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of the Ayer quadrangle, northeastern Massachusetts

INTRODUCTION

The Hydro-Structural Domain Map is a summary map that represents the synthesis of 2980 brittle fracture measurements collected 
at 61 outcrops distributed across the Ayer quadrangle. The units and overlay zones shown on the map define regions that contain 
attributes thought to be important in influencing groundwater availability and flow in the bedrock.  These attributes include bedrock 
type, the presence or absence of layering (foliation) in the rocks, the degree of development of transmissive partings parallel to the 
layering, the intensity of sub-horizontal sheeting development, the number and distribution of regional joint systems and outcrop-scale 
faults, and the distribution of permeable surface materials.  The raw data from which this summary map was assembled are 
summarized in Appendices A-C.

GENERAL GEOLOGY

The rocks of the Ayer quadrangle have been described in part by Gore (1973, 1976), Robinson et. al. (1978), Hatch (1991) and, 
most recently, by Kopera (2006).  The Ayer quadrangle straddles the Clinton Newbury fault zone, a series of ductile shear zones 
overprinted by brittle faults, which separates two major geologic provinces in eastern Massachusetts: The Merrimack Belt to the 
northwest, and the Nashoba Terrane to the southeast.

The Merrimack Belt in the Ayer quadrangle is represented by the bedded schists, meta-siltstones, and quartzites of the Silurian 
Oakdale and Berwick Formations, and the Pennsylvanian (?) Harvard Conglomerate.  These are intruded by  a series of Silurian and 
Devonian-aged granites and granitoids, comprised here of the Ayer and Chelmsford granite.  The Devens gneiss complex may 
represent Silurian-aged granite deformed by the Clinton-Newbury fault zone, or older basement which is intruded by the later granites 
and is in unconformable- or fault-contact with Meriimack Belt metasediments.

The Nashoba Terrane is a series of highly metamorphosed gneisses and schists whose protoliths may have been arc-related (Hatch, 
1991).  It is represented in the Ayer quadrangle by the sulfidic Tadmuck Brook Schist and the silliminite bearing biotite-feldspar 
gneisses, schists, and calc-silicate gneisses of the Nashoba Formation.

HYDROSTRUCTURAL DOMAINS

The development, intensity, and orientation of fractures in the Ayer quadrangle is strongly influenced by bedrock lithology and 
structure.  Four fracture domains have been defined within the Ayer quadrangle based on mapped lithology (Kopera, 2006) and 
observed fracture characteristics in the Ayer quadrangle.  These hydrostructural domains are shown on the map to the left.  Their 
characteristics and hydrologic significance are discussed below.

DISCUSSION
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    Moderately to steeply dipping well-layered quartzites, phyllites, and schists of the Merrimack Group comprise Domain 1.  The 
dominant fracture sets in this domain are well-developed northeast-trending near-vertical partings parallel to foliation/bedding (236° 
set) and cross-joints orthogonal to bedding (158°), which provide excellent potential for vertical recharge.  A separate subdomain (1B)  
has been defined where a strong east-northeast to northeast trending subhorizontal anisotropy exists in the rock.  The anisotropy is 
caused by well developed subhorizontal fold axes (F2) and a strong parting parallel to a subhorizontal axial planar cleavage (S2),  
providing good northeast-southwest lateral flow and connectivity between vertical fractures.  Moderately to shallowly dipping, 
northwest trending fracture sets (303° and 331°) are also well developed in domain 1, and tend to have shorter trace lengths and/or 
truncate against steeply dipping fractures, providing good hydrologic connection between individual vertical fractures.  East-west 
trending fracture zones in the north-central and northwest portion of domain 1A may serve as areas of excellent local vertical recharge, 
and form lineaments on aerial photographs and topographic maps.  Faults and fracture zones in domain 1 in the southernmost central 
portion of the quadrangle, along Pin Hill, are the most hydrologically significant features in that immediate area.

The massive Ayer and Chelmsford granites and foliated granitoidal gneisses of the Devens gneiss complex comprise domain 2.  
Conjugate sets of north-south trending, steep to moderately dipping fracture sets (198° and 162°) and an east-west trending set (274°) 
are the dominant fracture sets in these rocks.  Northeast trending, moderately to steeply dipping partings parallel to foliation (238°) 
locally dominate near the Clinton-Newbury Fault Zone. Rocks with pervasive partings parallel to foliation have been separated into 
Subdomain B. All of these sets have excellent potential for vertical recharge.  The north-south trending conjugate sets tend to occur in 
conjunction with each other, forming fracture zones that may locally focus vertical recharge.  Sheeting is well developed in these rocks, 
and has been observed in the field to be  a major conduit for lateral groundwater flow near the surface. The more massive Chelmsford 
and Ayer granites (subdomain A) contain sheetlike xenoliths of presumed Merrimack Belt metasediments.  These xenoliths are 
typically less than 1 meter wide, but are several meters long, and have well developed partings parallel to foliation.  In the Ayer granite 
they are commonly near vertical, while in the Chelmsford granite they are moderately to shallowly dipping.  They generally strike 
northeast, and may provide good potential for localized vertical recharge and subhorizontal communication.

DOMAIN 1
STEEPLY DIPPING LAYERED ROCKS 
OF THE MERRIMACK BELT

DOMAIN 2
MASSIVE GRANITES AND FOLIATED GNEISSES

Domain 3 is defined by the highly sulfidic Tadmuck Brook Schist.  Strongly developed partings parallel to a northeast trending, 
moderate to steeply dipping foliation (222°) and orthogonal fractures developed perpendicular to foliation (316°) provide excellent 
vertical recharge and a strong regional flow anistropy.  An extensive, northeast trending moderately dipping fracture set (028°) 
provides good lateral communication and may feed more steeply dipping fracture sets in addition to subordinate, moderately and 
shallowly dipping fracture sets (110° and 147°, respectively).  The 028° and 110° sets generally parallel the steep hillslope on the 
southeastern side of domain 3.  These sets may locally dominate groundwater flow and recharge a potential highly transmissive fault 
to the southeast that is the boundary between domain 3 and 4.   The 110° and 147° sets tend to have shorter lengths and truncate 
against the other sets.  Weakly developed sheeting joints may also provide good lateral communication near the surface.  Water 
quality in this domain may be generally poor, and may contain iron, manganese, and sulfur, in addition to other mineral constituents.

DOMAIN 3
TADMUCK BROOK SCHIST

The gneisses and schists of the Nashoba Formation comprise Domain 3.  Although the Nashoba Formation is well foliated, partings 
parallel to foliation are generally poorly to moderately developed, except locally near the Clinton-Newbury fault zone.  Northwest 
trending fractures sets (327°) oriented perpendicular to foliation (222°) are dominant and provide good potential for vertical recharge.  
Subordinate, moderately dipping fracture sets (36°, 89°) may locally provide good recharge potential.  The highly foliated character of 
the rock may form a strong northeast-southwest flow anisotropy, but the rock is generally poorly transmissive away from the Clinton-
Newbury fault zone.

DOMAIN 4
GNEISS OF THE NASHOBA FORMATION
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SUMMARY OF IMPORTANT HYDROLOGIC FEATURES

A strong northeast trending regional flow anistotropy exists in the bedrock of the Ayer quadrangle due to well developed partings 
parallel to foliation.  This flow anisotropy is especially pronounced in domains 1 and 3, and domain 2B near the Clinton-Newbury 
fault zone.

Domain 1A is dominated by northeast trending, steeply dipping fractures that provide excellent vertical recharge.  Domain 1B has a 
strong northeast-southwest subhorizontal flow anisotropy.

The conjugate north-south and east-west steeply dipping fractures and fracture zones of domain 2A provide excellent localized 
recharge and may appear on topographic maps and aerial photos as lineaments.

Northeast trending, moderately to steeply sheetlike xenoliths and fault zones in Domain 2 provide excellent localized recharge and 
opportunity for lateral flow.

Sheeting is the dominant near-surface transmissive fracture set in domain 2.

The highly sulfidic schists of domain 3 may provide poor water quality.  The strongly developed, steep to moderately northwest-
dipping partings parallel to foliation and northwest trending steep fracture sets in this zone provide excellent vertical recharge.

The faulted boundary between domains 3 and 4 may be a highly transmissive phyllonite zone, as evidenced by abundant wetlands 
along its length. This fault zone is parallel to local foliation, and dips approximately 60-70° to the northwest.  This zone is most likely 
fed by the northeast trending, moderately southeast dipping 028° and 110° sets in domain 3, which are parallel to the steep ridge to 
the northwest of the faulted boundary.

Domain 4 is generally poorly transmissive, with northwest trending, steeply dipping cross-fractures being most important for vertical 
recharge.

Photograph showing near vertical, northeast trending partings 
parallel to foliation in domain 1A.  These partings are the 
dominant fracture set in this outcrop.

Photograph showing subhorizontal folds of bedding in domain 
1B.  These folds and partings parallel to their subhorizontal 
axial planar cleavage form a strong northeast trending 
subhorizontal anisotropy in this domain.

Photograph showing north-south trending, subvertical fracture 
zone in domain 2A.  Such fracture zones are the dominant 
fracture set in this domain.  Well developed subhorizontal 
sheeting is also shown.

Photograph showing iron saturated water flowing from sheeting 
in domain 1A.  Sheeting is the most prominent fracture set for 
near-surface fluid flow in domain 2.

Subhorizontal partings

Contoured equal area stereonet of all measured fractures in 
domain 1

Rose diagram of all steeply dipping fractures (dips > 60o) in 
domain 1

Contoured equal area stereonet of all measured fractures in 
domain 2

Rose diagram of all steeply dipping fractures (dips > 60o) in 
domain 2

Contoured equal area stereonet of all 
measured fractures in domain 3

Rose diagram of all steeply dipping 
fractures (dips > 60o) in domain 3

Photograph of northwest trending, steeply 
dipping fractures perpendicular to strong parting 
parallel to foliation in domain 3.  Extensive iron 
staining of these fractures is evidence of past 
fluid flow along them.

Contoured equal area stereonet 
of all measured fractures in 
domain 4

Rose diagram of all steeply 
dipping fractures (dips > 60o) 
in domain 4

Photograph of parting parallel to foliation near the Clinton-
Newbury fault zone in domain 4.  Partings parallel to foliation 
are generally pretty weak in domain 4 except near the Clinton-
Newbury fault-zone.

  Permeable Surface Materials - Overlay shading shows 
areas where permeable and conductive overburden is 
observed at the surface and may lie above the bedrock.
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UNPUBLISHED STRUCTURAL MEASUREMENTS
BY R.H. JAHNS (1940)

see Bedrock Geologic Map of Ayer Quadrangle for citation

LINEAR FEATURES PLANAR FEATURES
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Strike and dip of dominant schistosity.
Generally parallel to bedding in stratified rocks of Merrimack Belt

Bearing and plunge of mineral lineation

Bearing and plunge of intersection of dominant and local secondary
schistosity (S2)

Strike and dip of local secondary schistosity and/or cleavage (S2)

Bearing and plunge of minor fold axis.
Such folds are locally second-generation (F2) in stratified rocks of 
Merrimack Belt

Strike and dip of axial surface of minor fold.
Generally parallel to local secondary schistosity (S2) in stratified 
rocks of Merrimack Belt

Contact, approximately located (within approximately 50 meters)

Contact, location inferred

Fault, approximately located (within approximately 50 meters)

Fault, inferred.

Gradational contact in Ayer granite

Denotes occurence of actinolite in Berwick formation (after
Robinson et al., 1978)

Bedrock outcrop

Zone of sheared rocks
Density of pattern reflects relative intensity of shearing

Area where bedrock is shallow (<3 meters below surface) and/or 
outcrop is extensive

PLANAR FEATURES

MINOR FOLDS

LINEAR FEATURES
(actinolite)
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EXPLANATION OF MAP SYMBOLS

Topographic base modified from  U.S. Geological Survey, 1969 and digitally 
reprojected to 1983 North American Datum, Zone 19

10,000 foot grid ticks based on Massachusetts state plane coordinate system, 
mainland zone (1927 North American Datum,  Zone 19)

1000-meter Universal Transverse Mercator grid ticks based on 1927 North 
American datum, Zone 19

Hydrography compiled from MassGIS 1:25,000 data (www.state.ma.us/mgis)

Bedrock geology by Kopera (2006)

Bedrock exposure modified from Jahns (1953)

Structural data from reconnaisance mapping by J.P. Kopera 
(2005), and Jahns (~1940)

Fracture Data collected by J.P. Kopera, S.B. Mabee, and R. 
Ponti (2005).

Analysis, compilation, and cartography by J. Kopera, S.B. 
Mabee, and D.C. Powers, 2006.
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 By Joseph P. Kopera1, Stephen B. Mabee1, and Devon C. Powers
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 227° 244°

 204°  158°

Kamb Contour Int.=10
           Counting circle area=0.039
	 	    Sig. Level=3.0 sigma
                    
                     Mean Strike and 
                       Dip = 051° 86° NE 
                   

N

n=221

Figure A4.  Lower hemisphere equal area projection of subhorizontal sheeting 
joints (dips <60°)

Kamb Contour Int.=3.0
           Counting circle area=0.074
	 	    Sig. Level=3.0 sigma

                      Mean Strike and
                        Dip = 230° 65° NE
                        and 40°, 30° NE 
                   

n=112

Figure A7. Lower hemisphere equal area projection of all foliations.

N

Figure A5. Lower hemisphere equal area projection of all faults.

Kamb Contour Int.=2.0
           Counting circle area=0.118
	 	    Sig. Level=3.0 sigma
                   

n=67

N

n = 1944 (dips >60°) 

Figure A3.  Rose diagram of all fractures with dips >60°.  Major sets are 
indicated and represent 65% of the fracture data set.

Data Number: 2980

N

CONTOURING

3%
2%

N

Contour n=2980

Figure A2. Lower hemisphere equal area projection of poles to fracture planes,
contoured.  Percent of data contoured is indicated in lower left.  

1%

Kamb Contour Int.=6.0
           Counting circle area=0.031
	 	    Sig. Level=3.0 sigma

                       Mean Strike and
                         Dip = 225° 75°NE and 40° 30° NE
                   

n=283

N

Figure A6. Lower hemisphere equal area projection of all partings parallel to 
foliation.

n=2980

N

Figure A1. Lower hemisphere equal area projection of poles to fracture planes, uncontoured.

SUMMARY PLOTS OF FRACTURE DATA

Domain Fracture Set n Mean 1 SD Median Max Min n Mean 1 SD Median Max Min
1 158°±11°, 85° 37 0.34 0.25 0.30 1.1 0.02 62 1.08 1.02 0.78 3.8 0.10

Merrimack 236°±11°, 80° 50 0.37 0.46 0.25 2.2 0.01 73 1.65 2.20 1.10 15.0 0.10
Belt 303°±11°, 35° 14 0.29 0.29 0.20 1.2 0.05 19 1.06 1.04 0.80 4.2 0.10

331°±12°, 60° 18 0.27 0.31 0.15 1.1 0.03 20 1.12 1.15 0.60 4.2 0.15
2 198°±13°, 85° 132 0.60 0.68 0.35 4.0 0.02 250 2.16 2.48 1.40 25.0 0.08

Ayer and 162°±15°, 75° 93 1.02 0.94 0.80 4.5 0.04 168 2.31 2.50 1.80 20.0 0.10
Chelmsford 238°±10°, 75° 70 0.93 0.86 0.65 4.5 0.01 134 2.29 2.30 1.60 15.0 0.15

Granites 347°±23°, 58° 62 0.53 0.51 0.35 2.2 0.04 119 2.32 1.80 2.00 9.0 0.10
274°±12°, 80° 57 0.72 0.64 0.50 2.5 0.10 112 1.90 2.07 1.30 13.0 0.10

Sheeting 145 0.68 0.68 0.50 5.0 0.01 183 3.24 4.19 2.30 40.0 0.04
3 316°±12°, 75° 21 0.94 0.71 0.80 2.4 0.07 31 1.84 1.39 2.00 5.0 0.15

Tadmuck 110°±9°, 60° 14 0.96 1.12 0.48 4.0 0.06 18 2.34 2.80 1.50 11.0 0.22
Brook 222°±14°, 75° 15 0.40 0.45 0.20 1.8 0.10 18 2.48 1.63 2.20 7.0 0.80
Schist 28°±11°, 40° 5 0.76 0.72 0.45 2.0 0.15 8 2.94 2.68 2.10 7.0 0.50

147°±12°, 30° 3 0.68 0.98 0.18 1.8 0.05 3 0.77 0.59 1.00 1.2 0.10
4 222°±10°, 60° 25 0.28 0.35 0.20 1.8 0.01 31 2.13 2.41 1.10 8.0 0.12

Nashoba 36°±10°, 75° 20 0.43 0.26 0.40 1.2 0.10 32 1.88 2.40 1.00 9.2 0.20
Formation 327°±14°, 85° 43 0.72 0.69 0.50 3.0 0.08 57 1.03 0.82 0.80 4.6 0.15

89°±14°, 50° 10 0.37 0.31 0.26 1.0 0.06 17 1.13 0.99 1.00 4.0 0.18

All Fractures 1755 0.65 1.85 0.35 71.8 0.01 2962 2.00 6.15 1.20 304.0 0.01

All Sheeting 171 0.65 0.65 0.45 5.0 0.01 221 2.94 3.90 2.10 40.0 0.04

SPACING (m) TRACE LENGTH (m)

DISCUSSION	

    This map is a summary of 2980 brittle fracture measurements collected at 61 outcrops across 
the Ayer quadrangle.  Information gathered at each outcrop included strike and dip of joints, 
faults, joint and fault zones, foliation, trace length of planar features, spacing (perpendicular 
distance between fractures having the same trend), width of joint zones, mineralization, and 
observations on water flow and the openness of planar features.
      The large map to the left summarizes the distribution of steeply-dipping fractures (fractures 
with dips >60°) across the quadrangle. Data are summarized as rose diagrams.  In general, there 
are six major sets of near-vertical fractures that occur across the quadrangle, which has been 
divided into 4 domains based on the fracture characteristics of the bedrock (see sheet 1 for a 
detailed discussion of the domains).  The six major fracture sets include the 158o, 204o, 227o, 
244o, 280o, and 309o sets (figures A1, A2, and A3).  These six sets constitute about 65% of the 
total fractures measured, as compiled in the brittle fracture database for the Ayer quadrangle (see 
accompanying CD and GIS products).  The 158o set is the most common set encountered.  The 
set occurs across the quadrangle, and is perpendicular to the general trend of regional foliation.  It 
tends to be concentrated in the central and southern portions of the quadrangle near the Clinton-
Newbury fault zone, where regional foliation is most strongly developed.  The 204o  set also 
appears to be concentrated in the sheared rocks of domains 2 and 3 near the central branch of 
the Clinton Newbury fault zone.  The 244o and 227o sets are generally parallel to regional 
foliation and are also well distributed throughout the quadrangle.  Two minor fracture sets also 
exist in the quadrangle.  These include the 309o set, which is perpendicular to regional foliation, 
and the 280o set, which appears to be concentrated in domain 2.  Subhorizontal sheeting joints 
(figure A4) occur almost exclusively in domain 2, though are also sporadically present in in 
domain 3.
     A total of 67 outcrop-scale faults were recorded in the field.  These faults vary considerably in 
orientation, though the majority of the faults appear to be northeast trending and near vertical or 
steeply dipping to the northwest (figure A5).
     Partings developed parallel to foliation are present throughout the Ayer quadrangle, but are 
most pervasive and well-developed in the well-bedded quartzites, phyllites, and schists of domain 
1 and 3.  In domain 1, two sets of partings, parallel to two generations of regional foliation, can 
be observed in these rocks (figures A6 and A7).  The first set is a steeply dipping to near vertical 
parting trending approximately 236o that dominates domain 1A.  The second set is developed 
parallel to a gently dipping to subhorizontal foliation that is the dominant parting in domain 1B.  
In domains 2, 3, and 4, partings parallel to foliation are northeast trending and steep to near 
vertical.  Partings generally trend approximately 238o in domain 2.  In domains 3 and 4, partings 
generally trend approximately 222o.  While partings parallel to foliation are common in domains 
2 and 4, they are not always spatially uniform, pervasive, or throughgoing at the outcrop scale, 
except in proximity to the Clinton-Newbury fault zone.  
     Median spacing of fractures across the entire quadrangle range from 0.15 to 0.8 meters (table 
A1).  In domains 1 and 2, the northwest trending sets of fractures tend to be more closely spaced 
than the northeast trending foliation-parallel fractures.  Subhorizontal sheeting fractures are the 
most closely spaced set in domain 2.  Northeast trending foliation-parallel fractures in domains 3 
and 4 are generally much more closely spaced than northwest trending fractures perpendicular to 
foliation.
     Median trace-lengths of fractures across the quadrangle range from 0.6 to 2 meters.  In domain 
1, the foliation parallel 236o set is the longest.  The shallow dipping 303o set is the shortest and 
tends to truncate against the 236o and other steeply dipping sets.  This set serves as a good 
connective pathway for water between the larger, steeper sets.  As expected, subhorizontal 
sheeting  fractures in domain 2 are longer than other sets because most are parallel with the long 
axis of outcrops. North-south trending fractures are commonly the longest of the subvertical sets 
in domain 2.  These fractures tend to occur in fracture zones, may dominate local flow, and form 
lineaments on topographic maps and aerial photos.  In domains 3 and 4, the foliation parallel 
028o set has the longest trace lengths.  This is expected as the long axis of most outcrops in these 
domains parallel the strike of foliation.  Fracture sets perpendicular to foliation tend to be the 
shortest in these domains.
     The combination of long trace lengths and a strong tendency to part suggests northeast 
trending fracture sets parallel to foliation are important pathways for regional groundwater flow, 
especially in domains 1 and 3.  Partings parallel to foliation are not as pervasive or well 
developed, and therefore, may not be as important in domains 2 and 4, except near the Clinton-
Newbury fault zone.  In domain 2, north-south-trending and east-west trending fracture sets may 
be important as localized areas of vertical recharge in bedrock, while sheeting dominates lateral 
groundwater flow near the surface.  Steeply dipping, northwest trending fractures in domains 1, 3, 
and 4 may also be important as localized areas of vertical recharge.  Shallower dipping fracture 
sets (figure A1) in all domains may be important as connective pathways for fluid flow, and serve 
as local areas for recharge to more steeply dipping, pervasive fracture sets.
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Topographic base modified from  U.S. Geological Survey, 1969 and digitally 
reprojected to 1983 North American Datum, Zone 19

10,000 foot grid ticks based on Massachusetts state plane coordinate system, 
mainland zone (1927 North American Datum,  Zone 19)

1000-meter Universal Transverse Mercator grid ticks based on 1927 North 
American datum, Zone 19

Hydrography compiled from MassGIS 1:25,000 scale data (www.state.ma.us/mgis)
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Rose diagrams
 showing the trends of steep fracture sets with dips greater than 60o 

observed at individual outcrops
See figure A8 for example
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Blue designates the dominant fracture set(s) 
in bedrock at that station, as observed in the 
field.  Such sets are generally throughgoing 
and pervasive across the extent of the 
outcrop, and may have the greatest potential 
for vertical recharge.

Blue designates the dominant fracture set(s) 
in bedrock at that station, as observed in the 
field.  Such sets are generally throughgoing 
and pervasive across the extent of the 
outcrop, and may have the greatest potential 
for vertical recharge.

Light blue designates the major fracture 
set(s) in an outcrop that may contribute to 
vertical recharge at that station, but did not 
dominate the outcrop-scale fracture pattern.  
Such sets are commonly not as pervasive 
across the length of the outcrop, or not as 
persistently throughgoing.

Purple designates the fracture set(s) which 
may serve as connective pathways for 
water between larger, dominant fractures at 
that station.  Such fractures commonly have 
shorter trace lengths and tend to end in T-
intersections with the dominant fracture 
set(s).

Grey denotes subsidiary 
fracture set(s) that are not the 
dominant sets observed in 
outcrop, but may have local 
hydrogeologic significance.

A yellow outline denotes a fracture set that 
is also a parting parallel to foliation at that 
station.  A solid red line denotes a strong 
tendency to part parallel to foliation, a 
dashed line a moderate tendency, and a 
dotted line a weak tendency.  See photos 
below for detailed explanation.

A vertical overprint denotes that the fracture 
set was observed to have an influence on 
local topography at that station.  The 
influence is either in the form of topographic 
depressions or a tendency to form slopes or 
large outcrop faces along the particular 
set(s).  Such fracture sets may form 
lineaments on topographic maps and/or 
aerial photographs.

This outcrop shows a strong tendency to part parallel to foliation.  
Open partings are pervasive across the outcrop, are throughgoing, 
and are commonly less than 0.5 meters apart.

This outcrop shows a moderate tendency to part parallel to 
foliation. Partings are not always pervasive across the outcrop, and  
are not always throughgoing fractures.  Spacing between partings 
are generally 0.5 to 1 meter or more.  Note in the photo above that 
strong partings parallel to foliation are dominantly developed at the 
left portion of the outcrop, and are not always open across the 
cross-section of the outcrop, therefore, this outcrop would be 
classified as having a moderate parting parallel to foliation.

This outcrop shows a weak tendency to part parallel to foliation.  
Partings are not generally pervasive across the outcrop and are 
typically not throughgoing fractures.  Spacing between partings is 
generally greater than 0.5 meters.  Note that in the photo above, 
although the rock is strongly foliated, very few open fractures are 
developed parallel to foliation.

Poorly developed sheeting

Topographic depression
formed by intersection of
fracture sets

EXPLANATION OF MAP SYMBOLS

Strike and dip of dominant schistosity.
Generally parallel to bedding in stratified rocks of Merrimack Belt

Bearing and plunge of mineral lineation

Bearing and plunge of intersection of dominant and local secondary
schistosity (S2)

Strike and dip of local secondary schistosity and/or cleavage (S2)

Bearing and plunge of minor fold axis.
Such folds are locally second-generation (F2) in stratified rocks of 
Merrimack Belt

Strike and dip of axial surface of minor fold.
Generally parallel to local secondary schistosity (S2) in stratified 
rocks of Merrimack Belt

Contact, approximately located (within approximately 50 meters)

Contact, location inferred

Fault, approximately located (within approximately 50 meters)

Fault, inferred.

Gradational contact in Ayer granite

Bedrock outcrop

Zone of sheared rocks
Density of pattern reflects relative intensity of shearing

Area where bedrock is shallow (<3 meters below surface) and/or 
outcrop is extensive
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TABLE A1 - SUMMARY OF SPACING AND TRACE LENGTH
DATA FOR MEASURED FRACTURES IN THE AYER QUADRANGLE

FIGURE A8 - EXAMPLE OF FRACTURE SETS AS DESCRIBED IN FIELD
Shown is a photograph of fracture sets in Domain 3, the Tadmuck Brook Schist and how fracture sets would be classified as to their 
relative level of importance at outcrop scale
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HYDROSTRUCTURAL DOMAINS
see Sheet 1 for detailed explanation and discussion

A B

A B

Moderately to steeply dipping well-layered quartzites, phyllites, and schists.  Subdomain A 
dominated by steeply dipping partings parallel to foliation.  Subdomain B dominated by 
subhorizontal partings parallel to foliation and a strong horizontal linear anistropy parallel to fold 
hinges.

Subdomain A is dominantly comprised of the massive Ayer and Chelmsford granites.  Both 
contain meter-scale sheet-like xenoliths of well-layered Merrimack Belt rocks that may locally 
dominate groundwater flow.  Xenoliths are commonly aligned with foliation in the granites.  
Subdomain B comprises foliated gneisses in which partings parallel to foliation near the Clinton-
Newbury fault dominate.

DOMAIN 1
STEEPLY DIPPING LAYERED ROCKS 
OF THE MERRIMACK BELT

DOMAIN 2
MASSIVE GRANITES AND FOLIATED GNEISSES

Steep to moderately dipping strongly layered sulfidic schist with interlayered quartzite and 
amphibolite.  Well-developed northeast-trending partings parallel to foliation and northwest-
trending macro-scale orthogonal cross-joints are the dominant fracture sets.

DOMAIN 3
TADMUCK BROOK SCHIST

Well-foliated biotite-sillliminite gneisses, amphibolites, and sulfidic schists.  Partings parallel to 
foliation generally poorly developed except near Clinton-Newbury fault.  Orthogonal, northwest-
trending cross-joints dominate.  Generally poorly transmissive.

DOMAIN 4
GNEISS OF THE NASHOBA FORMATION

Dominant frac. set andstrong parting parallel to foliation (222o)

Major  fracture set (028o, 40oNE)
but not dominant
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Rose diagrams for steeply dipping (>60°) fracture sets
 observed at individual outcrops

See Sheet 2 for summary and explanation

Blue designates the dominant fracture set(s) 
in bedrock at that station, as observed in the 
field.  Such sets are generally throughgoing 
and pervasive across the extent of the 
outcrop, and may have the greatest potential 
for vertical recharge.

Blue designates the dominant fracture set(s) 
in bedrock at that station, as observed in the 
field.  Such sets are generally throughgoing 
and pervasive across the extent of the 
outcrop, and may have the greatest potential 
for vertical recharge.

Light blue designates the major fracture 
set(s) in an outcrop that may contribute to 
vertical recharge at that station, but did not 
dominate the outcrop-scale fracture pattern.  
Such sets are commonly not as pervasive 
across the length of the outcrop, or not as 
persistently throughgoing.

Purple designates the fracture set(s) which 
may serve as connective pathways for 
water between larger, dominant fractures at 
that station.  Such fractures commonly have 
shorter trace lengths and tend to end in T-
intersections with the dominant fracture 
set(s).

Grey denotes subsidiary 
fracture set(s) that are not the 
dominant sets observed in 
outcrop, but may have local 
hydrogeologic significance.

A yellow outline denotes a fracture set that 
is also a parting parallel to foliation at that 
station.  A solid red line denotes a strong 
tendency to part parallel to foliation, a 
dashed line a moderate tendency, and a 
dotted line a weak tendency.  See photos 
below for detailed explanation.

A vertical overprint denotes that the fracture 
set was observed to have an influence on 
local topography at that station.  The 
influence is either in the form of topographic 
depressions or a tendency to form slopes or 
large outcrop faces along the particular 
set(s).  Such fracture sets may form 
lineaments on topographic maps and/or 
aerial photographs.
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HYDROSTRUCTURAL DOMAINS
see Sheet 1 for detailed explanation and discussion

A B

A B

Moderately to steeply dipping well-layered quartzites, phyllites, and schists.  Subdomain A 
dominated by steeply dipping partings parallel to foliation.  Subdomain B dominated by 
subhorizontal partings parallel to foliation and a strong horizontal linear anistropy parallel to fold 
hinges.

Subdomain A is dominantly comprised of the massive Ayer and Chelmsford granites.  Both 
contain meter-scale sheet-like xenoliths of well-layered Merrimack Belt rocks that may locally 
dominate groundwater flow.  Xenoliths are commonly aligned with foliation in the granites.  
Subdomain B comprises foliated gneisses in which partings parallel to foliation near the Clinton-
Newbury fault dominate.

DOMAIN 1
STEEPLY DIPPING LAYERED ROCKS 
OF THE MERRIMACK BELT

DOMAIN 2
MASSIVE GRANITES AND FOLIATED GNEISSES

Steep to moderately dipping strongly layered sulfidic schist with interlayered quartzite and 
amphibolite.  Well-developed northeast-trending partings parallel to foliation and northwest-
trending macro-scale orthogonal cross-joints.

DOMAIN 3
TADMUCK BROOK SCHIST

Well-foliated biotite-sillliminite gneisses, amphibolites, and sulfidic schists.  Partings parallel to 
foliation generally poorly developed except near Clinton-Newbury fault.  Orthogonal, northwest-
trending cross-joints dominate.  Generally poorly transmissive.

DOMAIN 4
GNEISS OF THE NASHOBA FORMATION

DISCUSSION

Spatial analysis shows the spatial distribution of major fracture orientation sets observed in the quadrangle and 
identifies areas where fracture sets overlap.  To identify orientation sets, fracture data are collected at outcrops 
distributed throughout the quadrangle.  The azimuths of near vertical (dips >60°) fractures and moderately to 
shallowly dipping fractures (dips 25° to 70°) are assembled as azimuth frequency histograms and mean trends of 
peaks determined by fitting Gaussian (normal distribution) curves to smoothed histograms.  The azimuthal 
variation about the peak trend is determined by the width of the Gaussian curve at half height and is 
approximately equal to one standard deviation.  Mean trends of peaks located greater than two standard 
deviations apart are considered to represent different populations.

 Orientation sets are determined by plotting the geographic extent of each individual orientation population in 
map view (Figures B1 through B7).  The simplest way to portray fracture orientation sets is to use the petals of 
rose diagrams.  The length of the petal shows the proportion (or strength of development) of fractures of a 
particular trend relative to all fractures observed at the outcrop; a larger petal indicates a higher proportion.  
Boundaries between orientation sets can be interpreted where fractures of a particular azimuthal population either 
disappear or begin to deviate more than one standard deviation.

 The panels to the left show the distribution of particular fracture orientation sets across the Ayer quadrangle, in 
addition to the distribution of outcrop scale faults, fracture zones, and foliation trajectories.  Figures B1-B4 show 
the distribution of steeply dipping (dips >60°) fracture sets, and figures B5-B7 the distribution of moderately 
dipping (dips between 25° and 70°) fracture sets, separated into discrete groups according to orientation.  
Hydrostructural domains, based on bedrock lithology and fracture characteristics, are also shown on each figure 
(see Sheet 1 for explanation and discussion).  North-south trending fractures are defined as having azimuths 
between 338° and 22° (158° and 202°), northeast-southwest trending fractures as having azimuths between 23° 
and 67° (203° and 247°), east-west trending fractures as having azimuths between 68° and 112° (248° and 291°), 
and northwest-southeast trending fractures as having azimuths between 292° and 338° (112° and 157°).

 The orientation of steeply dipping fracture sets shows a modest correlation with the hydrostructural domains 
and the general bedrock lithology and structure of the quadrangle.  North-south trending steeply dipping fracture 
sets (figure B1) are evenly distributed throughout the quadrangle across all domains, but appear to be not as well 
developed in domain 4.  In domain 2, they are a dominant fracture set in outcrop (see explanation) and tend to 
form topographic features as observed in outcrop.  The north-south trending fracture sets tend to form in 
conjugate sets and fracture sets that are most prominent in domain 2.  Such sets locally form excellent avenues for 
groundwater recharge in bedrock.  Northeast-southwest trending steeply dipping fracture sets (figure B2) are 
generally parallel to the regional trend of foliation, and in many outcrops occur in the form of partings parallel to 
foliation.  These fractures constitute the dominant fracture sets in outcrop in hydrostructural domains 1, 3, and 4.   
In domain 2 they are present as a subordinate set, except near the Clinton-Newbury fault zone.  East-west 
trending steeply dipping fractures (figure B3) are more prominent in domain 2, in the central portion of the Ayer 
quadrangle, where they are a dominant fracture set in outcrop.  Northwest-southeast trending steeply dipping 
fractures (figure B4) are commonly perpendicular to regional foliation, and are evenly distributed throughout the 
quadrangle.  They are generally a dominant set as observed in outcrop, and appear to be more numerous and 
dominant in the south-central portion of the quadrangle in the more heavily foliated rocks of domain 3 and 4 
near the Clinton-Newbury fault zone.

 Moderately dipping fracture orientation sets appear to be more evenly distributed throughout the Ayer 
quadrangle than steeply dipping fracture sets, although they tend not to be the dominant fracture sets in outcrop.  
Northeast-southwest trending moderately dipping fractures (figure B5) tend to occur in higher proportions in 
outcrop along the southern branch of the Clinton-Newbury fault along the border of domains 3 and 4.  East-west 
trending moderately dipping fractures (figure B6) are also evely distributed throughout the quadrangle, and also 
appear to have a higher proportion in outcrop in domain 3.  These fractures also tend to be perpendicular to 
foliation in domain 4.  Northwest-southeast trending moderately dipping fracture sets (figure B7) tend to occur in 
higher proportion in domain 1, near the domain boundaries, which tend to be faults associated with the Clinton-
Newbury fault zone.

 Outcrop scale faults are mapped to provide additional information on potential recharge and water 
transmission pathways (Figure B8).  These include through-going faults that traverse the width of the outcrop.  
These features are typically not included on bedrock geologic maps but are included here because of their 
potential importance to groundwater.  Outcrop scale faults are most numerous in outcrops near the Clinton-
Newbury fault zone, and have dips either greater than 60° or less than 30°.  The shallowly dipping faults (dips < 
30°) commonly trend parallel to the strike of regional foliation, with steep trending faults (dips > 60°) being either 
parallel or perpendicular to regional foliation.  Northwest trending faults are commonly more shallowly dipping 
than northeast trending faults  Northeast trending faults, though, are more shallowly dipping in domain 2.

 Fracture zones are areas of closely spaced fractures that occur in a distinct zone of finite width (Figure B9).  
They can be an important conduit for recharge and are often targets for water supply development because of 
their highly transmissive characteristics.  Fracture zones also can appear as fracture traces or lineaments on aerial 
photographs.  Fracture zones in the Ayer quadrangle are typically steeply dipping, and occur in conjugate north-
south or east-west trending sets.  They are more prevalent in the massive granitic rocks of domain 2.  Domain 1 
almost exclusively contains east-west trending fracture zones, except in the southernmost portion within the 
Clinton-Newbury fault zone, where they form conjugate northeast trending sets.

(Bedrock geology by J.P. Kopera, 2006, Preliminary bedrock geologic map of the Ayer
quadrangle, Massachusetts, Office of the Massachusetts State Geologist)

Rose diagrams for moderately dipping (25° to 70°) fracture sets
 observed at individual outcrops; these are generally less important as water bearing features

See Sheet 2 for summary and explanation
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Fracture data collected by Joe Kopera, Steve Mabee, and Rick Ponti, 2005.
 
Analysis, compilation, and digital cartography by Joseph P. Kopera, Stephen B. Mabee and 
Devon C. Powers, 2006.    
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Figure B1 - North-south trending steep fractures

Figure B4 - Southeast-northwest trending steep fractures

Figure B7 -Northwest trending moderately dipping fractures

Figure B2 - Northeast-southwest trending steep fractures

Figure B5 - Northeast trending moderately dipping fractures

Figure B8 - Outcrop scale faults
(Coloring after Foliation Trajectory Map)

Figure B3 - East-west trending steep fractures Figure B10 - Foliation trajectory map

(data collected by R.H. Jahns, 1940)

Figure B6 - East-west trending moderately dipping fractures

Figure B9 - Fracture Zones
(Coloring after Foliation Trajectory Map)
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The Fracture Data The Geographic Distribution The Interpretation

Redefining traditional bedrock maps to address water asset issues:
What are we doing?       Fracture characterization
Why are we doing it?     Increased use of fractured bedrock aquifers in New England
The result?                   New geologic units based on fracture characteristics
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