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This Open-File map is an interim report of mapping in progress.  It is preliminary in nature.  Revision of this map is likely; please contact the 
MGS to see if an updated version is available.

A geologic map displays information on the distribution, nature, orientation and age relationships of rock and deposits and the occurrence of 
structural features. Geologic and fault contacts are irregular surfaces that form boundaries between different types or ages of units. Data depicted 
on this geologic quadrangle map are based on reconnaissance field geologic mapping, compilation of published and unpublished work, and 
photogeologic interpretation. Locations of contacts are not surveyed, but are plotted by interpretation of the position of a given contact onto a 
topographic base map; therefore, the accuracy of contact locations depends on the scale of mapping and the interpretation of the geologist(s). 
Any enlargement of this map could cause misunderstanding in the detail of mapping and may result in erroneous interpretations. Site-specific 
conditions should be verified by detailed surface mapping or subsurface exploration. Topographic and cultural changes associated with recent 
development may not be shown.
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use of a geologic map (http://www.maine.gov/doc/nrimc/mgs/mapuse/informed/informed.htm).

This map has not been peer reviewed or edited to conform with editorial standards of the Massachusetts State Geologist or with the North 
American Stratigraphic Code.  The contents of the report and map should not be considered final and complete until reviewed and published by 
the Massachusetts Geological Survey. The views and conclusions contained in this document are those of the authors and should not be 
interpreted as necessarily representing the official policies, either expressed or implied, of the University of Massachusetts, Commonwealth of 
Massachusetts, and the United States Federal Government.

This research was supported by U.S. Geological Survey, National Cooperative Geologic Mapping Program, under assistance Award Nos. 
G10AC00179 and G09AC00216.

Citation:
Massey, M.A., 2011, Progress Map of the Preliminary bedrock geology of the Billerica quadrangle, Massachusetts: Massachusetts Geological 
Survey: University of Massachusetts, Amherst.  Scale 1:24,000.  1 sheet  and digital product:  Adobe PDF and ESRI ArcGIS database.

This map was produced on request directly from digital files (PDF format) on an electronic plotter. 

A digital copy of this map (PDF format), including GIS datalayers, is available at http://www.geo.umass.edu/stategeologist

Progress Map of the Preliminary Bedrock Geologic Map of the Billerica Quadrangle, Massachusetts
by: Matthew A. Massey1 and Donald C. Alvord2 

Author Affiliation 1:  Massachusetts Geological Survey, University of Massachusetts, 269 Morrill Science Center, 611 North Pleasant Street, Amherst, MA 01003; Email: mmassey@geo.umass.edu
Author Affiliation 2: Formerly U.S. Geological Survey, Reston, VA

                                 
Massachusetts Geological Survey
University of Massachusetts, Amherst
Address: 269 Morrill Science Center, 611 North Pleasant Street, Amherst, MA 01003
Phone: 413-545-4814  E-mail: sbmabee@geo.umass.edu
WWW: http://www.geo.umass.edu/stategeologist

M
A

SSACHUSETTS

G
E

O
LO

G I CA L  S U

R
V

E
YN

305000

306000

306000

307000

307000

308000

308000

309000

309000

310000

310000

311000

311000

312000

312000

313000

313000

314000

314000

315000

315000

316000
4708000

47
08

00
0

47
09

00
0

4709000

47
10

00
0

4710000

47
11

00
0

4711000

47
12

00
0

47
13

00
0

4713000

47
14

00
0

4714000

47
15

00
0

4715000

47
16

00
0

4716000

47
17

00
0

4717000

47
18

00
0

4718000

47
19

00
0

47
20

00
0

4720000

47
21

00
0

4719000
4721000

71°15'0"W
71°15'0"W

71°17'30"W

71°17'30"W

71°20'0"W

71°20'0"W

71
°2

2'
30

"W
71

°2
2'

30
"W

42°37'30"N 42°37'30"N

42
°3

5'
0"

N

42°35'0"N

42
°3

2'
30

"N

42°32'30"N

42°30'0"N 42°30'0"N

(LOWELL)

(CONCORD)
(M

AYNARD)

(LA
W

RENCE)

(W
E

S
TF

O
R

D
)

(NASHUA SOUTH)

(LEXINGTON)

(W
ILM

IN
G

TO
N

)

Spencer    
Brook   F

ault

Clinton-Newbury    F
ault   

 Zone

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

?

OZnms

OZnms

OZnms
(sillimanite-rich)

OZnms
(sillimanite-rich)

OZnms

OZnms

OZnms

OZng

OZng

OZna

OZna

OZna

OZnag

OZnag

OZnag

OZnag

OZnag

OZnb

OZnma

OZnma

OZnma

OZnrs

OZnrs

OZt

Smu

Dan

Dan
Dan

Dan

Dan

Dan

Dan

Dan

Dan

Dan

Dan

Dan

Dan

Dan?

Dan

SOag

SOag

SOag

SOag

SOag

Cf

Cf

OZn

andalusite

staurolite

Con
co

rd
 R

ive
r

Fa
w

n 
La

ke

And
ov

er

And
ov

er

OZn
a

OZn
rs

DanOZn
g

OZn
g

OZn
g

OZn
g

OZn
m

s

OZn
m

s

OZn
ag

c

OZn
ag

c

OZn
ag

c

OZt

Sb Dan

DanDanDan

DanDanDanDan

Dan Fis
hb

ro
ok

Fis
hb

ro
ok

Sh
aw

sh
ee

n

16

24
32

30

56

66

22

47

72

20

44

16

35

52

32

21

60

22

12

20

22

42

38

64

23

20

72
34

50

64

76

65

90

80

60

89

74

88

76

58

68

80

88

50

70

80

70

74

86

70

66

56

70

72

68

88
76 72

79

88

87

84

86

76

82

89

84

82

80

60

81

78

76

50

80

76

24

86

62

68

70

46

70

86

73

22

67

64

84
80

84

70 84

89

79

76

60

86

70

76

89

64
8460

64

70

81

48

86

74

67

68
82

71

79

80

75

79

84

76

84

68

79

38

61

87 75

82
84

78 88

70

74

86

88

76

78
64

76

70

76

89
76

89

82

80

86

88

72

74

84

74

83

60
50

87

25

55 65
56

72

87

59

55

84

87 84

88

88

57
75

68

52

6452

57

70

65

82
82

80

82

72
80

75 77
88

72

76

80

68

56

66

68

74

82

79

88

82

72

82

84

89

75
86

70

56
54

8167
86

84

64

62

69

82 70

70

59

78

84

88

84

45
72

72

76

76

86

38
86

80

69

76

14

82

72

85

82

84

54

82

62

84

74

80

84

72

54

67

72

84

70

40

76

76
89

70

80
83

50

47

70

62

56

50
79

76
82

84

73

86

86

83

88

71

87

64

57

86

72

69

6485

84

80

70

87

81

57

59

5

12

34

20

16

1832

72

22

70

63

15

28

22

47

62

21 64

16

60

67

4

45

22

32

70

13

75

21

60

74

3074

72

43

58

10

20

84

23

20

60

16

52

76

28

30

33

72

68
86

88

58

76

26

87

56

36

30

30

79

70

80

76

60

76

74

80

80

40

64

74

55

46

56

26

65

72

60

34

85

40

66

EXPLANATION OF MAP SYMBOLS

PLANAR FEATURES

STRUCTURAL DATA
(symbols placed over location; where many symbols are present, placed as 

close to outcrop as possible)

Metamorphic Isograd in Tadmuck Brook Schist
Delineates transition from occurence of staurolite to occurence of andalusite; 

solid where precise; short dash where inferred.

EXPOSURE

Marble quarry (also see Cook, 1974).

Contact
Solid where precise; long dash where approximate; short dash where inferred.

andalusite
staurolite

Common vs. Local Occurrence of Sillimanite in Nashoba 
Muscovite-Biotite Gneiss

Delineates transition from local occurrence of observed sillimanite in outcrop 
(OZnms) to abundant occurrence (OZnms sillimanite-rich). 

Brittle Fault
Inferred based on offset of contacts, abundance of brittle deformation in 

neighboring outcrops, and correlation with magnetic anomalies.

?
?

Trend and plunge of fold hinge line.
34

Strike and dip of fold axial plane.76

Strike and dip of dominant Sn foliation in all rocks.83

Trend and plunge of mineral lineation.  Blue: sillimanite; Green: 
chlorite; Black: biotite, quartz, and/or feldspar.

70 70 70

Sheared Contact / Discrete Ductile Fault
Form lines parallel to strike of foliation.

Strike and dip of outcrop-scale pegmatite or aplite intrusion.  Blue: 
white Qtz-Pl-Bt±Ms±Kfs pegmatite; Magenta: pink Kfs-Qtz-Ms±Pl± 
Bt pegmatite; Orange: white Qtz-Pl-Ms±Kfs pegmatite; Gray: gray 
Qtz-Fs-Bt aplite; Green: dark greenishbrown Pyx-Pl diabase dike.

Location of intrusion lacking orientation data.  Same color scheme 
as above in addition to: Aqua: white Fs-Qtz-Grt±Bt±Ms pegmatite.

74 74
7474

74

OZnms
OZnms

(sillimanite-rich)

Bedrock exposure from Alvord (1973) and this study.  Hash marks 
denote areas of shallow or abundant  outcrop.

DESCRIPTION OF LITHOLOGIC UNITS

Merrimack Belt / Central Maine Terrane

Nashoba Terrane
Intrusive Rocks

Dan - ANDOVER GRANITE - Light- to medium-gray, tan- and pinkish-
gray, non-foliated to well-foliated, medium-grained to coarse-grained 
muscovite-biotite-quartz-alkali feldspar-plagioclase granite and quartz 
monzonite, commonly with accessory garnet.  Pegmatites of similar miner-
alogy locally intrude the main body of Andover granite, while smaller 
bodies of Andover granite in the southeast quadrant of the quadrangle are 
characterized by gradational contacts between granite and pegmatite.  
Xenoliths of fine-grained, dark-gray to black, biotite-quartz schist and 
gneiss (Nashoba?) are locally observed.
AGE:  412±2 Ma monazite U/Pb concordia age (Hepburn et al., 1995).

SOag - ACTON GRANITE - Light-gray, fine-grained, non-foliated to 
moderately foliated biotite-quartz-orthoclase-microcline-oligoclase granite.  
Where intruded by pegmatite (Andover?), Acton granite has been altered 
to a light-olive-gray, muscovite-chlorite granite. 

OZnag - AMPHIBOLITE & GARNET-BEARING GNEISS - Heteroge-
neous unit consisting of: (1) dark gray to black, fine- to medium-grained 
hornblende-plagioclase amphibolite, commonly containing thin layers 
of light green-brown, fine-grained epidote-plagioclase±calcite±pyrite 
calcsilicate; (2) light gray to gray, coarse-grained, well-foliated garnet-
bearing biotite-quartz-feldspar leucocratic gneiss; (3) minor lensoidal 
bodies (boudins?) of marble and associated amphibole-diopside calcsili-
cate; (4) minor rusty-weathering, well-foliated muscovite-biotite-quartz- 
sillimanite±garnet schist; (5) coarse-grained, variably foliated biotite-
hornblede-feldspar diorite with distinctive white feldspar megacrysts.  
Interlayered amphibolite-calcsilicate gneisses (1) commonly contain 
lensoidal- to nebulous-shaped bodies (<10 cm) of white, coarse-grained 
calcite±quartz±plagioclase crystals.  White to light gray plagioclase- 
quartz-garnet±alkali feldspar±muscovite ±biotite pegmatites are often 
observed intruding lithologies.  Quartzites locally mapped along strike in 
Westford (Kopera et al., 2009).  Similar to OZna and OZng, but with 
larger proportions of amphibolite and garnet-bearing gneiss.  Previously 
mapped as “Fort Pond Member” by Alvord (1975).

OZnag

OZn
OZn - NASHOBA FORMATION (undifferentiated) - Hetereogeneous 
package consisting primarily of biotite-quartz-feldspar migmatitic gneisses, 
granofels, and leucocratic gneisses, hornblende amphibolite and gneiss, 
calcsilicate gneiss, marble, and pegmatite with locally occuring sillimanite, 
garnet, magnetite, and amphibole.  Subunits below are based on the 
predominant lithologies and their mineralogies observed during mapping, 
and may contain additional subordinate lithologies locally.  
Subunits listed below in order of occurrence from northwest to southeast:

Metastratified Rocks

OZt - TADMUCK BROOK SCHIST - Rusty weathering, sulfidic, fine- to 
medium-grained, muscovite-biotite-quartz±andalusite±staurolite schist.  
Metamorphic grade decreases across strike from sillimanite-bearing schist 
in the southeast (not observed in quadrangle; mapped along strike in 
Westford by Kopera et al., 2009), to staurolite-bearing schists, to 
andalusite-bearing schists in the northwest.  Andalusite occurs as light-pink, 
euhedral to anhedral porphyroclasts, reaching 10 cm.  Staurolite occurs as 
relatively dark-gray, small (up to 1 cm), euhedral porphyroclasts.  The 
schistosity has been pervasively folded, and is locally mylonitic.  Chlorite-
bearing mylonites are observed on the southeastern contact along strike to 
the southwest (e.g., Kopera et al., 2009).

OZt

Smu - QUARTZ-MUSCOVITE-CHLORITE SCHIST & PSAMMITE 
(undifferentiated) - Laminated to thin-bedded, greenish-gray, olive-gray, 
and medium- to light-gray very fine- to medium-grained quartz-chlorite- 
muscovite schist, psammite, and impure quartzite.  Commonly mylonitic 
containing S-C-C’ fabrics in mica-rich schists and psammites.  Asymmetri-
cally folded quartz veins are common in mica-poor psammites and quartz-
ites.  Calcite veins are common.  Mapped as “Merrimack Group undiffer-
entiated” by Alvord (1975) and “Berwick formation” by Zen et al. (1983).

Smu

Dan

SOag

Cf - FISHBROOK GNEISS (after Alvord, 1975; Bell and Alvord, 1976) - 
Very light-gray, fine- to medium-grained, well-foliated biotite-quartz-
plagioclase gneiss.  Foliation is defined by alignment of very thin (<1 mm) 
layers of biotite separating thicker layers (<1 cm) of quartz and plagio-
clase, comprising a distinct “striped” appearance.  Locally, complex folding 
produces a “swirled” appearance of foliation.  Light-gray, fine-grained, 
biotite-quartz-plagioclase granofels are commonly interlayered with gneiss.  
Layers of dark-gray, biotite-quartz schist with garnet porphyroblasts (up to 
1 cm) are also observed; layers are generally parallel to the dominant 
gneissic foliation, although local discordant lenses imply a xenolithic rela-
tionship.  In one locality, hornblende-plagioclase-garnet amphibolite is 
observed interfolded with Fishbrook gneiss.  Large, commonly nebulous, 
bodies of white to gray plagioclase-quartz-biotite pegmatite are abundant, 
commonly containing biotite phenocrysts up to 10 cm in length.  Thin 
(<1.5 m in width) unfoliated, dark greenish-brown, fine-grained, vesicular 
pyroxene-plagioclase-amphibole±magnetite±pyrite diabase dikes were 
observed at two localities corresonding to TrJd of other maps in region 
(e.g., Kopera et al., 2009).
AGE:  499+6/-3 Ma zircon U/Pb concordia age (Hepburn et al., 1995).   

Cf

OZnms - MUSCOVITE-BIOTITE GNEISS -  Gray, fine- to coarse-
grained, migmatitic biotite-quartz-feldspar-muscovite-magnetite± 
sillimanite gneiss, schist, granofels, and leucocratic gneiss.  Stromatic 
quartz-feldspar leucosomes and associated biotite-magnetite selvedges, 
layering of granofels, and thin (mm-scale) folia of biotite-muscovite-
magnetite define foliation.  Distinct, pink alkali feldspar-quartz- 
muscovite±plagioclase±biotite pegmatites are common within this unit.  
Pegmatites are locally zoned with white margins of alkali feldspar-
quartz-plagioclase-muscovite composition.  Pegmatite bodies concor-
dant to foliation are characterized by nebulous contacts and alteration of 
country rock into quartz-muscovite±sillimanite±chlorite±apatite schist, 
while pegmatite that has intruded discordantly to foliation is most com-
monly characterized by sharp contacts with surrounding gneiss.  Fine-
grained, acicular sillimanite commonly was recognized in outcrop in the 
western half of the quadrangle, south of OZnb, whereas sillimanite was 
only locally observed in OZnms outcrops comprising the remainder of 
quadrangle (denoted by dashed magenta line).  Previously mapped in 
part as “Tophet Swamp Member” and “Nagog Pond Gneiss Member” 
northwest of the Fishbrook gneiss, and “Shawsheen gneiss” southeast of 
the Fishbrook gneiss by Alvord (1975).

OZnms

OZnb - BIOTITE GNEISS - Gray, locally rusty-weathering, fine- to 
medium-grained, biotite-quartz-feldspar±hornblende gneiss and 
granofels, and minor leucocratic, coarse-grained biotite-quartz-feldspar 
leucocratic gneiss.  Intrusions of Acton (?) granite are common where 
mapped in detail.  Corresponds to distinct low magnetic anomaly (U.S. 
Geological Survey, 1971).  Previously mapped as “Nashoba Brook 
Member” by Alvord (1975).

OZnb

OZnma - MAGNETITE-BIOTITE GNEISS - Light-gray, medium- to 
coarse-grained, migmatitic biotite-quartz-feldspar-magnetite gneiss, 
fine-grained biotite-quartz-feldspar granofels, and coarse-grained, 
biotite-quartz-feldspar-magnetite leucocratic gneiss.  Foliation is defined 
by thin biotite folia, stromatic quartz-feldspar± biotite±magnetite 
leucosome and associated biotite-magnetite selvedges, layering of 
granofels.  Exposure corresponds to distinct high magnetic anomalies 
(U.S. Geological Survey, 1971). 

OZnma

OZng - GARNET-BEARING GNEISS - Hetereogeneous unit com-
prised primarily of light-gray to gray, fine- to coarse-grained, well-
foliated garnet-bearing biotite-quartz-feldspar±sillimanite 
±hornblende gneiss.  Also includes local occurrences of hornblende-
bearing gneiss, hornblende amphibolite, biotite-quartz-feldspar 
granofels, thin lenses/boudins of micaceous quartzite, amphibole-
diopside calcsilicate, and marble.  White to light-gray 
plagioclase-quartz-garnet±alkali feldspar±muscovite ±biotite pegma-
tites are locally observed intruding lithologies.  Similar to OZna and 
OZnagc, but with larger proportions of garnet-bearing gneiss.  Previ-
ously mapped as “Spencer Brook Member” by Alvord (1975).

OZng

OZnrs - RUSTY MICA SCHIST - Rusty weathering, sulfidic, fine- to 
medium-grained muscovite-biotite-quartz±chlorite±sillimanite schist 
with abundant lenses or boudins of white to slightly rusty quartz-
feldspar-muscovite pegmatite.  Previously mapped as “Billerica Schist 
Member” by Alvord (1975).

OZnrs

OZna - AMPHIBOLITE - Heterogeneous unit consisting of: (1) dark 
gray to black, fine- to medium-grained hornblende-plagioclase amphi-
bolite, commonly containing thin layers of light green-brown, fine-
grained epidote-plagioclase±calcite±pyrite calcsilicate (majority of 
outcrop in eastern half of quadrangle); (2) medium-grained, well-
foliated hornblende-bearing biotite-quartz-feldspar gneiss; (3) minor 
light gray to gray, coarse-grained, well-foliated garnet-bearing biotite-
quartz-feldspar granitic gneiss; (4) local (?) lensoidal bodies (boudins?) 
of marble and associated amphibole-diopside calcsilicate; (5) local 
rusty-weathering, well-foliated muscovite-biotite-quartz-sillimanite 
schist.  Interlayered amphibolite-calcsilicate gneisses (1) commonly 
contain lensoidal- to nebulous-shaped bodies (<10 cm) of white, 
coarse-grained calcite±quartz±plagioclase crystals.    White 
plagioclase-quartz-biotite pegmatites are commonly observed intruding 
amphibolites and gneisses near the Fishbrook gneiss in the eastern 
portion of the quadrangle.  Similar to OZnagc and OZng, but with 
larger proportions of amphibolite.  Previously mapped as “Boxford 
Member” by Alvord (1975).
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Figure 1. Location of quadrangle with respect to 
major geologic terranes of eastern Massachusetts
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INTRODUCTION
This map is a progress report of bedrock geologic mapping currently underway in the Billerica quadrangle.  
It is a compilation of ongoing field mapping (Massey, this study) and previously published work in the area 
(Alvord, 1973, 1975; Jahns et al.1959).

GEOLOGIC SETTING
The Billerica quadrangle is located approximately 20 miles northwest of Boston along Route 3, just south of 
Lowell, in northeastern Massachusetts, encompassing the northwestern most Nashoba terrane and it’s 
boundary with the Merrimack belt (Figure 1).  In the Billerica quadrangle, the Merrimack Belt consists of 
limited exposures of highly strained metasediments, or possibly orthoschist derived from reconstituted igne-
ous protolith.  The Clinton-Newbury fault zone separates the Merrimack Belt from multiply deformed, 
polymetamorphic biotite gneisses, migmatites, and amphibolites of the Nashoba terrane. 

DEFORMATION
In the Billerica quadrangle, mylonitic Merrimack Belt schists and psammites (Smu) are exposed at two main 
localities and are associated with Clinton-Newbury fault zone.   Lower-greenschist facies deformation 
(Chl±Ms) is indicated at one locality of S-C mylonites.  Here, “S” planes dip steeply to the northeast, “C” 
planes dip steeply to the north, and “C’” shear bands dip steeply to the northwest.  Mineral lineations 
plunge subhorizontally to the east, and kinematic indicators (S-C fabrics, C’ shear bands, kink bands, asym-
metric folds, extensional veins) are all consistent with a strong component of sinistral motion as viewed on 
subhorizontal planes, and a weaker component of normal motion as viewed on subvertical planes.  Locally, 
evidence is observed that suggests an older dextral/reverse deformation.  Goldstein (1994) has interpreted 
Permian fault motion as initially sinistral followed by normal slip; however, the Clinton-Newbury fault likely 
has a protracted history of deformation and reactivation (e.g., Goldstein, 1994).

The Tadmuck Brook schist (OZt) is commonly interpreted as a part of the Clinton-Newbury fault zone (e.g., 
Kopera et al., 2009).  In the Billerica quadrangle, the Tadmuck Brook schist is dominated by a strong 
northeast-striking schistosity that envelops staurolite, andalusite, and leucocratic pegmatite porphyroclasts.  
Closed to isoclinal, upright to steeply dipping outcrop-scale folds deform the foliation and are locally associ-
ated with an axial-planar foliation.  Observed kinematics were inconsistent within the Billerica quadrangle.  
Along strike in Westford (Kopera et al., 2009), chlorite-grade mylonites are observed along the southeastern 
contact of the Tadmuck Brook. 

The structure of the Nashoba formation (OZn) in the Billerica quadrangle is dominated by a steeply dipping 
to subvertical, northeast-striking Sn foliation defined by compositional layering, alignment of micas, amphi-
boles, and sillimanite, gneissic banding, stromatic leucosome in migmatites, and elongation of pegmatitic 
porphyroclasts (Dn deformation).  Rare intrafolial folds of leucosome suggest a possible earlier phase of 
deformation (Dn-1?).  The Sn foliation has been intensely deformed by closed to tight Dn+1 folds with axial 
planes parallel to Sn.  A weak axial planar Sn+1 foliation is commonly observed where fold hinges are 
exposed.  In the western half of the quadrangle, within OZnb, OZnma, and OZnms, fold hinges plunge 
shallowly to the southwest, parallel to mineral lineations, comparable to regional orientations measured 
along strike to the southwest (e.g., Kopera et al., 2009).  In contrast, folds that display a wide range of fold 
hinge orientations deform the remainder of the Nashoba formation.  Interestingly, the area characterized by 
only southwest plunging fold hinges is also the area where sillimanite is most commonly observed in outcrop 
of OZnms.  It is not clear if this spatial distribution of folds represents a single episode of folding, multiple 
folding events, deformation associated with intrusion of the Andover granite, or localized overprinting by 
shearing.  Both foliations and folds are clearly cut by local thin muscovite-chlorite-grade, dextral and 
normal, mylonite and ultramylonite zones (Dn+3?).  Brittle Dn+4 fracturing and faulting is only locally 
observed at well-exposed outcrops, and is interpreted to be associated with larger north-striking brittle faults.

The presence of pegmatite is widespread throughout the Billerica quadrangle.  Pink alkali feldspar-quartz- 
muscovite±plagioclase±biotite±apatite pegmatites are common, although only intrude OZnms.  Larger 
bodies of pink pegmatite intruded at shallow angles following Dn+1 deformation with smaller branches 
intruding parallel to Sn foliations and Fn+1 axial planes.  In the southwestern area of exposure of OZnms in 
Billerica, pink pegmatite is deformed (Dn+2) commonly observed as asymmetric porphyroclasts enveloped 
by the foliation.  The spatial location of these porphyroclasts and their sinistral kinematics suggest associa-
tion with the Spencer Brook fault.  The lack of chlorite defining any fabrics suggests that this deformation 
(Dn+2) is slightly higher-grade than the dextral mylonites (Dn+3) discussed above.

The main body of the Andover granite (Dan) in the Billerica quadrangle is predominantly characterized by 
igneous textures, however deformation (Dn+1) subsequent to intrusion has produced a weak to moderate 
foliation (Sn+1) that parallels the Sn foliation of the surrounding Nashoba formation.  Xenoliths of Nashoba 
biotite±chlorite schist in the Andover preserve a prior foliation (Sn or Sn-1?), locally overprinted by a strong 
Sn+1 foliation.  Open to closed folds are locally observed and larger map-scale folds can be interpreted 
from foliation patterns.  Dn+4 brittle deformation is common, characterized by shear fractures, extensional 
veining, and minor faults in outcrop.

The Spencer Brook fault was originally mapped by Alvord (1975) as a thrust fault along the southeastern 
contact of OZnrs (Alvord’s “Billerica schist member”).  Evidence for the fault from this study is limited.  
However, the foliation within OZnrs contains a very strong and locally mylonitic schistosity with abundant 
leucocratic pegmatite porphyroclasts along its contact with the Andover granite.  Additionally, the Sn+1 
foliation in the Andover granite increases in intensity and angle of dip towards its contact with OZnrs, and 
map-scale folds are tightened.  Kinematics are poorly preserved within OZnrs, however, deflection of the 
Sn+1 foliation and Fn+1 folds in the Andover yield a sinistral sense of shear.

The Fishbrook gneiss (Cf; after: Alvord, 1975; Bell and Alvord, 1976) is interpreted to have intruded the 
Nashoba formation, based on the occurrence of layers (xenoliths) of biotite-garnet schist and amphibolite 
within the gneiss.  A strong gneissic banding, S-tectonite, and locally protomylonitic fabric (Sn) defined by 
alignment of biotite, minor compositional layering between gneiss and granofels, and minor stromatic leuco-
some characterize the primary structure of the Fishbrook gneiss.  Subsequent Fn+1 folding and shearing, 
locally yielding complex “swirled” patterns has deformed this foliation.  Alternatively, this complex foliation 
pattern may suggest an older phase of deformation (Dn-1?).  Brittle shear fractures, fracture zones, and 
larger-scale north-striking faults, and oxide, sulfide, epidote, and calcite mineralization characterize Dn+4 
deformation.

METAMORPHISM
Metamorphic grade varies considerably between the Merrimack Belt and Nashoba Terrane as exposed in the 
Billerica quadrangle.  Greenschist facies fabrics and mineral assemblages (muscovite and chlorite) character-
ize Merrimack Belt rocks.  Bell and Alvord (1976) described a decreasing metamorphic gradient in the 
Tadmuck Brook schist from sillimanite-bearing schist along the southeastern contact, staurolite- to 
andalusite-bearing schists in the middle, and chlorite-muscovite-biotite schists along the northwestern con-
tact.  This is likely associated with exhumation of the Tadmuck Brook along the Clinton-Newbury fault.  
Mapping in the Billerica quadrangle reveals the presence of a staurolite-andalusite isograd consistent with 
their observations.  Migmatitic gneisses of the Nashoba formation exhibit a much higher grade of metamor-
phism, with the typical OZnms assemblage consisting of sillimanite-alkali feldspar-biotite-muscovite along 
with variable proportions of quartz-feldspar leucosome.  Much of the muscovite in OZnms is coarse-grained, 
randomly oriented, and appears to represent a static retrograde event.  Amphibolites typically contain 
hornblende-plagioclase with garnet and epidote occurring locally, and sillimanite is observed in many locali-
ties of rusty schist.  Contact metamorphism along margins of pink pegmatite is common, often characterized 
by an abundance of muscovite±sillimanite within the gneissic country rock.  Two dominant phases of meta-
morphism are dated in the Late Silurian and Early Devonian, with more minor phases extending into the 
Carboniferous (Hepburn et al., 1995; Stroud et al., 2009).

The occurrence of magnetite is widespread in the Nashoba formation and Andover granite.  It is most com-
monly present within mica-rich folia associated with migmatitic gneisses in the Nashoba formation, although 
it is also observed as fracture-fillings, crystals on fracture planes, and fine-grained masses in pegmatite veins.  
The biotite gneisses of OZnma are highly magnetic producing high magnetic anomalies on the aeromagnetic 
map of the Billerica quadrangle (U.S. Geological Survey, 1971).

ECONOMIC GEOLOGY
Marble and carbonate layers within the Nashoba Formation have been quarried near Chelmsford (Lime Kiln 
Quarry and Robbins Hill area) and Carlisle (near South Street and Estabrook Road), presumably in the 19th 
century as a source of lime for agriculture (Water and Perham, 1917; Cook, 1974).  Additionally, iron sulfate 
(copperas) was quarried on Robbins Hill and copper was mined near South Street in Carlisle (Water and 
Perham, 1917; Carlisle Historical Society, 2005).  Interestingly, these quarries are found in the amphibolite-
rich units of OZnag, OZng, and OZna.  Carbonate quarries also exist along strike in the Westford and Con-
cord quadrangles.
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Cf - Complex foliations in Fishbrook gneiss. Smu - Map-view of Merrimack Belt mylonitic schist 
with sinistral S-C fabric.

OZt - Andalusite porphyroclasts 
in rusty-weathering Tadmuck 
Brook schist.

OZna/OZnag - Porphyritic Hbl-Pl amphibolite 
gneiss.

OZna/OZnag - Folded Hbl-Pl 
amphibolite gneiss with interlayered 
calcsilicate (cs).

OZnb - Flaggy-weathering, 
laminated Bt-Qtz-Fs gneiss with 
pegmatitic porphyroclasts.

OZna/OZnag - Rusty Bt-Ms-Qtz schist.

OZnms - Typical gray laminated Bt-Qtz-Fs gneiss 
with muscovite and magnetite.

OZnms - Typical leucocratic Bt-Qtz-Fs leucocratic 
gneiss.  Notice sinistral S-C’ fabrics.

OZnms - Bt-Qtz-Fs-Ms-Sil gneiss with pink Kfs-Qtz- 
Ms pegmatite porphyroclasts (sinistral asymmetry)

OZnms - Greenish-brown 
diopside-calcite-quartz calcsilicate.

OZnms - Larger body of pink 
Kfs-Qtz-Ms-Pl pegmatite cutting 
foliation in Bt-Qtz-Fs migmatitic 
gneiss, with smaller branch 
intruding parallel to foliation. 

OZnms - Thin pink Kfs-Pl-Qtz-Ms 
pegmatitic veins intruding 
Bt-Qtz-Fs migmatitic gneiss 
parallel to axial planes.

OZna/OZnag/OZng - Typical migmatitic 
garnet-bearing Bt-Qtz-Fs leucocratic gneiss.

OZnms - Typical gray Bt-Qtz-Fs 
granofels with muscovite and 
minor leucosome.
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Cf - Typical Fishbrook gneiss with white 
Pl-Qtz-Bt pegmatite.
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Dan - Typical Andover granite cut by 
Kfs-Pl-Qtz-Ms-Bt pegmatite.
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Dan - Andover granite containing xenoliths 
of OZn.
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