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ABSTRACT 

Field and petrologic observations in the Windham-Gorham area of southern Maine indicate that a part of the 
area contains kyanite as the aluminosilicate polymorph. This occurrence is indicative of a medium-pressure 
(Barrovian) metamorphism and is in sharp contrast to surrounding areas in Maine and New Hampshire which are 
typically characterized by low-pressure metamorphism (andalusite and/or sillimanite instead of kyanite). The grade 
of metamorphism ranges from garnet to upper sillimanite zone, and the present pattern of isograds is a result of a 
static (post-tectonic) Barrovian event. In the context of available petrogenetic grids, the mineral parageneses and 
isogradic reactions lead to an estimate for the minimum and maximum pressures of metamorphism at 6.25 and 7.5 
kbars (20-25 km), respectively. Temperatures estimated from the petrogenetic grid approach range from 500° -
700°C. Geothermometry and geobarometry based on exchange reactions provide temperature and pressure 
estimates for the kyanite zone which range from 490° - 540°C and 5.5-6.4 kbars (18-22 km) (assuming an ideal 
solution model), respectively. 

The sequence of events postulated for the Windham-Gorham area is as follows: (1) Acadian upright, tight, 
isoclinal folding which controls the present map pattern (D1), (2) a widespread (Acadian?) metamorphic event (Mt) 
to staurolite grade, (3) localized deformation (D2) as a direct result of the intrusion of the Sebago batholith 325 
million years ago, (4) a static, post-tectonic Barrovian-type metamorphism (M2) which is spatially related to the 
underside of the Sebago batholith and which caused both prograde and retrograde metamorphism of the Mt 
assemblages, and (5) a late, sporadic retrograde metamorphic event (M3) near the batholith. It appears that the 
Windham-Gorham area is the surface expression of a deeper level of the crust, preserving rocks of a Carboniferous 
metamorphic event. 

INTRODUCTION 

The higher grade, regionally metamorphosed rocks of 
pelitic bulk compositions in southern Maine typically contain 
andalusite and/or sillimanite (Thompson and Norton, 1968). 
Hence, according to Miyashiro ( 1973), they would be classified 
as a low-pressure baric type. As expected, other common pelitic 
minerals include biotite, muscovite, garnet, and staurolite. How-

ever, there is a relatively small area near the town of South 
Windham containing kyanite as the AhSiOs polymorph. This 
would be more characteristic of the medium-pressure baric type 
of Miyashiro (1973). Although collected for years by mineral 
enthusiasts (Cook Road in Windham has yielded kyanite since 
the late I 800's), the kyanite has never before been investigated 
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in a petrologic sense. The occurrence of kyanite and its Bar­
rovian implication are quite significant in the interpretation of 
the geologic and metamorphic history of southern Maine. 

The purpose of this investigation is to ascertain the 
metamorphic history of the Windham-Gorham area and provide 
a tectonic interpretation, especially in the context of the kyanite 
occurrence and the recently determined Carboniferous age of the 
Sebago batholith (Hayward and Gaudette, 1984; Aleinikoff, 
1984; Aleinikoff et al. , 1985). 

The area studied includes approximately 40 square miles 
and is located near the towns of Gorham and South Windham, 
about 15 miles northwest of Portland. In a regional sense it is 
located on the eastern limb of the Kearsarge-central Maine 
sync! inori um. It lies just south of and includes a portion of the 
Sebago batholith, the largest pluton in Maine (Fig. I). 

GEOLOGIC SETTING 

Previous Geologic Work 

Previous geologic work in southern Maine includes studies 
by Katz ( 1917), Perkins and Smith ( 1925), Fisher ( 1941 ), and 
Osberg ( 1968). Much of the more recent geologic mapping in 
southern Maine has been carried out by Hussey (1968, 1971, 
1981, 1985). These works have provided the geologic 
framework for this study. Following Billings ( 1956), Hussey 
( 1968) placed the rock units of the present study area (then called 
the Berwick and Eliot Formations) within the Merrimack Group. 

Hussey ( 197 1 ), in his description of the structure, stratig­
raphy, and lithology of the units comprising the Portland quad­
rangle (including the Windham-Gorham area), introduced the 
name Windham Formation and correlated it with the Eliot For­
mation of Katz ( 1917) and the Waterville Formation of central 
Maine. The Berwick Formation was interpreted to lie confor­
mably above the Windham Formation and correlated with the 
Vassalboro Formation to the north (as indicated by Osberg, 
1968). Both units were considered to be members of the Mer­
rimack Group (Hussey, 1971 ). 

Hussey 's ( 1981) work in the Lower Androscoggin-Casco 
Bay area also included the present study area. In that study the 
units were not designated as members of the Merrimack Group 
due to uncertainties in radiometric dating (Lyons et al., 1982). 
However, Hussey ( 1981) still preferred to correlate the Berwick 
with the Vassalboro Formation. He indicated the Vassalboro 
Formation to be Late Ordovician(?) to Early Silurian(?) and to 
conformably underlie the Windham Formation of Early 
Si lurian(?) age. This change in stratigraphic interpretation was 
in response to the studies of Osberg ( 1980) in south-central 
Maine. The recent Bedrock Geologic Map of Maine (Osberg et 
al., 1985) follows this stratigraphic interpretation. 
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Stratigraphy and Lithology 

A major part of the study area consists of metamorphosed 
sedimentary strata which are now calc-silicate and biotite 
granofels, marbles, and mica schists. Igneous rocks include 
granite (Sebago batholith) and minor mafic intrusive rocks too 
small to be shown at the scale of mapping. The Windham-Gor­
ham area includes northeast-trending metamorphosed strata of 
Late Ordovician(?) to Early Silurian(?) age, specifically the 
Vassalboro and Windham Formations (Fig. 2). The name Vas­
salboro is used herein for that unit which in the study area was 
originally designated as the Berwick Formation (Katz, 1917; 
Hussey, 1968, 1971 ). This has been done in order to avoid 
confusion with the recent reinterpretation of the Berwick Forma­
tion in southeastern New Hampshire as a Late Precambrian 
formation (Bothner et al., 1984). 

Stratified Rocks. The Vassalboro Formation consists of a 
thick sequence of quartz + plagioclase + biotite ± hornblende 
granofels (75-80%) with lesser amounts ( l 0- 15%) of calc-silcate 
granofels and micaceous schist. 

The Windham Formation consists of three lithologies: (I) 
a pelitic schist, (2) a ribbon limestone, and (3) calc-silicate and 
biotite granofels. The principal lithology is a thin-bedded, two­
mica + garnet + quartz + plagioclase schist with staurolite 
present as metamorphic grade increases, and abundant sil­
limanite near the Sebago batholith. Locally, the high-pressure 
aluminosilicate polymorph kyanite is present. For a detailed 
description of lithologies refer to Thomson (1985) and Hussey 
et al. ( 1986). 

Intrusive Rocks. The Sebago batholith, mainly a 
peraluminous, two-mica granite, lies partly within the study area 
(Fig. 2). Gravity data suggest that the batholith is a rather thin 
( 1 km±), sub-horizontal sheet (Kane and Bromery, 1968; Hodge 
et al., 1982). Previously thought to have been part of the New 
Hampshire Plutonic Series, the Sebago batholith has been dated 
recently as Carboniferous (325 Ma) by Hayward and Gaudette 
( 1984 ), Aleinikoff ( 1984 ), and Aleinikoff et al. ( 1985). 

In addition to the Sebago batholith, there are numerous 
basaltic and diabasic dikes of variable thickness (both parallel to 
and crosscutting the structural grain of the country rock). These 
dikes have not been affected by any subsequent metamorphic 
activity and are thought to be related to Triassic intrusive activity 
(Hussey, 1971 ). 

Structure 

The work of Hussey ( 1971, 1981 , 1985) has provided most 
of the geologic framework for this study with only a few minor 
changes. The general structure of the area consists of a series of 
synforms and antiforms that strike approximately N30°E and 
have gentle plunges to the north and south (Fig. 2). A generalized 
cross-section (A-A') through the north-northeast portion of the 
area is shown as well. 



Carboniferous Barrovian metamorphism in southern Maine 

N 

.,., 0 
" M 

0 0 ..... ..... 

I High-angle 

5 0 5 tO miles post-metamorphic fault - - -
5 0 5 10 kilometers I Folded thrust --- (teeth on upper plate) 

Figure I. Generalized geologic map of southwestern Maine (from Hussey et al. , 
1986) and location of the Windham-Gorham area. 
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Figure 2. Generalized geologic map and cross section of the Windham-Gorham area (modified from Hussey, 1985). 

38 



Carboniferous Barrovian metamorphism in southern Maine 

The rocks of the study area are multiply defonned. The area 
was previously interpreted by Hussey ( 1981) to have been 
defonned by an early event that produced large-scale recumbent 
folds (F1), and then a later event that caused large-scale upright 
to slightly overturned folds (F2). However, Hussey's (1985) 
most recent interpretations suggest that the study area shows 
evidence only of the later (F2) deformation. Both F1 and F2 folds 
are a result of the Acadian orogeny of Early Devonian age 
(Hussey et al., 1986). 

Minor structures (crenulation cleavages and tight isoclinal 
folds), and hence the degree of deformation, increase as the 
Sebago batholith is approached. These FJ minor structures are 
directly related to the intrusion of the Sebago batholith during 
the Carboniferous and so are Carboniferous in age (Thomson, 
1985; Hussey et al. , 1986). 

REGIONAL METAMORPHIC SETTING 

Many detailed studies of the metamorphic rocks have been 
carried out in parts of Maine near the study area. Here, discus­
sion is directed only at those most relevant to the present study. 
Guidotti ( 1970) presented a discussion of the metamorphism 
near Rangeley, north of the study area. The metapelites in that 
region range in grade from biotite to K-feldspar + sillimanite 
zone and show evidence of polymetamorphism. Particular em­
phasis has been placed on partofGuidotti 's (1970) Figure I, Area 
B. There the rocks range from garnet to upper sillimanite zone. 
Guidotti ( 1970) suggested three Acadian events for this area. M 1 
was a low-grade event followed by Mz, an andalusite + staurolite 
+ biotite ( + cordierite locally) event. A subsequent metamorphic 
event (M3) reached sillimanite grade near plutons, thereby 
demonstrating a spatial relationship between metamorphism and 
plutonism. M3 resulted in a "hinge-effect" (Guidotti, 1970), as 
it caused prograde metamorphism of andalusite-staurolite grade 
rocks near the plutons and a retrogradation of andalusite­
staurolite grade rocks farther away. Depending upon position in 
the M3 metamorphic gradient, the andalusite and staurotite (and 
cordierite) produced by the Mz event were partially to complete­
ly replaced by pseudomorphs. 

Guidotti ( 1970) also discussed the metamorphism in an area 
immediately north of the Sebago batholith (see Fig. I of Guidotti , 
1970: Area D). Some of the rocks there are migmatites that are 
systematically related to the K-feldspar + sillimanite isograd and 
probably fonned by partial melting (Guidotti, pers. commun., 
1985). This is in marked contrast to the present study area where 
the rocks only reach the upper siltimanite zone and show no 
evidence of migrnatization. 

A fairly similar metamorphic history was suggested by 
Novak and Holdaway ( 1981) for the area just west of Augusta. 
The Mz and M3 events of Novak and Holdaway ( 198 1) may be 
similar to Guidotti 's ( 1970) MJ event. All of these sillimanite­
producing events are spatially related to plutons. 

Holdaway et al. ( 1982) recognized four Acadian events 
(M1 -M4) in west-central Maine. There the Mz assemblages 

(andalusite-staurolite, locally cordierite) are affected by a later, 
somewhat higher pressure metamorphic event (M3) which in­
volved a range of grades. The MJ regional metamorphism is 
spatially related to plutons throughout most of the area. Finally, 
M4 was a local contact event which produced staurotite, an­
dalusite, and cordierite around some of the Devonian plutons in 
the region. 

Hussey ( 1981) stated that the rocks in the Windham-Gor­
ham area were metamorphosed by a low-pressure, intermediate 
(Buchan type) event. He also noted, however, that the occur­
rence ofkyanite may indicate the higher pressure Barrovian-type 
metamorphism. 

All early studies considered the metamorphism to be of 
Acadian age but more recently Lux and Guidotti (1985), De­
Yoreo et al. ( 1985), and Guidotti et al. (I 986a, 1986b) have 
presented evidence for a Carboniferous thermal event in western 
Maine, related to the Carboniferous Sebago batholith. A com­
bination of petrologic evidence and disturbed K-Ar ages for 
Devonian plutons (Songo and Mooselookmeguntic plutons) in 
the area studied by Guidotti ( 1970) led to the suggestion that the 
high-grade K-feldspar + sillimanite isograd of western Maine is 
of Carboniferous (Holdaway et al. , 1982; Guidotti et al. , 1983) 
rather than Devonian age as previously claimed. The regional 
metamorphic history of Maine may be more complex than 
previously thought and may involve widespread Carboniferous 
regional or contact metamorphism superimposed on an Acadian 
metamorphic terrane. As developed later, this has implications 
for the metamorphism of the stratified rocks in the Windham­
Gorham area due to their close proximity to the Sebago batholith. 

PETROLOGY OF THE METAMORPHIC ROCKS 

Petrography 

A total of 250 stations were recorded from which I 0 I pelitic 
schist samples were collected for detailed petrographic and 
petrologic research. Equilibrium assemblages of pelitic schists 
have been plotted on Thompson's ( 1957) AFM diagram (Fig. 3). 
The grade of metamorphism increases from the garnet zone in 
the southeast to the upper sillimanite zone in the northwest as the 
Sebago batholith is approached (Fig. 4). Important textural 
characteristics are discussed below and shown schematically in 
Figure 5a-I. For a more detailed petrographic discussion, see 
Thomson ( 1985). 

Garnet Zone. The lowest grade mineral assemblages ob­
served belong to the garnet zone. Rocks in this zone were 
previously interpreted to belong to the staurolite zone due to a 
reported occurrence of staurolite in a thin pelitic layer of the 
Vassalboro Formation by Hussey ( 1971 ; pers. commun., 1985). 
Based upon the AFM projections of the observed assemblages 
(Fig. 3), it appears that garnet zone is a better designation. 

Biotite and garnet within this zone commonly exhibit a 
helicitic overprint texture with inclusion trails continuous with 
the external schistosity (Fig. 5a,b). Less commonly, the garnets 
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Figure 3. Schematic AFM topologies and observed mineral as­
semblages for the Windham-Gorham area (dashed lines represent those 
assemblages stable with respect to a component other than those taken 
into account by the AFM projection, e.g. CaO, MnO). 

appear as anhedral, elongated grains parallel to the foliation. In 
many samples euhedral garnet porphyroblasts, as well as Mg­
rich chlorite, are arranged randomly within the groundmass and 
the external schistosity is truncated at the boundaries of the 
porphyroblasts (Fig. Sf,e). Finally, in a few cases, garnets have 
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been observed which contain an internal schistosity that is in­
consistent with the external foliation (Fig. Sh). 

Staurolite Zone. The assemblages present in the staurolite 
zone are listed in Figure 3 and have been used to establish the 
mineral compatibility diagram (topology) shown. The four 
phase assemblage bio + gar + staur + Mg-chi seems to be 
inconsistent with Thompson's (I 9S7) mineral facies concept 
(i.e., the number of phases exceeds the number of components). 
However, it has been suggested in such cases (Guidotti, 1970; 
Evans and Guidotti, 1966) that garnet may be stabilized with 
respect to a component other than those taken account of on the 
AFM projection (e.g., MnO or CaO). The analyses discussed in 
the next section show that these components are present in 
garnet. Thus they are believed to stabilize gart)et so that it is 
present in the bio + staur + Mg-chi field of the AFM diagram. 

Biotite, Mg-chlorite, and garnets of the staurolite zone ex­
hibit the same textural characteristics as described for the garnet 
zone. Large staurolite poikiloblasts are dominated by the 
helicitic overprint texture (Fig. Sc) and commonly contain 
euhedral garnets as inclusions. 

Kyanite Zone. The kyanite zone is characterized by the key 
mineral assemblage quartz + plagioclase + biotite + muscovite 
±garnet± staurolite ± kyanite (and± some Mg-rich chlorite). A 
complete listing of assemblages present in the kyanite zone and 
the resulting mineral facies diagram are presented in Figure 3. 

Gamet is either inclusion-free or poikiloblastic. Helicitic 
overprint texture is observed in many specimens (Fig. Sb). 
Staurolite is present as large poikiloblasts exhibiting helicitic 
overprint texture. However, some samples contain staurolites 
which have an internal schi stosity which is inconsistent with the 
surrounding foliation (Fig. Si). Gamet is commonly found as 
euhedral inclusions in staurolite. 

Kyanite, although commonly associated with quartz pods, 
is also found as euhedral porphyroblasts within the groundmass. 
The porphyroblasts truncate the foliation at their grain boun­
daries without any deflection (Fig. Sg). Occasionally, inclusion 
trails of ilmenite, continuous with the external schistosity, pass 
straight through a kyanite porphyroblast (Fig. Sd). 

Lower Sillimanite Zone. The aluminosilicate present in 
this zone is sillimanite instead of kyanite. Kyanite has been 
observed in some outcrops but it is generally associated with 
quartz pods and veins. The assemblages present are listed and 
shown graphically in Figure 3. 

Chlorite is invariably an Fe-rich variety and is believed to 
be present only as an alteration of biotite. It is found closely 
associated with biotite and as larger laths within quartz veins. It 
is probably due to late hydrothermal activity. 

Gamet is present within the groundmass and also within 
coarse-grained muscovite pseudomorphs after staurolite. 
Presumably the latter were once inclusions within the staurolite 
grains that are now replaced by pseudomorphs. 

Staurolite usually occurs as grains exhibiting helicitic over­
print texture (Fig. Sc). However, in some samples the staurol ite 
has an internal schistosity, marked by a pattern of inclusions, 
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Figure 5. Mineral textures (see text for discussion). (a-d) Post-tectonic helicitic overprint texture in biotite, garnet, staurolite, and 
kyanite. (e-g) Post-tectonic chlorite, garnet, and kyanile . (h-i) Pre-tectonic garnet and staurolite. (j) Pre- and post-tectonic staurolite. 
(k-1) Partial and complete pseudomorphs after staurolite. 

which is folded in a manner inconsistent with the external 
foliation within the thin section (Fig. Si). Occasionally, grains 
with this latter pattern are rimmed with optically continuous 
poikiloblastic staurolite with an inclusion pattern which is con­
tinuous with the external foliation (Fig. 5j). Staurolite also 
occurs as relict cores within coarse-grained muscovite pseudo­
morphs (Fig. 5k). 

Sillimanite first appears in the lower sillimanite zone as 
fibrolitic masses occasionally closely associated with biotite. 
The fibrolitic masses are oriented parallel to the foliation. 

Upper Sillimanite Zone. This zone is characterized by the 
complete disappearance of staurolite, which is commonly 
replaced by pseudomorphs of coarse-grained muscovite. The 
most common assemblage is quartz + plagioclase + muscovite 
±garnet± sillimanite. Other assemblages and the AFM topology 
are presented in Figure 3. Chlorite, where present, is clearly a 
retrograde Fe-rich chlorite and so is not considered in the AFM 
topology. 

Gamet occurs as isolated anhedral to subhedral grains lack­
ing any significant inclusion patterns. Sillimanite, as fibrolitic 
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aggregates, occurs oriented parallel to the foliation throughout 
the groundmass. Such aggregates are commonly intergrown 
with biotite. 

Electron Microprobe/Chemical Analyses 

Minerals in six polished thin sections (one or two sections 
from each metamorphic zone with the exception of the upper 
sillimanite zone, Fig. 4) were analyzed with the MAC 400S three 
spectrometer electron microprobe at the University of Maine at 
Orono. A 15 kV potential was used with a .02 microampere 
beam current and a 2-3 micron beam size. Each analysis was 
conducted for 10 seconds or 10,000 counts. Gamet, biotite, 
plagioclase, and staurolite were analyzed using silicate standards 
for most elements. The analytical data were reduced using the 
Bence and Albee ( 1968) correction procedure. The results of 
these analyses are presented in Tables 1-4. 

Analytical data for biotite, plagioclase, and staurolite are 
average compositions from 1-3 grains in each sample. 
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TABLE I . CHEMICAL ANALYSES OF BIOTITE. * TABLE 2. CHEMICAL ANALYSES OF PLAGIOCLASE.* 

Zone 
Locality 

Garnet 
4 

35.74 
19.45 

Staurolite Kyanite 
I 29 31 31 

35.65 36.34 37.30 36.96 
19.91 19.77 19.58 19.69 

1.42 1.49 I. 71 1.84 
19.35 18.69 15.75 15.74 
10.16 10.37 11 .21 11.65 
0.04 0. 15 0.25 0 .32 
8.56 8.2 1 8.56 8.57 

Lo sill 
46 

36.29 
19.57 

Zone 
Locality 

Si02 
Al20 3 
MgO 
Cao 
Na20 
K20 

Total 

Kyanite 
31 31 

61.75 60.57 
24.71 24.18 
0.10 0.11 
5.97 5.96 
8.26 8.49 
0.21 0.18 

IOI.II 99.47 

Lo sill 
46 

62.81 
23.30 

0.08 
4 .33 
8.89 
0.30 

99.71 

Si02 
Alp3 
Ti02 
Fe01 

MgO 
MnO 
K20 
Na20 

Total 

1.45 
18.73 
10.02 
0.16 
8.39 
0.77 0.05 0.00 0.47 0.67 

1.79 
17.85 
8.77 
0.23 
9.07 
0.55 Formula based on 32 oxygens 

Si 
AJiv 

Total 

AJvi 

Ti 
Fe1 

Mg 
Mn 
Total 

94.71 

5.423 
2.577 
8.000 

0.900 
0.165 
2.377 
2.266 
0.018 
5.726 

95. 14 95.00 94.83 95.24 

Formula based on 22 oxygens 

5.452 5.532 5.549 5.461 
2.518 2.468 2.451 2.539 
8.000 8.000 8.000 8.000 

1.071 
0.041 
2.475 
2 .315 
0.006 
5.908 

1.080 
0.170 
2.378 
2.352 
0.002 
5.982 

0.980 
0.188 
1.956 
2.484 
0.030 
5.638 

0.904 
0.205 
1.953 
2.576 
0.039 
5.677 

94.13 
Si 
Al 
Mg 
Ca 
Na 
K 
Total 

Ab 
An 
Or 

10.865 10.836 
5.122 5.089 
0.023 0.026 
1.120 1. 139 
2.814 2.945 
0.044 0.037 

19.988 20.081 

70.7 71.5 
28.2 27.6 
I.I 0.9 

K 1.621 1.699 1.594 1.624 1.621 

5.529 
2.471 
8.000 

1.045 
0.201 
2.272 
1.990 
0.026 
5.534 

1.762 
0.161 

*Average of 5 analyses on 1-2 grains. 

Na 
Total 

Mg/Fe, 
Mg/(Mg + Fe1) 

0.277 0.015 0.000 0.135 0.191 
1.898 1.8 19 1.594 1.759 1.812 1.923 

0.953 0.935 0 .989 1.269 1.319 0.876 
0.488 0.483 0.497 0.559 0.569 0.467 

* Average analyses of 3 to 5 biotite grains 

TABLE 3. CHEMICAL ANALYSES OF GARNET.* 

Zone 

Locality 

Si02 
Al20 3 
Fe01 

MgO 
MnO 
Cao 
Total 

Si 
AJiV 

Total 

AJVi 

Fe1 

Mg 
Mn 
Ca 
Total 

Garnet 
Rim Core 

37.01 
22.36 
30.75 
2. 17 
4.12 
3.73 

100.13 

2.960 
0.040 
3.000 

2.068 

2.057 
0.258 
0.277 
0.319 
2.911 

4 

37.23 
22.54 
23.62 

1.22 
8. 18 
5.34 

98. 13 

3.005 

3.005 

2.143 

1.594 
0.144 
0.559 
0.461 
2.758 

Rim 

37.16 
22.09 
35.69 
2.49 
0.79 
2.65 

100.87 

2.962 
0.038 
3.000 

2.037 

2.382 
0.295 
0.051 
0.225 
2.953 

Staurolite 
Core Rim 

36.27 
21.75 
32.20 

1.64 
3.95 
3.57 

99.38 

37.57 
21.68 
33.24 
2 .43 
2.76 
3.72 

101.40 

29 
Core 

37.09 
20.98 
28.14 
0.97 
9.43 
3.14 

99.75 

Rim 

37.53 
21.65 
29. 19 

3.39 
4.74 
2.76 

99.26 

Formula based on 12 oxygens 

2 .949 
0 .051 
3.000 

2.032 

2.188 
0.198 
0.272 
0 .310 
2.968 

2 .981 3.016 3.006 
0.019 
3.000 

2.008 

2.207 
0.287 
0.186 
0.314 
2.994 

3.016 

2.009 

1.914 
0. 117 
0.649 
0 .272 
2 .952 

3.006 

2 .043 

1.955 
0.402 
0.32 1 
0.235 
2.913 

* Rims are the averages of two analyses just coreward from the retrograded rims. (See text) 

31 

Kyanite 
Core Rim 

37.28 
21.80 
25.09 
2 .04 

10.86 
2.21 

99.28 

3.007 

3.007 

2 .072 

1.693 
0.244 
0.741 
0. 189 
2.867 

37.54 
21.62 
29.48 

3.02 
5.28 
2.88 

99.74 

3.003 

3.003 

2.038 

1.972 
0.359 
0.355 
0.238 
2 .924 

31 
Core 

37.43 
21.64 
29.92 

1.96 
8.25 
1.90 

101.09 

2.990 
0.010 
3.000 

2 .028 

1.998 
0.232 
0.558 
0. 162 
2.950 

11.154 
4.854 
0.0 16 
0 .821 
3.059 
0 .062 

19.966 

77.6 
20.8 

1.6 

Lo sill 
Rim Core 

36.82 
22.52 
31.14 

3.19 
4 .88 
2 .19 

100.74 

2.929 
0.071 
3.000 

2 .040 

2 .071 
0 .377 
0.328 
0. 186 
2.962 

46 

37.04 
22.02 
31.43 
3.36 
5.62 
1.96 

101.44 

2.940 
0.060 
3.000 

2.000 

2.085 
0.396 
0 .377 
0. 165 
3.023 
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TABLE 4 . CHEMICAL ANALYSES OF STAUROLITE.* 

Zone Staurolite Kyanite 
Locality 29 31 31 

SiOi 28.15 27.34 27.47 27.46 
Al20 3 54.04 54.72 55.50 55.12 
Ti02 0.49 0.55 0.50 0.53 
Fe01 14.27 13.77 13.91 13.73 
MgO 0.98 1.66 1.16 1.35 
ZnO 0.31 0.o7 0.00 ** 0 .00 ** 
Total 98.24 98.10 98.54 98.20 

Formula based on 24 oxygens 

Si 4 .062 3 .942 3.944 3.953 
Al 9.196 9 .309 9.363 9.351 
Ti 0.051 0.059 0 .050 0 .056 
Fe 1.720 1.660 1.668 1.651 
Mg 0 .211 0.355 0.244 0.287 
Zn 0.029 0.004 0.000 0 .000 

Total 15.269 15.329 15.300 15.299 

* Average of 5 analyses on 1-3 staurolite grains. 
** Below detectibility limits due to high background and low count rates. 
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Figure 6. Gamet profiles from the staurolite, kyanite, and lower sil­
limanite zones showing a variation in FeO, MnO, CaO, and MgO (wt.% 
oxide) across a rim to core to rim traverse (at intervals of 10 to 15 
microns). 
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Plagioclase analyses were done as close as possible to the rim of 
grains. 

Garnets from each metamorphic zone, with the exception of 
the upper sillimanite zone, were analyzed along rim to core to 
rim traverses across grains at an interval of approximately I 0-15 
microns. Grains selected for analyses had near-vertical boun­
daries and were analyzed through the center of the grain. 
Electron microprobe analyses in Table 3 give average rim and 
average core compositions in each metamorphic zone. Figure 6 
shows the resultant compositional profiles for MnO, MgO, CaO 
and FeO. The compositional profiles are comparable to other 
garnet zoning studies by Tracy et al. ( 1976). Because the garnet 
compositional profiles in the present study exhibit a retrograda­
tional "lip" as evidenced by a slightly increased MnO content 
(Tracy et al., 1976), the rim compositions reported in Table 3 are 
actually the average of two analyses just inward from the "lip". 

White mica from kyanite-bearing assemblages was 
analyzed by X-ray powder diffractometry to test for the occur­
rence of paragonite, the sodium end-member of the white mica 
solid solution series. An assemblage most likely to have 
paragonite (Guidotti, 1984) was chosen, but it was not detected. 

PETROGENESIS 

Polymetamorphism and Times of Crystallization 

Previous studies throughout the New England Appalachians 
have shown much of the region to be polydeforrned as well as 
polymetamorphosed. The present study also shows evidence of 
polymetamorphism as clearly seen by the presence of coarse­
grained muscovite pseudomorphs after staurolite and various 
other textures discussed in the previous section. An interpreta­
tion of these polymetamorphic textures follows which incor­
porates evidence for both prograde and retrog rade 
metamorphism. 

The interpretation of the metamorphic history of an area 
relies to a significant extent on microstructural information 
obtained from thin section petrographic analysis. For example, 
inferences on the timing of crystallization relative to deforma­
tion are commonly based on the microstructural relationships 
between porphyroblasts and the surrounding matrix. Vernon 
( 1978) lists some common features used to determine temporal 
relationships between porphyroblast growth and deformation 
and includes: ( 1) the nature of the relationship between por­
phyroblast margins and the surrounding schistosity and (2) the 
nature of the relationship between internal and external schis­
tosity (Si and Se, respectively). Such features have been 
described earlier for the rocks of this study and are considered 
here for purposes of ascertaining whether the porphyroblasts are 
pre-, syn-, or post-tectonic. 

Pre-tectonic Crystallization. Both Spry (1969) and Zwart 
( 1962) claim that a later foliation which wraps around a por­
phyroblast indicates that the porphyroblast is pre-tectonic. How­
ever, Vernon ( 1978, p. 297) suggests alternative interpretations 
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for such features, while Ferguson and Harte ( 1975) slate that a 
pre-tectonic interpretation appears clear when there is an internal 
folialion (Si) which is inconsistent wilh external folia1ion (Se). 
Although not common, this is the situation with some of the 
garnets and staurolites within the Windham-Gorham area. 

Some samples show garnets that are characterized by an 
internal schistosity which is inconsistent with the external folia­
tion (Fig. 5h). From these observations, the gamels are inter­
preted to be, at least in part, pre-tectonic with respect to the latest 
deformational event. 

Staurolite occasionaJly exhibits similar evidence suggesting 
a pre-tectonic texture. Figure 5j is a sketch of a staurolite from 
within the lower sillimanite zone that is in part, pre-tectonic and 
in part, post-tectonic. The interior of the grain (upper part in 
sketch) has a pattern of inclusions which is folded in a manner 
which is clearly inconsistent with the external foliation within 
the same thin section. However, the outer portion (lower part of 
grain in sketch) of the staurolite has an inclusion pattern which 
is consistent with the external foliation (Se and Si passes from 
one end of the grain to the other with no deflection at grain 
boundaries). The interior of the grain is interpreted to be pre­
tectonic with respect to the deformalion that formed Sc whereas 
the ouler portion of the grain is posHectonic. The interior 
pattern of inclusions is apparently recording a preexisting defor­
mation of a foliation which has been obliterated by subsequent 
events. Figure 5i also displays a staurolite grain which exhibits 
an inclusion pattern which is inconsistent with the external 
foliation. This pattern is a record of a previous foliation since 
destroyed by later events. 

Post-tectonic Crystallization. Criteria presented by Vernon 
(1978) for post-tectonic crystallization of porphyroblasts in­
clude: (I) Si is continuous with Sc, being either straight or 
folded , (2) porphyroblasts are arranged randomly with respect to 
Se, (3) Sc is not deflected around porphyroblast boundaries (it is 
truncated), and (4) porphyroblasts show no evidence of defor­
mation. Post-tectonic growth of porphyroblasts and groundmass 
minerals may also result in randomly oriented crystals in place 
of preferred orientation, polygonization of bent grains, and the 
formation of pseudomorphs (Spry, 1969). 

In the study area phases such as biotite, garnet, staurolite, 
and, in several cases, kyanite, exhibit helicitic overprint texture 
(Fig. 5a-d). As emphasized by Ferguson and Harte ( 1975), this 
texture is probably unequivocal evidence of post-tectonic 
growth of a porphyroblast. The included minerals within these 
porphyroblasts are of the same nature as the matrix minerals and 
clearly pass from one side of the porphyroblast to the other in a 
manner that is continuous with the external schistosity. 

Porphyroblasts which both truncate and deflect an external 
schjstosity may be interpreted as pre-, syn-, or post-tectonic 
(with regard to Se) and thus are ambiguous (Ferguson and Harte, 
1975). However, the criteria of truncation of Se by an inclusion­
free porphyroblast in the absence of deflection (Fig. 5e-g) sug­
gests post-tectonic porphyroblast growth. Although helicitic 
overprint textures are rarely observed in kyarute (and Mg-

chlorite) in the Windham-Gorham area, the fact that in all cases 
Se is abruptly truncated by the porphyroblasts of kyanite appears 
to be sufficient evidence for suggesting post-tectonic growth 
(following the assumption that truncation can only originate 
through the replacement of Se by a growing porphyroblast -
Ferguson and Harte, 1975). 

Polygonization of bent grains, random orientation of por­
phyroblasts and the partial to complete pseudomorphs of mus­
covi te after staurolite are all indicative of post-tectonic 
metamorphi sm and have been observed in the Windham-Gor­
ham area. 

The evidence suggests that biotite, garnet, staurolite, and 
kyanite mainly grew after tectonic activity that formed Se ceased. 
Inasmuch as the last deformation was localized .and associated 
with the intrusion of the Carboniferous Sebago batholith, the 
porphyroblasts (or parts of them as in Fig. 5j) are as young as 
Carboniferous. This would appear to relate well with the dis­
tribution of mineral facies involving these phases which are 
spatially related to the Sebago batholith (Fig. 4 ). 

In summary, study of thin sections from the Windham-Gor­
ham area has revealed that it is a polymetamorphic terrane. The 
evidence in this and the previous section suggest that, with 
respect to the deformations that produced the foliations seen in 
these rocks, minerals such as biotite, garnet and staurolite are in 
part pre-tectonic but mainly post-tectonic. Phases such as 
kyanite, chlorite, and sillimanite are post-tectonic. There are at 
least two periods of porphyroblast growth. 

Prograde and Retrograde Metamorphism 

The Windham-Gorham area shows evidence of both 
prograde and retrograde metamorphism. Perhaps the best dis­
played evidence for this lies in the partial to complete pseudo­
morphic replacement of staurolite by coarse-grained muscovite 
in the lower and upper sillimanite zones, respectively. However, 
a pseudomorph of coarse-grained muscovite, presumably after 
staurolite, was also observed within the garnet zone (Fig. 4 , 
Location 6; Thomson, 1985). It follows that rocks initially in the 
staurolite zone of metamorphism were upgraded to sillimanite 
grade by prograde reactions near the Sebago batholith, but 
fart her away (southeast) were downgraded by retrograde 
metamorphism. ln between (in the present staurolite and kyanite 
zones), the conditions of the two metamorphic events were 
s imilar, such that stauroli te remained as a s table phase. 
Moreover, the textures observed in the staurolite and kyanite 
zones indicate at least two generations of staurolite growth. 
Similar relationships were observed by Guidotti ( 1970) in the 
Rangeley area of western Maine (see previous discussion in this 
paper) where metamorphism, like that in the present study area, 
was related to the intrusion of a pluton. 

Further evidence of retrograde metamorphism lies in the 
observation of the Fe-chJoritization of biotite in the lower and 
upper sillimanite zones. Thjs was a sporadic, localized late 
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retrogradational event unrelated to the event that caused the 
pseudomorphism of staurolite discussed above. 

Parageneses, Reactions, and Conditions of Metamorphism 

The AFM topology changes observed from one metamor­
phic zone to another may be re lated by a series of isogradic 
reactions (depicted by the arrows in Fig. 3). The essential 
aspects of the isograds observed in the Windham-Gorham area 
are presented in Figures 3 and 4. Most of the reactions deduced 
from the AFM topologies are dehydration reactions. The sole 
exception is the solid-solid transition of kyanite to sillimanite. 

Reactions. The detailed reactions shown in Figure 3 are: 

( 1) Gamet to staurolite zone: 
chi + gar + muse = staur + bio + qtz + H20 

(2) Staurolite to kyanite zone: 
staur + chl +muse = ky + bio + qtz + H20 

(3) Kyanite to lower sillimanite zone: 
ky =sill 

(4) Lower sillimanite to upper sillimanite zone: 
muse + staur + qtz = sill + bio + gar + HzO 

The reactions above are "discontinuous reactions" in that 
new phases are formed and old phases destroyed by changes in 
tie line configurations or polymorphic transformations. These 
discontinuous reactions define the isograds of the study area. 

Petrogenetic Grid Geothermometry and Geobarometry. 
Two approaches were employed to provide an estimate for the 
conditions of metamorphism. By comparing the observed 
mineral assemblages and AFM topologic changes with ex­
perimenta l data, one is able to obtain some general estimates of 
the metamorphic conditions under which the rocks were formed. 
This method, based on a petrogenetic grid, provides us with a 
maximum and minimum limit of metamorphic conditions. 
However, since experimental data (and thermodynamic calcula­
tions also) are based on presumed equilibrium conditions, the 
P-T estimates for natural parageneses are valid only to the extent 
that the rocks approached equilibrium. It appears that the rocks 
of the Windham-Gorham area have approached equilibrium 
based on criteria presented by Vernon (1977). All phases repre­
sented in the topologies shown in Figure 3 are in contact with 
one another and show no evidence of replacement or reaction 
(except in the case of white mica pseudomorphs after staurolite) 
and grain boundaries are sharp and smooth. In addition, the 
present assemblages observed in the study area are common ones 
and the changes observed, both chemically and mineralogically, 
are systematic and the expected o nes in a progressive metamor­
phic terrane. Furthermore, each grade of metamorphism may be 
represented graphically on an AFM topology diagram and the 
mineral changes may be mapped as isograds. 

The positions of the discontinuous reactions that define the 
isograds have been approximated in P-T space based on ther-
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Figure 7. P-T diagram showing minimum and maximum pressures and 
temperatures of metamorphism in the Windham-Gorham area. 

modynamic calculations and laboratory experiments (Fig. 7). 
The references for these reactions are shown in the figure cap­
tion. It should be noted that there are large uncertainties in the 
placement of those reactions involving staurolite. The 
aluminosilicate triple point used is that of Holdaway ( 1971) and 
is located at approximately 500°C and 3.8 kbars. Moreover, for 
simplicity, it is initially assumed that Ptt20 = Ptoial. 

As noted previous( y, no paragonite was found in the kyanite­
bearing rocks. Thus, these rocks must have exceeded the condi­
tions of the paragonite breakdown reac tion. Because the 
paragonite breakdown curve was crossed in the kyanite stability 
field, the intersection of the paragonite breakdown curve and the 
kyani te-sillimanite curve marks the minimum pressure 
(P[MIN]) of metamorphism for these rocks (6.25 kbars). 

Although the polymorphic transition of kyanite to sil­
limanite (reaction 3) is not well documented in the field {for 
instance, kyanite and sillimanite have not been observed in 
contact with one another), other evidence suggests that this 
polymorphic transition has taken place. Most importantly, the 
breakdown of staurolite occurs wholly within the sillimanite 
field via reaction 4. Hence, the intersection of reaction 4 with 
the kyanite-sillimanite transition (based on Holdaway 's 197 1 
data) provides a good estimate of maximum pressure (P[MAX]) 
with the assumption that PH2o = P101al (7.5 kbars). 

The petrogenetic grid approach also enables one to roughly 
estimate the temperature limits of metamorphism. The stippled 
region in Figure 7 represents the pressure and temperature range 
under which the rocks of the Windham-Gorham area were 
metamorphosed (in the staurolite to upper sillimanite zone). 
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In addition to the petrogenetic grid approach, estimates of 
the conditions of metamorphism were made using both gamet­
biotite geothermometry (Thompson, 1976; Ferry and Spear, 
1978) and plagioclase-gamet-AlzSi05-quartz geobarometry 
(Ghent, 1976) based on exchange equilibria and solid-solid 
reaction equilibria, respectively. 

Exchange Reaction (Garnet-Biotite) Geothermometry. 
The Mg-Fe2+ partitioning between coexisting garnet and biotite 
varies with temperature but is relatively independent of pressure. 
Hence, it is a potential geothermometer. The exchange reaction 
is: 

KMg3SiJAI010(0H)2 + Fe3AJzSb012 = 
phlogopite almandine 

KFe3SiJAI010(0H)2 + Mg3AJzSb012 (5) 
annite pyrope 

and the Ko (distribution coefficient) is [(Mg/Fe)bio/(Mg/Fe)gar] 
(Thompson, 1976) or [(Mg/Fe)gar/(Mg/Fe)bio] (Ferry and 
Spear, 1978). The calibrations used in the present study are from 
Thompson ( 1976) and Ferry and Spear ( 1978) at 2.07 kbars. 

The results of the garnet-biotite geothermometry are 
presented in Table 5 for the garnet, staurolite, kyanite, and lower 
sillimanite zones. Temperature estimates range from 490° -
602°C (Thompson, 1976 calibration) and 477° - 623°C (Ferry 
and Spear, 1978 calibration). The results are at least grossly 
consistent with an increased grade of metamorphism from the 
southeast to the northwest as the Sebago batholith is approached. 
Temperatures estimated by e xchange equilibria compare 
favorably with those estimated by employment of a petrogenetic 
grid approach. 

TABLE 5. GEOTHERMOMETRY AND GEOBAROMETRY RESULTS 

Zone 
Sample 

Thompson 
(1976) 
Ferry and 
Spear( 1978) 

X An 

X gross 

log K o 
T°K 
P (bars ) 

Gamet Stauro lite Kyanite 
4 I 29 31 31 

Gamet-Biotite Geothe rmometry. °C 

490 492 490 537 501 

477 479 477 537 490 

Ideal Solid Solution Model Geobarometry 

.282 .276 

.081 .081 
-1.630 -1.590 

810 763 
6408 5572 

Geobarometry Mod ified for Effects o f Non-ideality * 
T°K 810 763 
P (bars) 7429 6788 

*See Ghent ( 1976) for method of calculation. 

Lo sill 
46 

602 

623 

.208 

.063 
-1.560 

896 
8714 

896 
961 3 

Plagioclase-Garnet-AlzSiOs-Quartz Geobarometry. The 
assemblage consisting of plagioclase, garnet, quartz, and an 
aluminosilicate is a common one in regionally metamorphosed 
metapelites. Ghent (1975, 1976) has shown that the reaction: 

3CaAhSiz06 = Ca3AlzSb012 + 2AlzSiOs + Si02 (6) 
anorthite grossular Al-siJ quartz 

provides information which can be calibrated for estimating 
pressures (and temperatures) of metamorphism. The P-T curves 
for the pure end-member reaction 6 with kyanite and sillimanite 
as the aluminosilicate polymorphs have been derived by Ghent 
( 1975, 1976). 

Ideal Solid Solution Model 

Assuming an ideal solid solution model, a term log Ko is 
added to each equation where log Ko = 31ogXgross - 3IogXAn 
and Xgross = mol CaO/(mol CaO + mol FeO + mol MgO + mol 
MnO) in garnet and XAn =mo! CaO/(mol CaO + mol Na20 + 
mol K20) in plagioclase. Following the reasoning of Ghent 
( 1976) (in the Esplanade Range, British Columbia), FeO used in 
the calculations is total FeO. 

Two samples from the kyanite zone (Fig. 4, locality 31) and 
one sample from the lower sillimanite zone (Fig. 4, locality 46) 
were used to calculate pressures of metamorphism. The 
temperatures obtained from the Ferry and Spear ( 1978) calibra­
tions were employed in solving for pressure. Pressures calcu­
lated (assuming an ideal solution model) were 5.6 - 6.4 kbars for 
the kyanite zone and 8.7 kbars forthe lower sillimanite zone with 
an uncertainty of approximately 400 bars (Ghent, 1976) or 
higher (Lang and Rice, 1985). All information and results are 
reported in Table 5. 

Modification/or Effects of Non-ldeality 

The corre lation of the distribution coe ffici ent with 
metamorphic grade is complicated by the various substitutions 
for Fe and Mg in both biotite and garnet (Saxena, 1969). For this 
reason, the ideal solid solution model may be inappropriate. 

Pressures estimated by taking into account non-ideality of 
phases (see Ghent, 1976) range from 6.8 -7.4 kbars in the kyanite 
zone and 9.6 kbars in lower sillimanite zone. The results are 
tabulated in Table 5 and are considerably higher than those 
estimated assuming an ideal solid solution model. 

Discussion of P-T Results 

Table 6 summarizes the results for the conditions of 
metamorphism calculated and/or estimated by the various 
methods discussed above. The Ferry and Spear ( 1978) and 
Thompson ( 1976) geothermometer results have a slight dis­
crepancy (Table 5). This can be expected since the two geother­
mometers were calibrated differently (see Essene, 1982, Fig. 3). 
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TABLE 6. COMPARISON OF THE TWO APPROACHES FOR 
ESTIMATING CONDITIONS OF METAMORPHISM.* 

Petrogenetic 
grid approach 
Geothennometry 
and geobarometry 
approach 

Temperature, °C 

500- 700 

477 - 623 

" Pressures based on an ideal solid solution model. 

Pressure, Kbars 

6.25 - 7.5 

5.5 - 6.4 (kyanite zone) 

8.7 (lo sill zone) 

In general, however, both calibrations lead to results indicating 
an increase in temperature from the garnet zone to the upper 
sillimanite zone as the Sebago batholith is approached. Finally, 
the petrogenetic grid approach envelopes the temperatures cal­
culated using exchange equilibria assuming that PH20 = Ptotal. It 
would appear reasonable to state that the rocks of the Windham­
Gorham area were metamorphosed at temperatures from 450° to 
700°C. 

The petrogenetic grid approach yields pressures from 6 to 8 
kbars (20 - 25 km) (Table 6). Pressures calculated using 
geobarometric calibrations are more difficult to interpret. Pres­
sures calculated for the kyanite zone, assuming an ideal solid 
solution model, seem fairly reasonable as compared with the 
petrogenetic approach. However, the pressures calculated for 
the lower sillimanite zone appear to be high, especially in terms 
of the spatial model proposed in the next section. The unrealis­
tically high pressure result for the lower sillimanite zone may be 
attributed to several factors including poor electron microprobe 
analyses or analysis of phases in disequilibrium (i.e., retrograded 
rims). Faulty temperature estimates based on exchange equi­
libria can also change the pressures calculated. For instance, a 
l 0°C increase in temperature will cause about a 200 bar increase 
in pressures calculated by Ghent 's (1976) geobarometer. All of 
these factors as well as the various assumptions used (i.e., ideal 
solution model) may lead to problems with the estimate of the 
conditions of metamorphism. Despite these problems, it can be 
stated with reasonable certainty that rocks of the kyanite zone 
were formed under Barrovian-type metamorphic conditions. 

GEOLOGIC AND METAMORPHIC HISTORY 

It is clear from this study that the Windham-Gorham area is 
polydeformational and polymetamorphic. In light of the infor­
mation presented above, a sequence of events is suggested below 
for the study area. A surflmary of this discussion is presented in 
Table 7. 

According to Hussey ( 1985), the Kearsarge-central Maine 
sequence (including the Vassalboro, Waterville, Sangerville, 
Perry Mountain, Smalls Falls, and Madrid Formations) exhibits 
evidence of an early folding event (F1). These F1 folds are 
large-scale recumbent, west-facing isoclines, the evidence for 
which has been reported by Osberg (1968, 1980) in the Water­
ville-Vassalboro area. These folds were later deformed by large­
scale upright to slightly overturned tight isoclinal folds (F2) 
(Hussey, 1985). It is these F2 isoclinal folds which control the 
map pattern observed in Figure 2. In this study, the writer has 
designated this deformational event as DJ, since evidence for the 
recumbent folding event seen in the north is not observed in the 
study area (Hussey, 1985). This deformational event is probably 
Acadian in age. 

During, or possibly after the initial (DJ) deformational 
event, a metamorphic event (M 1) took place and metamorphosed 
the entire area to at least staurolite grade. Evidence for this event 
includes partial to complete coarse-grained muscovite pseudo­
morphs after staurolite as discussed in a previous section. This 
metamorphic event probably occurred during the Acadian as 
well. The present work suggests that the intrusion of the Sebago 
batholith may have been accompanied by localized deformation 
in the study area. This localized deformational event is referred 
to as D2 in the present study. 

The area underwent a second metamorphic event (M2) 
essentially coincident with the intrusion of the Sebago batholith 
in Carboniferous time. The metamorphic intensity of this event 
is spatially controlled by the intrusion of the Sebago batholith. 
It was a post-tectonic Barrovian-type metamorphism ranging 
from garnet to upper sillimanite grade. The present isograd 
pattern is a direct consequence of the 325 Ma metamorphic 
event. The significance of this post-tectonic metamorphism 

TABLE 7. DEFORMATIONAL AND METAMORPHIC HISTORY OF THE WINDHAM-GORHAM AREA. 

Time Deformation Metamorphism Characteristics 

Acadian D1 Upright, tight isoclinaJ folding leading to the present map pattern. 
Acadian M1 To staurolite grade throughout the entire study area. 
Carboniferous D2 Localized deformation as a result of the intrusion of the Sebago batholith (325 Ma). 
Carboniferous M2 Post-tectonic Barrovian-type metamorphism ranging from garnet to upper sillimanite 

zone. Produced the present isograd panern causing a ~hinge effect" on the M1 assem-
blages. 

Carboniferous M3 Retrograde metamorphism near batholith causing paniaJ chJoritization of biotite. 
(?) 
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produced by the emplacement of the Sebago batholith will be 
discussed in the next section. 

The M2 metamorphic event caused prograde metamorphism 
of staurolite grade rocks to the upper sillimanite zone near the 
batholith. Staurolites from the M1 event are partially to com­
pletely replaced by coarse-grained muscovite in the lower and 
upper sillimanite zones, respective ly. On the other hand, the M2 
event caused retrogradation of staurolite grade rocks to the 
garnet zone in the south as seen by the presence of a coarse­
grained muscovite pseudomorphs after staurolite in one locality 
(discussed previously). Hence, the area has a "hinge effect" 
much like that discussed by Guidotti t 1970) in the Rangeley area 
of Maine. The M1 staurolite and kyanite zone metamorphic 
temperatures were probably roughly similar to those during the 
M 1 metamorphic event. For this reason, the staurolite in these 
zones shows no evidence of pseudomorphism. Instead, as dis­
cussed in a previous section with respect to Carboniferous age 
events, the staurolites (and garnets) exhibit both pre-tectonic 
(M 1) and post-tectonic (M2) textures. 

Finally, at some time after M2, a third metamorphism oc­
curred (M3) which caused retrograde metamorphism in at least 
the northwestern part of the study area. The evidence for this 
localized event lies in the observation of the Fe-chloritization of 
biotite in the lower and upper sillimanite zones near the Sebago 
batholith. The event was probably caused by the late movement 
of fluids. 

REGIONAL GEOLOGIC IMPLICATIONS 

In the context of the Caledonide orogen, post-Acadian 
plutonism and metamorphism is well documented in the 
Canadian and southern Appalachians and western Europe. 
Plutons in the southern Appalachians exhibit ages ranging from 
265 - 325 Ma (Fullagar and Butler, 1979). In New England, 
small-scale Permian metamorphism has been documented in 
Rhode Island and eastern Massachusetts (O'Hare and Gromet, 
1985). 

Recent studies in southern Rhode Island, New Hampshire, 
and Maine have indicated Carboniferous and younger ages for 
granitic plutons. Kocis et al. (1978) found the Narragansett Pier 
granite in southern Rhode Island to be 257 Ma. A pluton in 
Milford, N.H. has been dated as 275 Ma (Aleinkoff et al., I 979) 
and the Lyman pluton of southern Maine as 322 Ma (Gaudette 
et al., 1982). Most recently, the Sebago batholith of southern 
Maine has been found to be 325 Ma by two independent dating 
techniques (Aleinikoff, 1984; Aleinikoff et al., 1985; Hayward 
and Gaudette, 1984). Thus, the known range for post-Acadian 
New England plutons is 275 - 325 Ma. 

Lux and Guidotti ( 1985) and Guidotti et a l. (l 986a, I 986b) 
present evidence for Carboniferous metamorphic activity in the 
area on the north side of the Sebago batholith. 40 Ar/39 Ar ages 
for hornblendes from two Acadian plutons which are cut by the 
Sebago batholith display disturbed to re-set release spectra in­
dicative of cooling ages near 308 Ma. This, together with 

petrologic observations, suggests that the high-grade K-feldspar 
+ sillimanite metamorphism in that area occurred in Car­
boniferous rather than Devonian time and was closely associated 
with the intrusion of the Sebago batho lith. Lux and Guidotti 
( 1985) suggest that the high grade-metamorphic conditions had 
ended by about 300 Ma so the Carboniferous metamorphism 
occurred between 325 - 305 Ma. 

The present study provides additional evidence of a Car­
boniferous metamorphism in Maine. However, it suggests im­
portant differences from other metamorphic regimes in Maine in 
that the evidence indicates that this was a medium-pressure, 
Barrovian-type metamorphism. A mechanism for attaining the 
pressures necessary to produce kyanite-grade metamorphism 
must be considered. 

Spatial Relations of the Sebago Batholith and the 
Metasediments of the Windham-Gorham Area 

Gravity studies of the Sebago batholith suggest that it is a 
thin (approx. 1 km) tabular sheet, dipping gently to the north 
(Kane and Bromery, 1968; Hodge et al., 1982). Alternatively, 
Guidotti (pers. commun., 1985) has calcula ted its thickness 
based on the map pattern to be as much as 4 km. Its maximum 
width is nearly 90 km in a northwest-southeast direction. Hol­
daway et al. ( l 982) and Cheney and Guidotti ( I 979) suggested 
a depth of emplacement of I0- 12 km (3.5 kbars). More recently, 
thermal modeling for the intrusion of the batholith suggests that 
it was intruded at a depth of about 14 km (about 4 kbars) 
(DeYoreo et al., 1985; Guidotti et al. , 1986a, 1986b). Previous 
studies on the metamorphism to the north of the Sebago batholith 
(Evans and Guidotti, 1966; Guidotti , 1970) indicate a spatial 
relationship of the K-feldspar + sillimanite isograd with the 
batholith. Evans and Guidotti ( 1966) and Guidotti ( 1970) sug­
gest that the isogradic surfaces are essentially flat-lying and 
para llel to the tabular Sebago batholith. Petrogenetic grid infor­
mation indicates that the rocks to the north of the Sebago 
batholith were metamorphosed above the batholith at pressures 
of about 3.3 kbars. 

In this study it has been argued that the post-tectonic Bar­
rovian-type metamorphism (M2) is related to the intrusion of the 
batholith and thus is Carboniferous in age. It would appear that 
this metamorphism is related to that in western Maine discussed 
by Lux and Guidotti ( 1985). 

Following the reasoning of Guidotti ( 1970), the isograds of 
the present study are presumed to be essentially flat-lying. They 
are irregularly trending, widely spaced isograds, as would be 
expected if they are flat-lying. Although the present work has 
shown that the isograds are spatially related to the Sebago 
batholith, the pressures estimated by both a petrogenetic grid 
approach and geobarometric approach are considerably higher 
than those estimated on the north side of the batholith. In the 
context of the Sebago batholith being a thin sheet with a gentle 
northerly dip, it is suggested that the Windham-Gorham area was 
metamorphosed on the underside of the batholith during Car-
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boniferous time with the garnet zone at the deepest level and the 
upper sillimanite zone at the shallowest level, closest to the 
batholith. The arrow depicted in Figure 7 represents a possible 
P-T trajectory for the rocks of the study area. 

Figure 8 presents a schematic cross-section of the crust just 
after the intrusion of the batholith in Carboniferous time. It also 
shows the approximate location of the Windham-Gorham area 
(based on regional geologic setting plus the petrogenetic grid and 
geobarometry calculations) as well as the Rangeley area to the 
north of the batholith studied by Lux and Guidotti ( 1985). 

Field studies suggest that the uplift rate to the south was 
slightly greater than that of the north (based on higher metamor­
phic grades in the south) so that different levels of the crust are 
exposed at the surface today. The dashed line in Figure 8 
represents the present erosional surface assuming that the models 
suggested by field studies are correct. It appears that the 
Windham-Gorham area is the surface expression of a deeper 
level of the crust preserving rocks of a Carboniferous metamor­
phic event. 
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Figure 8. Schematic cross-section through the earth's crust showing the 
surface during Carboniferous time and the present erosional surface. 
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