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INTRODUCTION

Rocks of the Brewer Lake 7.5’ quad ran gle in clude Late
Pre cam brian(?) to De vo nian(?) meta sedi ments of the Passagas-
sawakeag, Cope land, Vassalboro, and Bucksport For ma tions,
the Rider Bluff mem ber of the Cope land For ma tion, and the
Mixer Pond mem ber of the Passagassawakeag For ma tion; the
Late Si lu rian to Early De vo nian Stricklen Ridge gran ite; and the
De vo nian Lu cerne pluton.  The metasedimentary se quence was
de formed by pre-Late Si lu rian iso cli nal fold ing and sub se -
quently in truded by the Stricklen Ridge gran ite and meta mor -
phosed by an am phi bo lite fa cies event.  A sec ond fold ing event
de formed this se quence prior to in tru sion of the Lu cerne pluton.
Right-lat eral strike-slip duc tile shear ing oc curred along the
Norumbega fault zone.  High-an gle, post-meta mor phic brit tle
faults and fractures parallel the ductile shear zones.

The bed rock ge ol ogy ex plained and il lus trated in this re -
port is the re sult of map ping by the au thor for his Mas ters re -
search at Vir ginia Poly tech nic In sti tute and State Uni ver sity and
by Wones (un pub lished data) dur ing his re search on the Lu cerne
pluton.  De scrip tions of units mapped only by Wones
(Passagassawakeag For ma tion, Mixer Pond mem ber,
Vassalboro For ma tion, and Lu cerne pluton) were com piled by
the au thor as in ter preted from John son and Wones (1984, 1985),
Kaszuba and Wones (1985), Loiselle and Wones (1983), Stew art 
and Wones (1974), Wones (1974, 1976, 1978, 1980, and un pub -
lished data), and Wones and Stewart (1976).

METASEDIMENTARY  ROCKS

Passagassawakeag For ma tion

The Passagassawakeag For ma tion (Bickel, 1976) is a
quartz-feld spar-bi o tite gneiss in ter ca lated with lay ers and
boudins of bi o tite schist.  The type lo cal ity is at the head wa ters of 
the Passagassawakeag River in the Bel fast area (Bickel, 1976).
The Passagassawakeag For ma tion crops out in the west ern por -
tion of the Brewer Lake 7.5’ quad ran gle and ex tends from the
Norumbega fault zone in the north to its con tact with the Cope -
land For ma tion to the south.  The Passagassawakeag For ma tion
crops out in a ~10 km wide belt that ex tends ~5 km to the south -
west into the Bel fast area.  The thick ness of this unit is un known,
but in the Bel fast area it is es ti mated to be ~300 m (Bickel, 1976).

Gneissic lay ers of the Passagassawakeag For ma tion are
light-col ored and pre dom i nantly com posed of me dium-grained
quartz, plagioclase, K-feld spar, and bi o tite.  Feld spar also oc curs 
as coarse-grained augen.  The pres ence of these augen is char ac -
ter is tic of the unit and prompts the nick name “pop corn gneiss.”
Schist lay ers and boudins are gray in color and less abun dant
than gneiss lay ers.  The schist is min er al og i cally sim i lar to the
gneiss, but con tains more bi o tite.  Schist and gneiss lay ers are
interlayered on a cm- to m-scale and of ten dis play pinch-and-
swell struc ture.  Sillimanite- and gar net-bear ing meta mor phic
as sem blages com monly oc cur, but it is not known if sillimanite is 
the prod uct of re ac tions in volv ing an da lu site or mus co vite +
quartz.  Nu mer ous gra nitic and peg ma titic dikes and sills in trude
these gneiss es and are thought to be related to the Stricklen
Ridge granite.

1

Ed i tor’s note:  Field work for this pro ject was com pleted in
1985 and the con tract re port was sub mit ted in April 1986.



The age of the Passagassawakeag For ma tion is poorly con -
strained, but is thought to be Pre cam brian based on:  (1) trun ca -
tion by pegmatites re lated to the Late Si lu rian to Early De vo nian
Stricklen Ridge gran ite; and (2) lith o logic sim i lar ity to other Pre -
cam brian rocks in New Eng land (Stew art and Wones, 1974).
Bickel (1976) in ter preted the gneiss es as meta mor phosed
feldspathic sed i men tary and vol ca nic rocks on the basis of
lithology.

Mixer Pond Mem ber

The Mixer Pond mem ber of the Passagassawakeag For ma -
tion (Bickel, 1976) is a fine-grained, light-col ored,
quartz-oligoclase-microcline gneiss.  The type lo cal ity is at
Mixer Pond in the Bel fast area.  The Mixer Pond mem ber crops
out in a < 1 km2 area in the north west por tion of the Brewer Lake
7.5’ quad ran gle .   The con tact  be  tween i t  and the
Passagassawakeag For ma tion is not ex posed in the quad ran gle,
and its thick ness is un known.  Wones (un pub lished data)
mapped it in the Bucksport 15’ quad ran gle as fault sliv ers within
the Norumbega fault zone.

The Mixer Pond mem ber is in dis tinctly lay ered on a scale
of a few me ters and is dis tin guished by its fine grain-size and
feldspathic com po si tion.  It had been in ter preted on the ba sis of
li thol ogy as a feldspathic meta vol can ic unit interlayered with the 
Passagassawakeag For ma tion (Bickel, 1976).  A 468æ 36 Ma age
from Rb/Sr whole-rock data was as signed to it and in ter preted as
a meta mor phic age (Gaudette, pers. commun., 1986).

Cope land For ma tion

The Cope land For ma tion (Trefethen, 1950; Wing, 1957) is
com posed of interlayered beds of blu ish-gray pelitic schist and
quartz ite.  The type lo cal ity is at Cope land Hill in the north west
por tion of the Brewer Lake 7.5’ quad ran gle.  The Cope land For -
ma tion crops out in an ar cu ate, belt-like pat tern along the east ern
mar gin of the Passagassawakeag For ma tion.  It ex tends from the
Norumbega fault zone in the north west to the south west cor ner
of the study area where it pinches out.  The width of the out crop
belt ranges from 3.5 km in the north to 2.5 km in the south.  It also 
crops out in the north west por tion of the quad ran gle in an area
bounded by fault traces of the Norumbega fault zone.  The con -
tact be tween the Cope land and the Passagassawakeag For ma -
tions is not ex posed in the quad ran gle.  It is not known whether
the con tact is con form able, un con form able (Stew art and Wones,
1974), or tec tonic.  The rel a tive struc tural po si tion be tween the
two units is  also un known.  The orig i nal thick ness of the Cope -
land For ma tion in the quad ran gle is un known be cause its con -
tacts are poorly constrained and multiple folding events have
deformed it.

Pelites of the Cope land For ma tion are pre dom i nantly com -
posed of me dium-grained bi o tite, mus co vite, and quartz.  Ac ces -
sory staurolite, an da lu site, and sillimanite may also oc cur near
stocks of Stricklen Ridge gran ite.  Quartzites con tain mi nor

amounts of bi o tite and mus co vite.  Mi nor plagioclase (An21-28),
tour ma line, ap a tite, il men ite, and gar net (av er age com po si tion:
70% almandine, 20% spessartine, 8% pyrope, and 3% grossular) 
oc cur in both pelites and quartzites.

The pelites and quartzites are interlayered on a scale rang -
ing from a few cen ti me ters to tens of me ters.  Compositional
grad ing of the lay ers from quartz ite to pelite on in di vid ual out -
crops and across the unit as a whole is interperted to rep re sent
bed ding.  Quartzites are pre dom i nant on Deer Hill and the south -
east mar gin of Blood Moun tain where they com prise 75-90% of
the out crop.  Far ther to the west, such as on Orcutt Moun tain and
the north west mar gin of Blood Moun tain, pelites com prise ap -
prox i mately 75% of the outcrop.

Veins, lenses, and cen ti me ter-scale boudins of quartz that
par al lel bed ding and fo li a tion are prev a lent in the pelites.  Quartz 
and quartz + feld spar veins are es pe cially com mon within 0.5 km 
of the con tact with the Rider Bluff mem ber.  Green am phi bo lite
lay ers con cor dant to the pelite and quartz ite lay er ing are typ i -
cally 10 to 20 cm thick but can not be traced along strike for more
than a few me ters.  The lensoid char ac ter of the am phi bo lite lay -
ers sug gests that they are boudins of orig i nally more continuous
mafic layers.

The Cope land For ma tion has been cor re lated on the ba sis
of sim i lar lithologies (Wones, 1976; Loiselle and Wones, 1983)
with the Hogback For ma tion (Perkins and Smith, 1925) and
Appleton Ridge For ma tion (Bickel, 1976) in the Bel fast area and 
with the Cape Eliz a beth For ma tion of the Casco Bay Group
(Katz, 1917; Hussey, 1968, 1985) in the Casco Bay area.  The
Appleton Ridge For ma tion has been as signed a 455æ25 Ma age
from Rb/Sr whole-rock isochron data (Brookins, 1976).  The
Cape Eliz a beth For ma tion has been as signed a 485æ30 Ma  age
from Rb/Sr whole rock isochron data (Brookins and Hussey,
1978).  Strati graphic re la tion ships sug gest it is Late Pre cam brian 
to Or do vi cian in age (Hussey, 1968, 1985).  These lith o logic cor -
re la tions are rather ten u ous, and the as sign ment of a Pre cam -
brian to Or do vi cian age to the Copeland Formation is tentative.

Rider Bluff Mem ber

The Rider Bluff mem ber (in for mal us age by Stew art and
Wones, 1974; Wones, 1976) of the Cope land For ma tion is a
green, finely-lam i nated (mil li me ter-scale) pelitic siltstone.  The
type lo cal ity is on Rider Bluff in the north ern por tion of the quad -
ran gle.  The Rider Bluff mem ber crops out as a sin u ous, dis con -
tin u ous belt along the east ern mar gin of the Cope land
For ma tion.  The width of the out crop ranges from 2.0 km at
Rider Bluff to 0.2-0.8 km fur ther to the south.  It is not known if
this range in out crop width is re lated to changes in bed ding ori -
en ta tion, unit thick ness, and/or de for ma tion.  The Rider Bluff
mem ber is as signed to the Cope land For ma tion (Wones, un pub -
lished data) be cause it is lithologically more sim i lar to the Cope -
land For ma tion than to any other unit.  Kaszuba and Wones
(1985) in ter preted the Rider Bluff mem ber as ductilely de formed 
Cope land For ma tion.  Sub se quent work re vealed that the two
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units are lithologically dis tinct where undeformed, but that
ductilely de formed Rider Bluff mem ber is al most in dis tin guish -
able from de formed Cope land For ma tion.  No fos sils have been
found in the Rider Bluff mem ber, and no ra dio met ric dat ing has
been at tempted.  The con tact be tween the Rider Bluff mem ber
and the Cope land For ma tion to the west and the Bucksport For -
ma tion to the east is not ex posed.  The orig i nal thick ness of the
Rider Bluff mem ber is un known because its contacts are poorly
constrained and because multiple folding events have deformed
it.

In thin sec tion, the Rider Bluff mem ber is pre dom i nantly
com posed of chlorite, quartz, and plagioclase.  The lami na tions
are de fined by al ter nat ing chlorite- and quartz-rich lami na tions.
Mi nor epidote, mus co vite, mag ne tite, gar net, tour ma line, and
py rite may also oc cur.  Bi o tite, gar net, and al bite oc cur as abun -
dant porphyroblasts 1-3 mm across.

Bed ding in the Rider Bluff mem ber is dif fi cult to rec og -
nize, but may be rep re sented by mag ne tite- or gran ite-rich lay -
ers.  Mag ne tite-rich lay ers con tain 1-5% euhedral, 1-2 mm
di am e ter mag ne tite octahedra. One anom a lous out crop on the
south ern tip of Long Lake con tains 25% mag ne tite.  Gar net-rich
lay ers con tain 5-10% euhedral, 3-5 mm di am e ter, am ber-col ored 
gar nets (av er age core com po si tion:  52% spessartine, 33%
almandine, 12% grossular, 2% pyrope; av er age rim com po si -
tion:  62% almandine, 26% spessartine, 5% grossular, 5%
pyrope).  The mag ne tite- and gar net-rich lay ers gen er ally par al -
lel the fine lami na tions, and con tacts be tween these lay ers and
the sur round ing schist are dif fuse.  Ubiq ui tous quartz lenses and
boudins are par al lel to and folded with the laminations and
comprise approximately 5% of any outcrop.

The pres ence of mag ne tite- and/or gar net-rich lay ers and
bi o tite and al bite porphyroblasts in the Rider Bluff mem ber dis -
tin guishes it from the Cope land and Bucksport For ma tions.  In
the ab sence of these lay ers, Rider Bluff mem ber is dis tin guished
from the Bucksport For ma tion by the pres ence of abun dant
quartz lenses and boudins and the ab sence of car bon ate, and is
dis tin guished from the Cope land For ma tion by the pres ence of
mil li me ter-scale lami na tions and the ab sence of interlayered
pelitic schist and quartzite.

Mag netic anom aly maps of the area show a mag netic high
of 300-500 nanoteslas.  This anom aly dis plays a map pat tern that
gen er ally co in cides with the out crop pat tern of the Rider Bluff
mem ber (Zietz et al., 1980; Stew art et al., 1986).   Mag netic
anom a lies over the Rider Bluff mem ber in the north ern por tion
of the study area (e.g. Rider Bluff) are as high as 700 nanoteslas.
These anom a lies are prob a bly the re sult of the mag ne tite pres ent
in the Rider Bluff member.

Vassalboro For ma tion

The Vassalboro For ma tion (Perkins and Smith, 1925;
Osberg, 1968) is a cal car e ous quartz wacke.  Its type lo cal ity is in 
the town of Vassalboro west of Penobscot Bay.  It crops out in a

small slice within the Norumbega fault zone in the north east cor -
ner of the Brewer Lake 7.5’ quad ran gle.

The cal car e ous quartz wackes of the Vassalboro For ma tion 
con tain white mica, chlorite, cal cite, and quartz and weather to a
gray to green color.  Compositional lay er ing is prob a bly re lated
to orig i nal bed ding and in cludes thin beds (sev eral cm’s to m’s
thick) of gray quartz-mica schist.  Schist beds are ubiq ui tous but
dis tinctly less abun dant than the wacke and con tain sul fides that
com monly weather to a rusty color.  Quartz veins are abundant.

The Vassalboro For ma tion was in ter preted as part of a
turbidite se quence (Osberg, 1968, 1979) now meta mor phosed to 
greenschist fa cies (Stew art and Wones, 1974).  A sin gle
graptolite lo cal ity west of Penobscot Bay sug gests a
Llandoverian to Ludlovian age (Pankiwskyj et al., 1976).

Bucksport For ma tion

The Bucksport For ma tion (Trefethen, 1950; Wing, 1957)
is a greenschist fa cies cal car e ous siltstone.  The unit is named for
ex po sures in the Sil ver Lake area in the Bucksport 15’ quad ran -
gle (~ 4 km north of the town of Bucksport).  It crops out in the
Brewer Lake 7.5’ quad ran gle as an ir reg u larly-shaped belt
(0.6-3.5 km wide) east of the Rider Bluff mem ber and west of the 
Lu cerne pluton and di rectly ad ja cent to the Cope land For ma tion
in the south west por tion of the quad ran gle.  The orig i nal thick -
ness of the unit in the quad ran gle is un known be cause it is not
well ex posed and its contacts are poorly constrained.

The siltstones of the Bucksport For ma tion con tain
finely-lam i nated (1-2 mm thick) car bon ate-bear ing beds (0.5 to
sev eral me ters thick).  The lami na tions are de fined by the al ter -
na tion of quartz- and mica-rich siltstone con tain ing fine- to very
fine-grained quartz, white mica, chlorite, cal cite, il men ite, and
plagioclase.  Ac ces sory bi o tite, calcic am phi bole, tour ma line, ti -
tan ite, and epidote may also oc cur.  Interlayered with the cal car e -
ous siltstones (which com prise ap prox i mately 95% of any
out crop) are suflide-bear ing pelitic siltstone beds (sev eral cen ti -
me ters to 0.5 km thick) which weather to a rusty color.  The
pelites are compositionally and tex tur ally sim i lar to the cal -
cite-bear ing beds but are coarser-grained, con tain less quartz and 
more phyllosilicate, and con tain no sphene or amphibole and
little or no carbonate.

In the north ern por tion of the quad ran gle, quartz veins
com monly oc cur as lenses and boudins par al lel to the lami na -
tions, al though cross-cut ting veins do oc cur.  Oc ca sional com -
pos ite quartz + cal cite veins also oc cur.  Quartz veins are far less
com mon in the south ern por tion of the quad ran gle.  This dis tri -
bu tion of quartz veins within the Bucksport For ma tion may be
re lated to prox im ity to the Norumbega fault zone.

The Bucksport For ma tion is lithologically sim i lar to the Si -
lu rian Vassalboro For ma tion and has been cor re lated with it
(Stew art and Wones, 1974; Wones, 1976, 1980; Osberg, 1980;
Loiselle and Wones, 1983; Gates et al., 1984; Hussey, 1984).  No
fos sils are found within the Bucksport For ma tion, and no where
can it be traced di rectly into the Vassalboro For ma tion.  Age cor -
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re la tions are based strictly on lith o logic sim i lar i ties across the
Norumbega fault zone.  Loiselle and Wones (1983) sug gested
that slices of rock mapped within the Norumbega fault zone may
be ei ther Vassalboro or Bucksport For ma tion.  The two units are
of ten dif fi cult to dis tin guish where de formed.  The Late Si lu rian
to Early De vo nian Flume Ridge For ma tion (Ruitenberg, 1967;
Ruitenberg and Ludman, 1978), part of the Fred er ic ton trough,
has also been cor re lated with the Bucksport For ma tion based on
lith o logic sim i lar i ties (Wones, 1980; Ludman, 1981).  The
Bucksport For ma tion as mapped by Bickel (1976) in the Bel fast
area was dis tin guished by Wones (un pub lished data) as a dif fer -
ent unit from Bucksport For ma tion as de fined by Wing (1957) in
the type locality north of the town of Bucksport.

IGNEOUS  ROCKS

Stricklen Ridge Gran ite

The ex tent of Stricklen Ridge gran ite (in for mal us age by
Wones, 1974, 1976; Stew art and Wones, 1974) out lines the oc -
cur rence of a two-mica, gar net-bear ing leucogranite that in -
truded the Cope land and Passagassawakeag For ma tions and
Rider Bluff mem ber as dikes, sills, and very small stocks.  The
re gional stra tig ra phy is trace able through the gran ite terrane.
Over all the gran ite com prises less than one-eighth of the to tal
map area out lined as Stricklen Ridge gran ite.  Within the Cope -
land For ma tion, two ar eas of 1-2 km2 ex tent have been de lin -
eated where Stricklen Ridge gran ite com prises greater than 50%
of the ex po sure (Fig. 1).  Within these stocks there are only a few
places where gran ite com prises greater than 90% of the ex po -
sure.  The gran ite was named by Wones (un pub lished data) for
ex po sures of one of these stocks on Stricklen Ridge.  Dikes of
Stricklen Ridge gran ite have been as signed a 412æ14 Ma age
based on con cor dant U-Pb data from zircons (Zartman and
Gallego, 1979).

The Stricklen Ridge gran ite is a compositionally re stricted
(Pitcher, 1979) monzogranite in the IUGS clas si fi ca tion sys tem
(Streckeisen, 1973)(Fig. 2).  Bi o tite-rich tonalite (Figs. 2, 3)
dikes some times oc cur in small amounts (Fig. 1) in Stricklen
Ridge gran ite out crops.  These tonalite dikes cut Stricklen Ridge
gran ite and are in truded by peg ma tite.  No tonalite is re ported in
the Penobscot Bay area.  The same field re la tion ships are de -
scribed for the Winterport gran ite (Trefethen, 1944), which oc -
curs in the Bucksport 15’ quad ran gle.  How ever, it is de scribed as 
a mafic-rich granodiorite (Stew art and Wones, 1974; Wones,
1976, un pub lished data; Loiselle and Wones, 1983).

Feld spars and quartz range in size up to ~5 mm in di am e ter
(i.e. seriate tex ture, Wones, 1980).  K-feld spar is usu ally
subhedral to anhedral, perthitic microcline (Or90-95, Ab5-10), but
some times it oc curs as orthoclase.  Plagioclase is subhedral and
uni form in com po si tion (An10-17).  Compositional zon ing in
plagioclase is prev a lent, but no sys tem atic zon ing pat tern is ob -
served.  K-feld spar some times sur rounds and re places
plagioclase as anhedral grains.  This re place ment may be re lated

to fluid/rock in ter ac tion dur ing late-stage crys tal li za tion of the
gran ite or to one of the post-gran ite de for ma tions.  The gran ite
dis plays vari a tions in kinds and abun dance of ac ces sory min er -
als (Figs. 2, 3) and tex ture.  Aplites, tour ma line-bear ing
pegmatites, and miarolitic cav i ties are com mon, sug gest ing va -
por sat u ra tion of the melt (Jahns and Tuttle, 1963; Jahns and
Burnham, 1969; Krauskopf, 1979).

Grav ity data col lected from the Penobscot Bay area (Kane
and Bromery, 1966; Swee ney, 1974, 1976) in di cates a
north-south-trending, elon gate anom aly trough over the quad -
ran gle.  Three-di men sional mod els of this data (Swee ney, 1974,
1976) sug gest that the Stricklen Ridge gran ite is a
north-south-trending, dis crete body ~3.0 km thick, 1.5 to 3.0 km
wide, and more than 11 km long with a to tal vol ume of ap prox i -
mately 100 km3.  Con tacts on the east side are subvertical while
those on the west side dip in ward (east) to wards the body.  In
Swee ney’s (1974, 1976) grav ity mod els, a dif fer ence of ap prox i -
mately 0.01 g/cm3 be tween gran ite and back ground den si ties re -
sults in a thick ness change of ap prox i mately 1 km for the
subsurface gran ite bod ies, but the mod els de pend on den sity data 
from only two sam ples (Swee ney, 1976).  While the ex act di -
men sions de picted in Swee ney’s (1976) mod els may be de bat -
able, the data strongly sug gest that the Stricklen Ridge gran ite
oc curs as a dis crete body just be low the sur face of the quad ran -
gle.  The abun dance of aplites, tour ma line-bear ing pegmatites,
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Fig ure 1.  Es ti mated modal per cent age by area of dif fer ent rock types
ex posed in a rep re sen ta tive out crop mapped as a stricklen Ridge gran ite
stock.  Out crop is lo cated at UTM grid co or di nates:  4943.0N, 521.55E.
Mode was de ter mined by a 1 m grid spac ing of a hor i zon tal pave ment
ap prox i mately 200 m2 in area.  First data col umn in cludes the per cent -
age of out crop not ex posed, the sec ond col umn ex cludes this area from
the to tals.  Modal anal y ses (vol ume per cent) of the three granite
varieties are listed in Figure 2.
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Fig ure 2.  Modal anal y ses of Stricklen Ridge gran ite.  Solid cir cle, gran ite; solid square, tonalite; solid tri an gle, sam ple of Carl et al.
(1984).

Fig ure 3.  Modal data (by vol ume) of rep re sen ta tive sam ples of Stricklen Ridge gran ite.  Min i mum 1000 points counted per thin sec -
tion.  Chlorite, he ma tite, il men ite, and epidote are sec ond ary min er als as so ci ated with the recrystallization of bi o tite.  Sec ond ary mus -
co vite as so ci ated with the recrystallization of mus co vite and plagioclase.  Ab bre vi a tions:  tr, trace amounts (less than de tected by
point count grid); np, not present.



and miarolitic cav i ties; the vari a tion in tex ture; and the oc cur -
rence of sills, dikes, and very small stocks rather than one ho mo -
ge neous ex panse of granite are consistent with it being the roof
zone of a granitic pluton.

Lu cerne Pluton

The Lu cerne Pluton is 672 km2 in area and is one of the 10
larg est plutons in New Eng land (Wones, 1980).  The type lo cal -
ity is at Lu cerne in the north east por tion of the Orland 15’ quad -
ran gle.  The Lu cerne pluton crops out in the south east por tion of
the Brewer Lake 7.5’ quad ran gle where it in trudes the Bucksport 
For ma tion.  It has been as signed a 380æ4 Ma age based on Pb/Pb
data from zir cons (Zartman and Gallego, 1979).  Whole rock and 
min eral chem is try sug gest magma em place ment and crys tal li za -
tion at 650-700ÉC and 1-2 kb to tal pressure (Wones, 1980).

The Lu cerne pluton is a coarse-grained, two-feld spar, bi o -
tite gran ite.  Ap prox i mately 5% of all al kali feld spar pheno crysts 
are ovoidal in shape and are rimmed by plagioclase (i.e. rapakivi
tex ture).  Seriate and por phy ritic fa cies have been rec og nized,
but only the for mer crop out in the qudrangle.  A strong fo li a tion,
de fined by align ment of K-feld spar pheno crysts and ductilely
de formed bi o tite and quartz, par al lels the con tact with the
Bucksport For ma tion.  Dikes of Lu cerne gran ite in Bucksport
For ma tion are un com mon and ex tend only a few me ters from the
con tact.  Large, ro tated en claves of Bucksport For ma tion sev eral 
me ters across oc cur in the pluton, but only within a few me ters of 
the con tact.  Well-de vel oped schlieren are un com mon.  Aplite
dikes are un com mon and tend to oc cur in swarms.  Only one oc -
cur rence of peg ma tite was ob served, ~800 m north of
Moosehorn Stream along the contact with the Bucksport
Formation.

Ther mal ef fects of the Lu cerne pluton on the Bucksport
For ma tion ex tend ~1 km from the con tact (Novak, 1979).
Quar tz-cal  ci te-mus co v i te-chlori te  as  sem blages are
recrystallized to hornfelsic plagioclase-bi o tite as sem blages.
Pelitic lay ers re act to form an da lu site- and co run dum-bear ing
as sem blages.  The pro nounced rise along the Bucksport/Lu cerne 
con tact re flects the rel a tive re sis tance of the Lu cerne pluton and
its con tact au re ole con trasted to lower grade Bucksport
Formation.

Mafic Rock

One out crop of a fine-grained, por phy ritic mafic rock oc -
curs in the quad ran gle (roadcut at UTM grid co or di nate
4941.75N, 522.0E).  No con tacts are ex posed be tween it and the
coun try rock, and it is mas sive ex cept for brit tle frac tures and
faults.

In thin sec tion, the rock is com posed of 60% euhedral
bytownite and 40% anhedral, in ter sti tial orthopyrozene which
dis plays a subophitic tex ture.  The rock is a norite in the IUSG
clas si fi ca tion sys tem (Streckeisen, 1973).  Bytownite oc curs as
0.5-2.5 mm long lathes (as pect ra tio ~4:1) that are ran domly ori -

ented.  Larger lathes dis play nor mal, con tin u ous zon ing from
~An90 cores to An80 rims.  Fi brous green am phi bole, brown bi o -
tite, and mag ne tite oc cur as al ter ation prod ucts of orthopyroxene 
and what is in ter preted as ma trix.  Ma trix is com pletely al tered,
but orthopyroxene is relatively pristine.

The por phy ritic tex ture, com po si tion, and lack of meta -
mor phism and duc tile de for ma tion sug gest the norite in truded
the coun try rock as a dike or sill af ter duc tile de for ma tion.  Me so -
zoic mafic dike swarms are com mon in the Casco Bay area
(Hussey, 1985) and this rock prob a bly rep re sents one such dike.

STRUCTURAL  GEOLOGY

The con tact be tween the Passagassawakeag For ma -
tion/Cope land For ma tion/Rider Bluff mem ber and the
Bucks-port For ma tion has been in ter preted as a nor mal or re -
verse fault (Stew art and Wones, 1974), an un con formity
(Wones, 1976), and a thrust fault (Kaszuba and Wones, 1985;
Osberg et al., 1985).  To the south west in the Casco Bay area,
rocks of the Casco Bay Group were in ter preted to struc tur ally
over lie the Bucksport For ma tion along a pre-meta mor phic thrust 
fault (Hussey, 1985).  The con tact is not ex posed in the Brewer
Lake 7.5’ quad ran gle, and no ob served strain gra di ent or struc -
tural or meta mor phic discontinuity coincides with it.

The struc tural his tory out lined be low is based on de tailed
work in a small area (the au thor’s map ping).  Tem po ral re la tion -
ships among dif fer ent small-scale struc tures were es tab lished in
out crop us ing over print ing re la tion ships.  Sets of struc tures were 
cor re lated on the ba sis of ori en ta tion, style, and po si tion within
tem po ral se quences.  Microstructural char ac ter is tics of the var i -
ous fab rics and re la tion ship of these fab rics to meta mor phic min -
eral growth were de ter mined in thin sec tion.  Us ing these
meth ods, four ma jor groups of struc tures (D1, D2, D3, and D4)
were dis tin guished (Ta ble 1).  D1 pro duced folds and ax ial plane
foliations, whereas D2 pro duced folds and hinge-par al lel min -
eral elon ga tion lineations.  D3 strike-slip duc tile shear zones and
D4 folds fol lowed.  A sep a rate event of gra nitic plutonism and
ther mal meta mor phism (M1-2) is rec og nized and in ter preted to
have oc curred be tween D1 and D2.  Late brittle joints and faults
cut all ductile structures.

The struc tural se quence de scribed be low is prob a bly true
for those por tions of the Cope land and Bucksport For ma tions in
the quad ran gle not mapped by the au thor.  How ever, its rel e -
vance to the Passagassawakeag For ma tion and Mixer Pond
mem ber is un cer tain.  The fol low ing dis cus sion ap plies with cer -
tainty only to the area mapped by the author.

De for ma tion Phase One

The ear li est rec og niz able de for ma tion phase (D1)(Ta ble 1)
pro duced F1 folds (Ta ble 2) and a strong ax ial plane fo li a tion (S1) 
de fined by a uni form compositional lay er ing.  F1 folds (Ta ble 2)
oc cur in all metasedimentary units, but are prev a lent in the Cope -

J. P. Kaszuba

6



land For ma tion in the south ern part of the quad ran gle.  They de -
form bed ding (S0) and are cut by dikes of Stricklen Ridge gran ite
in the Cope land For ma tion.  Style and ge om e try of folds vary
among the metasedimentary units.  F1 folds in the Cope land For -
ma tion (Ta ble 2) are steeply-re clined to ver ti cal (clas si fi ca tion of 
Fleuty, 1964) and tight to iso cli nal.  Ax ial planes strike pre dom i -
nantly east-west (Fig. 4a) and fold hinges plunge steeply to the
east (Fig. 4b).  In the Rider Bluff mem ber, F1 folds (Ta ble 2) are
re cum bent isoclines that de form quartz veins.  In the Bucksport
For ma tion, F1 folds (Ta ble 2) are tight and in clined with hinges
that plunge mod er ately to the north east.  Pre lim i nary work by
Kaszuba and Wones (1985) did not rec og nize F1 folds in the
Bucksport Formation.

Foliations mea sured in out crops where fold clo sures are
not ob served strike pre dom i nantly north-north east and dip
steeply to the west (Fig. 4c) in con trast to the F1 ax ial plane data
mea sured within fold noses (Fig. 4a).  These foliations may ei -
ther be a bed ding-par al lel fo li a tion which is com mon to the area
or the S1 ax ial plane fo li a tion.  The data plot ted in Fig. 4c prob a -
bly rep re sents a combination of both.

S1 compositional lay er ing in the Cope land For ma tion is de -
fined by al ter nat ing quartz- and mica-rich lay ers up to 5 mm
thick.  In the Rider Bluff mem ber, it is de fined by mil li me -
ter-scale quartz- (90% quartz) and chlorite-rich (50% quartz,

50% chlorite) laminae.  Quartz veins within both units are lo cally 
flat tened within S1 and ex tended par al lel to an L1 lineation.  They 
some times con tain quartz rods that de fine an L1 min eral
lineation.  The char ac ter of S1 in the Bucksport For ma tion var ies
with the dif fer ent lithologies and grain sizes of that unit.  In
siltstone con tain ing lit tle to no car bon ate, S1 is a con tin u ous to
dis junc tive cleav age (clas si fi ca tion of Powell, 1979).  A con tin u -
ous, slaty cleav age oc curs in very fine-grained siltstone, whereas 
coarser-grained siltstone dis plays a 0.1 mm-scale dis junc tive
cleav age that ranges from smooth to rough to anastomosing.  A
mm-scale compositional lay er ing de fined by al ter nat ing quartz-
and phyllosilicate-rich lay ers par al lels this cleav age.  S1 in car -
bon ate-rich Bucksport For ma tion is a compositional lay er ing up
to 1 cm thick de fined by a range of phyllosilicate, cal cite, quartz,
and plagioclase amounts pres ent.  Quartz veins al ter nate with
this compositional lay er ing.  S1 is re fracted across bed ding
planes be tween the two Bucksport For ma tion lithologies
probably because of the competency contrasts between them
(Hobbs et al., 1976).

De for ma tion Phase Two

The sec ond de for ma tion phase (D2)(Ta ble 1) pro duced F2

folds (Ta ble 2) that de form S1 in metasedimentary units and fold
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Ta ble 1.  Char ac ter is tics of deformational and meta mor phic events.  NFZ, Norumbega fault zone; L2,4 crenulation, hinge line of F2,4

microfolds.



dikes of Stricklen Ridge gran ite in the Cope land For ma tion.  F2

folds (Ta ble 2) are open to tight, up right to in clined folds.  Ax ial
plane and hinge line ori en ta tions are grouped into two geo -
graphic do mains.  In the north ern half of the quad ran gle, ax ial
planes are subvertical and strike north east ward (Fig. 5a); hinge
lines plunge gently to the north east (Fig. 5b).  In the south ern half 
of the quad ran gle, ax ial planes strike north-south and range in
dip (Fig. 5c).  Hinge lines plunge at mod er ate an gles to the
north-north east and south-southwest.

A strong min eral lo ca tion (L2) par al lels F2 fold hinges
through out the quad ran gle (com pare Figs. 5b and 5e), but is best
de vel oped in the north.  The L2 min eral lineation is de fined by a
strong grain-shape pre ferred ori en ta tion of elon gate quartz
grains in quartz veins and quartz-rich lay ers, and by elon gate
micas and feld spar in pelitic lay ers.  In the Stricklen Ridge gran -
ite, L2 is de fined by quartz rods and by stretched and re ori ented
feld spars and micas.  In out crop, F2 microfolds of ten ap pear as a
crenulation.  Their fold hinges were mea sured as L2 and are in -
cluded in the data plotted in Fig. 5e.

Asym met ric F2 microfolds de form S1 in the Cope land For -
ma tion.  Bi o tite and mus co vite are recrystallized into an S2 fo li a -

tion which is ax ial pla nar to F2 microfolds.  S2 is not as pro -
nounced as S1 be cause the mica fo li a tion is not as per va sive and
no new compositional lay er ing is de vel oped.  In the Rider Bluff
mem ber, a vari able, mm-scale zonal crenulation cleav age (clas -
si fi ca tion of Powell, 1979)(S2) de forms S1.  White mica and
chlorite in cleav age zones (<1 mm thick) are recrystallized par al -
lel to S2.  D2 struc tures in the Bucksport For ma tion vary with li -
thol ogy.  Siltstone de vel ops a dis crete to zonal crenulation
cleav age (S2) which de forms S1.  Ma trix bi o tite, white mica,
chlorite, and elon gate quartz are recrystallized par al lel to S2.  S2

in car bon ate-rich lithologies is a zonal crenulation cleav age that
de forms S1 compositional lay er ing and is subparallel to the ax ial
planes of F2 microfolds.

Shear Zones

The Norumbega fault zone is a ma jor right-lat eral
strike-slip fault which stikes ~060É and crops out in the north -
west cor ner of the quad ran gle.  Duc tile shear zones are ubiq ui -
tous in the study area.  They oc cur at both out crop and map scales 
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Ta ble 2.  Char ac ter is tics of fold gen er a tions.  Fold clas si fi ca tion of Fleuty (1964).
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Fig ure 4.  Lower hemi sphere, equal area ste reo graphic pro jec tions of D1 field data.  For all pro jec tions, orig i nal ori en ta tion data is
plot ted on left and con toured on right.  Solid tri an gle, Cope land For ma tion; solid cir cle, Rider Bluff mem ber; open di a mond,
Bucksport For ma tion.  For all con toured pro jec tions, high est den sity con tour in ter val is shaded , sec ond high est is stip pled.  (a) Poles
to ax ial sur faces of F1 folds.  Data mea sured where fold clo sures oc cur.  (b) F1 fold hinges.  (c) Poles to S0 and S1 foliations.  Data mea -
sured where fold clo sures not ob served.
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Fig ure 5.  Lower hemi sphere, equal area ste reo graphic pro jec tions of
D2 field data.  For all paired pro jec tions, orig i nal ori en ta tion data is
plot ted on left and con toured on right.  Solid tri an gle, Cope land For -
ma tion; solid cir cle, Rider Bluff mem ber; open di a mond, Bucksport
For ma tion.  For all con toured pro jec tions, high est den sity con tour in -
ter val is shaded, sec ond high est is stipled.  (a) poles to ax ial survaces
of F2 folds in all metasedimentary units in the north ern half of the
study area.  (b) F2 fold hinges in all metasedimentary units in the
north ern half of the study area.  (c) Poles to ax ial sur faces of F2 folds
in all units in the south ern half of the study area.  (d) F2 fold hinges in
all units in the south ern half of the study area.  (e)  L2 min eral elon ga -
tion lineations (open cir cle) and crenulation axes (solid star) in all
metasedimentary units in the north ern half of the study area.



and off set con tacts and jux ta pose units within their bound aries.
The shear zones de form Stricklen Ridge gran ites and L2 and are
de formed by later folds (F4, see be low), there fore they are la -
beled D3 (Ta ble 1).  The ma jor ity of shear zones are subparallel to 
the Norumbega fault zone and dis play right-lat eral move ments
as de ter mined by shear band ing in meta sedi ments (Platt and
Vissers, 1980) and S (schistosité) and C (cisaillement, shear)
foliations in gran ites (Berthé et al., 1979; Simpson and Schmid,
1983).  Other shear zones are or thogo nal to the Norumbega fault
zone and display left-lateral movements.

In duc tile shear zones de vel oped in Stricklen Ridge gran -
ites, quartz shows rib bon struc ture.  Fine-grained, recrystallized
tails of mica fish (asym met ric mica porphyroclasts that have
fine-grained, recrystallized tails, e.g. Lis ter and Snoke, 1984)
and wrap ping of micas around rigid porphyroclasts in di cate duc -
tile de for ma tion of micas.   Large porphyroclasts (~1.0-2.0 mm
in diamter, al though ~1 cm di am e ter and larger porphyroclasts
oc cur in de formed pegmatites) of plagioclase (An10-15),
microcline, and orthoclase dis play brit tle frac tures, un du la tory
ex tinc tion, and dy nam i cally recrystallized tails.  Gar net, tour ma -
line, and ap a tite are brittlely frac tured and ex tended into the
subhorizontal stretch ing di rec tion (L3) and con tain
recrystallized phyllosilicates æ quartz within their pres sure shad -
ows and frac tures.  Duc tile shear zones in the Cope land For ma -
tion dis play a mm- to mm-scale compositional lay er ing de fined
by al ter nat ing quartz- and mica-rich (usu ally mus co vite) lay ers
and quartz rib bons.  Dis con tin u ous lenses com posed of
fine-grained, brittlely frac tured plagioclase or tour ma line are in -
ter spersed with the quartz and mica compositional lay ers.
Asymmetic porphyroclasts of 0.2-2.0 mm di am e ter gar net, mus -
co vite, oligoclase, and tour ma line are dis persed through out the
ma trix.  Duc tile shear zones in the Rider Bluff mem ber and the
Bucksport For ma tion are su per im posed on rocks that were orig i -
nally fine-grained and con sist of a fo li ated ma trix of fine-grained 
phyllosilicates and quartz.  Al bite and am phi bole porphyroclasts 
are of ten con cen trated in mm-scale dis con tin u ous lenses that
par al lel the ma trix fo li a tion.  Within these lenses, these minerals
display primarily brittle behavior in contrast to the ductile
behavior of the surrounding matrix.

Shear bands are de vel oped in the metasedimentary units
out side of shear zone bound aries.  They range in thick ness (up to
0.5 mm thick) and spac ing (up to 5 mm and larger), and con tain
recrystallized phyllosilicates and quartz and con cen tra tions of
mag ne tite, il men ite, and py rite.  Pre-ex ist ing foliations are as -
ymp tot i cally de flected into the shear bands, and rigid min eral
grains (e.g. al bite porphyroclasts) are truncated across them.

Microstructural cri te ria for move ment di rec tion in the
shear zones are in ter nally con sis tent and sup port the field ob ser -
va tions.  These cri te ria in clude asym met ric feld spar, tour ma line,
and gar net porphyroclasts; an ti thetic and syn thetic off set along
microfractures in tour ma line and gar net and along
microfractures and cleav ages in feld spars; elon gate, dy nam i -
cally recrystallized quartz grains (Simpson and Schmid, 1983);
mica fish (Lis ter and Snoke, 1984); asym met ric microfolds, C/S

bands in gran ites (Berthé et al., 1979; Simpson and Schmid,
1983); and shear bands in meta sedi ments (Platt and Vissers,
1980).

De for ma tion Phase Four

The youn gest ob served de for ma tion phase (D4) (Ta ble 1)
pro duced F4 folds (Ta ble 2) that oc cur in all metasedimentary
units, but are prev a lent in the Cope land For ma tion in the south -
ern por tion of the quad ran gle.  They de form S0 and D1, D2, and
D3 struc tures.  F4 folds (Ta ble 2) are open to tight, steeply-re -
clined to ver ti cal folds (clas si fi ca tion of Fleuty, 1964).  Ax ial
planes strike pre dom i nantly north-south (Fig. 6a) and hinge
lines are steeply plung ing (Fig. 6b).  F4 microfold hinges were
mea sured in out crop as a lineation (L4).  An L4 min eral lineation
de fined by elon gate micas and quartz rods oc curs par al lel to
these fold hinges, but it is not as per va sive as the L2 mineral
lineation.

F4 microfolds in the Cope land For ma tion oc cur as
crenulations of S1 compositional lay ers and F2 fold limbs, es pe -
cially in pelitic lay ers. An S4 fo li a tion, de fined by a pre ferred ori -
en ta tion of recrystallized micas, oc curs par al lel to F4 ax ial
planes, but it is not well-de vel oped and is not as pen e tra tive as S1

or S2.  In Bucksport For ma tion siltstones, sym met ri cal
microfolding of S1 pro duces a zonal crenulation cleav age (clas -
si fi ca tion of Powell, 1979).  Cleav age zones and microlithons
are evenly-spaced (~0.5 mm) and have dif fuse bound aries.  F4

folds de form the mylonitic fo li a tion (S3), compositional lay ers,
and mica fish pres ent in the D3 shear zones.

Brit tle De for ma tion

Brit tle faults and joints (Ta ble 1) are ubiq ui tous to the
quad ran gle.  They trun cate all duc tile fab rics (D1, D2, D3, and D4) 
and are of ten filled with quartz and/or he ma tite.  In thin sec tion,
quartz which fills the frac tures oc curs as po lyg o nal grains that
dis play no crys tal lo graphic or grain-shape pre ferred ori en ta tion.
The ori en ta tion and sense of mo tion of the brit tle faults and as so -
ci ated joints par al lels the D3 ductile shear zones.

INTERDEFORMATIONAL  METAMORPHISM

The porphyroblasts listed in Ta ble 3 oc cur in all
metasedimentary units and share the fol low ing tex tural re la tion -
ships:  ex cept for fibrolitic sillimanite, they are euhedral to
subhedral and large (up to sev eral mil li me ters in di am e ter) com -
pared to other min er als in the thin sec tion which crys tal lized or
recrystallized dur ing D1, D2, D3 or D4; they over grow S1 and of -
ten con tain an in ter nal fo li a tion (S1) ori ented subparallel to and
of ten con tin u ous with S1; porphyroblasts con tain ing S1 lack
synmetamorphic ro ta tional tex tures (e.g. Spry, 1969); and
grain-shape pre ferred ori en ta tions of porphyroblasts par al lel D2, 
D3, or D4 struc tures.  These tex tural re la tion ships sug gest that the 
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porphyroblasts crys tal lized be tween D1 and D2, there fore they
are la beled M1-2.

Sillimanite-bear ing as sem blages (Ta ble 3) oc cur in the
Cope land For ma tion within ~0.6 km of Stricklen Ridge gran ite
stocks, and lower grade as sem blages are sta ble with in creas ing
dis tance from these stocks, sug gest ing that M1-2 meta mor phism
is re lated to the in tru sion of Stricklen Ridge gran ite.  Oc cur rence
of staurolite as embayed grains man tled by op ti cally con tin u ous
an da lu site in the Cope land For ma tion sug gest the re ac tion:  (1)
staurolite + mus co vite + quartz = bi o tite + alu mi num sil i cate +
gar net + H2O.  Mus co vite, quartz, and sillimanite are abun dant in 
the Cope land For ma tion near the Stricklen Ridge gran ites, but
K-feld spar is ab sent, sug gest ing that the re ac tion:  (2) mus co vite
+ quartz = K-feldpsar + alu mi num sil i cate+ H2O has not oc -
curred.  An da lu site and sillimanite are man tled by mas sive, felty

inter growths of very fine-grained white mica and fibrolitic
sillimanite.  These an da lu site/sillimanite tex tures and the ab -
sence of kyan ite sug gest that sillimanite crys tal lized by the re ac -
tion (3) an da lu site = sillimanite.  Meta mor phic re ac tions (1), (2),
and (3) bracket the pres sure-tem per a ture space where peak
meta mor phic con di tions oc curred (Fig. 7).  These brack ets de -
pend on the choice of alu mi num sil i cate tri ple point data.  Tri ple
point data by Rich ard son et al. (1969) and Holdaway (1971) are
the two gen er ally ac cepted data sets, al though Holdaway’s
(1971) data bracket peak M1-2 meta mor phic con di tions at 1 to 2.5 
kb and 490É to 165É C (Fig. 7).  For com par i son, data by Rich -
ard son et al. (1969) data bracket pres sure-tem per a ture con di -
tions at 1 to 5 kb and 490É to 680É C (Fig. 7).  Both
pressure-temperature brackets suggest amphibolite facies
metamorphic conditions (Winkler, 1979).
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Fig ure 6.  Lower hemi sphere, equal area ste reo graphic pro jec tions of D4 field data in all units through out the study area.  For all pro -
jec tions, orig i nal ori en ta tion data is plot ted on left and con toured on right.  For all con toured pro jec tions, high est den sity con tour in -
ter val is shaded, sec ond high est is stip pled.  (a) Poles to ax ial sur faces of F4 folds.  Data mea sured where fold clo sures oc cur.  Trace
and sense of move ment of the Norumbega fault zone also plot ted.  (b) F4 fold hinges.



Min i mum pres sure of crys tal li za tion of gra nitic mag mas
may be es ti mated by com par i son of rock com po si tion to ex per i -
men tal work in the quartz-orthoclase-al bite-an or thite-H2O sys -
tem.  This ap proach as sumes the gra nitic magma was
H2O-sat u rated and a min i mum melt.  The abun dance of aplites,
tour ma line-bear ing pegmatites, and miarolitic cav i ties in
Stricklen Ridge gran ite sug gests H2O sat u ra tion.  Nor ma tive
com po si tions of two sam ples of Stricklen Ridge gran ite are plot -
ted in the quartz-al bite-orthoclase ter nary di a gram in Fig. 8.
Nor ma tive data from Carl et al. (1984) is plot ted be cause their
model data com pare well with the data of this study (Fig. 2).  The
nor ma tive com po si tion of a typ i cal gran ite sam ple in this study
was cal cu lated from modal and min eral chem i cal data.  Also
plot ted in Fig. 8 are com po si tions of min i mum gran ite liq uids as
a func tion of Ab/An ra tio and pres sure.  This data was com piled
by An der son and Cullers (1978) from the ex per i men tal data of
Winkler and Von Platen (1957, 1958, 1960, 1961), Von Platen
(1965), Von Platen and Höller (1966), James and Ham il ton
(1969), and Brown and Fyfe (1970).  Nor ma tive com po si tions of 
Stricklen Ridge gran ite plot near min i mum com po si tions for
gra nitic liq uids at <1 kb (Fig. 8), sug gest ing that the Stricklen
Ridge gran ite rep re sents a min i mum melt that crys tal lized at or
near this pres sure.  This pres sure is con sis tent with that in de -
pend ently de rived for crys tal li za tion of M1-2 porphyroblasts
(1-2.5 kb), suggesting that both events occurred at
approximately the same depth.
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Ta ble 3.  In ferred sta ble min eral as sem blages in meta sedi ments.  M1-2 as sem blages are listed in or der of de creas ing meta mor phic
grade.  All M1-2 as sem blages in the Cope land For ma tion in clude mus co vite + quartz.  Ab bre vi a tions:  musc, mus co vite; bt, bi o tite;
qtz, quartz; olig, oligoclase (An21-28), plagioclase; mag, mag ne tite; ilm, il men ite; chl, chlorite; plag, plagioclase; pyr, py rite; Cc, cal -
cite; sill, sillimanite; gt, gar net; tour, tour ma line; and, an da lu site; staur, staurolite; ab, al bite; Ca-amph, calcic am phi bole; ti, ti tan ite;
ep, epidote.

Fig ure 7.  Se lected re ac tions brack et ing pres sure-tem per a ture con di -
tions of M1-2 porphyroblasts.  Alu mi num sil i cate data:  R, Rich ard son et
al. (1969); H, Holdaway (1971).  Re ac tion (1), staurolite + mus co vite +
quartz = bi o tite + gar net + alu mi num sil i cate + H2O (Carmichael, 1978;
Archibald et al., 1983).  Re ac tion (2), mus co vite + quartz = alu mi num
sil i cate + K-feld spar + H2O (Chatterjee and Johannes, 1974).  H2O on
high-tem per a ture side of all re ac tions.  Pres sure-tem per a ture space
brack et ing peak con di tions:  hor i zon tal rul ing, as sumes Rich ard son et
al. (1969) data; ver ti cal rul ing, as sumes Holdaway’s (1971) data.



RELATIONSHIP  BETWEEN  STRUCTURE  AND
METAMORPHISM

Folds de fined by con tacts be tween metasedimentary units
dis play a closed ge om e try and re folded pat tern char ac ter is tic of
F1.  S1 par al lels the ax ial trace of these folds, and geo met ric re la -
tion ships be tween S0 and S1 and the clo sures of these folds (i.e.
cleav age/bed ding re la tion ship, Ramsay, 1967) are con sis tent
with F1 fold ing.  These con tacts are there fore in ter preted as be -
ing de formed by F1.  S0 and S2 compositional lay er ing are dis tin -
guished from each other in F1 fold noses where S0 is trans posed
into S1.  F1 and F4 fold hinges are subparallel (Figs. 4b, 6b), sug -
gest ing that the range of F1 ax ial plane ori en ta tions (Fig. 4b) may
be partly the re sult of refolding about the F4 fold axis.

The domainal dis tri bu tion of F2 fold ori en ta tions may be
con trolled by the su per po si tion of F2 on F1 or by refolding of F2

by F4.  How ever, the change in strike of F2 ax ial planes from
north-south (Fig. 5c) to north east-south west (Fig. 5a) and in F2

fold hinge ori en ta tions from mod er ate north-north east and
south-south west plunges (Fig. 5d) to gen tle north east plunges
(Fig. 5b) oc curs with closer prox im ity to the Norumbega fault
zone, sug gest ing that right-lat eral strike-slip move ment on the

Norumbega fault zone re ori ented F2 struc tures in the north ern
portion of the study area.

The Norumbega fault zone is a ma jor strike-slip fault zone
with a long his tory of Pa leo zoic duc tile and Late Pa leo zoic and
Me so zoic brit tle de for ma tion (Wones and Stew art, 1976;
Wones, 1978; Loiselle and Wones, 1983; John son and Wones,
1984).  The ma jor ity of D3 shear zones are subparallel to and dis -
play the same move ment sense as the Norumbega fault zone,
sug gest ing that they are re lated to the same de for ma tion event.
The ori en ta tion and sense of mo tion of de for ma tion zones
oblique to the Norumbega fault zone trend sug gest that they may
be sec ond-or der shears sim i lar to those dis cussed by Chinnery
(1966a, 1966b).  Con ju gate sets of ver ti cal north east-trending
dextral and north- to north west-trending sinistral duc tile shear
zones and brit tle faults and frac tures oc cur along the en tire ex tent 
of the Norumbega fault zone (Wones, 1978; Loiselle and Wones, 
1983; Johnson and Wones, 1984).

The north east-trending shear zone and nearby brit tle struc -
tures that par al lel it co in cide with the Penobscot Lin ea ment of
O’Leary et al. (1978), a 0.8 km wide zone that trends ~05É from
east ern Penobscot Bay for at least 64 km to north of the Lu cerne
pluton.  It is rep re sented top o graph i cally  by aligned streams and
elon gate lakes and hills, and geo log i cally by right-lat eral duc tile
shear zones and brit tle faults (O’Leary et al., 1978).

In dex min er als that uniquely de fine a meta mor phic fa cies
are ab sent from tec tonic fab rics formed dur ing each duc tile de -
for ma tion event.  Meta mor phic con di tions for each duc tile event
are brack eted based on the min eral as sem blages that are pres ent
to de fine each fab ric, mi cro-struc tures dis played by these min er -
als, and tex tural re la tion ships among min er als of different
tectonic fabrics.

The min eral as sem blages in ter preted to be sta ble in S1 and
in the S1 of M1-2 porphyroblasts are listed in Ta ble 3.  The pres -
ence of quartz pres sure shad ows con tain ing fi brous min er als, the 
trun ca tion of quartz grains along S1 cleav age zones, and the con -
cen tra tion of phyllosilicates and sul fide min er als within these
zones in siltstones of the Bucksport For ma tion sug gest that pres -
sure so lu tion (Rutter, 1976) was an im por tant de for ma tion
mech a nism in this li thol ogy dur ing D1.

M1-2 min eral as sem blages (Ta ble 3) and tex tures sug gest
M1-2 meta mor phism oc curred at 490É-575ÉC and 1-2.5 kb (Fig. 
7)(am phi bo lite fa cies con di tions).  M1-2 porphyroblasts over -
grow S1 and are de formed by D2, D3, and D4 struc tures, sug gest -
ing that M1-2 oc curred be tween D1 and D2.  How ever, M1-2 may
have been part of a con tin uum of events at the end of D1 or the be -
gin ning of D2.  Stricklen Ridge gran ite in tru sion oc curred be -
tween D1 and D2 at a min i mum pres sure of crys tal li za tion of <1.0 
kb (3.8 km).  Sillimanite-bear ing M1-2 min eral as sem blages oc -
cur in Cope land For ma tion pelites next to and within Stricklen
Ridge gran ite stocks, and pro gres sively lower-grade M1-2 as sem -
blages oc cur with in creas ing dis tance from these stocks.  These
re la tion ships sug gest that M1-2 meta mor phism may have oc -
curred in a con tact au re ole in association with the intrusion of
Stricklen Ridge granite.
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Fig ure 8.  Nor ma tive com po si tions of Stricklen Ridge gran ite in terms
of quartz (Qtz), al bite (Ab), and orthoclase (Or) and com par i son to ex -
per i men tal work in the gran ite sys tem.  Min i mum melt com po si tions
plot ted as a func tion of Ab/An ra tio and pres sure.  Solid cir cle, cal cu -
lated nor ma tive com po si tion of rep re sen ta tive gran ite sam ple from this
study; solid tri an gle, nor ma tive data of Carl et al. (1984).  Min i mum
melt ex per i men tal grid com piled by An der son and Cullers (1978) from
the ex per i men tal data of Winkler and Von Platen (1957, 1958, 1960,
1961), Von Platen (1965), Von Platen and Höller (1966), James and
Ham il ton (1969), and Brown and Fyfe (1970).



The min eral as sem blages interperted to be sta ble in S2 and
L2 are listed in Ta ble 3.  These as sem blages com monly oc cur as
ret ro grade prod ucts of M1-2 porphyroblasts and sug gest D2 de -
for ma tion oc curred un der greenschist fa cies meta mor phic con -
di tions.  Duc tile micro struc tures in al bite and calcic am phi bole
are in ter preted as hav ing formed un der up per greenschist to
lower am phi bo lite fa cies meta mor phic con di tions.  The pres ence 
of quartz pres sure shad ows con tain ing fi brous min er als and the
trunction of quartz grains along and the con cen tra tion of sul fide
min er als with S2 cleav age zones in siltstones of the Bucksport
For ma tion sug gest that pres sure so lu tion (Rutter, 1976) was an
im por tant S2-form ing mechanism in that lithology.

Phyllosilicates are sta ble in the mylonitic fo li a tion (S3),
sug gest ing the pres ence of wa ter and con se quently the re duc tion
of the meta mor phic con di tions un der which feld spar be gins to
de form ductilely (Tullis and Yund, 1980).  The lack of up per am -
phi bo lite to granulite fa cies min eral as sem blages and the pres -
ence of wa ter dur ing de for ma tion sug gest that feld spar
porphyroclast tex tures formed un der up per greenschist to lower
am phi bo lite fa cies meta mor phic con di tions in D3 shear zones.
Duc tile micro struc tures in feld spar, quartz, and micas re ported
for shear zones in the Norumbega fault zone (John son and
Wones, 1985) are sim i lar to those in D3 shear zones, sug gest ing
that both struc tures formed un der sim i lar de for ma tion con di -
tions, prob a bly dur ing the same de for ma tion event.  How ever,
meta mor phic con di tion es ti mates based on feld spar micro struc -
tures are prob a bly im pre cise be cause the duc tile re sponse of
feld spar is con trolled by strain rate, fluid pres sure and
composition, and confining pressure as well as temperature and
the presence of water.

The min eral as sem blages in ter preted to be sta ble in S4 (Ta -
ble 3) sug gest D4 de for ma tion oc curred un der greenschist fa cies
meta mor phic con di tions.  The prev a lence of min eral as sem -
blages con sis tent with greenschist fa cies meta mor phism in all
three fold events (Ta ble 3) seems a bit for tu itous.  Greenschist fa -
cies as sem blages clearly de fine L2, S2, and S4 and are prob a bly
rep re sen ta tive of the con di tions prev a lent dur ing D2 and D4.
How ever, it is pos si ble that D1 con tained dif fer ent meta mor phic
as sem blages which have not sur vived M1-2 meta mor phism or
sub se quent de for ma tion.  Greenschist fa cies con di tions for D1

are therefore only best estimates.

TECTONIC  SIGNIFICANCE

D1 is char ac ter ized by tight to iso cli nal fold ing and the for -
ma tion of a strong S1 ax ial plane.  The Stricklen Ridge gran ite
cuts D1 struc tures and has been as signed a 412æ14 Ma age
(Zartman and Gallego, 1979), there fore D1 must be pre-Late Si -
lu rian to Early De vo nian in age.  Since F1 folds oc cur within, and
de form con tacts be tween, all three metasedimentary units, these
units must have been in con tact and have shared a com mon struc -
tural and meta mor phic his tory by the time of D1 at the lat est.  Em -
place ment of the Cope land For ma tion as a thrust sheet over the
Bucksport For ma tion could not have taken place be tween 390

and 410 Ma as sug gested by the pre lim i nary work of Kaszuba
and Wones (1985).  These in ter pre ta tions are con sis tent with
Ludman’s (1981, 1985) sug ges tion that the ter ranes of coastal
Maine were not ex otic to each other by Early De vo nian at the lat -
est.  Ludman (1981, 1985) based his in ter pre ta tion on the lack of
strati graphic and meta mor phic dis con ti nu ities be tween, and the
struc tural and ra dio met ric age con ti nu ity across, the terranes of
northeast Maine (i.e. Fredericton trough area).

Sev eral au thors have grouped the Bucksport, Vassalboro,
and Flume Ridge For ma tions into one terrane (the Si lu rian-Early 
De vo nian cen tral Maine turbidite belt) based on lith o logic and
age sim i lar i ties (Hussey, 1978; Osberg, 1980; Gates et al., 1984). 
If this cor re la tion of the Bucksport For ma tion with the Si lu rian-
to De vo nian-age Vassalboro and Flume Ridge For ma tions is
valid, then D1 must be no older than Si lu rian.  Late Pre cam brian
(?) to Early Or do vi cian (?) rocks of the Passagassawakeag and
Cope land For ma tions are in ter preted to struc tur ally over lie units 
of the cen tral Maine turbidite belt along a pre-meta mor phic
thrust fault be cause of the ap par ent age dis par ity be tween these
units (Osberg, 1980; Gates et al., 1984; Hussey, 1985).  The oc -
cur rence of a pre-meta mor phic thrust fault be tween the Cope -
land and Bucksport For ma tions is nei ther proven nor disproven
by this study.  How ever, any pre-meta mor phic thrust fault sep a -
rat ing the Cope land and Bucksport For ma tions could be no older 
than the Si lu rian.  D1 and pre-meta mor phic thrust ing would
there fore be Aca dian events.  If the cor re la tion of Vassalboro and 
Bucksport For ma tions is not cor rect, how ever, and the
Bucksport For ma tion is pre-Si lu rian in age, then D1, and
pre-meta mor phic thrust ing if pres ent, could be Tacon ic events.
Pre-Aca dian (Tacon ic?) iso cli nal fold ing has been rec og nized in
north east Maine both north and east of the Fred er ic ton trough
(Ludman, 1981, 1985)(Fig. 1b).  Most other first-rec og nized
folds in coastal Maine are re cum bent isoclines as signed to the
Aca dian orog eny (Bickel, 1976; Ludman, 1981; Hussey, 1985),
and structural features of undoubted Taconic age are exposed
only in western Maine (Osberg, 1978).

Cor re la tion of the Bucksport For ma tion with the
Vassalboro and Flume Ridge For ma tions and sep a ra tion of the
Cope land and Bucksport For ma tions by an Aca dian pre-meta -
mor phic thrust fault are based on ex ten sive map ping and strati -
graphic anal y sis (Hussey, 1978, 1985; Osberg, 1980; Gates et
al., 1984; Osberg et al., 1985).  No ex ist ing ev i dence con tra dicts
these in ter pre ta tions, and D1 is there fore in ter preted as an Aca -
dian event.  Quartz veins are abun dant in the Cope land For ma -
tion and Rider Bluff mem ber near the PGW/Bucksport terrane
bound ary and are de formed by the en tire struc tural se quence.
Ex ten sive quartz vein ing may re flect the pres ence of large
amounts of fluid as so ci ated with fault ing (e.g. Etheridge et al.,
1983) and may mark the trace of the pre-metamorphic thrust
fault.

The M1-2 event is a static meta mor phism which oc curred
un der am phi bo lite fa cies con di tions be tween two duc tile de for -
ma tion events (D1 and D2).  M1-2 meta mor phism may have been a 
dis crete event or part of a con tin uum of events at the end of D1 or
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at the be gin ning of D2.  Instrusion of Stricklen Ridge gran ite and
growth of M1-2 porphyroblasts at sim i lar pres sure-tem per a ture
con di  t ions  be  tween D 1  and D 2  and prev a  lence of
sillimanite-bear ing M1-2 min eral as sem blages with closer prox -
im ity to Stricklen Ridge gran ite stocks sug gest that M1-2 meta -
mor phism may have oc curred in a con tact au re ole in as so ci a tion
with the in tru sion of Stricklen Ridge gran ite.  Nar row,
sillimanite-bear ing ther mal au re oles around gra nitic in tru sions
have also been re ported from a num ber of other lo cal i ties in New
Eng land (Naylor, 1971).  M1-2 meta mor phism is prob a bly not re -
lated to instrusion of the nearby Lu cerne pluton.  The Lu cerne
pluton is prob a bly youn ger than de for ma tion that af fects M1-2

porphyroblasts, and its con tact au re ole is only ~1 km wide
(Novak, 1979).  Sillimanite-bear ing min eral as sem blages and
per va sive gra nitic intrustions oc cur through out the
Passagassawakeag For ma tion to the west of the study area
(Stew art and Wones, 1974; Guidotti, 1985), and their pres ence
may be the re sult of re gional, high-grade meta mor phism.
Granitic plutons may have been convectors of heat that produced 
local hotspots where they intruded.

D2 is char ac ter ized by open, up right fold ing and the for ma -
tion of a strong, hinge-par al lel min eral lineation un der up per
greenschist to lower am phi bo lite fa cies meta mor phic con di -
tions.  D2 struc tures de form the 412æ14 Ma Stricklen Ridge gran -
ite, but re port edly do not af fect the 385æ4 Ma Lu cerne pluton
(Kaszuba and Wones, 1985).  D2 is there fore as sumed to have oc -
curred dur ing the Aca dian orog eny when up right fold ing oc -
curred through out New Eng land (Osberg, 1978; Ludman, 1981;
Hussey, 1985).

The Norumbega fault zone is a ma jor struc ture in the quad -
ran gle.  The ori en ta tion, sense of mo tion, and in ferred de for ma -
tion con di tions (up per greenschist to lower am phi bo lite) for D3

shear zones in the study area sug gest that they are re lated to the
same de for ma tion event.  The co in ci dence of the Penobscot Lin -
ea ment with D3 shear zones and brit tle struc tures sug gests it is a
sec ond-or der shear of the Norumbega fault zone and not a ma jor, 
con tin u ous zone of fault ing and shear ing as sug gested by
O’Leary et al. (1978).  D4 is char ac ter ized by open, re clined fold -
ing un der greenschist fa cies meta mor phic con di tions.  The re la -
tion ship be tween the ori en ta tion of F4 folds and the Norumbega
fault zone (Fig. 6) sug gests that the stress field which pro duced
right-lat eral strike-slip move ment on the Norumbega fault zone
could also have caused F4 fold ing.  Eusden et al. (1986) sug gest a 
sim i lar re la tion ship be tween fold ing and strike-slip fault ing in
south west ern Maine along a con tin u a tion of the Norumbega
fault zone.  D4 may there fore rep re sent a later, lower tem per a ture
ep i sode of the same stress event which pro duced the Norumbega
fault zone.  Al ter na tively, D4 could rep re sent a dis crete duc tile
event un re lated to the one that pro duced the Norumbega fault
zone, but no such event is rec og nized else where in coastal Maine 
(Hussey and Newberg, 1978; Hussey, 1985).  D3 shear zones and 
D4 folds do not rep re sent de for ma tion as so ci ated with in tru sion
of Stricklen Ridge gran ite or the Lu cerne pluton.  D3 de forms
Stricklen Ridge gran ite, and shear zones sim i lar to D3 shear

zones oc cur within and de form the Lu cerne pluton (Wones,
1980).  Fur ther more, D3 shear zones are prob a bly re lated to the
same deformation event as the Norumbega fault zone, and the
Norumbega fault zone truncates the Lucerne pluton.

Brit tle frac tur ing and fault ing is com mon along the en tire
Norumbega fault zone (Hussey, 1978, 1985; Hussey and
Newberg, 1978; Wones, 1978; Ludman, 1981; John son and
Wones, 1984).  Brit tle joints and faults cut all duc tile struc tures
ob served in the study area and may be re lated to the same stress
field which ini tially pro duced the Norumbega fault zone, or to a
later brit tle event which ex ploited the Norumbega fault zone as a
pre-ex ist ing zone of weakness.

GEOLOGIC  HISTORY

In the Brewer Lake 7.5’ quad ran gle, meta sedi ments of the
Cope land For ma tion, Rider Bluff mem ber, and Bucksport For -
ma tion ex pe ri enced four phases of duc tile de for ma tion (D1, D2,
D3, and D4) and an interdeformational event (M1-2) of meta mor -
phism and gra nitic plutonism.  The ear li est rec og niz able de for -
ma tion phase (D1) pro duced F1 folds and a strong ax ial plane
fo li a tion (S1) de fined by a uni form compositional lay er ing.
Since D1 struc tures oc cur within and de form con tacts be tween
all metasedimentary units, these units must have been in con tact
and shared a com mon his tory by the time of D1 (Early Aca dian?)
at the lat est.  To the south west of the study area, units equiv a lent
to the Cope land and Bucksport For ma tions are bound by a
pre-meta mor phic thrust fault (Hussey, 1985).  No struc tural or
meta mor phic dis con ti nu ity co in cides with the bound ary be -
tween these two units in the quad ran gle, and the oc cur rence of a
pre-meta mor phic thrust fault is nei ther proven nor disproven by
this study.  A static ther mal event (M1-2) of shal low-level (~3.8
km) gra nitic plutonism (412æ14 Ma Stricklen Ridge gran ite) and
porphyroblast growth at 490É-575ÉC and 1-2.5 kb (am phi bo -
lite fa cies meta mor phism) oc curred be tween D1 and D2.  It may
have been a dis crete event or a part of a con tin uum at the end of
D1 or the be gin ning of D2.  The oc cur rence of sillimanite-bear ing 
M1-2 min eral as sem blages with closer prox im ity to stocks of
Stricklen Ridge gran ite sug gest that this meta mor phism may
have oc curred in a con tact au re ole in as so ci a tion with the in tru -
sion of Stricklen Ridge gran ite.  The sec ond duc tile de for ma tion
event (D2, Aca dian) pro duced open, up right folds and a strong,
hinge-par al lel min eral elon ga tion lineation un der up per
greenschist to lower am phi bo lite fa cies meta mor phic con di -
tions.  The ori en ta tion, sense of mo tion, and in ferred de for ma -
tion con di tions (up per greenschist to lower am phi bo lite) for D3

shear zones sug gests they are re lated to the same stress sys tem
that pro duced right-lat eral strike-slip move ment on the
Norumbega fault zone (Alleghanian).  The ori en ta tion of open,
re clined F4 folds that formed un der greenschist fa cies con di tions
sug gests D4 may rep re sent a later, lower-tem per a ture ep i sode re -
lated to the same stress sys tem.  Brit tle struc tures trun cate all
duc tile struc tures, and their ori en ta tion and sense of move ment
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sug gests that they are ei ther re lated to the same stress field which
ini tially pro duced D3 and D4 duc tile struc tures, or to a later brittle 
event which exploited D3 shear zones and the Norumbega fault
zone as pre-existing zones of weakness.
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