Granite ascent in convergent orogenic belts: Testing a model
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ABSTRACT ities between the structural zones. The kinemat-
The common spatial relationship in convergent orogenic belts between a crustal-scale sheaiics suggests the Central Maine belt shear-zone
zone system, high-grade metamorphic rocks, and granites suggests a feedback relation betweaystem accommodated dextral-reverse displace-
crustal anatexis and contractional deformation that helps granite extraction and focuses granite ment during transpressive orogenesis (Brown
ascent. Such a feedback relation has been proposed for ascent of Early Devonian granites in westnd Solar, 1998a). Also, porphyroblasts of bio-
central Maine. This interpretation requires that deformation, metamorphism, and plutonism tite, garnet, andalusite, and staurolite contain an
were synchronous. We have determined precise U-Pb zircon and monazite ages that we interpreéhcluded foliation inclined to surrounding matrix
to record time of crystallization of syntectonic granite in metric to decametric sheets and kilo- foliation, consistent with coeval metamorphism
metric plutons, and of schlieric granite within migmatites. Ages are in the range ca. 408-404 Maand plastic deformation (Solar and Brown,
within 1 m.y. at 95% confidence limits. These ages are similar to extant U-Pb monazite ages 0£998). Smith and Barreiro (1990) determined
ca. 405-399 + 2 Ma for syntectonic regional metamorphism in the same area. The coincidencthe age of this syntectonic regional metamor-
between the age of peak metamorphism and crystallization ages of granite shows tectonics, metghism as 405-399 = 2 Ma, using the U-Pb

morphism, and magmatism were contemporaneous, in support of the feedback model. method on monazite crystallized at staurolite-
grade conditions in schists unaffected by later
INTRODUCTION GEOLOGY OF WEST-CENTRAL MAINE contact metamorphism.

Extraction of granite from lower crust, and its The northern Appalachians of New Hamp- At high metamorphic grade, partial melting
emplacement at shallower levels, is the principahire and Maine include Ordovician metasediformed migmatites within the Tumbledown and
mechanism by which the continents have bementary and metavolcanic rocks, Neoproterozoi/eld anatectic domains (Fig. 1b) (Brown and
come differentiated. Thus, understanding howasement rocks of the Bronson Hill belt, an&olar, 1998a). Stromatic (layered) migmatites
granite moves through the crust is an importamhetasedimentary rocks of the Central Maine beltontain a lower fraction of leucosome in com-
step toward understanding crustal evolution. Iwhich range in age from Llandovery to Emsiarparison to foliated inhomogeneous migmatites.
many convergent orogenic belts spatial and tenfe.g., Moench and Pankiwskyj, 1988; Fig. 1a)lnhomogeneous migmatites vary from mica-rich
poral relationships between granite and regiondlhe Central Maine belt contains structuresesidual varieties to leucosome-rich schlieric
tectonic structures suggest ascent and empladelieved to have formed primarily during Devo-granite, which suggests progressive segregation
ment during contraction rather than during extemian dextral-transpressive deformation (Browrmf melt from residue by granular-flow—induced
sion (e.g., Hutton, 1997; Brown and Solar, 1998aand Solar, 1998a). compaction. The boundaries between these two
During orogenesis, melting occurs in a dynamic In the Central Maine belt of west-centralmigmatite types are approximately coincident
environment in which differential stresses acting/laine, zones of enhanced deformation are sugith boundaries between structural zones
upon anisotropic crust lead to heterogeneowgested by a high degree of parallelism betwedfig. 1b); stromatic migmatites are in the HSZs
deformation at all scales, which enables granitsompositional layering and foliation, which main-whereas inhomogeneous migmatites are in the
extraction, ascent, and emplacement (e.g., Browtain a consistent northeast strike and steep soutl5Zs. Sheets of granite that are concordant or
1994; Sawyer, 1994). Deformation leads to pereast dip across the width of the zones, andveeakly discordant with respect to foliation in
odically connected melt flow networks (e.g.well-developed moderately to steeply northeasHSZs (Fig. 2) are interpreted to record chan-
Brown and Rushmer, 1997; Brown and Solaplunging mineral elongation lineation (Brownneled transfer of melt, and by analogy with
1998b) and crustal-scale architectures, such asd Solar, 1998a). These steep zones surrowins at a lower metamorphic grade, may be in
shear-zone systems (e.g., D'Lemos et al., 1992¢pnes (Figs.1b and 1c) in which foliation is neitensile and dilational shear fractures (Brown
Brown and Solar, 1998a), that allow melt extracther as strongly developed nor generally paralleind Solar, 1998b).
tion and focus melt ascent through the crusto variably oriented, moderately dipping compo-

Regional tectonic structures are thought to plasitional layering, although a well-developedThe Granites

an important role during emplacement of sommoderately to steeply northeast-plunging min- The dextral-reverse kinematics of the Central

granite plutons, either by creating space (e.geral elongation lineation is pervasive. We interMaine belt shear-zone system implies that suc-
Hutton, 1988) or by arresting ascent (e.gpret these intervening zones to record relativelgessively shallower structural levels are exposed
Clemens and Mawer, 1992). lower strain (LSZs) within anastomosing zone$o the northwest across the study area in west-

It is implicit in these relationships and inter-of higher strain (HSZs) (Solar and Browncentral Maine (Fig. 1b). Thus, within the block to
pretations that crustal anatexis and granit€998); these are part of the Central Maine belhe southeast of the central HSZ, the Phillips
extraction, ascent, and emplacement are syntesfiear-zone system. In HSZ rocks, a noncoaxipluton and the associated Weld anatectic domain
tonic processes, and that deformation and melomponent of deformation is suggested byepresent the deepest structural level, while the
transfer are synchronous. Synchroneity of metasymmetric pressure shadow tails arounBedington pluton and the northern lobe of the
morphism and migmatization, and granite melporphyroblasts, by biotite “fish,” and by a con-Lexington pluton in the block to the northwest of
extraction, ascent, and emplacement can Iséstent obliquity between boudinaged granitethe central HSZ represent shallower levels.
tested by precise determination of crystallizatiopegmatite sheets and layering and/or foliation, The three-dimensional shape of plutons can be
ages, which is the purpose of this paper. and it is required to prevent space incompatibideduced by combining geologic information

Data Repository item 9872 contains additional material related to this article.

Geology;August 1998; v. 26; no. 8; p. 711-714; 3 figures; 1 table. 711



a. Location map

Bronson Hill
belt (BHB)

Central Maine
belt (CMB)

Nashoba
terrane

Avalon
l:l composite
terrane
Sebago
xx  batholith
Norumbega

NSZ shear zone
system

100 km

Atlantic
Ocean

c. Structure section

Perry Mountain and Smalls Falls Formations

NS
AN AN AN
PSS
-

| mafic plutonic rocks

. felsic plutonic rocks

Flagstaff Lake igneous
complex, gabbro/
biotite granite

Lexington pluton

-] Mooselookmeguntic pluton,
1l leucogranite / granodiorite

1 Phillips pluton

Redington pluton

S5
Sugarloaf pluton

Figure 1. a. Location of Central Maine belt (CMB) of New Hampshire and Maine in relation to
Bronson Hill belt (BHB) to northwest, and Norumbega shear-zone (NSZ) system and Avalon
composite terrane to southeast. Outlined area north of Sebago batholith corresponds to
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diagram constructed from simplified geological map and cross sections of the study area,
west-central Maine, to show relationship between granite plutons and Central Maine belt
(CMB) shear-zone system. Higher strain zones are indicated by lines representing orienta-
tion of foliation and lower strain zones are unornamented; plutons are indicated by inclined
crosses. c. Simplified structure section, northwest-southeast, with Redington and Phillips

plutons omitted.

Figure 2. Steeply east-dipping granite sheets
in stromatic migmatite within central high
strain zone along west side of Tumbledown
anatectic domain, Swift River, Roxbury, Maine
(view to north).

plunging mineral elongation lineation in the
Central Maine belt rocks, it is implicit that rocks
similar to those exposed in the Weld anatectic
domain occur under the Phillips pluton to the
northeast (Fig. 1b). The Redington pluton has ir-
regularly northeast-dipping contacts with wall
rocks in the northeast and inward-dipping con-
tacts in the southwest, where it is inferred to be in
contact with wall rocks along a northeast-dipping
surface that represents the base of the pluton. In
the southwest, aligned K-feldspar phenocrysts in
granite define a moderately northeast-dipping
magmatic foliation, subparallel to kilometer-scale
screens of weakly strained hornfelsic wall rock.
The plutonis in an LSZ (Fig. 1b). Gravity model-
ing suggests a horizontal wedge as much as
2.5-3 km thick at the northeast margin thinning to
the southwest (Carnese, 1981). In contrast, the
Lexington pluton has a hybrid geometry in which
a hemiellipsoidal northern lobe is in an LSZ, but
the central-southern lobe has a tabular form that
thins to the south-southeast, cutting discordantly
across the shear-zone system (Fig. 1b). Modeling
by Unger et al. (1989) suggests the northern lobe

with models based on geophysical data, gravitgoncordant with respect to regional structuras =12 km thick, with steep inward dipping con-
studies in particular. Here, we summarize plutoSteeply dipping magmatic fabrics (biotite-richtacts, in comparison with the central-southern
geometries derived by Brown and Solar (1998kgchlieren, and modal and grain-size layeringpbe, which thins from=6 to=3 km across the
using map information, thermal aureole widtroccur locally and are oriented conformably withstrike of the central HSZ. Sporadic outcrops in the
and depth of pluton emplacement, cross sectiotige northeast-striking, subvertical foliation in sureenter of the pluton exhibit northeast-striking,
of plutons modeled in a regional gravity studyounding metasedimentary units (Pressley arateeply southeast-dipping magmatic foliation.
(Carnese, 1981), and a crustal model based onBrown, 1998). Although the Weld anatecticThe eastern part of the Mooselookmeguntic
integrated geophysical study (Stewart, 1989lomain to the south is poorly exposed, availablgluton is exposed in the west of the area (Fig. 1b).

The Phillips pluton is a hemiellipsoidal body inoutcrop data suggest it is composed of inhomog@&his is a large tabular pluton, shallowly northeast
an LSZ (Fig. 1b). Where observed, principal conrreous migmatite with lenses of schlieric granitélipping and thinning to the southwest, that also
tacts between granites and metasediments gBrown and Solar, 1998b). Given the northeastuts the shear-zone system.
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The Model optical quality, and free of optically visible dance, suggesting modern-day Pb loss. All
On the basis of field mapping and microinclusions. We interpret these zircons to benonazite fractions plot concordantly. The data
structural interpretations in west-central Mainégneous (Pupin, 1980). On this basis, we expeate given in Table Aand ages, quoted at 95%
(Fig. 1), Brown and Solar (1998a, 1998b) havéhat the zircons may incorporate the least inheconfidence limits, are summarized in Table 1.
proposed a model in which metamorphismited component, thus permitting the interpretafhe general consistency between zircon and
migmatization, and granite melt transfer werd¢ion of ages as recording the time of crystallizamonazite ages and reproducibility of multiple
synchronous with deformation in a crustal-scaléon. Honey-yellow monazite selected forfractions from the same granite samples (Fig. 3)
shear-zone system. In nonmigmatitic rocksanalysis was round and ~50 um in grain sizeuggest that the ages may be interpreted to
porphyroblast-matrix relations show metamorPreparation, chemical purification, and analytirecord the time of crystallization of the granites.
phic crystallization was syntectonic (Solar andal techniques follow the procedures developed
B B oy 155 D Foposon b 507 Ta A Zo
. ‘ - Rt E 3 i ] and Monazite Analyses, is available on request from
active contractional deformation, end-membecordia diagrams of Figure 3, individual zirconpocuments Secretary, GSA, P.O. Box 9140, Boulder,
rheological models are as follows: (1) percolativéractions plot concordantly or with slight discor-CO 80301. E-mail: editing@geosociety.org.
melt flow parallel to the principal finite elongation
direction in the plane of flattening, recorded by
the mineral elongation lineation and the foliation NORTH ROXBURY, MAINE LEXINGTON AND REDINGTON PLUTONS
T T T

and (2) en masse flow of melt with residue (e.g f f f f f 0.0660 [ f 410
. . . . L :) _
by granul;r rowi, in v(;/hlch (;ilfferentlal flow ratesI 0.0660 1= o5 410 Lexington biotite granite
may enable melt and residue to segregate. Flc o L i
y : grega 00655 & 4 00650 =1 4042 + 1.8 Ma
may be channeled, as illustrated by centimete ™ r — e
. . . - pale brown zircon

scale stromatic (layered) migmatite structures ar g 406 32 Colorles sreon

. . 0.0650 — 13 — 0.0640 33 - very pale brown zircon -
meter-scale sheets of internally layered granit g
arrested during ascent (Fig. 2). Embrittlementdu | .o | 402, s |
to a buildup of melt pressure may have enable 13,14 eooress s 0.0630 7 7
tensile and dilatant shear fractures to formin strc o 940 - / 15, 16 - monazite 4 4 1.2,3,4- pale brown zircon
matic migmatite, and granular flow may become 378 two-mica granite 0.0620 Redington biotite granite |
dilatant, leading to localization of deformation  0.0635 |- ﬂ 4043 + 1.9 Ma | 407.6 + 4.7 Ma
that enables melt exfiltration (Brown and Solar 207py, 235y | 00610 k/ 207 /2355
1998a, 1998b). Cyclic fluctuations of melt pres- 00630 | | | L 3 | |
sure result |n pulsed ﬂOW of me't Cons|stent Wltlr‘ 0.480 0.485 0.490 0.495 0.500 0.460 0.470 0.480 0.490
internal layering in granite sheets. Granite ex SWIFT RIVER, ROXBURY, MAINE gray granite PHILLIPS PLUTON

S . L. T T T T T T T
hibits magmatic foliation but does not record o060 L D | 403.6 + 2.2 Ma
solid-state fabrics. This suggests late syntecton ™ % 410 21 pale brown zircon
[} 22,23 - monazite -
transfer of melt through the shear-zone system: ' .| = ] eucogranite
deformation waned, followed by crystallization [
v ey £ 406 403.5 £ 1.6 Ma

that proceeded without penetrative strain, al o450 |- i

8 17, 18 - pale brown zircon

though smaller sheets exhibit crenulate margin: 5 '7/ 19 - monazite
and some sheets are deformed into pinch ar 0.0645 |- 402 a
swell structures (Fig. 2). 6- pale brown zircon 0.0640 T
0.0640 7, 8 - colorless zircon | 27, 28 - colorless zircon
’ 398 . . - .

ot two-mica leucogranite schlieric granite
Existing Age Data | s 0.0635 i

Previous age determinations on granites inth: %0633 [ 407.9 £ 1.9 Ma | 405.3 £ 1.8 Ma
area include Rb/Sr whole-rock isochron ages ¢ 0.0630 x x x 20x7Pb / 23xSU 1 s 3 | | 1207Pb / 2?5U i

371 £ 6 Ma (regressed from nine samples of th

Mooselookmeguntic pluton and satellite bodies

and recalculated from data in Moench anc _ SOUTH ROXBURY. MAINE __ MOOSELOOKMEGUNTIC PLUTON

0.480 0485 0490 0495 0.500 0.476 0.480 0.484 0.488 0.492

T
Zartman, 1976) and 399 + 6 Ma (based oI o L o |
samples from both the northern and central & 410 0.0620 = | two-mica leucogranite
soutgern lobes of Ithe Lexmgto_n gl_ut()Dn,kH. E 00655 é ., / - 3703 + 1.1 Ma
Gaudette, personal commun., cited in Dic erso g 40621 0.0610 L A 380 ]
and Holdaway, 1989, p. 499). A U-Pb monazite 0.0650 |- o7 T
age of 363+ 2 Ma from the southern part of the
Mooselookmeguntic pluton was reported by 0.0645 = 02 7 0.0600 |- B
Smith and Barreiro (1990). DeYoreo et al. \ 910, 11 - colorlesszircon s ealoiess hort prsms.
: 0.0640 - a
E)198_f9) rep?&e;jsgl'&ate Dev?nlan r:hromtj)lgh ;:ar‘ 398 two-mica granite 0.0550 biotite granite i
oniferous#%Ar/=Ar ages from hornblende,
. o ) 0.0635 | + e 388.9 + 1.6 Ma

muscovite, and biotite mineral separates from th 408.2 £ 2.5 Ma

Mooselookmeguntic and Phillips plutons. 00630 £, x x 2?7pb / 23st | 00580 W7pp 1 2357

. 1 1 1 1 1 1 1
0480 0485 0490 0495 0500 0.435 0.440 0.445 0.450 0.455 0.460 0.465

RESULTS
Zircon selected for analysis was needle c Figure 3. 206pp/ 238y ys. 207pp/235Y concordia plots of analytical data. Three samples from
. h d (<75 ize fracti f hiat Roxbury area are sheets of granite within the central high strain zone. Ages are given at 95%
prism shaped ( pum size fraction), of hig confidence level.
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TABLE 1. U-Pb ZIRCON AND MONAZITE AGES FROM GRANITE SAMPLES

Sample

Mineral (color/morphology)

Age(+20),Ma

Two-mica granite sheet in HSZ

zircon (clear colorless needles), monazite

4043 £ 1.9

Two-mica leucogranite sheet in HSZ zircon (clear colorless to pale brown needles, short prisms) 407.9 + 1.9
Two-mica granite sheet in HSZ zircon (clear colorless needles, short prisms), monazite 408.2 + 2.5
Redington pluton (biotite granite) zircon (pale brown needies) 407.6 + 4.7
Phillips pluton

(gray granite) zircon {pale brown short prisms), monazite 403.6 £ 2.2

(leucogranite) zircon (clear brown prisms), monazite 4035+ 1.6
Schlieric granite within migmatites  zircon (clear colorless needles) 4053 + 1.8
Lexington pluton (biotite granite) zircon (cotorless to pale brown needles) 4042 + 1.8
Mooselookmeguntic pluton, S lobe

(biotite granite) zircon (clear colorless needles, short prisms) 388.9 +

{two-mica leucogranite) monazite 370.3 +

Note: HSZ is high-strain zone.

DISCUSSION AND CONCLUSIONS
In west-central Maine, granite sheets in th
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