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IN TRO DUC TION 

The Calais 15’ quad ran gle (45°00’ -  45°15’N;
67°15’-67°30’W) is lo cated in east ern most Wash ing ton County
at the U.S./Can ada bor der.  It lies within the coastal lithotectonic
belt (Osberg et al., 1985), a col lage of sev eral dis pa rate
lithostratigraphic tracts.  The quad ran gle con tains parts of three
of these tracts (Fig. 1) — the Fred er ic ton trough, St. Croix belt,
and coastal vol ca nic belt—and also con tains a wide va ri ety of
plutonic rocks rang ing from gab bro-norite through gran ite.  The
geo logic his tory re corded in these rocks is com plex, and is be -
lieved to span at least Cam brian through De vo nian times.  This
in ter val was one of ex ten sive tec tonic ac tiv ity in the North ern
Ap pa la chians, and knowl edge of Calais area ge ol ogy is vital to
regional orogenic synthesis.

Phys i og ra phy and Cul ture

The study area con sists of low, rounded hills that gen er ally
stand only 200-300 feet above swampy low lands and lakes.  The
high est el e va tion is at Break neck Moun tain in the south west ern
cor ner of the quad ran gle (660+’), and the low est is in the
north-east cor ner where the St. Croix River leaves the quad ran -
gle at Calais (15’ above sea level).  Al though to tal re lief is thus
ap prox i mately 650’, lo cal re lief is generally far less.

To pog ra phy is con trolled by a com bi na tion of gla cial
depositional fea tures and re sis tant bed rock knobs, al though the
cor re la tion be tween li thol ogy and el e va tion is of ten ten u ous.
For ex am ple, Break neck, Pineo, and Chap man Moun tains are
un der lain by very high grade hornfels, whereas Sta ples (gab -
bro-norite) and Magurrewock (gran ite) Moun tains are sup -
ported by plutons.  Sim i lar plutonic rocks oc cupy low lands
be tween these hills and most of the ba sin filled now by
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Fig ure 1.  Re gional tec tonic set ting of the Calais quad ran gle.



Meddybemps Lake and Heath.  Some of the hills dis play the
clas sic stoss-and-lee form of gla ci ated bed rock, but oth ers have
their steep est slopes fac ing north (up-gla cier) and thick till de -
pos its on their gen tle south slopes.  The ice-ad vance di rec tion is
re flected by the elon gate na ture of Meddybemps Lake, and by
the south east course of the St. Croix River through most of the
quadrangle.

Gla cial de pos its in clude a blan ket of till cov er ing most of
the area, eskers, and kame-like de pos its north west of Wood land.
A coarse, li mo nite-ce mented tillite com posed mostly of lo cally
de rived boul ders of the Calais For ma tion is ex posed in the St.
Croix River be tween Steam boat Street and the Coun try Club in
Calais.

These ex ten sive de pos its mask bed rock in most places, but
out crops are abun dant lo cally.  The St. Croix River con tains ex -
ten sive ex po sures in the Mill town-Calais area and at the Wood -
land and Bar ing dams.  Most of the smaller streams are cut into
gla cial de pos its, but Dead Stream in the south west cor ner of the
quad ran gle flows in bed rock for more than a mile.  Most hill tops
ex pose bed rock, par tic u larly in ar eas un der lain by plutonic or
high grade meta mor phic rocks.  Lakeshores vary widely in the
amount of bed rock pres ent:  Pleas ant and Round Lakes are de -
void of out crops, whereas parts of Meddybemps and Bearce
Lakes con tain abun dant ex po sures.  Bed rock ex po sure is es ti -
mated to be ap prox i mately 1% of the total area of the Calais
quadrangle.

The vast ma jor ity of peo ple in the quad ran gle live in Calais
(pop. 4,254) and Wood land (2,165), with smaller con cen tra tions
in Al ex an der (383), Bar ing (308), Char lotte (295), and
Meddybemps (110).  The chief in dus try in the re gion is lum ber -
ing, and the Geor gia-Pa cific Cor po ra tion op er ates pa per, stud,
and par ti cle board mills in Wood land.  Wash ing ton County is na -
tion ally known for its wild blue berry crop, and blue berry fields
cover many of the hills in the south ern part of the quad ran gle.
Calais is a ma jor bor der cross ing and sup ports a num ber of bor -
der bro ker age houses, as well as tourist accommodations.

Ac cess is ex cel lent, pri mar ily through a net work of paved
high ways in clud ing U.S. Rte. 1, Maine routes 9, 191, and 214,
and sev eral un num bered county and town roads.  Lum ber roads
in the south ern and north west ern parts of the quad ran gle pro vide
ac cess to ar eas hith erto reach able only by woods tra verses, and
also cre ate new out crops.  Large por tions of the study area are
best vis ited by boat or ca noe, in clud ing the nu mer ous lakes and
the St. Croix River.  Rail road tracks be tween Wood land and
Prince ton were re moved sev eral years ago, and the right-of-way
has been main tained as a good quality dirt road.

Pre vi ous Works

Al cock (1946) mapped in Char lotte County, N.B., im me di -
ately east of the Calais quad ran gle, and di vided the strat i fied
rocks there into the “Pale and Dark Argillite Di vi sions of the
Char lotte Group.” Amos (1963) ex tended this no men cla ture into 
the Calais quad ran gle, and com piled the first study of the area’s

plutonic rocks.  He mapped com plex re la tion ships among
gra nitic, dioritic, and gabbroic bod ies in the east ern part of the
quad ran gle, rec og nized the Bar ing, Char lotte, and Meddybemps 
gran ites as sep a rate en ti ties, and pro posed that the gab bros were
emplaced prior to the gran ites.  Larrabee (1964) ex tended Al -
cock’s stra tig ra phy into the ad ja cent Big Lake quad ran gle but
pro posed the name “Kellyland For ma tion” as a sub sti tute for
“Pale Argillite.” Ruitenberg (1967) re vised the stra tig ra phy in
New Bruns wick, rec og niz ing three units where Al cock had
mapped two, and sub se quent work showed that this three fold di -
vi sion was also ap pli ca ble in the Calais area (Ludman, 1975;
Ruitenberg and Ludman, 1978).  Two of these units were as -
signed to the Fred er ic ton trough, the third to the St. Croix belt.
Later work by Senz (1978) and Ludman (1978, 1981, 1985a, b)
sug gested that fur ther sub di vi sion was nec es sary, and Ludman
(1987) rec og nized four for ma tions within the St. Croix belt.  Re -
cent fos sil dis cov er ies in New Bruns wick (Fyffe, pers.
commun., 1989) have led me to in vert the pro posed St. Croix
sequence and to reassign one of the formations to the Fredericton 
trough (see Ludman, 1990).

Plutonic rocks of the area have re ceived at ten tion from sev -
eral work ers in ad di tion to Amos.  Hous ton (1956) de scribed the
St. Ste phen pluton and its pos si ble pyrrhotite de pos its, and
Coughlin (1981, 1982) sug gested a dif fer en ti a tion model for the
lay ered gab bros of the Sta ples Moun tain Com plex.  Westerman
(1972, 1981) mapped vari a tions in the Pocomoonshine gab -
bro-diorite of the Big Lake quad ran gle and ex plained them by
mag matic dif fer en ti a tion.  Abbott (1977, 1978) de scribed the
lithologies and petro gen esis of the Red Beach gran ite in the
Robbinston quad ran gle, and Da vid Wones be gan a study of the
plutons of the Calais quad ran gle in 1984.  Hill  and Abbott
(1989) de scribed magma mix ing in the Calais-Red Beach area,
and Jurinski (in prep a ra tion) has ex am ined re la tion ships be -
tween the Bar ing gran ite and its host rocks.  Ho gan (in prep a ra -
tion) has worked on the tec tonic sig nif i cance of all the plutonic
rocks in the coastal lithotectonic belt.
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lab o ra tory sup port has come from NSF Grant EAR-780329,
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worked in and around the Calais area, and wish to thank Ar thur
Ruitenberg, Pe ter Stringer, George Pajari, Ron Pickerill, Steve
McCutcheon, Les Fyffe, Olcott Gates, Rich ard Gilman, Da vid
Westerman, Krishna Sinha, John Ho gan, and Joe Jurinski for
their ad vice, sug ges tions, and ar gu ments.  We also wish to ac -
knowl edge the con tri bu tion made to this pro ject by Da vid
Wones dur ing the sum mer of 1984.  Spe cial thanks go to Marc
Loiselle for his sup port and in ter est in the pro ject, and to Mr. and
Mrs. Brydon for mak ing the work in eastern Maine so pleasant.

We are in debted to the Geor gia-Pa cific Cor po ra tion, es pe -
cially Ken Gordon and Mi chael Lam bert, for co op er at ing in all
phases of our map ping, for al low ing us to ex am ine bed rock
cores, and for grant ing ac cess to ar eas nor mally closed to the
pub lic.  Of fi cials of the Moosehorn Wild life Ref uge have been
most help ful in sup ply ing maps, pho to graphs, and ac cess to
exposures in the refuge.

STRATIGRAPHY

Each of the three lithotectonic tracts ex posed in the Calais
quad ran gle con tains a dis tinc tive strati graphic pack age (Fig. 2).
The to tal as sem blage con tains a wide va ri ety of sed i men tary and
vol ca nic rocks, and re cords im por tant tec tonic events in the his -
tory of Iapetus, the Early Pa leo zoic proto-At lan tic Ocean.  Meta -

mor phic grade in the quad ran gle ranges from chlorite zone in the
Fred er ic ton trough to the north west to anatectic migmatites of
the St. Croix belt in the south west, but pri mary sed i men tary and
vol ca nic fea tures are well pre served in all ex cept the most
migmatized zones.  Part of the coastal vol ca nic belt in the south -
east cor ner is highly fossiliferous, and graptolites in New Bruns -
wick date two of the three for ma tions of the St. Croix belt.  Rocks 
of the Fred er ic ton trough are unfossiliferous, how ever.  The St.
Croix belt is of Cambro-Or do vi cian age, and the coastal vol ca nic 
belt is clearly Si lu rian through Early De vo nian.  The age of the
Fred er ic ton trough strata is controversial and will be discussed
in detail below.

Cambro-Or do vi cian Rocks of the St. Croix Belt

Rocks of the St. Croix belt are as signed to the Cookson
Group (see Ludman, 1987, 1990), and di vided into three for ma -
tions as shown in Fig ure 2.  These rocks were first mapped as the
Dark Argillite Di vi sion of the Char lotte Group (Al cock, 1946;
Amos, 1963; Larrabee, 1964) and later as mem bers of the
Cookson For ma tion (Ruitenberg, 1967; Ruitenberg and
Ludman, 1978).  With el e va tion of the Cookson For ma tion to
group sta tus, these mem bers have been re named as for ma tions
(Ludman, 1987; 1990).  All three for ma tions—Kend all Moun -
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Fig ure 2.  Stra tig ra phy of the Calais quad ran gle.



tain, Wood land, and Calais—are sulfidic and rusty weath er ing to 
some ex tent, con tain at least mi nor amounts of car bo na ceous
pelite, and were pre sum ably deposited in anoxic conditions.

Calais For ma tion (OCc).  With the el e va tion of the
Cookson For ma tion to group sta tus, rocks that lie be tween the
Wood land For ma tion and con glom er ates of the Oak Bay For ma -
tion have been re named the Calais For ma tion.  These rocks are
on strike and con tin u ous with the for mer Cookson Is land type lo -
cal ity.  A su perb sec tion through the Calais For ma tion is ex posed
in the St. Croix River in Calais and ex tends down stream into the
ad ja cent Devil’s Head 7.5’ quad ran gle.  The wes tern most out -
crops in this belt can be traced con tin u ously to the fossiliferous
rocks on Cookson Is land, where the sooty slates are un con form -
ably over lain by the con glom er ates of the Oak Bay For ma tion.
In the St. Croix River, a se quence of pil low bas alts, mas sive bas -
alts, and coticule sep a rates what had been called typ i cal
“Cookson For ma tion” and the Oak Bay For ma tion (Senz, 1978;
Senz and Ludman, 1978).  These are now mapped as members of 
the Calais Formation.

The con tact be tween the Wood land and Calais For ma tions
is sharp and ap par ently con form able, and can be lo cated to
within 5 m in the St. Croix River just down stream from the park -
ing area at the foot of Steam boat Street in Calais.  The con tact be -
tween the Calais and Oak Bay For ma tions is not ex posed.
Flat ten ing of clasts in the Oak Bay For ma tion and dis rup tion of
lay ers in the coticule mem ber of the Calais For ma tion sug gests a
fault con tact rather than an un con formity as at Cookson Island.

The Calais For ma tion is sub di vided into three mem bers.
The low est, sep a rated by a cov ered in ter val about 100 m wide
from the Oak Bay For ma tion, is a sec tion com posed of siltstone
and coticule.  This mem ber is ex posed only along the St. Croix
River in the Devil’s Head quad ran gle just south east of the east -
ern mar gin of the Calais quad ran gle.  The coticule con sists of
quartz-gar net lenses, pods, and lay ers in a hornfelsed bi o -
tite-bear ing quartzofeldspathic siltstone.  The coticule lay ers are
folded tightly and dis rupted, and dis mem bered frag ments of the
lay ers are commonly flattened and rotated.

The mid dle mem ber of the Calais For ma tion con sists of
pil low bas alts and mas sive bas alts interbedded with black slates.
The bas al ts  are  ther  mally meta mor phosed to
plagioclase-actinolite rocks, yet still pre serve signs of orig i nal
compositional zon ing and both ra dial and con cen tric pil low
struc ture.  Sim i lar metabasalts in the south west cor ner of the
Calais quad ran gle are as signed to the Calais For ma tion and are
as so ci ated with mafic tuff.  The bas alts are tholeiites, as shown in 
Table 1.

The up per most mem ber of the Calais For ma tion is a ho mo -
ge neous se quence of rusty weath er ing, highly car bo na ceous
black slate/phyllite with very rare beds of quartzwacke.  The
psammites are 5-10 cm thick and are more re sis tant to ero sion
than the pelite.  Pelites of the Pocomoonshine Lake For ma tion
are sim i lar to those of the Calais For ma tion, but are gen er ally
parts of well-graded beds, are less car bo na ceous, and have more
in ter ca lated sand stone.  New lum ber roads in the south west cor -

ner of the Calais quad ran gle have cre ated small out crops of an -
da lu site-bear ing, highly car bo na ceous pelite that are thought to
be a con tin u a tion of the Calais For ma tion.  Cy cli cally twinned
cor di er ite and pris matic an da lu site are abun dant in the for ma -
tion, but are also typical of most pelites of the Cookson Group.

Age and Cor re la tion of the Calais For ma tion.  Graptolites
found on Cookson Is land by Cumming (1965) have been as -
signed a Tremadocian age by John Riva (see Ruitenberg and
Ludman, 1978), thus es tab lish ing an ear li est Or do vi cian age for
the youn gest part of the Calais For ma tion.  There is no fau nal or
ra dio met ric ev i dence for the age of the other mem bers, but their
in ferred po si tion be neath the black shales sug gests a
Tremadocian or perhaps latest Cambrian age.

Rocks now as signed to the Calais For ma tion have been
traced into the Wes ley quad ran gle to the south west (Gilman,
1974; Westerman, 1978).  Sim i lar lithologies crop out fur ther
south west, but are sep a rated by plutons from the type lo cal ity at
Calais (Osberg et al., 1985).  At Penobscot Bay, the Penobscot
For ma tion as de scribed by Stew art and Wones (1974) ap pears to
be largely equiv a lent to the Calais For ma tion, al though rocks
sim i lar to the lithologies of the Kend all Moun tain and Wood land
For ma tions oc cur there as well (Wones, pers. commun., 1984).
The Gushee Mem ber of the Penobscot For ma tion is a tholeiitic
ba salt that is nearly iden ti cal chem i cally to the mid dle mem ber of 
the Calais Formation (Fyffe et al., 1988).

Wood land For ma tion (Ow).  Interbedded metasandstones
and metapelites of the Wood land For ma tion com prise most of
the St. Croix belt in the Calais quad ran gle and are well ex posed
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TA BLE  1:  COM PO SI TIONS  OF  VOL CA NIC  ROCK  FROM 
THE  COOKSON  GROUP

(X-ray flu o res cence anal y ses by X-Ray As say Lab o ra to ries)

Ox ide                        Spec i men
       1 2 3 4 5 6

SiO2      49.0 50.0 47.3 49.7 77.3 82.4
TiO2       1.94 1.35 3.18 3.30 0.43 0.17
Al2O3     18.1 18.1 15.1 16.2 12.3 9.56
CaO     6.71 9.68 6.57 5.94 0.44 0.17
MgO    6.48 5.49 7.10 6.39 0.56 0.20
Fe2O3*   7.93 10.1 14.1 12.0 1.29 1.06
Na2O    4.37 4.64 3.51 4.12 7.30 6.05
K2O     0.63 0.83 1.27 0.82 0.10 0.05
MnO    0.14 0.12 0.22 0.18 0.02 0.03
P2O5       0.22 0.25 0.46 0.47 0.05 0.03
Loss on 
ig ni tion   1.31 1.31 1.00 0.39 0.47 0.47
———   —— ——— ——— ——— ——— ———
TO TAL 100.1 100.2 99.81 99.51 100.3 99.72

1. Calais For ma tion, pil low ba salt mem ber.  Core of pil low from St. Croix
River, Calais.

2. Calais For ma tion, pil low ba salt mem ber.  Rim of same pil low as #1.
3. Calais For ma tion, pil low ba salt mem ber. Pil low cen ter, St. Croix River,

Calais.
4. Calais For ma tion, pil low ba salt mem ber. Pil low from St. Croix River,

Calais.
5,6.  Felsite from Kend all Moun tain For ma tion, just west of Wood land.



through out the area.  The for ma tion is named for su perb out crops 
at the Geor gia-Pa cific dam in Wood land where meta mor phic
grade is rel a tively “low”—cor di er ite zone.  Other ex cel lent ex -
po sures are found along the power line south east of the dam, near 
the Wood land town dump, on Robb Hill, and in the St. Croix
River at Calais.  Ex ten sive ex po sures oc cur in the south west ern
part of the quad ran gle on hills such as Break neck Moun tain and
in the low lands as well.  These have been ther mally meta mor -
phosed to sillimanite-potassic feld spar grade and many have un -
der gone anatexis.  Bed ding is gen er ally well pre served in all
ex cept the anatectic migmatite zones, and graded bedding is
typical of the formation.

The Wood land For ma tion con sists al most en tirely of rhyth -
mi cally interbedded quartzofeldspathic wacke and pelite, with
both car bo na ceous and non-car bo na ceous slate oc cur ring in
most out crops.  All rocks are at least slightly sulfidic and weather 
rusty.  Beds range from 2 mm to 50 cm thick, but most are be -
tween 2 and 20 cm.  Most beds are graded cou plets of sand stone
pass ing into slate or phyllite, and the psam mite:pelite ra tio var ies 
ac cord ing to bed thick ness.  Roughly equal amounts are typ i cal
of the thin ner bed ded va ri et ies, but the sand stones dom i nate
thicker beds by as much as 4:1.  Fine laminae de fined by bi o tite
con cen tra tions par al lel to bed ding are abun dant, as are
cross-beds.  Soft-sed i ment slump struc tures are vis i ble in the
larger ex po sures, par tic u larly on the north slope of Robb Hill.
Dis coid con cre tions com posed of al most pure cal cite are pres ent
in a few of the thick est beds and are as large as 50 cm in di am e ter
and 15 cm thick.  El lip soi dal cal car e ous con cre tions 25 cm long
are found with the discoid masses, but both are rare.

Sand stones of the Wood land For ma tion are less var ied than 
those of the Kend all Moun tain For ma tion and are uni formly bi o -
tite-bear ing quartzofeldspathic wackes with mi nor mus co vite.
Grains in these sand stones are re mark ably con stant in size (in the 
fine sand range).  Even in the graded beds, the lower sandy parts
show lit tle grain size vari a tion; grad ing is shown by in creas ing
ar gil la ceous con tent up ward.  The Wood land For ma tion lacks
the quartz ite, felsite, and lithic frag ments of the Kend all Moun -
tain For ma tion, but con tains far more pelite—nearly 50% as
com pared to about 10% for the Kend all Moun tain For ma tion.
Abun dant bi o tite pro duces a pur plish color in the Wood land For -
ma tion that con trasts with the typ i cal gray color of Kend all
Mountain Formation (non-biotitic) arenite and wacke.

Pelites of the Wood land For ma tion are min er al og i cally
sim i lar to those of the Kend all Moun tain and Pocomoonshine
Lake For ma tions.  In much of the north ern part of its out crop
area, the Wood land For ma tion con tains abun dant cor di er ite and
an da lu site porphyroblasts.  Cor di er ite com monly oc curs as
round grains 1-2 mm in di am e ter, and where ret ro graded it pits
out on rock sur faces.  An da lu site porphyroblasts, in con trast, are
the size and shape of large rice grains, and stand up slightly
above weath ered sur faces.  These hab its yield a dis tinc tive ap -
pear ance that per mits rec og ni tion of the for ma tion even in the
high est grades when relict porphyroblasts are preserved.

Two sub or di nate rock types are lo cally in ter ca lated with
the wackes and slates and com bined amount to less than 1% of
the for ma tion.  The more abun dant is a dense quartz-bi o -
tite-plagioclase granofels that oc curs through out the for ma tion
in thick beds (15-50 cm) within the thin ner wacke/pelite graded
sets.  This sand stone con tains less mus co vite and plagioclase
than that of the graded beds and is com monly cross-bed ded.  The
sec ond is a thinly banded calc-sil i cate granofels that forms a ho -
ri zon ap prox i mately 7.5 m thick near the cen ter of the Wood land
For ma tion.  It is com posed of 2.5 cm thick lay ers of cal cite-di op -
side-actinoliteægar net granofels that al ter nate with bi o -
tite-quartz-plagioclase granofels.  This ho ri zon was briefly
ex posed in 1981 in a road metal quarry at the Wood land dump,
but has since been con sumed by the quar ry ing.  Iden ti cal rocks
have been ex posed just across the St. Croix River in another
quarry (Fyffe, pers. commun., 1989).

Wackes of the Wood land For ma tion have un der gone par -
tial melt ing where they are in con tact with gab bro, in clud ing that
in the Wood land dump.  In the south west ern ninth of the Calais
quad ran gle, even though there is lit tle mafic rock ex posed at the
sur face, nearly all of the ex po sures are of migmatites.  There,
quartzofeldspathic mobilizate en gulfs rafts of sillimanite-rich
restite, or thin gneissic bands of quartz and feld spar oc cur in
swirls with pa per thin sillimanite-bi o titeæmus co vite “schist.”
The migmatite crops out very well and yields the most con tin u -
ous bed rock ex po sures in the re gion.  It forms the tops of Break -
neck and Pineo moun tains, and crops out in the val ley of Dead
Stream, par tic u larly north of where that stream is crossed by the
road from the now-abandoned North Union School.

Leucosomes of the migmatite are coarse ag gre gates of
chalky weath er ing quartz, plagioclase, and potassic feld spar
with small amounts of mus co vite.  Melanosome rafts and
laminae are me dium gray, coarse as sem blages of mus co vite, bi o -
tite, potassic feld spar and sillimanite, with rel ict cor di er ite
and/or an da lu site.  Sillimanite oc curs as fib ro lite, com monly
intergrown with bi o tite, and as faintly green prisms.  Most
migmatite out crops ex hibit a swirl ing fo li a tion that hin ders
struc tural in ter pre ta tion, but some are massive.

Age and Cor re la tion of the Wood land For ma tion.  The
Wood land For ma tion has thus far proved unfossiliferous, but its
po si tion be tween the Tremadocian black shale mem ber of the
Calais For ma tion and the Mid dle Caradocian rocks of the Kend -
all Moun tain For ma tion in di cates an Early Or do vi cian
(Arenigian through Llandeillian) age for the for ma tion.  Rhyth -
mi cally bed ded rocks sim i lar to those of the Wood land For ma -
tion are pres ent within what has been mapped as the Penobscot
For ma tion (Wones, pers. commun., 1984), but have not been
described as a separate unit.  

Kend all Moun tain For ma tion (Ok).  The Kend all Moun -
tain For ma tion is named for ex ten sive ex po sures along the
north west flank of that hill near the west ern edge of the Calais
quad ran gle.  It is also ex posed in the St. Croix River north of
Wood land, north of the Wood land-South Prince ton Road, and on 
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both sides of Route 1 near the west ern mar gin of the St. Croix
belt.  It is also pres ent in bed rock cores drilled north of Wood land 
near the St. Croix River.  The for ma tion crops out ex ten sively in
the Big Lake quad ran gle be tween Pocomoonshine Lake and the
Princeton-Alexander road.

The Kend all Moun tain For ma tion con tains a var ied lith o -
logic as sem blage, in clud ing quartz arenites; quartzofeldspathic
and lithic arenites, wackes, and gran ule con glom er ates; lesser
amounts of thinly interbedded siltstone and car bo na ceous pelite; 
and an ap par ently unique ho ri zon of fel sic tuff.  Very
fine-grained ba salt ex posed in iso lated out crops on Kend all
Moun tain may have been flows as so ci ated with the fel sites, but
al ter na tively may be small dikes (see be low).  The for ma tion is
readily dis tin guished from all oth ers in the re gion in that (1) it is
the only unit in which pelitic rocks are so sparse (less than 10%);
(2) many of its psammites are true arenites, with very lit tle ar gil -
la ceous ma trix.  As a re sult, they fail to pro duce bi o tite with el e -
vated meta mor phic grade and re main gray, in con trast to the
pur plish color of bi o tite-rich metasandstones of other for ma -
tions; and (3) it is the only unit in which felsic volcanic material
is present.

Most of the Kend all Moun tain For ma tion is com posed of
thick bed ded metasandstones, com monly in mas sive,
non-graded beds 20 cm to over 1.5 m thick.  Thin ner sand stone
beds (10-20 cm) in ter ca lated with thin (5 mm-2.0 cm) rusty car -
bo na ceous slate and siltstone lay ers char ac ter ize both the lower
and up per con tact zones of the for ma tions, and the sand stones of
these ho ri zons dis play well de vel oped con vo lute bed ding not
found in the mid dle part of the for ma tion.  Most of the rest of the
for ma tion con sists of fea ture less, mas sive sand stone beds and
sparse pelite.  In the type lo cal ity, for ex am ple, most of the beds
are of mas sive sand stone greater than 1 m thick, and pelite oc curs 
as one or two iso lated beds of carbonaceous slate 20 cm-50 cm
thick.

Sev eral types of sand stone oc cur in the for ma tion, but poor
out crop con trol makes it dif fi cult to ac cu rately es ti mate their
pro por tions.  Many are buff to pale gray, chalky weath er ing,
quartzofeldspathic wackes, with a sparse ma trix of small white
mica flakes.  Quartzofeldspathic arenites with very lit tle ar gil la -
ceous ma trix are also abun dant, and a few true quartz ite beds
have been found which con tain as much as 90% quartz.  These
lack the chalky weath er ing of the feldspathic rocks and are blu -
ish gray on both fresh and weath ered sur faces.  One of the
quartz ite ho ri zons had been mapped as a sep a rate mem ber of the
Cookson For ma tion (Ruitenberg, 1967; Ludman, 1978), but
new ex po sures and cores near Wood land in di cate that the
quartzites are in ter ca lated with more typ i cal sand stones and can -
not be mapped sep a rately.  A few lithic wackes and lithic arenites 
are also pres ent and con tain clasts of cryptocrystalline fel sic vol -
ca nic rocks as well as of quartz and feld spar.  Most clasts in these
rocks range from 0.25 to 0.75 mm, and in di vid ual beds tend to be
ho mo ge neous.  Pri mary fea tures such as cross-, graded, and con -
vo lute bed ding are re stricted to the up per and lower parts of the
formation.  Most beds are massive and featureless.

Gran ule con glom er ates oc cur in thick beds near the (tec -
tonic) con tact with the Pocomoonshine Lake For ma tion.  They
con tain clasts rang ing from 1 to 5 mm in most in stances.  In ad di -
tion to felsite, frag ments of quartz ite, mafic vol ca nic rock, and
dark gray phyllite/slate have been iden ti fied in these grits.  These 
clasts com monly ex hibit cataclastic fab rics and may have been
de rived from Eocambrian and/or Pre cam brian se quences now
ex posed only in the St. John area of New Bruns wick
(McCutcheon and Ruitenberg, 1984).  Very coarse beds with 5
mm-2.5 cm clasts have been ob served in float blocks, but have
not yet been found in place.  Most clasts are well rounded al -
though tec tonic flat ten ing is com mon in fault zones.  The con -
glom er ates oc cur as mas sive beds up to 2 m thick, as graded units 
25 cm - 1 m thick, and as the bases of the best graded sequences
in the formation.

The vol ca nic com po nent of the Kend all Moun tain For ma -
tion ap pears to be re stricted to a sin gle ho ri zon near the con tact
with the Wood land For ma tion.  It has been found in a few small
out crops 0.1 mile north of the Wood land-South Prince ton Road,
0.6 miles west of Route 1; in a field east of Route 1, 1.65 miles
north west of Wood land; and on Kend all Moun tain.  The rocks
are thinly banded (1-5 cm) to more mas sive (15 cm), chalky
white weath er ing, light to me dium gray fel sic tuffs.  Most are
very fine-grained to cryptocrystalline and frac ture conchoidally.
In thin sec tion, these rocks are su tured ag gre gates of quartz and
feld spar grains ap prox i mately 10 mi crons in di am e ter, with rare
feld spar mi cro-pheno crysts up to 0.25 mm long.  Small (0.5 mm) 
slightly elon gate white spots are pum ice lapilli, and light/dark
interdigitations are sim i lar to those in mod ern pum ice flows.
Chem i cal anal y ses show that these rocks are rhyolites and
rhyodacites (Table 1).

Fine grained volcaniclastic arenites and wackes con tain ing 
felsite clasts are interbedded with these vol ca nic rocks on Kend -
all Moun tain and east of Route 1.  Mas sive, well jointed diabase
and ba salt of the Baileyville dike (see be low) are in ap par ently
con form able con tact with the tuffs, but cross-cut siltstones of the
Kend all Moun tain For ma tion in other places.  They are there fore 
con sid ered to be youn ger than the Kend all Moun tain For ma tion.
Fine grained metabasalts on Kend all Moun tain, how ever, seem
to be interbedded with the tuffs.  These rocks are com posed of
plagioclase, small sprays of actinolite nee dles, and ac ces sory py -
rite, and are very sim i lar min er al og i cally and tex tur ally to finer
grained por tions of the Baileyville dike.  It is pos si ble that the
dike was emplaced in a thin bi modal vol ca nic se quence close to
the time of erup tion (i.e. the dike is not much youn ger than the
rocks that it in trudes), and may have been a sub-vol ca nic sill-like 
body or a feeder to the volcanic pile.

Age and Cor re la tion of the Kend all Moun tain For ma tion.
Graptolites have been dis cov ered in a black shale bed
sandwiched be tween quartzites in New Bruns wick, on strike and 
con tin u ous with the type lo cal ity of the Kend all Moun tain For -
ma tion (Fyffe, pers. commun., 1989).  The fau nal as sem blage
has been ex am ined by Dr. John Riva and as signed to the Middle
Caradocian.
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Highly quartzose rocks sim i lar to those of the Kend all
Moun tain For ma tion crop out on the west shore of Penobscot
Bay, where they have been de scribed as the Megunticook For -
ma tion (Berry, 1986).  Berry con sid ers the Megunticook to lie
be neath the Penobscot For ma tion (Calais For ma tion equiv a -
lent), and un til Fyffe dis cov ered the graptolites in the Kend all
Moun tain For ma tion I had placed it be low the Calais For ma tion
and cor re lated it with the Megunticook For ma tion (Ludman,
1987).  The new fos sil con trol re quires reappraisal of this
correlation.

Thick ness of the Cookson Group.  The Cookson Group
has been mul ti ply folded, faulted, and in truded by sev eral
plutons, so that it is dif fi cult to es ti mate its thick ness.  Fur ther,
nei ther the bot tom nor top of the group have been ob served, so
that only min i mum thick nesses can be given.  Based on the ex -
posed out crop widths and in ter preted struc tural his tory, the
Kend all Moun tain For ma tion is be tween 500 and 700 m thick,
the Wood land For ma tion ap prox i mately 800 to 1000 m, and the
Calais For ma tion a min i mum of 1,000 m.  To tal ex posed thick -
ness for the group is thus about 2,700 m. 

Re gional Sig nif i cance of the Cookson Group.  On-strike
cor re la tives of the for ma tions of the Cookson Group have been
dis cussed above.  Cross-strike cor re la tions to the east and north -
west are more dificult.  The near est po ten tial cor re la tive to the
east is the Cambro-Or do vi cian Saint John Group of south ern
New Bruns wick, re cently redescribed by Pickerill and Tanoli
(1985).  I had ar gued ear lier (Ludman, 1987) for cor re la tion of
the Cookson Group with the Late Cam brian and ear li est Or do vi -
cian parts of the Saint John Group in south ern New Bruns wick.
The Caradocian age of the Kend all Moun tain For ma tion pre -
cludes this equiv a lence and in di cates that most of the Cookson
Group is younger than the Saint John.  

The near est cor re la tives to the north west be long to the
Cambro-Or do vi cian Miramichi anticlinorium (Fig. 1).  Rocks of 
ap pro pri ate age are well known in the Miramichi (Fyffe et al.,
1983), but the Mid dle Or do vi cian sec tion there is a bi modal vol -
ca nic suite quite un like the ma ture quartz ite and black shale of
the Kend all Moun tain For ma tion.  It is ap par ent that the St. Croix 
belt is not a per fect match for either tract.

The re la tion ship of the St. Croix belt rocks to the neigh bor -
ing pre-Si lu rian tracts is crit i cal, how ever, to re gional ac cre tion
mod els.  Wil liams’ (1978, 1979) zonation of the Ap pa la chian
orogen places the Saint John and Miramichi belts in two dif fer -
ent tec tonic zones—Avalon and Gan der, re spec tively.  Avalon is
thought to rep re sent an Early Pa leo zoic con ti nent sep a rated from 
an ces tral North Amer ica by the Iapetus Ocean; the Gan der Zone
is be lieved to rep re sent de pos its in Iapetus, in clud ing is land arc
and back-arc vol ca nic rocks.  Lo ca tion of the su ture be tween
Avalon and the for mer oce anic rocks to the west de pends on
what the paleogeographic setting of the Cookson Group was.

The ma tu rity of arenites in the Kend all Moun tain For ma -
tion sug gests af fin ity to the Saint John Group—the shelf sed i -
ments of the Avalon con ti nent—and I had pre vi ously sug gested
that the Cookson Group was de pos ited on the west-fac ing con ti -

nen tal slope of Avalon (Ludman, 1987).  In iden ti fy ing the
graptolites from the Kend all Moun tain For ma tion, Riva stated
that they “were spe cies rarely found in North Amer ica,” im ply -
ing a Eu ro pean or Bal tic af fin ity.  This sup ports my ear lier tec -
tonic in ter pre ta tion, and makes as so ci a tion with the Miramichi
anticlinorium sec tion highly un likely.  If this paleogeographic
re con struc tion is cor rect, the Cookson Group con tains the wes -
tern most rocks of the Avalon block in Maine.  The su ture be -
tween the Avalon and Gan der zones is ei ther the South
Prince ton-Crawford fault or is buried beneath the Fredericton
trough.

Si lu rian and De vo nian Rocks

The two tracts that flank the St. Croix belt con tain very dif -
fer ent lith o logic suites.  The coastal vol ca nic belt con sists of a
thick bi modal vol ca nic sec tion with in ter ca lated highly
fossiliferous shal low-wa ter sed i men tary rocks (Gates, 1977).
The fos sils de fine a span of Early Si lu rian through Early De vo -
nian time for erup tion and de po si tion of these rocks.  In con trast,
the Fred er ic ton trough lacks vol ca nic rocks and is al most en -
tirely non-fossiliferous in east ern Maine.  It is a thick se quence of 
non-cal car e ous turbidites and calcareous quartzofeldspathic
wackes.

Fred er ic ton Trough.  The Fred er ic ton Trough in Maine
crops out in a band nearly 50 km wide, and con tains three for ma -
tions, the Pocomoonshine Lake, Digdeguash and Flume Ridge
For ma tions (Ludman, 1990).  None are ex ten sively ex posed in
the Calais quad ran gle.  The Digdeguash For ma tion crops out
widely in the Big Lake quad ran gle (Ludman, in press), but forms 
only a few out crops on the west side of the fault con tact with the
St. Croix Group.  The Flume Ridge For ma tion is areally far more
im por tant, but also crops out only sparsely in the north west ern
part of the quad ran gle.  The Pocomoonshine Lake For ma tion
does not ac tu ally crop out in the Calais quad ran gle.  Brief de -
scrip tions of these rocks will be pre sented here; for more com -
plete discussions, see Ludman (1990).

Pocomoonshine Lake For ma t ion (SOp).   The
Pocomoonshine Lake For ma tion does not crop out in the Calais
quad ran gle, but is thought to ex tend into the north west part of the 
quad ran gle (in a re gion of no bed rock ex po sures) from its type
lo cal ity in the Big Lake quad ran gle (Ludman, 1987, 1990).
Rocks of this for ma tion are pyritiferous, rusty weath er ing car bo -
na ceous slates, thinly interbedded with sulfidic siltstones, sand -
stones, and non-carbonaceous slates.

Dark gray to gray-black, slightly to very car bo na ceous
slates com prise most of the for ma tion.  They are strongly cleaved 
and gen er ally con tain both pri mary (anhedral, flat tened) and sec -
ond ary (cu bic) py rite.  The more car bo na ceous types are black
and slightly sooty, whereas the less car bo na ceous pelites are me -
dium gray, mus co vite-rich, and ex hibit a phyllitic sheen.  Thin
beds of siltstone or very fine-grained sand stone rang ing from 5
mm to 10 cm in thick ness are in ter ca lated with the pelites.  Most

Bedrock geology of the Calais quadrangle, eastern Maine

7



are at the lower end of the in di cated thick ness range.  In many in -
stances, these rocks oc cur as bases of thin graded sets with the
car bo na ceous pelite at the tops.  The psammites do not cleave
well and are more re sis tant to weath er ing than the fis sile pelite
beds.  As a re sult, they stand out as ribs above the slates in most
out crops.  The sand stones and siltstones are faintly buff weath er -
ing, dark gray on the fresh sur face, and are com posed of quartz
and feld spar grains with only small amounts of interstitial
muscovite, carbon, and pyrite.  

I had orig i nally in cluded the Pocomoonshine Lake For ma -
tion with the Cookson Group be cause of its car bo na ceous pelite
and mi nor psammites and be cause it seemed to be in con form -
able con tact with the Kend all Moun tain For ma tion.  (Ludman,
1987).  Re-eval u a tion of con tact re la tion ships based on struc -
tural style sug gested a dif fer ent in ter pre ta tion (Ludman, 1990).
The Cookson Group ap pears to have been in tensely
polydeformed, whereas the Pocomoonshine Lake, Digdeguash,
and Flume Ridge For ma tions have been de formed penetratively
only once.  The con tact be tween comp lexly and sim ply de -
formed rocks co in cides with that be tween the Kend all Moun tain
and Pocomoonshine Lake For ma tions, and is now thought to be
a thrust fault (see below).

Age of the Pocomoonshine Lake For ma tion.  If the struc -
tural in ter pre ta tion men tioned above is cor rect, an ep i sode of
fold ing fol lowed Mid dle Caradocian de po si tion of the Kend all
Moun tain For ma tion, and pre ceded de po si tion of the
Pocomoonshine Lake For ma tion.  In ferred re la tion ships with
the Digdeguash and Flume Ridge For ma tions sug gest a Late Or -
do vi cian (Ashgillian) age for the Pocomoonshine Lake For ma -
tion, but this cannot be proven.

Digdeguash For ma tion (SOd).  The Digdeguash For ma -
tion con sists of vari ably bed ded, but gen er ally well graded
polymictic gran ule con glom er ate, lithic wacke, and me dium
gray slate.  Beds range in thick ness from a few cen ti me ters to
more than 1.5 me ters, and par tial to com plete Bouma se quences
are com mon.  With the ex cep tion of a few beds near the con tact
with the Flume Ridge For ma tion, the Digdeguash For ma tion is
non-cal car e ous.  At el e vated meta mor phic grade, the
Digdeguash For ma tion pelites de velop large (up to 15 cm), typ i -
cally chiastolitic an da lu site porphyroblasts whose habit con -
trasts sharply with that of an da lu site in the Cookson Group.
Some of the coarser rocks re sem ble lithic arenites of the Kend all
Moun tain For ma tion, but the Digdeguash For ma tion lacks the
quartzites, arenites, and carbonaceous pelites of that unit.

The con tact with the Flume Ridge For ma tion is not ex -
posed, but can be lo cated to within 50 m at the Calais-Big Lake
bor der and at two places in the Big Lake quad ran gle.  In these ar -
eas, the con tact ap pears to be a rapid gra da tion.  Beds with typ i -
cal Digdeguash For ma tion li thol ogy and bed ding style have
slightly cal car e ous bases, and beds of Digdeguash-like pelite are
in ter ca lated with typ i cal wackes of the Flume Ridge For ma tion
near the con tact.  Fac ing at the con tact is not cer tain in the study
area.  Ruitenberg (1967) stated that the Flume Ridge For ma tion

is youn ger than the Digdeguash For ma tion, and as signed a
Si lu rian age to the lat ter.  More re cent in ter pre ta tions of these age 
re la tion ships are described in detail elsewhere (Ludman, 1990).

Flume Ridge For ma tion (DSf).  Al though out crops are
sparse, the Flume Ridge For ma tion ap par ently un der lies al most
all of the ground in the Calais quad ran gle west of the South
Prince ton-Crawford fault zone.  Small out crops are found along
the for mer rail road be tween Wood land and Prince ton, along and
west of Route 1 near the fault, and in heavily gla ci ated ter rain
west of the Anderson Brook esker.

On and north east of Route 1, the Flume Ridge For ma tion is
in the chlorite zone and is an or ange-buff weath er ing, pale to me -
dium gray cal car e ous quartzofeldspathic wacke with very sub or -
di nate, non-cal car e ous, darker gray siltstone and slate.
Weath er ing of an ker ite and py rite pro duces the typ i cal weath er -
ing rind, and com monly makes it dif fi cult to col lect fresh sam -
ples.  Large de tri tal mus co vite flakes are abun dant in the wackes; 
they, along with the cal car e ous na ture of the sand stones and the
com bi na tion of weath ered/fresh color make the for ma tion
readily iden ti fi able.  Bed thick ness var ies from 2 cm to 2 m
through out the large out crop area of the Flume Ridge For ma tion, 
but those in the Calais ex po sures range only from 5-25 cm.  Beds
of pelite are rare, and most slate or phyllite oc curs as thin
partings between sandstone or siltstone layers.

The wackes are finer grained and much better sorted than
those of the other for ma tions in the area.  Clasts are mostly quartz 
and plagioclase, with few rock frag ments.  A few of the coars est
rocks, how ever, do con tain lithic clasts, in clud ing quartz ite and
fine-grained felsite frag ments.  The ma trix is a fine-grained as -
sem blage of quartz, feld spar, mus co vite, and cal cite, with
chlorite lo cally abundant.

South and west of Route 1, the Flume Ridge For ma tion
crops out in the bi o tite zone, and is con verted to a dense buff
weath er ing, pur plish quartz-plagioclase-bi o tite granofels with
mi nor cal cite or calc-sil i cate min er als.  Actinolite is the dom i -
nant calc-sil i cate in the Calais quad ran gle out crops, but di op -
side, gar net, and wollastonite oc cur at higher grades in the Big
Lake quad ran gle.  De tri tal mica and the typ i cal low-grade
weath er ing rind are ab sent from these ex po sures due to
comsumption of the mus co vite and an ker ite during
biotite-producing reactions.

Thick ness, Age, and Cor re la tion of the Fred er ic ton Trough
Strata.  Tight fold ing, poor ex po sure, and the ab sence of ei ther
the top or bot tom of the Fred er ic ton trough sec tion make thick -
ness es ti mates dif fi cult.  The ex posed Pocomoonshine Lake For -
ma tion is about 300 m thick, the Digdeguash For ma tion on the
or der of 1 km thick, and the Flume Ridge For ma tion eas ily two to 
three times that.  

No fos sils have been found in situ in these units, but spec i -
mens of Tentaculites were col lected in float blocks that dis play
the min er al ogy and weath er ing of the Flume Ridge For ma tion.
These sug gest a Siluro-De vo nian age for that for ma tion.  A
search for microfossils re vealed an as sem blage of fun gal spores
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and prim i tive vas cu lar plant tis sue (tra cheids) from two lo cal i -
ties of the Flume Ridge For ma tion in the Waite quad ran gle,
again sug gest ing a Silurian-Devonian age.  

The Flume Ridge For ma tion has been traced through the
Wes ley (Westerman,1978) and Lead Moun tain (Gilman, 1974)
quad ran gles to the south west, and ap pears to be nearly con tin u -
ous with higher grade equiv a lents in the Bucksport For ma tion at
Penobscot Bay.  Ex po sures in the Waite and Scrag gly Lake
quad ran gles are on strike with, and seem ingly equiv a lent to, sim -
i lar rocks of the Vassalboro For ma tion of the cen tral Maine se -
quence (Osberg, 1980; see Osberg et al., 1985).  It is im por tant to
note that the Norumbega fault zone, a ma jor su ture in many tec -
tonic mod els, is en tirely intraformational within the Flume
Ridge Formation in eastern Maine.

The Digdeguash For ma tion can not be traced as well to the
south west.  Coarse con glom er ates and grits in the Wes ley quad -
ran gle were as signed to the Digdeguash For ma tion (Westerman,
1978), but in the Penobscot Bay area, only a few small out crops
of graded beds sim i lar to those of the Digdeguash For ma tion
have been found north of Ellsworth (Gilman, pers. commun.,
1975).

Coastal Vol ca nic Belt.  The coastal vol ca nic belt is rep re -
sented by out crops in the ex treme south east ern cor ner of the
Calais quad ran gle, on hills and in fields south east of Round
Lake.  Sim i lar rocks crop out just east of the Calais For ma tion in
the St. Croix River, in the Devil’s Head 7.5é quad ran gle, and will
be de scribed here.  The con tact with the St. Croix belt is not ex -
posed; a small gap in oth er wise con tin u ous St. Croix River sec -
tion prob a bly in di cates that it is a fault in the north east part of the
quad ran gle, while the Meddybemps and Char lotte gran ites fill
the con tact zone in the south east.  Two map units are rec og nized
near Blanchard Cor ner in the south east cor ner of the quad ran gle,
and both are as signed to the Leighton Formation of Gates
(1977).

Leighton For ma tion (Sl). The Leighton For ma tion is rep re -
sented in the Calais area by two mem bers, one dom i nantly
fine-grained siltstones and mudstones with mi nor cal car e ous ho -
ri zons (Sls), the other fine grained ba salt (Slb).  Both are ex posed 
in the con tact au re oles sur round ing the Moosehorn Ig ne ous
Com plex and the gra nitic rocks to the west, but de spite meta mor -
phism many pri mary features are preserved.

Ba salt Mem ber (Slb).  Bas alts of the Leighton For ma tion
are ex posed on the un named hill 0.5 miles south of Round Lake,
and in fields on both sides of Route 214 at the ex treme south east -
ern cor ner of the quad ran gle.  These are very fine-grained, me -
dium to dark gray bas alts with a thin, slightly rusty to buff
weath er ing rind.  Tex tural vari a tions in these rocks in clude
microporphyries with vis i ble phagioclase pheno crysts, and ve -
sic u lar bas alts with ves i cles and vugs filled with epidote.  Orig i -
nal lay er ing is very dif fi cult to iden tify in most of the smaller
field ex po sures, but grain size and tex tural dif fer ences de fine
bed ding more clearly in larger hill side out crops.  Close-spaced
jointing is present in nearly every outcrop.

Thin sec tions show that most of the rocks are com posed of
a very fine grained (0.4-0.75 mm) felted groundmass of slen der
plagioclase laths.  In some sam ples these crys tals are strongly
aligned in a pri mary flow fab ric, whereas in oth ers they are ran -
domly ori ented.  Larger, stub bier plagioclase microphenocrysts
range up to 2.5 mm and are gen er ally highly saussuritized,
whereas the groundmass feld spars are typ i cally un al tered.  Pri -
mary py rox enes are re placed by actinolite and chlorite.  Most of
these sec ond ary min er als oc cur in anhedral patches in the
groundmass, but a few pseudo morphs up to 2.0 mm long prob a -
bly rep re sent pyroxene pheno crysts.  Opaque min er als are abun -
dant in most of the bas alts, and com prise as much as 5% of some
sam ples.  Py rite, chal co py rite, and mag ne tite have been iden ti -
fied, and seem to be most abundant along Route 214.

Small ovoid ves i cles 1.0-2.5 mm in di am e ter and larger
vugs up to 2.5 cm across are pres ent in some bas alts.  Both are
filled and most of the fill ings are well zoned.  Ex tremely
fine-grained plagioclase laths sur round each ves i cle, fol lowed
by an outer lin ing of in ter lock ing epidote crys tals and suc ces sive
zones of epidote+actinolite, coarse actinolite, and coarse sul fide
æ an iso to pic min eral as yet unidentified.

The bas alts are prob a bly flows, and are the most abun dant
vol ca nic rocks in the lim ited Calais out crops of the Leighton
For ma tion.  Ba saltic tuffs are also pres ent, but are much less
abun dant.  These con sist of cryptocrystalline su tured feld spar
grains that pass into fine-grained (0.1-0.25 mm) acicular
plagioclase crys tals.  Chlorite and actinolite re place what may
have been a vol ca nic glass rich in ferro mag nesi an min er als.
Sparse siltstone frag ments in a few of these rocks sug gest an or i -
gin as pyroclastic flows.  One un usu ally “coarse” diabasic rock
has been ob served, con sist ing of 2.0 mm plagioclase crys tals in
an ophitic tex ture with in ter stices filled with slightly smaller
pseudo morphs of actinolite af ter pyroxene.  This may have been
part of a thick flow, or a dike or sill emplaced into the volcanic
pile.

Siltstone-Mudstone Mem ber (Sls).  Siltstones and
mudstones as signed to the Leighton For ma tion crop out east and
south of Blanchard Cor ner in fields and in small roadcuts.  They
are fine to very fine grained, buff weath er ing, very dense
hornfelses that are deep pur ple on the fresh sur face be cause of
abun dant bi o tite.  Bed ding is ob scured in many places by joints,
and is dif fi cult to rec og nize in many places be cause of the ho mo -
ge neous grain size and lack of bed ding fea tures.  Bed ding is most 
clearly rec og nized where thin (1.5 cm) cal car e ous lay ers are in -
ter ca lated with the noncalcareous silt and mudstone.  Meta mor -
phic pro duc tion of actinolite in these lay ers makes them readily
vis i ble.  Sev eral are highly fossiliferous and seem to have been
shell hash beds.  Fos sils, gen er ally pyritized brachi o pods, have
also been found in mudstone horizons.

Thin sec tions re veal very fine-grained ag gre gates of quartz 
and feld spar and tiny but very abun dant bi o tite flakes.  A few of
the siltstones con tain small euhedral to subhedral feld spar crys -
tals; these, along with the buff weath er ing, sug gest a tuffaceous
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com po nent for the siltstones, but most have only rounded to
subangular grains of am big u ous provenance.

Thick ness.  From its lim ited ex po sures, it ap pears that the
siltstone mem ber lies be neath the ba salt mem ber.  Nei ther the up -
per con tact of the ba salt nor the lower con tact of the siltstone is
ob served.  Min i mum thick nesses on the or der of a few hun dred
me ters are sug gested for each mem ber by their at ti tudes and
outcrop patterns.

Age and Cor re la tion.  Sev eral fos sil lo cal i ties are now
known in the Blanchard Cor ner area (see geo logic map), but
most con tain only a few fauna.  Typ i cal mudstones, for ex am ple,
yield a few fragmental brachi o pods or, in some cases, com plete
valves.  An ex ten sive bed ding plane pave ment ex po sure on the
south east side of the road 0.35 miles south west of Blanchard
Cor ner, how ever, con tains a di verse pop u la tion in clud ing
brachi o pods, cepha lo pods, trilobites, bryo zoans, cor als, and
ostracods.  Pickerill (1976) stud ied this suite, along with other
Leighton For ma tion fauna, and re ported a Pridoli age (lat est Si -
lu rian) for the for ma tion.  He also sug gested that the Salopina
brachi o pod as sem blage was indicative of extremely shallow
water.

Sim i lar fauna are found in the Leighton For ma tion in the
ad ja cent Eastport quad ran gle, and even though small faults sep -
a rate the Calais ex po sures from the main por tion of the Leighton
For ma tion (Osberg et al., 1985; Gates, 1977), there is lit tle doubt
as to their iden tity.  The li thol ogy, fau nal as sem blage, and
depositional en vi ron ment of the Waweig For ma tion of New
Bruns wick are iden ti cal to those re ported here and by Gates
(1977) for the Leighton For ma tion, and the two are undoubtedly
correlative.

Oak Bay and Waweig For ma tions.  Con glom er ates con tin -
u ous with those of the Oak Bay For ma tion crop out just east of
the Calais quad ran gle in the St. Croix River, and prob a bly con -
tinue on strike into the quad ran gle be fore be ing trun cated by the
plutonic com plex just south of Route 1.  These pass east ward
into very fine-grained siltstones/mudstones com pa ra ble to those
of the Waweig For ma tion, in a man ner sim i lar to that on
Cookson Is land, 4 miles to the north east.  The Oak Bay For ma -
tion con sists of peb ble to cob ble con glom er ates that, in the St.
Croix ex po sures, ex hibit strongly flat tened clasts.  These clasts
are dom i nantly of fine-grained vol ca nic and sed i men tary rock
typ i cal of the coastal vol ca nic belt; none seem to have been
derived from the adjacent Cookson Group.

The Oak Bay For ma tion passes grad u ally into fine-grained
siltsones of the Waweig For ma tion with the dis ap pear ance of the
coarse clasts.  In the St. Croix River sec tion, this oc curs at the
con tact with diorite and granodiorite, so that the rocks are highly
meta mor phosed and oc cur par tially as xenoliths.  

Brachi o pods from a clast in the Oak Bay For ma tion were
as signed a Si lu rian age (Cumming, 1965), and Waweig For ma -
tion fauna point to a Pridolian age (lat est Si lu rian; Pickerill,
1976).  The Oak Bay For ma tion is in ter preted as a basal con -
glom er ate to the Waweig For ma tion, and both are thought to be
dis tal com po nents of the coastal vol ca nic belt.  Tuffaceous rocks

be come abun dant in the Waweig For ma tion to the east and
south east, but are ab sent from the small exposures of the study
area.

STRUCTURAL  GEOLOGY

The deformational his tory of the area is com plex, and its in -
ter pre ta tion is hin dered by a com bi na tion of poor bed rock ex po -
sure, ex ten sive plutonism that lo cally com pli cates struc tural
re la tion ships, and meta mor phism that oblit er ates crit i cal data in
many ar eas.  For ex am ple, high-grade con tact meta mor phism
ad ja cent to mafic plutons has pro duced migmatite with a swirl -
ing, non-sys tem atic fo li a tion.  Most of the south west ninth of the
quad ran gle has been thus af fected, and is nearly use less for
struc tural in ter pre ta tion de spite the fact that it con tains some of
the best bedrock control in the entire region.

The domainal na ture of many struc tures in the Calais and
ad ja cent Big Lake quad ran gles fur ther hin ders in ter pre ta tion of
lo cal deformational his tory.  Re gional NE and ENE struc tural
trends in and west of the Big Lake quad ran gle are re placed at the
Calais/Big Lake bound ary by north-trending beds, cleav age, and 
mi nor folds within the South Prince ton-Crawford fault zone.  NE 
trends are re-es tab lished east of this zone, but near-ver ti cal
cleav ages al ter nate with sub-hor i zon tal cleav ages over a broad
area be tween South Princeton and Calais.

Out side the migmatized ar eas, sev eral struc tural el e ments
are readily ob served and have been used to un ravel the de for ma -
tion his tory.  Bed ding is rec og niz able in all but the high est meta -
mor phic grades, and pri mary fac ing ev i dence is abun dant in the
form of graded bed ding, cross-bed ding, and scour-and-fill fea -
tures.  Cleav ages are well de vel oped in the low-grade pelitic
rocks, are less rec og niz able in mas sive sand stones such as those
of the Kend all Moun tain For ma tion, and have been de stroyed by
recrystallization of even the pelitic rocks in the in ner parts of
con tact au re oles.  Out crop scale fold ing is not com mon, but
enough fold and cleav age data are avail able to in ter pret a
multi-stage fold ing his tory for the area.  Ev i dence of fault ing is
wide spread through out the quad ran gle, both in the strat i fied
rocks and the plutons that in trude them.  The se quence of fold ing
and fault ing that is now in ter preted for the study area (Ta ble 2) is
far more com plex than that suggested by previous workers
(Larrabee, 1964; Amos, 1963).  

Six sep a rate ep i sodes of de for ma tion are rec og nized in
rocks of the Calais quad ran gle, and are des ig nated as D1 through
D6 in or der of de creas ing age (Ta ble 2).  The first three events
were mostly duc tile and pro duced folds of dif fer ent at ti tudes and
styles, whereas the last three were more brit tle and re sulted in
faults of var i ous at ti tudes and displacements. 

Fold ing

Rocks of the Cookson Group ap pear to have ex pe ri enced a
more com plex fold ing his tory than those of the Fred er ic ton
trough or coastal vol ca nic belt as shown by a plot com par ing
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poles to bed ding (Figs. 3a,b) and to cleav ages (Figs. 3c,d) from
the dif fer ent tracts.  The data from both pre-Si lu rian and
Siluro-De vo nian rocks de fine gir dles in dic a tive of gently plung -
ing, north east to east-north east trending up right folds, but poles
from the pre-Si lu rian sec tion are more widely scat tered.  Sev eral
cleav ages are rec og nized in pelitic rocks of the Cookson Group,
one of which is ax ial pla nar to the dom i nant NE-trending up right
folds.  Both ear lier and later gen er a tions of cleav age have been
ob served in the Cookson Group strata.  In con trast, a sin gle
cleav age, ax ial pla nar to the NE-trending folds, dom i nates
pelites of the Fred er ic ton trough.  There are lo cal ex am ples of
later cleav age de vel op ment, but noth ing sug gests wide spread
de for ma tion of the Fred er ic ton trough prior to the up right fold -
ing.  The im pli ca tion is that the Cookson Group was de formed in
post-Mid dle Caradocian times before deposition of the younger
strata that flank it.  

The sec ond event, D2, is per va sive, whereas the oth ers ap -
pear to be domainal.  D2 struc tures have been used as mark ers for
in ter pret ing the struc tural his tory of the Calais area; as sign ment
of other struc tures to ear lier or later events is based on their re la -
tion ship to the readily iden ti fied fea tures of D2.  It is there fore
most ap pro pri ate to dis cuss D2 first.

D2 De for ma tion.  D2 was an ep i sode of up right fold ing (F2) 
rec og nized through out east ern Maine and ad ja cent New Bruns -
wick.  Small-scale folds trend ENE to NE and plunge gently to
the south west or, less com monly, to the north east.  In some ar eas,
no ta bly in the Wood land For ma tion be tween Wood land and
Kend all Moun tain, F2 and F3 folds are nearly co ax ial, but F2

hinge sur faces are nearly ver ti cal and those of F3 gen er ally dip
gently to the southeast.

F2 fold style de pends on the rock type in volved.  Folds in
thin-bed ded sand stones and slates of the Digdeguash and Flume
Ridge For ma tions are tight to nearly iso cli nal, with small
interlimb an gles and sharp hinges.  Most are sim i lar folds.  In
thicker bed ded, more mas sive gran ule con glom er ates and sand -
stones of these units, folds are more open, hinges more rounded,
and the style more con cen tric.  Abun dant fac ing re ver sals in the
Fred er ic ton trough in di cate many mesoscopic folds with wave -
lengths on the or der of 0.4-0.5 km.  These are par a sitic to re -
gional scale folds such as those shown on Sec tion B-B’ of the
new geo logic map of Maine (Osberg et al., 1985).  The Hunt ley
Ridge anticline in the Big Lake quad ran gle is the larg est F2 fold
in the area (Ludman, 1986).

Out crop-scale folds were not ob served in the Leighton For -
ma tion in the Calais quad ran gle, but a weakly de vel oped spaced
cleav age in the bas alts and mudstones par al lels F2 folds in both
the St. Croix and Fred er ic ton tracts.  The ab sence of fac ing ev i -
dence from the Leighton For ma tion, and the small area in which
it crops out in the Calais quad ran gle make it dif fi cult to iden tify
the mesoscopic fea tures.  The map pat tern, how ever, sug gests
rel a tively broad, open fold ing com pa ra ble to the larger fea tures
of the Fred er ic ton trough. F2 folds have been iden ti fied in all for -
ma tions of the Cookson Group.  Thick-bed ded sand stones of the
Kend all Moun tain For ma tion and wackes of the Wood land For -
ma tion ex hibit open, con cen tric folds sim i lar to those of com pa -
ra bly bed ded strata of the Digdeguash and Flume Ridge
Formations.  

An up right, ENE-trending spaced cleav age as so ci ated with 
these folds is des ig nated as S2.  It is close-spaced in most of the
pelitic rocks (a few mm to a few cm), but is much more widely
spaced in the sand stones (sev eral cm).  Only a very poor fo li a tion 
ac com pa nies S2, and is de fined by small mus co vite and chlorite
flakes in the low-grade ex po sures.  This fo li a tion is ob scured by
con tact meta mor phism, and in many in stances the cleav age is
obliterated as well.

Age of F2 fold ing.  Struc tures com pa ra ble to F2 folds have
been mapped in rocks as young as the Early De vo nian Eastport
For ma tion in the Eastport area to the south east (Gates, 1977), in -
di cat ing that this de for ma tion must be later than Early De vo nian. 
Ra dio met ric dat ing of plutons that cut these folds (see be low)
sug gests that the fold ing can not be much later, how ever.  Early
De vo nian ages are mea sured or in ferred for the gran ites and gab -
bros that trun cate F2 fea tures in the Calais quad ran gle, so that F2

is brack eted tightly within the Early De vo nian.  This event ap -
pears to be the ma jor ex pres sion of the Acadian orogeny in
southeastern Maine.
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TA BLE 2:  DE FOR MA TION  HIS TORY  OF  THE  CALAIS  AREA

Event # De scrip tion Age 

D1 Iso cli nal fold ing (F1) and for -
ma tion of S1 cleav age in pelites 
of the Cookson Group

Post-Caradocian, but be -
fore Si lu rian strata 

D2 Iso cli nal to open fold ing (F2)
of all rocks of the coastal vol -
ca nic, St. Croix, and Fred er ic -
ton trough belts

Post-Eastport Fm. (Early
De vo nian); pre-gab bro,
gran ite (Early De vo nian) 

D3 F3 re cum bent fold ing re lated to 
SE-over-NW thrust ing of  the
St. Croix belt over  the Fred er -
ic ton trough

Af ter F2; be fore Early
De vo nian gran ites

D4 North-trending nor mal faults;
lo cal de vel op ment of
small-scale F4 folds and cleav -
age

Syn chro nous with em -
place ment of gab bros

D5 NE and N-trending strike-slip
faults; mostly dextral, but some 
sinistral off set 

Post-gab bro and gran ite.
Re lated to Norumbega
fault zone

D6 NW-trending sinistral
strike-slip faults; sinistral kinks 

Post dates all other struc -
tures
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Fig ure 3.  Com par i son of bed ding and cleav age in Siluro-De vo nian and Pre-Si lu rian strata, Calais-Big Lake area.



D1 De for ma tion.  F2 folds in the ad ja cent Big Lake quad -
ran gle de form a cleav age as well as bed ding in the Wood land and 
Kend all Moun tain For ma tions.  This cleav age (S1) is subparallel
to bed ding and is in ter preted as ax ial pla nar to an early (F1) ep i -
sode of iso cli nal fold ing.  Ev i dence for F1 is lim ited to a few ex -
po sures be cause of the lack of cleav age de vel op ment in
thick-bed ded Kend all Moun tain and Wood land For ma tion sand -
stones.  Out crops of ac tual F1 folds are even more rare and the
best ex am ples are vis i ble just be low the dam at Wood land on the
Ca na dian side of the St. Croix River.  There, open F2 folds clearly 
de form ear lier iso cli nal folds out lined by thin graded cou plets of
the Wood land For ma tion.  Sim i lar re la tion ships have been ob -
served in the Kend all Moun tain For ma tion in a field east of
Route 1 north west of Wood land, and in lowlands both west and
east of the type locality on Kendall Mountain.

Graded beds in the Wood land and Kend all Moun tain For -
ma tions show that nearly all folds face up ward.  The ex cep tions
are lo cated in the west ern part of the Calais quad ran gle and in the
ad ja cent Big Lake quad ran gle where F2 folds in sand stones and
pelites of the Kend all Moun tain For ma tion ap pear to face down -
ward.  The Cookson Group is in ter preted as ly ing for the most
part on the up right limb of a large re cum bent struc ture, but the
lim ited width of the St. Croix belt and low re lief of the area hin -
der evaluation of this possibility.

Age of D1.  F1 folds have been iden ti fied in the Wood land
and Kend all Moun tain For ma tions.  The ap par ently con form -
able na ture of the Wood land/Calais For ma tion con tact sug gests
that the en tire Cookson Group must have ex pe ri enced D1 fold -
ing.  There is no ev i dence of D1 in the Pocomoonshine Lake,
Digdeguash, or Flume Ridge For ma tions.  D1 is youn ger than the 
Mid dle Caradocian age of the Kend all Moun tain For ma tion, but
its min i mum age is poorly con strained be cause of the lack of firm 
ages for the Fred er ic ton trough strata.  A Caradocian age is
considered most likely. 

D3 De for ma tion.  Much of the St. Croix belt north and west 
of Route 9 is char ac ter ized by beds that are subhorizontal or dip
gently to the south east, in con trast to the near-ver ti cal at ti tude of
most strata else where in east ern Maine.  The pos si bil ity that
these an oma lously gen tle dips might be re lated to de for ma tion
dur ing em place ment of plutons was con sid ered early in anal y sis
of lo cal struc ture.  It has been dis missed be cause the at ti tudes are
uni form and are as abun dant in low-grade rocks far from the
plutons as they are in high-grade rocks of the contact aureoles.  

An ep i sode of west-vergent re cum bent to strongly in clined
fold ing (F3) is now con sid ered re spon si ble for these at ti tudes.
Sev eral out crop-scale F3 folds have been iden ti fied in the Calais
quad ran gle, in rocks of the Kend all Moun tain and Wood land
For ma tions.  Ex cel lent ex am ples are found on the north slope of
Robb Hill in a stream chan nel, and be neath the power line run -
ning south east along the ridge next to the St. Croix River, just
south of the Georgia-Pacific pulp mill.

Most of the folds are asym met ric, S-folds (coun ter clock -
wise) in di cat ing south east-over-north west trans port.  Two per -
fectly sym met ri cal iso cli nal re cum bent folds have been found,

how ever, be tween the north east peak of Kend all Moun tain and
the esker east of that peak.  F3 folds are rel a tively tight with
broad, rounded clo sures, and hinge sur faces that strike
055-070°, roughly par al lel to those of F2.  F3 hinge sur faces dip
very gently, how ever, gen er ally be tween 10° and 20° to the
south east, al though the full range is be tween horizontality and
40°.  A slaty cleav age (S3) is com monly well de vel oped in pelitic
ho ri zons at chlorite grade, but has been obliterated in higher
grade exposures.

Nu mer ous small-scale south east-over-north west thrust
faults have been ob served in the Cookson Group, and sev eral are
ex posed at the Wood land Dam.  We pro pose that F3 folds formed
dur ing west ward thrust ing of the Cookson Group over the Fred -
er ic ton trough, and that there may be thrusts within the St. Croix
belt that have not been mapped be cause of poor out crop con trol,
par tic u larly be tween Kend all Moun tain and the Wood -
land-South Princeton Road.

Age of D3.  D3 thrust faults and as so ci ated folds post date D1

and D2, but pre date the em place ment of mafic and fel sic plutons.
Nei ther re cum bent folds nor thrust faults have been mapped in
the Fred er ic ton trough, but their ab sence is thought to be due to
D4 fault ing and sub se quent ero sion.  An Early De vo nian age is
sug gested, and D3 is at trib uted to a late stage of the Acadian
orogeny.

Fault ing

It is im pos si ble to find a large out crop of metasedimentary
or ig ne ous rock in the Calais quad ran gle that does not con tain at
least one small-scale fault.  Sheared, pol ished, and slickensided
sur faces are found through out the map area, and the com plex ity
of brit tle de for ma tion is re vealed by the var ied ori en ta tions of
fault planes and the types of displacement.  

Fig ure 4, a stereonet show ing faults and slickenside
lineations from out crops be low the Wood land Dam, shows some 
of the va ri ety pres ent.  Steeply dip ping NW-trending faults dom -
i nate at this ex po sure, but NE-trending faults are also com mon
and some north-trending shear zones are pres ent.  There are a
few sub-hor i zon tal shear sur faces as well, and these are at trib -
uted to the D3 event just de scribed.  Re la tion ships are com pli -
cated by the ap par ent re ac ti va tion of some early faults dur ing
later events.  Sev eral par al lel faults at the dam ex hibit ei ther
dip-slip or strike-slip slick en sides, and one re cords both:  early
sub-hor i zon tal slick en sides are cross-cut by later dip-slip
striations and grooves.

D4 De for ma tion.  D4 was an ep i sode of fault ing that af -
fected strat i fied rocks of the Fred er ic ton trough, the St. Croix
belt, and the coastal vol ca nic belt, as well as the plutonic rocks
that in trude them.  D4 faults are rec og nized by the lo cal de vel op -
ment of cataclastic fab rics in nar row zones aligned within 10 de -
grees of north-south; by sim i larly domainal close-spaced
cleav age strik ing north and dip ping steeply to ver ti cally;
small-scale north-trending up right folds; and by lo cal dis rup tion
of ear lier struc tures.  In the ad ja cent Big Lake quad ran gle, D4
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faults are also lo cated by their top o graphic ex pres sion as val leys
and aligned de pres sions ori ented north-south.  Some of the faults 
shown in the west ern part of the Calais quad ran gle are con tin u a -
tions of those struc tures, in clud ing the N-S part of the South
Prince ton-Crawford fault zone that now forms the bound ary be -
tween the Fred er ic ton trough and St. Croix belt.  It is more dif fi -
cult to trace struc tures through the thick gla cial de pos its north of
Kend all Moun tain, but ad di tional D4 faults are in ferred there by
offset of the contact between the Kendall Mountain and
Woodland Formations.

Slick en sides in these fault zones in di cate both dip-slip and
strike-slip sep a ra tion, but what is here termed D4 re fers only to
the dip-slip mo tion.  Hor i zon tal move ment is in ferred to have
taken place dur ing D5 re ac ti va tion of the D4 faults.  D4 af fected
all ear lier struc tures, de form ing F3 hinge sur faces and ax ial plane 
cleav age into broad anticlines and syn clines near the South
Prince ton-Crawford fault zone, and refolding F2.  Based on the
off set of for ma tion con tacts and the ap par ent re moval by ero sion
of the in ferred F3 thrust plate from the Fred er ic ton trough, the
west sides of the D4 faults are thought to be upthrown rel a tive to
the east sides.  Sep a ra tions of as much as 300 m are es ti mated on
some faults in the Calais quad ran gle.  A sig nif i cant change is in -
di cated from the in tense com pres sion as so ci ated with F2 and F3.

Age of D4.  The age of D4 fault ing is con strained by the
youn gest rocks af fected (Early De vo nian gab bro and gran ite),
and by the fact that the faults off set F1-3.  Anatectic migmatites in

the Digdeguash For ma tion ad ja cent to the Pocomoonshine gab -
bro-diorite in the Big Lake quad ran gle are ax ial pla nar to
small-scale, north-trending folds at trib uted to D4.  In ad di tion,
high-grade Flume Ridge For ma tion hornfels ad ja cent to that
pluton has ex pe ri enced ex tremely duc tile fold ing about
north-trending hinge sur faces.  These re la tion ships in di cate that
D4 oc curred dur ing in tru sion of the Pocomoonshine pluton.  This 
pluton has at least a two-stage em place ment his tory (Ludman et
al., 1989), and D4 is thought to have oc curred dur ing the sec ond
stage.  It is pos si ble that the fault ing spanned the en tire em place -
ment of the pluton, and may have played a role in con trol ling its
lo ca tion.  An Early De vo nian age is sug gested (but see below for
further discussion of the age of this pluton).

D5 De for ma tion.  Sev eral north east-trending high an gle
faults be lieved to have formed af ter D4 are as signed to D5.  These
in clude the un named fault that sep a rates the Waweig and Calais
For ma tions in Calais and the ENE-trending seg ment of the South 
Prince ton-Crawford fault zone.  Cataclastic fab rics and si lici fied 
zones are de vel oped in the metasedimentary rocks and gran ites,
chloritized and/or serpentinized zones in mafic rocks.  Slick en -
sides gen er ally in di cate strike-slip sep a ra tion, and small drag
folds al most al ways show that this sep a ra tion was dextral.  One
im por tant ex cep tion, how ever, is the South Prince ton-Crawford
fault zone.  As men tioned above, its early (D4) dis place ment was
dom i nantly dip-slip, but it was re ac ti vated dur ing D5 as a
sinistral strike-slip fault.  Ev i dence for the sinistral na ture of off -
set is clearly seen in drag folds along the south east shore of
Pocomoonshine Lake, and by the larger scale ro ta tion of F3 folds
into a north-south orientation along the northeast part of the
shoreline.

Age of D5.  D5 post dates em place ment of the gran ites and
gab bros of the Calais quad ran gle, but there is no con straint on its
min i mum age.  Sim i lar faults in the Big Lake quad ran gle are
prob a bly part of the Norumbega fault sys tem, and cut Penn syl -
va nian rocks in New Bruns wick (Rast, pers. commun., 1985).

D6 De for ma tion.  Nu mer ous small asym met ric (sinistral)
kinks, folds and warps de form all struc tural el e ments in the study 
area, and are most abun dant near NW- and WNW-trending shear 
zones des ig nated as D6.  There are few places where D6 faults
pro duce mappable off sets, al though pluton con tacts are off set in
the east ern part of the quad ran gle.  Shear zones are com monly si -
lici fied, one quartz-veined fault stand ing dra mat i cally above ad -
ja cent gran ites in the east ern part of the quad ran gle.
Sub-hor i zon tal slick en sides and ver ti cally plung ing Z-shaped
drag folds in di cate sinistral strike-slip separation for these faults. 

Age of D6.  D6 is the last deformational event rec og nized in
the Calais quad ran gle, and the most poorly con strained in terms
of age.  It cuts across and dis places all pre vi ous struc tures and
rock types, but is it self not trun cated by any dat able feature.

Faults, folds, and the ex otic terrane model.  Ear lier, the
pos si bil ity that the St. Croix belt is ex otic with re spect to ad join -
ing ter ranes was dis carded in fa vor of a fa cies tran si tion into the
dif fer ent lith o logic suites of the Miramichi and St. John pre-Si lu -
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Fig ure 4.  Faults and slick en sides in the Wood land For ma tion at the
Wood land Dam ex po sure.



rian tracts (Ludman, 1987).  Di rect con tacts do not ex ist be tween
any of these three belts, but the struc tures dis cussed above shed
some light on the problem:

(1)  Faults do in deed sep a rate the St. Croix belt from ad ja -
cent ter ranes:  the west ern bound ary (with the Fred er ic ton
trough) is the South Prince ton-Crawford fault zone, and the fault
at the east ern bound ary (with the coastal vol ca nic belt) is
unnamed.

(2)  These faults are as signed to D5 and thus come rel a tively 
late in the re gion’s tec tonic evo lu tion. 

(3)  F2 af fects rocks of all three tracts, and mafic and fel sic
plutons of the Bays-of-Maine Ig ne ous Com plex in trude all their
strata and struc tures, sug gest ing jux ta po si tion well be fore D5.
Spe cif i cally, the Bar ing gran ite and Saint George batholith seal
the east ern con tact of the St. Croix belt,  while the
Pocomoonshine gab bro-diorite seals the western contact.

(4)  Fault dis place ment of these plutons and their au re oles
seems to be mi nor.

These faults can not be su tures re spon si ble for jux ta pos ing
the three ter ranes pres ent in the Calais quad ran gle.  Sim i lar ev i -
dence in di cates that the Miramichi anticlinorium and Fred er ic -
ton trough were in roughly their pres ent po si tions by the Early
De vo nian (Pollock et al., 1988).  Since the coastal vol ca nic belt
is widely con sid ered to have erupted on Avalonian crust, it is
thus dif fi cult to see how post-Early De vo nian fault ing could
have been re spon si ble for su tur ing of the three ter ranes.  It is still
pos si ble that the St. Croix belt might be ex otic with re spect to ei -
ther or both of the Miramichi or Saint John tracts, but if so, their
jux ta po si tion must have been prior to F2  (i.e.,  Ordovician).

INTRUSIVE  ROCKS

A large part of the Calais quad ran gle is un der lain by
plutonic rocks rang ing from lay ered gab bros through mas sive
gab bros and diorites to sev eral dif fer ent gran ites.  Some of these
gran ites have been dated ra dio met ri cally as Early De vo nian, and
pro vide im por tant in for ma tion con cern ing the tim ing of
deformational events.  Pre vi ous work ers (Amos, 1963;
Westerman, 1972, 1973) in ter preted the mafic rocks as the ear li -
est, fol lowed by the diorites and granitoids, and our stud ies con -
firm these re la tion ships to a great ex tent.  There is strong
ev i dence, how ever, that the three are not of greatly dif fer ent age,
and that mag mas of all three types commingled (if not mixed).  

Pre-Aca dian(?) Plutons

Most of the plutonic rocks were emplaced af ter the dom i -
nant re gional fold ing.  They are known or thought to be of Early
De vo nian age, and are an ex ten sion of the Bays-of-Maine Ig ne -
ous com plex of Chap man (1962).  Two bod ies are older, and
prob a bly pre-date Aca dian fold ing.  One, the Mt. Tom an de site
in the south east cor ner of the quad ran gle, was first de scribed by
Bastin and Wil liams (1914), but the other, the Baileyville Dike,
is de scribed here for the first time.

Baileyville Dike (DCb) and Re lated Rocks.  Fine to me -
dium grained metadiabase forms low out crops along and on both 
sides of the Wood land-South Prince ton road, but are com monly
not vis i ble from a car.  They are in ap par ently con form able con -
tact with Kend all Moun tain For ma tion fel sic tuffs just north of
this road, about 0.62 miles west of Route 1 in Wood land, but
clearly cross-cut beds of the Kend all Moun tain For ma tion 1.25
miles fur ther west.  Poor out crop con trol makes it im pos si ble to
know whether these ex po sures rep re sent more than one in tru -
sive, and they are here mapped as a sin gle dike.  Re lated diabases
just north of the main body oc cur as thin(?) dikes, also in truded
into rocks of the Kendall Mountain Formation. 

Most out crops of the Baileyville dike con tain or -
ange-brown weath er ing, me dium to dark gray sulfidic
metadiabase.  Some are mas sive and rel a tively fea ture less, but
many are strongly jointed.  Grain size var ies from 0.4 to over 4.0
mm, but there is no ap par ent chill ing near con tacts with the host
rocks.  In deed, one of the coars est va ri et ies is at the dike’s
southern contact.  

The metadiabase con sists of fresh plagioclase laths 0.4 to
4.0 mm long that form a subophitic frame work with in ter sti tial
actinolite, chlorite, and py rite.  Many plagioclase crys tals are
bent, kinked, or frac tured, in di cat ing de for ma tion af ter em place -
ment.  Pri mary mafic min er als are re placed in most sam ples by
small blue-green actinolite crys tals oc cur ring as in di vid ual nee -
dles or ra di at ing ag gre gates, and by smaller amounts of chlorite.
In a few spec i mens, how ever, pseudo morphs of chlorite and
actinolite pre serve the shape and size of orig i nal pyroxene
pheno crysts.  Plagioclase:actinolite pro por tions vary from sam -
ple to sam ple, but lie within the range of 3:2 to 2:3.  Al though
chlorite is gen er ally less abun dant than actinolite, it is the only
mafic min eral in spec i mens that have been strongly sheared.  In
these rocks, aligned chlorite and frac tured plagioclase weakly
de fine a fo li a tion that is barely dis cern ible in hand sam ple.  Small 
py rite grains are dis sem i nated through out the rock and pro duce
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Ta ble  3:  CHEM I CAL  COM PO SI TION  OF  THE 
BAILEYVILLE  DIKE

Ox ide   Spec i men 
 1 2

SiO2 47.7 46.5
TiO2 3.17 3.25
Al2O3 13.8 14.0
CaO 6.63 7.02
MgO 7.63 7.46
Fe2O3* 14.2 15.3
Na2O  3.61 3.22
K2O 0.08 0.11
MnO 0.28 0.28
P2O5 0.37 0.33
Loss on Ig ni tion 2.23 1.93
-------------------- ------- -------
TO TAL 99.8 99.5

1,2: Well jointed metabasalts from small hill north of Wood land - South 
Prince ton Road, 0.6 miles west of junc tion with Route 1 in Wood land.



tiny rust spots on weath ered sur faces.  Ta ble 3 gives
compositions of 2 representative samples of the Baileyville dike.

Age.  There are few con straints on the age of the Baileyville 
dike, other than the fact that it cuts pelites and sand stones of the
Kend all Moun tain For ma tion.  The metadiabases are sim i lar
min er al og i cally and tex tur ally to what ap pear to be thin ba saltic
flows in ter ca lated with fel sic tuffs on Kend all Moun tain, and
may have been ei ther feed ers or shal low sub-vol ca nic intrusives. 
They may there fore be as old as the up per parts of the Kend all
Moun tain For ma tion, and thus Caradocian in age.  There is lit tle
con trol on their min i mum age be cause the metadiabases do not
cut other units.  The Baileyville dike has been meta mor phosed to
the same grade as its host rock, and ap par ently at the same time.
This meta mor phism is clearly as so ci ated with De vo nian em -
place ment of the gabbroic through gra nitic plutons de scribed be -
low.  An age within the span of Late Or do vi cian through Early
Devonian is thus possible for the body.

Mt. Tom An de site (Dia).  A small area at the south east cor -
ner of the quad ran gle is un der lain by a con tin u a tion of an in tru -
sive por phy ritic ba saltic an de site named the Mt.  Tom an de site
by Bastin and Wil liams (1914) and Gates (1977).  This body is a
small oval stock in truded into the Leighton For ma tion in the
Calais, Eastport, and Gardner Lake quad ran gles.  It con sists of
mas sive por phyry in which abun dant gray and green ish gray
plagioclase pheno crysts 1-5 mm long are set in a dark gray
groundmass.  Many of the pheno crysts ap pear to be de formed,
and in thin sec tion all are ob served to have un der gone ex ten sive
saussuritization.  The groundmass is also al tered and con sists of
chlorite, epidote, and small plagioclase laths that lo cally pre -
serve a trachytic tex ture.  Small black pheno crysts prove to be
ag gre gates of chlorite and epidote with mi nor cal cite, and may be 
pseudo morphs af ter clinopyroxene.  Magnetite is the most
abundant accessory mineral. 

It is dif fi cult to es tab lish the pre cise age of the Mt.  Tom an -
de site.  In the Eastport quad ran gle, it clearly cross-cuts and must
be youn ger than the Pridolian Leighton For ma tion.  Gates and
Moench (1981) re ported a sin gle chem i cal anal y sis of the an de -
site and in di cated that it was sim i lar both lithologically and
chem i cally to ba saltic andesites of the Early De vo nian Eastport
For ma tion.  They sug gested that the stock might have been one
of the feed ers for the ex ten sive Eastport vol ca nism.  If this is cor -
rect, the Mt.  Tom stock is an Early Devonian, pre-Acadian body.

Aca dian (Post-fold ing) Plutons

Much of the south east ern half of the Calais quad ran gle is
un der lain by an ex ten sive suite of plutonic rocks char ac ter ized
by com plex con tact re la tion ships among its mafic, in ter me di ate,
and fel sic com po nents.  Most of the in di vid ual mafic bod ies
within this suite re main un named, but three — the St.  Ste phen,
Sta ples Moun tain, and Wood land Dump gab bros — have been
sin gled out in the past for study and named by their re search ers.
Gra nitic rocks of the study area have re ceived more at ten tion and 

are as signed to one of four main masses:  Bar ing, Meddybemps,
and Char lotte gran ites, and the granite of Magurrewock Lakes.

Gab bro.  Amos (1963) de scribed sev eral types of mafic to
ultra mafic plutonic rocks in the Calais quad ran gle, in clud ing
gab bro, norite, pyroxenite, and an or tho site.  These range from
fine to me dium grained, equigranular to seriate (lo cally por phy -
ritic), and mas sive to lay ered.  On fresh sur faces the rocks are
black to salt-and-pep per col ored; weath ered sur faces are rusty
black.  The un named bod ies will be de scribed first, fol lowed by a 
brief dis cus sion of the three named above.

In this study, “gab bro” re fers to any sam ple with
plagioclase com po si tion ô An50.  Sam ples with more sodic
plagioclase are de scribed be low as “diorite.” These two rock
types have sim i lar color in dex val ues:  mean = 48% in gab bro,
44% in diorite.  All of the diorites con tain at least mi nor amounts
of quartz (see Ta ble 4), as do some gab bros.  Ol iv ine is pres ent in
some gab bros, but has not been ob served in any diorite.  There is
a con tin u ous gra da tion be tween gab bro and diorite in the study
area, so that it is fre quently im pos si ble to name the rock at a
given out crop with out thin-sec tion de ter mi na tion of plagioclase
composition.  

Field Re la tions.  Gab bro in trudes the Wood land For ma tion 
north and south west of Meddybemps Lake and in the St. Croix
River at Calais, and a body of gab bro crops out within the out -
crop area of the Meddybemps gran ite (see geo logic map).  Con -
tact au re oles with broad zones of high grade meta mor phism and
lo cal anatexis are de vel oped in the Cookson Group ad ja cent to
the mafic rocks.  The gab bros are com monly in truded by gra nitic
rocks.  For ex am ple, small bod ies of the gran ite of Magurrewock
Lakes in trude gab bro in the east ern most part of the quad ran gle;
the mafic pluton 3 km north of Bald Moun tain is in truded on the
west and north west by Bar ing gran ite.  A mappable zone of
diorite has de vel oped along the west ern con tact, and is shown on
the geo logic map as “gab bro-gran ite in tru sive com plex.” An -
other gab bro, along the north east shore of Bearce Lake (shown
as “Lit tle Lake” on the top o graphic map) is in fault con tact with
the Bar ing gran ite.  This fault, like other north east-trending
faults in the area, is marked by a prom i nent free-stand ing quartz
ledge.  Con tacts be tween the Meddybemps granite and the
gabbro it surrounds were not visible.

Re la tion ships among gab bro, diorite, and Bar ing gran ite
are com plex and sug gest broad contemporaneity of em place -
ment be tween the Bar ing gran ite, the diorite, and at least some of
the gab bro.  Hill and Abbott (1989) re fer to this as magma com -
min gling, fol low ing Mitch ell’s (1986) and Mitch ell and Rhodes’ 
(1988, 1989) de scrip tion of gran ite/gab bro re la tion ships fur ther
south in the Bays-of-Maine Com plex on Vinalhaven Is land.
While some gab bro ex po sures are sharply cross cut by veins or
dikes of Bar ing gran ite, other out crops in di cate more or less ex -
ten sive hy brid iza tion be tween the two rock types.  Evidence for
local hybridization includes:

(i)  Some gab bro oc curs as fine-grained (ba saltic)
amoeboid blebs set in a ma trix of ei ther gran ite or, lo cally, diorite 
with very nearly the same color in dex as the gab bro.  These
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TA BLE  4:  MODAL  ANAL Y SES  OF  PLUTONIC  ROCKS  FROM  THE  CALAIS  15’  QUAD RAN GLE (Based on 1,000 or more points per thin sec tion)

4.1:  BAR ING  GRAN ITE
Sam ple   CORE 3 13 14A 18A 34A 36 37A

Quartz    31.3 35.2 36.1 28.6 29.5 21.9 30.2 28.8
Plagioclase  29.3 27.9 27.4 31.2 28.4 31.7 36.0 32.7
K-feld spar  32.5 25.4 27.5 33.4 34.5 38.8 26.0 32.9
Bi o tite     6.6 9.3 8.7 5.2 7.0 2.3 7.6 5.1
Am phi bole   — 1.7 0.1 0.3 0.3 4.0 0.2 0.2
Opaque    tr 0.2  tr 0.1  tr  tr  tr 0.1
Ap a tite     0.2 0.3 0.1  tr  tr  tr  tr  tr 
Zir con      0.1  tr  tr  tr 0.2  tr  tr  tr
Al la nite     tr  —  —  — 0.1  —  —  —

Sam ple    72C 138B 140 153 159 183B 187A 238A

Quartz    29.7 37.0 32.4 31.8 30.7 31.1 33.2 26.8
Plagioclase  35.7 31.8 28.4 27.1 30.1 31.4 22.6 41.3
K-feld spar  17.3 25.0 36.8 36.0 35.2 30.3 39.1 18.9
Bi o tite    12.1 4.0 1.8 4.7 3.4 5.9 4.4 12.2
Am phi bole   2.8  —  —  — 0.2 0.7 0.2  —
Opaque     1.5 0.7 0.4 0.1 0.1 0.4 0.5 0.3
Ap a tite     0.5 0.1 0.1 0.1 0.1 0.2 0.1 0.1
Zir con     0.2 0.1  tr 0.1 0.1  tr 0.1  tr
Al la nite    0.3 0.3  tr  — 0.1  —  —  —

Sam ple    249 258 263B 271A 281A 400 871A

Quartz    30.4 35.3 27.2 36.2 33.7 32.3 35.9
Plagioclase  33.2 27.6 27.4 29.3 40.1 34.5 28.8
K-feld spar  28.8 33.1 36.0 29.9 20.6 26.2 29.3
Bi o tite     5.9 3.1 8.7 3.2 5.3 6.9 4.4
Am phi bole   1.0 0.6 0.1 0.1  —  — 0.6
Opaque     0.2 0.1 0.6  tr 0.2  tr 0.1
Ap a tite     tr  tr  tr  tr 0.1  tr 0.1
Zir con     0.1  tr 0.2  tr  tr  tr 0.2
Al la nite    0.1  —  — 0.1  tr  — 0.1
Mus co vite   — 0.2  —  —  tr  —  —

4.2:  MEDDYBEMPS GRAN ITE
Sam ple     10 23 25A 282A 283 285 287

Quartz    29.4 38.0 40.0 40.9 31.8 35.2 35.6
Plagioclase  32.6 27.6 21.8 27.3 28.1 29.0 25.9
K-feld spar  30.7 32.0 34.9 26.6 34.9 32.9 33.6
Bi o tite     5.5 2.0 1.1 3.0 2.9 2.6 3.2
Am phi bole   —  — 1.5 0.1 1.0  — 1.2
Opaque     0.2 0.1 0.6  tr 0.2  tr 0.1
Ap a tite     tr  tr  tr  tr 0.1  tr 0.1
Zir con     0.1  tr 0.2  tr  tr  tr 0.2
Al la nite    0.1  —  — 0.1  tr  — 0.1
Mus co vite   — 0.2  —  —  tr  —  —

4.3:  CHAR LOTTE  GRAN ITE
Sam ple     8 8A 228B 239 292 471

Quartz    39.5 35.4 32.0 36.1 30.6 27.3
Plagioclase  31.0 28.1 38.5 21.6 30.5 28.6
K-feld spar  26.5 30.3 22.2 39.5 31.8 37.0
Bi o tite     1.8 5.0 5.9 2.3 5.4 2.7
Am phi bole   0.2 0.1 0.8  — 1.5 2.8
Opaque     0.4 0.2 0.2 0.5 0.3 0.5
Ap a tite     tr 0.1  tr  tr  tr 0.2
Zir con     0.1 0.1  tr  tr  tr 0.1
Al la nite    —  —  —  —  —  tr

4.4:  GRAN ITE  OF  MAGURREWOCK  LAKES
Sam ple    4OD 51 61B 960A

Quartz    32.5 33.7 33.1 32.0
Plagioclase  32.6 37.9 41.7 35.5
K-feld spar  28.5 21.2 17.3 19.8
Bi o tite     6.0 6.5 6.4 11.7
Am phi bole   —  — 0.3 0.2
Opaque     0.1  tr 0.2 0.4
Ap a tite     0.1  tr 0.1 0.4
Zir con     0.1  tr  tr  tr
Mus co vite   0.1 0.3 0.8  —

4.5:  GAB BRO
Sam ple    28B 29D 43 58 65 72A 72B 111

Quartz     0.3 3.5 2.5  — 0.7  —  —  —
Plagioclase  46.1 44.9 47.5 48.5 51.1 57.5 50.7 20.5
Augite     7.3  — 11.6 12.5 7.5 11.4 7.5 31.5
Hornblende  34.6 34.2 21.0 25.0 23.3 16.5 27.9 23.3
Bi o tite     6.7 15.3 13.0 9.0 12.6 9.9 7.4 9.5
Ol iv ine     —  —  —  —  —  —  — 12.5

Opaque     4.1 1.8 3.7 4.4 2.8 3.4 5.0 2.5
Ap a tite     0.5 0.4 0.6 0.6 2.0 1.0 0.5 0.2
Zir con     0.1  —  — 0.1  tr 0.2  —  —
Sphene     —  — 0.1  —  —  —  —  —

Sam ple    135 254A 952

Quartz     0.5 0.1  —
Plagioclase  47.9 51.2 69.1
Augite     5.1 16.1  —
Hornblende  35.6 20.1 20.7
Bi o tite     5.9 6.7 4.8
Ol iv ine     — 3.5  —
Opaque     4.3 1.7 4.1
Ap a tite     0.5 0.1 1.0
Zir con     —  — 0.2
Sphene     —  — 0.1

4.6:  DIORITE,  QUARTZ  DIORITE,  AND  TONALITE  FROM  THE 
GAB BRO-GRAN ITE  IN TRU SIVE  COM PLEX

Sam ple    5C 40A 49 50B 69 79 91

Quartz     1.0 16.0 3.3 1.7 9.4 1.4 4.9
Plagioclase  58.7 67.4 46.1 52.9 49.9 50.2 50.7
K-feld spar   —  —  —  —  —  — 2.4
Augite     9.4  — 2.3 6.8 2.2 4.3 0.4
Hornblende  11.4 6.3 37.6 27.2 15.8 31.6 29.7
Bi o tite    18.7 9.6 7.3 8.4 17.5 9.7 7.1
Opaque     0.3 0.5 1.9 1.8 3.1 2.4 3.1
Ap a tite     tr 0.2 1.0 1.0 0.9 0.3  tr
Zir con     — 0.1  —  —  tr  tr  tr
Sphene     — 0.2 0.2 0.1 1.2  — 1.0
Epidote     0.4 0.2  —  —  —  —  —
Al la nite    —  — 0.2  —  —  —  —

Sam ple    97 106 115 274 879A

Quartz     1.9 1.6 3.7 6.5 23.3
Plagioclase  45.2 53.5 52.6 29.1 36.3
K-feld spar   —  —  —  tr 3.5
Augite    11.8 1.5 0.2 5.3 4.2 
Hornblende  29.6 35.6 27.7 24.9 16.7
Bi o tite     8.7 5.6 10.9 10.2 15.5
Opaque     1.5 1.5 3.3 2.9 0.4
Ap a tite     1.0 0.8 1.5 0.9 0.1
Zir con     —  —  —  tr  tr
Sphene     0.3  tr  tr  —  —
Epidote     —  — 0.1  tr  —
Al la nite    —  —  —  —  —



amoeboid mafic bod ies are in ter preted as “pil lows” formed by
quench ing dur ing mix ing of mag mas with very dif fer ent tem per -
a tures.  This intepretation im plies that at least some of the gab -
bro, diorite, and Bar ing gran ite mag mas were con tem po ra ne ous.
Sim i lar re la tion ships are com monly ob served be tween
quenched diorite pil lows in a Bar ing gran ite ma trix.  Hence, it is
thought that gab bro, diorite, and the Bar ing gran ite were all
intruded at about the same time.

(ii)  All of the amoeboid, quenched pil lows stud ied in thin
sec tion have outer mar gins dom i nantly com posed of green to
brown bi o tite, whereas the pre dom i nant ferro mag nesi an phase
in the pil low in te ri ors is green hornblende with only sub or di nate
bi o tite.  Un less this rep re sents pref er en tial nu cle ation of bi o tite
rather than of hornblende in the cooler pil low mar gin, it in di cates 
some chem i cal in ter change (wa ter and al ka lies?) across the
pillow/matrix interface.

(iii)  The Bar ing gran ite ma trix ad ja cent to the pil lows is in
some in stances greatly en riched in hornblende com pared with
the gran ite far from gab bro con tacts.  This sug gests that the Bar -
ing gran ite has been en riched in mafic com po nents through in -
ter ac tion with gab bro.  More com monly, how ever, the gran ite at
the pil low in ter face con tains an oma lously low amounts of ferro -
mag nesi an min er als, and in many cases is alaskitic.  Again, these
re la tion ships sug gest mass trans fer be tween pil low and ma trix,

per haps pref er en tial loss of wa ter to the pil lows.  There is much
scope for fur ther study on magma commingling processes in
these rocks.

Rocks shown as gab bro on the geo logic map con sist ei ther
of mas sive equigranular or por phy ritic lithologies.  Out crops
which con tain pil lows of gab bro in gran ite ma trix, brecciated
blocks in gran ite ma trix, or mas sive gab bro with 10% or more
gran ite veins are shown as “gab bro-gran ite in tru sive com plex.”
This mapped unit also con tains all of the diorite, quartz diorite,
and tonalite (de scribed be low).  These in ter me di ate rocks are
typ i cally, but not al ways, as so ci ated with pil lowed tex tures or
with abun dant veins or ir reg u lar patches of Bar ing gran ite.  At
the 1:62,500 scale of map ping, it is not practical to subdivide this 
unit.

Pe trog ra phy.  The most com mon type of gab bro en coun -
tered in this study (Ta ble 4.5) is equigranular and con tains zoned
plagioclase (An65 cores, An30 rims), green pleochroic
hornblende, brown to red-brown bi o tite, rel ict clinopyroxene
pre served as cores of hornblende crys tals, ap a tite, zir con, and
both ox ide and sul fide opaque min er als.  The clinopyroxene is
not sec tor-zoned and is not pleochroic; it is prob a bly com mon
augite rather than Ti-augite.  Quartz-bear ing va ri et ies also oc cur, 
and two sam ples (111 and 254a in Ta ble 4.5) con tain ol iv ine.
Euhedral to subhedral sphene oc curs only in a few quartz-bear -
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Fig ure 5.  Modal anal y ses of plutonic rocks from the Calais quad ran gle (based on counts of at least 1,000 points per thin sec tion).



ing gab bros, but is much more com mon in the diorites.  The color 
in dex of most of the equigranular, mas sive gab bros ranges from
39-53, but one sample (111) has a color index of 79.

The modal data of Ta ble 4 are sum ma rized graph i cally in
Fig ures 5 and 6.  All sam ples with plagioclase more calcic than
An50 plot in the gab bro/diorite field on Fig ure 5.  Fig ure 6 dem -
on strates that (a) the Calais area gab bros are dom i nantly ol iv -
ine-poor; (b) gab bro and diorite show nearly com plete over lap in 
their plagioclase:  pyroxene+am phi bole ra tios; and (c) ex cept for 
gab bro sam ple 952, the plagioclase-por phy ritic va ri et ies of gab -
bro and diorite fall in the same range of modal com po si tion as the 
more common equigranular varieties.

Al though it is not dif fi cult to find “rea son ably” un al tered
rock for thin sec tion or geo chem i cal anal y sis, all sam ples show
some al ter ation of the ig ne ous min er als.  In some sam ples, the
pri mary grain tex tures are all but oblit er ated.  Typ i cally, cores of
plagioclase are pref er en tially al tered to seri cite in vary ing de -
grees; ol iv ine is par tially re placed with chlorite or ser pen tine; bi -
o tite may be al tered to chlorite; and hornblende is re placed by
chlorite or, less com monly, a sec ond ary am phi bole.
Clinopyroxene is the most re sis tant of the pri mary ig ne ous min -
er als, but in the most al tered sam ples even this phase may be re -
placed by fi brous am phi boles (dis tinctly dif fer ent from the
pri mary green hornblende surrounding ragged clinopyroxene
cores).

Por phy ritic gab bro is less abun dant than the equigranular
va ri ety, but is rel a tively com mon (#43 and 952 in Ta ble 4.5).
This type con tains large (3-4 cm) pheno crysts of plagioclase in a
me dium-grained equigranular groundmass sim i lar to that of the

mas sive gab bros de scribed above.  The pheno crysts range from
An54 in sam ple #43 to An38-27 in #952.  The color in dex of #43 is
49, well within the range of val ues for the equigranular gab bros.
Sam ple 952, how ever, has a color in dex of 30, al though that is
prob a bly an ar ti fact of de ter min ing color in dex from a point
count in thin sec tion rather than from a rock slab or out crop sur -
face.  This sam ple does not have a pos i tive eu ro pium anom aly
(see be low) and has thus not experienced feldspar accumulation.

St.  Ste phen Gab bro.  The St.  Ste phen gab bro is ex posed
most widely in New Bruns wick, in and north of the city of St.
Ste phen.  It also un der lies most of the north ern part of the city of
Calais.  Hous ton (1956) stud ied the St.  Ste phen gab bro as part of
a pro ject de signed to eval u ate pos si ble pyrrhotite-bear ing
plutons, and the Maine por tion of the body was also ex am ined by 
Amos (1963).  A va ri ety of mafic and ultra mafic lithologies is
pres ent in this pluton, in clud ing peridotite north of St.  Ste phen,
and ol iv ine norite, norite, gab bro, and hornblende gab bro in St.
Ste phen and Calais.  Phase lay er ing is weakly de vel oped
through out the pluton, par tic u larly in the gab bro and norite.  This 
lay er ing is not very dis tinct, tends to pinch out over dis tances of
only a few me ters, and has not been shown to vary sys tem at i -
cally.  Sim i larly, it has not been pos si ble to de fine compositional
zonation within the St.  Stephen gabbro.

The St.  Ste phen gab bro in trudes the Wood land and Calais
For ma tions of the Cookson Group, and is it self in truded by the
Bar ing gran ite.  It trun cates folds as signed to the Aca dian orog -
eny, and its age is thus brack eted firmly within the Early
Devonian.

Sta ples Moun tain Com plex.  The mafic rocks at Sta ples
Moun tain were first de scribed by Amos (1963), and in ves ti gated 
in de tail by Coughlin (1983).  Al though it is much smaller than
the St.  Ste phen pluton, Coughlin was able to show that it is a well 
dif fer en ti ated body com posed of sub-hor i zon tal lith o logic
zones, some of which dis play well-de vel oped phase lay er ing.
She dem on strated that the low est ex posed zones are the most
mafic, con sist ing of norites and ol iv ine gab bros.  One of the low -
est zones con tains a unique ho ri zon in which dis con tin u ous
lenses com posed al most en tirely of ol iv ine (with only very mi -
nor plagioclase) are in cluded within the norite.  Above this zone
are a va ri ety of augite gab bros, and the cen ter of the body is com -
posed of su perbly interlayered an or tho site and hornblende gab -
bro.  Lay er ing in this zone is on the scale of a few cen ti me ters to a 
few me ters, and sev eral lay ers ex hibit “graded bed ding” and
basal scour fea tures.  Quarry cuts near the top of Sta ples Moun -
tain re veal ex cel lent cross-lami na tions de fined by aligned am -
phi bole crys tals.  The high est strati graphic po si tion in the body is 
oc cu pied by augite gab bros and very sparse olivine gabbros,
suggesting that the pluton is roughly symmetrical.

Coughlin (1983) in ter preted the com plex as a dif fer en ti -
ated sheet-like mass which cooled sym met ri cally from top and
bot tom.  The pluton in trudes rocks of the Wood land For ma tion,
but is it self in truded on the north and west by the Bar ing gran ite
and on the north west by un named diorite.  Ex ten sive hy brid iza -
tion along the con tact of the Bar ing gran ite is par tic u larly well
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Fig ure 6.  Modal anal y ses of gab bro, diorite, and quartz diorite from the
Calais quad ran gle.



ex posed on two hills north east of Ryan Lake.  An age com pa ra -
ble to that of the St.  Ste phen gab bro is in ferred for the Staples
Mountain Complex.

Wood land Dump Gab bro.  This un ro man ti cally named
plug oc cu pies a few tens of thou sands of square feet at the south
end of the Wood land town dump, and un der lies small hills in the

ad ja cent wa ter treat ment plant.  Dur ing ex ca va tions for that
plant, gab bro was seen to un der lie much of the area now oc cu -
pied by the settling lagoon.

Most of the Wood land Dump gab bro con sists of dark gray,
me dium to coarse-grained ol iv ine norite com posed of
plagioclase feld spar (An70), hypersthene, augite, ol iv ine, bi o tite,
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TA BLE  5:  MA JOR  AND  TRACE  EL E MENT  COM PO SI TIONS  OF  PLUTONIC  ROCKS

5.1—GRAN ITES
                              Meddybemps Gran ite of
          Bar ing Gran ite                    Gran ite                  Char lotte Gran ite   Magurrewock Lakes
Sam ple      36 258 138B 23 285 8A 292 471 228B 40D 61B 59

SiO2        76.06 76.68 72.95 72.36 73.32 72.57
TiO2        0.15 0.10 0.28 0.26 0.21 0.20
Al2O3       23.83 12.95 13.78 14.12 14.50 13.30 

Fe2O3*      2.73 1.28 2.10 0.95 1.31 1.86 2.47 2.48 2.52 1.97 1.64 1.40
MnO        0.03 0.04 0.05 0.05 0.06 0.03
MgO        0.78 0.79 1.08 1.12 1.12 0.97
CaO        0.48 0.27 1.27 1.48 1.48 0.80
Na2O       3.57 4.47 3.27 3.71 3.20 3.19 4.02 3.92 3.36 4.13 4.13 3.64

K2O        4.57 4.56 4.38 3.83 3.83 4.88
P2O5        0.03 0.02 0.06 0.08 0.08 0.20
LOI        0.30 0.50 0.20 0.60 0.60 0.20
TO TAL      100.98 100.57 100.54 100.00 100.97 98.03

Sc        11.40 3.71 9.56 4.25 4.19 8.04 9.64 5.41 9.67 5.80 4.15 4.74
V         16. 10. 23. 17. 3. 7.
Cr        4.6 1.7 5.8 6. 1.9 2.6 5.0 2.1 5.7 6.0 4.6 3.0

Co        2.67 0.82 2.91 0.61 1.20 1.47 2.73 1.47 3.42 2.74 2.22 1.66
Ni         6. 3. 8.
Cu         nd nd 5.
Zn         31. 20. 57.
Ga         17 17 17.
Rb         204. 462. 199.
Sr         25. 11. 82.
Y         71. 142. 63.
Zr         134. 118. 164.
Nb         14. 37. 10.
Cs        4.66 1.47 2.53 6.4 2.80 8.22 10.8 0.96 4.71 8.9 10.0 11.3
Ba         160. 34. 510. 392. 352. 354.
La        45.1 32.2 50.0 29.8 33.2 42.8 54.4 42.1 48.4 34.1 25.6 36.4

Ce        97.5 78.0 105.6 69.8 51.0 96.3 100.7 93.1 103.1 73.3 53.8 75.6
Nd       46.8 40.2 48.6 33.7 29.2 46.1 54.6 46.3 49.6 31.1 23.2 28.7
Sm        8.76 8.46 9.09 10.78 5.30 9.56 10.48 9.29 9.77 6.42 4.57 5.71

Eu        1.15 0.390 0.856 0.170 0.844 0.732 1.02 1.27 0.911 0.844 0.797
         0.601

Tb        1.46 1.76 1.56 3.44 0.593 1.80 1.76 1.25 1.71 1.35 0.96 1.49

Yb        4.78 7.13 4.94 16.3 2.44 6.69 5.27 5.23 5.90 4.13 2.59 3.78
Lu        0.77 1.01 0.74 2.34 0.363 1.01 0.77 0.79 0.88 0.66 0.387 0.58
Hf        7.27 5.36 6.24 6.73 5.29 6.07 6.33 10.47 6.84 5.04 4.01 4.51
Ta        1.18 1.04 1.36 8.4 0.94 1.41 1.26 0.97 1.26 1.39 1.53 1.66
Th        14.76 19.0 16.42 46.8 18.6 18.84 16.9 7.13 18.72 17.7 13.6 22.6
U         3.0 4.91 2.7 25.6 2.8 7.5 6.2 1.6 4.3 3.1 3.2 3.3
Pb         12. 38. 20.  25. 20. 30.

Ma jor el e ments in weight %; trace el e ments in ppm
Fe2O3*: To tal iron as Fe2O3 nd: not de tected
LOI: % Weight loss on ig ni tion



and abun dant py rite and mag ne tite.  The rock weath ers with a
typ i cal nub bly, cau li flower-like sur face, and li mo nite spots mark 
con cen tra tions of the opaque min er als.  Thin, ir reg u lar, pale gray 
lenses of plagioclase-rich gab bro and lo cal coars en ing of grain
size de fine a very in con spic u ous lay er ing.  Some of these rocks
are sim i lar to basal norites of the Sta ples Moun tain Com plex just
a few miles to the south, but pre lim i nary stud ies sug gest that ini -
tial Sr87/86 ra tios of the two bodies may be significantly different.

The Wood land Dump gab bro in trudes the Wood land For -
ma tion, and is in truded on its south side by the Bar ing gran ite.  Its 
age is thought to be com pa ra ble to that of the Sta ples Moun tain
and St.  Ste phen gab bros—Early De vo nian.  Rb/Sr and Nd/Sm
whole-rock and min eral dat ing are cur rently in prog ress, and will 
hope fully pro vide better ev i dence for the age of the body.
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TA BLE  5:  CON TIN UED. 

5.2—GAB BRO
Sam ple    58 111 231 72A 72B 454B 952

SiO2       48.06 46.12 47.91 49.05 48.38
TiO2        2.26 0.97 0.91 2.05 2.28
Al2O3      15.65 11.40 18.68 16.56 15.52
Fe2O3*   11.93 13.13 8.24 11.00 12.04 10.26 8.76
MnO     0.18 0.20 0.13 0.17 0.19
MgO     6.69 17.31 8.92 6.14 6.20
CaO     8.82 6.09 10.47 8.95 9.10
Na2O     3.84 1.50 3.16 4.58 4.39 2.89 3.68
K2O     1.12 0.78 0.48 0.93 1.21
P2O5        0.37 0.17 0.14 0.36 0.40
LOI      0.90 0.90 0.90 1.00 1.00
TO TAL   99.82 98.57 99.94 100.79 100.72

Sc      31.7 19.58 21.24 29.4 34.5 30.55 19.20
V     268. 164. 131. 245. 297.
Cr      93. 1131. 350. 81.3 102.4 106.4 57.4
Co     44.1 81.8 43.5 39.7 43.9 37.89 28.5
Ni      69. 321. 98. 64. 64.
Cu     41. 30. 21. 54. 64.
Zn     102. 96. 66. 98. 111.
Ga     21. 12. 14. 18. 19.
Rb     36. 26. 10. 27. 36.
Sr     349. 217. 383. 394. 363.
Y      35. 20. 19. 33. 39.
Zr     200. 101. 86. 184. 196.
Nb     20. 8. 5. 16. 16.
Cs      3.5 3.2 2.34 1.50 1.64 0.87 1.44
Ba     224. 149. 109. 210. 219.
La      20.24 10.82 11.70 20.94 22.68 16.67 16.70
Ce      47.3 27.7 27.4 48.7 52.5 39.6 38.4
Nd     29.9 13.9 17.3 28.7 31.9 20.9 22.9
Sm      6.47 3.10 3.34 6.21 6.73 5.25 4.79
Eu      2.13 1.02 1.17 2.06 2.24 1.72 1.63
Tb      0.85 0.364 0.45 0.84 0.78 0.63 0.60
Yb      3.24 1.75 1.83 3.17 3.36 2.61 2.42
Lu      0.506 0.269 0.229 0.489 0.536 0.44 0.38
Hf      5.11 2.38 2.33 4.74 5.08 3.80 3.66
Ta      1.35 0.47 0.32 1.30 1.30 0.87 0.98
Th      1.51 1.76 1.17 2.70 2.82 1.76 1.37
U      nd 0.53  nd 1.2 0.5  nd  nd
Pb     nd  nd  nd  nd  nd  nd  nd

TA BLE  6:  CIPW  NORMS  FOR  PLUTONIC  ROCKS,
CALAIS  QUAD RAN GLE

6.1—GAB BRO
Sam ple     58 111 72A 72B 231

Orthoclase   6.62 4.61 5.50 7.15 2.84
Al bite     30.47 12.69 31.88 28.73 25.08
An or thite   22.16 22.07 21.88 19.07 35.37
Neph el ine   1.10 —- 3.72 4.56 0.90
Di op side   15.46 4.64 16.25 18.95 12.51
Hypersthene —- 22.86 —- —- —-
Ol iv ine    11.70 22.92 9.94 9.69 16.22
Mag ne tite   5.45 3.58 5.15 5.48 3.49
Il men ite    4.29 1.84 3.89 4.33 1.73

Ap a tite     0.86 0.39 0.83 0.93 0.323

6.2—GRAN ITE
Sam ple     258 23 292 40D 59 61B

Quartz    30.23 35.63 27.88 28.47 29.27 29.51
Orthoclase  27.01 26.95 25.88 22.63 28.84 22.63
Al bite     37.82 31.39 34.02 32.95 30.80 34.95
An or thite    1.45 1.21 5.91 6.82 3.71 6.82
Co run dum  — 1.47 0.26 0.68 0.67 1.06
Di op side    0.60  —  —  —  —  —
Hypersthene  2.52 2.66 4.36 4.08 3.30 3.91
Mag ne tite   0.62 0.46 1.19 0.95 0.68 0.79
Il men ite    0.28 0.19 0.53 0.49 0.38 0.40
Ap a tite     0.07 0.05 0.14 0.19 0.09 0.19

258: Bar ing gran ite
23: Meddybemps gran ite
292: Char lotte gran ite
40D, 59, 61B:  Gran ite of Magurrewock Lakes

Fig ure 7.  Plot of nor ma tive ol iv ine, neph el ine, and quartz in al ka line
gab bros (open cir cles) of the  Calais quad ran gle.  Bound ary be tween Al -
ka line/Subalkaline fields from Irvine and Baragar (1971).



Geo chem is try of Gabbroic Rocks.  Chem i cal anal y ses were 
car ried out on sev eral gab bro sam ples by x-ray flu o res cence and
in stru men tal neu tron ac ti va tion meth ods, and are re ported in Ta -
ble 5.  CIPW nor ma tive min er als cal cu lated from the ma jor el e -
ment anal y ses are listed in Ta ble 6.  Note that four of the five
gab bros an a lyzed for ma jor el e ments con tain nor ma tive neph el -
ine, sug gest ing an al ka line af fin ity.  The fifth, #111, is ol iv ine-

and hypersthene-nor ma tive, and is un usual tex tur ally as well as
min er al og i cally (com pare its modal anal y sis with those of more
typ i cal types in Ta ble 4.5).  Fol low ing the clas si fi ca tion scheme
of Irvine and Baragar (1971), Fig ure 7 dem on strates that the
same four gab bros fall on the al ka line side of the bound ary sep a -
rat ing al ka line from subalkaline mafic suites.  This is in con trast
to the subalkaline com po si tions re ported by Mitch ell and
Rhodes (1988, 1989) for gab bros fur ther south in the
Bays-of-Maine Ig ne ous Com plex.  Fig ure 8 sug gests that the
four al ka line gab bros are sodic rather than potassic, and Figure 9
suggests that their compositions are most similar to the alkaline
magmas termed “hawaiite.”

Rare earth el e ment data are shown in Fig ure 10.  All sam -
ples an a lyzed are mod er ately en riched in the light rare earth el e -
ments (La=30-70X chondrite val ues) com pared with the heavy
rare earth el e ments (Lu=6.6-22X chondritic).  The rare earth
data are com pat i ble with the mildly al ka line na ture of the gab -
bros.  The pat terns sug gest slight eu ro pium en rich ment in these
gab bros as a group, but the sam ple with the high est plagioclase
con tent (#952) does not show a more pro nounced eu ro pium
anom aly than the other sam ples.  While Sam ple #111 may have
formed via crys tal ac cu mu la tion, there is lit tle ev i dence for cu -
mu late tex tures in thin sec tions of the more com mon
equigranular or por phy ritic gab bros, and our dis cus sion of the
chem is try of these dom i nant rocks as sumes that they
approximate the compositions of the original magmas.

The con tents of other trace el e ments (in clud ing Rb, Sr, Ba,
Zr, Nb, Hf, Ta, and Th) are mod er ate for ba saltic com po si tions,
and can also be rec on ciled with the mildly alkalic na ture of the
orig i nal magma as in ferred from the ma jor el e ment data.  The
con tents of these el e ments in strongly alkalic mag mas would be
much higher; the con tents of Rb, Sr, and Ba, in par tic u lar, would
be some what lower in typ i cal de pleted tholeiitic ba salt of the sea
floors.  Al though the data have been plot ted on a va ri ety of tec -
tonic dis crim i na tion di a grams, no clear con sen sus emerges and
none of these diagrams is shown.

Fig ure 11 is a “spidergram” that graph i cally shows the re la -
tion ships be tween el e ments with a wide range of geo chem i cal
prop er ties.  The con cen tra tions of the el e ments in each rock are
di vided by con cen tra tions in a ref er ence stan dard (in this case,
the av er age ocean ridge ba salt of Pearce, 1983).  If the Calais
gab bros had com po si tions sim i lar to this type of sea floor ba salt,
they would plot as straight, hor i zon tal lines near 1.0 on the con -
cen tra tion axis.  Many arc bas alts plot as more or less hor i zon tal
lines also, some times with higher con tents of Sr, K, Rb, and Ba,
and some times with pro nounced neg a tive dips in the pat tern at
Ta-Nb and Zr-Hf.  Both tholeiitic and mildly al ka line rocks of the 
con ti nents and of oce anic is lands such as Ha waii typ i cally have
pat terns most sim i lar to those shown by the Calais gab bros, with
max ima at the al kali el e ments (K, Rb) and a generally smooth
drop to the right of the diagram. 

Coughlin (1983) cited pre lim i nary val ues for ini tial Sr87/86

in the Sta ples Moun tain Com plex of 0.7041, and a slightly lower
value of 0.7037 for the Wood land Dump gab bro.  These ra tios
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Fig ure 8.  Plot of nor ma tive an or thite, al bite, and orthoclase in al ka line
gab bros from the Calais quad ran gle.  Bound ary be tween sodic and
potassic se ries af ter Irvine and Baragar (1971).

Fig ure 9.  Crys tal li za tion In dex plot ted against nor ma tive an or thite for
al ka line gab bros.  Crys tal line In dex (C.I.)= nor ma tive an or thite +
magnesian di op side + for ster ite + en sta tite.  Field bound aries from
Irvine and Baragar (1971).



are com pat i ble with ba saltic magma val ues.  They are con sis tent
with ra tios ob served in mod ern mildly alkalic bas alts, but are
also ob served in bas alts of sev eral other compositions.

In light of the field ev i dence for ex ten sive com min gling of
gabbroic and gra nitic mag mas in the Calais area, it is nat u ral to
ask whether the compositional vari a tion within the gab bros
might be caused by mix ing be tween the two liq uids.  Fig ure 12
sug gests that this pro cess, if it has oc curred, has not ex erted a
sys tem atic ef fect on the com po si tions of the mafic rocks.  Sim ple 
mix ing of vary ing amounts of gra nitic and gabbroic mag mas
would pro duce a se ries of gab bro com po si tions which should lie
on straight lines in Fig ure 12.  Al though the con cen tra tions of
some ox ides (Na2O) do change sys tem at i cally with in creas ing

SiO2, those of most oth ers vary er rat i cally (par tic u larly TiO2,
Fe2O3, and K2O).  Field and petrographic stud ies show that hy -
brid iza tion has clearly oc curred in at least some places, but Fig -
ure 12 in di cates that ei ther there are a num ber of dis tinct gab bro
par ent mag mas, or that the mix ing pro cess or com po nents were
dif fer ent in dif fer ent lo ca tions, or that both have operated to
bring about the observed relationships.

Diorite, Quartz Diorite, and Tonalite.  As dis cussed
above, diorite, quartz-diorite, and tonalite crop out where the
Bar ing gran ite and gab bro are ex ten sively com min gled.  They
form an ex tremely het er o ge neous mix ture which, for the pur -
poses of com pil ing this 15’ map, have been com bined into a sin -
gle unit la beled “gab bro-gran ite in tru sive com plex.” These
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Fig ure 10.  Rare earth el e ment dis tri bu tions in plutonic rocks of the Calais quad ran gle.



rocks range from fine to me dium grained and are usu ally
equigranular.  Rare por phy ritic va ri et ies with large feld spar
pheno crysts up to 3 cm long oc cur lo cally.  Most out crops are
mas sive with no sense of pref er en tial min eral align ment or con -
cen tra tion.  At four lo ca tions, how ever, strongly fo li ated diorite
oc curs, with long axes of feld spars, mica, and am phi bole
aligned, and streaks of mafic and fel sic min er als.  Thin sec tion
study shows that this is a pri mary ig ne ous fo li a tion, rather than
the result of metamorphism or cataclasis.

Field Re la tion ships.  “Gab bro-gran ite in tru sive com plex”
oc curs at Bar ing gran ite/ gab bro con tacts, but is it self cut by the
gran ite of Magurrewock Lakes and by north west-trending faults
that are marked by prom i nent free-stand ing quartz ledges.  Re la -
tion ships among diorite, gab bro, and Bar ing gran ite are com plex 
and sug gest that the three units were emplaced si mul ta neously.
In some lo ca tions, diorite is cross cut by veins of Bar ing gran ite
or by bi o tite-gran ite peg ma tite dikes at trib uted to the Bar ing
gran ite.  An gu lar diorite blocks from a few cen ti me ters to a few
me ters in size are com mon within a Bar ing gran ite ma trix, as are
more rounded “pil lows” of fine-grained (quenched) diorite.  The 
amoeboid pil lows com monly oc cur in the same out crop as the
an gu lar, brecciated blocks.  The pil lows dem on strate that gran ite 
and diorite magma co ex isted; the pil lows formed by quench ing
of the hot ter diorite magma dur ing mix ing with cooler gra nitic

A. Ludman and M. Hill

24

Fig ure 11.  “Spi der di a gram” for gab bros from the Calais quad ran gle.
El e ment con cen tra tions in rock nor mal ized to the MORB av er age of
Pearce (1983).

Fig ure 12.  Vari a tion di a grams of TiO2, Fe2O3*, Na2O, and K2O vs SiO2

for gab bros from the Calais area.



magma.  Sim i lar re la tion ships were described earlier between
gabbro pillows and diorite matrix.

Al though out crops ex ist with only an gu lar blocks of diorite 
set in a Bar ing gran ite ma trix, oth ers clearly show a two-stage
his tory:  for ma tion of an amoeboid diorite pil low fol lowed by
pil low frac tur ing and fill ing of the frac tures with a gra nitic ma te -
rial iden ti cal to that which forms the host ma te rial for the pil low.
This sug gests that brit tle frac ture is pos si ble within a re -
cently-quenched mafic com po nent in an ac tive com min gling
zone, and does not nec es sar ily in di cate a sub stan tial age dif fer -
ence be tween mafic and fel sic com po nents in out crops which
con tain only brittlely fractured fragments of the former.

The fo li ated diorite crops out in the cen ter of Meddybemps
Lake (on a small is land east of Pierce Is land), and in the re gion
be tween Meddybemps and Bearce Lakes.  The fo li a tion does not 
dis play con sis tent ori en ta tion.  In Meddybemps Lake, the fo li -
ated diorite is in truded by Meddybemps gran ite, and, where con -
tacts are ob served at the other lo cal i ties, it is in truded by
equigranular diorite.  Sim i lar re la tion ships are de vel oped in a
small out crop area of Meddybemps gran ite, on the steep hill 2
km west of Blanchard Cor ner.  There, well-de vel oped cliff ex po -
sures show that Meddybemps gran ite and gab bro com min gled to 
pro duce the same kines of amoeboid pil lows, etc., de vel oped by
interaction of Baring granite and gabbro.

The gab bro-gran ite in tru sive com plex is in truded by the
Char lotte gran ite south east of Meddybemps Lake, be tween
Route 191 and the Char lotte Road.  Good out crop makes this
con tact easy to map; close to the con tact, the Char lotte gran ite is
finer grained than at ex po sures within the cen ter of the body.  The 
Char lotte gran ite is thus thought to be youn ger than the diorites
of the intrusive complex.

We in ter pret the gab bro-gran ite in tru sive com plex as a
vari able, gradational unit de vel oped by com min gling be tween
the Bar ing gran ite and one or more gabbroic mag mas.  This fol -
lows the in ter pre ta tion of Amos (1963) and is clearly re quired by 
the map pat tern show ing a thin rind of in tru sive com plex
(diorite) at the con tact of Bar ing gran ite and gab bro 2 km south -
east of the town of Bar ing.  This in ter pre ta tion im plies that the
gab bro and all diorites of the in tru sive com plex are ap prox i -
mately co eval.  How ever, be cause ac cu rate de lin ea tion of gab -
bro vs diorite es sen tially re quires a thin sec tion from most
out crops, we can not be ab so lutely cer tain that there are no gab -
bros that pre date or postdate the intermediate rocks of the
intrusive complex.

Gra nitic Rocks.  The gra nitic rocks of the Calais quad ran -
gle are as signed to the four ma jor bod ies named above, fol low -
ing the early clas si fi ca tion of Amos (1963).  These can be
dis tin guished from one an other by their ap pear ance in the field,
and by their min er al ogy and chem is try.  Each of the four will be
described below.

Bar ing Gran ite.  The Bar ing gran ite is com posed of me -
dium to coarse-grained, bi o tite-(hornblende) gran ite.  Most sam -
ples have a seriate tex ture, al though a quenched, por phy ritic
fa cies with rapakivi man tling and in clu sions of quenched ba salt

blebs oc curs lo cally near the gab bro-gran ite in tru sive com plex
just de scribed.  On fresh sur faces, most sam ples of the Bar ing
gran ite are white to gray-white, grad ing to green in some va ri et -
ies.  Weath ered sur faces are chalky white due to sur face weath er -
ing, or pink in the most pervasively altered specimens.

Pegmatites of sim ple min er al ogy (quartz, feld spar, bi o tite)
and aplite are com mon.  Rapakivi man tling is de vel oped in scat -
tered lo cal i ties, but is not as com mon as in the Char lotte gran ite
to the south.  Most out crops are mas sive with no sense of min eral
align ment, but long axes of al kali feld spars de fine a crude align -
ment in a small number of exposures.

Field Re la tion ships.  The Bar ing gran ite oc cu pies a
north-south swath ap prox i mately 3 km wide from Mill town to
Por cu pine Moun tain.  At Magurrewock Moun tain, the Bar ing
gran ite in trudes un spec i fied, highly meta mor phosed sed i men -
tary rocks des ig nated as DCus.  Metasedimentary xe no liths are
abun dant in the gran ite near its north east ern con tact, and there is
clear ev i dence of par tial melt ing of the metasedimentary rocks
near the con tact.  The Bar ing gran ite in trudes rocks of the Wood -
land For ma tion that had pre vi ously been de formed by Aca dian
fold ing.  The gran ite also in trudes gab bro and, south east of Bar -
ing, a thin screen of diorite has de vel oped along this con tact.  Ex -
ten sive hy brid iza tion has oc curred along Bar ing/gab bro and
pos si ble Bar ing/diorite con tacts, re sult ing in the “gab bro-gran ite 
in tru sive com plex” shown on the map.  Amos (1963) re ported
that the Bar ing gran ite is in truded by the gran ite of Magurrewock 
Lakes, but we were un able to ob serve this di rectly in our work
(see be low).  Al though the Char lotte gran ite is shown in con tact
with the Bar ing gran ite south of Por cu pine Moun tain, that con -
tact has not been ob served in the field.  The Char lotte gran ite is
youn ger than the in tru sive com plex, and is hence in ferred to be
youn ger than the Bar ing granite.  Finally, the Baring granite has
been cut by northeast-, north-, and northwest-trending faults.

Pe trog ra phy.  Modal anal y ses of Bar ing gran ite ob tained
from counts of at least 1000 points per thin sec tion are given in
Ta ble 4.1 and shown graph i cally in Fig ure 5.  Most sam ples an a -
lyzed are true gran ites; a few are granodiorites, gen er ally those
in close con tact with mafic rocks of the gab bro-gran ite in tru sive
com plex.  The gran ite con tains quartz, plagioclase with mi nor
zon ing (An26-23 cores, An21 rims), perthitic microcline, bi o tite,
hornblende in most sam ples, ap a tite, zir con, opaque min er als,
and al la nite in some sam ples.  The am phi bole in most Bar ing
gran ite thin sec tions is com mon green hornblende, but in some
cases an al kali am phi bole (deep blue-green pleochroism) oc curs
in stead.  Myrmekite inter growths oc cur in some, but not all sam -
ples.  No pri mary mus co vite was ob served in any of the thin sec -
tions stud ied, al though some ex ten sively al tered sam ples con tain 
coarse patches of sec ond ary, rag ged mica re plac ing feld spar.  Al -
ter ation of the ig ne ous min er als is vari able.  Some sam ples are
fresh and nearly un af fected by sec ond ary pro cesses, whereas
others have been extensively replaced by secondary sericite,
chlorite, etc.

Char lotte Gran ite.  The Char lotte gran ite un der lies most of 
the south east ern part of the quad ran gle.  It ranges from
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equigranular to seriate, me dium to coarse-grained, bi o -
tite-(hornblende) gran ite.  Fresh sur faces are pink ish gray to
green ish gray, and weath ered sur faces are chalky white.  Per va -
sively al tered sam ples are salmon pink.  The gran ite is mas sive,
with no de tect able fo li a tion.  No aplites or peg ma tite dikes were
seen in the few out crops that have been dis cov ered, but small el -
lip ti cal mafic in clu sions are present in some localities.

Field Re la tion ships.  The Char lotte gran ite is thought to
have a chilled mar gin against the “gab bro-gran ite in tru sive com -
plex” be cause its con tact fa cies is sig nif i cantly finer grained than 
the coarser fa cies typ i cal of this body away from the con tact.
The Char lotte gran ite/gab bro con tact along the east ern mar gin of 
the quad ran gle is in ferred from the work of Abbott (1986).  Al -
though the Char lotte and Meddybemps gran ites ad join over a
sub stan tial dis tance, the area con tains lit tle out crop and no con -
tacts are ex posed.  This con tact may be a sim ple in tru sive one,
but it does par al lel known north east-trending faults in the re gion
and could be a fault.  In deed, a fault can be seen in out crop along
the projection of this contact into Meddybemps Lake.

Pe trog ra phy.  Ta ble 4.3 and Fig ure 5 sum ma rize the re sults
of thin sec tion anal y sis of the Char lotte gran ite.  The gran ite con -
tains quartz, weakly zoned plagioclase, perthitic microcline, bi o -
tite, hornblende (some sam ples), al kali am phi bole (vivid
blue-green pleochroism; most sam ples), opaque min er als, ap a -
tite, and zir con.  A sin gle mo lyb de nite flake was found in one
sam ple from the roadcut along the Char lotte Road at the crest of
the hill 2 km north of Round Lake.  Myrmekite inter growths are
com mon in most sam ples, as is rapakivi man tling of white
plagioclase around pink microcline pheno crysts.  Sec ond ary al -
ter ation of vary ing in ten sity oc curs in most sam ples.  Plagioclase 
has been al tered to seri cite, and chlorite re places bi o tite.  No pri -
mary mus co vite has been ob served in any of the samples of the
Charlotte granite.

Meddybemps Gran ite.  The Meddybemps gran ite un der lies 
an ex ten sive area south of Meddybemps Lake and ex tends into
the ad ja cent Gardner Lake quad ran gle.  It is an equigranular to
seriate, me dium grained, bi o tite-(hornblende) gran ite.  Fresh
sur face color ranges from gray to salmon pink, and weath ered
sur faces are chalky white.  As is com mon for most of the gran ites 
of the re gion, per va sively al tered rocks are pink.  The gran ite is
mas sive, with no align ment of its tab u lar feld spar crys tals.
Aplites are pres ent, but are much less com mon than in the Bar ing 
gran ite to the north.  A few small, fine-grained el lip ti cal mafic in -
clu sions were noted, but are also much less com mon than in the
inclusion-choked Baring granite.

Field Re la tion ships.  On the small is land just east of Pierce
Is land in Meddybemps Lake, Meddybemps gran ite in trudes fo li -
ated diorite.  It is thus youn ger than at least some phases of the
gab bro-gran ite in tru sive com plex, but a sim i lar type of com plex
is de vel oped at a Meddybemps gran ite/gab bro con tact on the hill
west of Blanchard Cor ner, com plete with amoeboid pil lows and
re lated fea tures.  Tex tur ally, the gran ite in this small ex po sure is
quite un like the Bar ing gran ite and is sim i lar to many exposures
of the Meddybemps body.  

Pe trog ra phy.  The Meddybemps gran ite con sists of quartz,
weakly zoned plagioclase (An23-22), perthitic microcline, bi o tite,
hornblende in some sam ples, al kali am phi bole in most sam ples,
ap a tite, zir con, opaque min er als, and al la nite.  A pale yel low
pleochroic min eral with a poikilitic tex ture sur round ing quartz
grains oc curs in some sam ples and may be a hastingitic am phi -
bole.  Myrmekite inter growths are com mon.  Tri an gu lar patches
of (late-mag matic?) mus co vite with pla nar con tacts against ad -
ja cent feld spar crys tal faces oc cur in some, but not all sam ples of
the Meddybemps gran ite.  This mus co vite meets some of the
petrographic cri te ria listed by Zen (1988) for a magmatic origin.

Sec ond ary al ter ation is per va sive but of vari able in ten sity.
Plagioclase is al tered to seri cite and bi o tite has been par tially re -
placed by chlorite.  Red dish-brown al ter ation min er als along
thin frac tures in the gran ite are com mon in many thin sec tions.
In some sam ples, bi o tite has been al tered to an in tensely
pleochroic (em er ald green to pale green) min eral with anom a -
lous bi refrin gence col ors that may be pumpellyite.  This min eral
has not been ob served in any other ig ne ous unit in the re gion, and 
may in di cate al ter ation effects unique to the Meddybemps
granite.  

Ac cord ing to lo cal res i dents, mo lyb de nite pros pect ing has
been car ried out re cently in the Meddybemps pluton in the area
around Lake Cathance in the ad ja cent Gardner Lake quad ran gle,
just south of Grove.  The per va sive al ter ation ef fects within the
pluton likely cor re late with this min er al iza tion.  Sam ple #23,
from the top of Coo per Hill (just south of Grove, in the Gardner
Lake quad ran gle) is lo cated near a cop per mine that was ac tive in 
the late 1800’s.  It is a tex tur ally un usual va ri ety of Meddybemps
gran ite, with euhedral to subhedral plagioclase, and is one of the
rare Meddybemps gran ite sam ples to con tain mus co vite.  It is
one of the most highly al tered sam ples stud ied, and con tains very 
high ura nium and tho rium con tents (see Ta ble 5), and ex tremely
high con cen tra tions of the heavy rare earth elements (see below).

Gran ite of Magurrewock Lakes.  Small stocks (up to a few
hun dred me ters across) of this fine to me dium grained, por phy -
ritic (pink al kali feld spars to 1 cm) to equigranular bi o tite gran ite 
in trude gab bro and the gab bro-gran ite in tru sive com plex in the
east ern most part of the quad ran gle.  On a fresh sur face the rock is 
light gray to pink ish gray; weath ered sur faces are chalky white,
and per va sively al tered sam ples are salmon pink.  The most di ag -
nos tic fea ture of this map unit is a dis tinc tive “quartz drop let”
tex ture in which subhedral, rounded quartz grains are set in tab u -
lar pink alkali feldspar crystals.

The gran ite con tains quartz, weakly zoned plagioclase
(An24-22), perthitic al kali feld spar, bi o tite, opaque min er als, ap a -
tite, zir con, and sec ond ary mus co vite.  Both myrmekite (within
in di vid ual feld spar grains) and micrographic (de vel oped in
patches across sev eral grains) textures occur.

Rapakivi man tling of white plagioclase around pink al kali
feld spar pheno crysts oc curs in some sam ples.  Aplite and peg -
ma tite are com mon.  The gran ite of Magurrewock Lakes in -
trudes gab bro, diorite, and Bar ing gran ite.  An eas ily ac ces si ble
site to ob serve these re la tion ships is at the old dam at the Howard

A. Ludman and M. Hill

26



Mill Flowage in the Moosehorn Na tional Wild life Ref uge.
There, a fine-grained, buff-weath er ing bi o tite gran ite in trudes
and brecciates a pre-ex ist ing gab bro-gran ite in tru sive com plex.
This com plex con tains brecciated blocks of coarse-grained
hornblende gab bro and quenched gab bro in a ma trix of me dium
grained bi o tite gran ite or granodiorite that we as sign to the Bar -
ing gran ite.  The gran ite of Magurrewock Lakes thus post dates
the gab bro-gran ite in tru sive com plex.  There is no ev i dence for
com min gling of ba saltic magma with that of the gran ite of
Magurrewock Lakes.  Amos (1963) in di cated that this gran ite is
in truded by the Red Beach gran ite in the ad ja cent Robbinston 15’ 
quad ran gle.  There are no radiometric age data for the granite of
Magurrewock Lakes.

Chem is try of Gra nitic Rocks.  Chem i cal data for the four
gra nitic plutons de scribed above are pre sented in Ta bles 5 (ma jor 
and trace el e ment com po si tions) and 6 (CIPW nor ma tive min er -
als), and Fig ure 10 (rare el e ment dis tri bu tions).  Ta ble 5 in di cates 
that most of the Calais area gran ites an a lyzed are mildly
peraluminous (i.e., mo lec u lar Al2O3 > mo lec u lar CaO + Na2O +
K2O).  As a re sult, they con tain small amounts of nor ma tive co -
run dum.  One sam ple (#258) from the Bar ing gran ite con tains
nor ma tive di op side rather than nor ma tive co run dum, and is
there fore metaluminous.  Zen (1988) dis cussed the or i gin of
peraluminous gran ites and noted that mildly peraluminous types
sim i lar to those of the Calais area can form ei ther by melt ing of
perlauminous source rocks (such as shales and graywackes or
older peraluminous gran ites), or by crys tal frac tion ation in volv -
ing hornblende from metaluminous mag mas.  None of the Calais
area gran ites con tain any min er als (e.g.  cor di er ite,
almandine-rich gar net, or aluminosilicates) which would in di -
cate a strongly peraluminous na ture for sam ples that we did not
an a lyze chem i cally.  Mus co vite, when pres ent in the Calais
granites as a possibly primary magmatic mineral, is always much 
subordinate to biotite.

The pre dom i nance in the Meddybemps and Char lotte gran -
ites of in tensely blue-green am phi bole (riebeckite or
arfvedsonite), in stead of hornblende, and its pres ence in some
sam ples of the Bar ing gran ite, sug gest that these three bod ies are
al kali gran ites.  Hill and Abbott (1989) sug gest that these may be
“A-type” gran ites, in ferred by Loiselle and Wones (1979) to
form in an anorogenic tec tonic en vi ron ment.  Al though some
A-type gran ites are peralkaline (i.e.  mo lec u lar Na2O + K2O >
Al2O3), none of the Calais gran ites are peralkaline.  Whalen
(1986) in di cated that A-type gran ites are wide spread in New
Bruns wick, with a widely vary ing de gree of al ka lin ity.  He also
noted that some A-type gran ites are known to con tain mus co vite, 
and that in some places in New Bruns wick they are associated
with molybdenite mineralization.

The com po si tions of the Calais gran ites match those of
some A-type gran ites else where in the world, but not oth ers.  For
ex am ple, the Bar ing and Char lotte gran ites have Ba, Zn, Nb, and
Sc con tents much more sim i lar to the Aus tra lian I-type gran ites
than to the A-type gran ites of the Gabo and Mumbulla suites
(Col lins et al., 1982), al though some other el e ments form a close

match.  This is a crit i cal prob lem as I-type gran ites are thought to
form by melt ing of dom i nantly ig ne ous source rocks, typ i cally at 
con ver gent plate mar gins (see Pitcher, 1982).  The Char lotte
gran ite agrees well in over all com po si tion with the McGerrigle
Com plex, a magma com min gling suite in the Gaspé Pen in sula of 
Que bec in volv ing al kali gab bro and gran ite (Whalen and
Gariepy, 1986), al though the Char lotte gran ite has more Fe, Mg,
Zn, and Sc and less Nb, Ta, and Th than the A-type gran ites of
that com plex.  It is ev i dent that there is a wide di ver sity in A-type
gran ite com po si tions.  More de tailed work in the Calais quad ran -
gle will per mit better com par i son with mineralized suites
elsewhere, whether of A-, I-, or some other type.

Mitch ell and Rhodes (1988, 1989) re ported the com po si -
tions of an other gab bro-gran ite com min gling com plex fur ther
south in the Bays-of-Maine Ig ne ous Com plex, on Vinalhaven Is -
land.  They de scribed field re la tions (pil lowed gab bro in a ma trix 
of bi o tite gran ite) which are quite sim i lar to those pres ent in the
Calais area.  Fur ther more, the lim ited geo chem i cal data that we
re port for gab bro and for the Bar ing, Char lotte, and
Meddybemps gran ites agree well with the ma jor ity of el e ments
from the Vinalhaven suite, ex cept for a higher con cen tra tion of
al kali el e ments in the Calais gab bros.  The ma jor dis tinc tion be -
tween our con clu sions for the Calais rocks and those of Mitch ell
and Rhodes (1988) for those of Vinalhaven is that:  (1) we in ter -
pret the bi o tite rich gab bros of the Calais area as al kali gab bro
while they at trib ute the en riched al kali con tents of Vinalhaven
gab bros to shal low-level com min gling ef fects; and (2) they in -
ter pret the Vinalhaven gran ites to be of I-type par ent age,
whereas we suggest a possible A-type affinity for at least some of 
the Calais granites.

In spec tion of the SiO2 con tents in Ta ble 5 shows that, over
the ad mit tedly small num ber of sam ples, there is a large gap be -
tween gabbroic rocks (46-49%) and gra nitic sam ples (72-77%).
If our sam ples are rep re sen ta tive, and we have tried to make
them so, this in di cates a strongly bi modal field as so ci a tion.  Al -
though Fig ure 5 shows that some Bar ing gran ite sam ples of
granodiorite com po si tion ex ist, and that there is a petrographic
range from gab bro through diorite to quartz diorite and tonalite,
our con clu sion based on field ob ser va tions is that the bi modal
na ture of the as so ci a tion (at this level of ex po sure) sug gested by
the chem i cal data is real.  While some sam ples will be found
which can fill in most of the range be tween gran ite and gab bro
end mem bers, these are due to lo cal hy brid iza tion be tween co ex -
ist ing mag mas on a small scale.  The in ter me di ate com po si tions
do not ap pear to be vol u met ri cally sig nif i cant.  The gab bro and
gran ite rep re sent sep a rate mag mas, per haps both of al ka line par -
ent age, which com min gled at a rel a tively shal low level in the
crust (as in ferred from the lack of high grade re gional meta mor -
phism in the host rocks —see be low).  Pro vi sional Sr iso tope
data cited by Coughlin (1983) con trast sharply with data for the
Char lotte and Meddybemps gran ites (Spooner and Fairbairn,
1970).  If both data sets are valid, two dis tinct sources are clearly
re quired, most rea son ably a man tle source for the al kali gab bros
and a crustal source for the metaluminous and peraluminous
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granites (Baring, Magurrewock Lakes) and alkali granites
(Meddybemps, Charlotte, and possibly Baring).

Sum mary of Plutonic Rocks

Field ev i dence un am big u ously in di cates that gra nitic and
gabbroic mag mas of the Bays-of-Maine Ig ne ous Com plex ex -
posed near Calais have com min gled over an ex ten sive out crop
area.  The Bar ing gran ite/gab bro com min gling zone un der lies
the larg est mapped area of plutonic rock in the quad ran gle.  Sim i -
lar re la tion ships were ob served be tween gab bro and the
Meddybemps gran ite in a smaller out crop area.  We find no ev i -
dence for com min gling of gabbroic magma and ei ther the Char -
lotte gran ite or the gran ite of Magurrewock Lakes and in fer that
the Bar ing and Meddybemps gran ites were co eval with gabbroic 
magmatism.  The abrupt loss of com min gling re la tion ships
south of the Meddybemps gran ite con tact sug gests that the
Meddybemps gran ite may be slightly youn ger than the Bar ing
gran ite.  The Char lotte gran ite ap pears to post date the
Meddybemps and Bar ing gran ites as well as the in tru sive com -
plex.  The gran ite of Magurrewock Lakes is def i nitely youn ger
than the Bar ing gran ite/gab bro in tru sive com plex, but its re la -
tion ship to the Char lotte gran ite is un cer tain at this time.  To the
east, the Red Beach gran ite post dates both the granite of
Magurrewock Lakes and the Charlotte granite (Abbott, 1986).

Ages of the Plutonic Rocks (and De for ma tion Events).
Re la tion ships be tween the plutons and struc tural el e ments pro -
vide im por tant con straints on the ages of the de for ma tion events
de scribed ear lier.  Un for tu nately, al though most de tails of the se -
quence of in tru sion have been worked out, there is some ques -
tion as to the ab so lute ages of the var i ous plutons.  As a re sult,
there is am bi gu ity about the timing of deformation.  

Ta ble 7 shows the avail able ra dio met ric data for gra nitic
plutons of the Calais quad ran gle and re veals the prob lem.  Early
K/Ar dat ing by Faul et al. (1963) in di cated Early De vo nian ages
for the Meddybemps and Char lotte gran ites and agreed with the
intepretation that the pre-in tru sion fold ing was prob a bly an Aca -
dian event.  Pre lim i nary Rb/Sr dat ing by Jurinski (pers.
commun., 1988) sug gests that these plutons are youn ger:  the
Char lotte gran ite may be Mid dle De vo nian, the Meddybemps
early Late De vo nian.  These dates are in con flict with our field
ev i dence, which sug gests that the Meddybemps gran ite is older
than the Char lotte gran ite, but are not crit i cal to tec tonic in ter pre -
ta tion.  All they do is loosen some of the con straints on the ages
of D2 and D3.

The Early Si lu rian age of the Bar ing gran ite re ported by
Jurinski is much more im por tant.  If cor rect, it re quires a ma jor
change in our think ing about the tec tonic his tory of east ern
Maine, be cause it in di cates that D2 and D3 had ended be fore the
Early Si lu rian.  The cli mac tic ep i sode of de for ma tion in east ern
Maine is gen er ally con sid ered to have been the Aca dian orog -
eny, and its tim ing is tightly con strained by fos sil-based ages in
the coastal vol ca nic belt.  Aca dian fold ing must have oc curred
af ter erup tion and de po si tion of the Early De vo nian Eastport
For ma tion but be fore de po si tion of the un folded Mid dle De vo -
nian Perry For ma tion.  If the Bar ing gran ite is Early Si lu rian, the
St. Croix belt would have sus tained only brit tle de for ma tion (D4) 
dur ing the Aca dian orog eny, D2 and D3 would have to be Or do vi -
cian, and strata of the Fred er ic ton trough would be much older
than the Siluro-Devonian age now proposed.

The prob lem is not new.  Westerman (1972, 1973) re ported
a Si lu rian K/Ar age for the post-D3 Pocomoonshine gab -
bro-diorite of the Big Lake quad ran gle, and re cent stud ies of
granitoids of New Bruns wick have also re vealed some Si lu rian
ages (Bevier and Whalen, 1988).  We sug gest, how ever, that the
age of the Bar ing gran ite pro posed by Jurinski is in cor rect, for
the following reasons:

(1)  D2 folds cut by the Bar ing gran ite de form rocks as
young as the Gedinnian Eastport For ma tion in the coastal vol ca -
nic belt.  Folds cor re lated with D2 also af fect Late Si lu rian to
Early De vo nian strata in the Kearsarge-cen tral Maine
synclinorium and Miramichi anticlinorium.  Post-Early De vo -
nian fold ing has thus af fected rocks on strike with and on both
sides of the study area.

(2)  Gran ite be lieved to part of the Bar ing body in trudes the
Oak Bay and Waweig For ma tions in the St. Croix River at
Calais.  These rocks are of Pridoli age (Lat est Si lu rian) and were
folded by D2 prior to be ing in truded.  The gran ite that in trudes
them can not be Early Si lu rian.  An Oak Bay xe no lith is in cluded
within the Bar ing gran ite in a pave ment out crop at the junc tion of 
Route 1 and South Street in Baring. 

(3)  Our field data sug gest that both the Bar ing and
Meddybemps plutons were lo cally co eval with what seem to be
the same mafic mag mas, yet the new ages in di cate an al most 60
mil lion year dif fer ence in the ages of these granites.
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TA BLE  7:  RA DIO MET RIC  AGES  OF  GRA NITIC  PLUTONS  IN  THE  
CALAIS  QUAD RAN GLE

PLUTON Faul et al., 19631 Jurinski, pers.
comm., 19882

Bar ing none re ported 430  æ 19 m.y.

Meddybemps 394 m.y. 372  æ 11 m.y.

Char lotte 396 m.y. 383  æ 28 m.y.

Magurrewock
Lakes

no ra dio met ric dates avail able

1. Po tas sium/Ar gon ages re cal cu lated us ing de cay con stants of Steiger and
Jae ger (1977).

2. Ru bid ium/Stron tium whole-rock pre lim i nary ages.



Un til the ques tion has been firmly re solved, there must be
doubt as to the tim ing of de for ma tion pro posed above.  We hope
to be able to sep a rate enough zir con from the gab bros (see Ta ble
4.5) to date mafic rocks from the in tru sive com plex, and are
nearly fin ished with Nd/Sm and Rb/Sr whole-rock and min eral
isochron stud ies of the Sta ples Moun tain and Wood land Dump
gab bros (Brueckner and Ludman, in progress).

Eco nomic Po ten tial of the Gra nitic Rocks.  There is a pos -
si bil ity of metal de pos its (mo lyb de num) in the Meddybemps and 
Char lotte gran ites.  Parts of the Meddybemps gran ite, par tic u -
larly on Coo per Hill in the Gardner Lake quad ran gle, con tain ex -
tremely high con tents of U, Th, Y, and heavy rare earth el e ments
com pared with other gran ites in the Calais area.  Sam ple #23
from the Coo per Hill site has been an a lyzed for ura nium-se ries
nuclides, in clud ing ra don by Nancy Da vis (M.S.  the sis in prog -
ress, De part ment of Ge ol ogy and Geo phys ics, Boston Col lege).
We sug gest that res i dents of the im me di ate area who draw wa ter
from bed rock wells may wish to have their wa ter an a lyzed for ra -
don.  A de tailed study to de limit the ex tent of the high-ura nium
zone at Coo per Hill may be of value in both es ti mat ing the min -
eral re source po ten tial of the Meddybemps gran ite and in
outlining the extent of possible radon hazards to local residents.

METAMORPHISM

Rocks of the Calais quad ran gle have been sub jected to a
wide range of meta mor phic con di tions, from chlorite grade to
the north west (Flume Ridge, Kend all Moun tain, and
Pocomoonshine Lake For ma tions) to anatectic migmatite in the
south west (Kend all Moun tain and Wood land For ma tions).  Data
from the Big Lake quad ran gle (Ludman, 1990) sug gest that al -
though the Cookson Group has been mul ti ply de formed, the ac -
com pa ny ing re gional meta mor phism never was more in tense
than chlorite zone con di tions.  The Fred er ic ton trough, St. Croix
belt, and coastal vol ca nic belt thus re cord the epizonal his tory of
the North ern Ap pa la chians, and were prob a bly never bur ied be -
low 2.5 Kbars at the peak of metamorphism (Ludman et al.,
1989).

Meta mor phic in ten sity in the Calais quad ran gle de pends
on prox im ity to in tru sive bod ies.  Isograds show ing the pro gres -
sive con tact meta mor phism of the pelitic rocks are shown on the
geo logic map, and Ta ble 8 sum ma rizes the meta mor phic as sem -
blages iden ti fied in the metasedimentary and meta vol can ic rocks 
of the map area.

Re gional Meta mor phism

Ep i sodes of re gional meta mor phism ac com pa nied F1, F2,
and F3, and are des ig nated as M1-3.  Recrystallization was at very
low grade con di tions in all three in stances, and chlorite and mus -
co vite were the only meta mor phic min er als pro duced.  The ex -
tent to which the three meta mor phic events is ex hib ited by the
rocks de pends on their li thol ogy and age. M2 is pres ent in most
rocks of the study area.  It is best de vel oped in slates of the Flume
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TA BLE 8 :  META MOR PHIC  AS SEM BLAGES  IN  THE  CALAIS 
QUAD RAN GLE

A)  POCOMOONSHINE  LAKE  FOR MA TION (all + py rite)

mus co vite-quartz-plagioclase-car bon
mus co vite-quartz-plagioclase-bi o tite-cor di er ite

B)  KEND ALL  MOUN TAIN  FOR MA TION

Pelites (all æ car bon, py rite)

quartz-plagioclase-mus co vite
quartz-plagioclase-bi o tite-cor di er ite-an da lu site
quartz-mus co vite-bi o tite-an da lu site
quartz-plagioclase-mus co vite-an da lu site-cor di er ite
quartz-mus co vite-bi o tite-cor di er ite

Psam mite (all + rock frag ments)

quartz-plagioclase-mus co vite
quartz-plagioclase-potassic feld spar
quartz-plagioclase-clinozoisite-cal cite
quartz-plagioclase
quartz-plagioclase-mus co vite-chlorite

Fel sic vol ca nic rock

quartz-plagioclase-potassic feld spar
quartz-feld spar-chlorite
quartz-feld spar-chlorite-seri cite 

C)  WOOD LAND  FOR MA TION  (all + py rite, car bon, ret ro grade chlorite)

quartz-plagioclase-bi o tite
quartz-plagioclase-bi o tite-musc-cor di er ite
quartz-plagioclase-bi o tite-mus co vite-Kspar-sillimanite
quartz-plagioclase-mus co vite-bi o tite-an da lu site-sillimanite
quartz-plagioclase-bi o tite-mus co vite
quartz-plagioclase-bi o tite-mus co vite-cor di er ite-an da lu site
quartz-plagioclase-mus co vite-Kspar-sillimanite
di op side-gar net-actinolite-plagioclase

quartz-mus co vite-plagioclase-Kspar-bi o tite (mobilizate)
quartz-cor di er ite-mus co vite-bi o tite-sillimanite (restite)

D) CALAIS  FOR MA TION  (all æ py rite, car bon)

Lower (black shale) Mem ber

mus co vite-quartz-plagioclase-cor di er ite
mus co vite-quartz-plagioclase-cor di er ite-an da lu site
mus co vite-quartz-bi o tite-cor di er ite

Calais Mem ber (Ba salt)

plagioclase-chlorite-actinolite
quartz-plagioclase-gar net
plagioclase-actinolite

E)  LEIGHTON  FOR MA TION

Ba salt (æ py rite)

plagioclase-actinolite-chlorite
plagioclase-actinolite-bi o tite
plagioclase-actinolite-epidote

Siltstone/Mudstone 

quartz-plagioclase-bi o tite
quartz-plagioclase-bi o tite-cal cite
quartz-plagioclase-actinolite

F)  FLUME  RIDGE  FOR MA TION

quartz-plagioclase-mus co vite-cal cite æ an ker ite, py rite
quartz-plagioclase-mus co vite

quartz-plagioclase-actinolite æ cal cite



Ridge For ma tion, and is rec og nized by the pres ence of aligned
mus co vite and chlorite flakes par al lel to S2.  M2 fo li a tion is also
pres ent in low-grade pelites of the Cookson Group and
Digdeguash For ma tion, but is not vis i ble in the siltstones and
mudstones of the Leighton For ma tion.  Even though the
Leighton Formaton has been sub jected to the same de for ma tion,
sub se quent con tact meta mor phism (M4, M4a) has obliterated the
earlier fabrics.  

M1 is re stricted to chlorite-grade out crops of the Kend all
Moun tain For ma tion at the west edge of the quad ran gle, and is
ex pressed as a well-de vel oped fo li a tion of mus co vite flakes par -
al lel to bed ding.  A sim i lar fo li a tion is ax ial pla nar to F3 folds, but 
has been coars ened by later contact metamorphism.

Con tact Meta mor phism

Through out most of the St. Croix belt, the Cookson Group
is ex posed at el e vated meta mor phic grades, but these re sulted
from con tact meta mor phism as so ci ated with em place ment of the 
ex ten sive mafic and fel sic plutons de scribed ear lier.  Thus, the
isograds shown on the map and the min eral as sem blages listed in 
Ta ble 8 are mainly the re sult of ther mal meta mor phism.  The
high est grades are re corded ad ja cent to the mafic rocks, and con -
tact meta mor phic anatexis has oc curred lo cally in the in ner most
parts of au re oles ad ja cent to the Wood land Dump and St.  Ste -
phen gab bros.  The en tire south west cor ner of the Calais quad -
ran gle is a migmatite ter rain in which quartzofeldspthic
leucosome ma te rial is in jected into a gray, sillimanite-rich
melanosome.  Small iso lated plugs of mafic rock in trude the
migmatite, and a large gabbroic body is in ferred to lie at shal low
depth be neath the sur face.  In many out crops, melt ing ap pears to
have been an in situ event, and the mobilizate has probably not
migrated far from where it melted.

The ef fects of the ig ne ous rocks on their hosts were wide -
spread, as in di cated by the dis tance of the bi o tite isograd from
the ma jor plutons.  Small round porphyroblasts of cor di er ite de -
fine the next meta mor phic zone and are abun dant in pelitic rocks
through out the Cookson Group.  These porphyroblasts en close
foliations at trib uted to F2, and pos si bly F3 as well.  An da lu site
porphyroblasts in the Cookson Group gen er ally oc cur as small
crys tals about the size and shape of large grains of rice.  They
thus dif fer sig nif i cantly from the large pris matic, gen er ally
chiastolitic, an da lu site porphyroblasts char ac ter is tic of the
Digdeguash For ma tion in the Big lake quad ran gle.  An da lu -
site-cor di er ite as sem blages are wide spread, par tic u larly in the
Wood land For ma tion.  The dis tinc tive hab its of these min er als
can be rec og nized even within the migmatite ter rain where rafts
of relict andalusite-cordierite are engulfed by mobilizate.

Sillimanite first oc curs as fib ro lite, but com monly forms
prisms 1-3 mm long in the higher grade rocks and migmatites.
Most of these coarse crys tals are gray, but many, par tic u larly on
and south of Break neck Moun tain, are pale green in hand spec i -
men.  Quartzofeldspathic mobilizate forms me dium to

coarse-grained ir reg u lar masses in the migmatite, and also
con tains mus co vite, ap a tite, and zir con.  The aluminous restite
gen er ally con sists of coarse-grained sillimanite, bi o tite, mus co -
vite, and rel ict an da lu site and/or cor di er ite.  Green spinel was
iden ti fied in one restite layer on the flanks of Farrar Hill.

Con tact re la tion ships be tween plutons de scribed above
sug gest that at least some of the mafic rocks were still hot, and
prob a bly still liq uid, at the time that later gran ites were in jected.
De tailed petrographic stud ies of the con tact au re ole sur round ing
the Pocomoonshine gab bro-diorite in the Big Lake quad ran gle
show that there was enough time be tween some of the em place -
ment events to per mit ret ro grade meta mor phism of pelitic rocks
(DeMartinis, 1986; Bromble, 1983; Ludman et al., 1989).  Tex -
tures in high-grade pelites in the south west ern part of the Calais
quad ran gle in di cate a sim i larly complex intrusive history.

The first con tact meta mor phic event, here termed M4, was
caused by em place ment of gab bro and/or diorite.  It is pos si ble,
as was the case of the Pocomoonshine gab bro-diorite, that even
this event was com pos ite and in volved more than one stage of
magma in jec tion.  In the in ter me di ate to high-grade parts of the
con tact au re oles, but at con di tions be low those of the sillimanite
isograd, rel a tively coarse grained an da lu site formed in pelites of
the Wood land and Calais For ma tions.  In some ex po sures, these
porphyroblasts have been partly ret ro graded to a fine-grained
ag gre gate of seri cite flakes.  The seri cite masses have, in turn,
then been recrystallized to coarse mus co vite sheets within which 
sillimanite nee dles have grown.  The sec ond prograde growth
event, here termed M4a, was as so ci ated with later plutonism, ei -
ther of diorite or gran ite.  It is not pos si ble to es ti mate the time
that elapsed be tween M4 and M4a.
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