobble-grav-
el, including unstable rock types exposed along the base of some 
wave-cut cliffs along the Potomac River. The base of the formation is 
irregular and extends below sea level. The top of the formation forms a 
flat plain at an elevation of 12 to 15 m (39 to 49 ft). The Shirley Forma-
tion is interpreted to be correlative with the Onancock Member of the 
Omar Formation on the Delmarva Peninsula based upon probable age 
(Mirecki and others, 1995). However, age estimates vary from a uran-
ium-thorium age of 184±20 ka (kilo-annum), on coral from the lower 
Rappahannock River area (Mixon and others, 1982), to 800 to 500 ka 
(Colman and Mixon, 1988), which indicates the Shirley Formation is 
middle Pleistocene in age 

Charles City Formation (lower Pleistocene)—Fine to coarse, feldspath-
ic, quartz sand; gravelly beds at the base include boulder-size material; 
locally includes thin clay beds and thin to thick beds of clayey sand. The 
main body of deposits underlies a partly dissected terrace between the 
Occoquan River on the northeast and a conspicuous arcuate fluvial scarp 
to the west and southwest. The top of the terrace is generally at an eleva-
tion of 26 to 29 m (85 to 95 ft). The base of deposits ranges from about 
10 to 23 m (33 to 75 ft) in elevation. The lower contact is an erosional 
unconformity that rests on Cretaceous and lower Tertiary stratigraphic 
units. The main body of deposits is generally 3 to 6 m (10 to 20 ft) thick

Windsor Formation (lower Pleistocene)—Silty fine sand, and fine to 
medium sand and clay, interbedded with medium to coarse sand with 
pebbles, cobbles, and boulders; coarser material is common at the base. 
Typical colors of fine-grained and poorly sorted material are pink, pale 
brown, or medium yellow orange. Unlike younger units, this unit 
contains a large component of sediment derived directly from the 
Piedmont, Culpeper basin, and Appalachian Mountains, as well as 
locally derived clasts. Where the upper surface is very flat (suggesting 
estuarine origin), it is usually 30 to 39 m (98 to 128 ft) above sea level. 
Typically this unit is 15 to 18 m (49 to 59 ft) thick 

Bacons Castle Formation (lower Pleistocene)—Sandy gravel and 
feldspathic quartz sand. Basal beds are commonly cobble and gravel 
composed mainly of quartz, quartzite, and lesser amounts of chert and 
sandstone. The unit is extensive in northern Mason Neck State Park, 
lower Pohick Creek and Accotink Creek drainage basin, and the vicinity 
of Fort Belvoir Military Reservation in Virginia. Surface elevation of the 
top of the terrace deposits is commonly 44 to 50 m (144 to 164 ft) in 
elevation. The base of deposits ranges from 37 to 43 m (121 to 141 ft) 
in elevation

Chowan River Formation (lower Pleistocene)—Sandy gravel and quartz 
to feldspathic sand; pebble- to cobble-size clasts are mainly quartz, 
quartzite, sandstone, and chert. Generally, the top of the unit is land 
surfaces from 58 to 65.5 m (190 to 215 ft) in elevation. It is interpreted 
to have been deposited about 2.4 million years ago (Blackwelder, 1981)

Yorktown Formation (Pliocene)—Sandy gravel and feldspathic sand; 
pebble- to cobble-size clasts are mainly quartz, quartzite, sandstone, and 
chert. The base of unit ranges from about 73 to 77 m (240 to 253 ft) in 
elevation. North of Occoquan River, remnants of relatively undissected 
flats (inferred to be depositional surfaces at top of the unit), slope gently 
southeastward from elevations of about 80 m (262 ft) at the toe of a 
highly eroded and poorly defined scarp that extends from Dale City 
northeastward. The scarp is most prominent north of the Occoquan 
River, west and north of the main detention centers on grounds of the 
former District of Columbia Department of Corrections at Lorton, 
Virginia. The scarp separates less dissected gravel-capped terrane on the 
southeast (elevations no higher than about 77 m [250 ft]), from higher 
85 to 107 m (279 to 351 ft) elevated terrane on the northwest, that is 
mainly underlain by crystalline rocks and strata of the Potomac Forma-
tion of Early Cretaceous age. The scarp is very highly dissected south of 
Occoquan River in Occoquan and Quantico quadrangles, but a break in 
slope can be traced farther southwestward into the Thornburg scarp, a 
late Tertiary marine shoreline. In Maryland, thickness is as much as 
17 m (56 ft) and the top of the unit reaches 70 m (230 ft) in elevation. 
The formation is present in the Piedmont and Coastal Plain provinces

Sand and gravel (upper and middle Miocene)—Fine to coarse sandy 
gravel and gravelly quartz sand, thick to massively bedded, weathers 
reddish-brown, contains abundant large pebbles and cobbles of vein 
quartz and quartzite; appears to be of fluvial origin. Locally, the lower 
2 to 3 m (6.5 to 10 ft) of the unit consists of pale-yellow to yellow-
ish-gray, very fine to fine, well-sorted, quartz sand and sandy and clayey 
silt believed to be of marine origin. Weems and others (2012) report the 
presence of Choptank Formation (middle Miocene) dinoflagellates from 
Tmsg units mapped west of Fredericksburg and Richmond, Virginia. 
Occurs as highly dissected erosional remnants capping drainage divides 
west of the Thornburg scarp. The unit can be found up to 150 m 
(492 ft) above sea level at Tysons Corner, Virginia, and up to 124 m 
(407 ft) above sea level in the District of Columbia. Thickness is as much 
as 10 m (33 ft). The unit is present in the Culpeper basin, Piedmont, and 
Coastal Plain provinces

Calvert and (or) Choptank Formations (middle and lower Miocene)— 
Quartz sand, grayish-olive to dark-greenish-olive, very fine, well-sorted; 
fine sandy clay, and rare medium- to coarse-grained sand. The sands 
weather tan, yellow, and orange; the weathered clays are white, gray, 
and pale green. The Calvert Formation crops out in upper parts of 
stream valleys and bluffs. It reaches a maximum elevation of about 55 m 
(180 ft) in Maryland and 117 m (384 ft) in the District of Columbia. 
Layers with phosphatic sand grains and pebbles, thin phosphatic shells, 
chalky calcareous shells, and diatoms are present at many levels in the 
formation. Phosphatic zones in the Calvert Formation have a brownish 
cast. Bedding is commonly indistinct due to bioturbation. In some areas, 

thin alternating beds of silt and silty clay, or silt and fine sand, are 
preserved. The middle Miocene age and inclusion of the Choptank 
Formation is based on a reinterpretation of diatom data (Andrews, 
1978; Mixon and others, 1989, 2000) and dinoflagellate data (Weems 
and others, 2012). In most places, the Calvert Formation unconform-
ably overlies the Eocene Nanjemoy Formation (Tn). The thickness 
ranges from a feather edge in Virginia to a maximum of about 30 m (98 
ft) in Maryland near the Prince Georges County and Charles County line. 
The unit is present in the Piedmont and Coastal Plain provinces

Nanjemoy Formation (lower Eocene)—Glauconitic quartz sand, 
dark-grayish-green to olive-black (tan to orange where weathered), fine- 
to medium-grained; and dark-greenish-gray silty clay. In places, the sand 
is very muddy or contains many small quartz pebbles, and the clay is silty 
or sandy. Both lithologies contain richly fossiliferous beds including 
abundant mollusk shells. The upper surface reaches an elevation of 
about 50 m (164 ft) and is overlain in most places by the Calvert Forma-
tion (Tc). The unconformity between the Calvert and the Nanjemoy 
Formations spans approximately 34 million years (McCartan, 1989b). 
This unit is present only in the southeastern part of the map area, and it 
reaches a maximum thickness of about 20 m (66 ft)

Marlboro Clay (lower Eocene)—Clay or silty clay, medium-silvery-gray, 
pink and light-red, tan, mainly laminated to massive, kaolinite rich; 
yellow to light-gray where weathered. It mainly consists of interbedded to 
finely laminated to massive kaolinite-rich marine clays and silts that 
locally have up to 270 stacked muddy cm-scale fining-upwards packages 
with erosive bases. These are interpreted as hyperpycnal (turbidite) 
deposits (high sedimentation rate with large fresh water and terrestrial 
input) (Powars and Edwards, 2016). This unit is a distinctive marker unit, 
deposited during the Paleocene to Eocene thermal maximum. The clay 
is thin but widespread between two dark, glauconitic, micaceous sand 
units, the Nanjemoy (Tn) and the Aquia (Ta) Formations. Both the upper 
and lower contacts are sharp and burrowed. Locally, burrowing obscures 
the contact with the Aquia Formation. The Marlboro clay is susceptible 
to slumping. The age is determined on the basis of calcareous nanno-      
fossils in silty layers; little time is missing across the lower contact (Gibson 
and Bybell, 1994). The thickness ranges from 0 to 12 m (0 to 39 ft), but 
it is typically 3 to 6 m (10 to 20 ft) 

Aquia Formation (upper Paleocene)—Quartz sand, olive-black to 
olive-gray, fine to coarse, micaceous and glauconitic, with a few beds of 
olive-gray silty clay and very fine sandy silt; weathers to a yellow streaky 
sand. Sorting ranges from moderate to poor. Burrowing has disrupted 
the primary bedding in most cores and outcrops, and organic activity 
probably contributed to the poor sorting. In most places, the Aquia is 
overlain by the Marlboro Clay (Tm), and the contact is a sharp or 
burrowed lithologic boundary. A bed of polished phosphate grains and 
pebbles is found at the base of the formation in many places, and this is 
reflected in a distinctive gamma radiation peak in borehole geophysical 
logs. In updip areas, one or more 1- to 1.2-m-thick (3- to 4-ft-thick) 
pebbly medium sand beds are interbedded with finer burrowed sand. 
Irregular burrows filled with glauconitic-rich sand are common. Molds 
and casts of pelecypods and gastropods are abundant in some beds 
locally; shell material is very rarely preserved. Glauconite content 
decreases upward. Clay fraction is predominantly montmorillonite-illite. 
Detrital heavy minerals (mainly ilmenite) are abundant. The Aquia 
Formation reaches a maximum elevation of about 33 m (108 ft) and a 
maximum thickness of about 30 m (98 ft)

Brightseat Formation (lower Paleocene) and Severn Formation 
(Upper Cretaceous) undivided—The Severn Formation is a black, 
dark-brown to greenish-brown, micaceous, fine sand and silt that weath-
ers red and pale orange. It is locally glauconitic, with quartz and 
phosphate pebbles at the base, and contains sand-filled burrows extend-
ing downward into the Potomac Formation. The Severn Formation is 
generally less than 6 m (20 ft) thick. The Brightseat Formation is a fine, 
black, micaceous quartz sand to sandy silt with abundant pyrite and 
sparse to minor glauconite. The base contains abundant black grains and 
pebbles of phosphate. The Brightseat Formation contains less glauconite 
than the overlying Aquia Formation. It is less than 6 m (20 ft) thick and 
occurs as thin lenses in Maryland (just south of the District of Columbia), 
and south of the quadrangle in the Aquia Creek, Virginia area. East of 
the District of Columbia, the Brightseat Formation is more continuous 
and thicker. Ostracodes, planktonic foraminifera, and dinoflagellates 
indicate an earliest Paleocene age (Hazel, 1968; Whitney, 1984)

Potomac Formation (Upper and Lower Cretaceous)—Very light gray to 
pinkish-gray, medium to very coarse, feldspathic quartz sand; green 
montmorillonite-illite clay and clayey sand; and dark-yellowish-brown to 
olive-gray, lignitic sandy silt and clay containing abundant poorly 
preserved leaf and stem impressions of ferns, cycads, and gymnosperms 
and rare silicified tree trunks. The highest elevation of this unit is 100 m 
(328 ft), located in the District of Columbia. The unit reaches 245 m 
(804 ft) of thickness in the southeastern corner of the map area. Mostly 
north and east of Hybla Valley, Virginia, the Potomac Formation is 
divided into 2 units: Kpc (clay-dominated lithofacies) and Kps (sand-dom-
inated lithofacies). Kpc is distinguished by cross fractures that give a 
blocky structure not generally found in younger units. Clay is found as 
lenses in the sand at all scales. Kps commonly contains medium-scale 
trough and planar crossbeds, with most dips to the south, southeast, and 
east. Sedimentary structures and a lack of marine fossils indicate a fluvial 
depositional environment for this unit. The Potomac Formation is 
unconformably overlain by units ranging in age from Late Cretaceous to 
Holocene. This contact is sharp and commonly marked by phosphate 
and quartz pebbles at the base of the overlying unit. This lag deposit 
represents reworked Potomac Formation as well as units now missing. 
The lower contact is an unconformity on crystalline rocks of the 
Piedmont. The age of the Potomac Formation (based on pollen analysis) 
is earliest Late Cretaceous to Early Cretaceous. This formation is present 
in the Piedmont and Coastal Plain provinces

CULPEPER BASIN

INTRUSIVE ROCKS

Diabase dikes and sheets (Lower Jurassic)—Light- to dark-gray and 
dark-greenish-gray, predominantly medium crystalline and porphyritic, 
but finely crystalline and aphanitic near chilled margins and in narrow 
dikes; deeply weathered to orange-brown saprolite more than 6 m (20 ft) 
thick on uplands. Diabase contains at least three principal magma types: 
(1) in places, aphanitic diabase (Jdh) encloses light- and dark-gray,
layered, orthopyroxene-rich cumulate plugs and sheets; elsewhere,
aphanitic diabase encloses sheets containing light- and medium-gray,
medium- to coarse-crystalline ferrogabbro, ferrodiorite, and pegmatoid,
pinkish-gray to dark-pink porphyritic granophyre and syenite, and finely
crystalline aplite. Both types of diabase are magmatic derivatives of
high-titanium, quartz-normative tholeiite (HTQ). The unit Jdh is mainly
an interlocking crystalline mosaic of calcic plagioclase and pyroxene, and
unit Jdg is predominantly late-stage granophyric differentiates contain-
ing sodic plagioclase, potassium feldspar, quartz, hornblende, biotite,
and pyroxene. Differentiated sheets locally exceed 600 m (1,969 ft) in
thickness, and dikes vary from a wedge-edge to 150 m (492 ft) wide. (2)
Diabase of low-titanium, quartz-normative (LTQ) magma type (Jdl),
characterized by centimeter-size clusters of calcic plagioclase
phenocrysts; occurs as chemically uniform, moderately thick (more than
215 m [705 ft]) sill-like sheets and as narrow dikes that locally swell to
more than 150 m (492 ft) wide. (3) Diabase of the olivine-normative
magma type (Jdo on map) occurs as dikes and plugs within the basin and
as dikes in the Blue Ridge. In addition to subequal amounts of calcic
plagioclase and augite, the diabase contains abundant olivine, locally
altered to serpentine, with minor granules of magnetite, chromite, and
ilmenite that is locally picritic. Diabase dikes with a magma type not
determined are shown as Jd on the map. A whole-rock sample from
unaltered diabase (Jdh) has yielded a nearly concordant 40Ar/39Ar age
spectrum with a well-defined plateau age of 201.2±1.3 Ma (mega-an-
num) (Sutter, 1988). This  age is interpreted to be a close approximation
to the time of igneous intrusion, differentiation, and crystallization of the
Centreville HTQ sheet and related diabase. Another whole-rock sample
from fresh LTQ diabase (Jdl) yielded a nearly concordant 40Ar/39Ar age
spectrum with a fairly well-defined plateau age of 199.3±3.0 Ma for the
Catlett 7.5-minute quadrangle (Sutter, 1985). These age estimates are
analytically indistinguishable, so at least to the temporal resolution possi-
ble by the 40Ar/39Ar technique, HTQ and LTQ diabase in the Culpeper
basin are coeval

THERMALLY METAMORPHOSED ROCKS

Hornfels, metagraywacke, quartzite, and metaconglomerate (Lower 
Jurassic and Upper Triassic)—Dark-gray, greenish-gray to olive-black, 
bluish-gray and mauve metasedimentary rocks occurring as zoned 
contact aureoles adjacent to diabase intrusives; parent rocks were 
siltstone, impure pebbly sandstone, and conglomerate. Cordierite- 
spotted hornfels is commonly present at the innermost part of the 
aureole; epidote- and chlorite-rich hornfels, metagraywacke, quartzite, 
and metaconglomerate characterize the remainder of the contact zone. 
The thermally metamorphosed rocks of the contact aureole are generally 
hard, brittle, and fractured. The contact aureole above and beneath the 
HTQ sheets is about 120 m (394 ft) thick, but about 60 m (197 ft) thick 
enclosing the thinner LTQ sheets 

STRATIFIED AND VOLCANIC ROCKS

Culpeper Group (Lower Jurassic and Upper Triassic)

Waterfall Formation (Lower Jurassic)—Sandstone, siltstone, shale, and 
conglomerate, interbedded in at least ten cyclic lacustrine turbidite 
sequences, each 40 to 150 m (131 to 492 ft) thick. The sandstone is 
very fine to very coarse and consists of three types with the following 
characteristics: (1) light-bluish-gray, quartzose, calcareous, wavy bedded 
and ripple bedded in fairly well sorted, graded, stacked beds with desicca-
tion cracks and rare dinosaur tracks; (2) grayish-red, pebbly, feldspathic, 
planar bedded and festoon crossbedded, with locally abundant coarse 
plant fossils; (3) light- to dark-gray, thin-bedded, quartzose, calcareous, 
massive or graded beds with scoured bases, flame structures, flute casts, 
and coarse fossil debris concentrated at the base of individual beds. The 
siltstone and shale consists of two types with the following characteris-
tics: (1) medium- to dark-gray, calcareous, laminated, pyritic, carbona-

Sykesville Formation (Cambrian)—Light- to medium-gray, medium- 
grained sedimentary mélange consisting of a quartzofeldspathic matrix 
that contains quartz "eyes" and characteristic olistoliths of schist and 
metagraywacke that looks like rocks of the Mather Gorge Formation. 
Also contains olistoliths of ultramafic rocks, metagabbro, soapstone, 
undivided ultramafic and mafic rocks, felsic and mafic metavolcanic 
rocks, plagiogranite, and quartzite. The upper part contains 50 percent 
or more phyllonite olistoliths. Forms the precursory mélange element of 
the Mather Gorge-Sykesville tectonic motif (Hopson, 1964; Drake, 
1985a)

Yorkshire Formation (Cambrian)—Polygenetic mélange consisting of a 
dark-colored quartz-plagioclase-chlorite matrix that contains chips, 
fragments, and small blocks of quartz, ultramafic rocks, metagabbro, 
plagiogranite, mafic volcanic rocks, and other exotic rocks. The unit is 
characterized by abundant light-colored feldspar grains that contrast 
greatly with the dark-colored phyllosilicate component. Forms the 
precursory mélange element of the Piney Branch-Yorkshire tectonic 
motif (Drake and Morgan, 1981)

Laurel Formation (Cambrian)—The lower part of the unit (|l) consists of 
medium- to coarse-grained, moderately to well foliated sedimentary 
mélange consisting of a quartzofeldspathic matrix that contains quartz 
"eyes" and characteristic olistoliths of meta-arenite and biotite schist. 
Also contains olistoliths of ultramafic rocks and amphibolite. The upper 
part of unit (_lu) contains more than 50 percent olistoliths of meta- 
arenite and biotite schist that are locally as long as 5 to 10 m (16 to  
33 ft). The unit forms the precursory mélange element of the Loch 
Raven-Laurel tectonic motif (Hopson, 1964)

Lunga Reservoir Formation (Cambrian)—Metadiamictite mélange that 
has a deceptive resemblance to a granitoid. Typically, the matrix is 
grayish green, micaceous, and quartzofeldspathic. Rounded to subround-
ed quartz grains range in size from silt to sand. Rounded to subrounded 
plagioclase is also common, whereas potassium feldspar is sparse to 
absent. Fine-grained muscovite is abundant in the matrix and also occurs 
as coarse poikilitic porphyroblasts. Green biotite forms smaller porphy-
roblasts that are commonly inclusion free. Garnet is locally a common 
minor constituent, and euhedral to subhedral magnetite is ubiquitous. 
Chlorite has replaced biotite in places. Epidote is generally a local minor 
accessory.

Characteristic clasts of this mélange change from the northern to the 
southern part of the formation. The southern part of the formation 
consists of granules, pebbles, and cobbles of colorless to milky quartz 
that have a granoblastic texture in thin section; such clasts probably 
represent recrystallized fragments of vein quartz. Other common clasts 
include garnetiferous mica schist. Schist fragments are dimensionally 
aligned along foliation, but in a few places their internal foliation is 
athwart to that of the enclosing matrix. Other sparse clasts include 
calc-silicates. Mafic and ultramafic rock fragments are very sparse in the 
southern part of the formation. In the northern part of the formation, 
cobble- to boulder-size, generally rounded, ultramafic to mafic rocks 
(_lrum) are the more dominant clasts. These clasts consist of 
gray-green, medium-grained amphibole-chlorite-epidote-talc schist, 
amphibole-chlorite-talc schist and gneiss, and subordinate amounts of 
hornblende-plagioclase-quartz-epidote-talc amphibolite (Seiders and 
Mixon, 1981). Locally, along the contact with the Chopawamsic Forma-
tion (Oc), the Lunga Reservoir Formation contains fragments that look 
similar to Chopawamsic rocks

Purcell Branch Formation (Cambrian)—Matrix rocks of the sedimen-
tary mélange are grayish green in color, lack bedding, and contain a 
pervasive anastomosing foliation. In many places, biotite has been 
altered to chlorite. Quartz lumps are sparse, smaller in size, and have 
undergone tectonic flattening and recrystallization. Metasedimentary 
rock chips of greenschist-facies phyllite are sparse. A variety of blocks 
occur that are several meters to probably several hundred meters in 
length. These blocks consist of metamorphosed quartz keratophyres, 
greenstones and greenschists, mafic rocks, and amphibolite

Garrisonville Mafic Complex (Cambrian and (or) Neoproterozoic)— 
Melanocratic, fine- to coarse-grained, massive to foliated metamafic 
rocks. Talc-amphibole schist occurs near the contact with country rock. 
South of the map area (in the western part of the complex), metamafic 
rocks are predominantly amphibolite and hornblendite with lesser 
amounts of metapyroxenite (enstatite-bearing), metawebsterite, and 
metanorite (Mixon and others, 2000)

Ultramafic rocks (Early Cambrian and (or) Neoproterozoic)—Serpentinite, 
soapstone, talc-chlorite-carbonate schist, actinolite schist, and actinofels. 
These rocks occur as olistoliths in the Mather Gorge Formation

Piney Branch Complex (Early Cambrian and (or) Neoproterozoic)— 
Intermixed complex consisting of subequal parts of peridotite, pyrox-
enite, and gabbro (now serpentinite), soapstone, actinolite schist, 
actinofels, and metagabbro. Contains dikes and sheets of plagiogranite 
(_Zpg) (Drake and Morgan, 1981)

Annandale Group (Lower Cambrian and (or) Neoproterozoic)

Lake Barcroft Metasandstone—Light-greenish-gray to light-gray to 
bluish, medium-grained meta-arenite that displays grayish-orange-pink- 
to yellowish-gray-weathering; and fine- to medium-grained metagray-
wacke that displays very light gray to yellowish-gray-weathering. The 
meta-arenite has a typical mineral assemblage of quartz-epidote- 
plagioclase-chlorite (-muscovite-magnetite). The metagraywacke usually 
contains the assemblage quartz-biotite-muscovite-plagioclase (-garnet- 
epidote-magnetite). Individual beds of meta-arenite are as much as 2 m 
(7 ft) thick, but much of the rock appears to be the result of sedimentary 
amalgamation. The meta-arenite was interpreted by Drake and Lyttle 
(1981) to be a sequence of turbidites. The unit grades down into the 
Accotink Schist; the contact is placed where the schist constitutes more 
than 50 percent of the rock sequence. Thickness is about 400 m (1,312 ft) 
thick

Accotink Schist—Light-gray, yellowish-gray- to moderate-brown- to very- 
pale-orange weathering schist and interbedded micaceous metagray-
wacke. The metagraywacke appears to be a more quartzofeldspathic 
element of a pelitic sedimentary sequence. At places, the schist contains 
randomly scattered, discontinuous beds of meta-arenite. Schist intervals 
are 20 to 210 cm (8 to 83 in.) thick, but individual sedimentation units 
average about 1 cm (0.4 in.) in thickness. The schist contains the mineral 
assemblage quartz-muscovite-biotite-chlorite-plagioclase-garnet-magne-
tite-epidote-apatite-zircon-pyrite

Mather Gorge Formation (Lower Cambrian and (or) Neoproterozoic) 

Phyllonite—Greenish-gray chlorite-sericite phyllonite containing white vein 
quartz

Migmatite—Light-gray, highly folded migmatite consisting of quartz-pla-
gioclase leucosome and dark-gray quartz-rich schist

Schist—Greenish-gray to gray, reddish-brown-weathering, fine- to 
coarse-grained, lustrous quartz-rich schist and much lesser mica gneiss. 
Contains interbedded metagraywacke and some calc-silicate rock. 
Typical mineral assemblages from west to east and from low to high 
metamorphic grade are (1) quartz-muscovite-chlorite-plagioclase-epi-
dote-magnetite-hematite, (2) quartz-muscovite-biotite-garnet-staurolite- 
plagioclase-magnetite (-andalusite), (3) quartz-muscovite-garnet-kyanite- 
plagioclase-staurolite-magnetite, and (4) quartz-biotite-plagioclase- 
sillimanite-magnetite. Some sillimanite-bearing rocks also contain micro-
cline. Cordierite has been recognized at a few locations. This unit also 
contains abundant debris of ultramafic and lesser related mafic rocks

Metagraywacke—Light- to medium-gray, yellowish- to reddish-brown- 
weathering, fine- to medium-grained, generally well-bedded metagray-
wacke and lesser semi-pelitic schist. Contains interbedded quartzose 
schist and some calc-silicate rock. Beds range from about 3 cm (1.2 in.) 
to as much as 3 m (10 ft) thick, averaging about 20 cm (8 in.) thick. 
Much of the metagraywacke is graded. Sole marks and slump features 
are abundant (preserved in rocks at sillimanite-grade metamorphism). 
Contains the same mineral assemblages as the quartz-rich schist unit 
_Zms

EXPLANATION OF MAP SYMBOLS

Contact—Approximately located; dotted where concealed by water or 
surficial material

FAULTS
[Dotted where concealed by water or surficial material; queried where 
location is questionable]

Fault—On map, sense of displacement and (or) angle not known. On 
cross section, sense of displacement shown by arrows

High-angle reverse fault—U, upthrown side; D, downthrown side

Normal fault—Ball and bar on downthrown side. Normal faults are 
approximately located under the Coastal Plain Province

Left-lateral dip-slip fault—Ball and bar on downthrown side. Arrows 
indicate relative movement

Thrust fault—Sawteeth on upper plate

Overturned thrust fault—Base of sawteeth on upper plate. Sawteeth 
indicate the direction of dip

PLANAR AND LINEAR FEATURES

Strike and dip of bedding

Inclined

Vertical

Overturned

Strike and dip of early foliation—Formed during the Grenville orogeny 
in rock of the Blue Ridge Province and during the Taconic orogreny in 
rocks of the Piedmont Province

Inclined 

Vertical

Strike and dip of late foliation—Formed during the Alleghanian orogeny 
in rocks of the Blue Ridge Province and during the Taconic orogeny in 
rocks of the Piedmont Province

Inclined

Vertical

Strike and dip of inclined phyllonitic foliation—Presumed to be 
Neoproterozoic in age in rocks of the Blue Ridge Province

Mineral lineation

ceous, fossiliferous (fossil fish, conchostracans, ostracodes, coprolites, 
spores and pollen), with minor impure limestone; (2) grayish-red to 
reddish-brown, sandy, calcareous, hematitic, micaceous, wavy or planar 
laminated except where bioturbated (roots and burrows), dessication 
cracks, calcite-filled vugs, and minor interbeds of arkosic sandstone. The 
conglomerate is gray to red, lenticular, matrix- and clast-supported, with 
rounded pebbles, cobbles, and boulders of quartzite, basalt, and vein 
quartz in horizontally stratified graded layers in a calcareous, fine- to 
coarse-grained sandstone matrix. Thickness east of Thoroughfare Gap is 
estimated at greater than 1,000 m (3,280 ft), but in the Opal, Virginia, 
corehole only the lower 77 m (253 ft) are preserved

Millbrook Quarry Member—Conglomerate, sandstone, and siltstone, 
interbedded in upward-fining sequences. Conglomerate is gray to 
reddish brown, lenticular, westward-thickening, massive to planar 
bedded, mainly clast-supported, with pebble- to boulder-size subrounded 
to subangular clasts of quartzite, greenstone, conglomerate, phyllite, vein 
quartz, and marble in grayish-red, poorly sorted, medium- to 
coarse-grained feldspathic sandstone matrix. Conglomerate lenses are 
locally unconformable on fine-grained strata, but regionally intertongue 
eastward with the lacustrine turbidite sequence of the Waterfall Forma-
tion. Sandstone is reddish brown and gray, medium to coarse grained, 
arkosic, locally pebbly, lenticular, grades downward and westward to 
conglomerate, and upward and eastward to siltstone. Siltstone is dusky 
red brown, sandy, micaceous, hematitic, and lenticular. Thickness south-
east of Thoroughfare Gap is estimated as much as 450 m (1,476 ft) but 
thins and thickens irregularly

Sander Basalt (Lower Jurassic)—Dark-gray to bluish-gray, fine- to 
medium-crystalline, porphyritic to equigranular basalt with plagioclase, 
augite, and pigeonite phenocrysts; locally vesicular and amygdaloidal at 
tops of flows. Very poorly exposed and deeply weathered. Forms low 
rolling hills and present as at least six to more than a dozen separate 
flows. Lower and upper flows of high-titanium, high-iron, quartz-norma-
tive basalt and middle flows of low-titanium, quartz-normative basalt, are 
separated by several poorly exposed, lenticular, reddish-brown sandstone 
and siltstone units (Jmss). Basalts are characterized by distinctive curved 
columnar joints locally overprinted by closely spaced fractures. Contacts 
are poorly exposed but apparently paraconformable with underlying and 
intercalated sedimentary rocks. Estimated maximum thickness is 751 m 
(2,464 ft), of which collectively about 205 m (673 ft) are interbedded 
sandstone and siltstone

Turkey Run Formation (Lower Jurassic)—Sandstone, siltstone, 
conglomerate, and shale, interbedded in poorly exposed cyclic sequen- 
ces. Sandstone is reddish brown and dark gray, fine to coarse grained, 
locally pebbly and crossbedded, micaceous, poorly sorted. Siltstone is 
red brown, greenish gray and dark gray, micromicaceous, ripple laminat-
ed. Shale is dark red and dark gray, fissile, laminated, calcareous, fossilif-
erous, and carbonaceous. The unit is deeply weathered and underlies 
north-trending lowlands between basalt ridges. The upper and lower 
contacts are poorly exposed. Thickness is about 218 m (715 ft)

Hickory Grove Basalt (Lower Jurassic)—Medium- to dark-gray, fine- to 
medium-crystalline, microporphyritic to equigranular basalt, with 
plagioclase, augite, and pigeonite phenocrysts; locally vesicular and 
amygdaloidal at tops of flows with vugs filled by zeolites, calcite, and 
prehnite. Forms north-trending ridges that are deeply weathered to 
reddish-brown to gray saprolite in uplands. Consists of two or three 
separate flows of high-titanium, high-iron, quartz-normative tholeiitic 
basalt, locally separated by poorly exposed, reddish-brown sandstone 
and siltstone (Jmhs). The upper and lower basalt contacts are poorly 
exposed, locally discomformable, but regionally paraconformable with 
underlying and overlying sedimentary rocks. The estimated thickness is 
as much as 366 m (1,201 ft), but thins southward to less than 213 m 
(699 ft)

Midland Formation (Lower Jurassic)—Siltstone, sandstone, shale, and 
conglomerate, interbedded in poorly exposed cyclic sequences. Siltstone 
is reddish brown and light to dark gray, micaceous, commonly ripple 
laminated, locally bioturbated, calcareous, carbonaceous and fossilifer-
ous. Sandstone is reddish brown and gray, fine to coarse grained, 
feldspathic, locally pebbly, crossbedded and ripple laminated. Shale is 
dark red, light greenish gray, and dark gray to black, silty, burrowed with 
desiccation cracks, carbonaceous, pyritic, calcareous, microlaminated, 
and fossiliferous. The lower part of the unit contains the “Midland Fish 
bed.” The formation is poorly exposed and underlies a subtle 
north-trending valley or lowland. The upper and lower contacts are not 
exposed, but the unit is paraconformable with basalt formations above 
and below. Thickness is as much as 380 m (1,247 ft)

Mount Zion Church Basalt (Lower Jurassic and Upper Triassic)— 
Dark-gray to black, aphanitic to very fine crystalline, microporphyritic, 
high-titanium, quartz-normative tholeiitic basalt; contains phenocrysts of 
augite and plagioclase. The flow tops are vesicular and contain amyg- 
dules filled by calcite, zeolites, and prehnite. Forms low, rounded, 
north-trending ridges and weathers to reddish-brown or gray saprolite in 
uplands. The upper and lower contacts are poorly exposed, and proba-
bly conformable or paraconformable with overlying sedimentary rocks, 
but unconformable with underlying rocks. Consists of one or two flows 
each about 100 m (328 ft) thick

Catharpin Creek Formation (Upper Triassic)—Sandstone, siltstone, 
and conglomerate, interbedded in cyclic repetitive sequences about 30 m 
(98 ft) thick. Sandstone is very dark red to dusky red, micaceous, arkosic 
and pebbly; overlain by dusky-red and olive-gray, calcareous, micromica-
ceous, thin-bedded to ripple-laminated siltstone that is sparsely fossilifer-
ous and laterally persistent. Conglomerate is lenticular, reddish brown, 
with rounded cobbles and pebbles of mainly quartzite, greenstone, and 
minor quartz in fine- to coarse-grained arkosic sandstone matrix. The 
unit is more than 1,000 m (3,281 ft) thick in places, especially where the 
Goose Creek Member is best developed

Goose Creek Member—Lenticular conglomerate and interbedded pebbly 
sandstone. Conglomerate is reddish brown to grayish green, thick 
bedded to massive, with subrounded pebbles and cobbles of mainly 
quartzite, greenstone, metasiltstone, gneiss, vein quartz, and minor 
carbonate rocks in medium- to coarse-grained arkosic sandstone matrix. 
Sandstone is very dark red to dusky red, fine to coarse grained, medium 
to thick bedded, micaceous, arkosic and pebbly, poorly sorted, and silty. 
The unit is commonly deeply weathered to thick orange-brown saprolite 
mantled by lag of resistant cobbles and pebbles on upland ridges. The 
composite thickness may locally exceed 762 m (2,500 ft), but is grada-
tional at the top and base and intertongues laterally into the main body 
of the Catharpin Creek Formation

Tibbstown Formation (Upper Triassic)

Mountain Run Member—Conglomerate and pebbly sandstone, interbed-
ded in upward-fining, westward-coarsening sequences (Lee and Froelich, 
1989). The unit consists of greenstone pebble- to boulder-conglomerate 
with angular to subangular clasts of yellowish-green metavolcanic rocks 
in an indurated, siliceous, dusky-red to pale-green, clayey sandstone and 
siltstone matrix. Conglomerate is interbedded with dark-red and 
grayish-red, coarse- to fine-grained, feldspathic sandstone and siltstone 
lenses that thicken to the east, grading into the lacustrine shale and 
siltstone member of the Balls Bluff Siltstone. The upper contact relations 
are unknown. A tentative age of Late Triassic is based on the intertong 
uing relationship of this unit with the dated fluvial and deltaic sandstone 
and siltstone member of the Balls Bluff Siltstone farther south. The unit 
thickness ranges from a feather edge, where conglomerate tongues out 
south and eastward, to an estimated 640 m (2,100 ft) on the west flank 
of the basin south of Brandy Station (Lee and Froelich, 1989)

Balls Bluff Siltstone (Upper Triassic)

Lacustrine shale and siltstone member—Silty and sandy shale, light- to 
dark-gray, light-greenish-gray, black, thin-bedded to laminated, locally 
ripple marked, mud-cracked, calcareous and dolomitic, sparsely fossilif-
erous; interbedded with dusky-red, thin-bedded, calcareous, micaceous, 
feldspathic, bioturbated, clayey and sandy siltstone in cyclic sequences 
3 to 9 m (10 to 30 ft) thick. The contact with the underlying fluvial 
sandstone and siltstone member is gradational, and the entire unit grades 
northward into fluvial and deltaic sandstones and siltstones that are 
conformably overlain by the Catharpin Creek Formation. Maximum 
thickness is estimated to exceed 1,525 m (5,003 ft), but the unit is partly 
repeated by faulting, extensively intruded by diabase, and is laterally 
equivalent to the fluvial and deltaic sandstone and siltstone member 

Fluvial and deltaic sandstone and siltstone member—Silty sandstone, 
reddish-brown, fine- to medium-grained, thin- to medium-bedded, 
feldspathic, locally crossbedded; interbedded with dusky-red, thin- 
bedded, calcareous, bioturbated, micaceous, feldspathic, clayey and 
sandy siltstone in repetitive sequences 1 to 3 m (3 to 10 ft) thick. The 
unit is gradational with the underlying Poolesville Member of the Manas-
sas Sandstone, intertongues laterally with the lacustrine shale and 
siltstone member of the Balls Bluff Siltstone to the south, and is conform-
ably overlain by the Catharpin Creek Formation. Composite thickness is 
estimated to exceed 1,525 m (5,003 ft), but the unit is partly repeated 
by faulting, extensively intruded by diabase, and is laterally equivalent to 
lenticular units that overlap stratigraphically

Manassas Sandstone (Upper Triassic)

Poolesville Member—Sandstone, pebbly sandstone, siltstone, and minor 
shale, interbedded in upward-fining sequences. Sandstone is pinkish 
gray, grayish red, fairly well to poorly sorted, locally crossbedded; mainly 
a fine- to coarse-grained arkose with abundant pink and white feldspar, 
mica, and minor rock fragments in a matrix of reddish-brown ferruginous 
or calcareous clay and silt. Sandstones commonly become finer grained 
upward and grade into siltstone. Siltstone is reddish brown to dusky red 
and dark red, sandy, micaceous, calcareous and nodular in places; locally 
with climbing-ripple cross-lamination; also contains a greenish-gray 
carbonaceous sandy shale with sparse plant fossils about 15 m (49 ft) 
below the top in some places. The unit conformably overlies the Reston 
Member and intertongues with and is overlain conformably and grada-
tionally by the fluvial and deltaic sandstone and siltstone member of the 
Balls Bluff Siltstone. The unit is generally poorly exposed on upland 

surfaces, but forms bluffs along stream valleys. Thickness is estimated to 
range from about 1,000 m (3,281 ft) to the north, to less than 500 m 
(1,640 ft) to the south. Age is inferred based on its stratigraphic position

Reston Member—Conglomerate, sandstone, and minor siltstone, interbed-
ded in upward-fining sequences. Conglomerate is mainly dark red to gray 
containing subangular to rounded boulders, cobbles, and pebbles of 
quartzite, gneiss, vein quartz, and phyllitic schist embedded in a friable 
matrix of coarse-grained and arkosic sand and interstitial silt and clay. 
Sandstone is mainly a pinkish-gray, grayish-red, and dark-red arkose, 
fairly well to poorly sorted, locally with a silt and clay matrix. Sandstone 
in the lower part of the unit occurs in lensoid alternations with conglom-
erate in cut-and-fill structures with scoured bases. In the upper part of the 
unit, dark-red to pinkish-gray arkosic sandstone fines upward to 
red-brown to dusky-red, sandy, micaceous siltstone. The unit is uncon-
formably above or in fault contact with Piedmont schist, and 
intertongues with and is conformably overlain by the Poolesville Member 
of the Manassas Sandstone. Thickness is very irregular, ranging from a 
feather edge to about 100 m (328 ft). Age is inferred based on its 
stratigraphic position

BLUE RIDGE PROVINCE

Chilhowee Group (Lower Cambrian)

Harpers Formation—Phyllite, muscovite-magnetite-schist, siltstone, 
quartzite, and quartz-pebble conglomerate. The lower part of the unit is 
dominated by silvery-gray, bronze-weathering, medium- to coarse-grained 
muscovite schist studded with magnetite crystals as much as 1 cm 
(0.4 in.) in diameter and quartz veins. Schist occurs sporadically higher 
in the section. The middle part of the unit is dominated by medium-gray 
to greenish-gray, yellowish-brown-weathering, fine-grained phyllite; 
interbedded with thin beds of quartzose, brownish-gray-weathering, 
magnetite-bearing siltstone, coarse sandstone, and pebble conglomer-
ate. The upper part of the unit contains white to medium-gray, yellow-
ish-weathering, medium-grained, thin- to medium-bedded, flaggy, 
micaceous quartzite; interbedded with lesser phyllite and minor conglom-
erate with quartz pebbles as large as 4 cm (1.6 in.). The gradational 
contact with the underlying Weverton Formation is placed at the base of 
the lowest major (greater than 3 m [10 ft]) interval of muscovite-magne-
tite-schist. Due to fault truncation at the western edge of the Culpeper 
basin, the upper contact is not present in the map area. South of Aldie, 
Virginia, the unit is as much as 600 m (1,969 ft) thick, but just north of 
Aldie, the unit is completely absent due to Jurassic faulting

Weverton Formation—Quartzite, muscovite schist, and quartz-pebble 
conglomerate. Quartzite is milky white to very light gray, weathering to 
medium gray (locally weathered to brownish orange where it is rich in 
pyrite), medium grained, thick bedded (up to 3 m [10 ft]) near the base, 
but generally thinner bedded higher in the section, and contains minor 
feldspar. Near the base, bedding is massive and well defined by dark 
wispy layers containing tourmaline, zircon, and magnetite, which 
highlight crossbeds and graded beds. Upward in the section, thin beds of 
muscovite schist are interbedded with micaceous quartzite. Rare, thin 
beds of pebble conglomerate (white quartz pebbles ranging from 0.5 to 
3 cm [0.2 to 1.2 in.]), interbedded with purplish- and green-weathering 
platy phyllite, occur at various stratigraphic levels but more commonly 
near the top of the unit. Near the base of the unit, at least two genera-
tions of quartz veins make up as much as 50 percent of the rock by 
volume. These veins are generally subparallel and contain well-developed 
foliation in even the most massive quartzite beds. The quartzite underlies 
ridges. The lower contact is a regional disconformity above the underly-
ing metabasalt of the Catoctin Formation. The thickness ranges from 
approximately 70 m (230 ft) in the north to 355 m (1,165 ft) where a 
complete stratigraphic section is present north of Thoroughfare Gap

Catoctin Formation (Neoproterozoic)

High-titanium metabasalt—Greenstone, dark-grayish-green to medium- 
bluish-gray, grayish-yellow-green- to yellowish-brown-weathering, fine- 
grained, variably magnetic, massive to schistose. Composed primarily of 
actinolite, chlorite, epidote, albite, and sphene replacing the original 
igneous minerals. Pyrite is a common accessory and chalcopyrite is rare. 
Epidosite (commonly amygdaloidal) forms irregularly shaped resistant 
masses ranging from tiny blebs to several meters across. Paleozoic 
foliation surrounds these masses, which contain highly variable amounts 
of epidote, quartz, and magnetite. In most places, it is impossible to 
distinguish one lava flow from another, but some breccia zones (inter-
preted as flow tops) can be followed for considerable distances. In the 
map area, this unit crops out very poorly and is covered by a thick residu-
um and (or) colluvium. Thickness is difficult to determine due to lack of 
marker beds in most places; in addition, a thrust fault may nearly double 
the stratigraphic section in places. Metasandstone, conglomerate, and 
phyllite (Zcs) occur as lenses and locally form rare marker beds. These 
rocks are white to medium gray, weather medium dark gray, medium 
grained, and muscovite rich. Metasandstone and rare quartz pebble 
conglomerate is interbedded with fine- to medium-grained muscovite 
phyllite. In most places, it occurs as very small lenses rarely thicker than 
3 m (10 ft), but in the vicinity of Fauquier White Sulphur Springs, it crops 
out as ledges 1 to 20 m (3 to 66 ft) thick. Many of these ledges appear 
to be on strike with one another, but are discontinuous. Phyllite is seen 
as chips in soil, but rarely crops out. The unit generally overlies the 
low-titanium metabasalt breccia (Zclb). Estimated thickness is 3,500 m 
(11,483 ft) 

High-titanium metabasalt breccia—Volcanic breccia is composed of 
large, dark-green, amygdular ellipsoids (5 to 40 cm [2 to 16 in.]) in a 
matrix of smaller, dark-green, dense, angular fragments (0.5 to 5 cm 
[0.2 to 2 in.]) and aggregates of epidote. The unit has relatively high 
TiO2 and low MgO content. The unit is found in the Marshall 7.5-minute 
quadrangle (Espenshade, 1986) where thickness ranges from 0 to 
760 m (0 to 2,493 ft) and in the Rectortown 7.5-minute quadrangle 
where it is probably less than 100 m (328 ft) thick

Low-titanium metabasalt breccia—Volcanic breccia is composed of 
blocky to angular fragments of fine-grained, medium-gray-green rock in 
a schistose matrix. In places, there are two types of breccia that are 
interlayered: (1) cobble-size and larger, angular to subrounded clasts of 
basalt in a light-grayish-green matrix and (2) granule-size angular clasts of 
basalt in a light-green aphanitic matrix. Where both of these breccia 
types are recognized, this is primary bedding. In other places, minor 
layers of non-brecciated metabasalt are present. These breccias are 
interpreted to be, in part, hyaloclastite pillow breccias formed in 
subaqueous environments. The unit is concentrated near the base of the 
Catoctin Formation. Thickness ranges from 0 to 1,200 m (0 to 3,937 ft) 
with the greatest thicknesses on Watery and Piney Mountains in the 
Marshall and Jeffersonton 7.5-minute quadrangles

Metarhyolite (Neoproterozoic)—White, commonly aphanitic to rarely 
porphyritic, metarhyolite dikes that intrude porphyroblastic metagranite 
(Ypg) in the Jeffersonton and Orlean 7.5-minute quadrangles. Dikes may 
be associated with the 708 Ma metavolcanic rocks near the town of Ada 
(J.N. Aleinikoff, U.S. Geological Survey, oral commun., 2007) or associ-
ated with the Catoctin Formation. A metarhyolite dike, temporally 
associated with the Catoctin Formation in Loudoun County, yielded a 
sensitive high resolution ion microprobe (SHRIMP) uranium-lead (U-Pb) 
zircon crystallization age of 567±4 Ma (J.N. Aleinikoff, U.S. Geological 
Survey, oral commun., 2007)

Metadiabase (Neoproterozoic)—Medium-greenish-gray to greenish- 
black, medium- to dark-yellowish-brown-weathering, fine- to medium- 
grained metadiabase in dikes and sills with rare, irregular football-shaped 
masses of epidosite. Actinolite, epidote, albite, sphene, and chlorite 
occur as pseudomorphs after primary igneous minerals, thus commonly 
preserving igneous intergranular and ophitic textures. A few outcrops 
have abundant euhedral plagioclase phenocrysts. A weak metamorphic 
cleavage, from aligned chlorite and (or) actinolite is common. Reddish 
clayey soils commonly form on the metadiabase. Dikes are in Mesopro-
terozoic granite gneisses and generally sills are in the Fauquier and 
Lynchburg Groups. The dikes and sills range from about 1 to 10 m (3 to 
33 ft) thick, with a few as thick as 20 m (66 ft). Dike width is exaggerated 
for map portrayal. In some areas, within the Mesoproterozoic rocks, 
metadiabase dikes compose up to 20 percent of the rock by volume, as 
confirmed by a trench excavation in the 1970s (Espenshade, 1986). 
Chemical analyses of these dikes plot along trends of published high-tita-
nium Catoctin metabasalts (Espenshade, 1986; Southworth and others, 
2006)

Ultramafic rocks (Neoproterozoic)—Occur as sills within the Ball Moun-
tain Formation (Zlbm) and Charlottesville Formation (Zlch). In some 
places, the ultramafic rock contains serpentine and dark chlorite and is 
medium to coarse grained. In other places, it primarily contains actinolite 
and chlorite and is fine grained. Everywhere it is highly weathered

Metagabbro (Neoproterozoic)—Generally dark-greenish-gray, coarse- 
grained metagabbro and local metapyroxenite, weathers with a spotty 
appearance and tends to disaggregate easily. Occurs as sills within the 
Ball Mountain Formation (Zlbm)

Marble (Neoproterozoic)—Gray- to buff- to white-weathering, medium- 
to fine-grained, white calcitic and dolomitic marble. Locally, contains 
thin beds of siltstone. Found both in the upper part of the Lynchburg 
Group (Zlbm, Ball Mountain Formation) and Fauquier Group (Zfcrr) 
metasedimentary rocks as well as the Catoctin Formation (Zcm)

Swift Run Formation (Neoproterozoic)—Fine-grained, greenish-gray to 
light-olive-gray, sericite-chlorite phyllite interbedded with lesser yellow-
ish-brown meta-arkose, containing lenses and clasts of quartz and 
dark-gray mudstone. Rare thin layers of purple slate are locally present. 
The unit occurs in several discontinuous outcrops in the northwest 
corner of the map area in the Upperville 7.5-minute quadrangle. The 
base is an unconformity on a variety of Mesoproterozoic gneisses. The 
unit grades laterally and upwards into the Catoctin Formation

Fauquier Group (Neoproterozoic)

Carter Run Formation

Metarhythmite and metasiltstone—Medium-gray to dark-gray, light-gray to 
tan weathering, fine-grained, thinly laminated to thin-bedded, poorly 
exposed mudstone and metasiltstone. The unit is laterally equivalent to 
the uppermost part of the Ball Mountain Formation of the Lynchburg 
Group. Thickness is less than 200 m (656 ft) 

Metasiltstone and meta-arkose—Alternating beds of dark-gray, very fine 
grained, crossbedded and graded bedded, meta-arkose (5 to 45 cm [2 to 
18 in.] thick) and metasiltstone (1 to 12 cm [0.4 to 5 in.] thick) in the 
northern part of the map area. In the southern part of the belt, near 
where it pinches out in the Orlean 7.5-minute quadrangle, the unit 
contains white to light-gray, massive, very thick bedded, medium- to 
coarse-grained, feldspathic sandstone with rip-up clasts of black 
mudstone. The lower part of the unit grades laterally to the uppermost 
part of the Swains Mountain Formation. The unit is laterally equivalent 
with the upper part of the Ball Mountain Formation of the Lynchburg 
Group to the south. Thickness ranges from 300 to 600 m (984 to 1,969 ft)

Swains Mountain Formation—The upper part of the formation consists 
of white to medium-gray, medium-grained, massive quartz arenites and 
wackes; interbedded with fine- to medium-grained, crossbedded quartz 
arenites and rare beds of medium-gray siltstone and fine-grained 
sandstone. The lower part consists of medium-gray, medium-grained, 
massive, quartzofeldspathic wackes with lesser medium-gray, massive, 
thick-bedded, granule conglomerate and coarse-grained sandstone with 
thin beds (5 to 15 cm [2 to 6 in.]) of mudstone and siltstone. The unit is 
laterally equivalent to the lower part of the Ball Mountain Formation of 
the Lynchburg Group. Just north of the Carter Run fault, the lower part 
of the unit is overlain conformably by the Catoctin Formation, whereas 
to the north in the Orlean 7.5-minute quadrangle, the lower part of the 
unit is overlain by the upper part of the unit, which in turn is overlain 
conformably by the Carter Run Formation. In the north, the unit 
conformably overlies the Bunker Hill Formation, whereas to the south it 
conformably overlies the Monumental Mills Formation. In the northern 
part of the map area, generally at or near the base are conglomerates 
(Zfsmc) with pebble- to boulder-size clasts of a variety of Mesoproterozoic 
granites. Like most of the rift-related metasedimentary rocks, the 
thickness of this unit varies dramatically over a few kilometers from 
100 to 2,200 m (328 to 7,218 ft) 

Monumental Mills Formation—The upper part of the formation consists 
of medium-greenish-gray to light-gray, laminated to thinly bedded 
siltstone, mudstone, and rare fine-grained sandstone in beds with a 
scoured base (coarser grains near base). The lower part consists of fine- 
to medium-grained siltstones interbedded with fine- to coarse-grained, 
medium-bedded, quartzofeldspathic wackes. The unit lies conformably 
on the underlying Bunker Hill Formation and is conformably overlain by 
the Ball Mountain Formation in the south and the Swains Mountain 
Formation in the north. Thickness ranges widely over short distances 
from 450 to 1,850 m (1,476 to 6,070 ft). The thinnest part lies above 
a paleo-topographic high, south of the Rappahannock River, and the 
thickness increases towards the Carter Run fault 

Bunker Hill Formation—Rock types include (1) white to light-gray, coarse 
to very coarse grained feldspathic arenite, (2) very rare quartz arenite, (3) 
common granule conglomerate, and (4) rare medium-gray, thin-bedded, 
fine-grained sandstone and siltstone and thinly laminated mudstone. In 
the feldspathic arenites, bedding commonly: (1) is graded (10 to 40 cm 
[4 to 16 in.] thick) with weak, laterally discontinuous, parallel internal 
stratification, (2) has large-scale trough crossbeds in sets 20 to 50 cm 
(8 to 20 in.) thick, and (3) has large-scale tangential planar crossbeds in 
sets 30 to 70 cm (12 to 28 in.) thick. The lower contact is an unconfor-
mity on Mesoproterozoic granite. The unit is overlain conformably by 
the Monumental Mills Formation in the southern part of the outcrop 
belt, the Swains Mountain Formation in the middle part of the belt, and 
the Carter Run Formation in the northern part of the belt. The thickness 
of the Bunker Hill Formation can range widely over short distances along 
strike from 0 to 2,750 m (0 to 9,022 ft). The Bunker Hill is the lowest 
unit in both the Fauquier and Lynchburg Groups

Lynchburg Group (Neoproterozoic)

Charlottesville Formation—Medium-gray, fine- to medium-grained, thin- 
to thick-bedded feldspathic wacke, siltstone, mudstone, and rare cobble 
conglomerate. Contains dikes and sills of mafic and ultramafic rocks 
(Zmd and Zu). Crops out very poorly in the southwestern corner of the 
map area. Thickness is unknown

Ball Mountain Formation—Dark-gray to black and white, laminated 
mudstones and thin-bedded black schists; interbedded with whitish to 
medium-gray, medium- to coarse-grained, thick-bedded to massive 
quartz and quartzofeldspathic sandstones and rare medium- to dark-gray, 
medium- to thick-bedded, granule to pebble conglomerate. Contains sills 
of mafic rocks (Zmd and Zga) and ultramafic rocks (Zu). Found only 
south of the Carter Run fault. Thickness ranges from 200 to 600 m 
(656 to 1,969 ft)

Volcanic and volcaniclastic rocks (Neoproterozoic)—The lower part of 
the section (35 m [115 ft] thick) consists of fine-grained, dark-gray to 
black, biotite- and pyrite-rich volcaniclastic rock; interbedded with 
aphanitic to fine-grained, medium-gray, flinty rock with numerous 
quartz-filled vesicles. The upper part of the section (approximately 
200 m [656 ft] thick) consists of medium-dark-gray, tan weathering, 
fine-grained, felsic volcanic rock with numerous clasts (1 to 25 cm 
[0.4 to 10 in.] in diameter) of fine-grained, white weathering, vesiculated 
felsite interlayered with clast-free felsic rock. Dikes of the clast-free 
metarhyolite cut nearby porphyroblastic metagranite (Ypg). This unit 
unconformably overlies the Mesoproterozoic Marshall Metagranite (Ym) 
and is overlain (apparently conformably) by the basal meta-arkose of the 
Bunker Hill Formation (Zfbh). The rock contains zircons with an approx-
imate age of crystallization of 708 Ma, but three of the nineteen zircons 
analyzed yielded a SHRIMP U-Pb crystallization age of approximately 
665 Ma (J.N. Aleinikoff, U.S. Geological Survey, oral commun., 2008), 
providing its minimum age. The unit is located in Virginia, just south of 
the town of Ada

Robertson River Igneous Suite (Neoproterozoic)

Battle Mountain Alkali Feldspar Granite—Light-gray to gray, 
medium-grained, inequigranular alkali feldspar granite composed of 
alkali feldspar mesoperthite, albite, and quartz with minor biotite, 
aegirine, zircon, fluorite, and rare-earth-element-bearing phases includ-
ing bastnaesite. Locally, displays miarolitic cavities containing quartz and 
magnetite. A weighted average of 207Pb/206Pb using thermal ionization 
mass spectrometry (TIMS) on zircon yielded ages of 705±2 Ma (Tollo 
and Aleinikoff, 1996)

Cobbler Mountain Alkali Feldspar Quartz Syenite—Light- to dark-gray, 
medium- to coarse-grained, porphyritic (mesoperthite phenocrysts) 
composed of microcline, quartz, and plagioclase with hastingsitic amphi-
bole, biotite, stilpnomelane, zircon, allanite, fluorite, and rare 
aegirine-augite. Miarolitic cavities containing quartz is found in places. 
Intercepts of 207Pb/206Pb using TIMS on zircon yielded a crystallization 
age of 722±3 Ma (Tollo and Aleinikoff, 1996)

Laurel Mills Granite—Gray, coarse-grained, inequigranular granite 
composed of alkali feldspar mesoperthite, quartz, and plagioclase, with 
hastingsitic amphibole, biotite, stilpnomelane, zircon, apatite, ilmenite, 
magnetite, and sphene. Amphiboles are commonly replaced by quartz, 
biotite, stilpnomelane, magnetite, and sphene. Pale-blue quartz is 
diagnostic. Intercepts of 207Pb/206Pb using TIMS on zircon yielded a 
crystallization age of 729±1 Ma (Tollo and Aleinikoff, 1996)

Paragneiss and schist (Neoproterozoic)—Rusty weathering, fine- to 
medium-grained, well-foliated to layered graphite-biotite-garnet-pla-
gioclase-quartz paragneiss and schist. Layering is defined by alternating 
millimeter-scale quartzofeldspathic layers. Garnets are typically 
deformed and retrograded to green lensoid clots of fine-grained chlorite 
and muscovite. Graphite occurs as disseminated small flakes. A distinc-
tive rusty stain is produced by secondary hematite after accessory 
magnetite. Retrograded schistose varieties include quartz-chlorite-mag-
netite schist and carbonaceous phyllonite. Considered to be a metasedi-
mentary rock, this unit rests unconformably on Mesoproterozoic 
basement rocks. The unit is younger than the 960 million-year-old 
detrital zircons it contains (Southworth and others, 2008)

Quartzite and quartz-sericite tectonite (Neoproterozoic)—Light-gray to 
white, fine- to medium-grained, massive quartzite and quartz-sericite 
tectonite. No primary textures recognized such as bedding or early 
metamorphic foliation; commonly contains strong Paleozoic penetrative 
cleavage. Contains thin lenses of graphitic rocks in outcrop and larger 
pods of garnet-graphite paragneiss (Zp). Considered to be a metasedi-
mentary rock

Megacrystic metaquartz monzonite (Mesoproterozoic)—Light- to 
medium-gray, medium- to coarse-grained, quartz monzonite that 
commonly has large pink potassium feldspar porphyroblasts. Although 
Grenvillian foliation and lineation can be seen in places, Paleozoic 
foliation wraps around porphyroblasts forming augen. Yielded a 
SHRIMP U-Pb zircon crystallization age of 1,049±6 Ma (Southworth 
and others, 2010)

Marshall Metagranite (Mesoproterozoic)

Fine- to medium-grained metagranite—Medium- to dark-gray, fine- to 
medium-grained, mostly equigranular, but rarely inequigranular 
metagranite. Principal minerals are bluish-gray quartz, plagioclase, 
microcline, and biotite with lesser amounts of muscovite, opaque miner-
als, epidote, chlorite, and rare garnet. Layering is commonly absent, but 
is well developed locally, particularly in a linear belt trending north-north-
east through the middle of the Rectortown 7.5-minute quadrangle. 
Contains xenoliths of porpyroblastic metagranite (Ypg). A SHRIMP 
U-Pb zircon crystallization age of 1,123±6 Ma was determined from the
type locality (Southworth and others, 2010)

Pink leucocratic metagranite—Pink, fine- to medium-grained, massive to 
moderately foliated plagioclase-quartz-microcline metagranite. Biotite is 
locally present (0 to 10 percent by volume). Foliation is defined by 
flattened quartz and feldspar grains and local, thin, biotite-rich layers. 
Yielded a SHRIMP U-Pb zircon crystallization age of 1,143±8 Ma 
(Southworth and others, 2010)

Flint Hill Gneiss (Mesoproterozoic)—Yellowish- to light-gray, fine- to 
medium-grained, strongly foliated gneiss. Principal minerals are potassi-
um feldspar, blue and gray quartz, sausseritized plagioclase, hornblende, 
biotite, magnetite, epidote, ilmenite, and sphene. Yielded a SHRIMP 
U-Pb zircon crystallization age of 1,144±8 Ma (Southworth and others,
2010)

Biotite metagranite (Mesoproterozoic)—Medium- to dark-gray, fine- to 
medium-grained, mostly equigranular, but rarely inequigranular 
metagranite. Principal minerals are bluish-gray quartz, plagioclase, 
microcline, and biotite with lesser amounts of muscovite, opaque miner-
als, epidote, chlorite, and rare garnet. Layering is commonly absent, but 
is well developed locally, particularly in a linear belt trending north to 
northeast through the middle of the Rectortown 7.5-minute quadrangle. 
Contains xenoliths of porphyroblastic metagranite (Ypg). Yielded a 
SHRIMP U-Pb zircon crystallization age of 1,150±6 Ma (Southworth 
and others, 2010)

Leucocratic metagranite (Mesoproterozoic)—Yielded a SHRIMP U-Pb 
zircon crystallization age of 1,153±11 Ma (Southworth and others, 
2010)

Charnockitic metagranitoid (Mesoproterozoic)—Dark-greenish-gray, 
mostly medium-grained, equigranular to inequigranular, foliated 
charnockitic metagranitoid containing orthopyroxene, plagioclase, 
perthite, quartz, hornblende, and opaque minerals. Weathering typically 
forms a porous yellowish-brown rind 1 to 3 cm (0.4 to 1 in.) thick on 
outer surfaces. Yielded a SHRIMP U-Pb zircon crystallization age of 
1,160±15 Ma (Southworth and others, 2010)

Amphibolite gneiss (Mesoproterozoic)—Dark-green and brown, gray 
weathering, medium- to coarse-grained, massive to weakly foliated, 
spotted hornblende-orthopyroxene-plagioclase amphibolite gneiss. 
Contains subordinate sill- or dike-like bodies of metanorite, metadiorite, 
and hornblende-biotite gneiss (Southworth and others, 2007)

Garnetiferous metagranite (Mesoproterozoic)—White, fine- to 
medium-grained, equigranular to granoblastic, garnet-bearing, leucocratic 
monzogranite. Contains very light gray to light-gray feldspar with 
medium-gray quartz as much as 0.5 cm (0.2 in.) in diameter and dusky 
red, euhedral to anhedral, almandine garnet as much as 1 cm (0.4 in.) in 
diameter. Garnet is commonly replaced by chlorite. The unit is composed 
of quartz, microperthite, microcline, myrmekite, plagioclase, symplectite 
biotite, and minor chlorite, ilmenite, zircon, sphene, epidote, leucoxene, 
and clinozoisite. Modal composition ranges from 28 to 29 percent 
quartz, 35 to 40 percent potassium feldspar, 28 to 32 percent plagioclase 
feldspar, and 2 to 5 percent almandine. Yielded a SHRIMP U-Pb zircon 
crystallization age of 1,163±9 Ma (Southworth and others, 2010)

Layered granitic gneiss (Mesoproterozoic)—Pale-red, pinkish- to 
light-gray, leucocratic syenogranite with medium-light-gray to green-
ish-gray melanocratic layers that are commonly migmatitic and 0.25 to 
1 cm (0.1 to 0.4 in.) thick. Composed of quartz, rod-and-bleb perthite, 
microcline, orthoclase, oligoclase, and minor garnet and biotite. Layer-
ing consists of segregations of alkali feldspar, plagioclase, and quartz that 
are commonly 0.5 to 2 cm (0.2 to 0.8 in.) thick. Garnet and biotite are 
commonly restricted to layers of plagioclase and quartz. Yielded a 
SHRIMP U-Pb zircon crystallization age of 1,166±8 Ma (Southworth 
and others, 2010)

White leucocratic metagranite (Mesoproterozoic)—White to light- 
olive-gray, pink, fine- to medium-grained, massive monzogranite composed 
of quartz (white, clear, or blue), orthoclase, microcline, rod-and-bleb 
microperthite, oligoclase, and minor biotite. Locally, potassium feldspar 
porphyroblasts are 1 to 2 cm (0.4 to 0.8 in.) in diameter. Yielded a 
SHRIMP U-Pb zircon crystallization age of 1,167±7 Ma (Southworth 
and others, 2010)

Coarse-grained metagranite (Mesoproterozoic)—Medium-gray to 
brownish-gray, medium- to coarse-grained monzogranite composed of 
30 percent quartz (clear to blue), 28 percent rod-and-bleb perthite, 
microcline, and orthoclase, and 42 percent sausseritized oligoclase. In 
some places, sheared rock commonly has as much as 20 percent biotite. 
Porphyroblastic augen (formed during Paleozoic deformation) consist of 
aggregates of potassium feldspar, plagioclase, and quartz commonly 1 to 
2 cm (0.4 to 0.8 in.) in length. Yielded a SHRIMP U-Pb zircon crystalliza-
tion age of 1,169±7 Ma (Southworth and others, 2010)

Porphyroblastic metagranite (Mesoproterozoic)—Dark-yellowish- 
brown to moderate-yellowish-brown, medium-grained, granoblastic to 
megacrystic, mafic-rich, monzogranite composed of quartz, orthoclase, 
rod-and-bleb perthite, microcline, myrmekite, and oligoclase. Porphyro-
blasts of potassium feldspar range from 1 to 10 cm (0.4 to 4 in.) in 
length, while plagioclase and quartz are usually 2 cm (0.8 in.) or less. 
Mafic minerals including almandine, biotite, chlorite, hornblende, and 
opaques are, in places, concentrated in layers. Almandine (up to 1 cm in 
diameter) makes up as much as 3 percent of the rock, while hornblende 
is commonly 0.5 to 0.75 cm (0.2 to 0.3 in.) in length and less than 
1 percent of the rock. Paleozoic foliation surfaces are commonly rich in 
chlorite making the rock light green with an augen texture. This rock is 
very commonly intruded by dikes of the Marshall Metagranite (Ym) and 
garnetiferous metagranite (Ygt), but less commonly by white leucocratic 
metagranite (Yg). In the Rectortown 7.5-minute quadrangle, several 
outcrops contain xenoliths of amphibolite gneiss (Ya). Yielded a U-Pb 
SHRIMP zircon crystallization age of 1,172±8 Ma (Southworth and 
others, 2010)

Metanorite and metadiorite (Mesoproterozoic)—Gray weathering, 
medium- to coarse-grained, massive to weakly foliated hornblende- 
orthopyroxene-plagioclase metanorite and medium-grained biotite-horn-
blende-plagioclase metadiorite. Brown hornblende and colorless pyrox-
ene are commonly altered to pale-green amphibole. This unit occurs as 
lenses and thin belts. Northeast of Middleburg, metaperidotite, metapy-
roxenite, and hornblende metagabbro are within the Marshall Metagran-
ite (Ym). Black and white, fine- to medium-grained, amphibolite 
xenoliths are found locally in porphyroblastic metagranite 
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Lamprophyre (Late Devonian)—Dark-greenish-gray, fine-grained, 
biotite-quartz-plagioclase kersantite dikes that contain conspicuous 
biotite phenocrysts. Two samples of biotite from a dike on the west bank 
of the Potomac River in the Mather Gorge Formation yielded conven-
tional potassium-argon (K-Ar) cooling ages of 363±13 Ma and 
360±13 Ma (Reed and others, 1970). The undeformed dikes postdate 
the metamorphism and deformation of the metasedimentary rocks

Quantico Formation (Silurian and Ordovician)—Slate, gray to black, 
commonly very carbonaceous and pyritic, locally contains layers of 
graywacke, which in places are graded. Locally, quartzite forms thin 
discontinuous lenses at the base of the Quantico Formation. Most of 
these quartzitic lenses are quartz or feldspathic meta-arenite and 
metawacke. Horton and others (2010) reported a SHRIMP U-Pb zircon 
age of 448±4 Ma for a metavolcanic layer near the base of the Quantico 
Formation. U-Pb ages of detrital zircons from a stratigraphically higher 
quartzite include some that are as old as 440 Ma to as young as 427 Ma 
(Holm-Denoma and others, 2016)

Quartz bodies (Ordovician)—Lenticular bodies of irregular masses of 
quartz. Some bodies are foliated and some are massive. Interpreted to 
result from Ordovician metamorphic differentiation or plutonism

Chopawamsic Formation (Late Ordovician)—Consists of lenses and 
tongues of light-gray to gray-green and green metavolcanic and metased-
imentary rocks; the proportion of such metasedimentary rocks varies 
from place to place along the formation. The metavolcanic rocks include 
silicic, intermediate, and mafic varieties, some of which probably were 
flows, as suggested by their highly vesicular character. Fragmental rocks 
are mainly breccias and tuffs. Silicic metavolcanic rocks typically are light 
gray and some have small phenocrysts of quartz and (or) feldspar. Some 
felsic metavolcanic rocks contain albitic plagioclase and quartz in a 
fine-grained quartzofeldspathic groundmass and are keratophyres. In 
some rocks, plagioclase phenocrysts (originally more calcic than sodic) 
are now partially altered to epidote. The intermediate metavolcanic 
rocks are dark to light green, and commonly have a nematoblastic 
groundmass texture formed by aligned prismatic amphibole intergrown 
with fine-grained quartz and feldspar. Some of the porphyritic felsites 
contain quartz and (or) feldspar phenocrysts. The mafic rocks include 
amphibolitic greenstone and various dark schists. Principal minerals of 
such greenstones are blue-green amphibole, albitic plagioclase, quartz, 
and chlorite. Epidote, magnetite, and chlorite are minor accessories. 
Lenses of various rock types that were recognized by Mixon and others 
(1972) include (1) felsic metavolcanic rocks, some being flows of porphy-
ritic dacite and associated felsic pyroclastic rocks (Ocf); mafic metavol- 
canic rocks are minor constituents. (2) Coarse breccias, chlorite-actino-
lite greenstones (metamorphosed thin flows of andesite), fine-grained 
volcanogenic metasedimentary rocks, and minor amounts of felsic rocks 
(Ocg). (3) Felsic tuff, felsic flows, and sandstones interbedded with gray 
to black slate and sandy slate (Ocs); was formerly mapped with the 
Quantico Formation (Oqf of Mixon and others, 1972). Felsic rocks 
yielded a SHRIMP U-Pb zircon crystallization age of 453±4 Ma (Horton 
and others, 2010)

Goldvein pluton (Late Ordovician)—Coarse- to medium-grained, meso- 
cratic, weakly to strongly foliated metamorphosed monzogranite. 
Altered pink and green feldspars impart this color to parts of the pluton. 
Potassic feldspar (perthite) is clouded by finely divided microscopically 
irresolvable matter that has a whitish color under reflected light. The 
perthite is commonly fractured and annealed by quartz veinlets that are 
restricted within the perthite megacrysts. Perthite also commonly enclos-
es fine-grained plagioclase, but plagioclase also occurs as groundmass 
and as megacrysts. It is weakly to heavily altered to fine-grained white 
mica. Quartz is commonly abundant as a granoblastic groundmass 
aggregate with internal dimensional alignment; all quartz has undulatory 
extinction. Muscovite, a fine-grained minor constituent, in places is 
aligned within foliated groundmass quartz; coarser grains are commonly 
bent. Garnet is a rare constituent in some of the monzogranite and 
reflects the peraluminous character of these rocks as also indicated by 
the presence of normative corundum. The monzogranite of the Goldvein 
pluton (Og) yielded a SHRIMP weighted average 206Pb/238U zircon 
crystallization age of 456±9 Ma (Aleinikoff and others, 2002). Several 
isolated outcrops of metatonalite and metadiorite within the Goldvein 
pluton may be dikes. The metatonalite, however, is chemically different 
from the metatonalite of the Lake Jackson pluton (Ol)

Dale City Quartz Monzonite (Middle Ordovician)—Medium-light-gray, 
medium-grained, massive to well-foliated, quartz monzonite, quartz 
monzodiorite, and subordinate quartz diorite. Composed of biotite, 
pale-green to pale-brown hornblende, epidotized plagioclase, potassium 
feldspar, and quartz (Seiders and Mixon, 1981). Yielded a TIMS 
207Pb/206Pb zircon crystallization age of 459±4 Ma (Aleinikoff and 
others, 2002)

Metatonalite-metaplagiogranite  (Middle Ordovician)—Fine-grained, 
leucocratic, hypidiomorphic, granular, massive metatonalite-metaplagi-
ogranite composed predominantly of albitic plagioclase and quartz with 
minor potassic feldspar. Quartz occurs as single grains or in mosaic- to 
granoblastic-textured aggregates. Thin cataclastic seams of quartz with 
white mica locally cut the rock. Albitic plagioclase is both twinned and 
untwinned and is moderately to heavily altered by saussuritized granular 
epidote as well as fine-grained white mica. Epidote also occurs as a 
coarser minor groundmass constituent

Lake Jackson pluton (Middle Ordovician)—Fine- to medium-grained, 
mesocratic, strongly foliated and locally lineated micaceous metatonalite. 
Locally is green-red in color due to alteration. Plagioclase (albite) is 
moderately to heavily altered by fine-grained white mica and granular 
epidote. Quartz, an equally abundant groundmass constituent, common-
ly has been recrystallized into granoblastic to mosaic textured aggre-
gates. In strongly lineated rocks the quartz forms flattened blebs (along 
with dimensionally aligned feldspar) that impart a mineral lineation. 
Biotite, commonly enclosing grains of epidote, defines a discontinuous, 
sinuous foliation in some of the metatonalite. Green chlorite (pseudo-
morphs after biotite) also closely associated with epidote, occurs in 
discontinuous folia. Muscovite is a constituent aligned within folia in 
some rocks. Perthitic feldspar is generally a very minor constituent. 
Allanite is also a minor constituent and is locally rimmed by epidote. In 
places, metatonalite contains septa of phyllite, which it has intruded. 
Yielded a SHRIMP weighted average 206Pb/238U zircon crystallization 
age of 461±7 Ma (Aleinikoff and others, 2002) 

Phyllite and mylonite (Middle Ordovician)—Mostly gray to green 
phyllite with lesser amounts of metasiltstone. Mylonitic rocks (Opm) 
commonly composed of semi-schist or phyllite (containing elongate 
granules of quartz) occur in the southern part of this formation and are 
interpreted as a highly sheared portion of this phyllite

Kensington Tonalite (Middle Ordovician)—Coarse-grained, weakly to 
moderately foliated, locally garnetiferous muscovite-biotite tonalite. Near 
the northern border of the quadrangle in and near the Rock Creek shear 
zone, the rock is intensely foliated to mylonitic muscovite-biotite grano- 
diorite containing microcline augen and coarse porphyroblasts of micro-
cline that enclose sheared tonalite (suggests potash metasomatism during 
the shearing event). Yielded a SHRIMP weighted average 206Pb/238U 
zircon crystallization age of 463±8 Ma (Aleinikoff and others, 2002)

Falls Church Intrusive Suite (Middle Ordovician) 

Tonalite—Medium- to dark-gray, medium- to coarse-grained, biotite-horn-
blende tonalite and biotite tonalite that typically contains abundant 
inclusions of mafic and ultramafic rocks. The rock is typically well foliated 
and in many places has a strong quartz-rod lineation. Yielded a SHRIMP 
weighted average 206Pb/238U zircon crystallization age of 469±6 Ma 
(Aleinikoff and others, 2002)

Granodiorite—Medium-gray, medium- to coarse-grained poorly to 
moderately well foliated biotite granodiorite and muscovite-biotite 
granodiorite. Many exposures are characterized by elongated quartz 
grains. Some outcrops contain sparse inclusions of gabbro and others 
contain abundant inclusions of metasandstone similar to the Lake 
Barcroft Metasandstone (_Zl)

Monzogranite—Medium-grained muscovite-biotite monzogranite and 
garnetiferous muscovite-biotite monzogranite 

Trondhjemite—Light-pink to light-gray, medium-grained, massive- 
appearing muscovite trondhjemite. Strongly deformed and recrystallized 

Bear Island Granodiorite (Middle Ordovician)—Fine-grained, very 
leucocratic, muscovite-biotite granodiorite and related pegmatite 
composed largely of quartz, albite, and microcline. Forms small- to 
moderate-size sheets and crosscutting bodies. Petrographic and chemical 
data are given by Drake and Lee (1989) and Drake and Froelich (1997). 
Muscovite from two pegmatites yielded 469±20 Ma using the Rb-Sr 
technique (Muth and others, 1979), the time at which the muscovite 
cooled below the 500°C isotherm, not the age of intrusion. The unit is 
found only within the migmatitic part of the Mather Gorge Formation 
(Cloos and Cooke, 1953)

Clarendon Granite (Early Ordovician)—Leucocratic, moderate- to well- 
foliated, medium-grained, biotite-muscovite monzogranite (Drake and 
Fleming, 1994)

Georgetown Intrusive Suite (Early Ordovician) 

Metapyroxenite—Dark-green to black, medium- to coarse-grained, 
massive to well-foliated metapyroxenite occurring within metagabbro 
(Ogg). Much of the rock has been altered to dark-green to grayish-green 
serpentinite. The unit forms small pods and xenolith swarms within or 
along the borders of larger biotite-horneblende tonalite (Ogh) and quartz 
metagabbro (Ogg) plutons. The unit is mapped along the northern edge 
of the quadrangle

Biotite-hornblende tonalite—Medium- to coarse-grained, massive to 
foliated biotite-hornblende tonalite that has a strong relict igneous flow 
structure at many places. The unit contains many ultramafic and mafic 
xenoliths and (or) autoliths, and xenoliths of metasedimentary rocks. It 
typically contains 40 to 50 percent dark minerals and contains small 
layers of biotite tonalite (Ogb) at many places. Yielded a SHRIMP 
weighted average 206Pb/238U zircon crystallization age of 472±4 Ma 
(Aleinikoff and others, 2002) 

Biotite tonalite—Medium- to coarse-grained, massive to well-foliated 
biotite tonalite that typically contains 20 to 40 percent dark minerals and 
numerous inclusions of gabbro, amphibolite, biotite-hornblende tonalite, 
and metasedimentary rocks. Comagmatic with biotite-hornblende 
tonalite (Ogh) and commonly contains layers and diffuse zones of that 
unit

Quartz metagabbro and quartz diorite—Mostly medium- to coarse- 
grained quartz-augite-hornblende metagabbro, lesser quartz diorite, and 
much lesser quartz norite. At many places, the unit contains thin cumulus 
layers of metapyroxenite and augite-hornblende granofels. Forms small 
to medium-sized layered sills and localized border phases of tonalite 
plutons

Dalecarlia Intrusive Suite (Early Ordovician) 

Monzogranite—Medium- to coarse-grained, massive to well-foliated 
biotite monzogranite and lesser granodiorite. Locally, contains plagioclase 
phenocrysts. Mapped bodies contain widespread lenses, zones, and 
irregular bodies of leucocratic monzogranite (Odl). Yielded a SHRIMP 
weighted average 206Pb/238U zircon crystallization age of 478±6 Ma 
(Aleinikoff and others, 2002)

Leucocratic monzogranite—Very leucocratic medium- to coarse- 
grained, foliated muscovite-biotite monzogranite 

Trondhjemite—Fine- to medium-grained, sugary-textured, massive to 
weakly foliated muscovite trondhjemite. Forms dikes, sheets, and irregu-
lar bodies in monzogranite and adjacent country rocks 

Muscovite monzogranite (Early Ordovician)—White to pink, medium- 
to fine-grained muscovite monzogranite that contains a minor amount of 
pegmatite. Forms small bodies that in most exposures are foliated. Has 
chilled contacts with metasedimentary rocks. Inclusions of this unit were 
found within tonalite of the Falls Church Intrusive Suite (Oft) and Occo-
quan Granite (Oo)

Occoquan Granite (Early Ordovician)—Light-gray, medium- to coarse- 
grained muscovite-biotite monzogranite and lesser granodiorite and 
tonalite. In many exposures, the unit has a strong quartz-rod lineation 
and in places, two foliations. It contains small bodies of light-gray 
porphyry of granite, granodiorite, and tonalite composition. The unit 
also contains phenocrysts of quartz, albite, and microcline. Petrographic 
and chemical data are given in Seiders and others (1975) and Drake and 
Froelich (1986). Yielded a SHRIMP weighted average 206Pb/238U zircon 
crystallization age of 483±9 Ma (Aleinikoff and others, 2002)

Felsic rocks at Lake Montclair (Early Ordovician)—Fine- to medium- 
grained, light- to medium-gray, biotite-hornblende quartz diorite with 
epidote, sodic plagioclase, chlorite, and actinolite, generally strongly 
foliated and recrystallized. These rocks are locally gradational into felsic 
volcanic rocks and may represent shallow intrusive bodies closely related 
to the extrusive volcanic rocks (Mixon and others, 1972)

Granitoids (Ordovician and (or) Cambrian)—Dikes or small intrusions

Mine Run Complex (Ordovician and (or) Cambrian)—Two thrust slices 
that consist of faulted segments of multiple mélange zones (see cross 
section). They are part of an imbricated stack of block-in-phyllite 
mélange that contain olistoliths or exotic blocks along strike to the south-
west

Mélange zone IV—Gray-green and green phyllite, metasandstone, and 
metasiltstone. Shown on cross section only

Mélange zone III—Gray-green phyllite, quartzose phyllite with muscovite, 
biotite, minor garnet, and schist form the matrix; highly deformed on a 
mesoscopic and microscopic scale 

Mélange zone II—A thrust slice containing felsic and mafic metavolcanic 
blocks. The mélange matrix consists of schist and phyllite and generally 
has crenulation cleavage. Shown on cross section only

Popes Head Formation (Ordovician and Cambrian) 

Station Hills Phyllite Member (Drake and Lyttle, 1981)—Light-green-
ish-gray, dusky-yellowish-weathering phyllite and lesser very fine grained 
metasiltstone and chlorite-rich mafic metatuff. Beds are 2 to 12 cm 
(0.8 to 4.7 in.) thick and many have thin basal intervals of graded very 
fine grained siltstone suggesting that the rocks are turbidites (Bouma, 
1962). The metatuff has a typical mineral assemblage of musco-
vite-quartz-biotite-chlorite (-plagioclase-magnetite-epidote). The top of 
the unit is not exposed anywhere. The unit grades down into the Old Mill 
Branch Metasiltstone Member (O|po); the contact is arbitrarily placed 
where more than 75 percent of the beds are pelitic phyllite. The 
maximum known thickness is 300 m (984 ft)

Old Mill Branch Metasiltstone Member (Drake and Lyttle, 1981)— 
Light-greenish-gray, thin- to medium-bedded, medium- to very fine 
grained, very mature, micaceous metasiltstone. The metasiltstone beds 
are 2 to 24 cm (0.8 to 9.4 in.) thick, averaging 15 cm (6 in.) thick. These 
rocks are graded turbidites likely belonging to Mutti and Lucchi’s (1978) 
turbidite facies D, suggesting deposition from weak turbidite flows that 
probably resulted from subaqueous redeposition and could have been 
deposited as much as hundreds of kilometers from their source (Cas and 
Wright, 1988). This unit contains interbedded pelitic phyllite as well as 
felsic and mafic metatuff. The metatuff layers are as thick as 60 cm 
(23.6 in.) and contain layered sequences as much as 180 cm (71 in.) 
thick. Felsic metatuff has the mineral assemblage quartz-plagioclase-epi-
dote-muscovite-biotite-chlorite-green-amphibole-magnetite. The mafic 
metatuff has the mineral assemblage blue-green amphibole-pla-
gioclase-quartz-titanite. The unit has a maximum thickness of about 
730 m (2,395 ft)

Amphibolite (Cambrian)—Greenish-gray, fine- to coarse-grained, 
well-foliated, epidote-plagioclase-hornblende amphibolite that forms sills 
in the Mather Gorge Formation (_Zms, _Zmg). The rock is probably 
metamorphosed gabbro, is coarse grained, and contains relict clinopy-
roxene. Zircons from amphibolite on an island in the Potomac River 
yielded a 207Pb/206Pb crystallization age of 525±60 Ma and a concordia 
age of 550 Ma (Fisher, 1971)

Indian Run Formation (Cambrian)—Poorly to well foliated sedimentary 
mélange consisting of a medium-grained quartz-plagioclase-musco-
vite-biotite-chlorite-garnet matrix that contains quartz "eyes" and charac-
teristic olistoliths of foliated schist and sandstone that look like rocks of 
the Accotink Schist (_Za) and Lake Barcroft Metasandstone (_Zl). Also 
contains foliated olistoliths of ultramafic rocks, metagabbro, and felsic 
and mafic metavolcanic rocks. Forms the precursory mélange element of 
the Annandale-Indian Run tectonic motif (Drake, 1985b)

REFERENCES CITED

Aleinikoff, J.N., Horton, J.W., Jr., Drake, A.A., Jr., and Fanning, C.M., 2002, SHRIMP and 
conventional U-Pb ages of Ordovician granites and tonalites in the central Appalachian 
Piedmont; Implications for Paleozoic tectonic events: American Journal of Science,          
v. 302, no. 1, p. 50–75. [Also available at https://doi.org/10.2475/ajs.302.1.50.]

Andrews, G.W., 1978, Marine diatom sequence in Miocene strata of the Chesapeake Bay 
region, Maryland: Micropaleontology, v. 24, no. 4, p. 371–406, 8 pls. [Also available at 
http://micropal.geoscienceworld.org/content/24/4/371.full.pdf+html?sid=f38e43e4- 
1607-4e3a-84cf-c15f84d8660c.]

Blackwelder, B.W., 1981, Stratigraphy of upper Pliocene and lower Pleistocene marine and 
estuarine deposits of northeastern North Carolina and southeastern Virginia: U.S. 
Geological Survey Bulletin, 1502–B, p. B1–B16, 1 pl. [Also available at https:// 
pubs.er.usgs.gov/publication/b1502B.]

Bouma, A.H., 1962, Sedimentology of some flysch deposits; A graphic approach to facies 
interpretation: Amsterdam, Elsevier, 168 p.

Cas, R.A.F., and Wright, J.V., 1988, Volcanic successions, modern and ancient; A geologi-
cal approach to processes, products and successions: London, Unwin Hyman Ltd., 
528 p.

Cloos, Ernst, and Cooke, C.W., 1953,  Geologic map of Montgomery County and the 
District of Columbia: Baltimore, Maryland, Maryland Department of Geology, Mines, and 
Water Resources, scale 1:62,500. [Also available at https://jscholarship.library.jhu.edu/ 
handle/1774.2/34596.]

Colman, S.M., and Mixon, R.B., 1988, The record of major Quaternary sea-level changes 
in a large Coastal Plain estuary, Chesapeake Bay, eastern United States: Palaeogeogra-
phy, Palaeoclimatology, Palaeoecology, v. 68, nos. 2–4, p. 99–116. [Also available at 
https://doi.org/10.1016/0031-0182(88)90033-8.]

Cox, K.G., Bell, J.D., and Pankhurst, R.J., 1979, The interpretation of igneous rocks: 
London, Allen and Unwin, 450 p.

Drake, A.A., Jr., 1985a, Metamorphism in the Potomac composite terrane, Virginia-Mary-
land [abs.]: Geological Society of America Abstracts with Programs, v. 17, no. 7, p. 566.

Drake, A.A., Jr., 1985b, Tectonic implications of the Indian Run Formation; A newly recognized 
sedimentary mélange in the northern Virginia Piedmont: U.S. Geological Survey Professional 
Paper 1324, 12 p. [Also available at https://pubs.er.usgs.gov/publication/pp1324.]

Drake, A.A., Jr., 1986, Geologic map of the Fairfax quadrangle, Fairfax County, Virginia: 
U.S. Geological Survey Geologic Quadrangle Map GQ–1600, scale 1:24,000. [Also 
available at https://pubs.er.usgs.gov/publication/gq1600.]

Drake, A.A., Jr., and Fleming, A.H., 1994, The Dalecarlia Intrusive Suite and Clarendon 
Granite in the Potomac Valley, Washington, D.C., Virginia, and Maryland, in Stratigraph-
ic Notes, 1992: U.S. Geological Survey Bulletin 2060, p. 25–31. [Also available at 
https://pubs.er.usgs.gov/publication/b2060.]

Drake, A.A., Jr., and Froelich, A.J., 1986, Geologic map of the Annandale quadrangle, 
Fairfax and Arlington Counties, and Alexandria City, Virginia: U.S. Geological Survey 
Geologic Quadrangle Map GQ–1601, scale 1:24,000. [Also available at https:// 
pubs.er.usgs.gov/publication/gq1601.]

Drake, A.A., Jr., and Froelich, A.J., 1997, Geologic map of the Falls Church quadrangle, 
Fairfax and Arlington Counties and the City of Falls Church, Virginia, and Montgomery 
County, Maryland: U.S. Geological Survey Geologic Quadrangle Map GQ–1734, scale 
1:24,000. [Also available at https://pubs.er.usgs.gov/publication/gq1734.]

Drake, A.A., Jr., Froelich, A.J., Weems, R.E., and Lee, K.Y., 1994, Geologic map of the 
Manassas quadrangle, Fairfax and Prince William Counties, Virginia: U.S. Geological 
Survey Geologic Quadrangle Map GQ–1732, scale 1:24,000. [Also available at https:// 
pubs.er.usgs.gov/publication/gq1732.]

Drake, A.A., Jr., and Lee, K.Y., 1989, Geologic map of the Vienna quadrangle, Fairfax 
County, Virginia, and Montgomery County, Maryland: U.S. Geological Survey Geologic 
Quadrangle Map GQ–1670, scale 1:24,000. [Also available at https://pubs.er.usgs.gov/ 
publication/gq1670.]

Drake, A.A., Jr., and Lyttle, P.T., 1981, The Accotink Schist, Lake Barcroft Metasandstone, 
and Popes Head Formation—Keys to an understanding of the tectonic evolution of the 
northern Virginia Piedmont: U.S. Geological Survey Professional Paper 1205, 16 p., 
1 pl. in pocket, scale 1:100,000. [Also available at https://pubs.er.usgs.gov/publication/ 
pp1205.]

Drake, A.A., Jr., and Morgan, B.A., 1981, The Piney Branch Complex—A metamor-
phosed fragment of the central Appalachian ophiolite in northern Virginia: American 
Journal of Science, v. 281, no, 4, p. 484–508. [Also available at https:// 
doi.org/10.2475/ajs.281.4.484.]

Drake, A.A., Jr., Nelsen, A.E., Force, L.M., Froelich, A.J., and Lyttle, P.T., 1979, Prelimi-
nary geologic map of Fairfax County, Virginia: U.S. Geological Open-File Report 
79–398, 2 sheets, scale 1:48,000. [Also available at https://pubs.er.usgs.gov/
publication/ofr79398.]

Eggleton, R.E., 1975, Preliminary geologic map of the Herndon quadrangle, Virginia: U.S. 
Geological Survey Open-File Report 75–386, 8-p. text, 1 sheet, scale 1:24,000. [Also 
available at https://pubs.er.usgs.gov/publication/ofr75386.]

Espenshade, G.H., 1983, Geologic map of part of the Rectortown quadrangle, Fauquier 
and Loudoun Counties, Virginia: U.S. Geological Survey Open-File Report 83–503, 5-p. 
text, 1 sheet, scale 1:24,000. [Also available at https://pubs.er.usgs.gov/publication/ 
ofr83503.]

Espenshade, G.H., 1986, Geology of the Marshall quadrangle, Fauquier County, Virginia: 
U.S. Geological Survey Bulletin 1560, 60 p., 1 pl., scale 1:24,000. [Also available at 
https://pubs.er.usgs.gov/publication/b1560.]

Fisher, G.W., 1971, The Piedmont crystalline rocks at Bear Island, Potomac River, 
Maryland: Maryland Geological Survey Guidebook, no. 4, 32 p.

Fleming, A.H., Drake, A.A., Jr., and McCartan, L.M., 1994, Geologic map of the Washing-
ton West quadrangle, District of Columbia, Montgomery and Prince Georges Counties, 
Maryland, and Arlington and Fairfax Counties, Virginia: U.S. Geological Survey Geologic 
Quadrangle Map GQ–1748, scale 1:24,000. [Also available at https://pubs.er.usgs.gov/ 
publication/gq1748.]

Gibson, T.G., and Bybell, L.M., 1994, Sedimentary patterns across the Paleocene-Eocene 
boundary in the Atlantic and Gulf Coastal Plains of the United States: Bulletin of the 
Belgian Society of Geology, v. 103, nos. 3–4, p. 237–265.

Gradstein, F.M., Ogg, J.G., Schmitz, M.D., and Ogg, G.M., 2012, The geologic time scale 
2012: Amsterdam, Elsevier, 2 v., 1,144 p. [Also available at http://www.sciencedirect. 
com/science/book/9780444594259.]

Hazel, J.E., 1968, Ostracodes from the Brightseat Formation (Danian) of Maryland: Journal 
of Paleontology, v. 42, no. 1, p. 100–142. [Also available at https://www.jstor.org/ 
stable/1302134.]

Holm-Denoma, C.S., Carter, M.W., Burton, W.C., Evans, N.H., and Spears, D.B., 2016, 
U-Pb detrital zircon geochronology of terranes in the central Virginia Piedmont [abs.]:
Geological Society of America Abstracts with Programs, v. 48, no. 3, 1 p. [Also available
at https://gsa.confex.com/gsa/2016SE/webprogram/Paper273672.html.]

Hopson, C.A., 1964, The crystalline rocks of Howard and Montgomery Counties, in The 
geology of Howard and Montgomery Counties: Baltimore, Md., Maryland Geological 
Survey, p. 27–215.

Horton, J.W., Jr., Aleinikoff, J.N., Drake, A.A., Jr., and Fanning, C.M., 2010, Ordovician 
volcanic-arc terrane in the central Appalachian Piedmont of Maryland and Virginia: 
SHRIMP U-Pb geochronology, field relations, and tectonic significance, in Tollo, R.P., 
Bartholomew, M.J., Hibbard, J.P., and Karabinos, P.M., eds., From Rodinia to Pangea— 
The lithotectonic record of the Appalachian region: Geological Society of America 
Memoir 206, p. 621–660. 

Kasselas, G.D., 1993, Stratigraphic framework, structural evolution and tectonic implica-
tions of the eastern Blue Ridge sequence in the central Appalachians near Warrenton, 
Virginia: Blacksburg, Va., Virginia Polytechnic Institute and State University, M.S. Thesis, 
117 p.

Kline, S.W., Lyttle, P.T., and Froelich, A.J., 1990, Geologic map of the Loudoun County 
portion of the Middleburg quadrangle, Virginia: U.S. Geological Survey Open-File Report 
90–641, 19-p. text, 1 pl., scale 1:24,000. [Also available at https://pubs.er.usgs.gov/ 
publication/ofr90641.]

Lee, K.Y., 1978, Geologic map of the Arcola quadrangle, Loudoun and Fairfax Counties, 
Virginia: U.S. Geological Survey Miscellaneous Field Studies Map MF–973, scale 
1:24,000. [Also available at https://pubs.er.usgs.gov/publication/mf973.]

Lee, K.Y., 1979, Triassic-Jurassic geology of the northern part of the Culpeper basin, Virginia 
and Maryland: U.S. Geological Survey Open-File Report 79–1557, 19-p. text, 16 pls., scale 
1:24,000. [Also available at http://pubs.er.usgs.gov/publication/ofr791557.]

Lee, K.Y., 1980, Triassic-Jurassic geology of the southern part of the Culpeper basin and the 
Barboursville basin, Virginia: U.S. Geological Survey Open-File Report 80–468, 19-p. text, 
18 sheets, scale 1:24,000. [Also available at https://pubs.er.usgs.gov/publication/ 
ofr80468.]

Lee, K.Y., and Froelich, A.J., 1989, Triassic-Jurassic stratigraphy of the Culpeper and Barbours-
ville basins, Virginia and Maryland: U.S. Geological Survey Professional Paper 1472, 52 p., 
1 pl., scale 1:125,000. [Also available at https://pubs.er.usgs.gov/publication/pp1472.]

Leo, G.W., 1990, Geologic map of the northern part of the Rectortown quadrangle, Virgin-
ia: U.S. Geological Survey Open-File Report 90–639, 3 p., 1 pl., scale 1:24,000. [Also 
available at https://pubs.er.usgs.gov/publication/ofr90639.]

Lonsdale, J.T., 1927, Geology of the gold-pyrite belt of the northeastern Piedmont, Virginia: 
Virginia  Geological Survey Bulletin, v. 30, 110 p., 1 pl., scale 1:69,696. [Also available at 
https://www.dmme.virginia.gov/commerce/ProductDetails.aspx?productID=2560.]

McCartan, L.M., 1989a, Geologic map of Charles County, Maryland: Maryland Geological 
Survey County Geologic Map Series, scale 1:62,500. [Also available at http:// 
www.mgs.md.gov/publications/maps.html.]

McCartan, L.M., 1989b, Geologic map of St. Mary’s County, Maryland: Maryland Geologi-
cal Survey County Geologic Map Series, scale 1:62,500. [Also available at http:// 
www.mgs.md.gov/publications/maps.html.]

Mirecki, J.E., Wehmiller, J.F., and Skinner, A.F., 1995. Geochronology of Quaternary 
Coastal Plain deposits, southeastern Virginia, U.S.A.: Journal of Coastal Research, v. 11, 
no. 4, p. 1135–1144. [Also available at https://www.jstor.org/stable/4298417.]

Mixon, R.B., 1990, Geologic map of the Coastal Plain part of the Joplin quadrangle, Stafford 
and Prince William Counties, Virginia: U.S. Geological Survey Open-File Report 90–550, 4 p., 
1 pl., scale 1:24,000. [Also available at https://pubs.er.usgs.gov/publication/ofr90550.]

Mixon, R.B., Szabo, B.J., and Owens, J.P., 1982. Uranium-series dating of mollusks and 
corals, and age of Pleistocene deposits, Chesapeake Bay area, Virginia and Maryland: 
U.S. Geological Survey Professional Paper 1067–E, 18 p., 2 pls. in pocket. [Also 
available at https://pubs.er.usgs.gov/publication/pp1067E.]

Mixon, R.B., Berquist, C.R., Jr., Newell, W.L., Johnson, G.H., Powars, D.S., Schindler, 
J.S., and Rader, E.K., 1989, Geologic map and generalized cross sections of the Coastal
Plain and adjacent parts of the Piedmont, Virginia: U.S. Geological Survey Miscellaneous
Investigations Series Map I–2033, 2 sheets, scale 1:250,000. [Also available at https://
pubs.er.usgs.gov/publication/i2033.]

Mixon, R.B., Pavlides, Louis, Powars, D.S., Froelich, A.J., Weems, R.E., Newell, W.L., 
Schindler, J.S., Edwards, L.E., and Ward, L.W., 2000, Geologic map of the Fredericks-
burg 30' x 60' quadrangle, Virginia and Maryland: U.S. Geological Survey Geologic 
Investigations Series Map I–2607, 34-p. pamphlet, 2 sheets, scale 1:100,000. [Also 
available at https://pubs.er.usgs.gov/publication/i2607.]

Mixon, R.B., Southwick, D.L., and Reed, J.C., Jr., 1972, Geologic map of the Quantico 
quadrangle, Prince William and Stafford Counties, Virginia and Charles County, 
Maryland: U.S. Geological Survey Geologic Quadrangle Map GQ–1044, scale 1:24,000. 
[Also available at https://pubs.er.usgs.gov/publication/gq1044.] 

Muth, K.G., Arth, J.G., and Reed, J.C., Jr., 1979, A minimum age for the high-grade 
metamorphism and granite intrusion in the Piedmont of the Potomac River gorge near 
Washington, D.C.: Geology, v. 7, no. 7, p. 349–350. [Also available at https:// 
doi.org/10.1130/0091-7613(1979)7<349:AMAFHM>2.0.CO;2.]

Mutti, Emiliano, and Lucchi, F.R., 1978, Turbidites of the northern Apennines; Introduction 
to facies analysis: American Geological Institute Reprint Series no. 3, p. 125–166.

Nelson, A.E., 1997, Geology of the Upperville 7.5-minute quadrangle, Fauquier and Loudoun 
Counties, Virginia: U.S. Geological Survey Open-File Report 97–708, 23 p., 1 sheet, scale 
1:24,000. [Also available at https://pubs.er.usgs.gov/publication/ofr97708.]

O'Connor, J.T., 1965, A classification for quartz-rich igneous rocks based on feldspar ratios: 
U.S. Geological Survey Professional Paper 525–B, p. B79–B84. [Also available at 
https://pubs.er.usgs.gov/publication/pp525B.]

Pavlides, Louis, 1990, Geology of part of the northern Virginia Piedmont: U.S. Geological 
Survey Open-File Report 90–548, scale 1:100,000. [Also available at https:// 
pubs.er.usgs.gov/publication/ofr90548.]

Powars, D.S., and Edwards, L.E., 2016, Variability of lithic boundaries of the Paleocene-Eo-
cene thermal maximum across the Maryland and Virginia Coastal Plain; From rapid burial 
to erosional truncation [abs.]: Geological Society of America Abstracts with Programs, v. 
48, no. 7. [Also available at https://doi.org/10.1130/abs/2016AM-287002.]

Reed, J.C., Jr., Marvin, R.F., and Mangum, J.H., 1970, K-Ar ages of lamprophyre dikes 
near Great Falls, Maryland-Virginia: U.S. Geological Survey Professional Paper 700–C,  
p. C145–C149. [Also available at https://pubs.er.usgs.gov/publication/pp700C.]

Seiders, V.M., and Mixon, R.B., 1981, Geologic map of the Occoquan quadrangle and part 
of the Fort Belvoir quadrangle, Prince William and Fairfax Counties, Virginia: U.S. 
Geological Survey Miscellaneous Investigations Series Map I–1175, scale 1:24,000. [Also 
available at https://pubs.er.usgs.gov/publication/i1175.]

Seiders, V.M., Mixon, R.B., Stern, T.W., Newell, M.F., and Thomas, C.B., Jr., 1975, Ages 
of plutonism and tectonism and a new minimum age limit on the Glenarm Series in the 
northeast Virginia Piedmont near Occoquan: American Journal of Science, v. 275, no. 5, 
p. 481–511. [Also available at https://doi.org/10.2475/ajs.275.5.481.]

Southworth, C.S., Aleinikoff, J.N., Burton, W.C., and Bailey, Christopher, 2008, SHRIMP 
U-Pb ages of detrital zircons from paragneiss in the Virginia Blue Ridge provide evidence for
late mesoproterozoic-early neoproterozoic sedimentation [abs.]: Geological Society of Amer-
ica Abstracts with Programs, v. 40, no. 4, p. 18. [Also available at https://gsa.confex
.com/gsa/2008SE/finalprogram/abstract_136022.htm.]

Southworth, C.S., Aleinikoff, J.N., Tollo, R.P., Bailey, C.M., Burton, W.C., Hackley, P.C., 
and Fanning, C.M., 2010, Mesoproterozoic magmatism and deformation in the northern 
Blue Ridge, Virginia and Maryland; Application of SHRIMP U-Pb geochronology and 
integrated field studies in the definition of Grenvillian tectonic history, in Tollo, R.P., 
Bartholomew, M.J., Hibbard, J.P., and Karabinos, P.M., eds., From Rodinia to Pangea; 
The lithotectonic record of the Appalachian region: Geological Society of America 
Memoir 206, p. 795–836.

Southworth, C.S., Burton, W.C., Schindler, J.S., and Froelich, A.J., 2006, Geologic map 
of Loudoun County, Virginia: U.S. Geological Survey Miscellaneous Investigations Map 
I–2553, 34-p. pamphlet, 1 sheet, scale 1:50,000. [Also available at https:// 
pubs.usgs.gov/imap/2553.] 

Southworth, C.S., Brezinski, D.K., Drake, A.A., Jr., Burton, W.C., Orndorff, R.C., 
Froelich, A.J., Reddy, J.E., Denenny, Danielle, and Daniels, D.L., 2007, Geologic map 
of the Frederick 30' x 60' quadrangle, Maryland, Virginia, and West Virginia: U.S. Geolog-
ical Survey Scientific Investigations Map 2889, 42-p. pamphlet, 1 sheet, scale 
1:100,000. [Also available at https://pubs.usgs.gov/sim/2889.]

Sutter, J.F., 1985, Progress on geochronology of Mesozoic diabases and basalts, in Robinson, 
G.R., Jr., and Froelich, A.J., eds., Proceedings of the Second U.S. Geological Survey 
Workshop on the early Mesozoic basins of the Eastern United States: U.S. Geological Survey 
Circular 946, p. 110–114. [Also available at https://pubs.er.usgs.gov/publication/cir946.]

Sutter, J.F., 1988, Innovative approaches to the dating of igneous events in the early Mesozoic 
basins of the Eastern United States, in Froelich, A.J., and Robinson, G.R., Jr., eds., Studies of 
the early Mesozoic basins of the Eastern United States: U.S. Geological Survey Bulletin 1776, 
p. 194–200. [Also available at https://pubs.er.usgs.gov/publication/b1776.]

Tollo, R.P., and Aleinikoff, J.N., 1996, Petrology and U-Pb geochronology of the Robertson 
River Igneous Suite, Blue Ridge Province, Virginia—Evidence for multistage magmatism 
associated with an early episode of Laurentian rifting: American Journal of Science,           
v. 296, no. 9, p. 1045–1090. [Also available at https://doi.org/10.2475/ajs.296.
9.1045.]

Walker, R.G., and Mutti, Emiliano, 1973, Turbidite facies and facies associations, in Middle-
ton, G.V., and Bouma, A.H., co-chairmen, Turbidites and deep-water sedimentation: 
Society of Economic Paleontologists and Mineralogists [SEPM] Pacific Section Short 
Course, May 12, 1973, Anaheim, Calif., p. 119–157. [Also available at http://archives. 
datapages.com/data/pac_sepm/015/015001/pdfs/119.pdf.]

Weems, R.E., Edwards, L.E., Carter, M.W., and Spears, D.B., 2012, Middle Miocene 
dinoflagellates demonstrate the presence of upper Choptank marine beds beneath the 
Midlothian gravels in southern Virginia [abs.]: Geological Society of America Abstracts 
with Programs, v. 44, no. 7, p. 537–538. [Also available at https://gsa.confex.com/ 
gsa/2012AM/webprogram/Paper210867.html.]

Weir, Karen, 1977, Preliminary geology of the Richardsville and a portion of the Midland 
quadrangles, Fauquier, Culpeper, and Stafford Counties, Virginia: U.S. Geological Survey 
Open-File Report 77–699, 4 sheets, scale 1:24,000. [Also available at https:// 
pubs.er.usgs.gov/publication/ofr77699.]

Whitney, B.L., 1984, Dinoflagellate biostratigraphy of the Maestrichtian–Danian section in 
southern Maryland, in Frederiksen, N.O., and Krafft, Kathleen, eds., Cretaceous and 
Tertiary stratigraphy, paleontology, and structure, southwestern Maryland and northeast-
ern Virginia; Field trip volume and guidebook, October 17th, 1984: Reston, Va., Ameri-
can Association of Stratigraphic Palynologists, 2 pls., p. 123–136.

https://doi.org/10.2475/ajs.302.1.50
http://micropal.geoscienceworld.org/content/24/4/371.full.pdf+html?sid=f38e43e4-1607-4e3a-84cf-c15f84d8660c
http://micropal.geoscienceworld.org/content/24/4/371.full.pdf+html?sid=f38e43e4-1607-4e3a-84cf-c15f84d8660c
https://pubs.er.usgs.gov/publication/b1502B
https://pubs.er.usgs.gov/publication/b1502B
https://jscholarship.library.jhu.edu/handle/1774.2/34596
https://jscholarship.library.jhu.edu/handle/1774.2/34596
https://doi.org/10.1016/0031-0182(88)90033-8
https://pubs.er.usgs.gov/publication/pp1324
https://pubs.er.usgs.gov/publication/gq1600
https://pubs.er.usgs.gov/publication/b2060
https://pubs.er.usgs.gov/publication/gq1601
https://pubs.er.usgs.gov/publication/gq1601
https://pubs.er.usgs.gov/publication/gq1734
https://pubs.er.usgs.gov/publication/gq1732
https://pubs.er.usgs.gov/publication/gq1732
https://pubs.er.usgs.gov/publication/gq1670
https://pubs.er.usgs.gov/publication/gq1670
https://pubs.er.usgs.gov/publication/pp1205
https://pubs.er.usgs.gov/publication/pp1205
https://doi.org/10.2475/ajs.281.4.484
https://doi.org/10.2475/ajs.281.4.484
https://pubs.er.usgs.gov/publication/ofr79398
https://pubs.er.usgs.gov/publication/ofr79398
https://pubs.er.usgs.gov/publication/ofr75386
https://pubs.er.usgs.gov/publication/ofr83503
https://pubs.er.usgs.gov/publication/ofr83503
https://pubs.er.usgs.gov/publication/b1560
https://pubs.er.usgs.gov/publication/gq1748
https://pubs.er.usgs.gov/publication/gq1748
www.sciencedirect.com/science/book/9780444594259
www.sciencedirect.com/science/book/9780444594259
https://www.jstor.org/stable/1302134
https://www.jstor.org/stable/1302134
https://gsa.confex.com/gsa/2016SE/webprogram/Paper273672.html
https://pubs.er.usgs.gov/publication/ofr90641
https://pubs.er.usgs.gov/publication/ofr90641
https://pubs.er.usgs.gov/publication/mf973
http://pubs.er.usgs.gov/publication/ofr791557
https://pubs.er.usgs.gov/publication/ofr80468
https://pubs.er.usgs.gov/publication/ofr80468
https://pubs.er.usgs.gov/publication/ofr77699
https://pubs.er.usgs.gov/publication/ofr77699
https://gsa.confex.com/gsa/2012AM/webprogram/Paper210867.html
https://gsa.confex.com/gsa/2012AM/webprogram/Paper210867.html
http://archives.datapages.com/data/pac_sepm/015/015001/pdfs/119.pdf
http://archives.datapages.com/data/pac_sepm/015/015001/pdfs/119.pdf
https://doi.org/10.2475/ajs.296.9.1045
https://doi.org/10.2475/ajs.296.9.1045
https://pubs.er.usgs.gov/publication/b1776
https://pubs.er.usgs.gov/publication/cir946
https://pubs.usgs.gov/sim/2889
https://pubs.usgs.gov/imap/2553
https://pubs.usgs.gov/imap/2553
https://gsa.confex.com/gsa/2008SE/finalprogram/abstract_136022.htm
https://gsa.confex.com/gsa/2008SE/finalprogram/abstract_136022.htm
https://doi.org/10.2475/ajs.275.5.481
https://pubs.er.usgs.gov/publication/i1175
https://pubs.er.usgs.gov/publication/pp700C
https://doi.org/10.1130/abs/2016AM-287002
https://pubs.er.usgs.gov/publication/ofr90548
https://pubs.er.usgs.gov/publication/ofr90548
https://pubs.er.usgs.gov/publication/pp525B
https://pubs.er.usgs.gov/publication/ofr97708
https://doi.org/10.1130/0091-7613(1979)7<349:AMAFHM>2.0.CO;2
https://doi.org/10.1130/0091-7613(1979)7<349:AMAFHM>2.0.CO;2
https://pubs.er.usgs.gov/publication/gq1044
https://pubs.er.usgs.gov/publication/i2607
https://pubs.er.usgs.gov/publication/i2033
https://pubs.er.usgs.gov/publication/i2033
https://pubs.er.usgs.gov/publication/pp1067E
https://pubs.er.usgs.gov/publication/ofr90550
https://www.jstor.org/stable/4298417
http://www.mgs.md.gov/publications/maps.html
http://www.mgs.md.gov/publications/maps.html
http://www.mgs.md.gov/publications/maps.html
http://www.mgs.md.gov/publications/maps.html
https://www.dmme.virginia.gov/commerce/ProductDetails.aspx?productID=2560
https://pubs.er.usgs.gov/publication/ofr90639
https://pubs.er.usgs.gov/publication/pp1472
https://doi.org/10.1130/0091-7613(1979)7<349:AMAFHM>2.0.CO;2
https://doi.org/10.1130/0091-7613(1979)7<349:AMAFHM>2.0.CO;2
https://doi.org/10.1130/0091-7613(1979)7<349:AMAFHM>2.0.CO;2
https://doi.org/10.1130/0091-7613(1979)7<349:AMAFHM>2.0.CO;2



