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e 7Y ABSTRACT OF THE DISSERTATION
Geology of the Andover Granite
and surrounding rocks, Massachusetts
by

Robert Oliver Castle
Doctor of Philosophy in Geology

University of California, Los Angeles, 1964
Professors Kenneth D, Watson
and John L. Rosenfeld, Co-Chairmen

Field and petrographic studies of the Andover Granite
and surrounding rocks have afforded an opportunity for an
explanation of its emplacement and crystallization. The
investigation has contributed secondarily to an understand-
ing of the geologic history of southeastern New England,
particularly as it is revealed in the Lawrence, Wilmington,
South Groveland, and Reading quadrangles of Massachusetts.

The Andover Granite and Sharpners Pond Tonalite
together comprise up to 90 percent of the Acadian(?) sub-
alkaline intrusive series cropping out within the area of
study. The subalkaline series locally invades a sequence
of early to middle Paleozoic and possibly Precambrian meta-
Sedimentary and metavolcanic rocks. Much of the subalkaline
series and most of the Andover Granite is confined between
tvo prominent east-northeast trending faults or fault
systems. The northern fault separates the mildly metamor-

phosed Middle Silurian(?) Merrimack Group on the north from



a highly metamorphosed and thoroughly intruded Ordovician(?)
sequence on the south. The southern '"boundary" fault is a
major structural discontinuity characterized by penetrative,
diffuse shearing over a zone one-half mile or more in width.

The magmatic nature of the Andover Granite is demon-
strated by: (1) sharply crosscutting relationships with
surrounding rocks; (2) the occurrence of tabular-shaped
xenoliths whose long directions parallel the foliation with-
in the granite and whose internal foliation trends at a
high angle to that of the granite; (3) continuity with the
clearly intrusive Sharpners Pond Tonalite; (4) the compo-
sitional uniformity of the granite as contrasted with the
compositional diversity of the rocks it invades; (38) its
modal and normativelcorrespondence with (a) calculated norms
of salic extrusives and (b) that of the ternary ("granite')
minimum for the system NaAlSiBOS-KAISiBOB-Sioz.

Orogenic granites, as represented by the Andover, con-
trast with post-orogenic granites, represented locally by
the Peabody Granite, in their phase composition and texture.
Unlike the Peabody, the Andover Granite is thought to have
been thoroughly recrystallized through the unmixing of
initially homogeneous phases with the concomitant develop-
ment of extremely intricate, allotriomorphic textures.
Textural relationships between potassium and plagioclase
feldspars and among quartz and the two feldspars, suggest

that the Andover Granite has evolved through

—T a



exsolution of a single hypersolvus feldspar (or two coexist-
ing subsolvus feldspars of only slightly disparate compo-
sitions) into discrete grains of plagioclase and potassium
feldspar, much along the lines proposed by Tuttle (1952).

A hypothesis is proposed for the origin of myrmekite
whereby it is evolved indirectly through exsolution of a
homogeneous, hypersolvus, calcalkali feldspar in the
presence of a silica reservoir. Where the An '"molecule'
is contained in the primary mix crystal, exsolution into
potassium and plagioclase feldspar phases normally requires
a paired exchange between Ca-Al and K=-Si. Should the
silicon requirements of the developing potassium feldspar
be met by the matrix silica reservoir, the concomitantly
evolving plagioclase may become stoichiometrically enriched
in silicon and ultimately develop into myrmekite. Discrete
unmixing of pure alkali feldspar proceeds through simple
alkali ion exchange; ternary compositions high in An are
more apt to fall initially in the two-feldspar field, there-
by reducing the unmixing potential. General restriction of
myrmekite to plagioclase of calcic albite to oligoclase

composition is explained accordingly.



Introduction
Scope, geographic situation, field work

and acknowledgments

The Andover Granite, which crops out over 90 to 95
square miles of northeastern Massachusetts, is typical of
many of the two-feldspar granites associated with orogenic
belts throughout the world. Although of moderate size, the
Andover pluton is small enough to be examined in relative
detail by a single investigator and is thus a suitable sub-
ject for the study of the general aspects of formation of
orogenic granites. Accordingly, the major objective of this
report is a complete description of the granite together
with a detalled account of its proposed evolution from
primordial to present state.

The scope of the report has been extended beyond this
main objective, however, to consider the bedrock geology of
the Lawrence, Wilmington, South Groveland, and Reading quad-
rangles (see index map, plate 1) in its entirety. Approxi-
mately 60 square miles of the outcrop area of the Andover
Granite and about 50 square miles of the outcrop area of
rocks believed to belong to the same plutonic series as the
Andover, are contained within these quadrangles. For this
reason the bedrock geology of these quadrangles has been
described fully; in adjacent areas only the Andover and its

contact rocks have been considered. As this paper



accordingly contains both topical and regional aspects, the
following presentation has been designed arbitrarily to
conform with that normally adopted in purely areal investi-
gations. The individual bedrock formations are described
and discussed in an order that is thought to reflect their
relative ages, regardless of their temporal position with
respect to the Andover; broader structural features and geo-
metric relationships among the separate bedrock units are
considered subsequent to any discussion of the evolution of
the rocks themselves.

The investigated area (see figure 1) includes approxi-
mately 270 square miles of northeastern Massachusetts and
about 2 square miles of southeastern New Hampshire. The
northeastern half of the Massachusetts part of the map area
is in Essex County, and the remainder is in Middlesex County.
The small, mapped section of New Hampshire is split between
Rockingham and Hillsboro Counties. Major concentrations of
population are found in and around the cities of Lawrence
and Lowell and the towns of Reading, Wakefield, and Maynard.
The population in general increases progressively toward
the south and east (i.e., toward metropolitan Boston).
Accessibility is excellent owing to a closely spaced net-
work of roads and railroads. Foot travel, however, is in-
hibited locally by a dense growth of junglelike scrub brush.

Field work by the writer has been confined chiefly to

the Lawrence, Wilmington, South Groveland, and Reading
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quadrangles and was carried out intermittently between 1951
and 1960, Field work in the remainder of the map area has
been carried on by a number of individuals beginning before
1917 and continuing through 1961. Areas of the Andover
Granite and surrounding rocks mapped by other workers are
detalled on the index map accompanying plate 1.

The described investigation was undertaken as part of
a continuing cooperative program between the Massachusetts
Department of Public Works and the U. S. Geological Survey.
The writer is indebted to M. E. Willard, R. H. Jahns,
Priestley Toulmin, III, R. F. Novotny, N, P, Cuppels, J. L.
Rosenfeld, W. G, Ernst, K. D. Watson and many other col-
leagues within and outside the Geological Survey, who have
contributed immeasurably to the preparation of this report
through discussion and suggestion. The writer is indebted

further to R, V., Castle for able assistance in the field.
Previous work

The rocks of northeastern Massachusetts, particularly
those of Essex County, have been studied by several geolo-
gists beginning as early as 1833. Hitchcock (1841) de-
scribed the several major rock types and structural belts
of this area, but in only the most general terms. The first
more or less comprehensive survey of Essex County was made
by Sears (1903). This survey subsequently was complemented

in Middlesex County by the work of Laurence LaForge which



has been incorporated in Bulletin 3597 of the Geological
Survey (Emerson, 1917, p. 14). C. H. Clapp (1921) reviewed
and refined much of Sears' work in the course of his investi-
gation of the igneous rocks of Essex County. Although
thorough for its time, Clapp's study focused primarily on
the "alkalic" rocks along the coast and contributed little
information on the rocks elsewhere in the county. LaForge
(1932) has investigated the geology of metropolitan Boston
in some detail, and Bell (1948) has remapped the same area
in still greater detail. W. R. Hansen (1936) has studied
the geology of the Hudson and Maynard quadrangles in western
Middlesex County, and parts of his work have been incorpor-

ated directly in this report.
Physiographic setting

The physiography of this part of New England is charac-
terized by moderate to low relief. Within the map area a
maximum relief of about 580 feet exists between the highest
point at an elevation of about 590 feet in the town of
Marlboro, and the lowest point at less than 10 feet in the
town of Haverhill., The average relief, however, generally
does not exceed 200 feet. One-half to two-thirds of the
area is within the drainage basin of the Merrimack River
which flows generally northeastward; remaining drainage is
divided among the basins of the Ipswich, Saugus, and

Ahariona Rivers. A large part of the flow of these smaller



rivers is through swamp, and the major streams are little
more than channels of very low gradient connecting indi-
vidual swanmps.

The pre-Pleistocene drainage pattern, controlled by
the generally northeast-trending bedrock structure, was
modified in Pleistocene time by continental glaciers that
scoured and removed much weathered bedrock and subsequently
redeposited this material as glacial drift. Advance of the
ice sheet from the north-northwest produced a topographic
"grain" that, together with irregular deposition of melt
water deposits, now obscures the previously developed sub-
sequent drainage pattern. The drift cover averages 15 to
20 feet in thickness and locally exceeds 100 feet. The
mantle of glacial debris is relatively thick and continuous
in the northern part of the area, and bedrock exposures here
are sparse., Bedrock exposure in the area as a whole prob-

ably is less than one-half percent.
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General features of the bedrock geology

The bedrock of northeastern Massachusetts and south-
eastern New Hampshire consists of a complex group of meta-
sedimentary, metavolcanic, and igneous rocks. The meta-~
sedimentary and metavolcanic formations are characterized
by considerable compositional heterogeneity, whereas the
igneous rock units commonly manifest profoundly contrasting
fabrics, but tend to be more uniform in composition. Meta-
morphism ranges from chlorite through sillimanite grade,
and it is likely that it has been complicated locally by
metasomatism., Deformation of the metasedimentary and meta-
volcanic rocks, and to a lesser degree the igneous rocks,
has been moderate to intense.

Owing in part to metamorphism few fossils have been
found in the stratified rocks of this section of New England,
and the ages of the rocks are poorly known. Relative ages
among the several broad groups of stratified rocks are
known, but those between individual formations or members
generally have been obscured by deformation, extensive
igneous invasion, or the locally thick drift mantle. The
metavolcanic and metasedimentary units may range from Pre~
cambrian to Carboniferous in age. On the other hand, this
range in age may be bracketed between Ordovician and Lower
Devonian. There are no thoroughly satisfactory ties as yet

w most of the local metasedimentary rocks and Upper

P L S
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Silurian rocks to the east or Carboniferous(?) rocks to the
west,

Radiometric age determinations coupled with a few
definitive field relationships, suggest that all the igneous
rocks, except for a few diabase dikes and a small mass of
serpentinite, are of middle to late Paleozoic age. Geologic
mapping indicates that these same plutonic rocks belong to
at least two and perhaps four or five magmatic series.
Relative ages among the several magmatic series and their
individual members have been established chiefly on the
basis of field relationships existing among themselves, and

doubt remains regarding the chronology of their emplacement.



Gneisses of undetermined origin and age

Fish Brook Gneiss

The Fish Brook Geniss is here named for an irregularly
shaped gneiss body cropping out along Fish Brook, Boxford in
the southeast quarter of the South Groveland quadrangle
(Castle, in review). It is well exposed west of the quad-
rangle boundary where it occupies about 4 or 5 square miles
of the map area. At least part of the Fish Brook Gneiss is
shown on Emerson's map of Massachusetts and Rhode Island
(see plate 2) as Andover Granite, and the remainder appears
as either Marlboro Formation or Salem Gabbro-Diorite.

The typical Fish Brook Geniss is a pearly-white to very
light-gray, distinctly foliated, but generally unlayered
biotite~quartz-plagioclase gneiss. The apparent foliation
is gently undulate to crenulate and is manifested chiefly
by oriented biotite flakes. The internal structure is
only locally conformable with that of the adjacent Boxford
Formation, and the foliation is at an angle of 50-60° with
the long axis of the gneiss body itself. The texture is
fine to medium grained and granoblastic to hypidioblastic.

Plagioclase composes up to 55 percent of the gneiss.

It ranges in composition from An_ to An32 and averages about

6

An25. Quartz is the other major mineral present and
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composes up to at least 40 percent of the rock. Biotite or
its chloritic derivative is most prominently developed in
the northern half of the formation, where it composes up to
10 percent of the gneiss, Biotite becomes progressively
less conspicuous toward the south and in some exposures
makes up less than 1 or 2 percent of the rock. As a con-
sequence of this southerly diminution of biotite the foli-
ation locally 1is almost unrecognizable, Still other
varietal and accessory minerals in the gneiss are horn-
blende, epidote, muscovite, apatite, zircon, magnetite,
and, locally, microcline., Modal analyses are given in
table 1; a chemical analysis and norm are presented in
table 2.

Blocks of amphibolite and thinly layered biotite gneiss
commonly are included in the Fish Brook Gneiss, particularly
along its northern edge. All of the inclusions contained
within the gneiss are rock types common to the adjacent
Boxford Formation. Most of the inclusions measure from a
few inches to several feet in length and are generally
irregularly shaped; a few occur as small rectangular blocks
(fig. 2A). The foliation in the surrounding gneiss is
characteristically continuous with that of the inclusions,
but locally, as in figure 2A, it gently wraps around the
edges of the blocks. Contacts between the inclusions and
the surrounding gneiss are generally sharp. In several

_ Places, however, the gneiss contains abundant, small



Table 1. Modal analyses of rocks from the Fish Brook

Gneissl/
_A. B. C.

Quartz 32.9 39.6 39.7
Plagioclase 34.0 53.0 54.1
Microcline 5.8 tr.
Hornblende 1.6 .7
Biotite 9.8 4.1
Chlorite .2 1.0 .1
White mica .7

Epidote .2 .1 .4
Apatite 3 .1
Opaque 3 .2 8

A(C-9). Biotite gneiss 300 ft. S60°E of Towne Rd.-Main
Street intersection, Boxford. Points counted:
1000. Plagioclase composition An33t4

B(G-668). Quartz-plagioclase gneiss 3300 ft. N349W of
intersection of Boxford-Middleton=-North Andover
town lines, North Andover. Points counted: 500.
Plagioclase composition undetermined

C(G=321). Biotite gneiss 1700 ft. N299E of Lawrence
Rd.~Main Street intersection, Boxford. Points
counted: 1000. Plagioclase composition An2314

1/ All figures volume percent

15



Table 2. Chemical analysis, norm, and modal analysis of

biotite gneiss from the Fish Brook Gneissl/

Chemical analysis 2/ 3/
S10, 70.6
Al503 14.3
Feq03 1.2
FeO 3.0
Mg0 .78
Ca0O 3.8
Na,s0 3.8
K50 .99
Ti0, .32
Py0g .08
MnO .08
H,0 .76
COy .06

Sum 100



Table 2. (cont.)

3

Norm—/

Quartz 34.62
Corundum .92
Orthoclase 6.11
Albite 32.50
Anorthite 16.41
Enstatite 2,01
Ferrosilite 4.09
Magnetite 1.85
Ilmenite .61
Apatite .34
Calcite .10

Sum 99 .56



Table 2,

(cont.)

Modal analysisi/

Quartz
Plagioclase
Hornblende
Biotite
Chlorite
White mica
Epidote
Apatite

Opaque

32.9
54.0

(C-9). Biotite gneiss 300 ft. S60°E of Towne Rd.-

Main Street intersection, Boxford.

counted: 1000. Plagioclase composition An

Points

U. 8. Geological Survey Rapid Rock Analysis

Laboratory
All figures weight percent

All figures volume percent

3334



Figure 2

A. Diagrammatic sketch of exposure of the Fish Brook
Gneiss (fbg) approximately .4 mile south of Towne Rd.-Main
8t. intersection, Boxford. Note that the foliation in the
gneiss apparently ''flows' around the included block of

amphibolitic gneiss (am).

B. Diagrammatic sketch of exposure of the Fish Brook
Gneiss (fbg) about 4000 feet north-northeast of the summit

of Bald Hill, Boxford. The gneiss apparently is intruded

by both a fine-grained diorite(?) porphyry (pd) and a
medium-grained diorite (d), both of which presumably are
related to the Sharpners Pond Tonalite. Note also the
small, fine-grained pegmatite (p) apophysis apparently
;ntruding the diorite porphyry.
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schlierenlike plates of amphibolite in gradational contact
with the gneiss.

As 1is true of most of the older units of this area,
the Fish Brook Gneiss has been extensively invaded by later
igneous rocks. Pegmatite veins or dikes are common and
several small, fine-grained, porphyritic, relatively mafic
dikes were seen locally. Diorite and tonalite of the
Sharpners Pond Tonalite intrude the surrounding area and
presumably intrude the Fish Brook Gneiss, but rocks typical
of this igneous unit rarely were seen crosscutting the
gneiss in individual outcrops. It is probable, however,
that the porphyritic dikes alluded to above may represent
a border facies of the Sharpners Pond.

A diffuse, unmapped zone of very coarse-grained bio-
tite granite(?) and pegmatite occurs along the northern
edge of the Fish Brook Gneiss, near its contact with the
Boxford Formation. Rocks from this zoné were not studied
microscopically, but they appear to be compositionally
similar to those occurring elsewhere in the Fish Brook
- Gneiss., Both granite and pegmatite, however, maf contain
notably higher proportions of potassium feldspar. The
granite is generally massive, but here and there a faint
lamellar structure is detectable, and uniformly oriented
fragments of the Fish Brook Gneiss are included locally.
Toward the south and east the granite is transitional with

and merges imperceptibly into the typical Fish Brook. This
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same phenomenon has been observed elsewhere on a smaller
scale. Figure 2B shows a small pegmatite apophysis in
sharp contact with an adjacent diorite porphyry, but in
apparently transitional contact with the Fish Brook Gneiss
from which it appears to have developed.

The origin of the Fish Brook Gneiss remains an enigma.
It is either (1) an intrusive igneous rock or (2) a highly
metamorphosed, partially fused and metasomatized '"core' or
"dome' gneiss of either sedimentary or (less likely) igneous
ancestry.

Although the gross chemical and mineralogical compo-
sition of the gneiss corresponds with that of known in-
trusive rocks that occur to the south (specifically, the
biotite tonalite facies of the Sharpners Pond Tonalite;
see tables 1, 2, 18 and 19), a s8imple intrusive origin is
considered unlikely for the following reasons: (1) the
foliation is8 extremely well developed and transects rather
than conforms with the outer margin of the gneiss body, as
would be more likely were it an intrusive; (2) the body
itself is elongated at a high angle to the foliation; (3)
the quartz content in some of the Specimens examined is
abnormally high for an igneous rock. It is possible, how-
ever, as suggested by L. R. Page (1962, written communica-~
tion), that the foliation at least may be attributable to
post-intrusion tectonism. If this is the proper interpre-

tation there should be a general correspondence between the
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pattern of foliation developed in the Fish Brook Gneiss and
that developed in adjacent and presumably older metamorphic
rocks. There is a vague structural conformity between parts
of the Fish Brook and the adjacent Boxford Formation, but
toward the intersection of Brookview Road and Lawrence Road
in Boxford, the foliation in the separate formations is
almost at right angles.

A second general hypothesis would explain the Fish
Brook Gneiss as a ''core'" or 'dome" gneiss, similar to those
of western New England. According to this interpretation
the Fish Brook is a unit of considerable antiquity, sub-
Jjected perhaps to a pre-Boxford metamorphism, and uncon-
formably overlain by the onlapped Boxford Formation., This
.hypothosis could account for the partly discordant relation-
ships between the Fish Brook and its boundary, and by the
same token explain the crude conformity between the Fish
Brook~Boxford contact and the internal structure of adjacent
parts of the Boxford Formation. Moreover, the locally
conspicuous foliation might then be dismissed as a palimpsest
feature. Needless to say, this theory would not provide in
itself an explanation for the amphibolitic inclusions of
the type illustrated in figure 2A. However, the pervasive
presence of diffuse patches of pegmatitic and granitic rocks
within the Fish Brook suggests that the gneiss was subjected
to local palingenesis., Thus the inclusions might prove

boudin~like features infolded and retained in a host that
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was at one time highly plastic #f not actually molten.

If the Fish Brook Gneiss is an intrusive rock it is
probably no older than Taconic (late Ordovician), for the
Boxford Formation is probably Ordovician or somewhat older
(see section on correlation and age of the Boxford Formation,
this report). As it in turn is intruded by the Sharpners
Pond Tonalite of probable Devonian or Carboniferous age, it
should be no younger than Devonian or Early Carboniferous.
Should the Fish Brook prove to be a dome gneiss it is prob-
ably at least pre-Taconic. Thus it may be correlative with
the Northbridge Granite-Gneiss or Sterling Gneiss of Pre-
cambrian or early Paleozoic age (see Emerson, 1917,

p. 1533-138; Rodgers et al., 1936, p. 57-58; Moorbath et al.,
1962, p. 7).

Unnamed gneiss in the Reading quadrangle

An irregularly shaped gneiss body, completely sur-
rounded by igneous rocks, occurs along the northern edge of
the Reading quadrangle. This gneissic unit trends roughly
east-west, is just short of 2 miles in length and is approx-
imately 1 mile in width. The gneiss has been intruded ex-
tensively by a variety of igneous rocks including diorite,
tonalite, granite, and pegmatite, and scarcely an exposure
was seen in which theyo was no evidence of intrusion or
replacement. The unnimed gneiss exposed along Forrest

w. Street, Middleton and near Stearns Poad, North Andover is



similar to the Fish Brook Gneiss, and the two are probably
correlative. However, owing to its isolated situation the

unnamed gneiss is considered separately here.

Amphibolite

Amphibolite or plagioclase amphibolite composes from
10 to 15 percent of the unnamed gneiss; it has been delin-
eated separately where it is the most conspicuous rock over
a mappable area. The amphibolites are prominently foliated,
commonly thinly layered, and generally possess a fine- to
medium-grained hypidioblastic texture. Those exposed near
the military police camp in Andover are very fine grained
and almost perfectly foliated. They are, moreover, identi-
cal in appearance to many of the amphibolites that occur in
the upper member of the adjacent Boxford Formation, and may
prove to be infolded correlatives of this unit. Elsewhere
the amphibolites are somewhat coarser grained than those
characteristic of the upper member of the Boxford. Common
hornblende is the most prominent constituent of the amphibo-
lite; it is accompanied by varying amounts of plagioclase,

quartz, and biotite.

Undifferentiated gneiss

The undifferentiated facies of the unnamed gneiss is
composed chisfly of foliated and locally layered biotite-

rlagioclase-quartz gneiss. The foliation is almost



everywhere moderately undulate to crenulate, and in some
outcrops it is highly contorted (pl. 3). The texture of

the biotite gneiss is typically medium grained and grano-
blastic to porphyroblastic. Quartz is one of the two major
phases present and composes up to 50 percent of the rock.

It occurs as discrete grains and as porphyroblastic in-
clusions in plagioclase. The plagioclase in the two speci-
mens o0f the biotite gneiss examined petrographically was
nedian oligoclase in composition and composed from 40 to

45 percent of the sample. Biotite, which is the only
mineral present possessing an apparent preferred orientation,
composes from 6 to 10 percent of the gneiss. The gneiss
contains in addition accessory amounts of apatite, magnetite,
and zircon.

The origin and age of the unnamed gneiss are presumably
comparable with the origin and age of the Fish Brook Gneiss,
However, there is a remote possibility suggested by the
pervasive intrusion and lithologic heterogeneity of the
gneiss, that it was derived through profound metasomatism

of the nearby Boxford Formation.
Rocks of pre-Late Silurian age
Ordovician(?) rocks

Most of the metasedimentary and metavolcanic rocks
exposed southeast of a line projecting through the cities

© =4 T~w=a11 and Lawrence are thought to be Ordovician.
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Est#blishment of the geologic age of these rocks is based
chiefly on their tentative correlation with rocks of
Ordovician age in New Hampshire and the probable Silurian
age of the overlying Merrimack Group. Elsewhere the series
described below is believed to form a continuous sequence,
but faulting may have destroyed the continuity and removed
part of the section in this area. Stratigraphic relation-
ships among the several formations included in this series
are obscure, but the separate units probably are in part
transitional along the strike. All of the presumably
Ordovician rocks have been intensely folded and deformed.
Metamorphism ranges from the greenschist to the amphibolite
facies and the entire series has been extensively intruded
by both mafic and felsiec igneous rocks.

At least one formation within the Ordovician(?) series
has been intruded by a serpentinite. The age of the ser-
pentinite body is unknown, but it is provisionally assigned
to the Ordovician, for ultramafics are unknown in Silurian

or younger rocks in New England.
Westboro-type quartzite

The name Westboro Quartzitews first applied by Perry
and Emerson (1903, p. 1585) to a band of quartzite extending
through the towns of Webater, Oxford, Sutton, Grafton and
Westboro, Massachusetts. Emerson (1917, p. 30) subsequently

suggested that the term Westboro Quartzite be employed for



"all areas in which quartzite was sufficiently preponderant
to give character and a name to the mass as a whole."
Emerson was not specific, but he apparently intended that
this usage be restricted to those belts he believed to be
composed of Precambrian rocks. Following Emerson's usage,
the unit described below should be regarded at least as
Westboro-type, even though it is a questionable strati-
g;aphic correlative of the type formation.

In this area the Westboro-type quartzite occurs entire-
ly within the Reading quadrangle where it forms a lenslike
band up to one-half mile in width and approximately 2 miles
in length. The quartzite here has been extensively in-
truded by several generations of igneous rocks, and expo-
sures are very poor. However, within the area shown as
Westboro~type quartzite, quartzite is the only non-igneous
rock exposed.

In hand specimen the quartzite is almost white to very
light greenish gray. Most of the formation consists of
fine- to very fine-grained granoblastic material that shows
a massive to faintly foliated structure; it is one of the
very few units within the map area in which bedding may be
uUnambiguously recognized.

The bulk of the Westboro~type quartzite is relatively
pure and generally contains in excess of 90 percent quartsz.
Albitic plagioclase, chlorite, and tremolite-actinolite are

present in small amounts. The formation locally consists

-
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of less pure quartzite that contains up to 10 percent
micaceous minerals, including both chlorite and sericite.
It is in the relatively mica-rich zones that the quartzite
loses its massive character and becomes thinly but faintly
laminated. An approximate mode of a specimen from the more
micaceous facies is presented in table 3.

Emerson (1917, p. 24) concluded that the Westboro
Quartzite represents a shoreward sedimentary facies, a view
with which the writer is inclined to concur. But whether
or not a shoreward facies is indicated, the purity of the
quartzite exposed heré suggests that it was a mature sedi-
ment derived from a surface of low relief or considerably
removed from its source.

The Westboro-type quartzite obviously has been
thoroughly recrystallized, but it is difficult to estimate
the maximum metamorphic grade attained owing to the purity
of the rock. The coexistence of albite, chlorite and
tremolite~actinolite suggests that all or most of the form-
ation has been subjected to regional metamorphism at least
as high as the quartz-albite-muscovite-chlorite subfacies of
the greenschist facies (Fyfe, Turner, and Verhoogen, 1958,
p. 219-222).

The correlation and age of the Westboro-type quartzite

are discussed in a subsequent section.



Table 3. Estimated mode of rock from the Westboro-type

quartzitel”

Quartz 85
Plagioclase
Tremolite-actinolite
Chlorite

Epidote

I - T S

Opaque

1/ (R=172), Quartzite 1100 ft. northwest of
Chestnut St.-Main St. intersection,
Lynnfield
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Marlboro Formation

A wide band of dull-black biotite schist and horn-
blende schist, prominently developed in the town of Marl-
boro, has been named the Marlboro Formation by Emerson
(1917, p. 28). Hansen (1986, p. 8) has described the Marl-
boro Formation immediately northeast of Marlboro as ''pre-
dominantly a fine-grained medium gray to dull-olive-gray
amphibolite schist", with locally developed "brownish
arenaceous beds, intercalated with amphibolite, and contain-
ing small amounts of biotite and muscovite, and beds of
white or cream-colored quartzite.'" The Marlboro Formation
cropping out in the area described here includes most of
the above rock types plus several others apparently unex-
posed at or near the type locality.

¥ithin the map area (pl. 1) the Marlboro Formation
occurs: (1) in contact with much of the Andover Granite
along the south side of its southwestern extension; (2)
as a broad, east-northeast trending belt extending from the
southern border of the Wilmington quadrangle through the
south-central part of the Reading quadrangle. The formation
is well exposed in the towns of Marlboro, Maynard, Concord,
Burlington, and Wilmington, and in the area north of Read-
ing center. Elsewhere, particularly in the area from Cedar
Swamp to the eastern bofder of the Reading quadrangle, it

is poorly exposed.
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The Marlboro Formation is differentiated here into the
following units: (1) the B member of the Marlboro Formation;
(2) the porphyroblastic gneiss member; (3) the A member of
the Marlboro Formation embracing amphibolite, quartzite,
and undifferentiated facies. The A and B members locally
grade into each other transitionally across (and perhaps
along) the strike; the porphyroblastic gneiss member may be
intercalated more or less between the A and B members.
Particular facies of the A member have been delineated only
wvhere they form conspicuous lithologies; these separately
mapped facies grade irregularly in and out along the strike
and do not necessarily have stratigraphic significance.
Delineation of units within the Marlboro Formation has been
based chiefly on field observation, and the positions of
boundaries between units are highly inferential,

The outcrop belt of the Marlboro Formation within the
map area has a maximum width of about 2.3 miles, This
figure has little significance in terms of original strati-
graphic thickness, however, owing to structural complexi-
'ties and the fact that the outcrop belt here is bounded on

both sides by broad expanses of igneous rocks,
B member

The B member of the Marlboro Formation is most con-
spicuously exposed in the towns of Woburn and Burlington in

the Wilmington quadrangle, where its outcrop area is



35

wedge~shaped and pinches out to the northeast., It is
characterized by the prominence of fine- to coarse-grained,
distinctly laminated, quartzo-feldspathic gneiss (see plate
4A) ., Quartzite and amphibolite also are exposed within

the B member, but they are apparently subordinate to the
gneiss., The entire unit is transitional with the rest of
the Marlboro Formation and the precise division between A
and B members is arbitrary.

The color of the gneiss ranges from very light gray to
almost black; light- to medium-gray varieties predominate.
White and pink layers of granitic composition, texturally
similar to the other gneissic rocks, occur locally. Indi-
vidual gneissic layers range in thickness from a small
fraction of an inch to many feet and, in the case of the
thicker layers, commonly continue along the strike at least
tens of feet. The very thin layers generally are discon-
tinuous and persist over a distance of only a few inches.
The thicker layers commonly comprise a sequence of regularly
alternating thinner layers that serve to define the coarser
units. In general the layering and foliation are almost
perfectly conformable with the foliation in the rocks of
the adjacent A member.

The textures of the B member of the Marlboro Formation
are very distinctive and provide one of the bases for dis-
tinguishing these rocks in the field. They are character-

ized by a fine~ to medium-grained xenoblastic mosaic within



Plate 4

A. Quartz-feldspar gneiss exposed in the transition
zone between the A and B members of the Marlboro Formation
along Main St., near Woburn-Wilmington town line, Wilming-
ton. Rocks exposed here are typical of the B member, al-
though they actually occur in an area mapped with the A
member. Small, white, pea-size lenses are rounded feldspar
grains enclosed in a fine-grained groundmass of quartz,

feldspar, and mica.

B, Outcrop of the undifferentiated A member of the
Marlboro Formation approximately 2500 feet north-northwest
of northern tip of Mishawum Lake, Woburn. The Marlboro
Formation here is composed chiefly of plagioclase amphibo-~
lite in which the plagioclase-hornblende ratio ranges widely

from layer to layer.






which there commonly occur rounded or elliptical feldspar
grains up to about 1 cm. in length. The larger feldspar
crystals commonly are fractﬁred and locally manifest strong
strain shadows. Quartz grains tend to be flat, average
0.05 to 0.10 mm. in length, and are nowhere longer than
about 1 mm. The quartz grains also commonly show a pro-
nounced preferred orientation of their c-axes, and where
they are large enough for clear definition under the micro-
scope they are relatively free from apparent strain. Grain
boundaries, particularly quartz-quartz boundaries, are
moderately to intricately convoluted, and mortar structure
is prominent. Lenticles of fine-grained mica or quartz
characteristically wrap around the generally coarser feld-
spar grains, imparting an undulatory appearance to the rock.
A megascopic aspect of these textures is illustrated by the
photograph in plate 4A, whereas textural details are best
shown by reference to the photomicrographs in plates 9, 10,
11A, and 16, An interpretation of these textures is inte-
grated with a discussion of the textures in the Marlboro
Formation as a whole,

The gneissic rocks of the B member are composed pri-
marily of quartz and feldspar, but there is a wide compo-
sitional range within these limits (see table 4). Quartz

is common to virtually all the gneiss, but its content

ranges widely from 15 to more than 50 percent. The potassium

feldspar-plagioclase feldspar ratio is another prominent
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Table 4. Estimated modes of rocks from the Marlboro

Formation.
B member Transition zone A member

A B C D E F G H 1
Quartz 15 40 50 8 5 2 40 25
Plagioclase 55 10 10 38 20 39 35 15 48
Microcline 37 10
Hornblende 8 38 40 55 52
Actinolite 3
Biotite 7 10 15
Chlorite 2 5 2 23 10
White mica 4 7 10 4 5 3 8
Epidote 4 5 3 3 2 7 10
Apatite 2 tr.
Sphene 2 2 6 3 4
Carbonate 1 7 1 7
Opaque 3 1 4 1 2 6 2

A(¥W-1237). Gneiss of tonalitic composition from B member
of the Marlboro Formation 2800 ft. east of St. Marys
Mission, Burlington

B(W-1233). Quartz-feldspar gneiss from transition zone
between A and B members of the Marlboro Formation,
1200 ft. west-northwest of summit of Peach Orchard
Hill, Burlington. Specimen taken from outcrop within

what is mapped as A member



Table 4. (cont.)

C(W-488) . Mica-feldspar-quartz gneiss or schist from
transition zone between A and B members of the Marl-
boro Formation, along Main St., Wilmington, 450 ft.
north of Woburn-Wilmington town line. Specimen
taken from outcrop within what is mapped as A member

D(W-488). Plagioclase amphibolite from transition zone
between A and B members of the Marlboro Formation
along Main St., Wilmington, 450 ft. north of Woburn-
Wilmington town line. Specimen taken from outcrop
within what is mapped as A member

E(W-1213). Biotite-plagioclase-hornblende schist from
amphibolite unit of the A member of the Marlboro
Formation, 1500 ft. north of Mill Pond in Wilmington

F(W-1228) . Amphibolite from amphibolite unit of the A
member of the Marlboro Formation, 2400 ft. northwest
of summit of Peach Orchard Hill, Burlington

G(W-1221). Amphibolite from amphibolite unit of the A
member of the Marlboro Formation, 2500 ft. north-
northwest of intersection of Woburn-Wilmington-
Burlington town lines

H(R-134) . Thinly layered, aphanitic, chloritic-quartzose
rock from the A member of the Marlboro Formation,

one-half mile northeast of Uptons Hill, Peabody
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Table 4. (cont.)

I1(R-313). Thinly layered, aphanitic, chloritic-feldspathic
rock from the A member of the Marlboro Formation, 1800
ft. southwest of Franklin St.-Main St. intersection,

Reading
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variable, ranging from 0 to more than 1. Biotite, muscovite,
actinolite, sphene, and calcite are common accessory min-
erals, and garnet and apatite are less common accessories,
Many layers within the B member have the mineral compo-
sition of granite or adamellite and consist of quartz,
microcline, relatively sodic plagioclase (AnlO-qug, and
accessory amounts of biotite, muscovite, and epidote. Other
gneissic layers are essentially tonalitic in composition
(see table 1) and are composed chiefly of quartz, plagio-
clase (sodic andesine), hornblende, and biotite, with little
if any potassium feldspar.

The compositions of the gneissic rocks of the B member
indicate that they were derived from a series of impure
arenaceous sediments, locally admixed, perhaps, with igneous
rocks ranging from rhyolite or granite to dacite or tonalite.
The quartz-plagioclase-microcline-muscovite-biotite assem-
blages characteristic of the quartzo-feldspathic gneisses
suggest a maximum metamorphic grade compatible with the
staurolite-quartz subfacies of the almandine amphibolite
facies (Fyfe, Turner, and Verhoogen, 1958, p. 228-229).
Retrogressive effects include the development of chlorite
in and around biotite, sericitization and saussuritization
of feldspar, and the development of actinolite.

The quartzites and amphibolites exposed within the B
member are indistinguishable from and are described with

those of the A member.
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Porphyroblastic gneiss member

The presence of the porphyroblastic gneiss member in
this area is inferred from its distribution in the Salem
quadrangle (Toulmin, 1958, written communication) and the
discovery by Toulmin of a single exposure of this unit in
the Reading quadrangle. Owing to its limited exposure in
this area Toulmin has supplied the writer with the follow-
ing description of the porphyroblastic gneiss member as it
occurs in the Salem quadrangle.

"This series of rock crops out in a northeast trending
belt about one mile wide. Foliation and compositional
banding strike northeast and dip northwest generally more
steeply than 450, The séries consists of interbanded plagio-
clase amphibolite and feldspar-quartz-biotite gneiss with
porphyroblasts of microcline and more rarely of plagioclase.
Bands of contrasting lithology are even and regular in many
outcrops; alternate bands may be of plagioclase amphibo-
lites and gneiss, or may be gneisses with different propor-
tions of minerals. The proportions of porphyroblasts in the
. gneliss vary widely. Bands are from 1 or 2 inches to several
feet thick.

"The porphyroblasts in the gneiss range from about 3
mm to a centimeter or more in greatest dimension; they are
characteristically subhedral or euhedral, though some are
of approximately elliptical cross section. Visible foli-

=#+i~= wmaaults orincipally from parallel orientation of
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biotite crystals and is parallel to compositional banding
where both features are present.

"The plagioclase amphibolite is a medium-grained rock
composed of approximately equal amounts of hornblende and
plagioclase. Some outcrops show a well-developed foliation,
but many are apparently without oriented fabric; the non-
foliated rocks are not easily distinguished in hand speci-
men from diorite."”

The single exposure of the porphyroblastic gneiss in
this area occurs along Norris Brook, approximately one-half
mile north of Crystal Pond. This exposure consists of
prominently, though irregularly foliated amphibolitic schist
in conformable contact with a massive plagioclase-hornblende
rock, indistinguishable from locally occurring diorite, but
within which Toulmin has discovered a band of porphyro-
blastic gneiss.

Toulmin (1961, written communication) has concluded
that the '"distinctly bedded structure of the (porphyro-
blastic) gneiss indicates a sedimentary or pyroclastic
origin." He favors a pyroclastic origin "because of the
relatively small amount of quartz and the association with
plagioclase amphibolite believed to be of volcanic origin."
Rocks within the porphyroblastic gneiss member may have
attained a higher metamorphic grade than any of the other
rocks of the Marlboro Formation in this area, for according

to Toulmin (1957, oral communication) this unit contains



pyroxene-plagioclase assemblages indicative of the granulite

facies,

A member

The A member of the Marlboro Formation contains a
variety of lithologic types including amphibolite, quartz-
ite, calc-silicate rock, impure quartz schist or gneiss,
and biotite-hornblende schist. A measure of the compo-
sitional heterogeneity of this unit is provided by the
estimated modes presented in table 4. The rocks of the A
member are interfingered and transitional with the B member
of the Marlboro Formation, but their relationship to the

porphyroblastic gneiss member is unknown,

Amphibolite

Amphibolite units of the Marlboro Formation have been
mapped in the Concord, Wilmington, and Reading quadrangles.
Within the separately mapped amphibolite units amphibolite
or plagioclase amphibolite is predominant, almost to the
exclusion of other rock types common to the A member. The
amphibolite commonly is intercalated with layers of bilotite-
hornblende schist and contacts between amphibolite and
adjacent units of the Marlboro are generally gradational.
Amphibolite has been delineated only where it can be clearly
recognized and conveniently mapped, but similar rocks are

common to the undifferentiated A member of the Marlboro
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Formation.

The amphibolites are generally dark gray to black,
schistose, and commonly similar in appearance to the plagio-
clase amphibolite shown in plate 4B. A poorly defined
layering is present in most of the amphibolites, where it
is a reflection of either textural variation or composition-
al alternation., The textures are characteristically fine
to very fine grained and hypidioblastic to xenoblastic;
they are illustrated in plates 6B and 12B. Preferred
orientations of amphibole needles were observed in a few
exposures but they are difficult to measure owing to the
generally fine-grained nature of the rock,

Common hornblende is the most prominent constituent of
these rocks, ranging up to 63 percent by volume. The very
fine-grained amphibolites in the central and eastern part
of the Reading quadrangle in general are richer in horn-
blende than those exposed in and around the town of Burling-
ton., Plagioclase is the most important of the lesser con-
stituents and locally composes up to 55 or 60 percent of
. the rock. The plagioclase composition ranges from approxi-

mately An5 to An45 and averages about An3 Epidote or

0°
zoisite, sericite, magnetite, calcite, chlorite, and sphene
occur in accessory amounts., Epidote is a common secondary
mineral and locally forms irregular veins crosscutting the
schistosity., Calcite, which occurs both as small dissemin-

ated blebs and as crosscutting veins, is a generally minor
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phase but locally composes up to 7 percent of the rock.

The amphibolites are the metamorphic products of either
impure limy siliceous sediments or andesitic to basaltic
volcanics. It is possible that both metasediments and meta-
volcanics are presently manifested as amphibolite, but use-
ful criteria for establishing the origin of any particular
amphibolite are extremely limited. Primary textures and
structures, for example, are generally lacking not only in
the amphibolite, but throughout the Marlboro Formation east
of the Lincoln-Lexington town line. Secondary calcite
occurs commonly in the amphibolite, and Emerson (1917,

p. 28) has observed limestone beds in the Marlboro Formation,
but the concurrence of limestone and amphibolite 1is not an
indication of the derivation of the latter from the former.
In fact, quite the opposite argument might be made. More-~
over, with the exception of sparsely occurring actinolite,
no typical calc-silicate minerals have been discovered in
the amphibolites, and this hardly favors an origin from
limestone. (Tremolite and actinolite are locally prominent,
" however, in quartzitic rocks of the A member, and Cuppels
(1962, written communication) has discovered a large wedge
of tremolite schist cropping out within the Marlboro near
Sandy Pond, Lincoln.) The gradational relationships be-
tween the amphibolites and other rocks of the Marlboro may
(but do not certainly) ﬁreclude their being metamorphosed

flows., The relatively hornblende-rich amphibolites in the
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central and eastern parts of the Reading quadrangle are
possible exceptions to this generalization, however, for
they are compositionally uniform throughout their extent
and are apparently non-transitional with surrounding rocks,
In balance, the available evidence favors derivation of the
bulk of the amphibolites from a series of relatively mafic
volcanic rocks,

Assemblages consisting of coexisting hornblende,
andesine, biotite, and quartz show that the amphibolites
have achieved a maximum metamorphic grade compatible with
the staurolite-quartz subfacies of the almandine amphibo-
lite facies (Fyfe, Turner, and Verhoogen, 1958, p. 228-229),
Locally, however, retrograde metamorphism has converted
these rocks in part to lower grade assemblages of the green-
schist facies. A common retrograde feature is the develop-
ment of discontinuous, fine-grained selvages of chlorite
and magnetite around hornblende. Still another suggestion
of retrogression is the correlation between plagioclase
composition and epidote concentration in and around indi-
vidual plagioclase crystals. Specimens with an abundance
of epidote generally contain plagioclase of low An content.
Plagioclase from one specimen, for example, in which epi-
dote composed approximately 10 percent of the rock, was
tentatively identified as An7° This correlation suggests
that lime and alumina were abstracted from the plagioclase

during metamorphic retrogression to form epidote. Necessary



iron or magnesium probably were obtained from hornblende

retrogressing to chlorite,
Quartzite

Layers of relatively pure to impure quartzite commonly
are intercalated with the amphibolitic or dull-black schist
of the A member of the Marlboro Formation. Indeed, this
intimate association of quartzite and amphibolite is one of
the characteristic features of the A member in this area.
Where quartzite is the dominant lithologic type, quartzite
units have been delineated separately on the geologic map.

The quartzite is typically massive to very faintly
foliated and layered; boudinage structure is developed
locally. Where individual layers are visible they average
about 1 mm. in thickness; they are commonly less distinct
in thin section than they are in hand specimen (see plate
15) . Most of the quartzite possesses a very fine- to
ultra-fine-grained xenoblastic, almost cherty appearing
texture. The quartz grains commonly show a pronounced
preferred orientation of their c-axes and boundaries between
grains tend to be slightly serrated. A typical texture is
shown in plate 15. Very light greenish-gray varieties
predominate, but the quartzite is locally almost white.

The separately mapped quartzites are composed largely
of quartz with subordinate amounts of microcline(?),

plagioclase, biotite, muscovite-sericite, chlorite,
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actinolite, sphene, clinozoisite, and calcite, VWithin most
of the quartzite units the rocks are relatively pure, and
quartz in places composes up to 95 percent of the rock.
Locally, however, the quartzite is enriched with calcium
silicate minerals. The unit mapped southwest of Burlington
center for example, contains rocks composed of quartz (35
percent), tremolite-actinolite (45 percent), plagioclase
(15 percent), and accessory amounts of sphene and zircon.
Color has not proved a useful criterion in differentiating
the calc=-silicate "quartzites' from true quartzites. The
light-gray-green color imparted to the relatively pure
quartzites by small amounts of disseminated chlorite is
almost identical to the color of the calc-silicate varieties,.
St111 other rocks mapped as quartzite may prove to be feld-
spathic quartzites, or quartz-feldspar gneisses character-
ized by sugary, quartzite-like textures. Where conspicuous
feldspar augen remain these rocks are not easily confused
with relatively pure quartzite, but elsewhere petrographic
examination is required to determine their true nature.

The compositions of the quartzite suggest that it was
derived from a series of somewhat silty or clayey and
locally calcareous arenaceous or cherty rocks. The mineral
assemblages characteristic of this facies are not particu-
larly sensitive to changes in metamorphic grade, but the
rocks probably attained a maximum grade embraced by the

lower almandine amphibolite facies of Fyfe, Turner and



Verhoogen (1938, p. 228-229). The locally conspicuous pres-
ence of chlorite, sericite, actinolite, and minerals of the
epidote group may be attributable to metamorphic retrogres-

sion to the greenschist facies.
Undifferentiated A member of the Marlboro Formation

Rocks shown on the geologic map as undifferentiated
parts of the A member of the Marlboro Formation consist
chiefly of dull-black, strongly foliated biotite-hornblende
schist, fine-grained quartz-feldspar gneiss, chloritic-
quartzose schist or gneiss and chlorite schist, together
with numerous intercalated, but unmapped, layers of quartz-
feldspar gneiss, quartzite, and amphibolite.

The dull~-black schists occur chiefly in the Wilmington
quadrangle, along the western border of the Reading quad-
rangle, and along the southern contact of the westward
projection of the Andover Granite pluton. They are charac-
teristically dull-black to gray in color, but they are
locally transitional with distinctly lighter rocks. The
black schists generally weather to greenish gray or other
colors conspicuously lighter than the corresponding fresh
rock. Layering and foliation are pronounced, but the
schists are locally massive in appearance. The majority
of the black schists possess a fine- to medium-grained
xenoblastic texture and'commonly include elliptical or

lens~-shaped feldspar crystals or aggregates more or less
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conformable with the foliation (see plate 5B). The majority
of the lenses are very small but a few have been observed
up to 8 mm, in length. The feldspar lenses or augen com-
monly are conspicuously strained and fractured, whereas the
generally finer-grained quartz is relatively undeformed.

In the extreme western part of the area considered here,
the feldspar crystals are apparently less strained and
fractured, but the quartz grains are prominently strained
and generally coarser-grained than elsewhere in the area.
Structural and textural features of the dull-black schists
are illustrated in plates 5, 8, 11B and 14B.

The melanocratic schists of the A member are composed
of varying amounts of hornblende, plagioclase, quartz,
biotite, and epidote. Minor accessories include magnetite,
sphene, and calcite. The composition of the plagioclase
ranges between Ang, and An45 and averages about Anao.
Common hornblende is the dominant amphibole, but actinolite
occurs locally., The calcite occurs both as veins and as
finely disseminated, irregular blebs scattered throughout
the schist. Epidote is a ubiquitous constituent, but it
is not everywhere megascopically conspicuous, Large knots
or boudins of amphibole up to 6 inches across, have been
found in a few exposures of the dull-black schist north of
the Woburn-Wilmington town line. The amphibole is grass
green in color, low 1ﬁ iron, and probably compositionally

similar to actinolitic hornblende. Similarly appearing
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Plate 5

A. Hand specimen from the Marlboro Formation approxi-
mately 2000 feet north-northwest of Main St.-Forest St.
intersection, Reading. Round to oval shaped crystals are
plagioclase feldspar. Groundmass cqnsists of dense mat of
plagioclase, quartz, hornblende, biotite, chlorite, and

epidote.

B. Dull-~black, amphibolite schist from the A member
of the Marlboro Formation exposed along Main St. near the
Wilmington-Woburn town line, Wilmington. Note the thin,
light-colored, discontinuous bands and porphyritic-like
texture. Small, white flecks or "augen' are individual

plagioclase feldspar grains.
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boudins composed chiefly of epidote are manifested as one
of the more conspicuous features of the black schists crop-
ping out in the western part of the map area; they are
apparently well exposed around Vose Pond, Maynard (see
Hansen, 1936, p. 9-11, especially figures 3, 4, and 5).

In several exposures of the A member the rocks are
composed of biotite-andesine~quartz gneiss. Although simi-
lar in composition to the gneissic rocks described with the
B member, these rocks tend to be more massive and lack the
prominent, laminated structure so characteristic of the
rocks of the B member. The gneiss is generally fine-grained
and xenoblastic, and locally contains small, rounded pods
of quartzite.

Along the northern edge of the Marlboro Formation east
of Burlington, and especially north of Reading center and
in the extreme eastern part of the Reading quadrangle, a
group of rocks is exposed that can best be described as
chloritic-quartzose schist or gneiss. Although somewhat
apt, this appellation oversimplifies the classification of
a large group of rocks; they tend to be unified more by
their prominently foliated, highly fractured, ultra-fine-
grained, and greenish-gray nature than by their compositional
characteristics,

The chloritic-quartzose schists commonly are very thin-
ly and conspicuously layered and less commonly contorted

into small tight folds. The layers range in thickness from
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a small fraction of a millimeter to 3 or 4 mm, A pervasive
characteristic of the schist is its ultra-fine-grained,
xenoblastic texture, in which the grain size averages be-
tween a fiftieth and a hundredth of a millimeter. Small
rounded plagioclase grains occur locally. There is gener-
ally little mineralogical variation from layer to layer,
and the variation present is manifested chiefly by second-
ary(?) minerals such as epidote. Textural and structural
characteristics are illustrated in plates 6A and 14A.

The chloritic-quartzose schists west of Cedar Swamp
are composed chiefly of quartz, potassium feldspar(?),
plagioclase, chlorite and epidote. Calcite and sericite
occur locally, and here and there fractures are filled with
specular hematite that characteristically displays a pro-
nounced ruby-red internal reflection, The fine-grained
character of the schists generally precludes an accurate
estimate of the relative amounts of quartz, potassium feld-
spar, and plagioclase present. However, parts of the schist
appear to be composed mainly of quartz with very little
admixed feldspar, whereas other parts are composed largely
of plagioclase of approximately middle oligoclase compo-
sition (see table 1).

Along the eastern border of the Reading quadrangle the
A member of the Marlboro Formation is composed chiefly of
chloritic-quartzose schist locally enriched in calcite.

This schidt 18 similar in appearance but compositionally
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different from that exposed north of Reading center, in
that it is generally richer in mafic constituents. Chlor-
ite and epidote are much more abundant and amphibole is
present locally. Exposures are extremely poor in the Read-
ing quadrangle east of Reading center, so little may be
said about the extent of the chloritic-quartzose schist
through the central part of the quadrangle, Judging from
the distribution of the few exposures present, it is likely
that these schists comprise the greater part of the Marl-
boro Formation east of Reading center.

Relatively pure chlorite schist is exposed in a rail-
road cut along the northern edge of the Marlboro Formation
in Wilmington, and roadcuts about 1.2-1.3 miles north of
Reading center. The chlorite schists possess a strong,
contorted schistosity, but are devoid of discernible layer-
ing. They characteristically show a fine-grained hypidio-
blastic texture, These schists are composed almost entirely
of chlorite, but they are locally enriched with calcite.

The composition of the undifferentiated A member of
the Marlboro Formation suggests that it was derived from a
heterogeneous series of mafic to felsic volcanics, irregu-
larly interbedded with impure, siliceous sediments. The
common occurrence of calcite in these rocks points to the
local admixture of calcareous sediments or subsequent
hydrothermal alteration. It is inferred that the rocks of

the undifferentiated facies of the A member attained a
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maximum metamorphic grade comparable with that shown by the
intercalated amphibolites. As is true in other parts of
the Marlboro Formation, however, effects of metamorphic
retrogression locally have obscurred or destroyed the
higher grade assemblages. In the chloritic-quartzose
schists, for example, the mineral assemblages (see table 4)

commonly are more compatible with the greenschist facies.

Interpretation of structural and

textural features of the Marlboro Formation

Differences of opinion have arisen over the proper
interpretation and significance of many structures and
textures of the Marlboro Formation as it occurs east of
the Lincoln~Lexington town line. Accordingly, the several
possible interpretations are discussed separately here,

According to Toulmin (1961, written communication),
layering in the porphyroblastic gneiss member, arising from
the regularly alternating sequence of plagioclase amphibo-
lite with porphyroblastic gneiss, is strongly suggestive of
original bedding. Palimpsest features other than bedding
were not discovered in the porphyroblastic gneiss, but the
textures apparently are relatively uncomplicated crystallo-
blastic phenomena. Similarly, textures characteristic of
some of the separately mapped amphibolites (see plate 12B)
seem to be simple crystalloblastic features. The signifi-

cance of fabrics manifested elsewhere within the eastern
e
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reaches of the Marlboro Formation is less clear.

In considering rocks correlative with the Marlboro
Formation described here, LaForge (1932, p. 16-18) only
rarely attempted to explain their origin by reference to
their structures and textures. Moreover, he neglected to
include photographs illustrating the particular fabric
alluded to, so that the reader is unable to compare directly
the features described by LaForge with those observed by
the writer.

LaForge (op. cit., p. 16) regarded the rocks correla-
tive with the B member of the Marlboro Formation as a com-
plex of mainly igneous gneisses. He noted that some of
the coarser-grained gneisses ''have been strongly sheared"
and that some of the 'porphyroid gneisses have the appear-
ance of volcanic rocks, as if they were originally amygda-
loidal lavas.'" Elsewhere, according to LaForge, relatively
siliceous varieties occur '"'in which the layering is so
regular and so much like stratification as to raise the
question whether they are not recrystallized micaceous
sandstones."

Black schists correlative with parts of the A member
were interpreted by LaForge (op. cit., p. 17) as recrystal-
lized basaltic tuffs on the basis of their association with
"sheared and altered basaltic lavas." The '"basaltic lavas'
are undescribed. Still other units correlative with the

A member are characterized, according to LaForge (op. cit.,
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p. 18), "by the not uncommon occurrence” of "pebbly sand-
stone or even conglomerate." Rocks on strike with the
specimen shown in plate 7 are described as a complex of
silicic igneous (mainly volcanic) rocks interbedded with
siliceous sediments, but LaForge (op. cit., p. 18) has not
described the textures of these rocks.

L. R. Page (1962, written communication) recently has
examined parts of the Marlboro under discussion and has
concluded that these rocks display a wide range of primary
fabrics. For example, planar structural features such as
those illustrated in plates 4 and 5B, are interpreted by
Page as original bedding or layering, yet are not recognized
as such by the writer. MNoreover, the small feldspar lenses
or ovoids embedded in the groundmass in plate 3B apparently
are regarded by Page as (recrystallized?) amygdules, for he
has questioned the writer's conclusions refuting this inter-
pretation. 8Still another example is provided by the large,
rounded grains shown in the photographs in plates 10 and
11A. These grains are considered primary clasts by Page,
but are not so regarded by the writer.

In order to illuminate the nature of the structures
and textures of the Marlboro Formation east of the Lincoln-
Lexington town line, the series of photomicrographs in
plates 6 through 16 have been arranged approximately in
order across the strike from southeast to northwest. Most

(but not all) of the randomly selected rocks used for this
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Plate 6

A. Photomicrograph of specimen from the undifferent~
iated A member of the Marlboro Formation exposed in quarry
west of Norris Brook, 3000 feet northeast of crest of Upton's
Hill, Peabody. The darker layers are composed chiefly of
epidote, chlorite, and magnetite and the lighter layers are
mainly quartz and plagioclase. Light, cloudy, relatively

coarse grains are plagioclase. Plane light.

B. Photomicrograph of specimen from amphibolite
facies of the A member of the Marlboro Formation exposed
2000 feet north of School St.-Mishawum Rd. intersection,
Yoburn, White, plagioclase; gray, hornblende; black, magne-
tite. Note how the foliation is defined by lenticles of

magnetite. Crossed nicols.
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series of photographs display features attributed by the
writer to mylonitization or cataclasis, In large measure,
then, this entire belt currently is thought to be composed
of mylonites, phyllonites, augen schists or gneisses,
blastomylonites, flaser gneisses, cataclasties, or otherwise
sheared rocks.

The rocks within the Marlboro belt show several gener-
ally megascopic structural features (not all of which lend
themselves to photography) suggestive of mylonitization or
shearing. Many of the more leucocratic, siliceous rocks
show the thin, very regular, varvo-like layering of the

typical hartschiefer. The layered nature of these rocks is

shown faintly in the photomicrographs in plates 6A and 15,
but it is much more conspicuous in hand specimen. The

hartschiefer mylonites are particularly prominent along the

northern edge of the Marlboro belt north of Reading center,
and along a zone trending north-northeast, about one mile
west of Mishawum Lake. Still another megascopic character-
istic suggestive of shearing is the typical lensing in and
out of lithologies on all scales. This feature may be seen
in outcrop scale in plate 4. A common characteristic of
mylonites, and one displayed by the Marlboro rocks, is
foliation defined by lenticular feldspar grains together
with "tails" of smaller grains strung out from the larger
porphyroclasts. This feature is well illustrated in plate

SB. The fact than many of these rocks are compositionally



layered does not mitigate against a mylonitic origin nor
argue for a primary bedded origin for these structures (see,
for example, Hsu, 1955, p. 340-343 and Christie, 1963,

p. 428-429),

The nature of many of the porphyroclasts is suggestive
of a mylonitic or sheared origin, The clasts almost with-
out exception are composed of individual crystals rather
than lithic fragments; several small zones containing poly-
mineralic clasts have been found within these rocks, but
they generally have been traceable over a few feet into
apparently synkinematic dikes or sills. The clasts consist
chiefly of twinned feldspar and in no case of quartz; the
coarsest-grained quartz observed in this entire belt is
shown in plate 9. These considerations tend to refute the
notion that the clasts are arenaceous features and make it
very unlikely that they are recrystallized amygdules or
phenocrysts, Many of the clasts are fractured and bent,
and some are so broken up that it is with difficulty that
the separate pieces are recognized as having once belonged
to the same grain, Various evidences of strain in the
porphyroclasts are illustrated in plates 8, 10, 11, and 13.

The quartz fabric throughout much of the Marlboro
Formation exposed east of Lincoln is strongly suggestive of
mylonitization and/or recrystallization in a strongly
anisotropic stress field. Quartz everywhere is substanti-

ally finer-grained than other non-micaceous phases, commonly



flattened in the foliation plane, and less strained than
quartz in adjacent, apparently less highly sheared rocks.
These features are compatible with a hypothesis outlined

to the writer by J. M. Christie (1962, oral communication)
to the effect that quartz is more susceptible to granulation
and recrystallization (neomineralization) than many other
mineral phases. Thus, some of the effects of strain, such
as undulatory extinction, are less apparent here than in
less intensely deformed rocks, 1In other words, in an
environment of pronounced shear, quartz may be in an
anomalous prograde metamorphic state, while other phases,
such as feldspar, are in the process of breaking down
mechanically. The probability of intense shear is suggested
in s8till another way by the almost classic quartz tectonite
fabric locally manifested by the statistical orientation

of c~axes, The preferred orientation of the optic axes is
striking when viewed under the microscope with the quartz
wedge or gypsum plate inserted, but it is apparent even in
the photomicrographs in plates 7A, 9, and 11lA.

Still another feature suggestive of mylonitization or
shearing is the incipient development of a retrograde meta-
morphic facies in many of these rocks. While mineral
assemblages throughout much of the Marlboro Formation show
that these rocks have been metamorphosed to at least the
almandine amphibolite facies, most of these same rocks

contain phases of the greenschist facies, apparently the
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retrograde products of the higher grade assemblages,

Lastly, a comparison of the photographs in plates 4
through 16 with (1) those of rocks from undisputed mylonite
zones and (2) those of experimentally sheared rocks (see
Hsu, 1958, p. 334-347; Christie, 1960, pl. VII-VIII; Griggs,
Turner, and Heard, 1960, pl 2 and 67 Christie, 1963,

p. 436-439) is demonstrative of the sheared nature of the

rocks described here.

Correlation and age relationships of the

Westboro-type quartzite and Marlboro Formation

It is probable that most of the rocks mapped with the
Marlboro Formation are actually correlative with the Marl-
boro of the type locality. The Marlboro Formation has been
traced without apparent interruption from its type area in
the town of Marlboro eastward as far as Burlington, a dis-
tance of approximately 20 miles. There is in addition
considerable lithologic similarity between the eastward
extension of the Marlboro Formation and that of the type
locality. However, correlation of the Westboro~-type quartz-
ite and the separately mapped members of the Marlboro
Formation with equivalent rocks elsewhere, is a more diffi-
cult and perhaps insoluble problem. The problem arises in
part from locally poor exposure and in part from the hetero-
geneous lithology of the Marlboro Formation, but in the

mriter's view it is attributable primarily to the deformed
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and commonly intensely sheared nature of these units. The
problem is complicated further by the fact that rocks intru-
sive into the Marlboro probably have been included with it,
owing to difficulties in distinguishing between sheared
rocks of intrusive and non-intrusive origin. Because of the
locally intense deformation, geometric relationships among
the separately delineated units may have little or no
stratigraphic significance, and age relations among units
remain tentative. A possible explanation of the structural
evolution of this belt (and the consequent stratigraphic
complexities) is considered in the section on structural
geology. Three generalized interpretations of the stratie-
graphic sequence within the Westboro-Marlboro section of
northeastern Massachusetts are given in table 5.

The Westboro Quartzite cannot be traced continuously
from its type locality to exposures in the Reading quad-
rangle or elsewhere in the metropolitan Boston area. As
indicated earlier, Emerson adopted the procedure of mapping
a8 Westboro any of those areas in which quartzite was
"sufficiently preponderant to give character and a name to
the mass as a whole." The typical association of the Marl-
boro Formation with large masses of Westboro-type quartzite
elsewhere in central Massachusetts and Rhode Island, makes
this a reasonable approach, but it is suspected that strati-
graphic relationships between the Marlboro Formation and

"Westboro'" Quartzite are not everywhere the same. Emerson



Table 5. Stratigraphic interpretations of the Westboro-
Marlboro section (as defined in this report) in
this area and two adjacent areas

This area
Chloritic-quartzose schists
(not separately mapped)
T
)
g 2
3 g Largely amphibolites, schists, and
o interbedded quartzites; transitional
E < with B member of Marlboro Formation
E b -
o |8, |
g Q: @ M Interlayered porphyroblastic ! —
o Q, 3 - Q gnelss and plagioclase r
H 328 amphibolite I
= hQws | _J
|
m§ b
o #a Largely quartzo-feldspathic gneisses
& 3
897
g §+= Chiefly massive quartzite
5 g
B (A L o o
Salem quadrangle (after Toulmin)
§ Chloritic schists
e
g Amphibolites (locally developed)
| Interlayered porphyroblastic gneiss
° po] and plagioclase amphibolite (equivalent
4 am of porphyroblastic gneiss member of
<
a this area)
4 f— — _— e e e et e . —— et — e e
o] et ]
8 P Plagioclase amphibolite
B




Table 5. (cont.)

Boston area (after LaForge)

. .
‘33 Chiefly interbedded siliceous sediments
b+ and siliceous volcanics (probably equiv-
‘,E alent in part of chloritic-quartzose
g H schists of A member of Marlboro Formation
oo of this area)
V1| | -
Hopgo
885
E,gp,, - Chiefly gray, green, and brown schists
o1 S
yN
253
» e Chiefly light colored quartzite
88 |
= |
n B o o
53 | Complex of gneisses of several sorts
he ] (probably equivalent of B member of
go | Marlboro Formation of this area)
|

89



90

(1917, p. 24) concluded, apparently on the basis of areal
relations with the supposedly Archean Northbridge Granite-
Gneiss, that the Westboro Quartzite was older than the Marl-
boro Formation; recent investigations in Rhode Island, how-
ever, suggest that the relationships between the two form-
ations are somewhat complicated. Quinn, Ray, and Seymour
have reintroduced the term Blackstone Series for the rocks
in Rhode Island shown on Emerson's map (1917, pl. X) as
Westboro Quartzite and Marlboro Formation; Emerson's usage
has been "abandoned in the Pawtucket quadrangle because the
interpretation of the stratigraphy and structure (indicates
that) the Westboro is not at the base of the sequence."

The writer, therefore, prefers to identify the quartzite in
this area as Westboro-type, rather than as the specific
correlative of the Westboro Quartzite of the type area.

What is defined here as the B member of the Marlboro
Formation is essentially continuous with what LaForge (1932,
pP. 16=17, pl. 1) has called the Waltham Gneiss. The Waltham
Gneiss is not shown as such on Emerson’'s geologic map of
Massachusetts (see plate 2), but it is approximately coin-
cident with the gneisses and schists of undetermined age
(gn) cropping out in the towns of Woburn, Burlington, and
Lexington. Bell (1948, p. 202-209) reexamined the Waltham
Gneiss defined by LaForge and concluded that in the type
locality and elsewhere it was simply part of the Marlboro

Formation. Bell made one conspicuous exception to the above



generalization, however, in introducing a '"sheared granite"
unit that occupies more or less the position of LaForge's
Waltham Gneiss where it occurs in the town of Burlington.
In the writer's view the B member is not clearly distinguish~
able from the rest of the Marlboro and should not now be
defined as a separate formation. However, even though the
B and A members are not clearly separable, the A member may
have been thrust over the B member with the concomitant
development of a broad, diffuse shear zone between the two
units. Should this prove the proper interpretation, the

B member, as LaForge suspected, may be correlative only in
part (if at all) with the Marlboro Formation exposed else-
where .

‘' Most of what has been mapped here as the A member of
the Marlboro is continuous along the strike with rocks
mapped simply as Marlboro Formation by Emerson and LaForge.
However, these earlier writers have delineated separate
formations in two localities within what the writer has
mapped with the A member,.

Both Emerson (1917, pl. X) and LaForge (1932, pl. 1)
show a band of Westboro Quartzite extending into Burlington
center from the south. This band lies near the center of
the Marlboro belt and is more or less continuous with
several quartzite zones within the A member as mapped here.
The main mass of Westboro-type quartzite, on the other hand,

lies along the southern margin of the Marlboro belt and is
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not demonstrably correlative (on the basis of lithology or
lithologic sequence) with the quartzite cropping out near
Burlington center. Thus it is likely that the northwestern
band of ''Westboro Quartzite'" mapped by Emerson and LaForge
is simply one of several major quartzite zones within the
Marlboro Formationm.

LaForge (1932, p. 18) defined as the Woburn Formation
a unit shown on his map (1932, pl. 1) as striking roughly
northeast into the Wilmington quadrangle, immediately east
of the eastern contact between the A and B members of the
Marlboro Formation as shown in plate 1., According to
LaForge (1932, p. 18) the Woburn Formation is composed of
interbedded siliceous sediments and siliceous igneous rocks
that are "well laminated and have frequently been taken
for quartzite." LaForge shows the Woburn Formation where
it enters the Wilmington quadrangle as approximately 1,000
feet in width with a minimum stratigraphic thickness of
about 500 feet. This it may be, but if the Woburn Formation
actually exists here, it is not composed chiefly of silice-
ous rocks. Along the northern extension of the Woburn Qono
as mapped by LaForge, the dominant rock type is amphibolite
with which are associated subordinate amounts of black
schists, and still lesser amounts of thinly laminated
quartzose rocks; an example of the last is shown in plate
7. Bell (1948, geologic map) has limited the extent of

the Woburn Formation to essentially the area of its type
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locality; he apparently recognized that the Woburn (as de-
fined by LaForge) did not extend uninterruptedly into the
Wilmington quadrangle. It is possible that LaForge's

Woburn Formation is in part correlative with the chloritic-
quartzose schists of the A member of the Marlboro Formation,
for the siliceous rocks of the '"Woburn' zone are similar to
the relatively siliceous schists cropping out along the
northern flank of the Marlboro belt. However, if the writer
has correctly interpreted as mylonitic those textures shown
in plate 7, it is probable that LaForge delineated a mylo-
nite zone in attempting to map the Woburn Formation.
Regardless of their origin, rocks of this lithology commonly
are intercalated with other facies of the A member and can-
not be conveniently delineated or separated; accordingly,
they are assigned here to the undifferentiated A member of
the Marlboro Formation,

Establishing the relative age of the Westboro-type
quartzite and Marlboro Formation on the basis of local areal
relationships has proved extremely difficult. Where it is
exposed in Reading and Lynnfield, the Westboro-type quartz-
ite appears to dip beneath the Marlboro Formation. South of
this area, Bell (1948, p. 23) has noted '"some evidence that
the Westboro quartzite grades upward into dark colered
chloritic quartz schist” that may be equivalent in part with
the chloritic-quartzose schist in the Wilmington and Read-

ing quadrangles. However, structural studies, described in
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detail in the section on major structures, suggest that the
Westboro-type quartzite may overlie the Marlboro Formation
along the overturned limb of a recumbent fold, It is
equally possible (if not probable) that the Westboro-type
quartzite is in fault contact with the A member of the
Marlboro Formation. Owing to the lack of definitive cri-
teria Emerson's views are retained and it is concluded
tentatively that the Westboro-type quartzite is at the base
of the Westboro-Marlboro section as it occurs in this area.

The age of the B member, relative to other units of
the Marlboro and the Westboro-type quartzite, currently is
indeterminate. LaForge (1932, p. 15-17) concluded on the
basis of its appearance that the Waltham Gneiss was Archean,
and thus underlay the Marlboro which he judged to be
Algonkian. Limited structural evidence supports this view.
Where they crop out in the towns of Burlington, Wilmington,
Woburn, and Reading, the A and B members seem to define
crudely a large overturned fold. Analysis of the available
structural data suggests that this fold plunges to the east-
northeast and that the A member, in a geometric sense at
least, overlies the B member. However, as the B and A
members may be in fault contact, geometric relationships
between the two are not necessarily definitive.

Toulmin (1938, written communication) concluded from
his studies in the Salem quadrangle that the porphyro-

blastic gneiss member lay beneath the chloritic schists and
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relatively pure amphibolites of the Marlboro Formation (see
table 5). Accordingly, the porphyroblastic gneiss member
may be in part correlative with the B member of the Marlboro.
Owing to the generally sheared nature of the B member the
possible equivalence of the two cannot be demonstrated
simply by lithologlic comparison.

Emerson (1917, p. 24) considered the Westboro Quartzite
and Marlboro Formation to be Algonkian because (1) they
rest "apparently unconformably, upon the Northbridge granite
gneiss" that he believed to be Archean, and (2) in accord-
ance with a suggestion of Woodworth and LaForge, the Marl-
boro at least "abounds in volcanic rocks, whereas the Cam-
brian along the Atlantic seaboard is generally free from
volcanic rocks.”" LaForge (1932, p. 19) observed in addition
that the fossiliferous Cambrian rocks of the Boston area
are lithologically dissimilar and much less intensely meta-
morphosed than the Westboro-Marlboro group. Thus he also
assigned this group to the Precambrian (op. cit., p. 15).

Hansen (1956, p. 12-14) has discussed in detail the
validity of the above suggestions and has concluded that the
assignment of a Precambrian age to the Westboro-Marlboro |
group is tenuocus at best. However, Hansen's doubts stem
chiefly from his conviction that the adjacent Nashoba Form-
ation is Carboniferous in age, yet seemingly conformable
with the Marlboro. Toulminh (1957, written communication),

on the other hand, has shown that what is mapped as Marlboro
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Formation in the Salem quadrangle probably is overlain un-
conformably by fossiliferous strata of Late Silurian age.
Furthermore, the Milford Granite intrudes the Marlboro-
Westboro group (Emerson, 1917, p. 165); Emerson (op. cit.,
P. 164) considered the Milford a Devonian rock on the basis
of its field relationships, and recent radioactive age
determinations indicate that it has an average (minimum)
age of 355 million years (Webber, Hurley, and Fairbairn,
1986, p. 880). The above considerations almost surely rule
out the possibility of a Carboniferous age and suggest that
the bulk of the Marlboro Formation is Middle Silurian or
older., As a further refinement it is likely, but not
directly provable, that the Marlboro pre-~dates the Merrimack
Group of probable Middle Silurian age (see section on Box-
ford Formation).

The establishment of a maximum age limit for the West-
boro-Marlboro group is an even more difficult problem.
Abundance of volcanic rocks and intensity of metamorphism
are considered insufficient evidence of the age assigned by
earlier workers. Moreover, a maximum age of Late Cambrian
is implied by a recent Rb-Sr whole-rock radiometric date
of 535%15 million years for the supposedly underlying
Northbridge Granite-Gneiss (Moorbath et al., 19862, p., 7).
L. R. Page (1962, written communication) has concluded that
the lithologic nature of the Marlboro suggests a correlation

with dated Ordovician rocks in New Hampshire. Page's
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interpretation is probably correct, though currently unprov-
able, and the Westboro-Marlboro group is assigned tentative-

ly to the Ordovician.

Metamorphic rocks near Hawkes Pond

A unique group of metamorphic rocks crops out near
Hawkes Pond in Saugus and Lynnfield. The unnamed rocks
described below occupy two narrow bands; one along the north-
east shore of Hawkes Pond in Lynnfield and the other near
the southern end of the pond in Saugus. It is possible or
probable that these rocks are correlative with the Marlboro
Formation, but they are considered separately owing to their
isolated situation and unique character.

Exposures along the northeast shore of Hawkes Pond con-
sist largely of medium~ to dark-gray, fine-grained, porphyro-
blastic hornfels and thinly layered gneiss, The more con-
spicuous and massive hornfels are composed chiefly of quartz,
rlagioclase, biotite, cordierite, and garnet. An estimated
mode is presented in table 6. The composition of the horn-
fels leaves little doubt that it has been derived through
metamorphism of a relatively aluminous sediment. No thin
sections were made from the thinly layered gneiss, but it
appears to be highly quartzose.

Outcrops along the south shore of Hawkes Pond consist
chiefly of calc-silicate rock., The color of the calc-

silicate rock ranges from medium to light gray, but the



Table 6.
Pond
AL
Quartz
Plagioclase 45
Tremolite-actinolite 28
Diopside 17
Biotite 3
Chlorite 2
White mica 3
Carbonate 2
Cordierite
Garnet
Opaque tr.
A(R-154) ., Calc-silicate rock 300 ft.
Saugus~Lynnfield town line
B(R-158) .

Estimated modes of metamorphic rocks at Hawkes

40
30

13

10

south-southeast

of intersection of Newburyport Turnpike with

Hornfels along northeast shore of Hawkes

Pond 1000 ft. north of Saugus-Lynnfield town

line
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lighter varieties predominate. Layering, though irregular,
is much more conspicuous and the rocks are generally

coarser grained than the hornfelses to the north. The calc=-
silicate rocks are composed of andesine, actinolite, diop-
side, biotite (in part altered to chlorite), and minor
amounts of pyrite, calcite, and magnetite. An approximate
mode is given in table 6. Tremolite-actinolite and diop-
side together compose from 40 to 50 percent of the rock and
it is reasonably certain that the rock has been derived
through metamorphism of a marl or impure limestone.

The mineral assemblages of the Hawkes Pond rocks may
have arisen in response to regional metamorphism. However,
these rocks have been subjected to at least two sSeparate
periods of intrusion, and the assemblages are roughly com-
parable with those of pelitic rocks of the hornblende horn-
fels facies described by Fyfe, Turner, and Verhoogen (1958,
p. 201-207). 1t is probable, therefore, that the Hawkes
Pond rocks are the products of contact metamorphism.

Clapp (1921, p. 18) has discussed briefly "hornfelses"
cropping out in the towns of Lynn, Saugus, and Melrose.
Within this group he has included '"metamorphosed basic vol-
canic rocks (that) are common in the southern part of the
county (Essex),'" and which show by '"their amygadaloidal
texture and their occurrence as agglomerates' that '"they
are of volcanic origin.” Volcanic or metavolcanic rocks

have not been discovered within the belt of metamorphic
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rocks near Hawkes Pond.

Boxford Formation

The Boxford Formation is here named for a group of
prominently layered rocks cropping out in the South Grove-
land and Reading quadrangles; the name has been chosen be-~
cause of the extensive development and good exposures of
this unit in the town of Boxford (Castle, in review)., The
rocks assigned to the Boxford Formation are shown on Emer-
son's (1917, pl. X) preliminary map of Massachusetts as
undifferentiated gneisses, Salem Gabbro-Diorite, or Marlboro
Formation (see pl. 2). 1In this area the Boxford Formation
forms a broad anticlinal belt trending generally northeast,
but curving towards the southeast along the eastern edge of
the South Groveland quadrangle. The belt is bounded on the
south and west by plutonic rocks and abuts against rocks of
the Merrimack Group to the north. A smaller patch of the
Boxford Formation occurs in the southwest corner of the
South Groveland quadrangle and extends a short distance into
the Reading quadrangle, where it appears to be continuous
with somewhat similar rocks of the Nashoba Formation. The
main belt of the Boxford Formation locally has a maximum
width of approximately three miles. Its thickness cannot be
estimated with certainty owing to the facts that it is chief-~
ly in contact with intrusive rocks and the amount of repeti-
*ion is unknown; its maximum thickness probably exceeds

1,000 feet.
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The best exposures occur in the upper member of the
Boxford where the formation consists chiefly of thinly lay-
ered, very fine-grained rocks that range widely in compo-
sition from amphibolite to sericite schist. The extent of
this compositional range is suggested by the approximate
modes presented in table 7, and it is, in fact, textural
and structural characteristics rather than composition that
best define the rocks of the upper member. The dominant
rock type of the lower member is not known with certainty,
for exposures are scarce within this zone; mica schists and
gneisses apparently achieve a greater prominence, and am-

phibolite seems markedly diminished.
Lower member

Quartz-mica schist is perhaps the major rock type
within the lower member of the Boxford. It is generally
bluish to purplish gray on fresh surfaces and weathers to
a rusty-buff color. The schists are well to poorly lamin-
ated and generally possess a fine~ to medium-grained
hypidioblastic texture. They consist chiefly of muscovite,
quartz, biotite, and aluminum-silicate phases (andalusite
and fibrous sillimanite) and contain accessory amounts of
plagioclase (oligoclase?), magnetite, and chlorite. An
approximate mode is given in table 7.

Amphibolites occur locally in the lower member of the

Boxford Formation, and are in part almost identical to the



Table 7. Estimated modes of rocks from the Boxford

Formation

Lower member

Upper member

A,

Quartz 43
Plagioclase 47
Microcline
Hornblende
Tremolite
Actinolite
Diopside

Biotite 8
Chlorite

White mica
Epidote
Sillimanite
Andalusite
Garnet

Apatite

Sphene

Carbonate

Opaque 2

B.

20
S

20

35

10

|
!U

20 30

25 635

13
25

> 'm
y e

30

20

F. G.
15
19 60
16
15 2
45 7
3
2
3
5
2
4 2

H.

90

1.
5

60

14

J. K.
25 10
4

15
2 6
37 63
3 5
15 7
3 5

A(R=-199). Quartz-feldspar gneiss along Andover Bypass 2000

ft. north-northeast of Rocky Hill Rd.-Andover Bypass

intersection, Andover

[01-



Table 7. (cont.)

B(G~210). Quartz-mica schist near crest of knoll 1900 ft.
northwest of Pine Plain Rd.~-Willow Rd. intersection,
Boxford

C(G~19). Thinly layered calc-silicate gneiss 2300 ft. north-
northwest of Washington St.-Willow Rd. intersection,
Boxford

D(G-20). Amphibolite 2800 ft. north-northeast of Washing-
ton St.-Main St. intersection, Boxford

B(G-170). Thinly layered quartz-feldspar gneiss 3200 ft.
south-southeast of Washington St+Uptack St. inter=~
section, Groveland

F(G-171). Mica schist 2500 ft. southeast of Washington St.-
Salem St. intersection, Groveland

G(G-682). Thinly layered gneiss at northern tip of Towne
Pond, Boxford

H(G-63). Actinolite schist from inlier of Boxford Formation
near Brooks School, North Andover

1(G-42). Fine-grained gneiss 2000 ft. east-southeast of
summit of Byers Hill, Boxford

J(G-42), Mica schist 2000 ft. east-southeast of summit of
Byers Hill, Boxford (interlayered with I)

K(G-823). Sericite schist 2200 ft. north-northeast of

Salem St.-Summer St. intersection, North Andover
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thinly layered, fine-grained varieties that occur higher in
the section. However, a relatively coase~-grained amphibo-
lite, dissimilar to any that occurs in the upper member, is
exposed 1n a zone along Nelson Street north of Baldpate
Pond. The amphibolite in this zone is fine to medium
grained, and possesses a poorly defined porphyroblastic
texture. It is essentially uniform in appearance and comn-
position throughout the area of its occurrence, and it is
not transitional with the rocks immediately above or below.
It is composed almost entirely of approximately equal
amounts of plagioclase and hornblende and contains small
amounts of an unidentified talc-like mineral.

Gneissose rocks, tentatively assigned to the lower
member, occur in the extreme northwest corner of the Reading
quadrangle and southwest corner of the South Groveland quad-
rangle. Where best exposed, this group of rocks consists
of an interbedded series of white-~ to medium-gray quartz-
plagioclase gneiss and markedly subordinate amphibolite.
The gneiss is composed of plagioclase (albite to sodic
oligoclase), quartz, and varietal amounts of biotite,
actinolite, and chlorite. An approximate mode is given in
table 7 and chemical and modal analyses are presented in
table 8. The interbedded amphibolites are impure varieties
that might be described more properly as plagioclase-
hornblende schists.

The lower member of the Boxford Formation apparently
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Table 8. Chemical analyses, norms, and modal analyses of

rocks from the Boxford Formation

1/ 2/

Chemical analyses™

Lower Quartz-~ Upper
member plagioclase member
gneiss member

A _B. _c.
810, 75.8 74.5 45.4
A1203 12.9 13.9 16.2
F0203 .6 .8 1.9
FeO 2.5 2.0 10.6
MgO 1.0 1.1 5.9
Ca0O .86 .13 10.6
Na,0 4.6 6.0 3.3
K40 .65 .80 .27
T10, .26 .19 3.0
P205 .06 .04 .55
MnO .08 .04 .18
Hy0 1.1 .88 1.2
Co, <.05 .06 <.05

Sum 100 101 29



Table 8.

(cont.)

Quartz

Corundum

Orthoclase
Albite

Anorthite

Wollastonite
Enstatite

Ferrosilite

Forsterite

Fayalite

Magnetite
Ilmenite
Apatite

Calcite

Sum

2/
Norms™
A. B. C.
41.67 33.40
3.16 3.06
3.89 5.01 1.67
38.79 51.40 28.29
4.18 .28 28.92
8.59
2,51 2.81 1.91
3.82 3.03 1.73
9,08
9,08
.93 .93 2.78
.46 .30 5077
1.34
.10
99,41 100.32 99.16

106



107

Table 8. (cont.)

3
Modal analyses—

A, B. _C.
Quartz 34.4 28.6
Plagioclase 52.8 62.2 31.6
Hornblende 59.0
Biotite 10.2 4 .7
Chlorite .8 8.0 .3
White mica 1.4 1.0
Epidote .5 .2
Apatite .2
Zircon tr.
Opaque .2 .2 7.0

A(C-4). Quartz~-plagioclase gneiss west side of highway
1800 ft. north-northeast of Gould Rd.-Andover Bypass
intersection, Andover. Points counted: 500. Plagio-
clase composition An12i4

B(C-7). Quartz-plagioclase gneiss 2300 ft. N35°W of Bailey
Lane—~-Andover St. intersection, Georgetown. Points
counted: 1000. Plagioclase composition Ani,’t4

C(C-8). Amphibolite south side of Ipswich Rd., 1600 ft.
wost-northwest of Herrick Rd.-Ipswich Rd. intersection,
Boxford. Points counted: 1000. Plagioclase compo-

sition An45*4



Table 8.

1/ U. S. Geological Survey Rapid Rock Analysis

(cont.)

Laboratory
All figures weight percent

All figures volume percent

1?9
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has been derived from a series of interbedded volcanics
(amphibolites) and argillaceous to impure arenaceous sedi-

ments (quartz-mica schists and quartz-plagioclase gneiss).

Quartz-plagioclase gneiss member

A distinctive quartz-~feldspar gneiss marker crops out
near the middle of the Boxford section exposed in this area.
Exposures of the gneiss are poor, but the unit is sufficient-
ly unique to warrant its separation from the rest of the
formation. It is possible or even likely that the quartz-
plagioclase gneiss member represents the development of a
facies equivalent of the comparably positioned gneissic
rocks of the lower member., However, as the two groups of
rocks apparently are discontinuous along the strike, no
attempt is made here to correlate one with the other,

The only exposures of the gneiss member in the map
area occur just south of Rock Pond in Georgetown and south
of Baldpate Pond in Boxford. Insofar as may be determined
from the few exposures present, the gneiss is structurally
conformable with the adjacent Boxford Formation throughout
its extent. 1Its outcrop belt has a maximum width of about
2,000 feet and a maximum thickness of about 1,000 feet;
these figures may be excessive by a factor of two, however,
as the base of the member cannot be located with precision.

The quartz-plagioclase gneiss is uniformly pearly white

to very light gray on fresh surfaces, and weathers to a dull,
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chalk-white color. It is distinctly foliated, but unlike
other units of the Boxford Formation, it is generally unlay-
ered. It has a granoblastic, generally fine-grained, but
somewhat coarser texture than most of the rocks of the Box-~
ford Formation. It is composed chiefly of albite and quartz
with minor amounts of chlorite, apparently derived from the
alteration of biotite. No other minerals, except a few tiny
grains of apatite, zircon, and magnetite or ilmenite, were
evident in thin section. Quartz composes up to 35 percent,
chlorite makes up about 8 percent, and the remainder of the
rock is composed of very sodic plagioclase that has a maxi-
mum An content of about Anjg. Chemical and modal analyses
of a specimen from the quartz-plagioclase gneiss member are
given in table 8.

The origin of the rock is difficult to explain owing
to its anomalously high soda content, but its chemical com-
position is perhaps more suggestive of a sodic dacite than
an argillaceous to arenaceous sediment. The calculated
norm (see table 8) is close to that of a normal trondhjemite,
and it is not unlikely that the rock was derived from a

trondhjemitic extrusive.
Upper member

Rocks exposed in the upper member of the Boxford Form-
ation include schist, gneiss, calc-silicate rock, amphibo-

lite, quartzite, and a host of other intermediate types (see
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table 7). The majority of the rocks are compositionally
gradational between two or more petrologic "end members,"
and there is consequently a remarkable amount of mineralogic
heterogeneity within a stratigraphic thickness of about

4000 feet. Amphibolites are perhaps the commonest rocks of
the upper member; they are transitional with other facies
both along and across the strike. As the amphibolites are
in part separately delineated they are discussed separately,
but they are by no means confined to the individually mapped

amphibolite zones.

Amphibolite

The amphibolites of the upper member of the Boxford
Formation apparently are everywhere intergradational with
other rocks. Locally, however, it has proved practicable
to map amphibolite units separately. These units have been
delineated only where amphibolite is dominant and conspicu-
ous within a mappable group of exposures.

The amphibolites range from black to gray and generally
possess a faint greenish tint. They are uniformly thinly
layered with laminae ranging from a fraction of a millimeter
to several centimeters in thickness. Their textures are
without exception very fine grained and generally hypidio-
blastic. The amphibolites range in composition from almost
monomineralic hornblende rocks to quartz-~hornblende-plagio-
clase schists or gnéisaes. Layers containing virtually

m~thino but hornblende commonly are intimately intercalated



with others that contain very little hornblende. However,
where the rock as a whole is composed chiefly of amphibolite
or plagioclase amphibolite layers, the entire rock 1s con-
sidered an amphibolite. The composition of the plagiloclase
is difficult to determine owing to its very fine-grained
nature, but where measurements were made it ranged from very
sodic to calcic andesine. Epidote is a common but minor
accessory mineral in the amphibolites. Calcite composes up
to two percent of some of the specimens, but it is apparently
a secondary product. Magnetite, chlorite, sphene, and
apatite occur as minor constituents., Chemical and modal
analyses of an amphibolite from the Boxford Formation are
presented in table 8.

The origin of the amphibolites is obscure. There is
no positive evidence favoring their derivation from either
limy sediments or basic volcanic rocks. Limestones are
unknown in the Boxford Formation, but calc-silicate rocks
are not uncommon. Thus it might be supposed that metamor-
phism of a marl or siliceous limestone would produce a rock
more in keeping with the mineralogical composition of the
observed calc~silicate rocks, rather than the amphibolites.
If the amphibolite has been derived from a relatively mafic
volcanic, its chemical composition (see table 8) should
approximate that of an average andesite or basalt (see table
9). The compositions of the amphibolite and average ande-

site differ chiefly in their silica and potash content, and

!
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Table 9, Chemical and normative compositions of andesite
and basalt, Computed from analyses given in Data

of Geochemistry (Washington, 1924)

Chemical compositio sl/

A. B,
SiO2 55.82 50.90
A1203 16.49 16.23
Fe,0, 3.25 3,31
FeO 3.78 6.44
MgO 4.53 7.01
Ca0O 6.51 8.58
Na,0 3.51 2,99
K20 3.04 1.80
Hy0 1.74 1,36
T10, .63 1,00
Zr02 .01
P05 - .38 .40
V503 .02
MnO .17 .14
NiO .01 .01
BaO .13 .06
Sro ' .04 .03
LiZO ‘ tr. tr.
Fe3, .02 .02
S04 : .01

Cl .02



Table 9. (cont.)

Normative compositionsl/ 2/

[] Bo

Quartz 5.1 1.9
Orthoclase 18.0 8.6
Albite 29.7 24.0
Anorthite 20.1 26,0
Nephelite .6
Diopside 8.8 12,1
Hypersthene 7.5 8.2
Olivine 2.5 7.7
Magnetite 3.7 4.8
Hematite .7

Ilmenite 1.1 1.9
Apatite .5 .6

A. Average of § analyses of andesite given by
Washington (1924, p. 458)

B. Average of 7 analyses of basalt given by
Washington (1924, p. 460-461)
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Table 9. (cont.)

1/ All figures weight percent

3/ Normative phases employed here differ from those
used elsewhere in report primarily in the femic
group. Diopside and hypersthene are used here

in place of wollastonite, enstatite, and ferrosi-

lite, and olivine is used in place of forsterite

and fayalite
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less markedly in the amounts of line and iron present.

There is a much closer correspondence in chemical composi-
tion between the amphibolite and the average basalt. If the
oxidation state of the iron is disregarded, and it is assum-
ed that the parent rock was somewhat less siliceous and
potassic than the average, it is tempting to conclude that
the amphibolite has been derived from a basalt. However,
the thinly laminated and compositionally transitional nature
of many of the amphibolites does not accord fully with this
explanation. Basalts are characteristically laid down as
flows rather than pyroclastic deposits, and it is improbable
that metamorphism of a series of flows would produce a
group of rocks of the type described. If, however, these
rocks have been subjected to appreciable metamorphic dif-
ferentiation, silica, potash, and perhaps soda, may have
been subtracted from a generally more andesitic and partly
tuffaceous parent during metamorphism. In spite of the
anomalies alluded to above, the compositional similarities
are sufficiently pronounced to lead one to conclude that

the amphibolites probably have been derived from a series of

basalts locally admixed with more felsic volcanics.

Undifferentiated upper member

The undifferentiated upper member of the Boxford Form- .
ation consists in large part of amphibolite, but a number of

other rock types are represented as well. Owing to the



uniformly very-fine~grained nature of these rocks, accurate
field estimates of bulk composition could not be made, but
amphibolites or amphibolitic rocks are probably dominant
even in the undifferentiated parts of this unit.

Layers of true calc-silicate rock occur in parts of the
upper member, but they were not separately mapped nor even
recognized as such in the field. Inasmuch as calc~silicate
rocks generally were not identified in the field, it is
difficult to estimate the extent of their occurrence within
the upper member., It would appear from a moderately system-
atic sampling that they comprise no more than 10 percent of
the unit. Rocks here classed as calc-silicates have a wide
mineralogical range, but their bulk chemical composition
except for variations in the inferred amounts of iron and
magnesium present) is restricted within fairly narrow limits.

The calc~silicate rocks generally are light to medium
gray and commonly thinly layered by color or mineralogical
composition. They are extremely fine grained and locally
almost aphanitic. The less siliceous rocks within this
group commonly manifest a well developed hypidioblastic
texture, whereas the more siliceous specimens present a
typical granoblastic appearance.

The only phase apparently common to all of the rocks
here classed with the calc-silicates is andesine. Amphi-
boles ranging from tremolite to actinolitic-~hornblende are

only slightly less prominent. Diopside commonly is
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associated with this facies and locally composes up to 20
percent of the rock; in those specimens in which diopside
does not appear tremolite is generally a conspicuous con-
stituent. Biotite-plagioclase schists are locally inter-
layered with laminae composed of more typical calc-silicate
assemblages. Calcite occurs in many of the calc-silicate
rocks, particularly those that contain quartz. Common
accessory minerals include epidote, sphene, sericite, and
pyrite.

Sericite schists and gneisses occur to a limited extent
in the upper member of the Boxford. These rocks generally
are found in zones several tens of feet to a small fraction
of an inch in thickness. The nmore gneissic varieties are
thinly laminated, and all but those adjacent to granitic
contacts (see plate 17) are fine to ultra fine grained.

They range from very light greenish gray to almost white on
fresh surfaces, and characteristically weather to a rusty-
yellow color. The dominant mineral species in these rocks
is sericite, but it is commonly inconspicuous in hand speci-
men, even where it is extensively developed. Microcline
composes from 10 to 30 percent of many of the samples, and
small amounts of quartz were observed locally. Sillimanite
is a common constituent of the mica schist, but it generally

makes up no more than a few percent of the rock., Clinozoi=-

site or epidote, sphene, and andalusite occur locally. Other

rocks within the upper member of the Boxford, megascopically
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Plate 17

A. Photomicrograph of specimen from the upper member
of the Boxford Formation exposed 700 feet east-southeast
of Pond St.-~Lake Shore Rd. intersection, West Boxford.
q, quartz; mu, muscovite; bi, biotite (altering to chlorite);
a, andalusite; si, fibrolitic sillimanite. This specimen
taken from outcrop near the Boxford Formation-Andover Gran-
ite contact. Coarser grained and far more contorted than
most rocks contained within the upper member of the Boxford.

Plane light.

B. Photomicrograph of mica-~quartz schist outlier of
the upper member of the Boxford Formation; contained within
the Andover Granite exposed along Great Pond Rd. south of
Lake Cochichewick. mu, muscovite; bi, biotite; 8i, fibro-
litic sillimanite; q, quartz; b, balsam. Note the develop~
ment of micaceous cleavage in two distinct directions.

Plane light.
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identical with the sericite schist, are composed chiefly of
quartz and albite.

The pronounced mineralogical heterogeneity of the upper
member of the Boxford Formation is indicative of a complex
depositional history. The chemical and mineralogical com-
plexities may be partly attributable to the effects of an
alternately transgressing and regressing sea. If this
normal depositional effect has been coupled with intermittent
volcanic activity, as is suggested by the abundant amphibo-

lite, the petrologic complexity may be reasonably explained.
Metamorphism

The common occurrence of sillimanite within many of
the more pelitic units (see table 7) of the Boxford Form-
ation suggests that these rocks locally have reached a meta-
morphic grade compatible with the sillimanite-~almandine sub-
facies of the almandine amphibolite facies of Fyfe, Turner,
and Verhoogen (1958, p. 228, 230-231). It is not certain,
however, to what extent the presence of the higher grade
assemblages may be attributed to contact phenomena, as
opposed to the effects of a more general 'regional' meta-
morphism. Miyashiro (1961, p. 308), for example, has found
that synkinematic contact facies of the andalusite-silliman-
ite type are essentially identical to those developed
through regional metamorphism of the same general area. Thus

the widespread coexistence of andalusite and sillimanite (in
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which andalusite almost certainly pre-dates sillimanite) in
this area, may suggest only that these rocks have been meta-
morphosed under relatively low pressure in response to a
regionally developed rise in the isothermal surfaces (gg.
cit., p. 279-281, 285). All that can be said with reasonable
certainty is that the preservation of andalusite makes it
very unlikely that these rocks ever were subjected to pres-
sures greatly in excess of 8 kilobars, whereas the ubiquit-
ous occurrence of sillimanite would seem to demand that
temperatures ultimately rose well above 300°C. (see figure

3).
Correlation and age

The Boxford is isolated from most of the other meta-
sediments in the érea; suggested correlations are conse-
quently highly speculative.

The Boxford Formation cropping out in the northwestern
corner of the Reading quadrangle is on strike with the |
adjacent Nashoba Formation, and it would be reasonable to
conclude that the two are at least in part correlative.
However, a comparison of their lithologies, and particularly
their sequence of lithologies (see discussion of the Nashoba
Formation), suggests that the Nashoba is either faulted
against or unconformably overlies the Boxford.

Although it ultimately becomes lost in a complex of

Paleozoic igneous rocks, the Boxford Formation strikes
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Figure 3

Experimentally determined phase equilibrium relations
in the aluminum silicate system. Dashed lines show probable

limits of error (after Bell, 1963).
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southwest toward the lithologically similar Marlboro Form-
ation; the two formations accordingly may well be at least
in part correlative. A direct demonstration of this sug-
gested correlation should prove very difficult, however, as
a pronounced Structural discontinuity may separate the two
units, and the extensive deformation of the locally occur-
ring Marlboro precludes any detailed comparison of the two
formations, There is, then, no positive evidence sustaining
a correlation of the Boxford and Marlboro Formations, but
their possible equivalence is at least consistent with the
picture of the regional geology developed in the course of
this investigation.

A nearby unit that bears a striking resemblance to the
Boxford is the Rye Formation of southeastern New Hampshire.
According to Billings (1956, p. 38-39) the Rye Formation
consists of two members; the lower member is a metasedi-
mentary unit and the upper member a metavolcanic unit con-
taining amphibolite and fine-grained biotite gneiss, This
description corresponds roughly with that of the Boxford
Formation as described here. The writer has examined parts
of the Rye Formation in detail and has noted a pronounced
similarity between the rocks of the Rye area and those of
the Boxford Formation. The most recent investigator of
the stratigraphy of southeastern New Hampshire, R. F.

Novotny, has inspected in company with the writer a number



of typical exposures within the Boxford Formation; he con-
curs in the view that the two formations are possibly, 1if
not probably, correlative (1957, oral communication). There
are a number of minor lithologic differences between the

two formations, but these differences may be attributed to
facies changes between the separate areas. Indeed, there
appear to be conspicuous facies changes within the Rye Form-
ation itself (Novotny, 1957, oral communication), and there
is some detectable lateral variation within the Boxford.
Unfortunately the possible equivalence of the Rye and Boxford
Formations probably will not be demonstrated through detail-
ed areal studies, for they are separated by a large plutonic
complex.

If the Boxford and Rye Formations are actually correla-
tive, the Boxford is almost certainly pre-Devonian and prob-
ably pre-Silurian. According to Novotny (1957, oral communi-
cation), the Rye Formation conformably underlies the Merri-
mack Group where they occur together in southeastern New
Hampshire. As the Merrimack Group is probably Middle
Silurian (see discussion on the age of the Merrimack Group),
the Rye (or Boxford) is probably Silurian or older. Al-
though the Rye and Merrimack are apparently structurally
conformable, the striking lithologic contrast between the
two units suggests that they are not transitional. The
writer, therefore, is inclined to the view that a discon-

formity exists between the two formationa, and that the Rye



is at least as old as Ordovician. (The Boxford Formation
probably is in fault contact with the Merrimack Group where
they occur together in the South Groveland quadrangle; there
is accordingly little hope of confirming locally and direct-
ly the presumably pre-Middle Silurian age of the Boxford.)
The establishment of a maximum age for the Boxford (or
Rye) is no less difficult than it is for the Marlboro. Katz
(1917, p. 167-168) regarded the Rye Formation as an Algonk-
ian(?) complex. He based this view, however, on the "areal
relations and the similarities in lithology and association
of the rocks in Rye and Portsmouth, N. H., to those of the
Algonkian(?) in eastern Massachusetts.'" The Marlboro Form-
ation is typical of the rocks then (1917) considered
Algonkian. If the Marlboro is not Precambrian but Ordo-
vician, and if the Boxford and Marlboro are in part correla-
tive, as seems likely, the Boxford is Ordovician as well

and is so considered here.

Brimfield-type schist

Schistose rocks similar in part to those described as
Brimfield Schist by Emerson (1917, p. 68-72), are distribut-
ed somewhat erratically over the map area. Where they occur
locally these rocks consist chiefly of quartz-mica (or seri-
cite) schist together with markedly lesser amounts of bio-
tite schist and amphibolite. The position in the regional

framework of what 1s mapped here as Brimfield-type schist
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currently is in doubt, and stratigraphic relationships among
the locally discontinuous segments are obscure. For these
reasons and because exposures of this unit are exceedingly
poor, these rocks are referred to in a tentative manner as
"Brimfield~type." The probable relationships of the Brim-
field-type schist to adjacent units and the type Brimfield,
are considered under the heading of correlation and age of
the Brimfield-type schist and Nashoba Formation.

The Brimfield-type schist within the map area occurs in
five general locals: (1) in a lenticularly shaped area in
Marlboro center where it is apparently conformable with the
adjacent Marlboro Formation; (2) in an east-northeast trend-
ing belt in Sudbury, Concord, and Lincoln where it again is
apparently conformable with the Marlboro Formation; (3) in
a belt extending northeast from Carlisle through Billerica
center into Tewksbury; (4) in a series of more or less con-
tinuous exposures along the south shore of the Merrimack
River between Lawrence and Lowell; (5) in a group of dis~-
continuous inliers surrounded by the Andover Granite. The
first two listed occurrences have not been studied by the
writer and their descriptions are necessarily cursory.

The Brimfield-type schist cropping out in Marlboro
center apparently is typical of the Brimfield facies, in
that Emerson (1917, p. 69) has not suggested that it departs
noticeably from the '"coarse, red-brown muscovite schist"

characteristic of this unit. These particular rocks,
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however, may contain in addition appreciable amounts of
cordierite and sillimanite as these phases commonly are
developed within the Brimfield where (as in Marlboro center)
it has been intruded by granite (Emerson, 1917, p. 69).
Where they occur in Lincoln, Concord, and Sudbury the Brim-
field-type rocks consist of 'rusty weathering, hematitic,
quartz-sericite~biotite schists'" locally interbedded with
"fine-grained, thinly bedded amphibolite”" (N, P. Cuppels,
1962, written communication). According to Cuppels the
schist in Concord and Lincoln is also characterized by the
local development of feldspar and eyes of barren quartz,
The western reach of this mica schist belt has been included
with the Marlboro Formation by Hansen (1956, p. 8-9), but
its description and position are such that it is almost
certainly continuous with the Brimfield-type schist mapped
in Concord and Lincoln by Cuppels.

The Brimfield-type schist mapped or studied by the
writer (i.e., that occurring in localities 3, 4, and 5) con-
g8ists chiefly of several varieties of muscovite schist.
Fresh exposures of sericite schist cropping out along the
Merrimack River are generally silvery white or gray. The
coarser-grained muscovite schists along the Concord River
and within the small inliers in the granite, tend to be
duller with locally developed green and yellow hues. Even
where only moderately weathered the muscovite schists are

conspicuously stained with iron oxide, and scarcely an



exposure was seen in which the schists were not literally
crumbling apart, with the concomitant development of a
"punky'" aspect.

The muscovite schists are generally foliated and com-
monly layered. Foliation in exposures along the south shore
of the Merrimack River is flat to gently undulate, whereas
that occurring elsewhere within the Brimfield-type schist is
slightly to intensely contorted. Where foliation is develop-
ed within the isolated schist inliers in the Andover Granite,
the generally warped surfaces are attributable or complemen-~
tary to bulbous quartz lenses. Unequivocal bedding has not
been recognized within the schist, but it is presumably
parallel to layering defined by the contacts between amphibo-
lite and mica schist, and possibly parallel to compositional
layering within the schist itself, Within the sericite
schist along the Merrimack River, the mica crystals commonly
are oriented in two distinct directions at an angle of about
30 degrees with each other. Accordingly, there must exist
at least an incipient foliation at a substantial angle with
bedding. Other than bedding, the only possibly relict
features observed within the schist consist of granule- to
pebble-size knots of quartzite within a schist inlier in
Andover center. The textures within the muscovite schist
range from fine to medium grained and hypidioblastic to
xenoblastic. Not surprisingly, the coarsest grained schists

occur near the granite contacts.
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The muscovite schists consist almost entirely of musco-
vite, quartz, plagioclase, and chlorite. Sillimanite,
garnet, and biotite occur locally, and most specimens con-
tain iron sulfides or oxides. Approximate modes are pre-
sented in table 11, and chemical and modal analyses are
given in table 10. Quartz is almost completely absent in
the sericite schist exposed along the Merrimack River, but
it is abundant within other outcrops of the Brimfield-type
schist. Sillimanite and garnet occur in the isolated schist
inliers within the Andover Granite and probably occur within
the belt cropping out along the Concord River, but the latter
occurrence cannot be confirmed inasmuch as rocks from this
zone have not been subjected to microscopic examination.

Highly biotitic rocks assigned to the Brimfield-type
schist occur in two exposures within foliated granite
cropping out in South Lawrence and in several exposures
along the south shore of the Merrimack River near the west-~-
ern edge of the Lawrence quadrangle. The biotitic schists'
exposed in South Lawrence are prominently foliated, very
fine grained, and almost phyllitic in appearance. They are
composed chiefly of biotite together with lesser amounts of
quartz and accessory ilmenite or magnetite. The bilotite
schist exposed along the Merrimack River consists of roughly
equal proportions of plagioclase and biotite together with
lesser amounts of sericite pseudomorphous after staurolite.

The mica schists clearly have been derived from =a
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Table 10, Chemical analyses, norms, and modal analyses of

rocks from the Brimfield-type Schist

Chemical analysesl/ 2/

A. B,
810, 50.2 46,4
A1203 23.0 15.6
Fe,0, 4.3 2.0
FeO 4.9 8.1
Mgo 2.8 6.8
Ca0O .17 13.2
Na20 2.8 .55
Ko0 : 4.3 1.4
T10, 1.2 2.6
P205 .09 .35
Mno .04 .15
H20 5.4 1.8
CO2 <.05 .35

Sum 100 100



Table 10,

(cont.)

Quartz

Corundum

Orthoclase
Albite

Anorthite

Wollastonite
Enstatite

Ferrosilite

Magnetite
Ilmenite
Apatite
Calcite

Sum

2
Norms—

14.30
15.19

27.25
22,54

7.43
3.82

6.71
2.43
.34

133

2,94

8.35
4.71
36.73

10.12
17,27
9.36

3.01
3.01
1.34

.80

100.01

99.64



Table 10. (cont.)

3
Modal analyses—

A,
Quartz

Plagioclase 41.3
Hornblende

Biotite 6.8
Chlorite 11.7
White mica 36.8
Sphene .2
Clinozoisite

Calcite

Opaque 3.7

A(C-1B). Mica schist along south bank of Merrimack
River 1000 ft. east of Lawrence-Lowell quad-

rangle boundary. Points counted: 1000.

clase composition An10i4

B(C-1A). Amphibolite along south bank of Merrimack
River 1000 ft. east of Lawrence-Lowell quad-

rangle boundary (interlayered with A).

counted: 900,

1/ U. 8. Geological Survey Rapid Rock Analysis

Laboratory
2/ All figures weight percent

3/ All figures volume percent

52.2

5.0
12.4
5.1
18.7

Plagio-
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Table 11, Estimated modes of rocks from the Brimfield-type

schist and Nashoba Formation

Brimfield-type schist Nashoba Formation

_A. _B. €. D
Quartz 2 60 12 51
Plagioclase 10 8 35
Biotite 10 10 40 10
Chlorite 3 4

White mica 80 17 15 2
Graphite(?) 2

Sillimanite 8

Apatite tr.

Garnet 10 1
Opaque 3 3 3 1

A(L=-19). Sericite schist along south shore of Merrimack
River 1600 ft. north of St. Francis Seminary, Andover

B(L-21). Mica-quartz schist east of railroad station,
Andover

C(W-9). Mica schist along shore of Fosters Pond, 1500 ft.
south-southeast of Rattlesnake Hill Rd.-Woburn St.
intersection, Andover

D(W-226). Biotite gneiss 3000 ft. west of Salem St.-

Middlesex Ave. intersection, Wilmington



series of argillacebus sediments. The more quartzose varie-
ties probably were initially somewhat arenaceous, and the
highly biotitic schists apparently were relatively rich in
iron and magnesia.

Amphibolite occurs locally within the Brimfield-type
schist of this area. As noted earlier, Cuppels has found it
interlayered with mica schist in Concord and Lincoln, but
its petrography here is not known in detail. Elsewhere
within the Brimfield-type schist, amphibolite i1s found in
exposures in South Lawrence and along the Merrimack River.

The amphibolite cropping out in South Lawrence is con-
formable with a biotite schist layer of the Brimfield-type
schist. It is dark greenish gray, moderately well foliated,
and its texture is essentially fine to medium grained and
hypidioblastic. The amphibolite here is composed of horn-
blende, highly saussuritized plagioclase, magnetite, and
secondary clinozoisite and calcite., Hornblende composes
more than half and highly altered plagioclase makes up
approximately 30 percent of the rock. The clinozoisite
occurs as velns and as disseminated blebs, and the calcite
is confined to well-defined veins.

Amphibolite also is found interbedded with the sericite
schist cropping out along the Merrimack River in the western
part of the Lawrence quadrangle. The amphibolite exposed
here is heavily coated with iron oxides and more distinctly

foliated and considerably finer grained than that exposed in
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South Lawrence. A relatively light colored hornblende com-
poses up to 55 percent, and clinozoisite and muscovite
(which does not occur in discrete bands) make up as much as
30 percent of the amphibolite in this zone. Quartz, calcite,
chlorite, and sphene are present in accessory amounts.
Plagioclase was not identified in those specimens examined
by the writer. A chemical and modal analysis of this am-
phibolite is given in table 10. Plagioclase amphibolite
occurs in this same area, but it crops out 50~100 yards
south of the main outcrop belt of the Brimfield-type schist;
its position is such that it may fall within the supposedly
transitional contact zone between the Brimfield-type schist
and adjacent Nashoba Formation.

The amphibolite exposed in South Lawrence is probably
a metamorphosed basalt, for its composition as derived from
its mode does not differ markedly from the composition of
an average basalt (table 9). The amphibolite interbedded
with the sericite schist along the Merrimack River, however,
may have descended from a non-volcanic parent. Its mode is
high in clinozoisite and sphene and devoid of plagioclase.
Its calculated norm is even more revealing, in that it is
extremely rich in anorthite and poor in albite. The compo-
sitional characteristics in general are those of a calc-

8ilicate derived from an impure limestone or dolomite.



Metamorphism

Mineral assemblages developed within the Brimfield-
type schist exposed along the Merrimack River (see table 10)
indicate that these rocks have attained a metamorphic grade
at least as high as the quartz-albite-epidote~biotite sub-
facies of the greenschist facies (Fyfe, Turner, and Ver-
hoogen, 1958, p. 223). The occurrence of sillimanite and
garnet in the muscovite schist inliers within the Andover
Granite, however, suggests that the Brimfield-type schist
locally may have reached grades as high as the sillimanite~

almandine subfacies of the almandine amphibolite facies

(op. cit., p. 231).
Nashoba Formation

The Nashoba Formation has been named and defined by
Hansen (1956, p. 31-32) to include "a great mass of metamor-
phic rocks...that extends northeastward across east-central
Massachusetts” and encompasses much of what was mapped by
Emerson (1917, pl. X) as '"gneisses and schists of undeter-
mined age." Hansen has divided the Nashoba Formation into
three mappable units; biotite gneiss, amphibolite, and
marble. Biotite gneiss and amphibolite are recognized, but
neither marble nor well developed calc-silicate rocks were
discovered within the Nashoba Formation in this area.
According to Hansen (19538, p. 28-29), the Nashoba is trans-

itional through an amphibolite zone with a mica schist unit
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which in turn is on strike with the Brimfield-type schist
cropping out along the Merrimack River east of Lowell.

Jahns (1960, written communication) since has confirmed the
presence of a gradational contact between the Nashoba Form-
ation and an adjacent mica schist unit in the Ayer quad-
rangle, where ''the two formations are lithologically inter-
gradational across the strike for many tens of feet.” Owing,
perhaps, to limited exposure and considerable intrusion,

the transitional nature of this contact is not generally
evident locally.

The Nashoba Formation in this area occurs chiefly in
two broad wedge-shaped belts coalescing near the western
edge of the map area. The northern belt crops out over an
area of 8ix or seven square miles around the intersection
of the Lawrence, Lowell, Billerica, and Wilmington quad-
rangle boundaries. The southern belt extends from the
northern part of the town of Wilmington southwestward
through Billerica and Bedford, and along the northern edge
of the southwestward extension of the Andover Granite. Else-
where in this area the Nashoba is confined to relatively
small inliers in younger igneous rocks. The southern belt
has a maximum width of about 2 miles, but no reliable esti-
mates have been made of its thickness owing to probable
repetition of the section and sparse exposure. In the type
locality Hansen (1936, p. 32) was able to say only that the

"thickness (of the Nashoba Formation) may well exceed



5,000 feet."

Biotite gneiss

The bilotite gneiss is light gray to pearly white; in
its more micaceous facies it commonly develops a rusty
weathered surface. Foliation 1s prominent and generally
gently warped or folded; in some exposures, such as those
along the south side of North Street in Tewksbury, it is
highly crenulate. A degree of foliation common to the bio-
tite gneiss in the extreme southwestern corner of the Wilming-
ton quadrangle is illustrated in plate 18. Locally develop-
ed layering generally is a reflection of compositional vari-
ation between alternately highly micaceous and relatively
nonmicaceous zones., Whether or not this layering is a
reflection of original bedding is not known, for it may have
been brought about locally through processes of metamorphic
differentiation. Undoubted bedding has not been seen in
any of the exposures of the biotite gneiss in this area, but
Hansen (1956, p. 32) has reported well-defined bedding from
the gneiss in the area of the type locality. The gneiss is
medium to coarse grained; granoblastic textures predominate,
but there is a tendency toward idiomorphism on the part of
feldspar and several accessory minerals. What may be rounded,
feldspathic quartzite pebbles, three-eighths of an inch or
less in diameter, have been seen in some exposures (fig. 4A).

These '"pebbles' generally are not recognized as such without
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the aid of a microscope, for the biotite gneiss has been
thoroughly intruded with quartz veinlets now manifested as
small, discontinuous lenses that locally resemble deformed
pebbles.

In the area of the type locality, where the Nashoba
Formation is far better exposed than here, rocks mapped
with the biotite gneiss facies include quartzite, amphibo-
lite, and marble as well as gneiss (Hansen, 1956, p. 32-35).
Within this area, however, the biotite gneiss facies is
composed almost entirely of biotite-plagioclase-~quartz
gneiss, the predominant facies of the type locality (op.
cit., p. 32). Here and there within the biotite gneiss,
however, generally concordant concentrations of mica are
developed as true mica schists. These schist layers char-
acteristically are no more than a fraction of an inch thick,
but within several of the isolated inliers they attain
thicknesses of 5 or more feet.

Everywhere it has been studied in this area the biotite
gneiss contains quartz, sodic-plagioclase, and at least some
biotite. Compositional differences within the gneiss con-~
8ist chiefly of variations in the quartz-plagioclase ratio
and in the presence or absence of muscovite. Quartz is the
major mineral throughout the biotite gneiss facies and com-~
poses from 40 to 70 percent of the rock. Sodic plagioclase
makes up roughly 20 ;o 50 percent of the gneiss. The com-

position of the plagioclase normally ranges from An5 to



about An30' The only exception to the generally sodic
nature of the plagioclase was noted in a thin section from
the biotite gneiss exposed near Lubber Brook where it
crosses the Billerica-Wilmington town line. The gneiss with-
in this zone contains plagioclase of calcic andesine or
sodic labradorite composition, but is otherwise similar to
the bilotite gneiss exposed elsewhere within the Nashoba.
Biotite is the major varietal mineral of the bilotite gneiss
and normally composes from 5 to 25 percent of the rocks of
this facies. It ranges from a very high iron (almost black
in thin section) to a light phlogopitic variety. The bio-
tite is generally intensely pleochroic and locally includes
small blebs of quartz and plagioclase. Muscovite is present
throughout much of the biotite gneiss, but it is most con-
spicuously developed in the northern belt of the Nashoba
Formation. Garnet is a ubiquitous constituent of the gneiss
but generally composes less than 2 percent of the rock; it
occurs either uniformly disseminated through the gneiss or
in concentrations along contacts with quartz veins and
pegmatites. Other accessory minerals locally present within
the gneiss include sillimanite, magnetite, ilmenite, apatite
and zircon. Potassium feldspar is thought to be totally
absent from the biotite gneiss exposed within the map area.
Approximate modes of specimens from the biotite gneiss are
presented in table 11 and modal analyses and a chemical

analysis are given in tables 12 and 13 respectively.
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Table 12, Modal analyses of rocks from the Nashoba

Formationl

_A. _B.
Quartz 61.4 50.2
Plagioclase 20.9 33.6
Biotite 12.6 13.8
White mica 2.8 2.2
Sillimanite 1.9
Apatite .1 tr.
Zircon tr.
Opaque .2 .2

A(C-2), Biotite gneiss in roadcut along North St.,
150 ft. north of benchmark 213, Tewksbury.
Points counted: 1000. Plagioclase composition
Any7.4

B(L-979). Biotite gneiss from inlier in Andover
Granite along High Plain Rd., 1450 ft. west~-
northwest of High Plain Rd.-Beacon St. inter-
section, Andover. Points counted: 500. Plagio-
clase composition Anlo_

1/ All figures volume percent
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Table 13. Chemical analysis, norm, and modal analysis of

1/

biotite gneiss from the Nashoba Formation—

2/ 3/
Chemical analysis™ ~
8102 77 .9
A1203 10.4
Fe203 7
FeO | 3.2
MgO 1.4
Ca0 .64
Nazo 1.8
K20 1.9
Ti0, .67
P205 .13
MnO 08
H20 1.1
Co, <.05

Sum 100



Table 13,

(cont.)

Norm™

Quartz

Corundum

Orthoclase
Albite

Anorthite

Enstatite

Ferrosilite

Magnetite
Ilmenite

Apatite

Sum

AKX S
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55.96
4.59

11.12
15.19

2,50

3.51
4.35

.93
1,37

.34

99.86



Table 13.

(cont.)
Modal analysisi/
Quartz 61.4
Plagioclase 20.9
Biotite 12.6
White mica 2.8
Sillimanite 1.9
Apatite o1
Zircon tr.
Opaque .2

(C-2). Biotite gneiss in roadcut along North St,,

150 ft. north of benchmark 213, Tewksbury.

counted: 1000. Plagioclase composition Anl

U, S. Geological Survey Rapid Rock Analysis
Laboratory
All figures weight percent

All figures volume percent

Points

7+4

148



The high silica content and high A1203/K20+Na20+0a0
shown by the chemical analysis, together with the generally
large amounts of modal quartz present, leave little doubt
that the gneiss was derived from locally clay-rich aren-

aceous sediments,
Amphibolite

Amphibolite has been mapped in several localities
within the Nashoba Formation. The main body of amphibolite
crops out in the town of Billerica, and smaller masses occur
in the town of Wilmington.

The northeast trending amphibolite band cropping out
in Billerica is particularly well exposed immediately north
of Nutting Lake, where it may be almost 5000 feet wide and
very nearly this thick. Where it is exposed in Billerica
the amphibolite is a dense black, prominently and smoothly
foliated, steeply-dipping rock. It generally possesses a
thinly banded appearance owing to the presence of thin,
discontinuous feldspathic seams. Everywhere the amphibolite
is exposed it is8 uniformly fine grained and hypidioblastic.
Hornblende is the major constituent, and plagioclase and
quartz(?) occur in varying amounts. No microscopic study
was made of the amphibolite in Billerica, but it is presum-
ably similar in composition to the amphibolites of the
Nashoba Formation described in detail by Hansen (1956, p.
35-38). The most striking feature of this unit is its
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precise areal definition. It is apparently in no way trans-
itional with the biotite gnelss at either contact, and in
this sense it is unlike the majority of the amphibolites
common to both the Marlboro and Boxford Formations.

The amphibolite bands cropping out near Martins Pond
are no more than several tens of feet wide; they have been
delineated separately because of their unique nature. They
are gray to black, distinctly foliated, generally fine
grained, and locally porphyroblastic. The Martins Pond
amphibolites are composed chiefly of hornblende and plagio-
clase with accessory amounts of sphene, magnetite and pyrite.
Small amounts of epidote occur in tiny veinlets. Hormnblende
composes up to 50 percent of the amphibolite, and plagio-
clase of median andesine composition makes up about 40 per-
cent of the rock.

The only other amphibolite observed locally within the
Nashoba Formation occurs several hundred yards east of Silver
Lake in the center of the Wilmington quadrangle. The am-
phibolite exposed here is greenish gray to black, somewhat
gneissic, fine to medium grained, and hypidioblastic. It is
composed chiefly of highly altered plagioclase, common
hornblende, and zoisite. Sphene, sericite, and garnet occur
in accessory amounts, The sphene occurs in well-defined
Zones or veins and zoisite is disseminated throughout the
rock,

The origin of the amphibolites contained in the Nashoba



Formation is unknown. Hansen (1956, p. 36-38) has concluded
that the majority of the amphibolites exposed in the type
locality have been derived from limestone, but he feels that
some may be of volcanic origin. He has suggested that the
amphibolites ''were basic in character before migmatization
of the area started,” for the distribution of the amphibo-
lite bands 1is such that their presence cannot be explained
by the advance of a basic front. Jahns (1960, written com-
munication), however, doubts that these amphibolites origin-
ated from limestone, owing to '""the occurrence, in places
almost side by side, of amphibolites and 'clean' marbles in
the Ayer and Westford quadrangles.'" The field relations of
the amphibolite member north of Nutting Lake are suggestive
of a volcanic or even an intrusive origin. It is remotely
possible that this amphibolite represents a reef deposit in
the midst of an otherwise consistently uniform sequence of
arenaceous to locally argillaceous sediments. This possi-
bility is viewed with considerable doubt by the writer, for

one would have to resort to the use of very special mechan-

*;~g5imi-

isms to explain the obviously large amounts of iron, magnesia,

and alumina present. The composition of the "amphibolite"
in the central part of the Wilmington quadrangle is such
that it may very well be the metamorphic product of a silic-

eous limestone or dolomite.
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Hornblende Gneiss

¥hat is referred to here as hornblende gneiss occurs as
two narrow bands within and adjacent to the amphibolite
northeast of Nutting Lake. Neither band is more than about
300 feet wide, and both are apparently conformable with the
regional structure. The genesis of the hornblende gneiss
may be unrelated to that of the remainder of the Nashoba
Formation, and the rock is described at this point only for
convenience.

The hornblende gneiss exposed in the southeast band is
black to dark salt-and-pepper gray and is commonly stained
along joint surfaces by iron oxides. A8 far as may be deter-
mined from the few exposures present it is generally massive
to faintly foliated and shows little development of compo-
Ssitional layering. The texture is generally hypidioblastic
and ranges from fine to coarse grained, and from equigran-
ular through porphyroblastic and glomeroporphyroblastic.
Coarse laths of plagioclase that commonly include smaller
grains of hornblende locally impart a poikiloblastic appear-
ance to the rock.

The hornblende gneiss is composed chiefly of roughly
equal amounts of hornblende and plagioclase. The hornblende
is either an actinolitic or low-iron variety of common horn-
blende, for its color is distinctly lighter and more yellow-
ish than the common hbrnblende contained in adjacent amphib-

ilnm&plitic rocks. Hornblende occurs as tiny, uniformly



disseminated crystals, as aggregates of tiny crystals, and
as coarse-grained subhedral crystals. Compositional dif-
ferences among hornblende grains in the three separate
habits could not be detected through optical measurement.
The plagioclase composition ranges between An50 and Anso.
It is only slightly sericitized, shows no zoning, and occurs
for the most part as relatively coarse-grained laths.
Sphene is a prominent accessory mineral and commonly occurs
as fine-grained aggregates surrounding magnetite or ilmen-
ite crystals. Apatite composes up to 2 percent of the horn-
blende gneiss and occurs as tiny euhedral crystals. Epidote
has developed in scattered patches as a secondary mineral.
Although the only known occurrences of the hornblende
gneiss are closely associated with the amphibolites of the
Nashoba Formation, it is doubtful that the two rocks have a
common origin; their fabrics are completely dissimilar, and
it is difficult to conceive of a metamorphic process that
would selectively impose such unique characteristics on
rocks that initially belonged to a continuous, genetically
related sequence. Considerations of composition and occur-
rence suggest that the hornblende gneiss has been derived

from intrusive sills of gabbroic composition.
Metamorphism

The degree and nature of the metamorphism that brought

the Nashoba Formation to its present state are conjectural.



The mineral assemblages tabulated in column C in table 11
and column A in table 12 suggest locally intense (high
temperature) regional metamorphism within the sillimanite-~
almandine subfacies of the almandine amphibolite facies of
Fyfe, Turner, and Verhoogen (1958, p. 230-231). Mineral
assemblages developed away from the main body of the granite
(see column D, table 11), however, indicate that metamorphic
grade within the Nashoba Formation may drop to the stauro-
lite-quartz subfacies (op. cit., p. 229) or even lower.

The commonly occuring intergrowth between fibrolitic
sillimanite and muscovite in the more pelitic rocks of the
Nashoba, suggests that the sillimanite may have developed
from muscovite in response to rising temperature. However,
these same muscovite-sillimanite-~bearing rocks are apparent-
ly devoid of potassium feldspar that, in theory, should have
evolved with the concomitantly developing sillimanite; this
suggests in turn that the system may have been open with
respect to K and 320. Moreover, in several localities
adjacent to the Andover Granite the muscovite is almost
certainly post-~kinematic and probably post-dates the form-
ation of sillimanite. At least some of the muscovite, then,
may have formed from preexisting sillimanite in response to
potassium metasomatism associated with granitic intrusion.

Retrogressive effects in the Nashoba include the alter-
ation of biotite to chlorite and micaceous pseudomorphs

after garnet. Secondary epidote occurs locally in veins
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and as tiny disseminated blebs in plagioclase.

Correlation and age of the Brimfield-type

schist and Nashoba Formation

The Brimfield-type schist cropping out along the Merri-
mack River, is essentially continuous with roéks striking
southwest from Lowell that were mapped as Brimfield Schist
by Emerson (1917, pl. X). The mica schist that occurs in
Lincoln, Concord, and Sudbury is more or less continuous
with and occupies a stratigraphic position comparable to
that of rocks mapped with the Brimfield in Marlboro center
(Emerson, 1917, pl. X; pl. 2, this report). Correlation
of the remaining lenses of Brimfield-type schist with rocks
mapped elsewhere as Brimfield, is based entirely on litho-
logic similarity.

Emerson (1917, p. 77-78) concluded that the Brimfield
was at least in part the correlative of the Worcester
Phyllite (a unit that occurs sparingly, if at all, in this
area), and differed from the Worcester only in terms of
metamorphic grade. According to Emerson (op. cit., p. 77-
78), "even though these rocks (Brimfield Schist) are much
more metamorphosed, every effort to find boundaries separat-
ing them from the less altered rocks (Worcester Phyllite)...
in the Worcester area has failed." He goes on to say that
"I began the study of the rocks around Worcester with a

prejudice in favor of such boundaries and for a long time

| o
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urged my assistants to find them, but at last I gave up the
quest.” A third of a century later R. H. Jahmns, L., W,
Currier, M, E, Willard, and W. R. Hansen (Hansen, 1956,

p. 20) reached the same conclusion from detailed studies

of the rocks in the Ayer and Hudson quadrangles. Hansen
accordingly defined a new unit, the Worcester Formation, to
include both the Worcester Phyllite and Brimfield Schist of
previous reports.

Emerson's almost reluctant conclusion equating the
Brimfield Schist and Worcester Phyllite, recently has been
challenged by geologists working in supposedly equivalent
strata in Connecticut, According to J. L. Rosenfeld (1962,
oral communication) the Brimfield Schist of central Massa-
chusetts is the correlative of the Collins Hill Formation of
central Connecticut. Detailed mapping in the Middle Haddam
quadrangle of Connecticut by Rosenfeld and Eaton, indicates
that the Collins Hill Formation is in turn unconformably
overlain by the Bolton Group (Rodgers and Rosenfeld, 1956,
p. 19, fig. 3). Rosenfeld (1962, oral communication) since
has tentatively correlated a gray, non-rusty graphitic
8chist within the Bolton Group with the Worcester Phyllite.

To the extent that the preceding correlations are valid, the

Worcester Phyllite and Brimfield Schist are not correlative.

There is, however, a complicating factor pertinent to the
present discussion. Hansen (1956, p. 20) has pointed out

that whether or not the Brimfield-type schist east of



157"

Worcester should be correlated with the type Brimfield is
problematical, for 'the two areas are separate and the
schist is not exposed continuously between them.'" In fact,
studies by Callaghan (Wilmarth, 1938, p. 267) indicate that
the Brimfield Schist as presently mapped may include several
formational units that are stratigraphically distinct. The
conjectures of Rosenfeld and others, then, may be of limited
utility in solving this problem of possible equivalence be-
tween the Worcester Phyllite and Brimfield-type schist as
they occur east of Worcester.

As the Brimfield-type schist cropping out in the Hudson
and Ayer quadrangles is intergradational and conformable
across the strike with the Nashoba Formation, both units
apparently belong to the same general stratigraphic group.
This observation permits an alternate approach to the age
of the Brimfield-type schist relative to the Worcester Phyl-
lite. According to L. R. Page (1962, written communication),
examination of continuous exposure along the recently con-
structed Wachusetts aqueduct has confirmed an earlier sug-
gestion by Hansen (1956, p. 13-14), that the Nashoba and
Marlboro are conformable and transitional., Hansen's struc-
tural interpretation (1956, p. 51) is such that the Brim-
field-type schist lying to either side of the Nashoba belt
predates the latter formation. Page (1962, written communi-
cation), on the other hand, views the Marlboro-Brimfield-

Nashoba section as a massive homoclinal structure, such
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that the southern belt of Brimfield-type schist should be
older and the northern belt younger than the adjacent
Nashoba. Either way, however, as the Marlboro Formation
probably predates the Merrimack Group (certainly predates
it if the Rye and Marlboro are demonstrably correlative),
and the Merrimack Group in turn almost certainly underlies
the Worcester Phyllite (see discussion on age of the Wor-
cester Phyllite, this report), it follows that the rocks of
the Nashoba Formation and Brimfield-type schist underlie
rather than overlie the Worcester Phyllite as has been sug-
gested previously (Hansen, 1936, p. 21). It is tentatively
concluded, therefore, that the Brimfield-type sSchist and
Worcester Phyllite are not correlative.

There is little question that the Nashoba Formation
mapped here is actually correlative with that of the type
area, for one is easily traceable into the other. Within
this area the Nashoba pinches out to the northeast where it
is truncated against the lower member of the Boxford Form-
ation, that in turn grades upward into amphibolitic rocks
(upper member of the Boxford) tentatively correlated with
the Marlboro., Page (1962, written communication) has
studied a line of continuous exposure within the Nashoba

‘and Marlboro along the Wachusetts aqueduct and has concluded
that the Nashoba grades downward into the amphibolitic Marl-
boro. It seems unlikely, therefore, that the Nashoba and

Boxford are equivalent to any great extent.. Southwest of
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the Hudson quadrangle the Nashoba narrows conspicuously and
its possible correlatives in Connecticut are conjectural.

H. R. Dixon (1962, written communication) has concluded from
studies in eastern Connecticut that the Nashoba is probably
correlative with the upper part of the Putnam Formation,
Rosenfeld and Eaton (1963, oral communication), however,
have suggested recently that the Nashoba may be correlative
with the Hebron Gneiss, which in turn may be correlative
with the upper Collins Hill.

The preceding paragraphs are reflective of the shaky
nature of any geologic age assignment to the Brimfield-
Nashoba group. Emerson (1917, p. 78; 86=-87) and Hansen
(1956, p. 18-19) concluded that rocks mapped here with the
Brimfield-type schist and Nashoba Formation are Carbonifer-
ous, This conclusion, however, was based on their convic~-
tion that these rocks are continuous with or conformably
overlie the supposedly Carboniferous Worcester Phyllite.
However, the probable pre~Carboniferous age of the Marlboro,
together with the transitional nature of the Marlboro-Nashoba
contact, almost certainly rules out any possibility that the

Nashoba or Brimfield-~type schist are younger than Devonian.

- As the Marlboro Formation may be Ordovician, it is reason-

able to suppose that the conformable and transitional
Nashoba is of similar age. This supposition is substanti-
ated in part by the studies of Rodgers and Rosenfeld (1956,

pP. 23) which suggest that the Collins Hill (Brimfield-type



equivalent) is correlative with the Partridge Formation of
New Hampshire. The Partridge in turn is thought to be cor-
relative with the Cram Hill of eastern Vermont that has
been correlated along the strike with graptolite bearing
Middle Ordovician slates northwest of Lake Memphremagog,

Quebec.

Serpentinite at Lynnfield center

A small mass of serpentinite, the occurrence of which
has been known for many years (Hitchcock, 1841, p. 159), is
located in Lynnfield center. Owing to poor exposure it is
difficult to depict the configuration of the serpentinite
body, but it appears to be roughly conformable with the
regional strike, at least 13 miles long, and approximately
% mile wide,

The serpentinite is generally very dark gray, massive,
and ultra-fine grained, Fresh exposures have a mottled
appearance in which greenish material appears to be scat-
tered against a background of darker, mafic constituents.
It is prominently slickensided locally, and the slickenside
surfaces commonly manifest a dusky-~blue to gray-blue color.
The bluish substance is apparently a serpentine mineral.

The serpentinite ranges from an almost pure (95 per-
cent) antigorite rock to one in which serpentine minerals
compose no more than 50 percent of the rock. The less pure

varieties contain magnesium~-rich olivine, colorless
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amphibole, chlorite, magnetite, and small blebs of carbonate
as well as antigorite. The antigorite in all the specimens
examined occurs as a fine~grained, hypidiomorphic mat, that
is generally confined to more or less equidimensional blocks
devoid of other minerals. The ''veins'" separating individual
blocks of antigorite are composed chiefly of amphibole and
tiny blebs of magnetite. The olivine occurs in irregular
patches and is commonly veined by antigorite or chlorite.

It is clear, then, that olivine predates the antigorite in
part, but the paragenetic relationshipé between amphibole
and antigorite have not been established.

The origin of the serpentinite is conjectural. The
serpentinite cropping out in Lynnfield center is the only
substantiated occurrence of serpentinite in this area, and
there are thus no other occurrences with which it may be
compared. Sears (1905, p. 133) has reported serpentinite
from the extreme southwest corner of the South Groveland
quadrangle, but the writer was unable to confirm the pres-
ence of this occurrence. In addition, several natives of
Andover have told the writer of a "soapstone' deposit in
the southeastern section of their town, but the writer
again was unable to locate the deposit. As the serpentin-
ite at Lynnfield center is in no sense transitional with
the Marlboro Formation that together with various igneous
rocks presumably encloses it, it is tentatively concluded

that it has been derived through the alteration of an
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ultramafic intrusive, or by '"cold" intrusion of serpentin-
ite along one of the locally developed shear zones.

If the serpentinite is an intrusive rock, it is prob-
ably Ordovician or younger, for it is almost completely
surrounded by the Marlboro Formation. As Billings (1956,
p. 106) has observed that 'there are no authentic examples
in New England of ultramafic rocks cutting demonstrable
Silurian or Devonian rocks,"” the serpentinite at Lynnfield
center is assigned tentatively to the Ordovician. However,
its close association with a major east-northeast trending
movement zZone, currently thought to have been active
through Devonian time (see section on structural geology,
this report) suggests that it may be much younger than

Ordovician,
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Silurian(?) rocks

Metasediments of probable Middle Silurian age crop out
over the northern parts of the Lawrence and South Groveland
quadrangles., The age of these rocks is based chiefly on
their correlation with fossil bearing rocks in Maine, and
to some extent on their relationships to dated(?) rocks in
New Hampshire and Massachusetts. Although locally tightly
folded, the Silurian(?) rocks of this area are much less
metamorphosed than the Ordovician(?) rocks described in the

preceding sections.
Merrimack Group

The term Merrimack Group is employed here to include
the Kittery Quartzite and Eliot Formation. The name was
first proposed by Edward Hitchcock and subsequently formal-
ized by his son, C. H., Hitchcock, in 1870 (Wilmarth, 1938,
p. 1353). C. H., Hitchcock applied the name Merrimack Group
to the mica schists, slates and quartzites contained in the
valley of the Merrimack River in Massachusetts, and to
similar rocks in southeastern New Hampshire. This termin-
ology subsequently was modified by Crosby, Clapp, and Emer=-
son who referred to this belt of rocks variously as Merri-
mac Schist, Merrimac quartzite and schist, and Merrimack
Quartzite. In southeastern New Hampshire Billings (1952,

p. 23; 1956, p. 43) assigned the collective term Merrimack



Group to the Kittery Quartzite and Eliot and Berwick Form-
ations south of latlitude 43900', beyond which they had not
been separately mapped. Usage is essentially the same here,
except that the name is employed in a formal stratigraphic
sense to include a group of formations that are transitional
with each other, rather than in lieu of the differentiation
of individual formations.

Only a small part of the Merrimack Group is exposed
locally, and no estimates of its thickness may be made.
According to Sriramadas (in Billings, 1956, p. 43) the
Merrimack Group is 16,000 feet thick where it is exposed in
the Manchester quadrangle along Route 28 between Canoble
Lake and Massabesic Lake, New Hampshire.

Kittery Quartzite

The Kittery Quartzite was named by Katz (1917, p. 168)
for exposures of quartzite in the town of Kittery, Maine.
It occurs locally within a broad, poorly exposed east-north-
east trending belt that occupies the northern half of the
Lawrence quadrangle and the northwest corner of the South

Groveland quadrangle.
Actinolitic quartzite

An actinolitic quartzite facies has been delinesated
within the presumably lower part of the Kittery Quartzite

exposed here, i.e., toward the northwest across the strike.
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The separately mapped actinolitic quartzite is confined to
the northern half of the Lawrence quadrangle and is best
exposed around Methuen center. The rocks of this facies
differ from the quartzites that occur elsewhere in the
Kittery only in their actinolite content.

In hand specimen the actinolitic quartzite is a light-
to very-light-greenish-gray, massive to faintly-foliated
rock. Conspicuous compositional layering is generally
absent, but one thin interbed of micaceous quartzite was
discovered near Methuen center. Actinolite needles locally
show a preferred orientation, but unlike those in the quartz-
ites of the Lowell area (Jahns, 1948, p. 93), the actinolite
crystals here are generally too fine grained to allow
measurement of their orientation. The texture of the rock
is typically granoblastic to hypidioblastic and fine to
medium grained. Where the actinolitic quartzite has been
exposed for long periods, the actinolite crystals commonly
weather out leaving a characteristically pocked surface.

The actinolitic quartzite is composed chiefly of quartz
with notably lesser amounts of actinolite and biotite.
Chlorite, epidote, calcite, and sphene occur in accessory
amounts. The more actinolitic rocks are commonly but not
‘everywhere relatively free of biotite (see estimated mode
(A) in table 14).

The actinolitic quartzite apparently was derived from

a slightly to moderately impure, arenaceous sediment. The



Table 14. Estimated modes of rocks from the Merrimack Group

A(L=-17).

B(L-16).

C(L-1).

D(L-1) .

F—

E(G-8) .

Kittery Formation Eliot Formation

A. B, C. D. E.
Quartz 65 70 75 55 48
Plagioclase 10

Actinolite 10

Biotite 18 25 14 24 8
Chlorite 4 3 5

WVhite mica 1 13 30
Epidote 3 3 1

Apatite tr.

Carbonate 5

Sphene tr. tr.

Flourite tr.

Opaque 2 3 3

Actinolitic quartzite 2000 ft. south-southwest of
Pelham St.-Forest St. intersection, Methuen

Bilotitic quartzite 3400 ft. northwest of Pelham
St.-Cross 8t. intersection, Methuen

Biotitic quartzite adjacent to south abutment of
dam, Lawrence

Mica~quartz schist adjacent to south abutment of
dam, Lawrence (interbedded with C)

Sericite-quartz schist from Kittery Quartzite-Eliot

Formation transition zone 1400 ft. south of Mt.
Hayman, Boxford
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presence of actinolite, rather than some other mafic phase
common to the Kittery, is presumably reflective of an orig-
inal compositional variant. This is demonstrated on a micro-
scopic scale by the alternation of biotitic and actinolitic
layers that transect the regional foliation and obviously
have been subjected to the same degree and type of metamor-

phism (see figure 4B).
Undifferentiated Kittery Quartzite

The undifferentiated Kittery Quartzite consists of
massive to foliated quartzites and micaceous quartzites,
locally interbedded with quartz-mica schist. Fresh exposures
are typically gray to purplish-gray in color, but the rocks
are somewhat lighter and greener in the more massive facies.
The Kittery is one of the few formations in this area in
which bedding can be recognized unequivocally. Toward the
top of the Kittery, where its bedded nature is most con-
spicuous, the beds range from a few inches to approximately
24 feet in thickness. Alternating beds of micaceous quartz-
ite and quartz-biotite schist are particularly well develop-
ed in exposures adjacent to the dam across the Merrimack
River in Lawrence. Schistosity and bedding ordinarily are

not conformable, but their angle of divergence 1is generally
less than 20 degrees,

The quartzites are typically equigranular, fine grained,

and granoblastic, but a few large quartz grains occur

R o o
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Figure 4

A. Diagrammatic thin section sketch of specimen from
the Nashoba Formation exposed 300 feet southeast of Reser-
vation Rd.-Cutler Rd. intersection, Andover. The coarse-
grained knot is composed of quartz (q) and plagioclase
feldspar (f), and is partly surrounded by coarse-grained

mica (m).

B. Diagrammatic thin section sketch of actinolitic
quartzite from the Kittery Quartzite exposed 1500 feet
south-southeast of Pelham St.-Forest St. intersection,
Methuen, Zone of actinolite (a) needles transgresses the
general foliation of the rock determined by the orientation

of biotite (b) plates,.
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locally that may be unreconstituted sand grains preserved
from the original sediment. The rocks consist chiefly of
quartz and biotite together with minor amounts of actino-
lite, calcite, epidote, fluorite, and ilmenite. Quartz ocom-
poses up to 80 percent but probably averages less than 70
percent of the rock., The average biotite content is about
15 percent, but the quartzite locally consists of up to 2§
percent biotite. Calcite composes up to 5 percent of some
of the specimens and was probably a primary constituent of
the rock, as it was present to some degree in fully two-
thirds of the samples examined. Approximate modes of the
quartzite are given in table 14.

The locally interbedded schist beds are generally
thinner than the quartzite beds, averaging between 5 and 6
inches in thickness. They are also dull to purplish gray,
but consistently darker than the adjacent quartzites. Com-
positional layering is locally evident in thin sections of
the schist, but unlike the ''macrolayers' formed by alter-
nating layers of quartzite and schist, the very thin schist
layers commonly have been intensely contorted into small
isoclinal folds in which the axial planes parallel the
schistosity. The texture of the schist is hypidioblastic
fo granoblastic and generally very fine grained.

The schist interbeds are composed chiefly of quartz,
biotite, and sericite, with some chlorite and minor amounts

of ilmenite. Quartz is the predominant mineral in the
%m



schist and composes up to 50 percent of the rock. The major
compositional difference between quartzite and schist, other
than in the amount of quartz, is in the abundant sericite
in the schist. Biotite and sericite are for the most part
intimately intergrown and do not occur in segregated layers.
The undifferentiated Kittery Quartzite apparently was
derived from a series of somewhat argillaceous quartz sands,
With advancing geologic time these essentially arenaceous
sediments became progressively and rhythmically enriched in
pelitic constituents, such that most of the rocks in the
higher parts of the section cannot be accurately described
as quartzites., It is inferred that the changing character
of sedimentation reflected in the Kittery section, is

attributable to the effects of a generally transgressing sea.
Eliot Formation

The "Eliot slate” was named by Katz (1917, p. 169) for
exposures of this rock in the towns of Eliot and Kittery,
Maine, and Dover, Newington, Stratham, Exeter, Madbury,
Durham, and Lee, New Hampshire. The "Eliot slate'” since has
been renamed and redefined as the Eliot Formation by Bill-
ings (1956, p. 40), for "although slate is an appropriate
lithologic appellation in the type locality, it is not sat-
isfactory for those areas where the formation is more meta-
morphosed."

The Eliot Formation crops out locally in the north-
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central section of the South Groveland quadrangle. It is
conspicuously foliated and apparently structurally conform-
able and transitional with the adjacent Kittery Quartzite,
80 that the boundary between the two formations must be
arbitrarily defined. Those zones in which relatively mas-
sive quartzite is subordinate or absent are included here
with the Eliot Formation. All but one of the exposures of
the Eliot Formation contain some quartzite, but the quartz-
ite is typically argillaceous and more in the nature of a
quartz schist than that characteristic of the Kittery.

The Eliot Formation in this area consists of very
micaceous quartzite, sericite-quartz schist, and phyllite.
The quartzitic layers are medium gray, distinctly foliated
and fissile, and very fine grained. Where weathered the
quartzitic rocks commonly develop a splotchy, buff-colored
surface, apparently attributable to numerous small grains of
oxidized pyrite. In addition to quartz the quartzitic lay-
ers contain albite, sericite, biotite or phlogopite, plagio-
clase, and limonite. The phyllite is medium~ to silvery-
gray in color, somewhat slaty in appearance, extremely
fissile, locally crenulated, and ultra-fine grained. Seri-
cite, biotite, and quartz are thought to be the major phyl=-
"litic minerals, but chlorite may be prominent locally.

The Eliot Formation is clearly the metamorphic product
of a generally argillaceous, but partly arenaceous sedimen-

tary sequence.
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Metamorphism in the Merrimack Group

Metamorphic grade within the Merrimack Group is uniform-
ly low and thus contrasts sharply with that of the Ordovic-
ian(?) rocks to the south. It is inferred from the mineral
assemblages tabulated in table 14 that metamorphic grade in
these rocks 1is nowhere above the quartz-albite-epidote-
biotite subfacies of the greenschist facies (Fyfe, Turner,
and Verhoogen, 1938, p. 217-218, 223); along the eastward
extension of the Eliot Formation it may be even lower,
locally dropping to the quartz-albite-muscovite~chlorite

subfacies (op. cit., p. 219).
Correlation and age of the Merrimack Group

Exposures of the Kittery Quartzite and Eliot Formation
in this area are separated by approximately 10 miles from
corresponding rocks that have been traced southwestward from
their respective type localities in Maime and New Hampshire,
The Kittery and Eliot as such have been mapped along the
coast as far south as the Massachusetts border (Novotny,
1956, oral communication), but they have not been delineated
to the southwest. However, in a report describing the
geology of the Newburyport West quadrangle, Massachusetts,
Schneer (1957, written communication) defined separate quartz-
ite and phyllite units within the Merrimack Group. It is

not clear from Schneer's report whether he gives these units
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formational status within the Merrimack, but he does suggest
that the phyllite band may be correlative with the Eliot

Slate of Katz, It is evident from Schneer's map that the
phyllite band is roughly continuous with the Eliot Formation
mapped in the South Groveland quadrangle, and that the quartz-~
ite belt is more or less continuous with the Kittery Quartz-
ite in the Lawrence and South Groveland quadrangles, In

the latter instance, however, the separation between mapped
areas is at least 5 miles.

There is little doubt that at least two of the form-
ations of the Merrimack Group in southeastern New Hampshire
have their counterparts in northeastern Massachusetts.
Nevertheless, the precise division between these two form-
ations is conjectural., 1In this area the boundary between
the Kittery Quartzite and the Eliot Formation has been es~-
tablished according to the presence or absence of massive
quartzite layers. Billings (1956, p. 44), however, has in-
dicated that the Merrimack Quartzite of Emerson (what is
mapped here chiefly as Kittery Quartzite) is the probable
correlative of the Eliot Formation and is not the "equival-
ent” of the Kittery, for it "is at best an impure quartzite."
If Billings has employed the term "equivalent”" in a time-
Stratigraphic sense, the writer would certainly agree. 1In
a formational sense, however, the Kittery Quartzite of south-
eastern New Hampshire approximates the Kittery of this area

much more closely than does the Eliot Formation.



The age of the Kittery Quartzite relative to that of
the Eliot Formation is thought to have been satisfactorily
established in southeastern New Hampshire, where the Eliot
Formation conformably overlies the Kittery Quartzite around
the Rye anticline (Katz, 1917, p. 169; Novotny, 1956, oral
communication).

The geologic age of the Merrimack Group as yet has not
been established definitely and different writers have
assigned these rocks to periods ranging from Cambrian to
Carboniferous. The only direct evidence relating to the age
of the Merrimack is alleged to have reposed in the geolog-
ical museum at Amherst College, where there is supposed to
have been "a block of gray quartzite...which seems to be a
flattened cast of a calamite. One side is fluted and rusty
as if from the crumpling and removal of the epidermis, but
on the flat surface traces of the ribbing still remain and

bear a resemblance to that of Calamites cannoeformis. The

~ block was labeled simply 'Lowell, Mass.' by Edward Hitchcock,
and is supposed to have come from the Merrimack quartzite"
(Emerson, 1917, p. 59). Billings (1956, p. 102) has dis-
covered what he has termed 'pseudocalamites' in the Kittery
Quartzite north of Lawrence. The structure of the 'pseudo-
Calamites" is apparently inorganic and has resulted from

the intersection of foliation with a slightly folded quartz-
ite vein. It is not unlikely that Hitchcock's specimen is

similar in nature. 8Sears (1905, p. 84) has written of
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fossil-bearing Cambrian argillites from Methuen and Arche-
laus Hill in West Newbury. However, it is unclear from the
text whether Sears meant that these exposures actually con-
tained fossils or whether they were similar in appearance to
fossil-bearing rocks found elsewhere. The aforementioned
localities have been examined by a number of students, and
careful searching has failed to confirm the presence of
fossils in any of the rocks of the Merrimack Group.

Remaining evidence pertaining to the age of the Merri-
mack Group rests on (1) a series of somewhat tenuous strati-
graphic correlations and (2) radiocactive age determinations
on rocks intrusive into the Merrimack. Billings (1952,
pP. 23-29; 1956, p. 99-~105) has summarized the pertinent
field evidence and has demonstrated the plausibility, at
least, of assigning the Merrimack Group to the Silurian.

Two limiting approaches are available; one by way of cor-
relation with rocks underlying supposedly fossiliferous
strata in Massachusetts and New Hampshire, and the other
through direct correlation with fossiliferous units in
Maine.

The available evidence in central Massachusetts indi-
cates that the Merrimack Group is overlain by the Worcester
Phyllite (Emerson, 1917, p. 77; Hansen, 1958, p. 21; Jahns,
1952, p. 108). The Worcester in turn has been thought to be
Carboniferous by many workers (Emerson, 1917, p. 77; Hansen,

1986, p. 18-19), for it reportedly contains Carboniferous
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fossils. These fossil identifications are doubted by some
(Billings, 1936, p. 101) and it is not certain, furthermore,
that the allegedly fossiliferous strata are actually con-
tained within the Worcester Phyllite. Nevertheless, even
if a Carboniferous age is accepted for the Worcester, the
problem is not resolved, for the nafuro of the contact be-
tween the Worcester and the underlying Merrimack is debat-
able. Emerson (1917,'p. 77) has reported that the Oakdale
Quartzite (Merrimack Group equivalent) "grades into the
overlying Worcester phyllite by an easy transition, without
visible unconformity or interruption.” On the other hand,
studies in this same area by Novotny (1957, oral communi-
cation) suggest a pronounced angular unconformity between
the Oakdale and Worcester. Arguments presented by Hansen
(1956, p. 23) and Billings (1956, p. 102) also tend to sup-
port the view that an indeterminate hiatus may be reflected
by the Worcester Phyllite-Merrimack Group contact. Thus,
although a minimum age of Carboniferous probably is indi-
cated, field relations are such that the age of the Merri~
mack Group is not apt to be established through its relation-
ship to the VWorcester Phyllite.

According to Billings (1932, p. 24) the Littleton Form=-
ation of New Hampshire contains Lower Devonian fossils; in
the Mt. Pawtuckaway area the Littleton apparently conform-
ably overlies the Berwick Formation of the Merrimack Group
(Freedman, 1950, p. 475;476). This evidence indicates, as



noted by Freedman (1950, p. 488), that the Merrimack Group
probably is Lower Devonian or older.

Correlations with rocks in the Waterville, Maime area
(Billings, 1956, p. 103-104) suggest that the Merrimack
Group is probably Middle Silurian. Moreover, if it is
accepted that the Merrimack is as old as Silurian (as seems
likely), there is local evidence tending to corroborate
Billings' correlation with rocks older than Late Silurian.
The Merrimack apparently is completely free of volcanics,
yet Upper Silurian rocks developed locally (Newbury Form-
ation) are primarily volcanic. It seems doubtful that these
two units could have accumulated side by side during the
same geologic epoch with little if any volcanic contamina-
tion of the Merrimack.

Lead-alpha age determinations recently have been made
on rocks intrusive into the Merrimack Group in southeastern
New Hampshire (Lyons, et al., 1957, p. 336). The mean age
of these intrusive rocks as determined by this method is
294412 million years. These age determinations, at best,
then, do little more than support the probable minimum Car-
boniferous age of the Merrimack Group, already indicated by
its relationship to the Worcester Phyllite.

Several lines of evidence have been adduced that limit
the minimum age of the Merrimack Group, but there is no
satisfactory approach to the establishment of its maximum

age. If the Rye Formation can be dated independently as
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Ordovician, the Merrimack may be bracketed fairly certainly
between Lower Devonian and Ordovician. In summary, all the
substantive evidence available is most consistent with a

Middle Silurian age for the Merrimack Group.



Rocks of middle PPaleozoic age
Upper Silurian rocks

Volcanic rocks of almost certain Late Silurian age
crop out along the eastern edge of the Reading quadrangle.
The age of these rocks is based on their correlation with a
fossil bearing sequence exposed several miles east of this
area. Although arealy insignificant, considerable import~
ance may attach to these rocks as they provide a possible
means for establishing the maximum age of a large group of

igneous rocks thought to be intrusive into thenm.
Newbury Formation

Priestley Toulmin, IIXI (1957, written communication)
and J. B. Thompson récently have discovered a narrow, south-
west trending belt of interbedded volcanics and fossilifer-
ous sediments in the northwest quarter of the Salem quad-
rangle. The name Newbury Formation has been given to this
unit and "is an extension of the name Newbury Volcanic Com-
plex, applied by LaForge...to the rocks of the Parker River
area, south of Newburyport, Mass." (Toulmin, 1961, written
communication).

It is likely that the melanocratic rock exposed three-
quarters of a mile southeast of Middleton center belongs to
a volcanic facies of the Newbury Formation. This rock is

. medium to dark greenish gray and generally massive, but



there is a vague suggestion of foliation in parts of the ex-
posure. It is very fine grained and locally possesses a
porphyritic texture in which the phenocrysts reach a maximum
diameter of approximately 1 mm. The rock is composed chief-
ly of plagioclase, quartz, and epidote together with small
amounts of chlorite and dolomite(?). An approximate mode is
presented in table 15. Plagioclase composes up to 60 per-
cent of the rock and its composition is estimated to be
about Ang. It may contain up to 25 percent quartz, but as
the quartz occurs largely within the very fine-grained
groundmass, an accurate estimate of its percentage is diffi-
cult. Epidote is unusually abundant and composes from 15

to 20 percent of the rock. The epidote occurs chiefly as
tiny grains scattered throughout the feldspar phenocrysts
and is not confined to well-defined zones or veins,

A second group of rocks correlated with the Newbury
Formation crops out north of the Ipswich River in the extreme
east-central section of the Reading quadrangle. These ex-
posures consist of thinly-layered, aphanitic flesh-colored
rocks sharply transitional with a lighter colored, porphy-
ritic, massive facies.

The thinly-layered rock is composed chiefly of feldspar
and quartz with accessory amounts of sericite and epidote.
The feldspar includes both plagioclase and potassium feld-
Spar, but it is difficult to estimate the relative amounts

of the individual feldspar phases present, owing to the



Table 13. Estimated modes of rocks from the Newbury

Formation
_A. B
Quartz 15 30
Plagioclase 60 40
Orthoclase(?) 21
Chlorite 3
White mica 8
Epidote 20 1
Carbonate 2

A(R-36). Dark gray porphyry south of Oakdale Cemetery
along east side of Ipswich River, Middleton

B(R-118). Flesh colored aphanitic rock 1700 ft,
southwest of South Main St.-River St. inter-

section, Middleton



fine-grained nature of the rock and the moderate degree of
feldspar alterat;on. Quartz probably makes up less than
one~third of the rock, and sericite and epidote (which have
been derived chiefly from alteration of feldspar) together
compose no more than 10 percent. An estimated mode of the
thinly-~layered rock is given in table 15. The lighter
colored porphyry is characterized by the presence of spheri-
cal phenocrysts of quartz up to 2 mm. in diameter, set in an
aphanitic groundmass. The porphyritic rock was not examined
in thin section, but its mineral assemblage probably approxi-
mates that of the thinly-layered rock,

The composition of the leucocratic rocks described
above is strongly suggestive of a sodic rhyolite, and the
texture of the porphyry makes it virtually certain thay
these rocks are at least in part volcanic. The origin of
the melanocratic rock exposed southeast of Middleton center
is less clear., The writer initially considered this rock a
metavolcanic, but its mineralogical composition and the
nature and degree of its alteration closely parallel that of
the adjacent Newburyport(?) Quartz Diorite, which suggested
that it might be a border facies of this unit. Toulmin
(1960, written communication), however, has discovered
rounded quartz phenocrysts in nearby exposures of this same
rock in the Salem quadrangle, which suggests that it is
volcanic in origin and improbably correlative with the New=-

buryport(?) Quartz Diorite.

Bdase .
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Correlation and age

The metavolcanic rock exposed southeast of Middleton
center is correlated with the Newbury Formation because (1)
it is presumably an extrusive rock, and (2) it is on strike
with the fossiliferous Newbury Formation exposed 13 to 2
miles to the northeast. The leucocratic volcanic rocks are
correlated with the Newbury chiefly because of their great
lithologic similarity to volcanic rocks within the main
belt of the Newbury Formation exposed in the Georgetown
quadrangle.

The Newbury Formation is the only paleontologically
dated unit in northeastern Massachusetts. According to W,
B. N. Berry and A. J. Boucot (1962, written communication)

. the Newbury "has yielded rhynchonellids and ostracods which
may be of Ludlow age, but the fossil collections are not
conclusive," and it is possible but doubtful that they could
be of Devonian age. However, fossiliferous rocks almost
certainly derived from the Newbury Formation have been dis-
covered recently in glacial outwash deposits exposed in the
Georgetown quadrangle. According to Boucot (1963, oral
communication) these rocks contain a definitive Ludlovian
fauna, and thus support the assignment of the Newbury Form-

ation to the Upper Sillurian (or uppermost Middle Silurian).
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Rocks of late Paleozolc age
Devonian(?) metasedimentary rocks

Metasediments tentatively assigned to the Lower Devon-
ian crop out in the Lawrence quadrangle. These rocks are
probably the youngest of the metasediments exposed in the
area, but their minimum geologic age is particularly tenuous.
Their age is inferred chiefly from their probable relation-
ship to the Merrimack Group and from correlations with simi-
lar rocks in New Hampshire and Connecticut. Although local-
ly contorted or otherwise deformed, none of the Devonian(?)

metasediments are higher grade than greenschist faciles.
Worcester(?) Phyllite

Rocks included here with the Worcester Phyllite crop
out in South Lawrence, just north of Mt. Vernon Park. Ex-
posures of the Worcester(?) are the poorest of any formation
in the area, and the writer is very uncertain of the areal
distribution of this unit. Rocks locally mapped with the

Worcester include conglomerate as well as phyllite.
Harvard Conglomerate Lentil

The Harvard Conglomerate was first described and named
by W, O. Crosby (Wilmarth, 1938, p. 921). Emerson (1917,
pP. 66-67) subsequently redefined and renamed the unit the

.. Harvard Conglomerate Lentil, a usage retained by Hansen (1956,



p. 20-23) in his report on the Hudson and Maynard quad-
rangles. The Harvard Conglomerate occurs in the Hudson
quadrangle as a band up to 2,000 feet wide (Hansen, 1956,
pl. 1), but it gradually thins to less than 200 feet as it
is traced northeastward,

The presence of the Harvard Conglomerate in this area
has been established by Jahns (1957, written communication).
He has reported conglomerate from three exposures; one along
the south shore of the Merrimack River near the western
border of the Lawrence quadrangle, another on a small knob
2,200 feet southwest of the intersection of Andover Street
and South Broadway in South Lawrence, and a third "800 feet
south-southeast of Andover Street and 2,100 feet west-south-
west of South Broadway." Unfortunately none of these con-
glomeratic exposures has been seen by the writer., When
visited by the writer the exposure along the river was
thickly coated with slime and no identifiable conglomerate
was discovered in the course of systematic sampling. Grant-
ing its existence, however, its close geographic association
with the Brimfield-type schist, as opposed to phyllitic
rocks more typical of the Worcester, suggests that it is
improbably correlative with the Harvard; thus it has not
been included with the Harvard on the geologic map. The
exposures in S8outh Lawrence apparently were obliterated
during construction shortly after being visited by Jahnmns,

and careful examination of the rubble failed to confirm the
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presence of the conglomerate.

According to Jahns (1957, written communication), the
Harvard Conglomerate in the Lawrence quadrangle is almost
identical to that exposed to the southwest, and consists of
a series of interbedded pebble and phyllite or schist layers.
The pebble beds within the conglomerate formerly exposed in
Lawrence are as much as 15 inches thick. The pebbles have a
maximum dimension of approximately one-half inch but are gen=-
erally '"pea-sized'; they consist chiefly of quartzite and
what is apparently a sandy schist. The matrix and the mater-
ial interbedded with the pebbly layers consist chiefly of
"punky'" quartzitic schist and dull-greenish-gray phyllite.
Jahns has concluded that the Harvard Conglomerate exposed in
the city of Lawrence is no more than and possibly less than
10 feet thick.

The Harvard Conglomerate of the type area was considered
a basal conglomerate by Crosby (Wilmarth, 1938, p. 921) and
its stratigraphic situation in both the type locality and
this area is not inconsistent with this view. Nevertheless,
the description of the locally developed Harvard supplied by
Jahns accords with that of a turbidite, and data are insuf-
ficient to draw any definitive conclusions on the deposition-

al enviromment of the Harvard Conglomerate in this area.
Undifferentiated Worcester(?) Phyllite

Exposures of the Worcester(?) Phyllite exclusive of the

Harvard Conglomerate, are limited to several outcrops in



188

South Lawrence.

A dark, blue-gray phyllite similar to that exposed in
the type locality of the Worcester Phyllite, occurs in South
Lawrence. The phyllite exposed here is prominently foliated,
highly contorted, (see plate 19A), and devoid of recogniz-
able bedding or compositional layering of any sort. 1t is
composed of muscovite, chlorite, quartz, and a small amount
of what is tentatively identified as graphite. Muscovite
and chlorite are the predominant phases, but quartz com-
poses up to 30 percent of the rock. The average grain size
of the phyllite is between 0.01 and 0.02 mm., but relatively
large quartz grains, up to 0.5 mm. in length, are also
present.

The undifferentiated Worcester(?) Phyllite is thought
to have been derived from a series of locally carbonaceous,
argillaceous rocks. The metamorphic grade of the phyllitic
rocks in South Lawrence probably falls within the quartz-
albite~muscovite-chlorite subfacies of the greenschist

facies (Fyfe, Turner, and Verhoogen, 1958, p. 219).
Correlation and age of the Worcester(?) Phyllite

Rocks locally mapped with the Worcester Phyllite are
correlated with those of the type locality primarily for two
reasons: (1) the Harvard Conglomerate has been traced through
to this area from the type locality by R. H. Jahns and M. E,

Willard (1952, oral communication); (2) the phyllite exposed
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Plate 19

A. Photomicrograph of highly contorted Worcester(?)

Phyllite exposed 1900 feet west-northwest of Broadway-Mt.

?§Vernon St. intersection, South Lawrence. No systematically

%arranged structural elements could be discerned in the out-

.crop area and this structural heterogeneity is apparently

characteristic of the phyllite down to the field of a single

thin section. Plane light,

B. Photomicrograph of highly sheared gabbro or diorite
from the Dracut Diorite exposed near the top of Nickel Nine

Hill, Dracut. p, plagioclase; a, amphibole; my, mylonite.
Plane light.






in South Lawrence bears a striking resemblance to that of
the type area. B8hould either of the preceding reasons prove
inadequate, the presence of the Worcester Phyllite in this
area should not be easlly demonstrable. For example, it is
" at least possible that the phyllite is actually correlative
with the Eliot Formation rather than the Worcester. This is
presently considered unlikely only because there is evidence
of a hiatus between the Kittery and Worcester(?) that is not
known to occur between the Kittery and Eliot (see below).

Two specific lines of evidence indicate that the Wor-
cester Phyllite overlies the Merrimack Group. According to
Emerson (1917, p. 77) "in pitching folds the Oakdale (Merri-
mack Group equivalent north of Worcester) regularly passes
under the Worcester." Moreover, Jahns (1941, p. 1911) has
noted that the Harvard Conglomerate ''contains pebbles that
appear to be of Merrimack quartzite,' suggesting a hiatus
between the deposition of the Merrimack and the Worcester.
The age of the Worcester Phyllite relative to other meta-
sedimentary units in this area cannot be established direct-
ly.

The Worcester Phyllite has been assigned to the Carbon-
iferous by almost every geologist who has investigated this
unit (Perry, 1885, p. 157; White, 1912, p. 114; Emerson,
1917, p. 63-64; Hansen, 1956, p. 18-19). This age assign-
1ent has been based almost entirely on the discoveries by

‘erry (1885, p. 157) and White (1912, p. 114) of Carbonifer-
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ous plant fossils in the graphitic anthracite of the old
Worcester coal mine that is thought to lie within the Wor-
cester Phyllite. Billings (1956, p. 101), however, has
questioned the identification of these fossils and has sug-
gested that the "fossils'" may be '"two sets of crinkles inter-
secting at such an angle as to simulate lepidodendron."”
Furthermore, there is a distinct possibility that a hiatus
exists between the fossil-bearing strata and most of the
rocks generally mapped with the Worcester Phyllite. The
areal relations are obscure in the vicinity of the Worcester
coal mine, and no evidence has been adduced to date that
tends to confirm or refute the possibility of a hiatus.

It is reasonable to suppose from its relationship to
the Merrimack Group that the Worcester Phyllite is probably
post-Middle Silurian. Furthermore, Rosenfeld (1962, oral
communication) and others have indicated that the Worcester
is probably correlative with the phyllitic, upper part of
the Bolton Group in Connecticut. Rosenfeld in turn has
correlated the upper Bolton with the Lower Devonian Little-
ton Formation of New Hampshire. Assuming that the suggested
correlations are valid, the Worcester Phyllite is assigned

here to the Lower Devonian.
Devonian(?) igneous rocks

Rocks described under this heading are confined to a

8ingle small pluton cropping out along the western edge of
E' T _
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the Lawrence quadrangle. The geologic age of these rocks is
inferred from the probable age of the rocks they intrude,
and from their relationship to adjacent and presumably

younger Devonian or Carboniferous igneous rocks.
Dracut Diorite

The name "Dracut diorite' was applied by Emerson (1917,
p. 221-223) to a group of intrusive rocks exposed near
Lowell and Dracut, Massachusetts. The easternmost stock of
the Dracut, and the only one that occurs in this area, was
believed to be essentially norite and was so named by both
Fairbanks (Wilmarth, 1938, p. 630) and Dennen (1943, p. 26-
41). Emerson's usage is retained in this report, however,
as the term norite 1is considered too restrictive for the
diverse rock types contained within the pluton. Inasmuch
as this particular stock has been studied in relative detail
by Dennen and Jahns (1953, oral communication), only a curs-
ory petrographic examination has been attempted.

The Dracut Diorite of this area occurs almost entirely
within the Lawrence quadrangle where it forms the eastern
end of a small stock intruding the Kittery Quartzite. Rocks
exposed within the stock vary markedly in mineralogical com-
position, but no attempt has been made to map the several
easily distinguishable types, owing to the heterogeneity of
the formation and the generally poor exposure. The most

prominent rock type exposed is diorite or gabbro, but

o
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tonalite crops out locally. Thin stringers of granitic peg-
matite, probably related to the nearby Andover Granite, cross-
cut the diorite, and Jahns (1960, written communication) has
discovered pods and dikelets of gabbroic pegmatite within

the Dracut. Xenoliths of impure quartzite are common, par-
ticularly along the southeastern margin of the stock.

Fresh exposures of the Dracut range in color from al-
most black in the more mafic varieties, to light gray in the
tonalite. A faint to pronounced greenish hue, probably
attributable to the presence of alteration products, is pres-
ent in almost every exposure. Weathered outcrops locally
are stained with iron oxides, but they are generally lighter
than corresponding fresh exposures. The rocks of the Dracut
are essentially massive, but a crude foliation occurs in ex-
posures near its contact with the Kittery Quartzite and in
parts of Nickel Mine Hill. The several facies in places
form a breccia, and fully half the thin sections examined
manifested some evidence of extensive shearing along thin
zones, generally only a fraction ofa millimeter in thickness
(see plate 19B). The massive rocks are generally hypidio-
morphic, medium grained, and equigranular, becoming somewhat
porphyritic along the south flank of Nickel Mine Hill,

The dioritic and gabbroic rocks of the Dracut are com-
posed chiefly of plagioclase, pyroxene, and hornblende.
Highly sericitimed plagioclase composes from 15 to 60 per-~

cent of the rock., It ranges in composition from about An4o
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to Anso. Dennen (1943, p. 36-37) has reported bytownite
from the Dracut, and it is conceivable that some of the
highly altered plagioclase observed by the writer may go
above Anso. Plagioclase zoning 1is not uncommon, but it
generally is better reflected by differential alteration
than it is by differences in extinction angle. According

to Dennen (1943, p. 37) "plagioclase was seen to be younger
than the pyroxene” in every thin section studied; the writer,
however, was unable to adduce paragenetic criteria suggest-
ing that crystallization of either mineral species preceded
the other., Pyroxene and amphibole together compose from 30
to 80 percent of the diorite exposed away from the margin

of the stock. Pyroxene was seen in every thin section ex-
amined from the central part of the stock, but the particu-
lar species was identifiable (as augite) in only one or two
cases. Hypersthene has been reported as a major constituent
of the Dracut by Demnen (1943, p. 37) and Jahns (1960, writ-
ten communication), but no orthopyroxene was positively
identified by the writer. The pyroxenes commonly are mantl-
ed by chlorite selvages, and, according to Dennen (1943,

P. 51), show greater alteration than do the feldspars. This
was not the case 1in those sections examined by the writer.
The amphiboles consist largely of green to brown hornblende
that occurs chiefly as reaction rims surrounding pyroxene.
Tremolite and actinolitic tremolite were seen in several of

the more highly altered specimens, but it is doubtful that
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they are primary phases. Olivine, apparently in major quan-
tities, was reported by Dennen (1943, p. 38) from noritic
rocks, but it was not observed in the limited study made by
the writer. Apatite, rutile, magnetite, and ilmenite occur
in varying amounts as accessory minerals. Sulfides are
scattered throughout the more mafic parts of the stock, but
they are concentrated in a small zone on the north side of
Nickel Mipe Hill. As the name suggests, this area was once
exploited for the nickel that occurs within thils sulfide
pocket. The nature and extent of the deposit are considered
in a subsequent section.

Exposures of the tonalitic facles of the Dracut are
confined to a small area adjacent to its contact with the
Kittery. The tonalitic rocks manifest a more pronounced
foliation and are generally more sodic than the rocks toward
the center of the stock. Plagioclase has an average compo-
sition of about An30 and composes from 55 to 65 percent of
the rock., In general, zZoning is more apparent and alter~
ation less intense than in the plagloclase contained within
the less siliceous facies. Quartz, essentially absent in
the central part of the stock, composes up to 25 percent of
the tonalite. The major mafic constituent of the tonalite
is locally altered biotite. Small amounts of hornblende
also were seen, but no pyroxene was observed. Accessory
minerals of the tonalite are approximately the same as those

of the more melanocratic facies, except for the apparent

[P
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absence of sulfides.
Origin

The Dracut stock is an intrusive igneous body. The
origin of its several facies and the nature of its observed
alteration are more speculative matters. Emerson (1917,

p. 223) suggested that the Dracut Diorite is "of the same
general age as the Ayer granite, but slightly older, and...
represent(s) the first solidified and more mafic portion of
the magma, which crystallized into a rock richer in biotite
and other mafic minerals and poorer in quartz and orthoclase
than the normal (Ayer) granite.”" This, in essence, 18 the
view taken by Jahns (1957, oral communication) in explaining
the composite Dracut stock north and west of Lowell. The
reason for the relatively altered character of many of the
Dracut rocks is particularly obscure. Dennen (1943, p. 51)
felt that hydrothermal alteration of the norite was negli-
gible, but it is hardly negligible relative to that obtain-
ing in surrounding rocks. The hydrothermal alteration is
attributed by the writer to late magmatic or deuteric activ-
ity, rather than to post-intrusion phenomena, because: (1)
evidence of hydrothermal alteration is much more pronounced
in the Dracut Diorite than in the surrounding rocks; (2)
with the exception of the area around the abandoned nickel
mine, alteration effects are not concentrated in specific

zZones but are scattered irregularly throughout the more

~mafin narteg of the stock.
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Correlation and age

The Dracut Diorite is unique within this area and doubt-
fully correlative with any other locally exposed rock. There
is some similarity between the tonalitic rocks of the Dracut
stock and those of the nearby Sharpners Pond Tonalite, but
the more mafic facies are dissimilar in terms of essential
mineral composition and degree and type of alteration. It
may also be significant in this regard that the Dracut is
intrusive into the Merrimack Group, whereas the Sharpners
Pond is not known to be intrusive into the Merrimack in this
area. The gross composition of the Dracut is similar to
that of the Salem Gabbro-Diorite exposed in Salem (Clapp,
1921, p. 21), but a suggested correlation should be com-
pletely speculative.

As the Dracut is clearly intrusive into the Kittery
Quartzite, it probably postdates all the metasediments in
the area (excepting, perhaps, the Newbury Formation and
Worcester(?) Phyllite). 1If the Kittery is assumed to be
Middle Silurian, and the younger(?) Andover Granite is con-
sidered Acadian in age, the Dracut Diorite is probably

Devonian.

Devonian or Carboniferous igneous rocks
(Subalkaline intrusive series)
In keeping with the terminology of Clapp (1921, p. 21~

.28) and Toulmin (1961, written communication), a major group
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of locally developed igneous rocks has been designated as
the subalkaline intrusive series. The rocks of the sub-
alkaline series range in composition from gabbro-diorite to
siliceous alaskite and pegmatite and fall within the pera-
luminous and, to a lesser extent, metaluminous groups of
Shand (1951, p. 228-229). The assignment of separately
mapped members to this series, however, stems only in part
from peculiarities of chemical composition; inclusion in the
intrusive series is based much more on considerations of
phase composition, petrographic characteristics, and general
field relationships. The Sharpners Pond Tonalite and And-
over Granite together comprise fully 90 percent of the sub-
alkaline intrusive series cropping out within the map area.
The assignment of other units to this series is based chief-
ly on their tentative correlation with either the Sharpners
Pond or the Andover.

Determination of the geologic age of these rocks is
dependent in large part on subtleties of occurrence and to
some extent on their relationship to presumably younger,
radiometrically dated igneous rocks. Relative ages between
units have not been established in all cases, and the follow-
ing order of presentation does not necessarily reflect their

order of emplacement.

Sharpners Pond Tonalite

. [ H
I A € i

The Sharpners Pond Tonalite has- been named for the
/



generally melanocratic ignecus rocks, well exposed in the
vicinity of Sharpners Pond, North Andover (Castle, in re-
view). Most of the rocks included here with the Sharpners
Pond formerly were mapped under the name Salem Gabbro-
Diorite (see plate 2). However, an average mode for all
the rocks contained within the Sharpners Pond would fall
well within the tonalite and well outside the gabbro-diorite
range. Moreover, there now appears to be reason for doubt-
ing the age equivalence of the Sharpners Pond with the type
Salem (Toulmin, 1958, written communication). It is for
these reasons that these rocks have been described under
this new name, recognizing nevertheless that some sort of
equivalence between the Sharpners Pond and the Salem is not
at all unlikely. The Sharpners Pond Tonalite has been di-
vided into three separate but transitional facies for pur-
poses of mapping and description; (1) hornblende diorite,
(2) biotite-hornblende tonalite, and (3) biotite tonalite.
The basis of mapping is the preponderance of the named
lithology in the area so mapped, and the threefold classi-
fication thus is somewhat arbitrary.

The Sharpners Pond Tonalite occupies 40 to 50 square
miles of the area considered in this report. The greater
part of the formation crops out in the South Groveland and
Reéding quadrangles where it intrudes the Westboro-type
quartzite and Marlboro -and Boxford Formations. Lesser

amounts occur in the southeastern section of the Wilmington
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quadrangle, and a few ''sills' adjacent to outliers of Brim-
field-type schist have been mapped in the southeastern quart:
er of the Lawrence quadrangle. Outside of the Lawrence
quadrangle exposures of the Sharpners Pond are generally
good, and contacts with the rocks it intrudes are more

accurately defined than most.
Hornblende diorite facies

The hornblende diorite facies crops out over more than
half the area mapped with the Sharpners Pond Tonalite, and
it is best developed in the eastern and southeastern parts
of the map area. There are very few localities, however,
where it (or any other facies for that matter) is present
to the complete exclusion of the other facies of the form-
ation. The hornblende diorite facies is found in its purest
form in intrusions of the Sharpners Pond in the northeast
corner of the South Groveland quadrangle, and in the north-
east section of the Reading quadrangle.

The rocks of the hornblende diorite facies are charac-
teristically melanocratic, ranging from black to dark green-
ish gray. They are generally massive, but planar structures
are manifested locally (see figure 5A). The presence of
foliated hornblende diorite within the Sharpners Pond cre-
ates an important mapping problem, for some of these rocks
probably would have been mapped with the Marlboro amphibo-

lites had they been observed in isolated exposures.



Figure 5

A. Diagrammatic sketch of gneissic diorite (d) of the
Sharpners Pond Tonalite exposed at south end of Bruin Hill,
North Andover. Note that long axes of inclusions of the
Boxford Formation (b) roughly parallel the foliation within

the host,

B. Diagrammatic sketch of outcrop in the Sharpners
Pond Tonalite 3900 feet east of northern tip of Creighton
Pond, Middleton. Fine-grained diorite (fd) apparently has
been intruded along a rude fracture system by a coarse-
grained, lighter-colored diorite (d). Medium-grained
biotitic tonalite or granodiorite (b) subsequently intruded
the rock along the pre-established path of earlier dioritic

intrusion.
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The hornblende diorite is generally equigranular, med-
ium to coarse grained, and hypidiomorphic to allotriomorphic
in texture (see plate 20). Poikilitic textures (figure 6A)
are uncommon but present. Porphyritic textures were obser-
ved in fine-grained hornblende gabbro(?) dikes crosscutting
the Fish Brook Gneiss, but it is not certain that the dikes
are related to the Sharpners Pond. Poorly developed por-
phyries also were seen in the northeast corner of the South
Groveland quadrangle and in roadcuts in the extreme south-
western part of the Reading quadrangle. Where crosscutting
relationships occur among the rocks of the hornblende dio-
rite facies, the coarser grained facies are generally young-
er (see figure S5B), but age relationships between porphy-
ritic and equigranular types are obscure.

Rocks mapped with the hornblende diorite facies include
some tonalite and minor amounts of gabbro. A slightly
quartzose hornblende diorite is the most representative rock
of the hornblende diorite facies (see table 16) . Rocks in-
cluded with this facies are composed chiefly of plagioclase
and hornblende, together with varietal amounts of quartz and
biotite. The most common accessories include sphene, apatite,
and magnetite. 8econdary chlorite and epidote together com-
pose up to 15 percent of some of these rocks. Plagioclase

composition ranges from An to An and averages around

28 58
An40_45. Generally normal, but vaguely defined zoning is

not uncommon in the plagioclase, but it was totally absent



- rangle, p, plagioclase; C, chlorite; e, epidote; h, horn-

blende; m, magnetite, Plane light.






Figure 6

A. Diagrammatic thin section sketch of specimen

: taken from brecciated zone of hornblende diorite facies of

the Sharpners Pond Tonalite exposed 3800 feet east-south-

- east of eastern tip of Creighton Pond, Middleton. The
dioritic breccia clasts are set within a granitic host and
microcline crystals up to 4 mm. long are scattered irregul-
arly through the diorite in the vicinity of the granite
host., The microcline (m), as shown in this sketch,
poikilitically (or poikilob<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>