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IN TRO DUC TION

The Fletcher Peak 7.5’ quad ran gle of east ern Maine was
first mapped by Larrabee (1964) who de scribed ma jor rock types 
such as metasedimentary rocks and gran ites, and rec og nized
through-go ing north east-trending faults even though he did not
re al ize their re gional sig nif i cance.  The Bed rock Geo logic Map
of Maine (Osberg and oth ers, 1985) con sid ered these faults to be
ex ten sions of the Norumbega fault zone first mapped by Stew art
and Wones (1974) north of Penobscot Bay in the south-cen tral
part of the state (Wones, 1978).  This fault sys tem is now known
as one of the larg est transcurrent fault sys tems in the North ern
Ap pa la chians (Fig ure 1; Ludman and West, 1994).  Ludman’s
re con nais sance in east ern Maine from the early 1990’s re vealed
three ma jor high-strain strands of the Norumbega fault sys tem
(NFS) in east ern Maine:  the Waite, Kellyland, and Codyville
fault zones.  Two of these, the Waite and Kellyland fault zones,
pass through the Fletcher Peak 7.5’ quad ran gle.  

The Norumbega fault sys tem is an ex ten sive but enig matic
re gional struc ture, and its tec tonic sig nif i cance and de for ma tion
his tory are still hotly de bated.  Most pre vi ous work along the
NFS was con cen trated in the high-grade, mid-crustal seg ment in
south west ern Maine (e.g. Swanson, 1992; West, 1993) where
spec tac u lar fea tures char ac ter is tic of duc tile shear are ubiq ui -
tous.  Ludman (1994, 1998), Ludman and Gib bons (1995, 1999), 
and Ludman and oth ers (1999) re cently re ported very dif fer ent
fea tures in east ern Maine from those in south west ern Maine. 
The dif fer ences are due to the dif fer ent crustal level ex posed in
the two re gions.  Ludman’s re gional map ping east of the Fletcher 
Peak quad ran gle showed that strain in the shal low crustal seg -
ment of the NFS was con cen trated in the three 2-5 km wide duc -
tile and brit tle zones men tioned above.  Ludman (1994, 1998),
Ludman and Gib bons (1995, 1999), and Ludman and oth ers
(1999) have also sug gested a multi-ep i sode, four-stage
deformational his tory for the NFS in east ern Maine.  Pre vi ous
tra verses in the area (Ludman, un pub lished data) sug gested that
the Fletcher Peak quad ran gle could pro vide an ex cel lent sec tion
of the fault sys tem and fa cil i tate de tailed ex plo ra tion into the ge -
om e try, ex tent, spa tial vari a tions, de for ma tion me chan ics, dis -
place ment, and tem po ral evo lu tion of the Norumbega sys tem. 

Thus the Fletcher Peak study area is es sen tial to un der stand ing
the shal low-crustal seg ment of the sys tem.

Be cause of its geo met ric com plex ity and multi- stage tec -
tonic his tory, many de tails of the fault sys tem re main un clear, so
that more de tailed map ping and re search are re quired for com -
plete un der stand ing of the NFS in east ern Maine.  The goal of
this proj ect was to de ci pher the fault his tory and me chan ics
through the de tailed map ping of these two es sen tial parts of the
NFS, a com plete tran sect across the Kel ly land fault zone and part 
of the Waite fault zone.  With pet ro graphic, pet ro fab ric, and ther -
mo chro no logic stud ies, the se quence and na ture of de for ma tion
in both gran ite and me tasedi men tary rocks could be iden ti fied. 
Cou pled with Lud man’s pre vi ous map ping, work in the Fletcher
Peak quad ran gle would per mit more pre cise de linea tion of NFS
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Fig ure 1.  Sche matic trace of the No rum bega fault sys tem in the North -
ern Ap pa la chi ans and the map area.



his tory in east ern Maine than that ac com plished by any pre vi ous
work ers any where else along the sys tem.

This re port sum ma rizes the re sults of the map ping proj ect
sup ported by the USGS- EDMAP Pro gram through the sum mers
of 1998 and1999.  Work was con cen trated in the north ern half of
the quad ran gle dur ing the 1998 field sea son be cause pre vi ous
map ping sug gested (cor rectly, as it has turned out) that a par ticu -
larly good tran sect through the Kel ly land fault zone was pres ent,
with some road tra ver ses and some woods tra ver ses con ducted
in the south ern half of the quad ran gle.  Dur ing the 1999 field sea -
son, the south ern part of the quad ran gle was mapped, the north -
ern part was re vis ited and re fined, and a com bi na tion of
re con nais sance and de tailed re con nais sance map ping was ex -
tended along strike to both north east and south west in or der to
im prove un der stand ing of the ge ome try of the fault sys tem.

GEO GRAPHIC  SET TING  AND  TO POG RA PHY

The Fletcher Peak 7.5’ quad ran gle is lo cated in east ern
Maine be tween 45°00’ and 45°07’30” north lati tude and
67°52’30” and 68°00’ west lon gi tude.  Most of the quad ran gle
lies within Wash ing ton County, al though a small slice of the
south west cor ner is lo cated in Han cock County.  The quad ran gle
and its sur round ing ar eas are situ ated in the North ern Ap pa la -
chian oro gen and have had a long and com plex geo logic his tory
span ning most of the ma jor oro genic events re spon si ble for Pa -
leo zoic ac cre tion along the east ern mar gin of the North Ameri -
can plate.

The area has been in ten sively gla ci ated and con sists of a
few prom i nent hills and ridges that reach el e va tions as high as
982 feet (the Look out Tower on Wash ing ton Bald Moun tain). 
Prominent hills and ridges in clude Wash ing ton Bald Moun tain
in the north ern part of the quad ran gle, Slewgundy Ridge in the
cen tral west ern seg ment, and Fletcher Peak, Knox Moun tain,
and Elwell Ridge in the south.  Note that two fea tures are named
Fletcher Peak in this quad ran gle: the prom i nent peak in the
south-cen tral part of the quad ran gle, and a prom i nent cliff at the
south west end of Wash ing ton Bald Moun tain.  The low est el e va -
tions in the quad ran gle are oc cu pied by sev eral lakes such as
Fifth Machias Lake, Third Machias Lake, and Sec ond Machias
Lake, and by sev eral swamps.  Dense woods cover most of the
area ex cept for some large cliffs and hill tops that have been
clear-cut by pa per and lum ber com pa nies.  The quad ran gle is
very sparsely pop u lated with only a few sum mer cab ins around
some lakes and a few win ter cab ins for hunt ing.  An ex ten sive
net work of un paved gravel roads built by lum ber com pa nies pro -
vides ac cess to al most the en tire area.

Bed rock ex po sures com prise less than 1% of the to tal area
and are mostly found on gla cially-scoured hill tops and along
lakeshores.  Ex cel lent out crops have also been found on Fletcher 
Peak cliff and other hills, but these are rare.  In ter est ingly, fault
rocks pro duced by duc tile shear ing in the Kellyland fault zone
are more re sis tant to ero sion than their undeformed protoliths,
and are ridge-formers.  As a re sult, out crop con trol of the

Kellyland zone is re mark able com pared with the re main der of
the re gion.

GEO LOGIC  SET TING

Tec toni cally, east ern Maine is com posed of sev eral dif fer -
ent litho tec tonic ter ranes.  Lud man and oth ers (1993) sum ma -
rized six ma jor belts; from east to west, these are the Coastal
Vol canic belt, St. Croix belt, Fre der ic ton belt, Mi ramichi belt,
Aroostook- Matapedia belt, and Kearsarge- Central Maine belt
re spec tively.  The Fletcher Peak quad ran gle is in the cen tral part
of the Fre der ic ton belt, a thick pile of deep- water tur bid ites de -
pos ited from late Or do vi cian through mid dle Si lu rian times, and
is sepa rated by faults from Cambrian-Or do vi cian ter ranes to the
north west (Mi ramichi belt) and south east (St. Croix belt).  

Fre der ic ton belt me tasedi men tary rocks have been di vided
into three for ma tions:  from old est to young est, these are the Po -
co moon shine Lake, Dig deguash, and Flume Ridge For ma tions. 
The Flume Ridge For ma tion domi nates in the belt and hosts the
No rum bega fault sys tem.  The Fre der ic ton rocks were tightly
folded dur ing the late Si lu rian to early De vo nian Aca dian plate
col li sion and meta mor phosed to only lower green schist fa cies
con di tions (chlorite- zone).  They were sub se quently in truded in
late Si lu rian and early De vo nian times, first by ma fic bod ies to
the south east (e.g. Po co moon shine gabbro- diorite) and then by
large gran itic plu tons such as the De blois and Bot tle Lake plu -
tons.  The De blois plu ton is one of the larg est grani toid bod ies in
Maine and un der lies the en tire south ern part of the quad ran gle. 
The NFS shear ing be gan only af ter the in tru sion of these plu tons, 
but was re ac ti vated at least twice – dur ing Car bon if er ous and
Meso zoic times (Lud man and Gib bons, 1995; Ludman and oth -
ers, 1999).  

Be cause of de for ma tion par ti tion ing, No rum bega shear
strain was con cen trated into at least two high- strain zones in the
study area, the Kel ly land and Waite fault zones, as named by
Lud man (1994, 1998).  The Kel ly land fault zone forms the
north west con tact be tween the De blois plu ton and Flume Ridge
For ma tion in the northern half of the Fletcher Peak 7.5’ quad ran -
gle, and is the ma jor struc tural fea ture in the quad ran gle.  Only a
small seg ment of the Waite fault zone is ex posed, in the north -
western cor ner of the study area.

MAP PING  METH ODS

Most of the map ping in volved pace- and- compass tra ver ses 
through the woods that cover most of the area, but odometer-
 and- compass tra ver ses were also made along most of the driv -
able lum ber roads in the quad ran gle.  Trav erses were also made
along lake shores and is lands in lakes, in clud ing the north east
and south west sides of Third Ma chias Lake, the south side of
Fourth Ma chias Lake, and Sec ond Ma chias Lake.  Most of the is -
lands in Third Ma chias Lake and Fourth Ma chias Lake were also 
mapped by boat tra ver ses.  With ex tra fi nan cial sup port pro vided 
by the Maine Geo logical Sur vey in the 1999 field sea son, boat

2

Chunzeng Wang



tra ver ses were also made to the is lands and lake shores in Ni ca -
tous Lake and Gass abias Lake south west of the Fletcher Peak
quad ran gle in or der to re veal de tails of the No rum bega fault sys -
tem on a re gional scale.

A to tal of 422 bed rock out crop sta tions were vis ited in the
sum mer of 1998, most in the Fletcher Peak 7.5’ quad ran gle, and
204 ad di tional sta tions were found during the 1999 field sea son,
mostly out side the quad ran gle along the strike of the fault sys tem 
to the south west. Sparse bed rock ex po sure meant that there were
some tra ver ses with out any out crops.

LI THOL OGY  AND  MAP  UNITS

All pre vi ous work ers have rec og nized two ma jor bed rock
cate go ries in the quad ran gle and sur round ing ar eas:  Fre der ic ton
belt me tasedi men tary rocks and plu tonic bod ies such as the De -
blois gran ite and Bot tle Lake ig ne ous com plex.  The Fre der ic ton
belt, a thick pile of tur bid ites de pos ited from late Or do vi cian
through mid dle Si lu rian times, has been clas si fied into three for -
ma tions: Pocomoonshine For ma tion (the old est), Dig deguash
For ma tion, and Flume Ridge For ma tion (the young est; Lud man,
1986, 1987).  Only the Flume Ridge For ma tion is ex posed in the
Fletcher Peak quad ran gle.

The Flume Ridge For ma tion con sists for the most part of
me dium to thick beds of varia bly cal care ous, fine- to me dium-
grained quartzo- feldspathic wacke.  It is by far the domi nant unit
in the Fre der ic ton belt, ac count ing for ap proxi mately 75% of the
to tal area.  In the Fletcher Peak 7.5’ quad ran gle, how ever, it only
oc curs to the north of Wash ing ton Bald Moun tain as sheared and
faulted slices.  Most of the bed rock in the quad ran gle is Deblois
gran ite, a mostly coarse to mega crys tic pink K- feldspar
hornblende- biotite gran ite.  Be sides these pre vi ously de scribed
rock units, map ping by this proj ect iden ti fied a slice of duc tilely
sheared, coarse- to me dium-grained biotite- granite be tween the
Kel ly land and Waite fault zones in the north ern part of the quad -
ran gle.  This sliver is sand wiched be tween blocks of sheared
Flume Ridge strata and is thus physi cally sepa rated from the
coarser grained main body of the De blois gran ite in the quad ran -
gle.  This gran ite ex tends north east ward to Third Lake Ridge in
the south ern part of the Dark Cove Moun tain 7.5’ quad ran gle
which abuts the Fletcher Peak quad ran gle to the north, and
south west ward across the Gass abias Lake quad ran gle to the
west. We have also found a small stock of fine- to very- fine-
 grained gra no dio rite in truded into Flume Ridge wackes north of
the Kel ly land fault zone on the north side of Wash ing ton Bald
Moun tain.

Since the Flume Ridge For ma tion and much of the gran itic
rock in the quad ran gle have been greatly in volved in the No rum -
bega fault ing (Fig ure 2), to show the bed rock ge ol ogy and es pe -
cially the ge ome try, ex tent, and strain varia tions of the
No rum bega fault sys tem in the quad ran gle, we have ap plied the
strain- intensity map ping method to the quad ran gle.  There fore,
rocks in volved in the fault sys tem have been clas si fied into map
units in terms of strain in ten sity or strain fa cies.

Stra tigra phy

Flume Ridge For ma tion

The strati fied rocks in the northern part of the quad ran gle
all be long to the Flume Ridge For ma tion of the Fre der ic ton belt. 
Due to the early large- scale duc tile shear ing along the No rum -
bega fault sys tem, much of the Flume Ridge For ma tion in the
Fletcher Peak quad ran gle is typi cally sheared to at least some ex -
tent.  Shear strain fa cies, and the su per im po si tion of later- stage
brit tle fault ing, per mit us to clas sify the Flume Ridge For ma tion
in the quad ran gle into three ma ppa ble units as fol lows.

SOf:  un de formed to slightly sheared Flume Ridge For ma -
tion.  This unit in cludes the slightly sheared and non- sheared
Flume Ridge For ma tion.  The rocks are a se ries of gen er ally cal -
care ous quartzo- feldspathic wackes with sub or di nate pe li tic in -
ter beds.  Con tact meta mor phism took place around each gran itic
plu ton and the gra no dio rite, its ex tent vary ing with the dip of the
con tact and types of rocks horn fel sed.  In gen eral, aure oles are
more ex ten sive in slate and me ta silt stone than in wacke.  The
aure oles are marked by the ap pear ance of bio tite and lo cally ac ti -
no lite, as well as by the pres ence of traces of chal co py rite and
pyr rho tite.  Clas tic tex ture is well pre served (Fig ure 3).  Pri mary
sedi men tary fea tures, such as bed ding (S0 ), graded bed ding, and
scour- and- fill fea tures, are well pre served as well, as is the fo lia -
tion caused by Aca dian com pres sional fold ing (S1).  The re -
gional meta mor phic grade is lower green schist fa cies (chlo rite
zone) al though none of the Flume Ridge rocks in the Fletcher
Peak quad ran gle have es caped con tact meta mor phism to at least
bio tite grade.

SOf(p):  strongly sheared Flume Ridge For ma tion (phyl lo -
nite).  Pri mary sedi men tary fea tures are very poorly pre served in
this unit, mostly oblit er ated by an in ten sively pene tra tive my lo -
nitic fo lia tion (S2) due to in tense duc tile shear ing in the ear li est
stage of No rum bega ac tiv ity.  The me tasedi men tary rocks were
duc tilely sheared to be come phyl lo nite (Fig ure 4) which char ac -
ter izes the zones of high est duc tile shear strain in the Waite and
Kel ly land duc tile shear zones.  The phyl lo nite was formed un der
low-tem per a ture shal low crus tal con di tions rather than the sig -
nifi cantly higher tem pera tures as so ci ated with mid- crustal or
deep- crustal realms along the NFS to the south west. This is in di -
cated by the pro duc tion of mus co vite (sig nifi cantly) and bio tite
(lo cally) in the phyl lo nite, sug gest ing lower green schist fa cies
con di tions dur ing de for ma tion.  Fo lia tion de fined by the newly-
 formed mus co vite and bio tite typi cally an as to mo ses in phyl lo -
nite ex hib it ing the high est shear strain.  De tri tal quartz grains are
plas ti cally de formed, nearly to com pletely re crys tal lized, and
elon gated to de velop grain shape- preferred fab rics.  The lobe-
 shaped sub grains of quartz in quartz ag gre gates are aligned to
de fine a con ti nous fo lia tion par al lel to the ma jor phyl lo nitic fo -
lia tion.  Quartz and feld spar (al bite) are also pres ent as larger in -
di vid ual por phy ro clasts in highly mi caceous phyl lo nite, and
s-type por phy ro clasts have been ob served that in di cate dex tral
strike- slip shear ing.  Grain- size re duc tion due to dy namic re -
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crys tal li za tion and sub- grain de vel op ment are com mon, re sult -
ing in a re marka bly fine- grained tex ture for all phyl lo nite (much
finer grained than their pro to liths).  Mi cro scopic s-c or s-c'
structures are de vel oped in more strongly sheared me ta silt -
stones.

Synkinematic quartz veins are well de vel oped, but are gen -
er ally boudinaged to form fo li a tion-par al lel transgressive
boudin strings and iso lated asym met ric boudin lenses (Fig ure 5); 
these are con verted to quartz my lon ite in the zones of most in -
tense shear ing.  The long axes of these quartz boudins
(b-lineation) are per pen dic u lar to near-hor i zon tal stretch ing
lineations, in di cat ing near-hor i zon tal shear ing.  Some aplite
dikes (0.1 m - 5.0 m thick) in truded the metasedimentary rocks in 
this unit and are also strongly sheared to my lon ite and
ultramylonite.  Small-scale drag folds are com mon in this unit. 
Some of them are synkinematic with the duc tile shear ing, but
most of their hinges plunge gently to the south west and are
thought to have been gen er ated by later stage brit tle re verse
fault ing (see Struc tural Ge ol ogy sec tion for de tails).  

SOf(s), strongly sheared Flume Ridge For ma tion (span -
gled muscovite- quartz- schist).  In the cen tral, high est strain zone 
of the Waite duc tile shear zone in the north west cor ner of the
quad ran gle, there is a belt of strongly sheared and my lo ni tized
rock which is dif fer ent from the phyllonite de scribed above in
that it is more schis tose and has larger re crys tal lized grains than
are found any where else in the sheared Flume Ridge For ma tion. 
This belt ex tends south west ward to at least the south side of
Gass abias Lake and north east ward to just be yond the north ern
edge of the quad ran gle.  Pri mary sedi men tary fea tures are sel -
dom pre served.  Fab rics in dica tive of dex tral shear ing are abun -
dant.  The de tri tal grains are com pletely re crys tal lized and new
coarse to very coarse phyl lo sili cate min er als (mostly mus co vite
with mi nor bio tite) are pres ent, hence the des ig na tion as span -
gled mus co vite-quartz-schist. Some strain-free quartz grains
have tri ple-junc tion bound aries, sug gest ing that grain- size en -
large ment was at least partly due to static re crys tal li za tion (Fig -
ure 6).  Strain re cov ery is lo cally in com plete, so that an ear lier
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Fig ure 3.  Pho to mi cro graph of un sheared quartz- arenite with well-
 preserved clas tic tex ture.  (Width of field is 3.5 mm.)

Fig ure 4.  Pho to mi cro graph of phyl lo nite.  Quartz grains are com pletely 
re crys tal lized and elon gated.  (Width of field is 3.5mm.)

Fig ure 5.  Boudi naged synkinematic quartz veins in phyl lo nite. Fig ure 6.  Pho to mi cro graph of muscovite- quartz- schist and static
recrystallization.  (Width of field is 3.5 mm.)



dy namic re crys tal li za tion event com pa ra ble to that in the phyl lo -
nite is well pre served.  Ob vi ously, this li thol ogy was gen er ated
by high- strain duc tile shear ing in stead of re gional meta mor -
phism.  Strain heat ing may have been re spon si ble for the static
recrystallization, but this can not be proven.  The re mark able fea -
ture of this “schist” is the pres ence of vo lu mi nous quartz veins
(15% of the rock vol ume) and quartzo- feldspathic seg re ga tions. 
This sug gests that the static recrystallization was due to the ad di -
tion of hot, Si- rich fluids into the pro to lith dur ing duc tile de for -
ma tion.

SOf(c):  cata cla sized, brec ci ated, and frac tured Flume
Ridge For ma tion (cata cla site and brec cia).  The rocks in this
unit in clude coarse fault brec cia (Fig ure 7), fine-grained cata cla -
site (Fig ure 8), and in ten sively frac tured/jointed me tasedi men -
tary rocks and phyl lo nite.  These are re stricted to the north west
cor ner of the quad ran gle where late- stage brit tle fault ing was su -
per im posed on the ear lier duc tile fab rics of the Waite fault zone. 
This late brit tle fault ing over printed my lo nitic Flume Ridge For -
ma tion (SOf(p)) in the high- strain parts of early duc tile shear
zones and was also lo cally dev loped in only slightly sheared
Flume Ridge me tasedi men tary rocks.  Late cata cla site and brec -
cia are dis trib uted con tinu ously along the Waite fault zone, in di -
cat ing that the Waite duc tile shear zone was re ac ti vated dur ing
later brit tle ac tiv ity.  In con trast, only mi nor cata cla sis and brec -
cia tion are found along the Kel ly land fault zone.  

The cen tral part of this unit is a cataclasite/brec cia zone
about 50 me ters wide that rep re sents the great est brit tle strain in
the Waite fault zone.  The tex ture ranges from cataclastic to cha -
otic with all pre vi ous bed ding and fo li a tion com pletely de -
stroyed (Fig ures 7 and 8).  Joints and/or small-scale faults
as so ci ated with even later brit tle fault ing are de vel oped through -
out this unit (see Struc tural Ge ol ogy sec tion).  In ten sively frac -
tured/jointed Flume Ridge strata are sym met ri cally dis trib uted
on both sides of the cen tral cataclasite/brec cia unit.  Within these
the pre vi ous bed ding and fo li a tion have been well pre served but
sig nif i cantly cut by joints.  The tran si tion from the cen tral belt to

the frac tured/jointed belts is grad ual, and within the tran si tion
zone, compressional tec tonic lenses and boudins have been well
de vel oped.  Cal cite veins and mi nor chlorite veins cut early fo li a -
tion and filled in the cracks and fis sures, sug gest ing that they are
as so ci ated with the cataclasis.  

More de tailed map ping and study shows that this unit of
cataclasite/brec cia and closely-spaced frac tures and joints are
prod ucts of stage-1 re verse fault ing (see Struc tural Ge ol ogy sec -
tion for de tails).

Ig ne ous rocks

Gran ite of the De blois plu ton un der lies the en tire quad ran -
gle south of Wash ing ton Bald Moun tain.  A sliver of gran ite be -
tween the Kel ly land and Waite fault zones pre vi ously mapped as
part of the De blois plu ton (Os berg and oth ers, 1985) has proved
to be com pletely sepa rated from that plu ton.  We have there fore
mapped it as a sepa rate unit here named the Third Lake Ridge
gran ite.  A small, pre vi ously un known gra no dio rite stock was
also dis cov ered in un sheared Flume Ridge For ma tion (SOf)
north of the Kel ly land fault zone near Farm Cove Moun tain.

De blois gran ite

The De blois plu ton is the larg est ig ne ous in tru sion in the
coastal Maine mag matic prov ince.  It ex tends north from the Sul -
li van gran ite in south- central Maine to the Grand Lake Stream
7.5’ quad ran gle, ad ja cent to the Fletcher Peak quad ran gle on the
north east. This batholith has two lobes ex tend ing north ward,
termed the west lobe and east lobe in this dis cus sion.  Its north -
east ern ex ten sion in and around the study area, or northern part
of the east lobe, was first mapped as the “Wa bas sus Lake plu ton”
by Lar ra bee (1964) and then re mapped and modi fied by Lud man 
(1986, 1987).  It is char ac ter ized by an ex tremely coarse- grained
ap pear ance, dis tinc tive pink po tas sic feld spar mega crysts, pau -
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Fig ure 7.  Fault brec cia in Waite fault zone.  Light col ored areas are bro -
ken quartz veins.  

Fig ure 8.  Pho to mi cro graph of cata cla site in meta- wacke in Waite fault
zone.  (Width of field is 3.5 mm.)



city of peg ma tites in dica tive of the low vola tile con tent of the
melt, and me ta lu mi nous com po si tion.  Ra pakivi al bite rims are
com mon on mi cro cline mega crysts.  The batho lith has in truded
sev eral litho tec tonic belts/ter ranes in clud ing the St. Croix,
Coastal Vol canic, and Fre der ic ton belts.  A well- developed in -
tru sive con tact aure ole is pres ent in Fre der ic ton belt strata
around the batho lith eve ry where ex cept along its north west ern
con tact where the Kel ly land duc tile shear zone is lo cated.  Gran -
ite in the west ern lobe of the plu ton was dated at 393 ± 17 Ma by
Rb/Sr whole- rock meth ods (Loi selle and oth ers, 1983), but a
more pre cise age of 384 ± 5 Ma was de ter mined re cently by Lud -
man and oth ers (1999; U/Pb meth ods on zir con) for gran ite at
Wa bas sus Moun tain, just east of the study area.  The large- scale
duc tile de for ma tion along the No rum bega fault sys tem took
place along the north west ern mar gin of the plu ton – in this quad -
ran gle, along the north western slope of NE- trending Wash ing -
ton Bald Moun tain.  Varia tions due to this tec tonic over print are
mapped sepa rately, es sen tially as es ti mates of strain fa cies in the
Kel ly land fault zone first de scribed by Lud man (1994, 1998). 
As dis cussed here, four map units are now rec og nized in terms of 
the shear strain fa cies of the de formed De blois gran ite within the
quad ran gle.

As men tioned above, there is only mi nor brit tle fault ing
out side the Waite fault zone in the Fletcher Peak quad ran gle. 
Thus brit tle fault ing is mani fested in the De blois and other gran -
ites by only small cata cla site and brec cia zones at out crop and
thin- section scales.  They are for the most part prod ucts of con ju -
gate joint ing or outcrop- scale fault ing over printed on pre vi ous
duc tilely sheared and/or my lo ni tized gran ites in the Kel ly land
fault zone and in the area be tween the Kel ly land and Waite
zones.  Chlo rite is abun dant in the frac tures and cracks, again
sug gest ing as so cia tion with much later brit tle fault ing.

Dg:  un de formed De blois gran ite.  Un de formed De blois
gran ite has nor mal gran itic to mega crys tic tex ture with the typi -

cal ap pear ance of coarse to mega crys tic va rie ties.  It is most
com monly a K- feldspar- rich, two- feldspar, hornblende- biotite
gran ite.  So dic pla gio clase oc curs lo cally as euhe dral crys tals, in -
clu sions in perthitic mi cro cline, and as ra pakivi rims out lin ing
mi cro cline mega crysts.  The plu ton is min era logi cally quite ho -
mo ge ne ous within the study area and ad ja cent quad ran gles.  Two 
mi nor varia tions in clude slightly more ma fic zones found on the
north eastern side of Slew gundy Ridge and the south western side 
of El well Ridge.  In these more ma fic zones, there are more than
twice the typi cal per cent ages of horn blende and bio tite, re sult ing 
in a higher color in dex.  The in creased abun dance of these fer ro -
mag ne sian phases is largely at the ex pense of quartz.  Since the
rela tive ease of quartz de for ma tion con trols shear ing in the gran -
ite, the more ma fic gran itic rocks prove more com pe tent than the
typi cal gran ite and thus ac com mo dated lit tle shear strain.  They
are barely fo li ated.

Pri mary flow fo lia tion has been lo cally de vel oped within
un de formed gran ite.  The fo lia tion is de fined by align ment of
euhe dral feld spars.  No plas tic de for ma tion has been no ticed in
quartz grains in these rocks.  Ex fo lia tion (Fig ure 9) has been ob -
served on tops of sev eral moun tains and hills such as Knox
Moun tain and Fletcher Peak.  The ex fo lia tion planes are flat and
ob vi ously caused by non- tectonic agents.

Dg(pm):  fo li ated to slightly fo li ated De blois gran ite
(proto my lo nite).  The zone of fo li ated De blois gran ite, here
termed the proto my lo nite unit, is about 3.5 km wide in the
Fletcher Peak quad ran gle.  Due to dex tral sim ple shear ing, the
feld spars in this unit are ro tated and ori ented to form shape-
 preferred fab rics and fo lia tion (Fig ure 10).  Feld spar grains
themeslves are barely de formed, ei ther plas ti cally or brit tlely. 
Quartz grains, how ever, are plas ti cally de formed and dy nami -
cally re crys tal lized.  The in ten sity of re crys tal li za tion in creases
pro gres sively north ward from un de formed gran ite at the in tru -
sive con tact with me tasedi men tary rocks on the south to ward
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Fig ure 9.  Hori zon tal ex fo lia tion in De blois gran ite and happy Brian,
Knox Moun tain.

Fig ure 10.  Slightly fo li ated coarse/mega crys tic gran ite.  Pen is point ing 
to north.  



zones of in tense shear strain near the fault con tact on the north -
west. The fo lia tion in ten si fies and s-c struc ture be gins to ap pear
lo cally near the next higher strain fa cies (the s-c my lo nite unit). 
Grain size re duc tion is not sig nifi cant in this fo li ated gran ite unit.  
The fo lia tion strikes around 355°-000° in slightly fo li ated gran -
ite ad ja cent to un de formed De blois rocks on the south and
swings gradu ally to 020°-035° in the con tact with the s-c my lo -
nite unit.  This sig moi dal pat tern, shown clearly on the ac com pa -
ny ing bed rock geo logic map, is con sis tent with the dex tral shear
de duced from me ga scopic and mi cro scopic shear in di ca tors.

Dg(s-c):  my lo ni tized De blois gran ite with typi cal s-c
struc ture (s-c my lo nite).  Be tween the zone of high est shear
strain and the proto my lo nite gran ite unit (Dg(pm)) is a my lo nite
zone char ac ter ized by well- developed s-c struc ture (Fig ure 11). 
S- bands are mostly de fined by ar range ment of feld spars and sig -
moid quartz rib bons con sis tent with the fo lia tion in the proto my -
lo nite gran ite unit.  The for ma tion and ap pear ance of c- foliation
is in dica tive of higher shear strain, and the shear (sim ple shear in
this case) is more con cen trated in C- domains.  It has been noted
that the c- foliation be gins to ap pear when the fo lia tion in proto -
my lo nite strikes at 030°-035° or the an gle be tween this fo lia tion
and the shear zone bound ary (or shear di rec tion) reaches
10°-15°, or the shear strain g reaches 3.464-5.495.  Grain- size re -
duc tion by dy namic recrystallization and sub- grain ro ta tion be -
comes sig nifi cant in this unit and is also propa gated from
C- domains.  To ward the zone of high est duc tile shear as so ci ated
with the Kel ly land fault zone (the my lo nite and ul tra my lo nite
zone), s- bands are ro tated and more closely ap proach ori en ta -
tions com pa ra ble to the domi nant c- foliation.  In other words, the 
an gle be tween s- bands and c- foliation gets smaller and smaller
to ward the high est shear zone, the cen tral zone of the Kel ly land
fault zone.

In this unit, all quartz grains have been dy nami cally re crys -
tal lized and smeared to form quartz rib bons (Fig ure 12).  Abun -
dant fea tures of crystal- plastic de for ma tion are de vel oped in
quartz, such as core- mantle struc ture, sub- grain de vel op ment,
and de for ma tion bands.  Pla gio clase and po tas sic feld spars,
how ever, are only brit tlely frac tured and bro ken into smaller por -
phy ro clasts that are sand wiched be tween quartz rib bons (Fig ure
12).  Some por phy ro clas tic feld spars are frac tured and im bri -
cated to form dom ino struc tures (Fig ure 12) and oc cur as text -
book asym met ric sigma and delta shear in di ca tors.  Some
pla gio clase feld spars show twin- lamellae kink ing.  Bio tites are
gen er ally kinked.  Some are pres ent as mica- fish (Fig ure 13). 
The s-c struc ture it self and all these shear- sense in di ca tors con -
sis tently sug gest a dex tral sim ple shear ing.  

The s-c my lo nite zone is about 200- 300 m wide.  Some
lenses of lower strain do mains were pre served within the s-c my -
lo nite unit be cause of the het ero ge ne ous na ture of the shear
strain.  Un for tu nately, only one of these is map pa ble at 1:24,000
map scale – in the mid dle of Wash ing ton Bald Moun tain on the
ac com pa ny ing map.

Dg(m/u):  my lo ni tized and ul tra my lo ni tized De blois gran -
ite (my lo nite and ul tra my lo nite).  This unit rep re sents the high est 

8

Chunzeng Wang

Fig ure11.  S-C struc ture in s-c my lo nite.  Pen is point ing to north.

Fig ure 13.  Pho to mi cro graph of mica- fish in s-c my lo nite.  (Width of
field is 9mm.)

Fig ure 12.  Pho to mi cro graph of im bri cated feld spar por phy ro clasts in -
di cat ing dex tral shear sense.  (Width of field is 3.5mm.)  Note quartz rib -
bon along up per edge of porphyroclast.



duc tile strain fa cies in the Fletcher Peak quad ran gle de rived
from a gran itic pro to lith.  The s-c struc ture may per sist lo cally,
but the an gle be tween s- bands and c- foliation is typi cally so
small that they are al most par al lel to one an other.  The in ten sive
c- foliation – the my lo nitic fo lia tion – domi nates.  It strikes
mostly at 045° and is rep re sen ta tive of the strike of the whole
Kel ly land duc tile shear zone.  Grain- size re duc tion is much more 
sig nifi cant in this zone due to the ex tremely high strain.  Quartz
grains are com pletely re crys tal lized and in di vid ual quartz rib -
bons are sheared to as much as 10 cm long.  All large quartz
grains have been con verted to com plex sub- grain as sem blages
by dis lo ca tion and re crys tal li za tion, and are ex tremely fine-
 grained in the ul tra my lo nite sub- zones (Fig ure 14).  Por phy ro -
clas tic feld spars are frac tured and bro ken into pro gres sively
smaller and mostly round and el lip tic grains (Fig ure 14) as one
ap proaches the fault con tact with the Flume Ridge For ma tion to
the north west. Be cause of the lack of flu ids dur ing my lo ni ti za -
tion, the min eral com po si tions of the my lo nite and ul tra my lo nite
are quite sim ple and there is lit tle al tera tion ex cept for a few chlo -
rite veins found in some thin sec tions.

The ul tra my lo nite might be mis taken for my lo ni tized
Flume Ridge For ma tion since both are fine to very fine- grained
and fel sic.  How ever, the gran itic ul tra my lo nite is more “glassy”
and in thin sec tions it has micro- porphyroclastic po tas sic feld -
spars (Fig ure 14).  This unit is ad ja cent to the my lo ni tized Flume
Ridge For ma tion (SOf(p)), and the two units to gether de fine the
cen tral, high est strain por tion of the Kel ly land fault zone.  The
gran itic my lo nite and ul tra my lo nite zone (Dg(m+u)) also pre -
serves lower- strain do mains (such as s-c grade coarse my lo nite)
due to the lo cal het ero ge ne ity of shear strain.  This zone is about
250- 700 m wide.

Some aplite dikes have been found around the con tact be -
tween the gran ite and Flume Ridge For ma tion at Fletcher Peak
cliff at the south west ern end of Wash ing ton Bald Mountain. 
These dikes are strongly my lo ni tized in the my lo nite and ul tra -
my lo nite zone and par al lel to the my lo nitic fo lia tion.

Third Lake Ridge gran ite

The sliver of gran ite be tween the Kel ly land and Waite fault
zones, as in tro duced ear lier, is com pletely sepa rate from the De -
blois plu ton in the quad ran gle.  It ex tends north east ward as far as
the east ern side of Wa bas sus Lake and south west as far as the
south side of Ni ca tous Lake where it is be lieved to be con nected
to the west lobe of the De blois plu ton through our ex tended map -
ping in that area.  We have iden ti fied and sub di vided two units of
the gran ite, a coarse- grained unit (Dg(pm+m)) and a medium-
 grained unit (Dmg(pm+m)).  Both are more or less duc tilely
sheared.  The north ern half of the sliver con sists of coarse to
mega crys tic, pink microcline- rich, two-feld spar, hornblende-
 biotite gran ite nearly iden ti cal to typi cal De blois gran ite.  Ra -
pakivi tex ture is also com mon in this gran ite.  The south ern half
of the slice of gran ite be tween the Kel ly land and Waite fault
zones is, how ever, medium- grained, much finer than ei ther the
coarse-grained va ri ety just de scribed or the main body of the De -
blois plu ton.  It is also a pink microcline- rich, two- feldspar,
hornblende- biotite- granite.  The elon gated shape and the large
duc tile shear strain of the whole sliver of the Third Lake Ridge
gran ite sug gest that it has been deeply in volved in the No rum -
bega shear ing (Fig ure 2).

Dg(pm/m):  fo li ated and/or my lo ni tized coarse- grained
gran ite (proto my lo nite and my lo nite).  This unit of coarse-
 grained gran ite is duc tilely sheared/fo li ated and lo cally my lo ni -
tized and ul tra my lo ni tized to be come proto my lo nitic and my lo -
nitic gran ite (Fig ure 15).  Typi cal s-c struc tures are com mon in
higher strained zones.  Quartz grains are plas ti cally de formed
and dy nami cally re crys tal lized.  Feld spars are ro tated to de fine
the fo lia tion and frac tured to be come por phy ro clasts (Fig ure
15).  All de for ma tion fea tures of min er als are simi lar to the ones
within the sheared and my lo ni tized De blois gran ite.  Several-
 meter- wide nar row my lo nite and ul tra my lo nite zones have been
found mostly on the north west con tact zone with the Flume
Ridge For ma tion me tasedi men tary rocks.  The my lo nite and ul -
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Fig ure 14.  Pho to mi cro graph of ex tremely fine- grained ul tra my lo nite
and ul tra my lo nitic bands.  The micro- fold shows dex tral shear sense. 
(Width of view is 3.5mm.)

Fig ure 15.  My lo nitic coarse- grained gran ite in Third Lake Ridge gran -
ite.  Com pass points to north.  



tra my lo nite zones strike more east erly than those in the De blois
gran ite, how ever.  Shear- sense in di ca tors all sug gest dex tral sim -
ple shear ing.

Dmg(pm/m):  fo li ated and/or my lo ni tized medium- grained 
gran ite (proto my lo nite and my lo nite).  Most of this unit of gran -
ite is also duc tilely sheared and fo li ated.  Quartz is smeared and
dy nami cally re crys tal lized and s-c struc tures (Fig ure 16) are also 
seen in higher strain belts.  All shear- sense in di ca tors such as sig -
moid shear pat terns, s-c struc tures, and asym met ric feld spar
porphyroclasts also sug gest a dex tral sim ple shear ing which is
prob a bly coe val with the shear ing within the coarse- grained
gran ite.  Higher- strain my lo nite and even ul tra my lo nite belts are
de vel oped lo cally with strikes around 075°-090° (Fig ure 16). 
Com bined with the more east erly strik ing fo lia tion within the
coarse- grained part and the dex tral sim ple shear ing, this pat tern
sug gests a second- order or syn thetic shear sys tem be tween the
Waite and Kel ly land duc tile shear zones.

Dqd(m):  Strongly sheared quartz- diorite

A nar row slice of strongly sheared fine- grained quartz-
 diorite has been iden ti fied and mapped as a sin gle unit around the 
Fletcher Peak cliff at the south west ern end of Wash ing ton Bald
Mountain.  It in truded be tween the De blois gran ite and Flume
Ridge me tasedi men tary rocks and later was in ten sively sheared
and elon gated into a my lo nite and ul tra my lo nite zone.  The zone
is about 40 m wide at the Fletcher Peak cliff.  It con tains sev eral
aplite dikes, and the dikes are also my lo ni tized and ul tra my lo ni -
tized.  The quartz- diorite is com posed of quartz, horn blende, and 
pla gio clase feld spar.  Quartz grains are dy nami cally
recrystallized and rib boned.  Some horn blende grains are
sheared and al tered to fine-grained bio tite.  Some re main as el lip -
tical por phy ro clasts with their longer axes par al lel to the fo lia -
tion.  The fo lia tion is de fined by quartz rib bons and bio tite flakes

(Fig ure 17).  Feld spars are frac tured and some are bro ken into
smaller pieces.  Most feld spar grains re main as el lip tical or
irregular- shape por phy ro clasts.  (Fig ure 17).  Be cause this
quartz- diorite in tru sion was duc tilely sheared and coe val with
the ma jor duc tile shear ing event that gen er ated the Kel ly land
duc tile shear zone, it pre dated the duc tile shear ing event and is
very likely a De vo nian in tru sion as is the De blois plu ton.

D(?)gd:  Un named granodiorite

A small stock (~0.25km2) con tain ing fine to very fine-
 grained gra no dio rite was found in a low land on the northern side
of Wash ing ton Bald Moun tain.The stock is mas sive, lack ing fo -
lia tion, and has cre ated a con tact aure ole at least sev eral tens of
me ters wide in the sur round ing Flume Ridge me ta wackes.  The
gra no dio rite is com posed of feld spar, horn blende, and some
quartz grains.  Re la tion ships be tween this li thol ogy and other ig -
ne ous rocks in the quad ran gle are un known, but may be re vealed
when sam ples col lected for ra dio met ric dat ing are proc essed. 
Be cause it in truded rocks of the Flume Ridge For ma tion that had
al ready been duc tilely sheared, it is un likely that the stock is coe -
val with the De blois and other gran ites.  It is proba bly younger
than the post- Acadian gran itic mag ma tism and the duc tile shear -
ing in the Kel ly land fault zone.  

STRUC TURAL  GE OL OGY

The ma jor struc tural fea tures in the Fletcher Peak quad ran -
gle are the Kel ly land and Waite fault zones (Lud man, 1994,
1998; Ludman and oth ers, 1999; Fig ure 2), the two south ern -
most high- strain strands of the No rum bega fault sys tem.  Both
strike at about 045°.  These fault zones were clearly de vel oped
af ter the em place ment of the De blois plu ton.  The Kel ly land
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Fig ure 16.  My lo nitic medium- grained gran ite and s-c struc ture in Third 
Lake Ridge gran ite.  Pen is point ing to north.

Fig ure 17.  Pho to mi cro graph of mylonitized and fo li ated quartz-diorite.  
(Width of view is 3.5mm.)



zone is a domi nantly duc tile shear zone and ex hib its lit tle evi -
dence of brit tle fault ing, but the Waite zone first un der went duc -
tile shear ing and later ex pe ri enced mul ti ple brit tle fault ing
epi sodes with meas ur able dis place ment.

Duc tile shear zones and as so ci ated struc tures

Duc tile shear ing is co eval in the Kellyland and Waite duc -
tile shear zones.  In the Kellyland fault zone, max i mum shear
took place along the con tact be tween the Deblois gran ite and the
Flume Ridge For ma tion, and the sheared rocks are mappable as
strain fa cies units as de scribed above.  The pro gres sive change
from protomylonite to my lon ite to ultramylonite to ward the
high est strain zone within the Deblois gran ite, ob served with in -
creas ing strain, clearly in volved a re duc tion in the min eral grain
size and in the num ber of K-feld spar and plagioclase
porphyroclasts.  Due to in ferred shear heat ing, the meta mor phic
grade in sheared Flume Ridge For ma tion is higher than in
unsheared hornfelses.  An 40Ar-39Ar thermochronologic study
on hornblende and bi o tite sam ples re cently col lected from
Wabassus Moun tain in the nearby Grand Lake Stream quad ran -
gle by Ludman (1998), Ludman and oth ers, (1999) and Idleman
and oth ers (1998) showed that this duc tile shear ing event be gan
around 380 Ma years ago, only a few mil lion years af ter em -
place ment of the Deblois gran ite.

Fo lia tion.   The fo lia tion (S2) formed by this duc tile shear -
ing in both Waite and Kel ly land duc tile shear zones and in the
Third Lake Ridge gran ite sliver is unique and per va sive and
read ily dis tin guished from the axial- plane cleav ages (S1) de vel -
oped in Flume Ridge For ma tion me tasedi men tary rocks dur ing
Aca dian up right fold ing.  The fo lia tion is de fined by platy min er -
als such as mus co vite and bio tite in the sheared me tasedi men tary 
rocks and by align ment of feld spars, quartz rib bons, and bio tite
flakes in sheared gran ites.  In sheared De blois gran ite in the Kel -
ly land duc tile shear zone, this fo lia tion is sig moi dal and in ten si -
fies to ward the cen tral high est strain zone (Fig ure 2).

Stretch ing linea tions.  Stretch ing linea tions de fined by
stretched and elon gated min er als such as quartz rib bons and
feld spars (Fig ure 18) have been ob served on fo lia tion planes
both in sheared Flume Ridge For ma tion me tasedi men tary rocks
and in gran ites through out the quad ran gle.  Most of them are
near hori zon tal or plunge gently to the northeast at 10°-15° (Fig -
ure 19), prov ing the strike- slip na ture of the duc tile shear ing.

Small- scale folds.  Small- scale or sample- size scale folds
are lo cally de vel oped within the duc tile shear zones.  Three types 
of folds have been iden ti fied, each gen er ated by a dif fer ent struc -
tural event.  The ear li est folds were para sitic to the con ven tional
Aca dian up right folds in the Flume Ridge For ma tion me tasedi -
men tary rocks.  The sec ond set, though not as com mon, was
synki ne matic with the domi nant duc tile shear ing.  Most folds of
this set are dex trally asym met ric and plunge very steeply to ver ti -
cally.  Within the sheared me tasedi men tary rocks with abun dant
synki ne matic quartz veins and boud ins, the quartz veins are also
folded lo cally.  Simi lar asym met ric folds have been seen at thin-

 section scale.  These folds might be the prod uct of pro gres sive
de for ma tion dur ing the duc tile shear ing, and the asym met ric fea -
ture of the folds is as so ci ated with the dex tral sim ple shear ing.

Boudi nage.  Boudi nage fea tures have been ob served in the
sheared me tasedi men tary rocks with in ter be dded quartz arenite
lay ers or syn tec tonic quartz veins (Fig ure 5).  The more com pe -
tent quartz arenite beds or quartz veins were duc tilely sheared
and boudi naged to form foliation- parallel trans gres sive boudin
strings and iso lated boudin lenses.  The long axes of the boudin
lenses (b- lineations) are mostly per pen dicu lar to the near-
 horizontal stretch ing linea tion, also in di cat ing a near hori zon tal
or strike- slip shear ing.

Shear strain and dis place ment es ti mate.  Shear strain is
the func tion of the an gle be tween the shear bands, i.e.  the ma jor
fo lia tion or s- foliation in sheared gran ites, and the shear zone
bound ary or shear di rec tion, g = 2 / tan2q', and could be eas ily
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Fig ure 18.  Stretch ing linea tion in gran itic my lo nite.

Fig ure 19.  Equal an gle stereonet show ing stretch ing linea tion.



cal cu lated with the meas ure ment of this an gle.  How ever, since
the shear strain is het ero ge ne ous in the shear zones, the an gle
changes from about 45° at the shear zone mar gin to near 0° in the
high est strain zone where the s- bands nearly par al lel the c-
 foliation.  For ex am ple, when c- foliation be gins to de velop in the 
tran si tion from the proto my lo nite to s-c my lo nite, q' ranges from
15° to 10°, and there fore the shear strain is 3.464-5.495.

A re con nais sance and de tailed re con nais sance study from
Grand Lake Stream to the Great Pond area sug gests that the
Third Lake Ridge gran ite was dex trally dragged/sheared from
the west lobe of the De blois plu ton, and that the Mor ri son Ridge
gran ite south west of Ni ca tous Lake was de rived/dragged from
the Lu cerne plu ton by the duc tile shear ing as well.  The es ti mates 
of the dis place ment of the Third Lake Ridge gran ite and Mor ri -
son Ridge gran ite both yield a mini mum dis place ment of 25km
(Wang and oth ers, 2000).

Mul ti ple brit tle fault ing ep i sodes

Mul ti ple brit tle fault ing epi sodes have been re cently iden -
ti fied and re ported by Lud man (1998) and Lud man and Gibbons
(1999) in the Kel ly land and Wa bas sus Moun tain ar eas north east
of the Fletcher Peak map area.  Sev eral senses of mo tion have
been de scribed, in clud ing re verse and nor mal dip- slip as well as
strike- slip, but no pre vi ous stud ies of the No rum bega sys tem
have ana lyzed the change of fault dy nam ics and stress fields with 
time.  This map ping proj ect is thus the first ef fort to in ter pret not
only the mul ti ply epi sodic na ture of fault ing, but also the dy nam -
ics and stress fields for each fault ing event along the No rum bega
fault sys tem in east ern Maine.

All brit tle fault ing rec og nized in the Fletcher Peak quad -
ran gle and ad ja cent ar eas was su per im posed on early duc tile
shear zones in ei ther gran itic or me tasedi men tary rocks.  In tense

brit tle fault ing re sult ing in sig nifi cant rup ture, cata cla sis and
brec cia tion, and meas ur able dis place ment is con cen trated
mostly along the Waite zone (Fig ure 2).  In con trast, the Kel ly -
land zone in the study area has only ex pe ri enced sec on dary, very
small- scale brit tle fault ing which gen er ated very lo cal cata cla -
sites  – most less than 5 cm thick.  The small- scale struc tures as so -
ci ated with the late brit tle fault ing, es pe cially con ju gate
small- scale faults and joints, were ana lyzed care fully be cause
they re flect chang ing stress fields late in the his tory of No rum -
bega fault ing.  The study has thus far iden ti fied stress fields re -
lated to three sepa rate sig nifi cant brit tle fault ing events, each
char ac ter ized by dif fer ent di rec tions of the maxi mum prin ci pal
stress (i.e. s1) along the No rum bega fault sys tem.

Stage-1 re verse fault ing.  Stage-1 brit tle fault ing caused
the large-scale cataclasis and brecciation dis trib uted con tin u -
ously along the pre-ex ist ing Waite duc tile shear zone.  Pre-ex ist -
ing phyllonite and metasedimentary rocks are brecciated (Fig ure 
7), cataclasized (Fig ure 8), boudinaged, and frac tured/jointed
with ob vi ous strain-re lated zonation de scribed above (see Li -
thol ogy and Map Units).  The small-scale drag folds caused by
this re verse fault ing have well-de vel oped ax ial-plane cleav age
(S3) with new min er als such as mus co vite and mi nor bi o tite over -
grow ing the cleav ages, sug gest ing a rel a tively deep level in the
shal low crust where there was a re duc ing en vi ron ment.  These
drag folds are asym met ric and mostly gently plunge 10°-20° to
the south west, in di cat ing a re verse mo tion.  Re lated slick en sides
on some faulted sur faces also in di cate dom i nantly dip-slip
move ment.  Compressional tec tonic boudin lenses with
near-hor i zon tal long axes are de vel oped within the tran si tion
zone from cataclasite/brec cia to in ten sively frac tured/jointed
rock.  These and other ki ne matic in di ca tors con sis tently sug gest
an ep i sode of re verse brit tle fault ing along the fault sys tem.

Two sets of con ju gate small- scale faults/joints, one around
80° and the other 130° in strike (Fig ures 20a and 21), have been
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Fig ure 20.  Rose dia grams for con ju gate faults/joints.  Strike di rec tion.  10° classes.
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ob served within me tasedi men tary and gran ite rocks along the
fault sys tem.  De vel op ment of some small val leys or streams was 
ob vi ously con trolled by these two joint sets (Fig ure 22), e.g. on
the north side of Wash ing ton Bald Moun tain and cliffs such as
Fletcher Peak cliff and parts of Slew gundy Ridge, Knox Moun -
tain, and Fletcher Peak.  These are in ter preted as the old est brit tle 
fea tures be cause they are cut by all other small- scale faults/joints 
(Fig ure 23).  Cata cla site zones less than 5 cm thick were gen er -
ated within these con ju gate faults/joints.  Some faults/joints in
gran ite are filled by epi dote veins.  Most slick en lines on these
fault sur faces plunge gen tly to the southwest at 10°-15°(Fig ure
24a), con firm ing that the mo tion was likely re verse and east-
 side- up.  These con ju gate faults/joints are prod ucts of the ma jor
re ac ti vated fault ing along the fault sys tem, and are thus second-
 order to the mas ter fault ing.  The di rec tion of the maxi mum prin -
ci pal stress (s1) for Stage 1 brit tle fault ing is in ter preted from
these faults/joints through out the study area to be about
100°-125° (Fig ure 24a).

Stage-2 tran sten sional fault ing.  A sec ond (Stage-2) brit -
tle fault ing event over printed Stage-1 joints and small- scale
struc tures with a sec ond con ju gate set of small- scale faults/joints 
(Fig ure 20b) through out the ex tended study area.  The maxi mum 
prin ci pal stress  (s1) de duced from these con ju gate struc tures is
ori ented 065°-085° (Fig ure 24b), and the as so ci ated fault ing was 
in a dex tral strike- slip sense.  This is very likely due to early Car -
bon if er ous oblique move ment be tween former Ava lon and
North Amer ica plates that had ac creted dur ing the Aca dian orog -
eny.  Stage-2 fault ing is thus tran sten sional and might have ac -
com pa nied the open ing of Penn syl va nian pull- apart red bed
ba sins along the Waite zone.

The pull- apart mecha nism for the red bed ba sins along the
Waite zone has not been ad dressed by pre vi ous work ers.  Two
pos si ble mod els are con sis tent with the re sults of this study.

Model 1 – Pull-apart bas ins orig i nated from linked R
shears:  From our ob ser va tion of Stage-2 con ju gate faults/joints
along the fault sys tem – es pe cially on the seg ments where the
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Fig ure 22.  De vel op ment of a stream val ley on north side of Wash ing ton 
Bald Moun tain is con trolled by Stage-1 con ju gate faults/joints.  Brian is 
fac ing east.  Ham mer aligned along s1.

Fig ure 23.  Stage-1 and -3 con ju gate joints in gran ite and their s1 di rec -
tions (map view).

Fig ure 21.  (a) Stage-1 con ju gate small- scale faults in gran itic my lo nite at Fletcher Peak cliff.  Ham mer points to north.  (b) Line draw -
ings of (a) and ex pla na tion (map view).
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redbeds are lo cated in east ern Maine – faults and joints ori ented
around 050° are lo cally ex ten sively de vel oped with ob vi ous dis -
place ment and cataclasis.  Slick en sides on the fault sur faces are
gen er ally subhorizontal.  In the Stage-2 dextral transtension
fault ing re gime, this set of sec ond-or der faults/joints makes a
smaller an gle with the mas ter fault than the other set and are also
in ter preted as syn thetic R shears.  In this model, be cause of
dextral strike-slip mo tion, these 50°-trending R-shears were
pulled apart and linked to form nar row pull-apart bas ins.  The
right-hand-stepped en-enchelon redbed bas ins in the area of
Nicatous Lake to Gassabias Lake could be ex plained with this
model.

Model-2  – Pull- apart ba sins origi nated at small re leas ing
bends:  Since the fault zone is not al ways straight but curves,
bends, and an as to mo ses lo cally in some seg ments, the dex tral
move ment could cause nar row de pres sions or ba sins to form ex -
ten sion ally at the re leas ing bends.  Some red bed ba sins formed
in the area north of Ama zon Moun tain and near Waite might be
ex plained with this model.  The very poorly- sorted thick lay ers
of con glom er ate with clasts from mul ti ple sources within the
red bed ba sins im ply short trans por ta tion and rapid depo si tion.

Stage-3 reverse- sinistral fault ing.  A third brit tle fault ing
epi sode along the NFS took place af ter depo si tion of the red beds.  
This event jux ta posed the red beds against Fre der ic ton belt rocks
and was re spon si ble for the cur rent steep dip of the red con glom -
er ates and sand stones.  Second- order con ju gate faults/joints
(Fig ure 20c) as so ci ated with Stage-3 fault ing cut the small- scale
Stage-1 and -2 faults/joints and cata cla sites (Fig ure 23).  The
maxi mum prin ci pal stress de duced from the Stage-3 con ju gate
faults/joints is in the di rec tion of 135°-155°(Fig ure 24c), sug -
gest ing that the mas ter fault ing was com pres sional and had a
com po nent of sin is tral strike- slip mo tion.  The re lated brec cia,
though mi nor, is red in color and in dica tive of a very shal low

oxidizing en vi ron ment.  Its rela tive age may rep re sent Al -
leghenian re ac ti va tion of the No rum bega fault sys tem.  

GEO LOGIC  HIS TORY

The Fre der ic ton belt tur bid ite suite was de pos ited from late 
Or do vi cian through mid dle Si lu rian times in what may have
been an ocean ba sin sepa rat ing a com pos ite North Ameri can ter -
rane from an equally com plex Ava lo nian con ti nent (Lud man and 
others, 1993).  Clos ing of the Fre der ic ton de po si tional trough
oc curred dur ing the Aca dian orog eny (Ludman and others,
1993), pro duc ing the tight re gional fold ing, (S1) axial- plane
cleav ages, and the lower gree schist fa cies meta mor phism seen in 
the Flume Ridge For ma tion and other rocks of east ern Maine.

The gran itic plu tons were em placed af ter the Aca dian
orog eny, and most of their ages clus ter around 380 Ma    – gener -
ally slightly ear lier.  Roof pen dants, mia ro litic cavi ties, and the
low re gional meta mor phic grade out side the con tact aure oles all
in di cate that the De blois and other post- Acadian plu tons in east -
ern Maine and ad ja cent New Bruns wick were em placed at shal -
low crus tal lev els.

Shortly af ter em place ment and crys tal li za tion of the gran -
ites, at about 380 Ma, the large- scale duc tile No rum bega shear -
ing event took place, pro duc ing duc tile shear zones ori ented in a
045° di rec tion from at least south west ern Maine to cen tral New
Bruns wick.  The No rum bega fault sys tem broad ens north east -
ward from Great Pond and strain was par ti tioned into the two
strands de scribed in this re port plus the Co dy ville fault zone
(Lud man, 1998).  The Kel ly land duc tile shear zone de vel oped
along the con tact be tween the De blois gran ite and the Flume
Ridge For ma tion, and the Waite duc tile shear zone, just a few
miles across strike to the north west, trun cates the south east ern
part of the Bot tle Lake plu ton.  
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Fig ure 24.  Stereonets of maxi mum prin ci pal stresses de duced from con ju gate faults/joints for (a) Stage-1 (stars for slick en lines on
fault sur faces), (b) Stage-2, and (c) Stage-3.
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A re gional study of the whole fault sys tem from the Great
Pond area to east ern most Maine shows that the dex tral sim ple
shear ing in these fault strands ac counted for most of the dex tral
strike- slip off set along the en tire No rum bega fault sys tem, and
the mini mum dis place ment in this area is about 25 km (Wang and 
oth ers, 2000).  Rocks in the Flume Ridge For ma tion, in most of
the Deblois plu ton in the quad ran gle, and all the un named gran -
ite slices be tween the two high- strain zones, are duc tilely
sheared and fo li ated.

Three sig nifi cant stages of brit tle fault ing fol lowed the
early duc tile shear ing and were fo cused mostly along the Waite
fault zone.  Stage-1 brit tle fault ing was dip- slip and com pres -
sional and re spon si ble for the large- scale cata cla sis and brec cia -
tion along the Waite fault.  It proba bly took place in late
De vo nian times.  Fu ture dat ing of the bio tite formed in the sec on -
dary axial- plane cleav ages (S3) may yield a more pre cise age. 
Tran sten sional Stage-2 brit tle ac tiv ity was dex tral oblique- slip
and is be lieved to have been re spon si ble for open ing the Penn -
syl va nian red bed depo cen ters as pull- apart ba sins along the fault 
sys tem.  The Stage-3 brit tle ac tiv ity, mostly dip- slip but with a
sin is tral com po nent, in di cates a re turn to a com pres sional re -
gime.  It jux ta posed the Car bon if er ous red beds against Fre der ic -
ton belt me tasedi men tary rocks, per haps dur ing the late
Pa leo zoic Al leghenian orog eny.  

CON CLU SIONS

This USGS- EDMAP proj ect has led to sig nifi cant im -
prove ments in our un der stand ing of the bed rock ge ol ogy in the
Fletcher Peak 7.5’ quad ran gle, in clud ing:

• A more ac cu rate bed rock geo logic map has been com -
piled for the quad ran gle and for the shal low crus tal seg ment of
the No rum bega fault zone in east ern Maine than was hith erto
avail able.

• Use of map units based on strain in ten sity has helped to
clar ify the ex tent, strain varia tion, and in ter nal struc ture of the
No rum bega fault sys tem in east ern Maine, es pe cially the Kel ly -
land duc tile shear zone.  This map vastly im proves the best pre vi -
ous pic ture of the Kel ly land duc tile shear zone in this part of
east ern Maine.

• The spa tial dis tri bu tion and ex tent of the Third Lake
Ridge gran ite, a sliver sand wiched be tween the Waite and Kel ly -
land zones, have been re vealed.  The gran ite is physi cally sepa -
rated from the east ern lobe of the De blois plu ton in the
quad ran gle, but map ping in the Gass abias Lake and Ni ca tous
Lake quad ran gles sug gests that it was de rived from the west ern
lobe of the plu ton.  Two phases of gran ite have been iden ti fied: 
coarse to mega crys tic K- feldspar hornblende- biotite gran ite on
the north side of the sliver, and medium- grained bio tite gran ite
on the south.  Both were af fected by the ma jor No rum bega duc -
tile shear ing event.  Sec on dary or syn thetic dex tral sim ple shears
have been found within the gran ite sliver, sug gest ing that the
dex tral sim ple shear re spon si ble for dis place ment along the fault
sys tem in cludes not only shear within the Waite and Kel ly land

duc tile shear zones, but also these syn thetic sim ple shears be -
tween the two duc tile shear zones.  This will help fu ture duc tile
shear mod el ing for the fault sys tem in east ern Maine.

• The multi- stage de for ma tion his tory of the No rum bega
fault sys tem in the area has been de tailed, in clud ing its ex tent,
ge ome try, and in ter nal struc ture in both ho mo ge ne ous gran ite
and het ero ge ne ous me tasedi men tary rocks.  The (ear li est) dex -
tral duc tile shear ing event be gan af ter the em place ment of gran -
itic plu tons ~380 Ma years ago and branched into two big strands 
in the study area – the Waite and Kel ly land fault zones.  The ac -
com pa ny ing map pro vides a re fined pic ture of the Kel ly land
duc tile shear zone in this part of east ern Maine.  

• Shear strain fa cies have been mapped within Deblois
gran ite de formed in the Kellyland duc tile shear zone.  Plas tic de -
for ma tion within quartz grains (with as so ci ated micro struc tures
such as dy namic recrystallization by sub-grain ro ta tion with
curved grain bound aries, core-man tle struc tures, and de for ma -
tion bands) ac com pa nied by frac tures, only, within ad ja cent
feld spars, dem on strate that the de for ma tion tem per a ture is prob -
a bly be low 350° based on the ex per i ments by Hirth and Tullis
(1992).

• Three dis tinct sub se quent mul ti ple brit tle fault ing events
have been iden ti fied, and the chang ing stress fields as so ci ated
with each event were re con structed for the first time from
small-scale cross-cut ting struc tures.  Al most all the brit tle fault -
ing was con cen trated in the pre-ex ist ing Waite duc tile shear zone 
with only mi nor very small-scale sec ond ary joint ing/fault ing
dis trib uted along the Kellyland zone.  Stage-1 re verse fault ing,
with its max i mum prin ci pal stress in the di rec tion of 100°-125°,
caused large-scale cataclasis and brecciation along the Waite
zone.  Stage-2 transtensional fault ing, with its max i mum prin ci -
pal stress in the di rec tion of 065°-085°, is be lieved to be re spon -
si ble for the open ing of nar row pull-apart Penn syl va nian(?)
redbed bas ins along the Waite zone.  The R-shears, one of two
sets of con ju gated sec ond ary faults, might have been pulled
apart and linked to form nar row pull-apart de pres sions (then bas -
ins) un der a dextral transtension re gime.  Ex ten sion at some re -
leas ing bends may also have formed small and very nar row
redbed bas ins.  Stage-3 re verse-sinistral-fault ing, with its max i -
mum prin ci pal stress in the di rec tion of 135°-155°, jux ta posed
the redbeds against Fred er ic ton belt rocks and was re spon si ble
for tilt ing the redbeds to their cur rent steeply dip ping at ti tudes.

Be cause of the com plex ity of the fault sys tem, and the gen -
er ally poor bed rock ex po sure, some is sues re main un cer tain. 
Also be cause of the re gional scale of the fault sys tem, more work 
should be done along the south west ward ex ten sion of the No -
rum bega fault sys tem to re solve large- scale geo logic is sues such
as the ori gins of the gran itic sliv ers be tween the Waite and Kel ly -
land zones and the branch ing mecha nism of the fault sys tem. 
The com plexly sheared gran itic sliv ers (Third Lake Ridge gran -
ite is one of these sliv ers) be tween the Kel ly land and Waite fault
zones from Great Pond to the Ama zon Moun tain area may pro -
vide a key to un der stand ing the evo lu tion of the NFS in an area
where these two strands ap pear to con verge.  This will fi nally

15

Bedrock Geology of the Fletcher Peak Quadrangle, Maine



help to build a shear model for the early duc tile No rum bega
shear ing sys tem in east ern Maine.  The three- stage brittle-
 faulting model pro posed by this proj ect also needs additional
work south west ward along the fault sys tem for com par i son and
refinement.
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