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IN TRO DUC TION

East ern and south east ern Maine are un der lain by north -
east-trending lithotectonic tracts, each of which con tains a dis -
tinc tive suite of rocks (Fig. 1).  The Big Lake quad ran gle
strad dles the bound ary be tween two of these tracts—the Fred er -
ic ton trough and St. Croix belt—and con tains im por tant in for -
ma tion about their evo lu tion and the na ture of their con tact.  On a 
re gional scale, the St. Croix belt is the wes tern most com po nent
of the coastal lithotectonic belt (Osberg et al., 1985), a com plex
re gion con tain ing sev eral tracts of ten de scribed as “mini-ter -
ranes.”  Rocks of the Big Lake quad ran gle pro vide in sights into
re gional stra tig ra phy as well as the na ture of accretion during the
Early Paleozoic.

Lo ca tion and To pog ra phy

The Big Lake quad ran gle is lo cated in Wash ing ton County
be tween 45° 00é and 45° 15é north lat i tude and 67° 30é and
67°45é west lon gi tude.  The area has been in tensely gla ci ated
and con sists of a few prom i nent hills and ridges that rise as much
as 600 feet above gently roll ing, till-cov ered low lands.  Re sis tant 
bed rock sup ports the high est hills, with plutonic rocks be neath
Am a zon and Pocomoonshine Moun tains, and high grade
hornfelses be neath Harmon Moun tain, Hawkins, Hunt ley, and
Seavey Ridges.  The low est el e va tions in the quad ran gle are oc -
cu pied by several lakes and extensive swamps.

Bed rock ex po sures com prise less than 1% of the to tal area
of the Big Lake quad ran gle and are most nu mer ous on gla cially
scoured hill tops and along lake shores.  The shores of
Pocomoonshine Lake, in par tic u lar, pro vide ex cel lent ex po sures 
of both metasedimentary and plutonic rocks.  Con struc tion of
lum ber roads has un cov ered many new out crops, most com -
monly at the crests of low hills where the till cover is rel a tively
thin.  Most of such out crops are two-di men sional “pavement”
exposures.

The quad ran gle is sparsely pop u lated, with most peo ple
con cen trated in the town of Prince ton in the north east cor ner, in
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Fig ure 1.  Tec tonic set ting of the Big Lake quad ran gle in south east ern
Maine.



the Passamaquoddy In dian set tle ment at Pe ter Dana Point, and in 
the small ham lets of Crawford, South Prince ton, and West
Prince ton.  Ac cess to the area is pro vided by U.S. Route 1, Maine 
Route 9, paved and un paved county roads, and a com plex net -
work of lum ber roads, win ter roads, and skidder trails built by
the Geor gia-Pa cific Company.

Pre vi ous Work

Al cock (1946) di vided the strat i fied rocks of nearby Char -
lotte County, New Bruns wick, into the “Pale Argillite and Dark
Argillite Di vi sions of the Char lotte Group,” and his map units
were adopted in the Big Lake area by Amer i can ge ol o gists.
Larrabee (1964) and Larrabee and oth ers (1965) car ried out the
only pre vi ous struc tural and strati graphic study of the quad ran -
gle, and used Al cock’s in ter pre ta tion of strati graphic re la tion -
ships.  They in tro duced the name Kellyland For ma tion as a
sub sti tute for the in for mal term “Pale Argillite” and in ferred an
an gu lar un con formity be tween the Kellyland For ma tion and the
Dark Argillite.  Larrabee (1964) rec og nized a large mafic body,
the Pocomoonshine gab bro-diorite, and sev eral smaller fel sic
plutons in the quad ran gle, and mapped contact aureoles around
them.

Amos (1963), map ping in the Calais area to the east, and
Westerman (1972) in the Big Lake and Wes ley quad ran gles, fo -
cused on the plutonic rocks of the re gion, us ing ei ther Al cock’s
or Larrabee’s no men cla ture for the strat i fied rocks.  Westerman
mapped the Pocomoonshine gab bro-diorite in de tail, de lin eated
sev eral lith o logic zones in it, and sug gested a dif fer en ti a tion
scheme for its evo lu tion.  He also mapped min eral zones in the
con tact au re ole around the body and iden ti fied faults at its
eastern margin.

Ludman (1974) mapped three units of for ma tion rank in
the quad ran gle and cor re lated them with the re vised stra tig ra phy
of south west ern New Bruns wick pro posed by Ruitenberg
(1967).  Ruitenberg and Ludman (1978) sug gested aban don ing
the names pre vi ously used for the strat i fied rocks since none of
those units cor re sponded with any of the newly-de scribed for -
ma tions.  Ludman (1977) and Ruitenberg and Ludman (1978)
in ferred a com plex tec tonic con tact rather than an un con formity
be tween the Fred er ic ton trough and St. Croix belt.  Fur ther re -
fine ments in the stra tig ra phy and struc ture of the area have been
made by Ludman (1975, 1977, 1978, 1985a, 1987), Senz (1978)
and Senz and Ludman (1978).  Re cent map ping in New Bruns -
wick by Fyffe (pers. commun., 1989) has led to dis cov ery of fos -
sils that help date the strata in the Big Lake quad ran gle and
re quire a re vi sion of both the sequence and age recently reported
by Ludman (1987).

Ac knowl edg ments

I have been map ping in east ern Maine since 1974, with
field sup port from the Maine Geo log i cal Sur vey un der the su per -
vi sion of State Ge ol o gists Rob ert Doyle and Wal ter An der son.

Field and lab o ra tory work have also been sup ported by NSF
Grant EAR-780329, PSC-CUNY Grant 12315, and sev eral
grants from the Smith Col lege Com mit tee on Aid to Fac ulty
Schol ar ship.  I have been ably as sisted in the field by sev eral for -
mer stu dents:  James DeMartinis, Do lores Gar cia, Frieda
Malcolm, Anne Pickering, Maria Terres, and Sa rah Walen.  I am
grate ful to the Geor gia-Pa cific Com pany for pro vid ing
up-to-date maps and ae rial pho to graphs of its op er a tions roads,
for al low ing ac cess to re stricted lo ca tions, and for its co op er a -
tion in all phases of the re search.  I am in debted to many col -
leagues for lively dis cus sions con cern ing the rocks of the re gion, 
and wish to thank Les Fyffe, Olcott Gates, Rich ard Gilman,
George Pajari, Nick Rast, A. A. Ruitenberg, Ste ven
McCutcheon, Pe ter Stringer, Woodrow Thompson, and David
Westerman for their counsel.  

STRATIGRAPHY

The strat i fied rocks have been tightly folded, and in some
in stances re folded, in truded by mafic and fel sic plutons, and
sub jected to sev eral ep i sodes of fault ing.  As a re sult, it is dif fi -
cult to un ravel the in ter nal stra tig ra phy of some units, and es ti -
mates of their thick ness can only be rough ap prox i ma tions.
Re gional meta mor phic grade in the area is very low, gen er ally
chlorite zone (lower greenschist fa cies), but con tact meta mor -
phism has been both se vere and wide spread around the mafic
bod ies.  Each of the for ma tions can be traced from the chlorite
zone into the sillimanite-potassic feld spar zone in the Big
Lake-Calais area, but pri mary sed i men tary fea tures are pre -
served in all but the in ner most parts of the con tact au re oles.  Fos -
sils have not been found in rocks of the Big Lake quad ran gle.
Ages for the pre-Si lu rian strata are based on graptolites found in
rocks of New Bruns wick con tin u ous with those of the Big Lake
quad ran gle as re ported by Ruitenberg (1967), Ruitenberg and
Ludman (1978), and Fyffe (pers. commun., 1989).

Five for ma tions are now rec og nized in the Big Lake quad -
ran gle in stead of the two de scribed by ear lier work ers.  Poor out -
crop con trol and ap par ently dif fer ent con tact re la tion ships
be tween some units in Maine and New Bruns wick pre vent pre -
cise def i ni tion of the strati graphic se quence.  The sec tion pro -
posed here (Fig. 2, Plate I) is in verted from that which I
de scribed ear lier (Ludman, 1987) be cause of new fau nal age
data pro vided by Les Fyffe and John Riva (pers. commun.,
1989).  

The Flume Ridge, Digdeguash, and Pocomoonshine Lake
For ma tions com prise the Fred er ic ton trough se quence in this
area, while the St. Croix belt con tains the Cookson Group, con -
sist ing of the Calais, Wood land, and Kend all Moun tain For ma -
tions.  The Pocomoonshine Lake For ma tion was pre vi ously
de scribed as part of the Cookson Group (Ludman, 1985a, 1987);
its in clu sion here in the Fred er ic ton trough se quence is based on
a re in ter pre ta tion of struc tural data along the St. Croix/Fred er ic -
ton con tact.  The Calais For ma tion does not crop out in the Big
Lake quad ran gle, but is included here for completeness.  

A. Ludman
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Rocks of the St. Croix Belt:  The Cookson Group

Rocks of the St. Croix belt had pre vi ously been mapped as
the Cookson For ma tion, but with el e va tion of the unit to group
sta tus, mem bers de scribed ear lier have been for mally named as
for ma tions (Ludman, 1987).  The Cookson Group con sists of
three for ma tions, two of which crop out in the Big Lake quad ran -
gle.  All three 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 de pos ited in anoxic con di tions.  Fos sils in New
Bruns wick show that the Cookson Group ex tends from the
Tremadocian (Ear li est Or do vi cian) to the Mid dle Caradocian
(lower Upper Ordovician).

Calais For ma tion (OCc).  The term Calais For ma tion has
been ap plied to rocks in the Calais quad ran gle that lie be tween
out crops of sand stones of the Wood land For ma tion and those of
the Si lu rian Oak Bay For ma tion (Ludman, 1987).  These rocks,
dom i nantly black, highly sooty hornfelses, are par tic u larly well
ex posed in the St. Croix River at Calais and can be traced di rectly 
into the type lo cal ity of the for mer Cookson For ma tion on
Cookson Is land in Oak Bay, New Bruns wick.  The Calais For -
ma tion is not ex posed in the Big Lake quad ran gle, but crops out
along new lum ber roads a few miles to the east in the south west
corner of the Calais quadrangle.

The Calais For ma tion is di vided into three mem bers.  The
low est is a dis tinc tive coticule sec tion that lies ad ja cent to the
Oak Bay For ma tion.  Thin bands of gar net-quartz coticule oc cur
within a quartzofeldspathic wacke host and are thinned and frag -
mented by fault ing as so ci ated with the Oak Bay contact.

The mid dle mem ber con sists of pil lowed and mas sive bas -
alts, lo cally and rarely interbedded with black shale.  These rocks 
are well ex posed in the St. Croix River at Calais and St. Ste phen,
and in the south west ern cor ner of the Calais quad ran gle where
ba saltic tuffs are also in ter ca lated.  Con tact meta mor phism in
both ar eas has con verted the bas alts to plagioclase-actinolite
hornfels, but pri mary flow fea tures are pre served in many in -
stances.  These in clude ra dial and con cen tric pil low struc tures,
ves i cle and vug fill ings, and even so dium-en rich ment of pil low
rims.  Pil low shapes de fine re ver sals of fac ing within this
member, indicating otherwise unseen folds.

The up per most mem ber con sists al most en tirely of black,
highly gra phitic pyritiferous slate with sub or di nate beds of
quartzofeldspathic wacke.  The sand stones amount to only about 
15% of the for ma tion as a whole and are com monly 2.5 to 10 cm
thick.  Pelites of the Pocomoonshine Lake For ma tion are sim i lar
to those of the Calais For ma tion, but are in ter ca lated in graded
beds with much more abun dant sand stone and siltstone, show
finely de lin eated bed ding fea tures, and are less carbonaceous.  

Bedrock Geology of the Big Lake 15' Quadrangle, Maine
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Fig ure 2.  Stra tig ra phy of the Big Lake quad ran gle.



The con tact be tween the Calais and Wood land For ma tions
is sharp, and has been lo cated to within a few me ters in the St.
Croix River at Calais, where sand stones and pelites of the Wood -
land For ma tion pass abruptly into black shales of the Calais For -
ma tion with only a small cov ered in ter val.  There is no ev i dence
of fault ing, and a con form able con tact is in ferred.  The con tact
be tween the Calais and Oak Bay For ma tions is also cov ered.  On
Cookson Is land, just a few miles to the north east, the coticule
and ba salt mem bers are not pres ent and the con tact is an un con -
formity be tween black shales of the Calais For ma tion and con -
glom er ates of the Oak Bay For ma tion.  In the St. Croix River,
dis rup tion of coticule bands in the Calais For ma tion and flat ten -
ing of peb bles and cob bles in the Oak Bay For ma tion sug gest
that a fault locally separates the two units.

Age of the Calais For ma tion.  Graptolites were re ported by
Cumming (1965) from highly car bo na ceous slates on Cookson
Is land now as signed to the Calais For ma tion.  A re-ex am i na tion
of the fauna by Dr. John Riva of Université Laval in di cates a
Tremadocian age (ear li est Or do vi cian) for the up per most mem -
ber of the for ma tion (see Ruitenberg and Ludman, 1978).  The
ages of the ba salt and coticule mem bers are un known, but their
strati graphic po si tion sug gests a range of lat est Cam brian
through earliest Ordovician.

Wood land For ma tion (Ow).  Interbedded metasandstones
and metapelites of the Wood land For ma tion are by far the most
abun dant rocks of the Cookson Group, al though they crop out
only sparsely in the south east cor ner of the Big Lake quad ran gle. 
There, they are at high meta mor phic grade and in the South
Prince ton-Crawford fault zone, and oc cur as strongly fo li ated
green ish gray mylonites and as sillimanite-rich restite lo cally in -
jected by mobilizate.  Pri mary sed i men tary fea tures can rarely be 
rec og nized, but ex cel lent ex po sures of lower grade and
unsheared Wood land strata are readily ob served in many places
in the Calais quad ran gle (Ludman and Hill, 1990).  The ap pear -
ance of the Wood land For ma tion in these ar eas will be de scribed
here for the sake of completeness.

In the Calais quad ran gle, the Wood land For ma tion con sists 
al most en tirely of rhyth mi cally interbedded, sparsely sulfidic,
meta mor phosed quartzofeldspathic wacke and slightly car bo na -
ceous and non-car bo na ceous slate or phyllite.  Beds range in
thick ness from 2 mm to 50 cm, but most are be tween 2 and 20
cm.  Each bed is typ i cally a cou plet of sand stone grad ing into
pelite, and the two are pres ent in vari able pro por tions.  Roughly
equal amounts oc cur in the thin ner bed ded va ri et ies, but sand -
stones dom i nate the thicker beds by as much as 4:1.  Fine
laminae de fined by mica con cen tra tions are abun dant and gen er -
ally par al lel bed ding, but cross-laminae are also found.
Soft-sed i ment slump and fold struc tures are vis i ble in some of
the larger ex po sures, par tic u larly at Wood land Dam and on the
north slope of Robb Hill.  Dis coid cal car e ous con cre tions com -
posed al most en tirely of cal cite are found in some of the thick est
bed ded rocks, and are as large as 50 cm in di am e ter and 15 cm
thick.  El lip soi dal cal car e ous concretions 25 cm long are
associated with the discs, but both are very rare.

Three sub or di nate rock types are in ter ca lated lo cally with
these wackes and slates in the Calais quad ran gle, but the three
amount to less than 1% of the for ma tion.  The most abun dant is a
quartzwacke that is ir reg u larly interlayered with the graded cou -
plets through out the for ma tion.  It is a dense quartz-bi o tite feld -
spar granofels with very lit tle of the mus co vite that is pres ent in
the more typ i cal wackes.  It oc curs in beds 15-50 cm thick that
are thicker than the en vel op ing graded beds, and com monly ex -
hib its cross-lami na tions de fined by con cen tra tions of bi o tite
flakes.  Far less abun dant is a thinly banded calc-sil i cate rock that 
has been seen only in one 7.5 me ter thick ho ri zon.  It con sists of
al ter nat ing lay ers of calc-sil i cate granofels (actinolite-cal cite-di -
op side æ grossularite) and bi o tite-quartz-feld spar granofels, and
was ex posed briefly in a road-metal quarry ad ja cent to the
Wood land town dump.  It is also pres ent, at this writ ing, in a
small quarry just across the St. Croix River from Wood land
(Fyffe, pers. commun., 1989).  The third un usual rock type is a
highly car bo na ceous pelite that lo cally forms the tops of graded
beds.  Most pelites of the Wood land For ma tion are less car bo na -
ceous than those of the other units of the Cookson Group, but
these are sooty black beds with little muscovite or biotite.

Sand stones of the Wood land For ma tion dif fer from those
of the Kend all Moun tain For ma tion in three dis tinc tive ways.
Prior to meta mor phism, sand stones of the Wood land For ma tion
con tained a highly ar gil la ceous ma trix now re flected by high bi -
o tite con tent and a pur plish color, whereas most sand stones of
the Kend all Moun tain For ma tion were arenites and now con tain
lit tle, if any, bi o tite.  Graded beds are abun dant through out the
Wood land For ma tion, but are un com mon in most of the Kend all
Moun tain For ma tion ex cept near its con tact with the Wood land
For ma tion.  Fi nally, the Wood land For ma tion has far more
interbedded pelite.  The rare calc-sil i cate rocks are the only
calcareous lithologies in the Cooskon Group.

The con tact be tween the Wood land and Kend all Moun tain
For ma tions is of two types.  In many places it ap pears to be
gradational, with sand stones in the Wood land For ma tion be com -
ing less micaceous and pelites less abun dant as the Kend all
Moun tain For ma tion con tact is ap proached.  In a few ar eas, how -
ever, the con tact is sharp and may lo cally be a fault.  On the
north east ern face of Kend all Moun tain, for ex am ple, dis tinc tive
graded cou plets of the Wood land For ma tion are in sharp con tact
with arenites and vol ca nic rocks of the Kend all Moun tain For -
ma tion.  Small-scale struc tures there in di cate slight
overthrusting of the Kend all Mountain Formation by the
Woodland Formation.

Age of the Wood land For ma tion.  No fos sils have been
found in the Wood land For ma tion, but its age is con strained to
the Early Or do vi cian by graptolites in the over ly ing
(Caradocian) and un der ly ing (Tremadocian) units.  A span of
Arenigian through Llanvirnian and Llandeillian is in di cated, al -
though an age as young as Early Caradocian is pos si ble (see
below).

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
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north west slope of that hill in the ad ja cent Calais quad ran gle, but 
is very well ex posed just east of Pocomoonshine Lake along a se -
ries of camp and lum ber roads con nect ing the lakeshore with the
road from South Prince ton to Al ex an der.  It con tains the most
var ied lith o logic suite within the Cookson Group, in clud ing
quartz arenites, quartzofeldspathic and lithic arenites, wackes,
and gran ule con glom er ates, very sub or di nate black shales and
siltstones, and an ap par ently unique ho ri zon of fel sic tuffs.
Three fea tures clearly set the Kend all Moun tain For ma tion apart
from the other rocks of the Cookson Group:  (1) pelites make up
only a small por tion of the for ma tion (%); (2) the sand stones are
chem i cally dis tinct in that they do not con tain bi o tite even at el e -
vated meta mor phic grade.  As a re sult they re main pale gray at
cor di er ite and an da lu site grades, whereas the other units are pale
pur plish due to finely dis sem i nated red-brown bi o tite; (3) it con -
tains fel sic vol ca nic rocks.  Figure 2 shows the inferred internal
stratigraphy of the formation.

Metasandstones com prise most of the for ma tion, gen er ally
oc cur ring in thick beds (20cm-1.5 m).  Thin ner sand stone beds
(10-20 cm) in ter ca lated with thin (5 mm-2.0 cm) rusty weath er -
ing car bo na ceous pelite and siltstone lay ers char ac ter ize the
lower part of the for ma tion.  These sand stones com monly dis -
play well-de vel oped con vo lute bed ding and ball-and-pil low
struc tures typ i cal of turbidites.  Sand stones in the mid dle of the
for ma tion oc cur in rel a tively fea ture less, mas sive beds with very 
small amounts of pelite.  Most of the west ern peak of Kend all
Moun tain, for ex am ple, is un der lain by mas sive sand stone beds
over 1 m thick, with only one or two horizons of carbonaceous
slate.

There are sev eral types of sand stone, but it is dif fi cult to es -
ti mate their pro por tions.  Most are buff to pale gray, chalky
weath er ing quartzofeldspathic wackes, with a ma trix of small
white mica flakes.  Quartzofeldspathic arenites are also pres ent,
with very lit tle ma trix, and a few true quartz ite beds have been
found which con tain more than 90% quartz.  These lack the
chalky weath er ing typ i cal of 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, in for mal mem ber of the
Cookson For ma tion (Ruitenberg, 1967; Ruitenberg and
Ludman, 1978), but new ex po sures and bed rock cores from the
Calais quad ran gle re veal that it is interbedded with more typ i cal
arenites and wackes.  A few lithic wackes and arenites are also
pres ent and con tain clasts of fel sic vol ca nic rocks as well as
quartz and feld spar.  Most clasts in the sand stones range from
0.25 to 0.75 mm and in di vid ual beds are gen er ally ho mo ge neous
in grain size.  Graded bed ding is best de vel oped in the lower part
of the for ma tion, and is less abun dant than in ei ther the adjacent
Pocomoonshine Lake or overlying Woodland Formation.

Gran ule con glom er ates oc cur in the thicker bed ded parts of 
the Kend all Moun tain For ma tion, and near the con tact with the
Pocomoonshine Lake For ma tion.  They crop out sparsely along
the ridge be tween Pocomoonshine Lake and the east ern edge of
the quad ran gle.  These rocks are com posed of the same clasts as

the lithic arenites, but are much coarser—typ i cally rang ing from
1-5 mm.  Even coarser beds, with clasts up to 2.5 cm in di am e ter,
have been ob served in float at the Whip poor will Lodges near the
shore of Pocomoonshine Lake, but have not been found in place.
Most clasts are well rounded, al though tec tonic flat ten ing is
com mon in the South Prince ton-Crawford fault zone and as so ci -
ated faults.  The con glom er ates oc cur in mas sive beds up to 2 m
thick, as graded units 25 cm to 1 m thick, and as the bases of rare
graded se quences that in clude sand stones and laminated
carbonaceous pelites.  

The vol ca nic com po nent is re stricted to the low er most part
of the for ma tion, within a few me ters of the con tact with the
Wood land For ma tion.  It is not ex posed in the Big Lake quad ran -
gle and is rep re sented in only three small ar eas in the ad ja cent
Calais quad ran gle.  It con sists of 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
rocks with a char ac ter is tic conchoidal frac ture.  In thin sec tion
these rocks are very fine-grained, su tured ar rays of quartz and
feld spar grains with rare feld spar microphenocrysts (up to 0.025
mm long).  Small (0.5 mm), slightly elon gate white spots vis i ble
in out crop are pum ice lapilli, and light/dark interdigitations sim -
i lar to those in mod ern pum ice flows have also been iden ti fied.
Chem i cal anal y ses of these tuffs from the Calais quad ran gle
shows that they are rhyodacites (see Ludman and Hill, 1990,
Table 1).

The na ture of the con tact be tween the Kend all Moun tain
and Pocomoonshine Lake For ma tions has been re in ter preted to
be a fault based on the much more com plex de for ma tion his tory
of the for mer.  Strata of the Kend all Moun tain For ma tion have
been folded at least two and prob a bly three times, whereas slates
of the Pocomoonshine Lake For ma tion ex hibit only a sin gle pen -
e tra tive cleav age.  Mis iden ti fi ca tion of car bo na ceous pelites
now as signed to the Kend all Moun tain For ma tion led to in clu -
sion of the Pocomoonshine Lake For ma tion in the Cookson
Group, and sug gested a gradational con tact be tween the Kend all
Moun tain and Pocomoonshine Lake Formation (Ludman,
1987).

Age of the Kend all Moun tain For ma tion.  Graptolites have
been dis cov ered in a black shale ho ri zon ly ing be tween mas sive
quartz arenites in New Bruns wick, on strike and con tin u ous with 
rocks of the Kend all Moun tain For ma tion (Fyffe, pers.
commun., 1989).  The fau nal as sem blage has been as signed to
the Mid dle Caradocian by John Riva (pers. commun. to Fyffe,
1989).  This has ne ces si tated in ver sion of the se quence re ported
earlier (Ludman, 1987).

Thick ness of the Cookson Group.  In ad di tion to the com -
plex polydeformational his tory ex pe ri enced by the Cookson
Group, nei ther the top nor bot tom of the group has been ob served 
in the field.  Thus, only a min i mum value for its thick ness can be
pro posed.  Based on the ex posed out crop widths of for ma tions
and their in ferred deformational his tory, es ti mated thick nesses
are:  Kend all Moun tain For ma tion—be tween 500 and 700 m
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(min i mum thick ness); Wood land For ma tion—800-1000 m; and
Calais For ma tion—1000 m (min i mum).  Es ti mated thick ness for 
the Cookson Group is thus approximately 2,700 m.

Cor re la tion of the Cookson Group.  To the south west,
rocks of the Cookson Group had been traced into the Wes ley
quad ran gle by Westerman (1978) as the Cookson “For ma tion.” I 
would now in ter pret the map pat tern drawn by Westerman as
con ta in  ing two bands of  dom i  nant ly  peli t ic  rock
(Pocomoonshine Lake For ma tion to the north, Calais For ma tion
to the south) sep a rated by a small out crop area of Kend all Moun -
tain For ma tion and a large ex panse of mafic and fel sic plutons.
Far ther south west, the Penobscot For ma tion of the Penobscot
Bay area as de scribed by Stew art and Wones (1974) ap pears to
cor re spond to the Calais For ma tion.  Bas alts of the Gushee
Mem ber of the Penobscot For ma tion are prob a bly equiv a lent to
the mid dle mem ber of the Calais For ma tion (Fyffe et al., 1988).
Strata of the Wood land For ma tion do oc cur there as well
(Wones, pers. commun., 1984).  Along the west shore of
Penobscot Bay, quartzose rocks of the Megunticook For ma tion
(Berry, 1986) ap pear to be correlative with the Kendall
Mountain Formation.

Cross-strike cor re la tions are more am big u ous and much
more dif fi cult, par tic u larly in view of the faults that now sep a rate 
the St. Croix belt from the near est pre-Si lu rian tracts—the
Miramichi anticlinorium to the north west and the Saint John
tract to the north east.  These cor re la tions are hotly de bated be -
cause of their im pli ca tions for re gional tec tonic evo lu tion (see
Fyffe and Pickerill, 1986, and Ludman, 1986) and are sum ma -
rized in Ludman (1987).  

Briefly, the ques tion is whether the Cookson Group was
orig i nally as so ci ated with the Cam brian—Ear li est Or do vi cian
Saint John Group as de scribed by Pickerill and Tanoli (1985), or
to the Late Cam brian through Mid dle Or do vi cian Tetagouche
Group of the Miramichi anticlinorium.  The Saint John Group
con tains some sim i lar rocks, but is much thin ner, less comp lexly
de formed, and was de pos ited in shal low wa ter.  The Miramichi
tract con tains a thick wacke sec tion over lain by black shales and
a wide spread bimodal volcanic sequence.  

I pro posed (Ludman, 1987) that the Saint John Group rep -
re sents the west-fac ing con ti nen tal shelf of an Early Pa leo zoic
Avalonian con ti nent, and that the Cookson Group rep re sents the
as so ci ated con ti nen tal slope de pos its.  Al ter na tively, the
Cookson Group could be deep-sea de pos its formed off the
Miramichi arc (Fyffe and Pickerill, 1986).  The fos sils that date
the Kend all Moun tain For ma tion pro vide two im por tant pieces
of in for ma tion that help re solve this prob lem:  (1) The Mid dle
Caradocian age of the Kend all Moun tain For ma tion makes it
youn ger than any thing now ex posed in the Saint John area, pre -
vent ing di rect cor re la tion.  Nev er the less, equiv a lent strata in the
Tetagouche Group are vol ca nic and volcaniclastic strata, mak ing 
it very dif fi cult to re late them to the quartz arenites of the Kend all 
Moun tain For ma tion.  Der i va tion from a shelf to the east seems
to be the most rea son able ex pla na tion.  (2) Riva’s iden ti fi ca tion
of the fauna of the Kend all Moun tain For ma tion in cludes spe cies 

“rarely found in North Amer ica” (Riva, commun. to Fyffe,
1989).  This im plies a “Eu ro pean” or “Avalonian” af fin ity, again
sug gest ing cor re la tion with the Saint John Group, rather than
with the “North American” Miramichi strata.  

Rocks of the Fred er ic ton Trough

Rocks of the Fred er ic ton trough are unfossiliferous, tightly 
folded turbidites.  They dif fer from strata of the Cookson Group
in that they have a much sim pler de for ma tion his tory and are in -
ferred to be of lat est Or do vi cian to Late (?) Si lu rian age.  Three
units have been mapped in the Big Lake-Calais area:  the
Pocomoonshine Lake, Digdeguash, and Flume Ridge
Formations.

Pocomoonshine Lake For ma tion (SOp).  Black and gray
slates with sub or di nate siltstone and sand stone beds are well ex -
posed along the east shore of Pocomoonshine Lake, for which
the unit is named.  They are sep a rated by an in ferred thrust fault
from rocks of the St. Croix belt, and by a high-an gle fault from
the Pocomoonshine gab bro-diorite.  A gradational con tact with
the Digdeguash For ma tion is sug gested by an out crop in the mid -
dle of the south east ern cove of Pocomoonshine Lake that con -
tains lithologies found in both for ma tions.  Un for tu nately, this
out crop can only be reached by boat and is only vis i ble at
low-wa ter con di tions.  The Pocomoonshine Lake For ma tion
crops out in chlorite grade ex po sures along the lake shore, but
grade in creases rap idly in land so that cor di er ite and cor di er ite +
an da lu site as sem blages oc cur near the east ern edge of the quad -
ran gle.  Rocks of this for ma tion are pyritiferous, rusty weath er -
ing, and dom i nantly pelitic, al though there is an ap pre cia ble
amount of fine-grained metasandstone and metasiltstone thinly
interbedded with the slates.

Dark gray to gray-black, slightly to very car bo na ceous
slates are the most abun dant rock types.  They are well cleaved
and gen er ally con tain both anhedral (pri mary) and euhedral
(sec ond ary) grains of py rite.  The more car bo na ceous va ri et ies
are darker col ored and sooty, while the less car bo na ceous types
are lighter gray, mus co vite-rich, and de velop a phyllitic sheen.
These pelites are interbedded with thin (5 mm to 10 cm) beds of
coarse metasiltstone and fine-grained metasandstone, with
pelite:sand stone pro por tions of 6:1 be ing typ i cal of the for ma -
tion as a whole.  Some ho ri zons, how ever, con tain nearly equal
amounts of slate and siltstone.  Many beds are graded and sup ply
pri mary fac ing ev i dence.  The pelite lay ers are strongly cleaved
and break eas ily, whereas the coarser beds cleave poorly and are
gen er ally more re sis tant to weath er ing so that they stand out as
ribs on weathered surfaces.  

Most beds are in the lower end of the thick ness range in di -
cated above, but both bed thick ness and amount of sand stone in -
crease to ward the east.  The sand stones and siltstones are buff
weath er ing, dark gray on the fresh sur face, and are com posed of
quartz and sparse feld spar clasts in a finer grained quartz-feld -
spar ma trix.  The ma trix also con tains abun dant small flakes of
white mica and grains of li mo nite and car bon.  The py rite grains
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(<0.25 mm) are dis sem i nated through out the sand stones and
weather to pro duce a pale brown li mo nite rind.  Sec ond ary py rite 
cubes up to 5 mm on a side are pres ent in the sand stones, and
larger crys tals, up to 1.25 cm, characterize the pelites.

Age and Cor re la tion.  The age of the Pocomoonshine Lake
For ma tion is un cer tain, and its asssignment here to the Fred er ic -
ton trough rather than to the Cookson Group is a de par ture from
pre vi ous in ter pre ta tions.  With its car bo na ceous, sulfidic slates,
the for ma tion is more sim i lar to the Cookson Group than to the
Digdeguash or Flume Ridge For ma tions (al though the
Digdeguash does have dark gray to black sand stone and slate),
and this led to my ear lier in ter pre ta tion.  Struc tur ally, how ever,
the Pocomoonshine Lake For ma tion more closely re sem bles the
Flume Ridge and Digdeguash For ma tions in that it has ex pe ri -
enced a rel a tively sim ple de for ma tion his tory com pared with the
mul ti ply folded rocks of the Cookson Group (see be low).  The
bound ary be tween in tensely polydeformed and sim ply de -
formed strata in the Big Lake quad ran gle co in cides with the
Pocomoonshine Lake/Kend all Moun tain For ma tion con tact,
and this has led me to reassign the Pocomoonshine Lake
Formation to the Fredericton trough.

The age of the Fred er ic ton trough strata in south west ern
New Bruns wick and east ern Maine is prob lem at i cal.  The sim -
pler de for ma tion his tory of these rocks when com pared with the
Cookson Group sug gests a youn ger age, and the Flume Ridge
For ma tion is on strike with rocks near Fred er ic ton that yield fos -
sils rang ing through the Si lu rian (Fyffe, pers. commun., 1989).
The Pocomoonshine Lake For ma tion is ten ta tively as signed a
lat est Or do vi cian age on the ba sis that it is thought to be youn ger
than the polydeformed Caradocian Kend all Moun tain For ma -
tion and older than the Digdeguash and Flume Ridge
Formations.

Digdeguash For ma tion (SOd).  Ruitenberg (1967) ap -
plied the name Digdeguash For ma tion to a dis tinc tive se quence
of turbiditic graywackes and slates in Char lotte County, New
Bruns wick.  This unit was rec og nized in the Big Lake area
(Ludman, 1974), where it cor re sponded with parts of both the
Kellyland For ma tion and Dark Argillite of the Char lotte Group
as shown by pre vi ous map pers (Larrabee, 1964; Westerman,
1972).  The Digdeguash For ma tion un der lies most of the south -
west ern cor ner of the quad ran gle and forms the core of the Hunt -
ley Ridge anticline.  The for ma tion is in ap par ently con form able
con tact with the Flume Ridge For ma tion to the north west and is
faulted against the Cookson Group to the east.  It can be traced
from chlorite grade near Sec ond and Third Chain Lakes to an
anatectic migmatite zone at the west ern mar gin of the
Pocomoonshine gab bro-diorite along Seavey, Hunt ley, and
Hawkins ridges.  Over most of its out crop belt, the Digdeguash
For ma tion crops out in the an da lu site zone and is char ac ter ized
by large, euhedral chiastolitic crystals.

Lithologically, the Digdeguash For ma tion is a rel a tively
sim ple pack age con sist ing of buff weath er ing, gray, non-sulfidic 
graywacke and polymictic gran ule con glom er ates as so ci ated in
well graded beds with non-car bo na ceous, non-sulfidic gray

slate.  Like the Cookson Group, the Digdeguash For ma tion is ba -
si cally non-cal car e ous; only two beds of cal car e ous wacke have
been found in the for ma tion, both near the con tact with the cal -
car e ous sand stones of the Flume Ridge For ma tion.  Al though the 
Digdeguash For ma tion con sists pri mar ily of only two rock types
(sand stone of vari able grain size and pelite), bed thick nesses,
grain size, and graywacke:slate pro por tions are so highly vari -
able that the for ma tion does not have a uniform appearance in the 
Big Lake quadrangle.

Beds vary in thick ness from 1 cm to 2.5 m, but most are in
the range of 15-60 cm, some what thicker than the beds of the
Wood land For ma tion.  The coarser clastic rocks weather pale
gray to buff, the slates darker gray, so that a gra da tion in color ac -
com pa nies the changes in grain size and com po si tion within a
graded bed.  The thick est beds ex hibit the best Bouma se quence
fea tures, with scour-and-fill and flame struc tures, load casts, and 
rip-up clasts at their bases; cross-, con vo lute, or bed ding plane
par al lel lami na tions in their cen ters; and very fine laminae just
be low strongly cleaved, homogenous slate tops.

Lithic pro por tions vary widely and with no ap par ent re la -
tion ship to strati graphic po si tion.  A few ho ri zons are ho mo ge -
neous, con sist ing en tirely of gran ule con glom er ate, graywacke,
or slate, but these are rare.  Most of the Digdeguash For ma tion
con sists of graded beds of graywacke and slate, with pro por tions
re lated to bed thick ness.  Thick beds are gen er ally dom i nated by
grits and graywackes (70-90%), whereas thin beds con tain
nearly equal amounts of sand stone and pelite or slightly more
pelite than sand stone.  For the for ma tion as a whole, the grits and
graywackes are more abun dant than the slates by about 3:2.

Pri mary clast out lines, com po si tions, and tex tures are pre -
served in the low-grade ex po sures.  Most of the coarser clastic
rocks are graywackes com posed of quartz, plagioclase, and
polymineralic lithic clasts in a fine-grained de tri tal ma trix com -
posed of quartz, plagioclase, mus co vite, and ei ther bi o tite or
chlorite de pend ing on meta mor phic grade.  The quartz and lithic
frag ments sug gest derivaton from a plutonic/meta mor phic
source area that yielded clasts of hypa bys sal ig ne ous rock
(plagioclase + quartz; perth ite + quartz; quartz + perth ite + mus -
co vite), very fine-grained ag gre gates of quartz and feld spar that
are prob a bly cryptocrystalline fel sic vol ca nic rocks, and rare but
dis  t inc t ive mus co v i te-ch lor i te-quar tz-p lagioclase
schist/phyllite.

These Digdeguash For ma tion lithologies are dis tin guished
from those of the Flume Ridge For ma tion by be ing polymictic,
poorly sorted, and non-cal car e ous, and from the Wood land For -
ma tion by their bed ding style and thick ness and by the ab sence
of rusty-weath er ing and car bo na ceous pelite.  The coarser lithic
arenites and gran ule con glom er ates of the Kend all Moun tain
For ma tion su per fi cially re sem ble those of the Digdeguash For -
ma tion, but dif fer in that they weather chalky white rather than
buff, and con tain lit tle or no ar gil la ceous ma trix.  In creases in
meta mor phic grade heighten the dif fer ences and re flect dif fer ent 
bulk com po si tions.  Cor di er ite, for ex am ple, is abun dant in mid -
dle-grade pelites of the Cookson Group, but is pres ent in the
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Digdeguash For ma tion only rarely ex cept in the in ner most
migmatite zones.  An da lu site oc curs in Cookson Group pelites
as small, rice-shaped grains, but in the Digdeguash For ma tion it
is al most al ways euhedral and forms chiastolitic prisms that
range from 1.5 to 20 cm long.

Along Seavey, Hunt ley, and Hawkins Ridges, the
Digdeguash For ma tion has been par tially melted and con verted
to a gneissic rock in which buff-weath er ing quartzofeldspathic
leucosome is interlayered with dark gray melanosome com posed 
of mus co vite, bi o tite, and sillimanite æ rel ict an da lu site.  The dis -
tinc tive Digdeguash For ma tion bed ding style and an da lu site
habit are pre served in all but the migmatites clos est to the
Pocomoonshine pluton, and even at these grades of ther mal
meta mor phism the Wood land For ma tion and Digdeguash For -
ma tion are sep a ra ble.  Migmatites of the Wood land For ma tion,
best ex posed in the south west cor ner of the Calais quad ran gle,
are gen er ally highly sulfidic, weather with a deep red-brown
rind, and typ i cally pre serve rel ict cor di er ite and an da lu site
porphyroblasts in their melanosomes.  Migmatites of the
Digdeguash For ma tion are low in sul fide and hence to not
weather rusty, and contain only relict andalusites.

Thick ness.  It is dif fi cult to es ti mate even the out crop width
of the Digdeguash For ma tion be cause of high-an gle faults and
dis rup tion by the Pocomoonshine gab bro-diorite.  In ad di tion,
mesoscopic iso cli nal fold ing of the Digdeguash For ma tion is re -
vealed by fre quent re ver sals in fac ing sense within the turbidites. 
A min i mum thick ness of ap prox i mately 1,000 m is in ferred for
the for ma tion, as sum ing that it has been penetratively folded
only once.

Age and Cor re la tion.  The age of the Digdeguash For ma -
tion is highly prob lem at i cal.  Ruitenberg (1967) orig i nally stated 
that the Digdeguash For ma tion is over lain con form ably by the
Flume Ridge For ma tion in south west ern New Bruns wick, but
Fyffe (pers. commun., 1989) has dem on strated clear ev i dence
that this con tact is a fault.  The con tact be tween the two for ma -
tions has not been ob served in the Big Lake-Calais area, but has
been ap proached to within 15 me ters in a few places.  In all in -
stances, the con tact is sharp or seems to be a rapid tran si tion; in
two places Digdeguash For ma tion-type pelites and Flume Ridge 
For ma tion-type sand stones are interbedded and Digdeguash
For ma tion grits are un usual in be ing weakly cal car e ous.  These
ob ser va tions, cou pled with a lack of di rect ev i dence for a fault,
sug gests that the con tact in east ern Maine may be strati graphic
rather than tec tonic, and thus dif fer ent from the contact on strike
and just a few kilometers to the east.

Re cum bent folds vis i ble in the Digdeguash For ma tion near 
the con tact in New Bruns wick are not pres ent in Maine.  I in ter -
pret this to mean that the con tact in New Bruns wick is lo cally a
thrust fault, which passes south west ward into a strike-slip fault
and even tu ally into a barely dis turbed strati graphic re la tion ship
in east ern Maine.  This has bear ing on the age as signed to the
Digdeguash Formation as well.

Fos sils have not been found in the Digdeguash For ma tion
in Maine or New Bruns wick so that di rect fau nal ev i dence for its

age is lack ing.  Ruitenberg (1967) mapped the Digdeguash For -
ma tion as interfingering with the Waweig For ma tion, a unit with
a well es tab lished lat est Si lu rian (Pridoli) age.  More re cent map -
ping (Fyffe, pers. commun., 1989) sug gests that this con tact is a
fault rather than a fa cies tran si tion and in di cates that the
Digdeguash For ma tion can not be cor re lated with any
fossiliferous strata.  In ad di tion, Westerman (1973) re ported
K/Ar ages on hornblende (423 æ24 m.y.) and bi o tite 408 æ14
m.y.) that sug gest a Si lu rian age for the Pocomoonshine For ma -
tion gab bro-diorite.  Since that pluton cuts folded strata of the
Digdeguash For ma tion, it would not be pos si ble for the
Digdeguash For ma tion to be Late Silurian as suggested by
Ruitenberg.

Cambro-Or do vi cian rocks of the Cookson Group in Maine
are more comp lexly folded than those of the Fred er ic ton trough,
and one ep i sode of fold ing ap pears to have pre ceded de po si tion
of the Flume Ridge and Digdeguash For ma tions*.  That fold ing
must be post-Mid dle Caradocian, the age of the Kend all Moun -
tain For ma tion.  Since early fold ing seems ab sent from the
Digdeguash For ma tion in Maine, I feel that the for ma tion must
be post-Caradocian.  A lat est Or do vi cian to Early Si lu rian age is
most likely, based on:  sim i lar i ties with the Si lu rian turbidites of
cen tral Maine, the ap par ent strati graphic con tact with the Flume
Ridge For ma tion, con ti nu ity of the Flume Ridge For ma tion with
the Vassalboro For ma tion of the cen tral Maine turbidite belt, and 
the prob lems of excess argon common to dating mafic igneous
rocks.  

The Digdeguash For ma tion has been traced south west -
ward into the Wes ley (Westerman, 1978) and Ellsworth
(Gilman, 1974) quad ran gles, but it is ap par ently ab sent from the
shores of Penobscot Bay, where the Penobscot (Calais equiv a -
lent) and Bucksport (Flume Ridge equiv a lent) For ma tions are
di rectly jux ta posed.  Ruitenberg (1967) has traced the
Digdeguash For ma tion along the west flank of the St. Croix belt
in New Bruns wick, but it does not ap pear to ex tend as far east as
the Saint John area (McCutcheon and Ruitenberg, 1984).  Aside
from these short, di rect con tin u a tions, there do not ap pear to be
cor re la tive units that are sim i lar to the dis tinc tive Digdeguash
For ma tion suite, ei ther along or across strike in the Fredericton
trough.

Flume Ridge For ma tion (DSf).  The Flume Ridge For ma -
tion is re gion ally the most ex ten sive of the for ma tions in the Big
Lake quad ran gle and com prises most of the Fred er ic ton trough
in east ern Maine.  It ex tends nearly 35 km across strike from its
con tact with the Digdeguash For ma tion to the Codyville fault
con tact with pre-Si lu rian rocks of the Miramichi anticlinorium
in the Waite quad ran gle.  The Flume Ridge For ma tion was
named by Ruitenberg (1967) in south west ern New Bruns wick;
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in east ern Maine, the name is now ap plied to rocks most of which 
were pre vi ously called the Pale Argillite Di vi sion of the Char -
lotte Group (Al cock, 1946) or the Kellyland For ma tion
(Larrabee, 1964; Larrabee et al., 1965; Westerman, 1972).
These names have been abandoned, as discussed above.

The Flume Ridge For ma tion is readily dis tin guished from
all other units in the area be cause it alone is gen er ally cal car e ous. 
The dis tinc tion can be made at all meta mor phic grades, even
though the ap pear ance of the Flume Ridge For ma tion changes
dras ti cally from the chlorite zone to higher grades in the contact
aureoles.

The Flume Ridge For ma tion con sists of vari ably but gen er -
ally at least slightly cal car e ous quartzofeldspathic wackes
interbedded with cal car e ous and non-cal car e ous siltstones and
non-cal car e ous slates.  At chlorite grade the wackes are buff or
or ange-brown weath er ing, me dium to light gray cal car e ous
sand stones, typ i cally with large (1-4 mm) de tri tal mus co vite
flakes.  The weath ered color is due to al ter ation of finely dis sem -
i nated py rite or ferroan car bon ate grains (an ker ite or sid er ite)
that are pres ent in ad di tion to cal cite.  The weath ered rind is com -
monly so well de vel oped that it is dif fi cult to col lect fresh sam -
ples.  The wackes are typ i cally finer grained and better sorted
than those of the Digdeguash For ma tion, con sist ing of fine
sand-sized grains of quartz and feld spar in a finer grained
quar tz-feld spar-mus co vi te-chlor i te-cal  c i te  ma t r ix .
Polymineralic lithic frag ments, com mon in the sand stones of the
Digdeguash For ma tion, are very rare in the Flume Ridge
Formation, but have been observed in unusually coarse beds.

Non-ankeritic, slightly cal car e ous siltstones and green,
chlorite-rich non-cal car e ous slates and siltstones are in ter ca lated 
with the sand stones.  Bed ding style and thick ness are of two gen -
eral types within the for ma tion.  Thick beds (40 cm-2 m) of cal -
car e ous and ankeritic sand stone are abun dant near the con tact
with the Digdeguash For ma tion.  These beds are of uni form
grain size, ex hibit cross-laminae near their tops, and con tain lit -
tle pelitic ma te rial.  The pelite oc curs as pa per thin part ings par -
al lel to cleav age and may rep re sent a so lu tion res i due rather than
orig i nally de pos ited clays.  The amount of pelite ap pears to in -
crease to ward the north west, ac com pa nied by a de crease in bed
thick ness, de vel op ment of well graded beds, and ap pear ance of
more pri mary sed i men tary fea tures.  Strata of the Flume Ridge
For ma tion north of the Big Lake quad ran gle are gen er ally found
in beds 2-10 cm thick con tain ing equal amounts of light gray,
slightly cal car e ous sand stone and green siltstone with sub or di -
nate slate.  Al though com monly well graded, the grain size range 
within a graded set is far less than in the Digdeguash For ma tion,
of ten span ning only the me dium silt through fine sand range.
Lami na tions par al lel to bed ding planes are abun dant and a few
beds dis play con vo lute lami na tions, but the more complete
Bouma sequences typical of the Digdeguash Formation are not
developed.

At bi o tite and higher grades of meta mor phism, the Flume
Ridge For ma tion is dras ti cally dif fer ent in ap pear ance.  Mus co -
vite re acts with ferroan car bon ate to form bi o tite as de scribed by

Ludman (1975) for sim i lar rocks in cen tral Maine.  As a re sult,
there is no an ker ite to al ter to the limonitic weath er ing rind typ i -
cal of low-grade ex po sures, and the finely dis sem i nated bi o tite
flakes yield a pale gray ish-pur ple color on fresh sur faces rather
than the pale gray of chlorite-zone out crops.  The higher grade
ex po sures are com monly of mas sive-ap pear ing, buff-weath er -
ing, slightly cal car e ous pur ple granofels.  Lay ers that were orig i -
nally more cal car e ous are recrystallized to white or green ish
calc-sil i cate granofels lay ers which al ter nate with the pur plish
quartzofeldspathic granofels in a dis tinc tive “ze bra-striped”
color band ing.  The pres ence of pri mary bed ding can be dem on -
strated in only a few of the high grade ex po sures.  The calc-sil i -
cate bands are gen er ally dis con tin u ous and anastomose, and in a
few out crops are de mon stra bly the re sults of trans po si tion of
orig i nal compositional bands to a po si tion subparallel to dom i -
nant re gional cleav age.  The pelite in the high-grade ex po sures is 
a dense bi o tite-rich granofels with small cor di er ite crys tals in a
few instances.  Neither sillimanite nor andalusite have been
identified in pelites of the Flume Ridge Formation.

A ribbed ap pear ance is typ i cal of both chlorite and higher
grade ex po sures.  Cal car e ous lay ers weather rap idly in the
low-grade rocks and the less cal car e ous wackes stand up as ribs.
Re la tion ships are re versed in the high-grade ex po sures; cal car e -
ous rocks have be come more re sis tant calc-sil i cates that form
ribs above the quartzofeldspathic beds.

Thick ness.  It is dif fi cult to es ti mate the num ber of times
that the Flume Ridge For ma tion has been re peated across the 35
km width of its out crop belt be cause (1) bed ding is not iden ti fi -
able in all ex po sures and fac ing ev i dence is not very com mon, so
that in ter nal struc tural con trol is not as good as in other for ma -
tions, and (2) the Flume Ridge For ma tion is cut by sev eral north -
east-trending faults as so ci ated with the Norumbega fault sys tem. 
Fur ther, while the lower con tact with the Digdeguash For ma tion
can be lo cated to within a few feet, the up per con tact is not rec og -
nized any where in east ern Maine.  Based on those mesoscopic
folds iden ti fi able in the Flume Ridge For ma tion, its lith o logic
vari abil ity, and the struc tural style of the Digdeguash For ma tion, 
a thick ness on the or der of at least a few thousand meters is
inferred for the formation.

Age and Cor re la tion.  Macrofossils have not been found in
the Flume Ridge For ma tion, and the same un cer tain ties that were 
men tioned for the Digdeguash For ma tion ap ply to de ter min ing
the age of this unit.  Large float boul ders with the typ i cal min er -
al ogy and weath er ing habit of the for ma tion have yielded
Tentaculites, sug gest ing a Si lu rian to De vo nian age, but none of
the fos sils have been found in situ.  A search for microfossils in
the Flume Ridge For ma tion pro duced a va ri ety of plant ma te rial.
Fun gal spores are pres ent in some of the siltstones and slates, but
are of lit tle biostratigraphic value.  Frag ments of tracheid tis sue,
a prim i tive fluid-con duct ing tis sue of vas cu lar plants, have been
dis cov ered in sand stones of the Flume Ridge For ma tion in the
Waite quad ran gle.  These sug gest a Si lu rian or youn ger age for
the for ma tion, and a Si lu rian age is ac cord ingly shown on the
map.  Since the Pocomoonshine gab bro-diorite, with its sup -
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posed Si lu rian age, in trudes pre vi ously folded Flume Ridge For -
ma tion strata, there is a con flict be tween ra dio met ri cally and
faunally determined ages.  In this instance I have opted for the
paleontologic control.

Rocks of the Flume Ridge For ma tion have been traced to
the south west into the Wes ley (Westerman, 1978) and Lead
Moun tain (Gilman, 1974) quad ran gles, and ap pear to ex tend
through lo cal plutons into the Bucksport For ma tion of the
Penobscot Bay area.  Ex po sures in the north west part of the
Flume Ridge For ma tion out crop belt in the Waite and Scrag gly
Lake quad ran gles are on strike with and sim i larly ap pear to be
trace able into the Vassalboro For ma tion (Grif fin, 1976; Osberg
et al., 1985).  Osberg (1968, 1980) has vac il lated as to the pre cise 
po si tion of the Vassalboro For ma tion within the cen tral Maine
Si lu rian sec tion, but a lat est Or do vi cian through Si lu rian age is
most prob a ble.  To the north east, the Flume Ridge For ma tion ex -
tends to a po si tion al most due north of Saint John, a dis tance of
nearly 140 km.  The for ma tion changes along strike, be com ing
less cal car e ous and in creas ing in its pro por tion of pelite to ward
the north east.  Fos sils in the less-cal car e ous fa cies equiv a lent
span the en tire Silurian (Fyffe, pers. commun., 1989),
supporting the age assigned above.

STRUCTURAL  GEOLOGY

The strat i fied rocks just de scribed have un der gone in tense
and com plex de for ma tion.  Six tec tonic events are rec og nized in
the quad ran gle, and are des ig nated as D1 through D6 in or der of
de creas ing age (see Fig. 3).  The first three were largely duc tile
events in volv ing pen e tra tive fold ing, al though D3 prob a bly in -
cluded thrust fault ing as well.  D4 through D6 are re stricted to lin -
ear do mains and ap pear to have been dom i nantly ep i sodes of
fault ing.  All six events are re corded in the Cookson Group, but
ev i dence has been found for only the last five in the Fred er ic ton
trough.  This sug gests that D1 oc curred be fore de po si tion of the
Flume Ridge and Digdeguash For ma tions, and that the two
lithotectonic tracts had been su tured since at least the time of D2.

The ear li est de for ma tion re corded in the area was soft-sed -
i ment slump fold ing that is ex posed in only a few large out crops
of the Wood land For ma tion in the Calais quad ran gle.  These are
small-scale folds de vel oped in a sin gle bed or thin se quence of
beds in the midst of an oth er wise un dis turbed sec tion.  Fac ing in -
di ca tors in beds on op po site sides of these folds show no re ver -
sals, in di cat ing the non-tec tonic na ture of these struc tures.  The
folds are tight to iso cli nal with hinge sur face at ti tudes that vary
widely over a small area, de tached noses, and non-sys tem atic
thick en ing and thin ning of limbs.  In con trast to the sub se quent
tec tonic folds, these ex hibit nei ther cleav age nor foliation
parallel to their hinge surfaces. 

D1 De for ma tion

The ear li est tec tonic event was one of iso cli nal fold ing (F1)
that is well dis played by graded beds of the Wood land For ma tion 

in its type lo cal ity in the Calais quad ran gle, and by interbedded
quartz ite and slate in the Kend all Moun tain For ma tion.  A slaty
cleav age (S1) de vel oped par al lel to bed ding is de formed by later
folds, but only in a few in stances can the early F1 folds be seen.
These folds are tight to iso cli nal, with very small interlimb an -
gles, and ex hibit mod er ate thickening at their closures.

At ti tudes of the few ob served F1 hinge sur faces and hinge
lines are vari able, due to sub se quent refolding (Fig. 3) and to ro -
ta tion by later fault ing.  An ax ial pla nar fo li a tion of mus co vite
flakes is pres ent par al lel to S1 in chlorite-grade out crops, but has
been de stroyed in higher grade ex po sures.  De formed fo li a tion
in ter preted to be S1 has been ob served in pelite of the Kend all
Moun tain For ma tion, in di cat ing that D1 has af fected at least two
of the three for ma tions of the Cookson Group.  Al though there is
no di rect ev i dence of D1 in the Calais For ma tion, the ap par ently
con form able na ture of its con tact with the youn ger units of the
Cookson Group sug gests that it too was af fected by D1.

D2 De for ma tion

A sec ond ep i sode of fold ing (F2) ob served in the Cookson
Group pro duced north east-trending up right folds and a spaced
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FIG URE  3:  DE FOR MA TION  HIS TORY  OF  THE
BIG  LAKE-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

Fig ure 3. Se quence of de for ma tion events in the Big Lake area.



S2 cleav age that cuts S1 and both limbs of F1 folds in sev eral ex -
po sures along the east ern edge of the Big Lake quad ran gle.  F2

folds range from open to tight de pend ing on li thol ogy and bed
thick ness, have hinge sur faces that trend 040-060°, and gen er -
ally plunge gently to the south west at 2-20°.  A few north east
plunges have also been mea sured.  Abrupt ro ta tion of F1 hinge
sur faces to a nearly north-south at ti tude oc curs near faults of the
South Prince ton-Crawford fault zone.  S2 and S1 are nearly per -
pen dic u lar, but the pre cise re la tion ships de pend on the po si tion
of S1 on the F2 folds.  S2 is not as well de vel oped as S1 and is
some what more broadly spaced.  Be cause of the poor out crop
con trol and the ear lier ep i sode of fold ing, it is dif fi cult to trace
map-scale F2 folds through the St. Croix belt.

This dif fi culty does not arise in the Fred er ic ton trough,
how ever, be cause of the ab sence of de for ma tion prior to F2 in the 
Digdeguash and Flume Ridge For ma tions.  Out crop scale F2

folds are not abun dant, but those that have been found are sim i lar 
in at ti tude and style to the F2 folds in the Cookson Group.  The
pres ence of larger-scale struc tures is in ferred from re ver sals of
fac ing sense in the well-graded Digdeguash For ma tion
turbidites.  The Hunt ley Ridge anticline is the larg est such struc -
ture rec og nized.  It is cored by the Digdeguash For ma tion and
has the Flume Ridge For ma tion on its west ern flank, but a tiny
sliver of sand stone of the Flume Ridge For ma tion caught in the
Pocomoonshine Lake fault is all that re mains of the east ern limb.
Re ver sals of fac ing sense in the Flume Ridge For ma tion in the
north ern part of the Big Lake quad ran gle and far ther north be -
tween Prince ton and Topsfield show that F2 structures
predominate in the Fredericton trough.

S2 cleav age is very well de vel oped in Digdeguash For ma -
tion slates and mod er ately to weakly de vel oped in siltstones and
pelites of the Flume Ridge For ma tion.  A poor fo li a tion is de -
fined by small mus co vite and chlorite flakes in low grade out -
crops of both for ma tions.  In the con tact au re ole of the
Pocomoonshine gab bro-diorite, mi metic crys tal li za tion has pro -
duced a strong fo li a tion in the Digdeguash For ma tion that is de -
fined by coarse mus co vite and bi o tite flakes.  Con sump tion of
mus co vite and chlorite by prograde meta mor phism in the Flume
Ridge For ma tion de stroys S2 fo li a tion, but some of the dis tinc -
tive calc-sil i cate band ing in these rocks cuts across bed ding and
par al lels the ax ial planes of F2 minor folds.

D3 De for ma tion

D3 pro duced re cum bent to strongly in clined asym met ric
(coun ter clock wise) folds in rocks of the Cookson Group, and lo -
cally gen er ated a close-spaced cleav age in the Digdeguash and
Pocomoonshine Lake For ma tions close to their con tact with the
St. Croix belt.  Sev eral out crop-scale F3 folds can be ob served
be tween the shore of Pocomoonshine Lake and the South
Prince ton-Al ex an der road, in the up per part of the Kend all
Moun tain For ma tion, and many more are vis i ble in the Wood -
land For ma tion in the Calais quad ran gle to the east.  In all in -

stances, the folds face up wards and tec tonic trans port is
southeast-over-northwest.  

F3 folds de form bed ding and ear lier cleav ages, but F3 hinge 
sur faces are re mark ably uni form in their gen tle south east ward
dips across most of the St. Croix belt.  An as so ci ated spaced
cleav age (S3) is vis i ble in most low-grade out crops of pelitic
rock; it gen er ally strikes north east ward and dips from 5 to 30° to
the south east.  S3 is folded into a se ries of antiforms and
synforms near faults as so ci ated with the South Prince -
ton-Crawford fault zone.

On a re gional scale, it ap pears that the Cookson Group has
been de formed into a se ries of large-scale F2 re cum bent folds,
and that the Calais-Big Lake area lies on the up right limb of one
of these struc tures.  Small-scale thrust faults vis i ble in large ex -
po sures in the Calais quad ran gle sug gest that some fault ing may
have ac com pa nied F3, par tic u larly where thick se quences of car -
bo na ceous pelite are in con tact with more mas sive, com pe tent
sand stones.  De vel op ment of S3 cleav age in the Digdeguash and
Pocomoonshine Lake For ma tions near their east ern mar gin is in -
ferred to in di cate that the en tire St. Croix belt has been thrust
west ward over the Fred er ic ton trough dur ing F3.  Sub se quent
fault up lift and ero sion is thought to have re moved the thrust
plate and resulted in the currently observed relationships.

D4 De for ma tion

North-trending high-an gle D4 faults cut all for ma tions in
the Big Lake quad ran gle, as well as mafic rocks of the
Pocomoonshine gab bro-diorite in the South Prince -
ton-Crawford fault zone, and D4 faults form the bound ary be -
tween the Fred er ic ton trough and St. Croix belt.  These faults
have a strong top o graphic ex pres sion, a se ries of aligned de pres -
sions that in cludes Crawford Lake, the east ern most part of
Pocomoonshine Lake, and un named val leys con nect ing the two.
One of these faults, the Pocomoonshine Lake fault, jux ta poses
chlorite grade pelites of the Pocomoonshine Lake For ma tion
with gab bros and an da lu site-grade turbidites of the Digdeguash
For ma tion.  It cross cuts and de forms F2 folds in both for ma tions,
and de forms S3 cleav age in the Pocomoonshine Lake For ma tion
slates east of the lake.  This is most clearly seen in the pro gres sive 
change in at ti tude of S3 cleav age along the Whip poor will Lodge
road f rom Pocomoonshine Lake to  the  South
Princeton-Alexander road.

Quartz veins are abun dant in this fault zone, par tic u larly in
val leys east and south east of Ce dar Grove Ridge.  Cataclastic
fab rics are well de vel oped in both metasedimentary and ig ne ous
rock, but blocks of rock be tween in di vid ual faults rarely dis play
cataclasis.  Shear zones 1 cm thick are close-spaced where faults
cut the Pocomoonshine gab bro-diorite and are com monly
chloritized or serpentinized.  Sev eral fault-re lated fab rics are
found in the strat i fied rocks.  Flat tened and stretched clasts are
char ac ter is tic of con glom er ates of the Digdeguash and Kend all
Moun tain For ma tions in D4 faults at Ce dar Grove Ridge and
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along the South Prince ton-Al ex an der road, re spec tively, re sult -
ing in a very strong fo li a tion.  Arenites of the Kend all Moun tain
For ma tion and wackes of the Wood land For ma tion yield green -
ish gray vit re ous mylonites in the vicinity of the Crawford
church on Route 9.

D4 faults of the South Prince ton-Crawford fault zone have
ap par ently been uti lized dur ing two sep a rate ep i sodes of dis -
place ment, be cause both subhorizontal and steep, downdip
slick en sides have been ob served on shear sur faces.  Small-scale
drag folds are as so ci ated with both ep i sodes in the sed i men tary
rocks.  Most slick en sides in di cate sinistral strike-slip sep a ra tion, 
but in three ex po sures these lineations cut an ear lier set of nearly
ver ti cal slick en sides in the same fault sur face.  Thus, while the
most abun dant slick en sides re cord a late ep i sode of strike-slip
fault ing, the less nu mer ous ones prob a bly re flect an ear lier
dip-slip event.  The early event is what is termed D4.  Re ac ti va -
tion of these struc tures as strike-slip faults prob a bly took place
dur ing a later, D5 (?) event.

A sec ond do main of D4 faults is in ferred in the south west
part of the quad ran gle, be tween Third Chain and Sil ver Pug
Lakes.  Nei ther fault brec cia nor my lon ite have been ob served
there, but faults com pa ra ble to those in the South Prince -
ton-Crawford fault zone are in ferred be cause of:  an align ment of 
val leys, lakes, and de pres sions in a NNE di rec tion par al lel to that 
de scribed above; a late, north-trending cleav age de vel oped
strongly only in those ar eas; and small-scale, gently plung ing
folds with north-trending hinge sur faces that are also re stricted
to those ar eas.  Out crop con trol in the area is un for tu nately poor,
so that the na ture of off set can not be dem on strated, even through 
the pos tu lated faults would cut the Digdeguash/Flume Ridge
For ma tion con tact.  The faults shown on the geo logic map de lin -
eate re gions where the late north-trending cleavage and minor
folds are concentrated.

Migmatites in the Digdeguash For ma tion on the east flank
of Hunt ley Ridge also re cord ev i dence of north-trending, clearly
late gen er a tion folds at trib uted to D4 fault ing.  Bands of
melanosome con tain ing an da lu site, sillimanite, bi o tite, and mus -
co vite, and pre serv ing a strong S2 schistosity, are folded about
north-trending hinges.  Leucosome ma te rial was in jected in an
ax ial pla nar re la tion ship to these late folds, help ing to con strain
the tim ing of D4.  High grade hornfelses of the Flume Ridge For -
ma tion west of Pocomoonshine Moun tain ex hibit sim i lar folds
that are also aligned in nar row zones.  These are on strike with
strongly de vel oped north-trending cleav age in low-grade sand -
stones and slates to the north, in di cat ing yet an other area of D4

faulting.

D5 De for ma tion

North east-trending high-an gle faults grouped as D5 struc -
tures cut strat i fied and plutonic rocks in sev eral parts of the Big
Lake quad ran gle.  Two D5 faults shown cut ting the Lead Moun -
tain pluton in the north west cor ner of the quad ran gle are not ac -
tu ally ex posed, but are ex ten sions of the two south ern most

branches of the Norumbega fault zone mapped by Wones
(1978).  D5 faults ex posed in the quad ran gle par al lel the
Norumbega fault zone, are of sim i lar po si tion in the de for ma tion
se quence for the re gion, and many have the same sense of dextral 
strike-slip sep a ra tion ex hib ited by faults of the Norumbega fault
zone.  They are there fore con sid ered to be part of the Norumbega 
fam ily of faults, thus wid en ing that system by several miles to
the southeast. 

D5 faults shown on the map are de fined by the pres ence of
one or more of the fol low ing fea tures:  off set geo logic con tacts;
my lon ite; gouge; abun dant slickensided shear sur faces and
zones; north east-trending zones in which ear lier struc tures are
ro tated into anom a lous at ti tudes.  Un like the D4 faults, these gen -
er ally have no clear top o graphic ex pres sion, pos si bly be cause
they are nearly per pen dic u lar to the ice ad vance di rec tion,
whereas D4 faults are at only a slight an gle to that di rec tion.  One
ex cep tion to this gen er al iza tion is the north east-trending low -
land oc cu pied by the group of large lakes that com prise the Big
Lake Flowage.  On strike with this low land in the Kellyland
quad ran gle just north east of Prince ton, 14 small-scale D5

strike-slip faults are well ex posed at the Grand Falls of the St.
Croix River.  It is likely that rapid ero sion of the crum bled rock in 
this zone is re spon si ble for the low land, but bed rock ex po sures
are ex tremely rare in this val ley and in the ab sence of sup port ing
ev i dence of the types listed above, I have not shown this fault
zone on the geologic map.

Small-scale dextral asym met ric folds are abun dant in D5

fault zones.  Their steep plunges and sense of ro ta tion, cou pled
with the nearly hor i zon tal slick en sides, in di cate dom i nantly
dextral strike-slip sep a ra tion.  Un for tu nately, the faults par al lel
re gional D2 and D3 struc tural trends, so that the amount of sep a -
ra tion in the metasedimentary rocks can not be es ti mated.  Off set
of the con tact be tween the gab bro and the Flume Ridge For ma -
tion, how ever, seems to be min i mal, and also im plies a small ver -
ti cal com po nent of mo tion not sug gested by the slick en sides
alone.  This is com pat i ble with the his tory pro posed ear lier for
the Norumbega faults in east ern Maine:  early strike-slip sep a ra -
tion followed by late dip-slip movement (Ludman, 1981).

Of all the faults now mapped in the quad ran gle, only the D5

Pocomoonshine Moun tain fault shows sig nif i cant min er al iza -
tion.  Quartz and cop per sul fides fill mafic gouge where this fault 
cuts the pluton on the west flank of Pocomoonshine Moun tain.
The zone can not be traced far be cause of poor out crop con trol
be yond the con tact au re ole.  My lon ite, gouge, and si lici fied
shear zones in the Flume Ridge For ma tion near the west edge of
the quad ran gle are prob a bly part of this fault zone, but can not be
traced con tin u ously to the moun tain.  Sim i larly, the
Pocomoonshine Moun tain fault zone is aligned with an abrupt
change in the course of the St. Croix River in the Kellyland quad -
ran gle south of Grand Falls, and with sheared rocks in the Calais
quad ran gle, but the continuity can not be demonstrated.

Most of the D5 faults thus ap pear to be intraformational, ly -
ing within the Flume Ridge For ma tion in the Big Lake, Waite,
and Kellyland quad ran gles (Ludman, 1981).  The bend of the
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South Prince ton-Crawford fault zone, and its in ferred re ac ti va -
tion as a strike-slip fault is prob a bly re lated to D5.  If so, it is the
only D5 fault that serves as a bound ary be tween lithotectonic
blocks in south east ern Maine.  This fault zone, sep a rat ing the
Fred er ic ton trough and St. Croix belt, ex tends sev eral miles into
New Bruns wick, but was pre vi ously in ter preted as a thrust
(Ruitenberg, 1967; Ruitenberg and Ludman, 1978).  In ter est -
ingly, most mi nor struc tures along the shore of Pocomoonshine
Lake in di cate that strike-slip sep a ra tion was mostly of a sinistral
na ture in the Pocomoonshine Lake fault.  

D6 De for ma tion

Small scale asym met ric (sinistral) folds, kinks, and warps
de form all other struc tural el e ments in the Big Lake quad ran gle.
They are found through out east ern Maine, but are most abun dant 
near NW-trending shear zones and are thought to have formed
dur ing a very late fault ing event.  The folds trend 280-295°,
plunge very steeply (70-85°) to both north west and south east,
and com monly have quartz-filled frac tures par al lel to their hinge 
sur faces.  Near-ver ti cal shears par al lel the hinge sur faces and ex -
hibit sub-hor i zon tal slick en sides.  These slick en sides and the
uni formly sinistral ro ta tion sense of the mi nor folds in di cate
left-lateral strike-slip separation.

There are few places where ap pro pri ately ori ented faults
pro duce mappable off set in east ern Maine, but two of these are in 
the Big Lake quad ran gle.  One off sets faults of the D4 South
Prince ton-Crawford fault zone in the south east cor ner of the
quad ran gle; the other dis places the con tact be tween the
Pocomoonshine gab bro-diorite and its host rocks just north of
Seavey Ridge.  Max i mum off set is ap prox i mately 0.35 miles.

Tim ing of De for ma tion Events

The se quence and na ture of events in the Big Lake quad -
ran gle have been un rav eled, but there is con sid er able re gional
tec tonic sig nif i cance to the tim ing of these de for ma tions, and
some of the im pli ca tions of the scheme out lined in Fig ure 3 are
con tro ver sial.  Sev eral tec tonic mod els hold that pre-Aca dian,
post-Cadomian de for ma tions did not af fect rocks of the
Avalonian block.  Since the pre-Si lu rian rocks of the study area
are con sid ered cor re la tive with those of the Avalonian Saint
John Group, the pos tu lated pre-Si lu rian age for D1 con tra dicts
those mod els.  It is im por tant to fully un der stand the cur rent state
of ev i dence for the tim ing of the de for ma tion events de scribed
above, and the bases for both sides of the argument.

Ev i dence for D1 is re stricted to rocks of the Cookson
Group.  The Flume Ridge, Digdeguash, and Pocomoonshine
Lake For ma tions are tightly folded, but dis play none of the
folded cleav ages and re folded folds ob served in the Kend all
Moun tain and Wood land For ma tions.  The ab sence of F1 folds
from the Fred er ic ton trough can be ex plained in sev eral ways, in -
clud ing the hy poth e sis fa vored here:  that the D1 event oc curred
prior to de po si tion of the Flume Ridge and Digdeguash For ma -

tions.  The re gional dis tri bu tion of folds older than F2 sup ports
this hy poth e sis:  there is no ev i dence of F1 in ei ther of the Si lu -
rian/De vo nian tracts that flank the St. Croix belt.  Most mod el ers
agree that the coastal vol ca nic belt was erupted onto Avalon, so
that if Si lu rian or post-Si lu rian de for ma tion had caused F1 de for -
ma tion in the St. Croix belt, it would also have af fected the
Siluro-De vo nian vol ca nic suite.  Fur ther more, pre-Si lu rian folds 
re ap pear north of the Fred er ic ton trough in Mid dle Or do vi cian
vol ca nic rocks of the Miramichi anticlinorium (Sayres and
Ludman, 1985; Ludman, 1985b).  This ev i dence strongly ar gues
for a pre-Si lu rian age for F1.  Stud ies of the for mer Cookson
“For ma tion” at its type lo cal ity have led Stringer and Burke
(1985) to also con clude that there had been pre-Si lu rian de for -
ma tion of the St. Croix belt in south west ern New Bruns wick.
How F1 is re lated to the Mid dle Or do vi cian Tacon ic orog eny is
un known at this time, but its ex is tence suggests interaction of
some kind between Avalon and the terranes to the northwest
during Ordovician times.

Pre vi ous stud ies in the Big Lake-Calais area, in clud ing my
own, had not rec og nized the pos si bil ity of pre-Si lu rian fold ing,
and all struc tures were thought to be Aca dian or post-Aca dian.
In my ear lier anal y ses, I had thought that re cum bent fold ing (F3)
pre ceded the re gional up right fold ing (here des ig nated as F2).  I
have re versed this or der be cause the gently dip ping S3 cleav age
ap pears to be un af fected by re gional F2 fold ing, and is only de -
formed lo cally in what are in ter preted as D4 faults.

Early Aca dian re cum bent fold ing and/or thrust ing have
been pos tu lated for cen tral Maine (Osberg, 1980), west ern New
Bruns wick and ad ja cent north east ern Maine (Rast et al., 1980),
and coastal Maine near Penobscot Bay (Kaszuba and Wones,
1985), so that an early Aca dian af fin ity for F3 must still be con -
sid ered.  F2 now ap pears to be older than the re cum bent fold ing,
and for rea sons dis cussed be low, is at trib uted to an early phase of 
the Aca dian event.  F3 is ten ta tively as signed to a slightly later
stage of the same orogeny.

An ar gu ment can be made (and has been) that the St. Croix
and Fred er ic ton trough belts are “ex otic” with re spect to one an -
other, and were brought to gether along a transcurrent fault com -
pa ra ble to the su ture pro posed by Kent and Opdyke (1978) (the
left-lat eral ep i sode of mo tion on the South Prince ton-Crawford
zone??).  Zen (1983) and Naylor (1985) have ar gued that there
are sev eral su tures of this type in the north ern Ap pa la chians, but
sev eral points of ev i dence ar gue against this pos si bil ity.  These
in clude:  the pres ence of the late Si lu rian Salinic un con formity
on both sides of the South Prince ton-Crawford fault zone, the
sim i lar ity of F2 folds from the coast to north ern Maine, and the
re gional scale Early De vo nian plutonic event throughout the
eastern part of the state.  

IGNEOUS ROCKS

The Big Lake quad ran gle lies just north of a zone of large
mafic and fel sic plutons as signed to the Bays-of-Maine Ig ne ous
Com plex by Chap man (1962).  In the Big Lake area, this com -
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plex sep a rates the coastal vol ca nic belt from the St. Croix belt
and Fred er ic ton trough (Osberg et al., 1985).  Al though ig ne ous
rocks are not as abun dant or as var ied as in sev eral ad ja cent
quad ran gles, they do un der lie a large por tion of the Big Lake
quad ran gle.  Ultra mafic through in ter me di ate rocks of the
Pocomoonshine gab bro-diorite com prise the larg est sin gle
pluton, and a small diorite body oc curs near Love Lake in the
south east cor ner of the quad ran gle.  Small fel sic plugs have in -
truded metasedimentary and mafic rocks in the south west and
south-cen tral parts of the area, but their bound aries shown on the
ac com pa ny ing map are sig nif i cantly dif fer ent from those shown
by Larrabee (1964) and Larrabee et al. (1965).  Gra nitic rocks on
Am a zon Moun tain at the ex treme north west cor ner of the quad -
ran gle are part of the extensive Lead Mountain pluton (Osberg et
al., 1985).

Plutonic rocks of east ern Maine have been the sub ject of
sev eral pre vi ous stud ies.  Ayuso (1979, 1982) has mapped
mineralogic, struc tural, and iso to pic vari a tions within the Bot tle
Lake Com plex to the north, and Abbott (1977, 1978) has sim i -
larly sub di vided the Red Beach gran ite in the Robbinston 15’
quad ran gle to the east.  Amos (1963) car ried out a sur vey of in -
tru sive rocks in the Calais and Robbinston quad ran gles, and ra -
dio met ric ages of sev eral of the granitoids have been re ported by
Amos (1963), Spooner and Fairbairn (1970), and Faul et al.
(1963).  Most re cently, Hill has re mapped plutons in the Calais
area (Ludman and Hill, 1990), and Jurinski (in prep a ra tion) has
stud ied gran ite-gab bro re la tion ships in the east-cen tral part of
the same quadrangle.  

Spe cial at ten tion has been given to the mafic plutons.
Hous ton (1956) and Coughlin (1981) re ported on the St. Ste phen 
and Sta ples Moun tain gab bros in the Calais quad ran gle, and
Larrabee et al. (1965) were the first to men tion compositional
vari a tions in the Pocomoonshine gab bro-diorite.  The most ex -
ten sive and de tailed stud ies of plutonic rocks in the Big Lake
quad ran gle have been by Westerman (1972, 1973, 1978), who
rec og nized lith o logic and chem i cal vari a tions within the
Pocomoonshine pluton, and pos tu lated a dif fer en ti a tion model
for its development.

My map ping has fo cused on strati graphic and struc tural
com plex i ties of the strat i fied rocks of east ern Maine, and my
stud ies of the ig ne ous rocks have aimed at un der stand ing their
re la tion ships to the rock units and struc tural el e ments de scribed
ear lier.  I have thus not at tempted a de tailed in ves ti ga tion of the
plutons, and only a brief sum mary of their rocks will be pre -
sented here.  Those in ter ested in de tails of the min er al ogy, chem -
is try, and tex tures of the ig ne ous rocks are referred to the
references cited above.  

Se quence of In tru sion

Through out east ern Maine, mafic mag mas have con sis -
tently been found to be the ear li est ma te ri als in truded, fol lowed
by pro gres sively more fel sic bod ies (Amos, 1963; Abbott, 1978;
Coughlin, 1981; Ludman, 1978; Ludman and Hill, 1990).  The

Big Lake quad ran gle is no ex cep tion to this scheme.  The small
fel sic plugs found in the Pocomoonshine gab bro-diorite clearly
cut lay er ing and en close xe no liths of the mafic rock.  Re la tion -
ships be tween the Love Lake quartz diorite and the fel sic rocks
are less clear, since the two types are no where in con tact.  The
diorite is thought to be older than the granitoids, based solely on
regional relationships.

The re la tion ships be tween plutonism and tectonism, how -
ever, are quite clear, and pro vide a method for dat ing the
deformational events.  The Pocomoonshine gab bro-diorite cuts
F2 folds in both the Fred er ic ton trough and St. Croix belt, and
other gab bros cut F1, F2, and F3 in the Calais quad ran gle.  In con -
trast, high-an gle D4 and D5 faults cut the Pocomoonshine pluton,
so that the age of the body serves as a min i mum age for D2 and a
max i mum age for D4.  Some of the gra nitic rocks that in trude the
Pocomoonshine gab bro-diorite have a fo li a tion that par al lels D5

faults, sug gest ing that their em place ment may have been con -
tem po ra ne ous with or con trolled by D5.  North west-trending
shears of D6 cut all rocks of the area, in clud ing the plutons, in di -
cat ing that D6 was the last deformational event.

Pocomoonshine Gab bro-Diorite

The Pocomoonshine gab bro-diorite un der lies most of the
low land and lake area in the east-cen tral and south-cen tral parts
of the quad ran gle, in clud ing Crawford, Lower Mud, Up per
Mud, and Pocomoonshine Lakes.  Its west ern con tact with the
Digdeguash For ma tion roughly co in cides with the 200é con tour
on Seavey Ridge and with the 300é con tour along Hunt ley and
Hawkins Ridges.  The el e va tion of these high lands is due to the
ero sional re sis tance of the au re ole sur round ing the pluton, a re la -
tion ship also re flected by Ce dar Grove Ridge on the east mar gin
of the body.  Mafic rock sup ports Pocomoonshine Moun tain, one 
of the high est points of the quad ran gle.  This was ap par ently also
due to a re sis tant hornfels cap, but most of that pro tec tive rock
has been re moved by ero sion.  Only a few roof pen dants remain,
exposed at the very top of the mountain.

Sim i lar hills con sist ing of hornfels or hornfels and gab bro
mark the north ern edge of the pluton, but the south ern bound ary
is in an area of thick gla cial cover and is far less def i nite.
Westerman (1972, p. 120-121) pre sented ar gu ments based on
grav ity sur veys that in di cated the south ern ter mi nus of the body
to lie within the Big Lake quad ran gle, north of Route 9.  Larrabee 
et al. (1965) mapped the pluton as ex tend ing across Route 9 into
the Wes ley quad ran gle, and later map ping by Westerman (1978)
sup ports this view.  There is no out crop at all in the area in ques -
tion, and in the ab sence of bed rock con trol I have mapped the
pluton as ex tend ing into the Wes ley quad ran gle where it forms
part of a large bi modal plutonic complex (Westerman, 1978).

Larrabee et al. (1965) mapped a sur face con nec tion be -
tween the Pocomoonshine and Love Lake mafic bod ies, but I
have found metasedimentary rocks in part of the sup pos edly ig -
ne ous ter rain.  It is clear from the high grade of con tact meta mor -
phism in the south east cor ner of the Big Lake and south west
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cor ner of the ad ja cent Calais quad ran gles that one or more mafic
bod ies must lie close to the sur face there.  Sub-sur face con nec -
tion of the Pocomoonshine and Love Lake bod ies is con sid ered
likely, but they are not joined at the surface.

Shape.  The subsurface shape of the Pocomoonshine gab -
bro-diorite is in ter preted pri mar ily on the width of its con tact au -
re ole and on grav ity data.  Steep con tacts are in di cated to the east
and north where D4 and D5 faults trun cate the pluton and its au re -
ole.  The west ern con tact, how ever, is much gen tler be cause the
an da lu site isograd ex tends more than 2 miles from the last sur -
face ex po sure of ig ne ous rock and other con tact ef fects even far -
ther.  An da lu site grade rocks near Ho sea Pug Lake and on Love
Ridge and Harmon Moun tain seem to be re lated to a gra nitic
stock, not to the Pocomoonshine body.

Westerman (1972) cited grav ity data as ev i dence for a
sheet-like shape for the pluton, and con cluded that it is a floored
in tru sion with a likely thick ness of 1.6-4.8 km.  Heat flow mod -
els based on min eral as sem blages and min eral chem is try in
Digdeguash For ma tion hornfelses, along with es ti mated
liquidus tem per a tures for the gab bro, sug gest that the lower fig -
ure may be more rea son able (Bromble, 1983; Ludman et al.,
1989).  Smaller sheet-like bod ies of lay ered gab bro also crop out
just a few miles to the east in the Calais quad ran gle (Ludman,
1974; Coughlin, 1981, 1982).

Li thol ogy.  A wide va ri ety of rocks is found within the
pluton, rang ing from peridotite to quartz diorite.  Larrabee et al.
(1965, p. 119) noted this vari a tion, but Westerman (1972) was
the first to dem on strate that the pluton is sys tem at i cally zoned.
He showed that ex po sures at the high est el e va tions (e.g. on
Pocomoonshine Moun tain) and those in the north west part of the 
pluton are the most mafic, and that out crops at lower el e va tions
and to the south are of pro gres sively less mafic rock.  His zones
in cluded troctolite at the top of Pocomoonshine Moun tain;
pyroxene, pyroxene+hornblende, and hornblende gab bros be -
neath the north ern part of Pocomoonshine Lake; and a va ri ety of
hornblende diorites, some con tain ing quartz and bi o tite, form ing 
the bulk of the south ern part of the body.  My field work and pre -
lim i nary petrographic ex am i na tion gen er ally agree with
Westerman’s (1978) con clu sions.  His modal anal y ses of rep re -
sen ta tive rocks from each of the zones are sum ma rized in Ta ble
1.  Those seek ing more de tails of mineralogy and texture are
referred to Westerman (1972).

Small, dis con tin u ous ultra mafic masses are found in sev -
eral places in the pluton.  Most are re stricted to the more mafic
up per part of the body, but three have been found at the level of
Pocomoonshine Lake—at the north shore and on two of the
more north erly is lands.  These rocks are very dark gray to black,
and Westerman (1972) iden ti fied them as ol iv ine norite and
feldspathic hornblende-bear ing mica peridotite.

The compositional vari a tions in the pluton are clearly re -
flected by color changes from north west to south east.
Melanocratic and mesocratic rocks un der lie most of
Pocomoonshine Moun tain, whereas mesocratic and leucocratic
rocks com prise most of the lake-level ex po sures.  Diorites in the

south east ern part of the body are par tic u larly light col ored, with
a dis tinc tive salt-and-pep per appearance.  

Three types of fo li a tion have been ob served within the
pluton.  A pri mary compositional band ing is weakly de vel oped
in the more mafic parts of the body near Pocomoonshine Moun -
tain and is ex pressed as al ter nat ing bands of dark col ored mafic
rock and slightly lighter, some what more feldspathic ma te rial.
Bound aries be tween lay ers are dif fuse and do not dis play the
sharp top and bot tom con tacts typ i cal of the cu mu late rocks of
the Sta ples Moun tain gab bro in the Calais quad ran gle.  An other
pri mary fo li a tion ap pears to be due to mix ing or min gling of two
dif fer ent mag mas.  Leucocratic lay ers, some con tain ing quartz,
oc cur with meso- and melanocratic lay ers in which hornblende
and pyroxene are abun dant.  Con tacts are dif fuse and some of the 
lay ers anastomose.  A sec ond ary fo li a tion caused by shear ing is
also pres ent in places.  It is de fined by par al lel ism of chlorite
flakes and smear ing of grains in mafic mylonites par al lel to D4

faults.  Close-spaced frac tures typ ify the Pocomoonshine Moun -
tain fault where it cuts the mafic rocks, but no foliation has been
observed along its trace.

Min er al iza tion.  Finely dis sem i nated sul fides, in clud ing
py rite, pyrrhotite, pentlandite, and chal co py rite, are found
through out the Pocomoonshine gab bro-diorite, but gen er ally
com prise less than 1% of the rock.  These min er als com monly
oc cur as small sin gle crys tals, but glomerocrysts as large as 3 cm
in di am e ter may be pres ent lo cally.  Con cen tra tions of these min -
er als have not been suf fi cient to warrant industrial interest.

Gos san as so ci ated with the Pocomoonshine Moun tain
fault, how ever, was pros pected by the El Paso Nat u ral Gas Com -
pany in 1971.  Sec ond ary min er al iza tion in this fault oc curred
where it cut the pluton on the north west slope of Pocomoonshine
Moun tain and re sulted in en rich ment of chal co py rite, pyrrhotite, 
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TA BLE  1:  REP RE SEN TA TIVE  MODAL ANAL Y SES  OF  THE
POCOMOONSHINE  GAB BRO-DIORITE*

 (Data com piled from Westerman, 1972)

Min eral    1 2 3 4 5 6 7 8

Plagioclase 31-51% 48-71% 17% 0-25% 50-70% 41-53% 38-55% 44-61%
Ol iv ine   33-66 5-17 7 12-25 —- —- —- —-
Orthopx   tr—5 0—4 57 20-48 7-34 0-14 —- —-
Clinopx   1—8 20-40 15 tr—3 0-39 tr-13 —- —-
Hornblende 1—3 tr—5 1 12-35 tr-11 17-55 41-59 24-46
Bi o tite     —- —- 1 4-20 tr-2.5 0—9 0-tr 2-12
Op aques     1 tr-1 2 tr—1 tr—4 tr—2 tr—4 1—3
Quartz     —- —- - —- 0-0.5 0—9 0-tr 0-14
Ap a tite    —- —- - —- 0—2 0—1 0—1 tr—2

*Ranges are shown be cause of wide vari abil ity within each rock type.
1. Troctolite (2 anal y ses)
2. Ol iv ine gab bro (5)
3. Ol iv ine norite (1)
4. Feldspathic mica peridotite (3)
5. Gab bro-norite (9)
6. Pyroxene-bear ing hornblende gab bro (5)
7. Hornblende gab bro-diorite (8)
8. Bi o tite and/or quartz-bear ing hornblende diorite (13)



and pentlandite to sev eral times their nor mal abun dances.  The
rock in the fault zone is a deeply weath ered, highly fri a ble li mo -
nite- and iron sul fate-stained mafic fault gouge.  Westerman
(1972, p. 120) sug gested that en rich ment was caused by hy dro -
ther mal flu ids that had leached the sul fides from else where in the 
pluton.  This seems to be the most likely ex pla na tion, par tic u -
larly since the sul fides in the min er al ized zone are the same as
those found throughout the body.

Evo lu tion of the pluton.  Westerman (1972, p. 91-118)
sug gested that crys tal li za tion of the vis i ble part of the pluton in -
volved dif fer en ti a tion of an orig i nal tholeiitic magma, with so -
lid i fi ca tion fol low ing a down ward mi grat ing crys tal li za tion
front.  Magma con vec tion and ion dif fu sion at the front were
thought to have con trolled the his tory of the up per part of the
body.  Later stud ies of ma jor and trace el e ment frac tion ation sup -
port this model (Westerman, 1981).  The peridotite masses are
in ferred to be of pri mary mag matic or i gin rather than man tle xe -
no liths.  They were prob a bly lo cal con cen tra tions of ferro mag -
nesi an min er als that even tu ally sank through the upper part of
the body to their final positions.  

Westerman (1972, p. 120-126) used grav ity data to iden tify 
high-den sity cu mu late rocks at depth within the pluton, im ply ing 
that the body may have cooled sym met ri cally and that the
hornblende-quartz diorites at lake level in the south may rep re -
sent the most dif fer en ti ated re sid ual liq uid.  Coughlin (1981,
1982) sug gested pre cisely this evo lu tion for the much smaller
Sta ples Moun tain pluton in the Calais quad ran gle, and the pres -
ence of other small, strongly dif fer en ti ated and lay ered mafic
masses in the Calais area sug gests that this evo lu tion ary scheme
was com mon in the gabbroic por tion of the Bays-of-Maine
Igneous Complex.

Stud ies of the ther mal his tory of the Pocomoonshine
pluton, how ever, sug gest a his tory of mul ti ple magma in jec tions
sep a rated by enough time to per mit cool ing in the au re ole
(Bromble, 1983; Ludman et al., 1989).  This model en vis ages
early in tru sion of gab bro, fol lowed by em place ment of a larger
mass of diorite.  The gab bro may have been in jected as a
sheet-like body, but the diorite is thought to have been more
irregular.

Age.  The ab so lute age of the Pocomoonshine gab -
bro-diorite is vi tal in re con struct ing re gional tec tonic his tory, as
well as in set ting a min i mum age for the unfossiliferous host rock 
that it in trudes.  Un for tu nately, the age of the body is not firmly
es tab lished.  Westerman (1972, p. 148; 1973) re ported K/Ar ages 
of bi o tite from a peridotite lens and hornblende from a
hornblende gab bro as 408 æ14 and 423 æ24 m.y. re spec -
tively—both Si lu rian ages.  As dis cussed above, these ages are
dif fi cult to rec on cile with strati graphic ages based on on-strike
con tin u a tion of the Flume Ridge For ma tion into Si lu rian strata
of cen tral Maine, and with the Late Si lu rian and Siluro-De vo -
nian ages pro posed for the Digdeguash and Flume Ridge
Formations by Ruitenberg (1967).

Nei ther the ra dio met ric nor the strati graphic ar gu ments are
to tally con vinc ing at this time.  Ruitenberg (pers. commun.,

1982) has pointed out that K/Ar ages for mafic rocks in New
Bruns wick have of ten proved ex tremely un re li able, and prob -
lems of ex cess ar gon in mafic rocks are well known.  On the
other hand, the fa cies in ter pre ta tion on which the ages of the
Flume Ridge and Digdeguash For ma tions were first es tab lished
has been re futed (Fyffe, pers. commun., 1989).  At tempts to date
re lated mafic rocks in the Calais quad ran gle are now fo cus ing on
Nd/Sm and Rb/Sr min eral pair tech niques, but are not yet com -
pleted.  Microfloral re mains re ported ear lier in di cate that the
Flume Ridge For ma tion is prob a bly of Si lu rian or Siluro-De vo -
nian age, suggesting an Early Devonian age for the pluton.

Love Lake Quartz Diorite

Mesocratic rocks of quartz dioritic com po si tion are ex -
posed on the dirt road east of Love Lake in the south east cor ner
of the Big Lake quad ran gle, where they in trude high grade
hornfelses of the Wood land For ma tion.  The area is one of thick
gla cial cover so that the con tacts of this body are dif fi cult to de -
fine, but Westerman (1972) in di cated that the diorite oc cu pies
the en tire low land filled by Love Lake.  Only the north ern most
part of this pluton lies in the Big Lake quad ran gle; the larg est
por tion is in the north ern part of the adjacent Wesley quadrangle.

Thin sec tions of quartz diorite from the Love Lake pluton
are very sim i lar to those from the south east ern mar gin of the
Pocomoonshine gab bro-diorite near Ce dar Ridge, but the two
are mapped as sep a rate bod ies (at least on the sur face) for the
rea sons pre sented above.  

Other than by pos  s i  b le  con nec t ion wi th  the
Pocomoonshine pluton, there is lit tle ev i dence for the age of the
Love Lake quartz diorite.  It ap pears to cut D2 and D3 folds, and
an Early De vo nian age is con sid ered most likely.

Gra nitic Rocks

Small bod ies of gran ite crop out in the south west ern part of
the map area, in trud ing the Digdeguash For ma tion and
hornblende diorites of the Pocomoonshine pluton.  In ad di tion, a
por tion of the Lead Moun tain pluton is ex posed in the north west
cor ner of the quad ran gle on Am a zon Moun tain.  Larrabee
(1964) and Larrabee et al. (1965) mapped two gra nitic plugs in
the south west cor ner of the quad ran gle.  One of these, Larrabee’s 
“Love Ridge Quartz Monzonite,” is much smaller than he
mapped it, and the other does not seem to exist at all.

Love Ridge Quartz Monzonite.  Larrabee (1964) mapped
most of Love Ridge and low lands to the north east and south west
as be ing un der lain by gran ite, but showed lit tle out crop con trol
for this body’s size and shape.  I have found small gran ite out -
crops on the road lead ing west onto Love Ridge and a few oth ers
nearby, but chlorite grade rocks of the Flume Ridge and
Digdeguash For ma tions crop out within the area des ig nated as
ei ther pluton or con tact au re ole by Larrabee (1964).  Ac cord -
ingly, a much smaller body is shown on the ac com pa ny ing geo -
logic map.  A small apophysis of the Love Ridge quartz
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monzonite was shown by Larrabee (1964) ex tend ing north east -
ward from Ho sea Pug Lake.  I was un able to find gra nitic bed -
rock in the des ig nated area, al though the Digdeguash For ma tion
there has been heated to an da lu site grade.  Large gran ite float
blocks are very abun dant be tween Love Ridge and Ho sea Pug
Lake, but these ap pear to have come from the Lead Moun tain
pluton, lo cated in an up-gla cial di rec tion from the area, rather
than from a pluton ex posed lo cally at the sur face.  The apophysis
is thus not shown on the geo logic map.  There is pos si bly a gra -
nitic body that co mes close to the surface in the area, but it is not
exposed.

The Love Ridge pluton, con sid er ably re duced in size, is
none the less there and is com posed of me dium grained (0.5-2.5
cm) gray bi o tite quartz monzonite.  The few ex po sures on the
east slope of Love Ridge are of hypidiomorphic gran u lar to
subporphyritic rocks lack ing pri mary or sec ond ary fo li a tion.
Small shears cut one of the out crops, but do not re sult in ex ten -
sive cataclasis. 

Gra nitic Rocks Cut ting the Pocomoonshine Gab -
bro-Diorite. Two small bod ies of bi o tite gran ite have been
mapped within the Pocomoonshine gab bro-diorite.  These are
com posed of chalky weath er ing, light gray, me dium to
coarse-grained gran ite that lo cally shows strong fo li a tion.
Quartz (37-44%), microcline (32-35%), and al bite (15-18%) are
the prin ci pal con stit u ents, with smaller amounts of bi o tite.  Gar -
net and zir con are the most abun dant accessory minerals.

Fo li a tion de fined by par al lel ism and con cen tra tion of bi o -
tite flakes is most ob vi ous near the con tacts of these small bod -
ies, but can be ob served within them as well.  In all in stances,
fo li a tion par al lels D5 fault traces.  Peg ma tite and aplite veins as -
so ci ated with the gran ites cut the ad ja cent mafic and in ter me di -
ate rocks.  Con tact re ac tion be tween gran ite and diorite has
pro duced a thin (2 cm) rim of hy brid rock around the southern
granite body.

The Pocomoonshine pluton has in tensely meta mor phosed
the Digdeguash For ma tion near these bod ies, and lo cally caused
par tial melt ing (see be low).  Small in situ pods of anatectic melt
sim i lar to the rocks of these two bod ies are com mon in the
migmatized Digdeguash For ma tion, and the small plugs may
rep re sent the larg est masses of mobilizate in the quadrangle.

Lead Moun tain Pluton.  Nearly all of Am a zon Moun tain
is un der lain by gra nitic rocks mapped by Larrabee et al. (1965)
as part of the Wabassus Lake quartz monzonite.  In a more re cent
study, Loiselle and Ayuso (1979) in cor po rated these rocks into
their Lead Moun tain pluton, a large in tru sion with an area of ap -
prox i mately 1400 km2.  They in di cated that this pluton is dis -
tinctly dif fer ent from the Bot tle Lake Com plex to the north, and
is sep a rated from it by the Norumbega fault zone.

The rocks on Am a zon Moun tain are me dium grained,
pink ish-gray gran ites com posed of quartz, pink microcline, and
white al bite/oligoclase, with very mi nor amounts of bi o tite and
hornblende.  Grain size is some what finer than that re ported by
Larrabee et al. (1965, p. 21) for the Wabassus Lake pluton, and
the Am a zon Moun tain ex po sures prob a bly rep re sent a slightly

chilled bor der fa cies.  Al though the rocks on Am a zon Moun tain
are thought to be cut by two branches of the Norumbega fault
zone, they show only slight ev i dence of cataclasis, and noth ing
like the min er al ized fault gouge ob served in the Pocomoonshine
gabbro-diorite.

Ages of the Gra nitic Rocks.  Ra dio met ric ages have not
been de ter mined for any of the gra nitic rocks dis cussed here.
These rocks cut D2 iso cli nal folds in the Digdeguash and Flume
Ridge For ma tions as well as in tru sive rocks of the
Pocomoonshine gab bro-diorite and must be youn ger than these
fea tures.  At least one of the bod ies, the Lead Moun tain pluton, is
cut by D5 faults, al though the small gran ite plugs within the
Pocomoonshine pluton show a fo li a tion sug ges tive of em place -
ment dur ing D5.

The struc tural po si tions of these rocks are com pa ra ble to
those of sim i lar granitoids in ad ja cent ar eas:  the Bot tle Lake
pluton in the Scrag gly Lake, Spring field, Winn, and Wabassus
Lake quad ran gles; the Pokiok pluton in the Danforth, Am ity, and 
For est quad ran gles; and the Bar ing, Char lotte, and Meddybemps 
gran ites in the ad ja cent Calais quad ran gle.  All of these bod ies
have been dated ra dio met ri cally as Early to early Mid dle De vo -
nian (Faul et al., 1963; Spooner and Fairbairn, 1970; Ayuso and
Arth, 1983), al though Jurinski has re ported a pre lim i nary Si lu -
rian age for the Bar ing gran ite (see Ludman and Hill, 1990).  An
Early De vo nian age is pro posed for the gran ites of the Big Lake
quad ran gle, al though tem po ral re la tion ships among the different 
bodies are unknown.

METAMORPHISM

Meta mor phism of the strat i fied rocks in the Big Lake quad -
ran gle, in deed of most of the rocks in south east ern Maine, was
ther mal, con trolled by em place ment of mafic and fel sic plutons
fol low ing D3 de for ma tion.  Re gional meta mor phism is ob serv -
able only in ar eas far from pluton con tacts, where it is in di cated
by a weak fo li a tion of mus co vite and chlorite flakes in pelitic
rocks and by for ma tion of these min er als in sand stones of
appropriate composition.

Re gional Meta mor phism

Re gional meta mor phic in ten sity was uni formly very low in 
east ern Maine, cor re spond ing to con di tions of the lower
greenschist fa cies (chlorite zone) re gard less of the age or struc -
tural com plex ity of the rocks.  Thus, the Cookson Group has un -
der gone only chlorite grade re gional meta mor phism de spite
hav ing been in tensely folded be fore de po si tion of the Fred er ic -
ton trough strata, and twice af ter ward.  Nei ther pre-Si lu rian (D1)
nor Aca dian (D2,3) de for ma tion in the Big Lake quad ran gle were
ac com pa nied by meta mor phism more in tense than chlorite
grade.  Sim i lar low grades were re corded by pre-Si lu rian rocks
of the Miramichi anticlinorium to the north (Ludman, 1981,
1983) and the Siluro-De vo nian vol ca nic rocks to the south
(Gates, 1977).  The rocks of east ern and south east ern Maine thus
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pre serve only the shal low est crustal history of these Paleozoic
orogenic events.

Min eral as sem blages of the metasedimentary rocks in the
chlorite zone in clude:  mus co vite-quartz-plagioclase (arenites of 
the  Kend a ll  Moun ta in  For  ma t ion) ;  mus co -
vite-chlorite-quartz-plagioclase-car bon-py rite (Kend all Moun -
ta in  For  ma t ion and Pocomoonshine Lake pel ites) ;
chlorite-mus co vite-quartz-plagioclase (pelites of the
Digdeguash For ma tion and non-cal car e ous rocks of the Flume
Ridge For  ma t ion) ;  and chlori te-mus co -
vite-quartz-plagioclase-cal cite æ an ker ite (cal car e ous rocks of
the Flume Ridge For ma tion).  Rock frag ments are also pres ent in
the coarse clastic rocks of the Kend all Moun tain and
Digdeguash For ma tions.  Nei ther the Wood land nor Calais For -
ma tions are exposed in chlorite grade outcrops.

Con tact Meta mor phism

Well de vel oped ther mal au re oles sur round the plutons of
east ern Maine, par tic u larly mafic bod ies such as the
Pocomoonshine gab bro-diorite.  Con tact ef fects range from a
slight in crease in grain size of mus co vite and the ap pear ance of
bi o tite, to par tial melt ing of the Digdeguash For ma tion at the
con tact with the gab bro.  In ter me di ate con di tions are in di cated
by the ap pear ance of cor di er ite, an da lu site, gar net, staurolite,
and sillimanite in pelitic rocks; clinozoisite, actinolite, di op side,
gar net, and wollastonite in cal car e ous rocks; and chlorite and
actinolite in mafic meta vol can ic rocks.  The au re oles are mostly
raised to con di tions of the al bite-epidote hornfels and
hornblende hornfels fa cies, but the in ner most zones of the mafic
au re oles and xe no liths in the gabbros contain assemblages of the
pyroxene hornfels facies.

Most of the ther mally meta mor phosed rocks dis play ei ther
an equidimensional granoblastic tex ture or a porphyroblastic
tex ture where one or more of the in dex min er als have formed.  A
strong schistosity, how ever, is found in pelites of the Wood land
and Digdeguash For ma tions at high grade, where mi metic crys -
tal li za tion of mus co vite has pre served and height ened orig i nal
S2 re gional metamorphic foliation.  

Each of the for ma tions can be traced through a dis tinc tive
se ries of tex tures and min eral as sem blages with in creas ing meta -
mor phic grade.  This per mits them to be readily iden ti fied at any
grade, and also re quires that these changes be detailed here.

Cookson Group.  Pelites in all for ma tions of the Cookson
Group change mark edly with in creases in grade.  Car bo na ceous
pelites are con verted from sooty, strongly cleaved slates to black, 
some what sooty dense hornfelses with only lim ited fissility.
Small porphyroblasts of cor di er ite and an da lu site form in me -
dium grade car bo na ceous pelites, and both poikiloblastically en -
close car bon, quartz, and mica grains.  Cy clic ra dial twinning is
com monly pres ent in the cor di er ite, and in clu sions in that min -
eral may also pre serve S2 and S1 foliations.  The rusty weath er ing 
of low grade ex po sures is in many cases en hanced in the higher
grade rocks.  Typ i cal as sem blages, all in clud ing car bon and sul -

fide are:  mus co vite-quartz-plagioclase-cor di er ite; mus co -
vite-plagioclase-quartz-cor di er ite-an da lu site.  Sillimanite ap -
pears in place of an da lu site near gab bro con tacts, and
sillimanite-potassic feldspar assemblages are common near the
migmatite zones.

Psammites of the Cookson Group vary in their re sponse to
meta mor phism.  Arenites and wackes of the Kend all Moun tain
For ma tion change lit tle min er al og i cally, but recrystallize to
denser tex tures with su tured grain con tacts.  Wackes of the
Wood land For ma tion be come pur plish at the bi o tite isograd and
a dense granofels is pro duced.  Interbedded pelites in crease in
grain size and 0.5 to 1.5 mm mus co vite flakes ap pear in both car -
bo na ceous and non-car bo na ceous types.  Higher grades are
marked by the ap pear ance first of small equant porphyroblasts of 
cor di er ite and then by an da lu site crys tals the size and shape of
grains of rice.  These min er als form in both sand stone and pelite
of the Wood land For ma tion, but are larg est and most abun dant in 
the pelites.  On weath ered sur faces, cor di er ite is re moved to form 
small pits whereas an da lu site stands up slightly in re lief.  Most
pri mary sed i men tary fea tures sur vive un til the sillimanite
isograd, but even bed ding dis ap pears in the in ner most migmatite 
zones of the con tact au re oles.  Sillimanite first ap pears as white
fib ro lite nee dles in pelites, but oc curs as green ish or gray prisms
a few millimeters long near the gabbro contacts in both pelite and 
sandstone.

Char ac ter is tic as sem blages in the Wood land For ma tion in -
clude:   mus co vite-bi o tite-quartz-cor di er ite-plagioclase; mus co -
vite-bi o tite-quartz-plagioclase-cor di er  ite-an da lu site;
mus co vite-bi o tite-quartz-plagioclase-sillimanite; and mus co -
vite- bi o tite-quartz-plagioclase-sillimanite-microcline.  Small
flakes of mus co vite and chlorite par tially re place cor di er ite, and
seri cite com monly re places an da lu site, prob a bly as a ret ro grade
prod uct as so ci ated with em place ment of granitoids fol low ing
higher-grade metamorphism associated with the gabbros.

Anatectic migmatite zones sur round mafic rock bod ies in -
truded into the Wood land For ma tion and ex hibit dis tinc tive tex -
tures  and min er  a l  ogy.   Chalky whi te-weath  er  ing
quartzofeldspathic leucosome with small sul fide-rich knots oc -
curs as mas sive out crops en gulf ing dis con tin u ous, swirl ing rafts
of melanosome com posed of sillimanite, bi o tite, quartz,
microcline, plagioclase, and some times mus co vite.  Green
spinel is pres ent in a few lo cal i ties as well.  An da lu site and cor di -
er ite porphyroblasts sur vive metastably in some of the
melanosomes.  Gneissic rocks com posed of al ter nat ing
leucosome and melanosome bands 1-2 mm thick are com mon.
In situ mobilizate pods and lenses rang ing from a few cen ti me -
ters to about a me ter in length char ac ter ize migmatites in the
south west part of the Calais quad ran gle, but have not been ob -
served in ad ja cent parts of the Big Lake area be cause of poor out -
crop con trol.  Py rite is pres ent in all as sem blages and as a re sult
the rusty weath er ing characteristic of the entire Cookson Group
is always present.

Digdeguash For ma tion.  Pro gres sive ther mal meta mor -
phism of the Digdeguash For ma tion is well il lus trated by ex ten -
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sive ex po sures be tween Third Chain Lake and Seavey Ridge,
and many of the de tails of this meta mor phism have been dis -
cussed else where (Bromble, 1983; DeMartinis, 1985; Ludman
et al., 1989).  Only gen eral as pects of these rocks will be
summarized here.

It is dif fi cult to es tab lish what min er als form first af ter
chlorite in Digdeguash For ma tion pelites in the con tact au re ole
of the Pocomoonshine gab bro-diorite be cause of sparse ex po -
sures in the outer part of the au re ole.  Bi o tite and an da lu site seem
to ap pear at nearly the same dis tance from the gab bro con tact.
Within the an da lu site zone, in creas ing meta mor phic in ten sity is
shown by a grad ual in crease in the size of gray chiastolitic crys -
tals to a max i mum of 20 cm long, de vel op ment of a phyllitic
sheen due to growth of mus co vite and bi o tite flakes par al lel to
S2, and a dark ened color caused by an in crease in bi o tite con tent.
Slen der chi asto lite crys tals are abun dant and com prise as much
as 35% of pelitic ho ri zons on Seavey Ridge.  An da lu site zone as -
sem blages, all con tain ing mus co vite and quartz, in clude:
chlorite-bi o tite-plagioclase; bi o tite-plagioclase; bi o -
tite-plagioclase-an da lu site; bi o tite-gar net-plagioclase.  Gar net
is not com mon and seems to be re stricted to a few sul fide-rich
lay ers.  It is largely made up of the almandine com po nent
(76.8%) with lesser amounts of pyrope (6.8%), spessartine
(14.2%), grossularite (2.2%), and shows weak zon ing with cores 
slightly en riched in spessartine (Bromble, 1983; Ludman et al.,
1989).  Very pale yel low staurolite has been identified in two thin 
sections from andalusite grade rocks, but is rare.

Sillimanite first ap pears as nee dles, then mats of fib ro lite
intergrown with bi o tite, so that sillimanite zone bi o tite flakes
typ i cally have a silky ap pear ance rec og niz able in the field.  Fib -
ro lite also rims and re places an da lu site crys tals.  Pris matic
sillimanite first ap pears near the sillimanite-K-feld spar isograd
and in creases in size un til the gab bro con tact.  Par tial melt ing oc -
curred close to the con tact, and migmatized Digdeguash For ma -
tion hornfels is well ex posed along lum ber roads on Seavey
Ridge (Ludman, 1978; DeMartinis, 1985).  Dark sillimanite-rich 
melanosome rafts are en gulfed in quartzofeldspathic leucosome, 
as is the case with the migmatites of the Wood land For ma tion,
but nei ther rusty weath er ing nor rel ict cor di er ites are found in the 
Digdeguash For ma tion.  Pink andalusites are found in quartz-an -
da lu site pods in the higher grade parts of the con tact au re ole, and
com plex tex tural re la tion ships sug gest a mul ti ple meta mor -
phism (and hence mul ti ple mag matic in jec tion) his tory for the
Pocomoonshine pluton (Ludman et al., 1989).  Tem per a tures of
710°-805° have been es ti mated for migmatite melanosomes by
two-feld spar geothermometry (Bromble, 1983), but slightly
lower tem per a tures are in di cated by iron-mag ne sium par ti tion -
ing in bi o tite-gar net pairs (Bromble, 1983; Ludman et al., 1989).
Max i mum pres sure during emplacement of the Pocomoonshine
gabbro-diorite is estimated at 2.5-2.75 Kbars.

Flume Ridge For ma tion.  Changes in the ap pear ance of
the Flume Ridge For ma tion with in creas ing meta mor phic grade
have al ready been out lined above.  The most dras tic change is
from the light gray fresh color and or ange-brown weath ered sur -

face of chlorite grade ex po sures to the buff weath er ing and pur -
ple fresh color in bi o tite grade out crops.  With the ap pear ance of
bi o tite, most Flume Ridge For ma tion rocks be come mas sive,
dense granofelses.  Rocks with thin cal cite-rich lay ers be come
“ze bra-striped” with pur plish bi o tite-quartz-plagioclase
granofels al ter nat ing with blue-green calc-sil i cate granofels.
Typ i cal as sem blages in the more cal car e ous rocks are:  bi o -
tite-quartz-plagioclase-cal cite, bi o tite-actinolite-quartz-
plagioclase, and bi o tite-chlorite-quartz-plagioclase-cal cite.  Di -
op side ap pears near the con tact with the Pocomoonshine gab -
bro-diorite, and wollastonite has been iden ti fied in Flume Ridge
For ma tion xe no liths near the base of Pocomoonshine Moun tain.
There is no sign of anatexis of the Flume Ridge For ma tion, and
no sillimanite has been observed in its more argillaceous
horizons.

SUMMARY  OF  GEOLOGIC  HISTORY

It is dif fi cult un der the best of cir cum stances to re con struct
geo logic his tory for an area which con tains less than 1% bed rock 
ex po sure.  Where the ages of the strat i fied rocks and of the
plutons that in trude them are open to ques tion, the prob lems are
even more se vere.  Some ten ta tive con clu sions con cern ing the
se quence and tim ing of events have been reached, how ever, and
these are summarized in Figure 4.

The ear li est event rec og nized in the Big Lake area was de -
po si tion of the Calais For ma tion in an anoxic ba sin dur ing ear li -
est Or do vi cian times.  Crustal in sta bil ity, per haps re lated to
con tin ued sub si dence of the west ern mar gin of the Avalonian
plat form, led to the in flux of vo lu mi nous turbidites of the Wood -
land For ma tion.  Arenites, quartzites, and shales of the Kend all
Moun tain For ma tion fol lowed, and the in creased ma tu rity of the
sed i ments may re flect a ces sa tion of tectonism along the west ern
mar gin of Avalon.  The span of time rep re sented by de po si tion of 
the Cookson Group prob a bly re cords the fi nal stages in the foun -
der ing of the margin of Avalon during opening of the Iapetus
Ocean.

Sev eral tim ing schemes are pos si ble for post-Cookson
events, de pend ing on what ages are as signed to the Fred er ic ton
trough strata and the Pocomoonshine For ma tion gab bro-diorite.
The pos si ble age ranges of events are shown in dashed lines in
Fig ure 4, with my pref er ences shown in solid lines.  The dis cus -
sion that fol lows is based on these prejudices.

(What ever scheme is cho sen, how ever, di rect ev i dence for
the orig i nal re la tion ships be tween the Fred er ic ton trough and St.
Croix belt is lack ing be cause their con tact is ev ery where tec tonic 
in na ture.  Based on Ruitenberg’s (1967) age as sign ments for the
Digdeguash and Flume Ridge For ma tions, the ab sence of F1

from the Fred er ic ton trough, and the lack of com pel ling ar gu -
ments for the South Prince ton-Crawford fault zone to be a ma jor
Aca dian or post-Aca dian su ture, the Pocomoonshine Lake and
per haps Digdeguash For ma tions are thought to have orig i nally
rested with an gu lar un con formity upon exposed units of the
Cookson Group.)
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Fol low ing de po si tion of the Cookson Group, an ep i sode of
tight to iso cli nal fold ing (F1) af fected the St. Croix belt.  This de -
for ma tion post dated the Mid dle Caradocian Kend all Moun tain
For ma tion, but its min i mum age is not tightly con strained.  D1

may be re lated to the Mid dle Or do vi cian Taconian orog eny or
may have been syn chro nous and un re lated.  If the for mer is cor -
rect, con nec tion be tween Avalon, Miramichia, and an ces tral
North Amer ica is im plied as early as Caradocian times.  In the
lat ter case, D1 could rep re sent an amal gam ation of plates on the
west mar gin of Avalon that cor re sponds to a larger scale ac cre -
tion of plates to North America during the Taconian orogeny.

De po si tion of the Pocomoonshine Lake, Digdeguash and
Flume Ridge For ma tions fol lowed, dur ing Si lu rian (pos si bly
Late Or do vi cian) through Early De vo nian (?) times.  The change 
from coarse polymictic grits of the Digdeguash For ma tion to the
finer grained cal car e ous strata of the Flume Ridge For ma tion
sug gests pro gres sive low er ing of the (Taconian?) source re gions 
dur ing fill ing of the Fred er ic ton trough.  Vol ca nic, hypa bys sal
ig ne ous, schist, and abun dant quartz clasts in Digdeguash For -
ma tion grits in di cate that this source was com plex and at least
partly con ti nen tal.  Fel sic vol ca nic clasts in the Digdeguash For -

ma tion are sim i lar to fel sites in the Kend all Moun tain For ma tion, 
but could also have been de rived from ei ther the Pre cam brian
Coldbrook Group to the east or volocanic rocks of the
Tetagouche Group to the west.  The na ture of the Fred er ic ton
trough is un cer tain.  It may have been a rem nant oce anic ba sin
sep a rat ing Avalon from the Miramichi anticlinorium and an ces -
tral North America, or a marginal sea behind a Miramichi or
coastal volcanic belt arc.

D2 up right fold ing fol lowed de po si tion of the Fred er ic ton
trough se quence, and prob a bly rep re sents the main phase of the
Aca dian orog eny in this area.  Con tin ued com pres sion led to D3

thrust ing and fold ing in a later Aca dian stage.  Slight re lax ation
(transtension?) may have ini ti ated D4 nor mal fault ing and pro -
vided ac cess for mag mas of the Pocomoonshine For ma tion gab -
bro-diorite and Love Lake For ma tion quartz diorite.  D4

prob a bly be gan be fore and con tin ued through out em place ment
of the mafic plutons.  In tru sion of the gra nitic rocks fol lowed D4,
and the en tire re gion was then sub jected to strike-slip fault ing
(D5) that produced the Norumbega family of faults.

The Aca dian orog eny is thought to mark the fi nal ac cre tion
of the Avalonian con ti nen tal block to North Amer ica (Hopeck et
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al., 1989).  D4 and D5 ap pear to have been post-ac cre tion ad just -
ments made to ac com mo date dif fer ent con ti nen tal shapes and
times of col li sion along the Appalachian orogen.

D6 faults off set ev ery other struc tural el e ment in east ern
Maine and are clearly the youn gest deformational fea tures.
There is lit tle ev i dence for the lat est date at which this event
could have oc curred.  The Oak Bay fault is a north west-trending
struc ture that ex tends up the St.  Croix River from
Passamaquoddy Bay to Oak Bay, New Bruns wick, par al lel to D6

faults.  Foci of low mag ni tude earth quakes clus ter in this fault
zone, sug gest ing ei ther that some D6 mo tion is mod ern, or that D6

faults are being reactivated today. 
There is other ev i dence of neotectonic ac tiv ity in the re -

gion.  Sev eral in de pend ent lines of re search, in clud ing
releveling of benchmarks, eval u a tion of his tor i cal re cords, and
sub mer gence of co lo nial and precolonial struc tures show that
east ern Maine is cur rently sub sid ing at rates pos si bly as high as 9 
mm/yr rel a tive to north east ern and cen tral Maine (An der son and
Race, 1980; Smith and Bridges, 1980; Ty ler and Ladd, 1980).
The high est rates of sub si dence ap pear to be in the Calais-Big
Lake area.  The deformational his tory of the region has
apparently not yet ended.

ECONOMIC  POTENTIAL

At pres ent, the only use be ing made of geo logic ma te ri als
from the Big Lake quad ran gle is the min ing of gravel from the
gla cial cover.  The DiCenzo Con struc tion Com pany of Calais
has spo rad i cally op er ated a road metal quarry in Flume Ridge
For ma tion hornfels just west of the Prince ton-South Prince ton
road, south of the junc tion with the lum ber road that crosses
Pocomoonshine Moun tain.  The most re cent blast ing was in
1982 and 1984, but the quarry is now aban doned and filled with
ground water.

Two po ten tial min eral de pos its, both as so ci ated with the
Pocomoonshine gab bro-diorite, have been ex plored, but nei ther
proved prof it able enough to be de vel oped.  The min er al ized D5

Pocomoonshine Moun tain fault was pros pected by El Paso Nat -
u ral Gas Com pany in 1971, and sev eral cores were drilled into
the mafic gouge, but no fur ther action was taken.  

In 1979, the Gen eral Refractories Cor po ra tion ex am ined
pelitic hornfelses of the Digdeguash For ma tion along Seavey
Ridge to de ter mine the fea si bil ity of op er at ing an an da lu site
mine for the pro duc tion of re frac tory brick.  Sam ples of the
hornfels rich est in an da lu site were col lected and an a lyzed chem -
i cally and petro graphi cally.  An da lu site was re ported to be abun -
dant enough for min ing, but the pro ject was aban doned be cause
the Fe2O3 con tent of the an da lu site was too high (10%), the crys -
tals were partly to se verely ret ro graded to seri cite, and the pelite
only com prised 50% of the total hornfels (Glenn Jones, pers.
commun., 1983).

There do not ap pear to be any other sig nif i cant min eral oc -
cur rences in the quad ran gle that war rant ex plo ra tion.  D4 fault
zones are ex ten sively si lici fied in places, but I have not iden ti -

fied any min er als other than quartz and py rite in these veins.
Vol ca nic rocks of the Kend all Moun tain For ma tion might be a
source of sul fide min er als, but none have been iden ti fied and the
unit is al most cer tainly too thin to be prof it able.  It is thus likely
that, at least in the near fu ture, sand and gravel will con tinue to be 
the most valu able geologic materials in the quadrangle.
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