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ABSTRACT

The Waldoboro Pluton Com plex, Maine, formed by mul ti ple in tru sive ep i sodes of Aca dian-age granitoids in an
un as signed Pro tero zoic Z-Or do vi cian as sem blage of migmatitic, peraluminous, calc-sil i cate gneiss es and schists.
Seven granitoid units com prise the com plex (area >378 km2), part of which prob a bly su tures the St. George thrust
fault.  Field and pet ro log i cal ev i dence very strongly sug gests in-situ for ma tion of these syntectonic granitoids, and
that the mag mas, once formed, did not mi grate far from the site of anatexis.  Spe cific lines of ev i dence in clude: cryp -
tic, tran si tional, con cor dant mar gins; pro lific metasedimentary en claves; ev i dence for melt ing in the migmatitic en -
ve lope and metasedimentary en claves; and the pres ence of abun dant restitic clus ters of gar net, sillimanite, and
bi o tite iden ti cal to that in the coun try rock.  Lith o logic vari a tions among the granitoids re flect vary ing de grees of
melt-restite seg re ga tion.  Gneissic granitoids and granodiorites con tain abun dant restitic ma te rial, whereas gran ites 
and leucogranites more closely ap prox i mate melt com po si tions.  The abun dance of gar net and rar ity of cor di er ite in
granitoid and coun try rock, to gether with the pres ence of pri mary, mag matic mus co vite, in di cate min i mum pres -
sures of for ma tion of 0.3-0.4 GPa.  Mag matic fea tures have been over printed to vary ing de grees by solid-state de for -
ma tion re sult ing in protomylonites, mylonites, S-C foliations, min eral and en clave boudinage, imbrication, augen
ro ta tion, and intrafolial fold ing.  Foliations in the granitoids are con tin u ous with those in the coun try rocks, and de -
for ma tion was re lated to re gional tec tonic events rather than gran ite in tru sion.  Al leged ex otic, greenschist-grade,
Avalon com pos ite ter ranes may be jux ta posed against am phi bo lite prox i mal ter ranes along the west ward-vergent
St. George fault in the vi cin ity of the Waldoboro Pluton Com plex.  The shift from ear lier Aca dian com pres sive,
cataclastic-in duced fab rics to later shear ing is re corded in the S-type granitoids.  Ex ten sive shear ing, mylonitization, 
and late va por-fluid en rich ment lead ing to tourmalinization and feld spar blastesis along the east ern mar gin of the
Waldoboro Pluton Com plex mark the trace of the St. George fault in this area.  Up per am phi bo lite-grade meta mor -
phism and melt ing may be the re sult of crustal thick en ing along the St. George fault, but additional heat for
metamorphism and melting may have been provided by coeval intrusion of gabbroic and dioritic magmas in this
region.
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IN TRO DUC TION

Re con struc tions of the geo logic evo lu tion of coastal Maine 
are dif fi cult be cause of the un cer tain or i gin of vo lu mi nous silicic 
plutonics. The lat ter hin der cor re la tions based on stra tig ra phy or
meta mor phic paragenesis and mask in ferred bound aries be -
tween dif fer ent lithotectonic el e ments. Fur ther more, one dif fi -
culty with terrane iden ti fi ca tion lies in rec og ni tion of the
base ment. Stud ies of the wide spread in tru sions may re veal the
na ture of the deeper source ma te ri als un der ly ing ex posed strati -
graphic se quences. Pre lim i nary geo chem i cal anal y ses of some
plutons across the Gan der-Avalon terrane su ture(s) (An drew et
al., 1983; Ayuso et al., 1988) sug gest dif fer ent sources for
magmatism in each com pos ite terrane. How ever, these re con -
nais sance geo chem i cal stud ies do not dis crim i nate among the
many lithotectonic units that make up the com pos ite ter ranes. It
should be em pha sized that over re li ance on source-clas si fi ca tion 
schemes for granitoids (eg. I vs S-types) (Pitcher, 1983), which
are use ful for re gional cor re la tions, may ob scure the true petro -
gen etic re la tion ships and his tory of spe cific plutons. The stra te -
gic se lec tion of plutons for de tailed study, such as those which
su ture ma jor faults, pro vides a ba sis for in te grat ing pluton char -
ac ter is tics and tec tonic de vel op ment. Stud ies of the struc ture,
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Fig ure 1.  Sum mary of com pos ite ter ranes in New Eng land.  WPC =
Waldoboro Pluton Com plex.

Fig ure 2.  Pro posed Avalonian ter ranes in New Eng land.  WPC = Waldoboro Pluton Com plex.



pe trol ogy, geo chem is try, and geochronology of plutons should
therefore provide important clues to the accretionary history of
the northern Appalachian orogen. 

We have un der taken a com pre hen sive study of the
Waldoboro Pluton Com plex, which sur rounds Muscongus Bay
in cen tral coastal Maine (Figs. 1 and 2). The Waldoboro Pluton
Com plex was se lected for study be cause: (a) re con nais sance
field work in di cated a deeper level of em place ment than in ferred
for other dis cor dant plutons in the re gion, sug gest ing that ev i -
dence for ex ten sive magma-crust in ter ac tion (in clud ing
melt-restite re la tions) might be pre served; (b) the Waldoboro
Pluton Com plex ap pears to su ture dif fer ent ter ranes (Osberg et
al., 1985; Keppie, 1985, 1989) and thus af fords the op por tu nity
to study the re la tion ship be tween granitoid gen e sis and terrane
ac cre tion; (c) pet ro logic and struc tural re la tion ships in the coun -
try rocks, at the mar gins and within the com plex, can be es tab -
lished fairly eas ily be cause of the large out crop area (>280 km2

ac cord ing to Osberg et al., 1985), good exposure, and
accessibility.    

In this pa per we de scribe the field re la tion ships, pe trog ra -
phy, and struc ture of the Waldoboro Pluton Com plex. These data 
pro vide the frame work nec es sary for pet ro log i cal and geo chem -
i cal stud ies which will be de scribed in sep a rate pub li ca tions (Si -
dle and Barton, in prep.). 

SUMMARY  OF  PREVIOUS  WORK

The ear li est de scrip tions of the Waldoboro pluton date
from Bastin (1908). Work by Hussey (1971), Newberg (1979)
and by Smith et al. (1982) de fined the north ern and east ern
bound ary of the pluton and also re vealed the pres ence of
migmatites in the re gion. Newberg (1979) de scribed sev eral
large metasedimentary inliers within the pluton as well as a
large-scale oblique slip fault at Havener Cove and sug gested
mul ti ple ep i sodes of de for ma tion in the area. Osberg et al. (1985) 
com piled the re sults of pre vi ous work ers and in ferred the lo ca -
tions of the north ern, south ern, and south west ern mar gins. A
K/Ar mus co vite date of 295 æ 9 Ma (Zartman et al., 1970) and a
fis sion track ap a tite date of 207 æ 21 Ma (Naeser and Brookins,
1975) were ob tained on sam ples from the same lo cal ity. A
whole-rock Rb/Sr date of 367 æ 4 Ma was as signed to the
Waldoboro pluton by Knight and Gaudette (1987).

The first de tailed map ping of the Waldoboro Pluton Com -
plex and sur round ing ar eas was car ried out by Si dle (1990a),
who iden ti fied seven ma jor ig ne ous units. Si dle’s maps, to gether 
with geo logic de scrip tions, were pub lished by the Maine Geo -
log i cal Sur vey (Si dle, 1991). Pre lim i nary de scrip tions of the
Waldoboro Pluton Com plex and Meduncook-South Cush ing
granitoids, to gether with some geo chem i cal anal y ses, are given
by Si dle (1990a, 1991). The re sults re ported in this pub li ca tion
re veal a com plex mag matic and tec tonic his tory for the
Waldoboro Pluton Com plex, which is now es ti mated to be ex -
posed over at least 378 km2.

REGIONAL  GEOLOGY  AND  TECTONIC  SETTING

There is much un cer tainty in as sign ing the Waldoboro
Pluton Com plex to a spe cific geo logic and tec tonic set ting be -
cause of widely dif fer ing in ter pre ta tions of the evo lu tion ary his -
tory of the north ern Ap pa la chian orogen. In view of this, a brief
re view of the re gional ge ol ogy and tectonics is given here.

 Some re gional tec tonic maps show the Waldoboro Pluton
Com plex lo cated within the Gan der, an am phi bo lite-grade, An -
dean-style com pos ite terrane, and near to the Avalon, an At lan -
tic-fau nal, greenschist-grade, platformal com pos ite terrane
(Figs. 1 and 2) which in cludes Pro tero zoic Z base ment (Bradley,
1983; Rast and Skehan, 1983; Wil liams and Hatcher, 1983; Zen,
1983). How ever, Keppie (1985, 1989) em pha sizes the col lage
na ture of lithotectonic or prox i mal ter ranes in the north ern Ap -
pa la chian orogen and the dif fi culty of cor re lat ing sus pect super
ter ranes along-strike. Cer tainly, tec tonic mod els must ac com mo -
date a con ti nen tal-scale shear fault, lo cally ex pressed as the
Norumbega fault zone in Maine (Fig. 2). Along the Norumbega
fault zone are jux ta posed an ex otic ar ray of di verse tec tonic el e -
ments to a sus pect sliver of gneissoid base ment, pre sum ably of
North Amer i can af fin ity, ep i sod i cally from mid-Pa leo zoic
through Alleghenian times (Ludman, 1981, 1986; Zen, 1983;
Keppie, 1985). 

The pro lif er a tion of prox i mal terrane as sign ments is ev i -
dent from Fig ure 3 (Osberg, 1978; Zen, 1983; Ho gan and Sinha,
1989). In gen eral, the rocks west of the Waldoboro Pluton Com -
plex com pris ing the Fal mouth-Bruns wick, Saco-Harpswell,
Bucksport-Flume Ridge, and pos si bly Passagassawakeag se -
quences/ter ranes are Or do vi cian deep ma rine turbidites un con -
form ably over lain by Siluro-De vo nian turbidites, which are
them selves un con form ably over lain by Devono-Car bon if er ous
nonmarine sed i ments and volcanics. Keppie (1989) has in cluded 
these ter ranes in his Fred er ic ton terrrane pro jected from the Ca -
na dian Maritimes. East of the Waldoboro Pluton Com plex, the
rocks com pris ing the Penobscot-Cookson and Ellsworth-coastal 
ter ranes (Fig. 3) mostly are Cambro-Or do vi cian euxinic sed i -
men tary rocks over lain by Siluro-De vo nian bi modal,
within-plate, tholeiitic, rift vol ca nic rocks and shelf sed i men tary
rocks. Keppie (1989) sug gests that these ter ranes cor re late with
the St. Ste phen terrane. In fact, the prob a ble cor re la tive terrane
em body ing the lithotectonic fea tures sur round ing the
Waldoboro Pluton Com plex is the Nashoba terrane (Aleinikoff
et al., 1979; Hep burn et al., 1987; Hutch in son et al., 1989). The
migmatitic granitoids in the Nashoba terrane are strik ingly sim i -
lar to those in the Waldoboro Pluton Com plex area. Pro jec tion of
the Nashoba terrane from south east ern New Eng land off shore
and into mid-coastal Maine is sug gested by seis mic stud ies in the 
Gulf of Maine (Stewart et al., 1986; Klitgord et al., 1988;
Hutchinson et al., 1989).

Many of these prox i mal terrane as sign ments are based on
the as sump tion that the lithotectonic bound ing faults (Osberg,
1978; Osberg et al., 1985) are deep-seated, high-an gle faults.
How ever, Klitgord et al. (1988), Hutch in son et al. (1989), and
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Stew art et al. (1986) in di cate that the ma jor bound aries are listric
faults, im ply ing ma jor west ward-di rected thrust ing. Seis mic
data sug gest that the crust be neath the Gulf of Maine thins to
about 34 km with out anom a lous vari a tions in dic a tive of high an -
gle discontinuities or faults. 

One of these thrusts, the St. George fault (Fig. 3), may have
jux ta posed Avalonian-type terrane onto Gan der-type terrane (lo -
cally Nashoba?). Si dle and Barton (1990) sug gest that the
Waldoboro Pluton Com plex su tures this re gional fault (see also
Hussey, 1971, 1986; Osberg et al., 1985). West of the St. George
fault is an un as signed col lage of gen er ally up per am phi bo lite fa -
cies migmatitic and volcanogenic units. The Waldoboro Pluton
Com plex ap pears to partly in trude the Saco-Harpswell
lithotectonic se quence of Hussey (1989) (Fig. 3), but the cor re la -
tion of this li thol ogy with those of the Bucksport-Flume Ridge
se quence is un known. Bucksport-type volcanogenic rocks are
shown by Osberg et al. (1985) to bor der the north ern and west ern 
parts of the Waldoboro Pluton Com plex, but Hussey (pers.

commun., 1989) sug gests that those rocks west of the
Waldoboro Pluton Com plex be long to the Sebascodegan For ma -
tion.  In any case, they are pre dom i nantly calc-sil i cate
paragneisses and schists (cf. Bucksport For ma tion) of presumed
Proterozoic Z to Ordovician age.

The rocks com pris ing the up per plate of the St. George
fault  con sist of Or do vi cian quartzites and am phi bo lites (Benner
Hill For ma tion) and gneiss es (Penobscot For ma tion) (Guidotti,
1979; Osberg et al., 1985). Struc tural re la tion ships sug gest that
the west ern bor der of the Maine Avalon seg ment is close to the
trace of the St. George fault (Hussey, 1971; Guidotti, 1979;
Osberg et al., 1985; Keppie, 1989). The dis tri bu tion of At lan tic
fauna just east of the St. George fault in low am phi bo lite fa cies
rocks (Boucot et al., 1972) lends cre dence to this pro posal. Ac -
cord ingly, the Waldoboro Pluton Com plex may su ture the west -
ern mar gin of the Maine Avalon com pos ite terrane. Hutch in son
et al. (1989) ar gue, how ever, that the Tur tle Head fault (Fig. 3)
marks the west ern boundary of the Maine Avalon segment.  

PETROGRAPHY

The Waldoboro Pluton Com plex (Figs. 4 and 5) is ex posed
over ap prox i mately 378 km2. Only de tailed de scrip tions of the
granitoids are given here. Full de scrip tions of the pegmatites,
migmatites, other meta mor phic rocks, and ba saltic/diabasic
dikes ap pear in Si dle (1990a).

Seven ma jor ig ne ous units are rec og nized in the
Waldoboro Pluton Com plex. Modal data are plot ted in the QAP
di a gram of Streckeisen (1976) (Fig. 6) and are listed for rep re -
sen ta tive sam ples in Ta bles 1 and 2. Granitoids of the Waldoboro 
Pluton Com plex ap pear to de fine two clus ters. One in cludes the
Waldoboro gran ite (Wg), Medomak gran ite/granodiorite
(Wgn), leucogranite (Wgl), Wil let Hill gran ite (Wgt), and Cran -
berry Is land gran ite (Wga). The other is dom i nated by the Water -
man Creek unit  (Wqd) and in  c ludes tonal ites and
quartz-diorites. The over all trend is sim i lar to the high-K,
calc-al ka line monzonitic se ries (Lameyre and Bowden, 1982).
How ever, field re la tions sug gest that Wqd in truded be fore the
main Waldoboro Pluton Com plex granitoid phases, and Wqd is
sim i lar pet ro log i cally to nu mer ous dioritic/gabbroic lenses in
the coun try rocks and other smaller in tru sions in the area (Si dle,
1990a, 1991, in prep.). Lithologically, the South Pond unit
(Wgp) is very coarse-grained and vari able in modal com po si tion 
and is not plot ted on Fig ure 6. This unit con tains per va sive al -
kali-feld spar megacrysts and thus is easily distinguished in the
field.

Waldoboro Phase (Wg)

The Waldoboro Phase is an equigranular, me dium-grained, 
weakly fo li ated, two-mica gran ite. It is mus co vite-rich,
schlieren-free, and in cludes most of the more mas sive, quar ried
gran ites of the com plex. Low bi o tite/mus co vite ra tios and low
An/(An+Ab) ra tios (<0.20) char ac ter ize this phase. Very
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Fig ure 3.  Re gional lithotectonic se quences/ter ranes in coastal Maine
and lo ca tion of the Waldoboro Pluton Com plex and var i ous other
intrusives. 1 - Waldoboro Pluton Com plex; 2 - Rac coon in tru sions; 3 -
Spruce Head; 4 - Port Clyde; 5 - Monhegan.  SGF = St. George fault; TH 
= Tur tle Head fault.



coarse-grained to por phy ritic sheets are com mon and blan ket
more mas sive me dium-grained granites.

Wg has been recrystallized and de formed, but to a lesser
ex tent than other phases of the Waldoboro Pluton Com plex.
Quartz shows undulose ex tinc tion and is frac tured; grain bound -
aries are an nealed with oc ca sional consertal and mor tar tex tures.
Plagioclase (av er age - An18) ex hib its oc ca sional kinked al bite
twin lamellae, synneusis twinning, and weak nor mal zon ing.
Microcline is com mon and in the east ern part of Wg, a sec ond set 
of perth ite lamellae pen e trate ear lier micro clines. Myrmekite is
more com mon and oc curs as rims bor der ing gran u lar plagioclase 
and as inter gra nu lar blebs be tween ad ja cent microperthitic feld -
spars. Micas are euhedral, bent, and butt-ended (Zen, 1983).
Mus co vite crys tals are fre quently the larg est grains in the rock.
Bi o tite is metamict with zir con and ap a tite, and is clearly less
abun dant than other phases. Ap a tite is pris matic and evenly dis -

trib uted through out the gran ite. Trace amounts of gar net, tour -
ma line, sillimanite, and anhedral mag ne tite oc cur. Rare frac tures 
are filled with seri cite and some bi o tite is replaced by chlorite,
but generally the rocks are fresh.

Wil let Hill Phase (Wgt)

This is a me dium to coarse-grained, tour ma line-bear ing,
non-fo li ated gran ite ex posed in the cen ter of Wg. Mus co vite is
more abun dant than bi o tite, and pris matic schorl, which cuts
euhedral butt-ended mus co vite, oc curs in coarse-grained va ri et -
ies. Spec tac u lar segregations of black tour ma line up to 23 cm
long oc cur in coarse-grained lenses which ex hibit lo cal
autobrecciation. Color zon ing in schorl is com mon and blue
indicolite oc curs. The fab ric is sim i lar to that of Wg, but
alteration is more extensive.

Medomak Phase (Wgn)

This is the larg est phase of the Waldoboro Pluton Com plex
and mostly con sists of fo li ated, gneissic gran ites and
granodiorites. Ubiq ui tous schlieren, boudinaged en claves,
inliers of con vo luted metasedimentary lithologies, and com mon
gar net char ac ter ize this phase. 

Fo li ated va ri et ies are me dium to very coarse-grained, com -
monly gar net-bear ing, and are interlayered with por phy ritic va -
ri et ies. Mas sive, me dium-grained va ri et ies are much less
common.

Gneissic gran ites and granodiorites oc cur es pe cially in the
south west ern ar eas of Wgn. Band ing ranges from 0.6 m to fine
strip ing, and dis con tin u ous streak ing is com mon. Tex tures are
gradational be tween true-ig ne ous and gneissic va ri et ies (Fig. 7)
ex hib it ing orig i nal S0/S1 banded granofels struc tures which pro -
ject along strike into in ter mixed calc-sil i cate gneiss es of the
Bucksport For ma tion.  These gradational granitoids are as much
as 70% schlieren and grade into nebulitic migmatites. Gar -
net-bear ing paragneisses and schists are usu ally ad mixed with
gra nitic lay ers. Lo cally, porphyroblastic granitoids with ser rated 
subrounded feld spars up to 15 cm in di am e ter oc cur. Prolate, de -
formed, feldspathic porphyroblasts com monly transect mar gins
with the coun try rocks (Si dle, 1990b). In out crop, the gneissic
granitoids are fre quently in dis tin guish able from the bi o tite-rich
paragneisses and schists of the Bucksport Formation (Sidle and
Barton, 1990). 

Wgn ap pears to rep re sent a tran si tional phase be tween the
coun try rock and the more ho mo ge neous gra nitic phases of the
Waldoboro Pluton Com plex. Recrystallization and de for ma tion
are pro nounced. Ev i dence of dy namic recrystallization is wide -
spread in the microfabric and ranges from kinked foliations and
subgrain polygonization to flux ion tex tures in protomylonites.
Quartz com monly is an nealed with feld spar subgrains. Quartz
rib bons and neocrystallization ap pear in fringes and pres sure
shad ows of feld spar augens. Quartz drop lets are also as so ci ated
with poikiloblastic, frac tured gar nets. Seriate plagioclases may
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Fig ure 4.  Sim pli fied geo logic map of the Waldoboro Pluton Com plex
show ing the dis tri bu tion of the ma jor lith o logic units.  Wg - Waldoboro; 
Wgn - Medomak; Wqd - Water man Brook; Wgp - South Pond; Wgt -
Wil let Hill; Wga - Cran berry Is land; Wgl - lecogranites.



show idioblastic cores and xenoblastic rims in tran si tional
granitoids as so ci ated with pos si ble shear ing. Bro ken plagioclase 
crys tals fre quently have de for ma tion lamellae which show thin -
ning due to stretch ing. Zon ing is patchy and weak or ab sent. An -
or thite con tents are An10-41 (av er age - An30) in tran si tional
granitoid types and An21 in gran ites. These val ues are higher
than those in the Wg phase. Plagioclase in clu sions in al kali feld -
spars are ran domly ori ented, clus tered, or oc cur in sericitized
cores. No crys tal lo graphic con trol is ap par ent for the inclusions
or for patchy zoning developed in larger plagioclase grains. 

Micro clines oc ca sion ally form augens in tran si tional
granitoids. Lobate, bul bous masses of myrmekite oc cur as man -
tles of microcline augens and ovoid al kali-feld spar
porphyroclasts, but myrmekite is not re stricted to pres sure shad -
ows. Rare inter gra nu lar myrmekite oc curs be tween perthitic
feld spars. Some al kali feld spars form porphyroblasts and do not
have myrmekite man tles. Some ar eas of cataclasis con tain
poikiloblastic al kali feld spars and quartz pen e trated by frac tures
filled with perth ite æ seri cite. Late for ma tion of al kali feld spar is
also in di cated by interpenetration perthites and rare flame
perthites.

Bi o tite pre dom i nates over mus co vite, and is ubiq ui tously
metamict around zir cons up to 0.3 mm. Bi o tite also oc curs with
sillimanite in clus ters and rib bons that have been de formed into
microfolds. Mus co vite crys tals are smaller than in the Wg phase. 
Micas in the tran si tional granitoids de fine foliations par al lel to
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Fig ure 5.  Sche matic scaled cross sec tions of the Waldoboro Pluton Com plex. Lo ca tion of sec tions given on Fig ure 4. La bel ing of ma -
jor lith o logic units from Fig ure 4 ex cept: Bgs - Bucksport For ma tion; BHq - Benner Hill For ma tion; M - ba salt and diabase dikes.

Fig ure 6.  Modal and nor ma tive com po si tions of Waldoboro Pluton
Com plex granitoids plot ted in the Quartz-Al kali feld spar-Plagioclase
feld spar di a gram of Streckeisen (1976).



those in ad ja cent metasedimentary lithologies. S1 and S2 fo li a -
tion planes are de vel oped on the orig i nal mica rib bon sur faces.
Oblique foliations of recrystallized quartz ag gre gates and mica
fish (Fig. 8) occur on type II S surfaces.

Gar net in ter preted to be restitic is more com mon than mag -
matic gar net as sub stan ti ated by min eral chem i cal data (Si dle
and Barton, in prep.). Restitic gar nets are subrounded to rounded 
(0.3  to 1.1 mm) and may form trains or clus ters with sillimanite
or fib ro lite (Fig. 9). Many of them have frac tures filled with seri -
cite and po lyg o nal quartz, and are partly or com pletely sur -
rounded by sheaths of bi o tite and quartz-feld spar ag gre gates.
Ro ta tion of gar net porphyroblasts is in di cated by s struc tures
(Passchier and Simpson, 1986) which sug gests low shear strains
and recrystallization rates higher than ro ta tion rates. Iso lated
subhedral gar nets oc cur which are not as so ci ated with restitic
clots or de for ma tion tex tures. They ap pear to have formed late
and prob a bly con tin ued to grow on ear lier phenocrystic or
restitic gar nets dur ing cool ing (Si dle and Barton, in prep.). No
euhedral garnets were observed in Wgn.

Pris matic schorl is scat tered through out Wgn. Cor di er ite
was iden ti fied in one sam ple, and am phi bole, with in clu sions of
subrounded to subhedral zir con, is rare. Free zir con (ie. not as in -
clu sions in bi o tite or am phi bole) is of ten embayed. Ap a tite oc -
curs most com monly as stubby prisms, but nee dles of this
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TA BLE  1:  REP RE SEN TA TIVE  MODAL  ANAL Y SES  OF  THE  WALDOBORO  PLUTON  COM PLEX 

Wg Wg Wg  Wg  Wgn Wgn Wgn Wgn Wgn Wgn Wgn Wgt Wgl Wqd Wqd Wqd Wgp Wgp Wgp

QTZ  33.9 31.9 35.4 34 24.2 25.6 28.9 36.3 31.8 35.6 38.1 28.4 38.1 14.3 8.3 26.1 18.1 12.4 21.5

KSP 35.2 28.9 40.1 39.6 18.5 23.9 23.2 30.3 34.3 14.7 28.7 36.1 41.2  - 6.6 18.5 42.9 18.5 27.6

PLG 21.9 30.3 17.8 11.4 35.8 31.8 40.9 21.3 17.9 36.1 28.4 23.5 15.7 46.1 48 36.6 20.6 61.2 27.7

BIO 3 2.6 2.5 3.3 16.5 14.3 5.7 9.8 3.5 8.7 2.2 0.8 2.3 10.5 1.2 10.7 2.2 7.1 3.7

HBL  -  -  -  -  -  -  -  -  -  -  -  -  - 24 33.9 7.7 15.9 - 18.6

MSV 5.4 5.4 3.6 5.6 1.2 2.1 1.1 0.8 7.8 2.5 2.1 5 2.1  -  -  -  -  -  -

GNT 0.2  -  -  tr 2.6 1.7  - 1.2 2.1 1.8 0.2  - 0.2  -  -  - 0.2  -  -

SIL  - 0.8  -  - 0.3  -  -  - 2.1  -  -  -  -  -  -  -  -  -  -

MNT  tr 0.1 0.2  tr 0.3  tr 0.1  tr tr 0.2  tr  tr  tr 2.4 1.7 0.3 0.1 0.9 0.1

HEM  -  -  -  -  -  -  -  tr  -  tr  -  -  -  -  -  -  -  -  -

ILM 0.1  tr  - 0.2 0.6  -  tr 0.1  -  tr  tr  -  - 1.1 0.1  -  tr  - 0.2

APT 0.3  tr 0.4  tr  tr  tr  tr 0.2  tr  tr 0.1 1.1 0.2 0.1 0.2  tr  tr  tr  tr

SPH  -  -  -  -  -  -  -  -  -  -  -  -  - 0.9  tr 0.1  tr  tr 0.6

TRM  -  -  -  -  -  -  -  -  -  -  - 5.1  -  -  -  -  -  -  -

ZIR  tr  tr  tr  tr  tr  tr  tr  tr  tr  tr  tr  tr  tr  tr  tr  tr  tr  tr  tr

TA BLE  2:  REP RE SEN TA TIVE  MODAL  ANAL Y SES  OF  THE
COUN TRY  ROCKS

Bgs Bgs Bgs Bgs Bgs Bgs Bgs

QTZ 6.1 8.7 9 26.1 18 9.6 20.9

KSP  - 4.1 6.1 10.6 3.2 25.2 4.1 

PLG 39.4 59 56 41.5 61.1 45.4 29.9

BIO 4.6 5.8  - 20.2 15.6 18.2 3

HBL 38.6 22.2 28.2  - 2  -  -

MSV  -  -  -  tr  tr  tr 30.8

GNT  -  -  - 1.2 1.6  -  -

SIL 7.4  -  -  tr  tr  tr  tr

MNT 1.4  tr  tr  tr  tr 0.1  -

HEM  -  -  -  -  -  tr 0.1

ILM 0.6  -  tr  -  -  tr  -

APT  tr  - 0.1  tr  tr  tr  -

SPH  - 0.2 0.6  -  tr  -  -

TRM  -  -  -  -  -  - 11.2

ZIR  tr  tr  tr  tr  tr  tr  tr



min eral are also pres ent. Ap a tite is pre dom i nantly in cluded in
biotites. Il men ite and titaniferous mag ne tite oc cur as nee dles or
anhedral masses. Traces of sphene are present.

Leucogranites (Wgl)

The leucogranites are fine- to me dium-grained, weakly fo -
li ated, and grade into gran ite. The weak fo li a tion un doubt edly
re flects the pau city of ferro mag nesi an min er als. Leucogranitic
lenses a few me ters wide or long per vade Wgn and prob a bly ex -
tend be yond the mapped west ern mar gin of the Waldoboro
Pluton Com plex. They are in some cases iden ti cal to leucosomes

in migmatites within and sur round ing the Waldoboro Pluton
Com plex. Microfabrics are sim i lar to those of the Wgn granites.

Water man Brook Unit (Wqd)

The Water man Brook unit con sists of equigranular to
recrystallized quartz diorite and tonalite. Mas sive va ri et ies are
coarse-grained. Weakly fo li ated to strongly lineated, me dium to
coarse-grained va ri et ies form an ar cu ate out crop pat tern near the 
east mar gin of the Waldoboro Pluton Com plex (Fig. 4). Abun -
dant dif fuse autolithic en claves, rare an gu lar metasedimentary
xe no liths, and rare xenocrystal gar nets oc cur in the quartz
diorites.

Lo cally, quartz and feld spar augens (<1.5 cm) oc cur.
Plagioclase ranges from An36-48 (av er age An43), al though
porphyroclastic ar eas con tain rare al bite. Al kali feld spars are re -
stricted to poikilitic perth ites. Decussate am phi boles are com -
monly microboudinaged and zoned un like those that oc cur in
Wqd-like bod ies scat tered through out Wgn. Clinopyroxene is
ex tremely rare, whereas bi o tite is streaked with chlorite plus
other un iden ti fied min er als. Euhedral, late indicolite oc curs in
bi o tite. Euhedral sphene up to 3.0 mm (0.9 vol%) and stubby
prisms of ap a tite are ubiquitous minor constituents.

Microveining with shear ing is pro nounced in the south -
east ern part of Wqd. These protomylonitic tex tures in clude late
seri cite-filled frac tures cross cut ting anhedral am phi bole pheno -
crysts and ear lier ar eas of neocrystallization. Veinlets with ra di -
at ing tour ma line and blebs of sec ond ary py rite and ar seno py rite
oc cur next to am phi bo lites and am phi bo lite schists (see be low).
Also, flux ion tex tures and al ter ation in crease south east ward to -
ward Wgp and the east ern Waldoboro Pluton Complex
boundary.
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Fig ure 7.  In com pletely di gested meta sedi ments within a granitoid ex -
hib it ing pro nounced attentuation and band ing; note quartz-feld spar
par al lel in jec tions. South west ern Cow Island.

Fig ure 8.  Sigmoidal, metamict bi o tite mica fish in type II S-C mylonitic 
granitoid, west ern Hall Is land (80x cross po lar ized).

Fig ure 9.  Restitic clus ter of frac tured almandine gar net with bi o tite, and 
sillimanite in pres sure shadow, in granodiorite, south west ern Hun gry
Is land (80x plane po lar ized).



Recrystallized am phi bo lites and schists that can not be eas -
ily dis tin guished from quartz diorites/tonalites oc cur in the
south ern part of Wqd and in small lenses and ir reg u lar bod ies
within Wgn. Some of these Wqd-like bod ies are gradational with 
meta sedi ments. For ex am ple, xenocrystal gar nets oc cur in the
quartz diorites. Shear pods of coarse-grained uralitized gab bro
and dioritic lenses (<0.3 m) oc cur in calc-sil i cate gneiss es and
am phi bo lite schists. Much of Wqd may ac tu ally rep re sent
recrystallized meta sedi ment as is in ferred for rocks east of the
Waldoboro Pluton Com plex near the Rac coon mafic intrusion
(Sidle, 1990a, 1991).

South Pond Unit (Wgp)

This is a megacrystic gran ite por phyry which forms a more
mas sive body in the north and a protomylonitic to mylonitic mar -
gin be tween Wqd and Wgn and the coun try rocks in the south -
east. Non-ori en tated microcline megacrysts (up to 7 cm) and
quartz oc cur in por phy ritic sheets and ir reg u lar peg ma titic bod -
ies. These sheets are in ter ca lated with finer-grained va ri et ies.
Thin (<0.5 m), poorly-de fined lenses of greisen are fre quent in
the east ern Waldoboro Pluton Com plex and con sist of quartz,
mus co vite, bi o tite, æ zinwaldite(?) æ tourmaline.

In the south, the whole of Wgp is a sheared feldspathic
meta-gran ite por phyry. Protomylonite and porphyroclastic
mylonites, and intrafolial blastomylonites are clearly vis i ble.
Strongly lineated quartz and feld spar augens up to 11 cm have
ser rated mar gins. Pres sure shad ows filled with fine-grained min -
eral ag gre gates ex hib it ing d-struc tures are pres ent in the type II
S-C mylonites. Nu mer ous dis placed crys tals and book shelf slid -
ing of feld spar megacrysts also occur.

In some mylonitic va ri et ies, in tense recrystallization is as -
so ci ated with a blastomylonitic fab ric. Else where, the al kali
feld spar megacrysts are man tled with bul bous myrmekite which
cor re sponds to the ser rated feld spar mar gins ob served in pres -
sure shad ows sug gest ing growth from the re sis tant feld spar crys -
tals out ward. Augens oc cur in swarms of megacrystic bands (10
cm to sev eral me ters) that are in ter ca lated with boudinaged
metasedimentary en claves sev eral tens of me ters long (Fig. 10).
In di vid ual megacrysts of ten cut the con tact with meta sedi ments.
The size of the megacrysts de creases west ward to ward the Wgn
phase. Two gen er a tions of al kali feld spar oc cur in Wgn as noted
above. In Wgp, a late blastic(?) perthitic feld spar may en velop
ear lier micro clines. Plagioclases (An16-42) are smaller, of ten
strongly sericitized, and less abundant than the alkali feldspars.

Bi o tite rib bons and type II S fish are com monly al tered to
chlorite, and seri cite-filled frac tures are com mon in bi o tite. Am -
phi bole and sphene, like bi o tite, are vari able in abun dance and
this re flects the mix ing of granitoids and Bucksport-type
lithologies. Spo radic gar net, sillimanite, and tour ma line oc cur,
whereas cor di er ite has been iden ti fied in the ex treme south east
Wgp. Its pres ence may be re lated to lo cal ther mal per tur ba tions
ac com pa ny ing strain in this area of Wgp (cf. Clemens and Wall,
1981). 

Cran berry Is land Phase (Wga)

This phase is a fine- to me dium-grained aplit ic gran ite. It is
weak to mod er ately fo li ated with oc ca sional gar net and, in con -
trast to Wgn, con tains few an gu lar xe no liths. Rhyth mic, gar -
net-banded aplites as so ci ated with peg ma tite-aplite com plexes
(Si dle, 1990a) may be re lated to the Wga phase. Bi o tite is ab sent
and Fe-Ti ox ides are rare. Weakly zoned plagioclase (av er age -
An12), scarce subhedral gar net (<1.3 mm) and rag ged, subhedral
muscovite also occur. 

Meta mor phic Rocks

Rocks sur round ing and in ter mixed with the main
Waldoboro Pluton Com plex granitoid phases be long mostly ei -
ther to the Pro tero zoic Z to Or do vi cian Bucksport For ma tion or
Sebascodegan For ma tion (Bgs) (see ear lier dis cus sion), and are
ex posed in the underplate of the St. George fault. The protoliths
may be prox i mal volcanogenic graywackes and shales (Hussey,
1989). The dom i nant lithologies are calc-sil i cate and bi o tite
granofels and paragneisses with band ing up to 17 cm wide. Typ i -
cally, the gneiss es are fo li ated, vari ably strained, and
granoblastic. Plagioclase/K-feld spar ra tios are quite vari able, re -
flect ing the range of lithologies, and gneiss es close to the tran si -
tional granitoids ex hibit some form of blastesis. These in clude
pearl gneiss es, flecky-types (Mehnert, 1968), and show all
stages of megacrystic growth with in cip i ent blastesis grad ing
into swarms of porphyroblasts in Bgs. Gar net-bear ing gneiss es
are spo radic west of the Waldoboro Pluton Com plex mar gin and
in inliers. In con trast, porphryoblastic gar nets in gneiss es along
the east ern Waldoboro Pluton Com plex mar gin are up to 3 cm in
di am e ter. Gar net ro ta tions are due to duc tile shear and are not an
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Fig ure 10.  Strongly, at ten u ated, in ter ca lated am phi bole-bi o tite gneiss
of Bucksport For ma tion with megacrystic-rich South Pond por phyry,
amidst shear zones. Note sinistral off sets of a quartzo-feldspathic vein
(ham mer length is 55 cm). North cen tral Friend ship Long Island.



ar ti fact of suc ces sively over printed foliations (Bell and John son, 
1989). Those mea sured have dextral shear sense which con trasts
with the pre dom i nant sinistral mo tion mea sured in the granitoids 
(Fig.13) dis cussed later. Vol u met ri cally mi nor lithologies in -
clude bi o tite-mus co vite schists æ gar net æ cor di er ite æ sillimanite,
am phi bo lite schists æ garnet, sulfide-bearing mica schists, and
tourmaline schists.  

Bi o tite/am phi bole ra tios in crease to ward the con tacts with
the Waldoboro Pluton Com plex (Fig. 11). Ev i dently, the
Waldoboro Pluton Com plex is sit u ated in a bi o tite-rich part of
Bgs. Com par i son of the Bgs coun try rocks with the en claves and
metasedimentary inliers sug gests that the lat ter are more re frac -
tory lithologies (Sidle, 1990a).

Quartzites of the Or do vi cian Benner Hill For ma tion
(Guidotti, 1979) oc cur on the St. George fault up per plate close

to the east ern bound ary of the Waldoboro Pluton Com plex. The
steeply dip ping, north east-strik ing units lo cally con sist of
thin-bed ded,  bi o tite-lam i nated (<2 mm) quartz ite with in ter ca -
la tions of quartz-mica schist and am phi bo lite. A dis tinc tive
mylonitic zone con tain ing ro tated blocks of quartz ite oc curs ad -
ja cent to the Wgp phase. The lat eral ex tent of mylonitization is
es ti mated at less than 20 m (Sidle, 1990a).

Other units of the coun try rocks in clude gar net-sillimanite
gneiss es of the Penobscot For ma tion or its equiv a lents (Osberg
et al., 1985) along the north east mar gin and gneiss es of the Cross
River For ma tion (Hussey, 1986) along the south west mar gin.
The coun try rocks along the south east mar gin are clearly
Bucksport-type lithologies and do not be long to the Penobscot or 
Benner Hill for ma tions as in ferred by Osberg et al. (1985) and
Hussey (1986, 1989).
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Fig ure 11.  (a) Bi o tite/am phi bole ra tios in Bucksport-type lithologies in the Waldoboro Pluton Com plex.  (b) Bi o tite/am phi bole ra tios 
pro jected onto cross-sec tions A and B from Fig ure 11a.  WPC = Waldoboro Pluton Complex.



Fi nally, mafic dikes oc cur in the Waldoboro Pluton Com -
plex and may be Early Tri as sic to Early Ju ras sic age (cf Mchone
and Trygstad, 1982). Twenty eight dikes wider than 1 m were
mapped (Si dle, 1990a, 1991). Most are rel a tively fresh apha ni tic
ol iv ine bas alts or diabases. 

FIELD  RELATIONS  AND  STRUCTURE 

Con tacts

The west ern, north ern and south ern mar gins of the
Waldoboro Pluton Com plex are pre dom i nantly gradational with
the Bucksport-type coun try rocks.  A few un am big u ous in tru -
sive-style con tacts prob a bly re flect late autointruded melt-rich
phases within Wgn. The west ern mar gin of the Waldoboro
Pluton Com plex is mapped as the on set of more sharply de fined
disharmonic folded migmatites. East of this mar gin con cor dant
tran si tional granitoids oc cur amidst nebulitic-type migmatites,
per me ate bi o tite-rich paragneisses, and con tain swarms of
restitic metasedimentary en claves. Along the south west ern mar -
gin, the com plete tran si tion from coun try rocks into gran ite is
pre served. Dis in te gra tion of coun try rock into rel ict en claves
(Vernon, 1983) (Fig. 12), segregations of recrystallized en -
claves, ghost stratigraphies of for mer paragneisses ex hib it ing
out lines of D1 tight to iso cli nal fold ing, and gra da tion from
gneiss through granodiorite to gran ite is ob served or in ferred.
The east ern mar gin of the Waldoboro Pluton Com plex is of ten
sheared, mylonitic, and as so ci ated with a nar row field of
diktyonitic migmatites.  Con tacts be tween inliers of
Bucksport-type rocks and the Waldoboro Pluton Complex are
also gradational, particularly in the restite-rich Wgn phase. 

Tem po ral re la tion ships are sum ma rized in Ta ble 3. The two 
most vo lu mi nous granitoids, Wgn and Wg, were emplaced at
about the same time, but the Wg phase was emplaced struc tur ally 
above the Wgn phase. All con tacts be tween the main Waldoboro
Pluton Com plex granitoids are gradational al though crenulated
con tacts sep a rate some granodioritic and gra nitic phases within
Wgn. 

Wg cuts Wqd in the north east, whereas Wgn and Wqd are
sep a rated lo cally by jointed am phi bo lite schist. The east ern con -
tact be tween Wqd and Wgp is dis cor dant and coplanar, and an -
gu lar xe no liths of quartz diorite oc cur in Wgp. Sev eral quartz
dioritic to dioritic lenses in Wgn and Wgp have gradational con -
tacts with am phi bo lites and am phi bo lite schists. Other dioritic
bod ies are sharply de fined in shear zones within Wgp. Wqd has
strik ing sim i lar i ties to quartz diorite and diorite bod ies as so ci -
ated with the Rac coon in tru sions just east of the Waldoboro
Pluton Com plex (Si dle, 1990a, 1991). Field re la tions sug gest
that Wgn is older than Wgp. Wgp is in ter ca lated with
Bucksport-type rocks; con tacts are flat tened and at ten u ated into
con cor dant bands and streaks. Wga was prob a bly in truded last
as it cuts Wgp, con tains an gu lar xe no liths of Wgp at least 28 m
from in ferred con tacts, and dis plays a 5-16 cm aplite con tact

zone. Wga in trudes Wgn al though the contacts are cryptic,
especially between leucocratic varieties.

Foliations and Lineations

Foliations are sum ma rized in Fig ure 13. Foliations in Wg
do not re veal zonal pat terns while many steeply in clined
foliations are ev i dent in other phases or units. Mag matic fo li a -
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Fig ure 12.  Tran si tion from rel ict metasedimentary-en clave swarms
into iso lated strongly at ten u ated ML2 en claves ori en tated N 23 E (ham -
mer length is 55 cm). South west ern Bre men Long Island. 

TA BLE  3:  SUM MARY  OF  DE FOR MA TION  AND  EM PLACE MENT 
HIS TORY  OF  THE  WALDOBORO  PLUTON  COM PLEX

D1:F1: Tight-iso cli nal; gently in clined; re cum bent
S0/S1: compositional band ing
S1: schistosity
ML1: boudinaged en clave; min eral lineation; pegmatoid boudins
Em place ment: Wqd(?)

D2:F2: Close; steeply in clined; F1+F2 non-co ax ial sheaths
S2: schistosity
L2: rodding; bed ding/cleav age in ter sec tion; crenulations
ML2: min eral lineation; boudinaged en clave; pegmatoid boudins

D1-D2: Am phi bo lite fa cies meta mor phism
Migmatization-anatexis
Em place ment: Wgn, Wgl, Wg, Wgt 

D3: S3: mylonitization; type II S; schistosity
ML3: min eral lineation; boudinaged en clave; band ing
North east shear fault ing
Em place ment: Wgp, Wga

D4: ML4 (?): min eral lineation
North west brit tle fault ing
Ret ro grade meta mor phism

D5: Em place ment: ba saltic dikes



tion is most eas ily rec og nized in Wg and con sists of flow lines
with discoidal schlieren and platy laminations. 

Many foliations in other units re sult from tec tonic over -
print ing, and have a sim i lar at ti tude (~N20oE) to S0/S1 sur faces
in the Bucksport For ma tion.  Some times they grade along strike
into the Bucksport For ma tion.  Orig i nal bed ding sur faces in the
lat ter can not be dis tin guished from meta mor phic band ing
(Hussey, 1989), and the S0/S1 sur faces rep re sent ei ther meta mor -
phic fo li a tion or compositional band ing. Gneissic fo li a tion es -
sen tially par al lels the band ing. S1 band ing has re sulted from the
trans po si tion of tight to iso cli nal microfolds (Fig. 14) dur ing the
de vel op ment of re cum bent F1 folds, pos si bly ac cen tu ated by
meta mor phic dif fer en ti a tion. Many leucosomes are in jected par -
al lel to S0/S1, re sult ing in stromatic-type migmatites with a
north east-trending fab ric (Fig. 15). ML1 mineral alignment is
ubiquitous.

S2 foliations are most pro nounced on the steep limbs of par -
a sitic F2 folds. Re folded mag matic foliations ob served in thin
sec tion are in ter preted to be co eval with S2 foliations in the coun -
try rock. Con tin u ous cleav age sur faces in a few inliers of
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Fig ure 13.  Sum mary of foliations in the Waldoboro Pluton Com plex.



Bucksport metapelite have a strong microlithon align ment. Ax -
ial plane foliations on F2 fold hinges sug gest con tin ued strain af -
ter the main ep i sode of S2 fold ing. S2 sur faces pre dom i nantly
strike N25oE. ML2 lineations in clude fold axes, min eral align -
ments, and boudinaged en claves, leucosomes, or early
pegmatoids. ML2 rodding lineations are very com mon on weath -
ered, tight, up right fold hinges (Fig. 16). They usu ally par al lel
ax ial sur faces of par a sitic folds, pre dom i nantly trend N15-25oE,
and plunge gently to the north.

S3 pen e tra tive foliations and ML3 lineations cut ear lier
foliations as well as ML2 lineations in the coun try rock. In thin
sec tion, this is rep re sented by micas cut ting across the ear lier
rock fab ric. Type II C sur faces in mylonites are oc ca sion ally de -

vel oped, but S sur faces are vis i ble only in thin sec tion (Fig. 8).
The ubiq ui tous ML3 swarms of {010} aligned tab u lar feld spar
megacrysts, each up to 11cm, oc cur in near-ver ti cal S3 fo li a tion
planes. Megacryst swarms cut boudinaged en claves and beds of
Bucksport-type li thol ogy (Fig. 17). S3 foliations pre dom i nantly
strike N0-15oE, and are most pro nounced in the Wgp and Wgn
phases, and in mylonitic zones along the east ern sheared mar gin.
A gen eral sigmoidal pat tern of foliations is pres ent near the east -
ern Waldoboro Pluton Com plex mar gin. The near ver ti cal
foliations swing to the north east be yond Friend ship Long Is land
and to the north to wards South Pond. This ar eal pat tern may re -
flect re sis tance to fold ing in the vi cin ity of the Benner Hill
quartzites. Given ev i dence for shear ing in Wgp, this sigmoidal
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Fig ure 14.  Ar rested trans po si tion of S0/S1 leucocratic bands. North
Round Pond.

Fig ure 15.  Compositional S0/S1 band ing in Bucksport For ma tion gneiss 
ex hib it ing boudinage of stromatic-type migmatites (ham mer length is
55 cm). East ern Hog. Is land. 

Fig ure 16.  Well-de vel oped north east trending S2 schistosity and shal -
low plung ing ML2 rodding fre quently ob served on steeply in clined F2

folds in migmatitic gneiss es of Bucksport For ma tion. North west
Muscongus Harbor. 

Fig ure 17.  Megacrystic feld spar swarm pro trud ing into Bucksport For -
ma tion.



pat tern has a sinistral sense. Com mon sympathetic shears (Fig.
10) also document the sinistral slip.

A few lineations of quartz and mica ag gre gates in Wgn are
ten ta tively as signed to ML4 (Ta ble 3) and have a north west bear -
ing. These are not re lated to a later pe riod of fold ing and may rep -
re sent lo cal swirls or ar eas of tur bu lent flow lines which are
ev i dent elsewhere.

Folds

At least two ma jor fold ing ep i sodes have af fected the
Waldoboro Pluton Com plex. The fold ing was syn chro nous with
am phi bo lite-grade anatexis of Bucksport-type protoliths. Re -
cum bent to gently in clined ax ial F1 fold sur faces are trace able
from large-scale folds in the re gion (Hussey, 1986, 1989).
Leucosome lenses and pegmatoid dikes/lenses are boudinaged
and at ten u ated due to short en ing on near-iso cli nal limbs of F1

folds, which also folded fel sic dikes in truded dur ing early
anatexis. Bi o tite and am phi bole gneiss es/granofels dis play
disharmonic-style fold ing and cuspate folds. F1 par a sitic fold
axes con sis tently strike north east (av er age - N20oE) and plunge
north east. The sec ond fold ing ep i sode, F2, gen er ated mostly
close folds which strike N20-25oE and plunge up to 10-30
degrees towards the north and northeast. 

Ex cep tional near-cy lin dri cal(?) F2 folds in the Muscongus
Har bor-Hog Is land area al low ac cu rate at ti tude de ter mi na tion.
Ap prox i mately 120 mea sure ments of S2 schistosity and cleav age 
de fine a north east-trending fold axis and steep east erly dip ping
ax ial plane which is con sis tent with a ma jor over turned F2

syncline trending ~N30oE mapped by Newberg (1979) east of
the Waldoboro Pluton Com plex in the Benner Hill For ma tion.
Newberg (1979) sug gests mul ti ple fold ing dur ing D2 de for ma -
tion. How ever, only two asym met ric pop u la tions, rep re sent ing
two nearly co ax ial F2 folds, is sug gested by the p plot in Fig ure
18, and it is pos si ble that the spread of the p gir dle re flects sim ply 
het er o ge neous strain and/or re ori en ta tion of S2 by later F3(?)
fold ing. West ward vergence is in di cated by the p plot, by re -
gional fold trends (Fig. 5), and by Z-type par a sitic folds. How -
ever, fold in ter fer ence pre vents the uni ver sal de ter mi na tion of
vergence. Fold interference results in culminations, saddles and
rare eye folds. 

In tense disharmonic fold ing oc curs along the east ern
Waldoboro Pluton Com plex mar gin. Re dun dant and con ver -
gent-di ver gent pat terns in folds are as so ci ated with a nar row
migmatite belt along this mar gin (Fig. 19). Ptygmatic folds are
com mon and a few intrafolial folds oc cur. Strong elon ga tion has
caused de tached noses of folds. These folds ap pear to be co in ci -
den tal with marked S3/L3 de vel op ment and mylonitization (Fig.
20).

En claves

En clave types, in de creas ing or der of abun dance are:
metasedimentary en claves, microgranitoid en claves (Didier,
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Fig ure 18.  Ste reo graphic pro jec tions of struc tural at ti tudes in
Muscongus Har bor-Hog Is land area.

Fig ure 19.  Diktyonitic migmatites with at ten dant fold hinge sep a ra tion. 
North east ern Friend ship Long Island.



1973; Vernon et al., 1988), xe no liths, and rare min gled-type
tonalitic en claves (Vernon et al., 1988). En clave den sity ap -
proaches 40% of some out crops, es pe cially near the west ern
mar gin. They are recrystallized and most par al lel the foliations.

Metasedimentary en claves are abun dant in Wgn and Wgp.
They are Bucksport-type rocks and are up to sev eral tens of me -
ters long, an gu lar and/or con vo luted, and re tain orig i nal mac ro -
scopic struc tures. The tran si tion to en clave swarms and
even tu ally to more iso lated len tic u lar en claves (Fig. 12) is ob -
served. Some rel ict en claves may be screens due to par tial
granitoid in jec tion while most grade into melanosomes and are
ad mixed with leucosomes. Many of the rel ict en claves have been 
boudinaged, flat tened par al lel to S2/S3 fo li a tion planes in the
granitoids (Fig. 21), and are oc ca sion ally ro tated, re flect ing
north east ward elon ga tion. Dif fer ences of com pe tency in the lay -
ered gneiss es re sulted in se vere pinch and swell struc tures and
com plete sep a ra tion of boudins of these en claves. Many of the
rel ict en claves have been par tially melted with vari able stages of
anatexis pre served. Typ i cally, the more re frac tory gneissic en -
claves have bi o tite rims and are fine-grained. The leucosomes
are coarser-grained while both are recrystallized. Even tu ally,
only faint skialiths are ob served in out crop. Schlieren and
igneous-flow foliations are not deflected around the enclaves.

Ex ten sive rel ict en clave swarms and at ten u ated
megacrystic bands are co eval with shear ing in Wgp. These en -
claves are am phi bo lite-rich gneiss es. Dioritic pods and lenses
oc cur within, cross cut, and form shear pods in am phi bo lite
schists in ter ca lated with Wgp.

Microgranitoid or autolithic (Didier, 1973) en claves are
com mon only in Wqd. The ma jor ity are fusiform and ovoid, and
usu ally are ori ented with the long axis trending to ward the north -
east. As pect ra tios of the autoliths av er age 4:1 and the mar gins
be come dif fuse in the more mas sive ar eas of Wqd. Sim i lar fea -
tures are ob served in smaller quartz dioritic and dioritic bod ies in 

Wgn. At ten u ated and min gled-type (Vernon et al., 1988)
tonalitic en claves are rarely observed.

An es ti mate of the strain el lip soid vari abil ity amongst prin -
ci pal granitoid phases was ob tained by mea sur ing en clave shape
ra tios (Elliot, 1970; Hutton, 1982). The irrotational de for ma tion
var ies sys tem at i cally across the Waldoboro Pluton Com plex
(Fig. 22). The X/Y shape ra tios in Wgn are vari able, are con sis -
tently 2 to 3 in Wqd, whereas Wgp en claves dis play the larg est
elon ga tion with a max i mum shape ra tio of 42. These highly at -
ten u ated en claves are uni ax i ally prolate (K>1) and have R2 ex -
ceed ing 5, F val ues <90 and Rf/f prob a bly closed. All long X
axes in Wgp are arrayed subhorizontally. 

An gu lar xe no liths in clude quartzites, less than 0.2 m,
north west of War ren Sta tion (Fig. 4) which are pre sum ably from
the Benner Hill For ma tion. Else where, sev eral quartzites less
than 0.4 m also oc cur in a lo cal mylonitic zone as so ci ated with
the east ern Waldoboro Pluton Com plex mar gin, and an gu lar xe -
no liths less than 1.6 m of Wgp gran ite por phyry are rafted in
Wga.

Joints, Faults, and Shear Zones

Joint types in the granitoids are, in or der of fre quency, pri -
mary flat-ly ing or par al lel, near-ver ti cal lon gi tu di nal, and hkl
joints. Evenly-spaced, pla nar, par al lel near-ver ti cal joints are es -
pe cially com mon in true gra nitic phases in Wgn and Wg. Many
of the larg est peg ma tite dikes fol low these north east-trending
pla nar joint sets which per sist into the coun try rock. Bed -
ding-type joints are nu mer ous and fol low the steeply-dip ping
S0/S1 bed ding or band ing in the Bucksport For ma tion.  These
may be con tin u ous with faulting (eg. Biscay Pond fault).

A dis tinc tive set of closely spaced hkl joints(?) strike con -
sis tently northwestward, cut ting en clave swarms, and are linked
to a D4 brit tle de for ma tion event. These joints ex tend be yond the
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Fig ure 20.  Sheared migmatite, ex hib it ing quartzo-feldspathic augens,
on east ern Waldoboro Pluton Com plex mar gin. South east ern South
Pond.

Fig ure 21.  Rel ict, at ten u ated, gneissic en claves, flat tened par al lel to
S2/S3  fo li a tion planes in a megacrystic Medomak granodiorite (ham mer 
length is 55 cm). South ern Friend ship Long Is land. 



east ern Waldoboro Pluton Com plex mar gin and are as so ci ated
with very fine frac tures nor mal to type II S sur faces. The re la tion
be tween the north west joint sets and the north west ML4

lineations is not known. Rare pin nate joints ex hibit rakes less
than 25 de grees and have 8-15 cm wave lengths. This dem on -
strates re ac ti va tion of some joints dur ing D4 (?) deformation. 

87 faults were mapped in the coun try rock and the
granitoids (Si dle, 1990a, 1991) and are sum ma rized in Fig ure
23. A north east-trending set is pre dom i nant and is cut by sev eral
north west-trending faults. Two types of faults oc cur: a
cataclastite-fault brec cia type and a shear-my lon ite type. The
cataclastite-fault brec cia zones oc cur through out the Waldoboro
Pluton Com plex and have north east and north west strikes. They
cut all struc tures ex cept late ba salt/diabase dikes and cut all
granitoid phases, so that they are clearly postmagmatic. Mi nor
kink faults are also ob served in metapelites with tight up right F2

folds. These brit tle faults have a low an gle of nor mal slip and ei -
ther dextral or sinistral move ment. Small-scale brit tle faults are
ob served at a wide an gle to northward-striking shear faults.

Nu mer ous shears æ my lon ite (not shown on Fig. 23) oc cur
in the east ern part of the Waldoboro Pluton Com plex (Wgn,
Wgp, and Wqd). All ma jor shear-my lon ite faults strike north to
north east and have sinistral slip as de ter mined from the off set of
quartz vein ing, gar net and dioritic pod ro ta tions, and min eral
imbrication. D3 shear ing is most in tense along the east ern most
mar gin of the Waldoboro Pluton Com plex across the trace of the

St. George fault. Many shears were prob a bly co eval with Wgp
em place ment and formed in re sponse to in creased oblique-slip
transcurrent fault strain in the re gion (Ludman, 1981; Keppie,
1989). Within the granitoids, nar row shear faults are also rec og -
nized from type II S struc tures, nar row chan nels of ex tremely at -
ten u ated, en clave-rich granitoids, and stair-step leucocratric
veins.

DISCUSSION

The Waldoboro Pluton Com plex is an Aca dian-age,
syntectonic migmatitic ig ne ous body which can be di vided into
sev eral granitoid phases (Wgn, Wgl, Wg, Wgt, and Wga), a
protomylonitic unit (Wgp), and an ear lier in tru sive body (Wqd).
The granitoids were formed by melt ing of metasedimentary
protoliths rep re sent ing dis tal vol ca nic-sed i men tary de pos its in a
Nashoba-type terrane. The gradational na ture of the con tacts
with the coun try rocks pro vides com pel ling ev i dence for in-situ
for ma tion by melt ing pre dom i nantly of Bucksport-type
metasedimentary rocks and for re stricted mi gra tion of the melts
from the site of melt ing. In deed, the con tacts dis play typ i cal
“granitization” fea tures (Mehnert, 1987), but the pres ence of
migmatites and up per am phi bo lite-fa cies meta mor phic as sem -
blages in the en ve lope sur round ing the Waldoboro Pluton Com -
plex, and ev i dence for melt ing in metasedimentary en claves,
leaves no doubt of the ig ne ous or i gin of the granitoids. Nev er the -
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Fig ure 22.  En clave shape ra tio pro file of the south ern Waldoboro Pluton Com plex.



less, solid-state pro cesses were re spon si ble for recrystallization,
meta mor phic dif fer en ti a tion or trans po si tion (ie. tec tonic lay er -
ing), and subsolidus dif fer en ti a tion in duced by melt ing and are
su per im posed on the orig i nal ig ne ous tex tures and min er al ogy
(see be low). The ab sence of con tact meta mor phic au re oles also
sug gests lim ited seg re ga tion and as cent of the mag mas. In fact,
the lith o logic vari abil ity of the granitoids is re lated to the ex tent
of seg re ga tion of melt and host migmatitic meta sedi ments. The
gneissic gran ites and granodiorites (Wgn) con tain abun dant
restitic ma te rial (lim ited phase sep a ra tion), whereas the gran ites, 
leucogranites, and aplitic granites (Wg, Wgl, and Wga
respectively) contain less restitic material and more closely
approximate melt compositions.

The granitoids con tain restitic min er als which are iden ti cal
to those in the coun try rocks. Xenocrystic gar net æ sillimanite are
the most ob vi ous ex am ples. Gar nets do not ex hibit reg u lar size
vari a tions as do other min eral phases and form trains that
transect con tacts be tween paragneisses and gneissic granitoids
of Wgn. Clus ters of folded sillimanite and bi o tite æ gar net are
also in ter preted as restitic phases and the pref er en tial oc cur rence

of ap a tite in bi o tite may also re flect in com plete dis so lu tion (Wall 
et al., 1987). The sim ple al bite twinning and patchy (but not
com plex) zon ing of plagioclase may in di cate that this phase be -
longs to the re sid ual as sem blage (Chappell et al., 1987; Wall et
al., 1987). How ever, Ca-rich cores in plagioclase, one of the cri -
te ria used by the work ers listed above to iden tify re sid ual as sem -
blages, do not oc cur in the Waldoboro Pluton Complex (Sidle
and Barton, in prep.).

The min er al ogy of the granitoids and coun try rocks al lows
rough es ti mates to be made of the min i mum pres sure of magma
gen e sis. Cor di er ite is rare in the Bucksport For ma tion and is ex -
tremely rare in the Waldoboro Pluton Com plex, whereas gar net
is abun dant in some granitoids (eg. Wgn), and in bi o tite gneiss es, 
am phi bo lite schists, and metapelites. The pres ence or ab sence of
cor di er ite in S-type mag mas (White et al., 1986) con strains the
P-T con di tions of the source. The dehydration reaction:

4 Bio +3 Crd + 3 Qtz = 6 Gnt + 4 Ksp + 4 H2O------------(1) 

(Holdaway and Lee, 1977), has a steep, neg a tive dP/dT slope so
that at fixed pres sure and bulk com po si tion, gar net is sta ble at
higher tem per a tures and lower wa ter con tents. How ever, the
pres ence of sillimanite in the Waldoboro Pluton Com plex sug -
gests that the reaction:

3 Crd = 2 Gnt + 4 Sill + 5 Qtz--------------------------------(2)

(Holdaway and Lee, 1977) also con trols the stabilty of gar net.
This re ac tion has a gen tle neg a tive dP/dT slope and shifts to
higher pres sure with in creased Mg/(Mg+Fe)(Clem ens and Wall,
1988). In the peraluminous Waldoboro Pluton Com plex melts,
Al2O3 ac tiv ity may have been buf fered by re ac tions in volv ing
sillimanite and quartz, in di cat ing that pres sure was the ma jor
fac tor sta bi liz ing gar net. Com par i son of the data of Holdaway
and Lee (1977) and Cur rie (1971) with min i mum melt ing tem -
per a tures (PH2O=PT) for gran ite (Clem ens and Wall, 1988) sug -
gests pres sures of at least 0.3-0.4 GPa for for ma tion of the
Waldoboro Pluton Com plex. The pres ence of sillimanite and
lack of kyan ite in the area indicates pressures below about 0.8
GPa.

Pri mary mag matic mus co vite is pres ent in the Wg phase.
The oc cur rence of large butt-ended crys tals of cleanly ter mi -
nated mus co vite is ev i dence against a subsolidus or i gin (Zen,
1988). Two-mica gran ites may be typ i cal of deeper lev els of em -
place ment (White et al., 1986). Mus co vite sta bil ity is fa vored by
both high H2O and Kspar ac tiv ity according to the reaction:

Msv + Bio + Qtz = Crd/Gnt + Ksp + H2O------------------(3) 

(Clem ens and Wall, 1988). Gar net æ cor di er ite may have de vel -
oped dur ing the early cool ing his tory, but pri mary mus co vite
crys tal lized late when the tem per a ture was lower and H2O ac tiv -
ity was higher. Ac cord ing to Zen (1988), pri mary mus co vite in -
di cates pres sures 0.3 GPa in agree ment with in fer ences based on
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Fig ure 23.  Sum mary of frac ture dis tri bu tion in the Waldoboro Pluton
com plex.



the pres ence of gar net. Field ev i dence sug gests lim ited mi gra -
tion of the Wg melt phase which was emplaced struc tur ally
above the other anatectic phases in the Waldoboro Pluton Com -
plex im ply ing that the latter were also emplaced at P>0.3 GPa.  

Solid-state de for ma tion has over printed much of the mag -
matic fo li a tion in the Waldoboro Pluton Com plex, es pe cially in
the Wgn, Wqd, and Wgp phases, and has re sulted in
protomylonites, mylonites, S-C foliations, min eral and en clave
boudinage, min eral imbrication, augen ro ta tion, intrafolial fold -
ing, and vari able flux ion tex tures. Grain size re duc tion and elon -
ga tion of finer min eral ag gre gates is re flected in the microfabric
(mica rib bons, mica fish, po lyg o nal quartz-feld spar trains,
recrystallization of en claves, S1/S2 foliations of micas, and
paracrystalline microboudinage). The su per po si tion of tec tonic
foliations on mag matic foliations could concievably have oc -
curred while some melt was pres ent. Hib bard (1986) sug gests
that this “dy namic crys tal li za tion” is in di cated by fluid re lo ca -
tion tex tures. In the Waldoboro Pluton Com plex, pres sure shad -
ows are filled with quartz and feld spar neograins or
“microaplite,” and myrmekite. But Simpson (1985) and La Tour
(1987) ar gue that duc tile flow pro cesses can ac count for
neocrystallization in pres sure shad ows and fringes. Fur ther -
more, the polydeformational his tory of the granitoids un der am -
phi bo lite fa cies con di tions plus wide spread porphyroblastesis
argue against the continued presence of melt during
deformation.

Solid-state pro cesses were most in tense along the east ern
part of the Waldoboro Pluton Com plex mar gin and pro duced
duc tile shear zones, mylonites, lo cal ptygmatic-style folds, type
II S foliations, synkinematic gar net growth, very acute an gles
be tween S1 and S2 in tran si tional granitoids, high as pect ra tios of
boudinaged en claves, and ex treme at ten u a tion of band ing and
min eral lineations. These fea tures, to gether with ev i dence of
subsolidus plas tic de for ma tion, in di cate high tem per a ture,
solid-state flow pro cesses (Pat er son et al., 1989). Syntectonic
em place ment is strongly sug gested by subparallel to par al lel su -
per po si tion of solid-state foliations and mag matic foliations.
The solid-state foliations are con tin u ous with coun try rocks.
Mu tual cross-cut ting re la tion ships be tween granitoid bod ies and 
folds with ghosts of ax ial plane schistosity sur faces are es pe -
cially im por tant in sug gest ing syntectonic em place ment.
Solid-state de for ma tion was due largely to re gional tec tonic ep i -
sodes rather than granite emplacement, based upon the above
observations. 

Feldspathization or al kali en rich ment re flect ing late va por
trans port is ap par ent in the Wgn and Wgp phases. Feld spar
megacryst swarms cut en claves and coun try rocks sev eral me ters 
from granitoid con tacts. Pos si ble or i gins in clude: rel ict augens
(Vernon, 1986); growth in par tially crys tal lized dikes lead ing to
in ter lock ing unfractured crys tals (Hib bard, 1986); fil ter press ing 
(Hib bard and Wa ters, 1984) whereby megacrysts con cen trate
be tween more com pe tent rafts or bands; and undercooling
(Swanson, 1977). These megacrysts, up to 11 cm, may be sim ply
at trib uted to undercooling, re sult ing in low nu cle ation den sity

and high growth rates. How ever, none of these mech a nisms can
ex plain all ob ser va tions, es pe cially the un in ter rupted trains of
megacrysts from granitoid into coun try rock. Also, near the east -
ern Waldoboro Pluton Com plex mar gin, sec ond gen er a tion
perth ites poikilitic af ter microcline, interpenetration perth ites,
late microveining, seri cite-filled microshears, ten sion gashes
filled with perth ite, sec ond ary al bite, and tour ma line veins pro -
vide ev i dence for late re place ment pro cesses in the granitoids.
Ev i dently, this porphyroblastesis be gan dur ing duc tile de for ma -
tion which peaked dur ing D3 and con tin ued when post-mag -
matic hy dro ther mal flu ids were in jected dur ing ther mal
con trac tion or later D4 cataclasis.

SUMMARY  OF  INTRUSIVE  AND
GEOLOGIC  HISTORY

High-grade, am phi bo lite-fa cies meta mor phism pro duced
sillimanite-K-feld spar-gar net as sem blages and was ac com pa -
nied by two phases of de for ma tion, D1 and D2. D1 pro duced
dom i nantly tight, near-re cum bent F1 folds trending north east -
ward, whereas D2 largely pro duced close, steeply-in clined F2

folds, trending north to north east, re sult ing in a pro nounced
north east-south west fab ric. Anatexis was ini ti ated with wide -
spread migmatization through out the area. Ex ten sive melt ing
oc curred in bi o tite-rich lithologies. Par tial melt ing may have oc -
curred in re sponse to crustal thick en ing along the St. George
thrust fault, but em place ment of gabbroic and dioritic mag mas
could have pro vided ad di tional heat in this west ward vergent,
overthickened underplate. The Wqd phase of the Waldoboro
Pluton Com plex was prob a bly emplaced early, co eval with the
Rac coon gabbroic and dioritic in tru sions east of the Waldoboro
Pluton Com plex. The main syntectonic em place ment of
granitoids Wgn, Wg, Wgl, and Wgt pro gressed as meta mor -
phism peaked be fore com ple tion of D2 de for ma tion.  The early
anatectic, leucocratic granitoid phase is rep re sented by Wgl and
other smaller bod ies through out the Waldoboro Pluton Com -
plex. Wg was emplaced far thest from the site of melt ing fol low -
ing an ex tended pe riod of melt-restite phase separation. Wgt was 
the last phase to crystallize within Wg. 

 Much of the so lid i fi ca tion of the Waldoboro Pluton Com -
plex was com pleted prior to the on set of transcurrent fault ing in
the re gion, al though some aplit ic melts per sisted dur ing the time
that the Aca dian re gional stresses de parted from a dom i nant or -
thogo nal compressional re gime. In tense duc tile de for ma tion cli -
maxed dur ing D3 de for ma tion. Sinistral transcurrent mo tions
may have pre dom i nated along the up per thrust-plate of the St.
George fault, which con tained re frac tory lithologies. The chang -
ing stress re gime is re corded by ex ten sive shear ing de vel oped
be tween megacrystic granitoid and the re frac tory coun try rocks
along the east ern Waldoboro Pluton Com plex mar gin.
Mylonitization, con vo luted migmatization, and blastesis sig -
naled the de vel op ment of these transcurrent accretionary tec ton -
ics which lo cally strongly over print the Waldoboro Pluton
Com plex granitoids. Dur ing the later de vel op ment of the

W. C. Sidle and M. Barton

18



protomylonitic bor der, fluid trans port re sulted in late-stage
tourmalinization and al kali-en rich ment. The protomylonitic
bor der su tures part of the St. George fault. Fi nally, gra nitic melts
rep re sented by Wga were emplaced and vol a tile-rich re sid ual
melts crystallized throughout the area as pegmatites, which are
abundant (Sidle, 1990a).

A post-mag matic ep i sode of brit tle fault ing de vel oped dur -
ing D4. The re gional stress re gime shifted to pro duce north -
west-trending struc tures. How ever, this pe riod of cataclasis or
brit tle de for ma tion was weak com pared to pre vi ous de for ma tion 
events. Mi nor ret ro grade meta mor phism (eg. chlorite af ter gar -
net and bi o tite, sericitization of plagioclase) prob a bly oc curred
dur ing this pe riod of tec tonic un load ing(?). Flu ids en tered along
the east ern mar gin of the Waldoboro Pluton Com plex where in -
tense al ter ation oc curs lo cally along shear zones. Fluid trans port
path ways are sug gested by microfractures cut ting ear lier
neocrystallization ar eas and re sis tant pheno crysts, fine frac tures
cutting type II S structures, and tourmaline veining.
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