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The Echo Pond Complex, emplaced during the Acadian Orogeny,
consists of at least two intrusive phases in a mafic to sillicic
sequence. This magma suite is characterized by the initial injection
of the Calcic gabbroic melt followed by minor diorite and abundant
granitic melt and later by pegmatite and gquartz veins. As a result of
contamination of the granitic melt with the mafic unit hornblende
bearing granodiorite is formed along the contact zone of granitic pluton
with the mafic pluton. Electron microprobe studies on hornblende from
the hornblende bearing granodiorite suggest that the hornblende bearing
granodiorite crystallized from a melt. The Echo Pond Complex consists
of approximately 80% granitic rocks, 15% gabbro, hornblende and
diorite and 4% of hornblende bearing granodiorite and less than 1%
of pegmatites and quartz veins. The rest is migmatite formed along
the contact zone of granite with the country rock.

Modal analysis plot on plagioclase - K-spar - quartz show a
continuous and systematic range of composition of this calc-alkaline
trend over most of the area.

The chemistry, minerology and structural features and geological
setting of the pluton are compatible with a parent magma developed
by mining of sillicic magma from the lower crustal region and mafic
magma from the upper mantle. Ultramafic hornblendite present in the
mafic unit is derived as a xenolith from the deep crust. The strong
zoning in the plagioclase, successive appearance of several mineral
phases in most rocks, the sequence of emplacement and the chemical
trend of the intrusive suite suggest the operation of fractional
crystallization. Differentiation of primary mafic magma produced
progressively more granitic magma, which were subsequently emplaced
in the upper crust. Partial or complete assimilation of unknown cognate
mafic rocks may have been a modifying process. Both assimilation and
differentiation appear to have occurred at deeper levels than are
now exposed. e

Stratigraphic reconstruction suggest bathollth emplacement
between depths of 10.5 km to 11 km. The roof zone is presently
exposed. The rocks of the batholith are directionless, relatively
free of inclusions and in sharp contact with the country rock.
Emplacement probably occurred due to lateral dilation and uplifting
of the roof. f‘

Thesis Supervisor: Richard S. Naylor
Title: Assistant Professor of Geology
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INTRODUCTION

In northern Vermont numerous small granitic plutons intrudg the
upper part of a 25,000 ft. thick section of Cambrian through Lower
Devonian geosynclinal rocks. Two-mica granite and granodiorite are
the characteristic rock types of this series of plutons. The granitic
rocks are weakly foliated and were apparently emplaced during the
Acadian metamorphism and deformation, (Fig. 1).

The Echo Pond Complex (Fig. 2) is a composite pluton, roughly
elliptical in plan, about 7 1/2 miles (12 km) long and 6 miles (10 km)
wide. The longer axis is nearly perpendicular to the axis of folds in
the country rock. As mapped by Goodwin (1963) the major part of the
complex is a granitic pluton 25 sq. miles (64 sg. km) in area, joined
on the southeast by a smaller mafic body about 10 sg. miles (25 sq. km)
in area.

The granitic pluton consists mainly of uniform, medium-grained,
two-mica granite with minor granodiorite. Aplite and pegmatite veins
are rare except near the contact with the country rock.

The mafic body contains diorite, gabbro, and uralitic ultramafic
rocks. Near the contact of the mafic pluton with the granitic pluton,
the granite contains abundant hornblende. Most probably the hornblende

developed as a result of contamination of the granitic melt with the

mafic rocks. Cross cutting relationships indicate that the graniE}c
pluton is younger than the mafic pluton.

The granitic plutons in northern Vermont intrude calcareous
schists of the Devonian Waits River Formation (Doll, Cady, Thdﬁéson

and Billings, 1961). The country rock was strongly deformed and

metamorphosed (staurolite grade regional metamorphism) prior to the

-



emplacement of the plutons.

The plutonic rocks of the Echo Pond Complex are more deeply eroded
than the country rock and lie in a poorly exposéd basin, whose topo-
graphy i§ subdued relative t§ that of the country rock terrane. The
area is densely wooded and locally swampy, but several low hills
(for example Bear Hill, Fig. 2) provide good exposures of tﬁe granitic
rocks. Two weeks were spent in the field to map the area in the summer

of 1969.



Fig. 1. Location map showing the distribution of granitic plutons
in northéast Vermont. (Compiled froﬁ Doll, Cady, Thompson
and Billings, 1961){
1. Echo Pond Complex (strippled)
2. Averill Pluton
3. Nulhegan Pluton
4. Maid Stoﬁe Pluton
5. Barre-Granite Pluton
6. Derby Pluton
7. Wiloughby Pluton
8. Newark Pluton
9. Victory Pluton
10. Knox Mountain Pluton
Dark area show the Sillimanite Aureole around the granitic plutons. The

area marked by a quadrangle shows the location of Island-Pond quadrangle.



72

0 o 20 30

L | | 1
Scae OF Mies

Figure 1.

9a



10

INTRUSIVE ROCKS

I T
i;y- Nn®SSW
\.’
) > % XY W * SYMBOLS
- LT
A 1.0.6.28. s X
! : N (0 CONTALTS
= —n58 4SSN
! 4, \. A —_—————— CONEEALED
1
/70 ln D e (NFERRED
1{*‘1 \\ X% a GAADATIONAL
~
N =, )
\\5 \ "°/ STRIKE AND DIP
\\\ .0F BEDDING
oy
¢ STRIKRE AND DIP
I % Js u?"\\v}\ i /
N 477 BEAR MU I “ OF FOLIATION
/10 ® r!ﬂ‘;‘n '
‘ w08 ol o5 A 75 ’/ STRIKE AND D1P
.
7-10 3 \ OF JDINTING
®7.108 _;y AT P?/J “7‘ STRIKE AND DIP
J?-us -8 ”// oF Ove RTUANEDAEDS
~x
7‘423:1 - uz ry ‘R n‘ ’/_‘_7"11 . OuTCROPS
ViR = iom Loxa w0 K
Yw .y Ep\gr CHARLE ’;l%/.*'a” | J.g12 LOCATION MENTIONED
AN N .
B g - ﬁu \ L (» X 450 INTEST
] PR - A SN PO i
Jla 6o -1 R3a ~n goan® “ Toun
[CE] * - N OND
[N N . ;‘“
gla X % P ‘3
£|2 e € K &> LAKE
Y ~ )
N ™ . g I
N P ° 6
T|3 I)%m )
yla x e =
gL S N O° {,, Xor
50
- " l ,0 1 2m
§ — N s ‘
72°00° \\ ] ;
1 L= s SCALE
EXPLANATION

@ GRANITIC ROCXS, BIOTITE,MUSCOVITE GRANITE WITH MINOR BIOTITE GRANODIORITE

m
MAFIC MOCXS, HORNBLENDITE, GABBXO, DIORITS.

STRATIFIED ROCKS

GILE MOUNTAIN FORMATION

‘DJg'"M ng GILE MOUNTAINFORMAT 108

Dgwm MIGMATITE

and Doll, 1951.

Recks, 1970).

RPN St

Fig. 2. Geological map of Echo Pond Complex.,

(After Goodwin, 1963;

Modified by Yashvir S. Nikhanj and Betfy




11

PREVIOUS WORK

Goodwin (1963; Island Pond Quadrangle) and Doll (1951; Memphra~
magog Quadrangle) have studied the areas around the Echo Pond Complex
primarily for their stratigraphic interest. The stratigraphy and
structure of adjacent quadrangles have been studied by Myers (1954;
Averill Quadrangle), Chapman (1954; Guildhall Quadrangle), Woodland
(1966; Burke Quadréngle) and Dennis (1956; Lyndonville Quadrangle).

Woodland (1966) and Albee (1957) studied the petrology of Burke
Quadrangle and Hyde-Park Quadrangle respectively. Particular attention
to the study of northern Vermont granites has been paid by Mur;hy , i
(1957; Barre granite, Chayes (1950) and Jahns (1943).

Compilations have been prepared by Cady (1970), Doll and others

(1961).
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GENERAL GEOLOGY o

On a regional scale the Echo Pond plutons show sharp aﬁd concordant
contact relationships with the country rocks, but locally the cdntact
is discordant or gradational. The metasediments generally dip away
from the contact, but locally dip towards the contact. Weakly developed
primary foliation and lineation is noted in the granite and granodiorite.

The Lower Devonian Gile Mountain Formation, which surrounds the
pluton, consists of argillites, phyllites and schists interbedded
with minor quartzite and limestone (Doll, 1951, p. 18). The nature of
these rocks has been studied by Doll (1951), Goodwin (1963) and
Murthy (1957). The intrusion of granite has left no complete section
of Gile Mountain Formétion from which an estimate of thickness could
be obtained. However Doll (1951, p. 34) estimated a thickness of
4300 ft. in the Memphremagog Quadrangle .

The country rock around the complex shows a strdng foliation and
a regional staurolite grade metamorphism prior to the emplacement of
the plﬁton. Thermal contact metamorphism around the Echo Pond Complex
ranges up to andalusite grade. Aloné the margins of the granitic pluton
inclusions of variable size, shape, and degree of assimilation and
recrystallization are found. South of Echo Pond numerous small
inclusions of metasedimentary rocks, only a few inches long; afe found
with a considerable degree of orientation. Some large blocks of Gile‘
Mountain Formation, completely surrounded by granite are found aYong®
a road cut nea? East Charleston. The block is 22 ft. across. Attitude
measured on this block is N80°W, strike; and 72° SW, dip, which is
perpendicular to the regional trend of the metasedimentary rocks.

Smaller, randomly-oriented, brecciated blocks of country rock are also
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found enveloped by the granite. The intrusive series of plutons ranges
in composition from gabbro to granite. The pluton contains about 80%
granite and granodiorite, 15% gabbro, hornblendite, and diorite, and
nearly 5% contaminated hornblende bearing granodiorite. Most of these
rocks are typical of the Calc-alkaline Suite (see Turner and Verhoogen,
1960, p. 369). Along the western margin, the granite emits numerous,
small, highly-contorted granitic dikes and quartz veins into partially
granitized metasedimentary count?y rocks. The partially granitized
metasedimentary rocks with numerous granitic dikes give an appearence
of rock, intermediate in composition and texture to the granite and
country rock. This intermediate type of rock is termed "migmatite"

in this paper.



MAFIC AND ULTRAMAFIC BODIES

Along a road cut the unit is exposed only in two outcrops. Thev
unit shows gradational contact with the metasedimentary rocks. It has
a wide range in chemical compositién, mineralogy, and petrology. The
rock types included in this unit are ultramafic hornblendite, gabbro
and diorite. Only a single,weathered outcrop provides an exposure for
the hornblendite. Lack of outcrops in the area makes it difficult to
define the representativeness of the rock types exposed in the two
outcrops. The rest. of thé area is mapped on the basis of .
large float blocks of the gabbro ana diorite.

Hornblendite

Mineralogy: Hornblendite contains variable proportions of
hornblende, cummingtonite, tremolite-actinolite with minor émounts
of calcite, chlorite, talc, pyrite and other opaque iron-oxides
(Table 1). Tremolite-actinolite occurs as inclusions in hornblende
and cummingtonite.

Hérnblende, the main constituent of the rock, occurs in large
subhedral to anhedral poikilitic crystals. The crystals are poorly
pleochroic (in order of X - light yellow, Y - yellowish brown to
7Z - pale yellow). An electron microprobe analysis made across the

(Fig. 3)
hornblendeAshows a uniform chemical composition with respect to Ca,

Mg, and Si, but hetrogeneity is observed across the grain with

o - b mee s

respect to Fe, Al, and Ti (Fig. 4 and Table 2). No particular zoning
sequence is observed within hornblende. Cummingtonite, the next most
abundant mineral also occurs as subhedral to anhedral crystals and it
locally encloses tremolite-actinolite. Optical study of cummingtonite

shows a rather uniform composition, with bands of different birefrengence
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TABLE 1

ESTIMATED MODES OF THE MAFIC AND ULTRAMAFIC ROCKS

SP. No. R-831 R-835 " J.8.4.2 R-822
Quartz 2 1.2 1.9 -
Plagioclase 53.1 53.9 38.7 39.3
(Any5_18)  (Rnjg-30) (Angp) (Ansg)
K-spar - - 13.0 -
Hornblende 24.02 23.1 20.65 40.9
Biotite 10.1 10.6 4.90 9.40 !
Muscovite - - Traces -
Sericite - Traces 5.75 -
Magnetite 10.60 0.52
9.87 10.29
Other minor 14.50 10.88
*Accessories :

*Accessories include - chlorite, apatite, zircon, epidote, and sphene
R-831 Hornblende bearing granodiorite

R-835 Hornblende bearing granodiorite

J.8.4.2. Diorite

R-822 Gabbro

For locations of the rocks see Fig. 2.
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TABLE 2

MICROPROBE ANALYSIS OF HORNBLENDITE MINERALS

MgO FeO Al O, SioO Cao TiO Na O MnO K. O

16.1 6.40 6.00 49.9 11.0 0.40 0.400 0.175 0.065
19.5 4.80 0.90 50.0 11.0 0.130 0.300 0.180 0.053
18.8 5.20 1.58 52.0 11.3 0.071 0.282 0.160 0.037
19.0 4.85 1.18 51.8 11.3 0.043 0.251 0.160 0.034
19.1 4.97 0.92 51.0 11.2 0.064 0.310 0.145 0.035
17.8 6.00 3.20  48.0 11.0 0.195 0.340 0.200 0.036
17.9 6.70 2.90 50.0 9.8 0.199 0.340 0.230 0.033
18.0 6.10 2.80 50.0 11.0 0.145 0.370 0.235 0.042
18.5 7.20 1.45 50.0 8.8 0.126 0.240 0.232 0.032
17.9 6.40 2.80 50.0 10.3 0.120 0.271 0.180 0.044
18.0 6.50 2.60 50.0 10.2 0.110 | 0.200 0.253 0.036

18.2 6.30 2.45 50.0 10.5 0.140 0.270 0.300 0.050

Analyses are done by probe traverses made on a thin.section of horn-
blendite, sample No. J.8.1.2. Also see Fig. 4. Possible corrections

during analyses are described in the Appendix.
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ig. 3. Photomicrograph of hornblendite (sample No. J.8ﬂ1.2).
Bar shows location of microprobe traverse. Hornblende
enclosing tremclite-actinolite with reaction rim of

CaMg-rich hornblende (corssed polars x 130).

In the photograph. | ﬁ4
0 275u

18
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Fig. 4. Microprobe traverses across hornblendite sample No. J.8.1.2
shown in Fig. 3. Corrected weight percent oxides plotted as
a function of distance along the traverse. Fig. 4 (a),scan #},

Ca0O, FeO, A120 ; Fig. 4 (b), scan #2, MnO, Na O, K ,O; Fig. 10

3’
(c) and (d), scan #3, MgO, TiO

2 2

57 and 5102.



12[ A
¢ MnO
05} 4
] Nazo -
[ KTO
10
0.4 4
o
€ o3}
g 1
g
_ &
<~
=
§ 02t '  \VaN
s # CaO
2 8 FeO
4
L A|203
0.4} E
006 , : 51
004}
o
002 4 i I A o . i h 2 L 1 1 L A n n
50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
distance in microns distance in microns
T T T Y T r Y Y [ 207 v 4 Y T 4 Y (t
D
1
19} '
J
18} 0/
= .Si02 - i
ry [~
g s
e °
2 i ol 17
r- -
= %
; J s ¢ M50
3 ® Tio,
N O G SO WO W, V— S——— T T T R T LT T T LY T
25 75 125 175 225 275 325 375 425 0 50 100 150 200 250 300 350 400
distance in microns ! distance in microns

Figure 4.



20

developed along the cleavage and fracture planes. Minexals of the
tremolite-actinolite series occur in minor, subrounded to elonga;ed
patches inside the hornblende and cummingtonite.

¥ .3. 3 shows the phqto taken under microscope under crossed polérs.
It shows the area analyzed by the electron microprobe. Greyish yellow
hornblende - the host; bluish green tremolite-actinolite lamellae; |
and dark reddish blue border zones can be seen clearly on the photograph.
Fig. 4 shows the variation in thé oxides of nine elements analyzed
by electron microprobe. Apparent chemical differences are interpreted
as concentration of Mg, Si and Ca in tremolite-actinolite and of Fe,
Al, Ti and Mn in the dark blue zone. The differences in chemical
composition may have been minimized to some degree by ionic diffusion
in solid state.

Texture and Mineral Relationships: In a thin section the rock is

texturally heterogeneous. The hornblende and cummingtonite occur
independently of each other. From the textural study it seems that none

of the minerals in the hornblendite crystallized from magma, i.e. all

t

are secondary. The absence of any plagioclase in the hornblendite
suggests a parent pyroxene rich igneous rock from which the hornblendite
was derived. The hornblende and cummingtonite appear to have been

derived from primary pyroxene as a result of uralitization. And the

- e ———

tremolite-actinolite formed as an alteration producthih the hornblende

and the cummingtonite during the emplacement of the younger intrusions.

Chemically the origin of hornblende can be explained as follows:

¥
i + i : + - . -
CaA1281208 CaMgSi 06 + 3MgSi0 H, O C?2M94Al Si.0 (OH)2

2 3 2 2777722

Anorthite Diopside Enstatite Hornblendite



21
Gabbro

Mineralogy: The gabbro consists dominantly of plagioclase and
hornblende with biotite, secondary chlorite, pyrite, apatite, aﬁd
minor amounts of zircon (Table 1).

Plagioclase occurs as subhedral crystals twinned on the albite
and Carlsbad laws. The composition of the plagioclase ranges from
An50 to An55 (labradorite). No significant zoning is observed in the
plagioclase. Some plagioclase laths are enclosed by hornblende.

The hornblende is only weakly pleochroic suggesting that it has
a relatively high Mg/Fe ratio.

The biotite shows weak pleochorism. Pleochroic halos are seen

around zircon inclusions in the biotite.

Texture and Mineral Relationships: Most of the minerals in the

gabbro are probably primary and of magmatic origin. Biotite encloses
opaque magnetite, apatite and zircon. Biotite seems to be an early
mineral to form, since it is enclosed by hornblende and plagioclase.
Plagioclase apparently began to crystallize earlier than the hornblende
since it occurs as inclusions in the latter. Chlorite is found
scattered sporadically in the hornblende as an alteration product. At
some places biotite is also altered to chlorite. The chlorite is
colorless, with low relief and wavy extinction.
Diorite

Mineralogy: Diorite is a dark and dense rock. A fresh looki;g i
exposure is exposed to the east of East Charleston. The diorite
contains plagioclase (oligoclase to labradorite in compositien,
Table 3) with hornblende, biotite and abundant magnetite. Minor

amounts of quartz and some accessory minerals like sericite, chlorite,

zircon, apatite and sphene are also present. The hornblende is weakly
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TABLE 3

COMPOSITION OF PLAGIOCLASES FROM DIFFERENT ROCKS IN THE ECHO

POND COMPLEX

Ext.on Ab-Twins* Percent of Plag. Rock
Sp. No. . An-content .
in degrees in the rock Type
J.8.4.l3 29+0.5 An50_55 50 Diorite
J.8.4.2 18-19 | an,, 55 Diorite
J.8.4.2 8.5+0.35 An, o 56.25 Diorite
R-831 9 - 10 AnlS—lS 53.1 Hbld.-. .
granodiorite
Hbld.-.
R-832 2412 An40 42.0 granodiorite
R-821 .5.5-6 Anlo_12 48.40 Granodiorite
J.8.1.5 5.5-6 Anlo_l2 46.0 Gabbro
J.8.1.6. 4 -5 An6 42.0 Granodiorite

*Extinction angles are measured on the albite twins in unzoned

plagioclases. :



pleochroic and the biotite shows dark brown to colorless pleochroism.

Texture and Mineral Relationships: Most minerals in the diorite

are highly altered by later younger intrusions. The plagioclase is
clouded with sericite. Hornblende encloses abundant magnetite. The
hornblende seems to have’been derived from uralitization of primary
pyroxene. During uralitization some magnetite is released and calcite
is formed by release of Ca from the structure. In the diorite magnetite
forms up to 10% of the whole rock (Table 1). Chlorite formed by alter-
ation mostly of hornblende and biotite is colorless, non-pleochroic

and it shows wavy extinction.

23
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"GRANITIC" BODY

The northern part of the pluton is underlain by granitic rocks.
The nomenclature, granite and granodiorite, is designated on the basis
of K-spar content in the rock. Unfortunately the lack of outcrops
make it difficult to map these two rock types distinctly. But granite
is most abundant and is a good representative of the sizlic igneous'
rocks of Echo Pond Complex (Table 4). Fig, 5 shows a uniform variation
in the K-spar and plagioclase content in the granitic rock.

Mineralogy: The granite and granodiorite contain variable amounts
of quartz, potash-feldspar, albite-rich plagioclase, and biotite with
minor amounts of primary muscovite, sericite, magnetite, apatite, zircon,
xenotime, epidote, sphene and somr enhedral crystals of garnet. Plagio-
clases in the granite and granodiorite are generally zoned. The micro-
cline occurs mostly as large poikilitic phenocrysts. The phenocrysts
are microperthitic (Table 5). Plagioclase is generally zoned in the
range of An to Anlo. The plagioclase occurs as euhedral to subhedral
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crystals. Generally the plagioclase is fractured, without any late

1

fracture fillings, (Fig. 6b), and occurs as segregated clots in the
rock. Quartz commonly appears in sﬁall grains dispersed throughout
the thin section. Biotite shows wide variation in color, pleochrism,
and degree ofrfreshenss. At most places in the interior of the pluton,

biotite is fresh and does not show any strain effects or alteration,

e

but along the margins of the pluton biotite iskﬁighly altered and

strained.

R \
Fig. 7 shows plots of variation in Ca, Na, and K content in

1

microprobe traverses across®zoned plagioclase grain (Fig. 6a). Two

consecutive runs were made for Ca, Na, and K. One traverse is made



TABLE 4

MODAL ANALYSIS OF GRANITIC ROCKS ON THE BASIS OF 1000 POINT" COUNT

Sp. No.* J.8.6.22 R-833 J.83.14 7-10 7-10Aa 7-10B J.8.1.5 J.8.4.13
Quartz 18.2 24 25.8 18.7 33.9 30.8 26.6 12.7
Plagioclase 13.3 19.5 24.0 24.2 38.3 47 .6 48.4 . 51.4
(anj,) (g p0) @Angg g0) Bngg o) Bng na) (Ao Ay, ) By )
K-spar 49.0 47.7 36.2 48.0 18.6 9.0 4.2 12.7
Hornblende - - - - - - - -
Biotite 14.0 5.7 6.67 3.6 2.8 7.8 16.3 21.20
Muscovite 1.6 1.2 2.10 2.2 1.6 1.2 : 1.2 -
Sericite 2.6 0.4 3.96 ~ 3.0 0.8 3.50 0.2 -
other minor }
accessories @ 2.3 1.5 _ 1.27 4.3 4.0 0.1 3.30 1.20
i
*Accessories -ﬂincludes - chlorite, epidote, apatite, zircon, sphene, garnet, =xenotime

|

l
\ v

and magnetite.

14
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TABLE 5
pu——
20,201 Wt. % orth. Spec. No.
%* %
1 21.2° 69.2 J.8.7.26.
k%% ‘
2 21.1° 82 J.8.4.14.

Wt. percent of orthoclase content in megacrysts of microcline
in porphyritic granite. 1 - NW éf the pluton
2>- South of Echo Pond
* - value of 201 taken average of the ones obtained from two
scans one at 1/2° per minute and other at 1° per minute
rate.

** -~ felspar hemogenized at 800°C under PH 0" 2kb, for one week.
2

**%x - felspar homogenized at 1000°C under dry conditions for

two days. '

e s
e O
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Fig. 5. Modal analysis of granitic rocks from Echo Pond

Complex.
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with 50 M steps and the other with 10# steps,covering the early part of
the first traverse. The runs were made in moving inside to outside of
the grain with 1, 2 and 3 as reference points (fig. 6a). Significant
oscillat§ry zoning is seen oﬁ the 50/A step run, ranging in composition
from An35 to An25. Minor small variation in composition is goticed on
tﬁe ldﬂ run (Fig. 7, c and e). This probably accounts for the lamellae
thickness effect. In both, 104 and 504 step runs, some points with
significantly high potassium content are noticed. The high potassium
content is probably due to the presence of sericite developed aloné
the plagioclase cleavage planes.

The oscillatory zoning in the plagioclase is of reverse Eype.
Low to moderate anorthite content in the plagioclase shows that the
plagioclases are crystallized from primary granitic magma. And it
rules out the possibility of plagioclases being xenocrysts left afﬁer
the partial melting of a more basic parent rock to produce granitic
magma.

Well developed pleochroic halos occur around zircon inclusions in
biotite. Fresh euhedral primary muscovite forms up to 2% of the whole
rock (Table 4). Some secondary muscovite and sericite is also found
along the plagioclase cleavage planes, developed as a result of late
magmatic metasomatic effects. Some primary magnetite is associated
with the biotite.

Texture and Mineral Relationships: The granite is a dark to light

gray, porphyritic, medium to coarse-grained rock. Most of the minerals
in the granite and granodiorite are fresh and do not show extensive
alteration. The microcline occurs as large, euhedral megacrysts. It

has a poikilitic texture and encloses the grains of quartz and

;
/



Fig.. 6.

(a) Photomicrograph of zoned plagioclase sample No. J.8.3.12.
(crossed polars x 130). Bar shows location of microprobe
traverse with reference points 1, 2, and 3.

(b) Photomicrograph of zoned plagioclase sample No. J.8.3.12.

e




Fig. 7. Microprobe traverse across zoned plagioclase sample J.8.3.12.
shown in Fig. 6 (a). Corrected weight perceht oxides plotted as a
function of distance along the traverse. Fig. 7 (a) and (b) scan #1
shows the plot with 50# steps analysis. Fig. 7 (c) shows the plot
made with 10 M4 steps traverse, covering the early part of the 504
steps run, and Fig. 7 (d) and (e) show the variation in albite,

anorthite, and orthoclase for 504 and 10/ traverse respectively.
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plagioclase. Micropegmatite and myrmekite are common in the granite and
granodiorite. The myrmekite texture is developed along the contacts
of adjacent grains of K-spar and plagioclase. The myrmekite projects

into or borders the plagioclase.
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VARIATIONS WITHIN THE PLUTON

The granitic pluton shows variations in both texture and‘composi—
tion. Two texturally distinct rock types can be identified easily in
the field. One is porphyritié, coarse-grained granite and the other is
medium to coarse-grained granodiorite and granite. With respect to
tﬁe representativeness, porphyritic granite represents only a small
area. It coéers the areas south of Echo Pond and in the northwest
part of the pluton. Most of the area is uﬁderlain by the medium to
coarse-grained granite and granodiorite. Compositionally, most area of
the pluton is covered by granite. Due to the lack of outcrops it is
difficult to get an exact estimate of the areas covered individually
by the two rock types. It is also difficult to draw a boundary between
texturally distinct rocks. The gianodiorite is commonly localized to
the border zones of the pluton. It contains some very well zoned piagio—
clase megacrysts. Figure 5 shows the plot of the modal compositions
of the granite and the granodiorite. The compositional variation
within the pluton can be explained as follows: During the final
period of emplacement of the granitic melt, a temperature gradient
was set up between the melt and the relatively cooler country rock.
Volatile pressure in the melt is directly proportional to the
temperature. The difference in temperature between the country rock
and the melt builds upa.volaﬁile pressure gradient and the volatiles
(mainly Hzo) at higher pressures in the melt tend to escape through
the country rock. The volatiles at high temperature and pressure act
as a good transporting agent for the lighter alkali ions (Na and K).
Leaking of alkaline ions from the melt along the margins make the

melt locally deficient in K-content and develops granodiorite from

;
/
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the parent granitié melt.

~

This phenomenon holds true in most areas around the pluton, except

to the northwest part of the pluton, where porphyritic granite with

K-spar megacrysts is exposed, near the contact with the country rock.

— e
B

i T



36

HORNBLENDE BEARING GRANODIORITE

The contact zone between the granitic and mafic pluton is occupied
by the hornblende bearing granodiorite. The zone of hornblende 5earing
granodiorite varies considerably in width. Only three outcrops are
seen in the field. The rest of the area is mapped on the basis of
float blocks of hornblende bearing granodiorite.

Minerology: Hornblende bearing graﬁodiorite contains abundant
plagioclase, hornblende and biotite, with minor quartz and tfaces of
magnetite, chlorite and apatite (Table 1). The plagioclase has An35
to An40 composition and is commonly albite twinned. Hornblende occurs
as elongated needles,venclosing chlorite, ﬁagnetite and biotite. The
hornblende is weakly pleochroic. The biotite is generally brown in
color and is highly pleochroic. The biotite in the ground mass is
altered and strained. Electron microprobe analysis is done on two
biotite grains and the hornblende (Fig. 8 a and b). The probe results

are tabulated in Tables 6, 7 and 8.

Texture and Mineral Relationships: The hornblende in the hornblende

bearing granodiorite occurs as long needles without any specific
orientation. The hornblende encloses biotite, which suggests that the
biotite probably crystallized earlier than the hornblende. Plagioclase
crystallized later than the hornblende. Plagioclase grows around the
hornblende and biotite. Abundant sericite is developed along the

N PR

cleavage planes of the plagioclase. Abundant chlorite is also seen,

formed by the alteration of hornblende and some biotite.
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Fig. 8. (a) Photomicrograph of hornblende sample no. R-831 (crossed
polars x 130). Notice the reddish biotite enclosed by
hornblende.

(b) Photomicrograrh of biotite sample no. R-831 (crossed polars
x 80). This biotite is from the groundmass. i

The circled pointe mark the locations analysed by electron microprobe.



TABLE 6

HORNBLENDE ANALYSIS, FROM HORNBLENDE BEARING GRANODIORITE

(Sample R-831)

38 .

Oxides Wt. % Oxides Ratios Ratio: Values
Element to Fe

sio, 45.8350 Mg/Fe 1.59883

TiO, 1.1846 Ca/Fe 1.12429

A1203 11.8071 Ti/Fe 0.07827

Feo® 13.6451 Ccr/Fe 0

MnO 0.19776 Mn/Fe 0.01137

MgO 12.1554 Zn/Fe 0

BaO - Mg/Mg+Fe 0.61339

Ca0o 11.9682 Mg/Den.* 0.42641

Cr2o3 - Ca/Den.* 0.30114

Na20 . 1.2848 Mn/Den.* 0.00393

K2O 0.6020 Fe/Den.¥* 0.26850

H,0" 1.3914

Total 100.0713

*Den. (denominator) = Mg + Ca + Mn + Fe

Also see Fig. 14.

: +
@ Total Fe analysed as Fe 2.



Cell volume

Space Group

Unit Cell Contents
Si
AlIV

+3 1V
Fe

LIV
Ti

Tetrahedral
AlVI
Mg

+
Fe 3

Fe+2
M
Ti
Octahedral
Ca
Na

K

Larger Cations

TABLE 7

HORNBLENDE ANALYSIS

(Sample No. R-831, See Fig. 15)

904.20
C2/ m
6.65

1.35

8.00
0.67

2.64

1.65

0.03
0.12

5.11

0.36
0.11

2.33

100 Mg/ (Mg+Fe+Mn) ::59.23

Analysis made on the basis of total anhydrous oxygen = 23

+
Total Fe as Fe
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TABLE 8

BIOTITE ANALYSIS (Sample No. R-831)

40

1* 2% Element Ratios 1% 2%

Sio2 38.0779 38.1523 Mg/ Fe 1.4439 1.6345
TiO2 2.4732 2.1440 Ca/ Fe 0.00452 0.003§9
A1203 16.3322 16.7530 Ti/ Fe 0.13522 0.11917
FeO 16.4583 0.0489 Mn/ Fe 0.00438 0.00323
MnO 0.0712 13.7420 Mg/Mg+ Fe 0.59071 0.61982
BaO - - Mg/Den! 0.58856 0.61792
Cao 0.0582 0.0593 Ca/Den! 0.00184 0.00186
Cr203 - - Mn/Den! 0.00178 0.00122
Na20 0.1589 0.1223 Fe/Den! 0.40781 0.37899
K20 9.3126 9.4473

H20 4.0121 4.2138 Den! = Mg + Ca + Mn + Fe

Total Fe as Fe+2
Total 100.0823 100.0641
NO. OF IONS ON THE BASIS OF 11 (0)

si 2.82 2.80

Al 1.18 4.00 1.20 4

Al 0.24 0.30

Fe 1.02 0.95

Ti 0.14 2.904 0.11 2.863
Mg 1.50 1.50
Mn 0.004 0.003

Na 0.020 0.017

Ca 0.005 0.905 0.005 0.922

K 0.880 0.900

Ba -

(o) 1.480 1.480 2.080 2.080

*] - Biotite analysed from the one enclosed by hornblende (see Fig.
F(Chb)

*2 - Biotite analysed from the groundmass (see Fig. %f).

g
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VEIN ROCKS

General Occurrences and Relationships

Veins are interpreted as late stade offshoots of granite. Né
mafic veins are found cutting the granite. The granite and pegmatite
veins range in thicknessvfrom a few centimeters to several feet. For
example, the pegmatite vein east of East Charleston is found to be
7 ft. in thickness. Two stages of emplacement of the veins are noticed
on the basis of cross cutting relations. Older veins have been dis-
placed by a younger cross cutting vein (Fig. 16). The veins cutting tﬁe
country rock are rare and less abundant as compared to the ones around
the Nulhegan quartz monzonite pluton, southeast of the Echo Pond
Complex.

Veins Cutting Diorite

Diorite, the least basic member of the mafic pluton to the east
of East Charleston, is cut by numerous ' small, granitic veins. The
presence of 2 in. to 6 in. wide granitic veins give a banded appearance
to the dark massive diorite. Beside these small veins a massi&e
pegmatite 7 ft. thick is also seen cutting ac;oss the diorite. All of
these veins are bordered by secondéry dark acicular hornblende (Fig.jO)e
The granitic veins show a significant effect on the minerology of
diorite around the veins. The plagioclasé is highly sericitized and

the hornblende encloses a large amount of opaque dark magnetite. No

ot ——r e t—
e b T

mafic dikes or veins cut the diorite.

Relationships with Granite Body

All of the granitic veins and pegmatites found in the area seem
to be related to the granitic pluton. The veins and pegmatites are

interpreted as late stage offshoots of the residual volatile rich melt

.
2
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Fig. 10

Diagram illustrating the banding present in the

diorite due to granitic veins.
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Fig. 1Q. Diagram illustrating the two stages of emplace-

ment of granitic veins.
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left after the crystallization of the granite and granodiorite in the
area. The emplacement of the granitic and pegmatitic veins took place
due to the escape of volatiles along the fissures and zones of Qeakness;
Most of the granite veins inciuding the pegmatites are found to be
potassium-rich and peraluminous. The appearance of large K-spar
megacrysts south of Echo Pond also suggest a parent potassium-rich

granitic melt.
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COUNTRY ROCK »

The Gile Mountain Formation consists of dominantly phyilite,
argillites and schists regionally metamorphosed to staurolite gfade.
The brown-colored fine-grained schists and finely foliated
prhyllites are common. At some places calc-sillicate beds are
interspersed in the Gile Mountain Formation (Goodwin, 1963, p. 25).

Around the Echo Pond Complex some granite and pegmatite veins
are found cutting the Gile Moﬁntain Formation. The pegmatite veins
contain microcline, plagioclase, quartz, muscovite, and biotite.as
dominant minerals. The pegmatites are potassium-rich and peraluminous.
No significant change in minerology of the country rock, or of the
pegmatitic veins cutting the country rock is noticed. The country rock
is strongly deformed and shows banding and flow structure (Fig. 11).

At some places the country rock is partially granitized by the intruded
granitic veins.
Migmatites .
on the west margin of the granitic pluton numerous small granitic
veins are found cutting across the country rock. This intermixing of
the country rock with the granite veins has produced a rock intermediate
in composition and texture to the country rock and the granite. Such
a rock is termed as "migmatite". A migmatite zone over 100 m; wide is
noticed along the west margin of the granitic pluton. Within the
migmatite zone highly altered biotite and sericitized plagioclasé& aré -
found in the gfanitic veins cutting the country rock. Among other
minerals in the migmatite zone, a mineral assemblage of andqlusite,
biotite, muscovite, garnet, and quartz, is found. The metamorhpic

mineral assemblage around the pluton is discussed later.



Fig. 11l. Photograph of a migmatite taken in the field west ®
‘lof the granitic pluton. Notice the development of
ptymatic folds by granitic veins cutting the country
rock. (Left margin of the picture) For referencés, an
inch scale lies along the outcrop, and arrow points

to north.
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Metamorphism of Country Rock

Low to moderate temperature effects are noticed on the country
rock. Schist and phyllite around the Echo Pond Complex has been ‘
thermally metamorphosed to andalusite grade. The high grade metamorphic
rocks near the Echo Pond Complex contain staurolite, andalusite, biotite,
quartz and kyanite; andalusite, biotite, gquartz, and K-spar mineral
assemblages (both reported from the west side of the pluton). Kyanite with
some staurolite and andalusite is also observed from the east side of the
granitic pluton. It seems that during the thermal metamorphism, tempefa—
ture, pressure conditions stayed around the kyanite-andalusite region
but temperaturé never got high enough to form the polymorph sillimanite.
Sillimanite is found only in one thin section studied from the
rock specimens collected from north of the pluton. Sillimanite is also
feported from that area by previous workers (Goodwin, 1963; and Doll,
1951). According to my interpretation, the si%limanite aureole between
the Averill pluton and the Echo Pond Complex is primarily due to the
emplacement of the Averill pluton, which is wholly surroundeévby a
sillimanite aureole. ‘

Petrography of the Pelitic Rocks: Biotite, associated with some

muscovite, is the most common and widely distributed mineral in the
metasediments around the Echo Poﬁd Complex. Fine-grained quartz is
always present and is less commonly associated with K—spar.‘Among the
opaque minerals are magnetite, pyrite, some graphite dust;hZha¥;;;gr
amounts of other opaque iron oxides. Chlorite is invariably a common
constituent, formed mainly by alteration of biotite.

The following mineral assemblages associatédeith some other

minerals have been observed in the Echo Pond area:
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1. Andalusite + biotite + muscovite + quartz
2. Staurolite + garnet + biotite + quartz + K-spar + muscovite
3. Kyanite + staurolite + biotite + quartz + plagioclase + sphene
4. Kyanite + andalusite + biotite + quartz + muscovite
Similar metamorphic mineral assemblage is reported by Woodland (1966)
from Burke Quadrangle.

The Mineral Paragenesis: Adjacent to the granitic pluton (in the

western region) there is petfographic evidence of metasomatism and
greater activity‘of fluids, by the appearance of larger general
grain size and the appearance of large xenoblasts of plagioclase
(L.2 -1.6 mm., Locatign No. 12, Map No. 2). The alteration of
staurolite and andaluéite to white mica and local granitization of
the country rock is also in favor of metasomatism.

Thompson's projection is used for the system A120 - FeO - MgO -

3

K20 to represent the muscovite bearing assemblage (Fig. 12). In the

projection quartz is considered in excess and activity of H20 is
determined externally. Composition of different minerals is studied by
optical methods.
The assemblagé of staurolite with kyanite and andalusite is
common, as noted in the thin section studie55 Staurolite is laced with quartz_
inclusions. Suziki (1930) suggested that staurolite is generaliy
limited to certain rocks of limited chemical composition and they have
a limited temperature range (Turner and Vefhoogen, 1951). Harker#(1989) - =~ -
suggested reactions for the formation of staurolite involving chloritoid.
But no chloritoid is observed in the Echo Pond area. -

Texture and Mineral Relationships: The detailed petrographic study-

shows the development of staurolite from the biotite.
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A12O3
Andalusite

Staurolite

Almandite

Biotite

Fig182 Projection of the SiOp-Aly03-MgO-
FeO-KoO-H90O system showing phases stable
with Quartz, Muscovite and Plagioclase. ~
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Andalusite seems to be later than staurolitg formed at higher
temperatures probably by the reaction:

Staurolite + muscovite + quartz —> andalusite + orthoclase + water
whereas the appearance of the reactiqn:

muscovite + quartz —» andalusite + orthoclase + water

(after Turner and Verhoogan, 1951) also seems possible.
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DISCUSSION

Magmatic Origin of Rocks

In the mafic pluton, gabbro and diorite appear to be primarily of
magmatic origin. Presence of éoned plagioclases and the crystalline
nature of most of the minerals suggest that the rocks crystallized
from a melt. Crystallization of the gabbro and diorite must have
taken place at a much deeper level than the present level of exposure.
Hornblendite, which appears to be secondary in origin, most probably
is the result of uralitization from pyroxene-rich parent igneous
rock. Because of the tremendously high temperatures it is hard to
speculate the melt ofvhornblendite composition at depths of the
granitic melts.

In discussing the origin of granite, one always ends up with
the following guestions:

1. Was granite ever a melt? If so how was it emplaced to its
present level of exposure?

2; What was the original composition of the melt?

3. How much and what type of assimilation took place during the
emplacement?

To support the magmatic origin of granite one can interpret from
the petrological as well as structural evidences.

Petrographically, the granite and granodiorite contain well
zoned plagioclase crystals, and the nucleation effects during cr;étailii
zation are alsé noticed in the thin section studies. For example,
xenotime is nucleated by epidote, followed by biotite and later by
muscovite. These features suggest that the granite and granodiorite

crystallized from a melt.
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Structurally some large rotated blocks of the country rock are
found enveloped in granite. These possiblylare the blocks broken from
the roof during the emplacement of the granite and caught up in the
melt.

The above discussion supports very well the magmatic origin of
the granitic rocks. To consider the emplacement of the melt to prgsent
level of exposure one‘can proceed as follows:

Along most of:its contact the country rock dips away from the
pluton, except at a few places, toward it. On a regional scalg the
granitic pluton is concordant with the country rock but is discprdant
on close examination. Generally speaking during emplacement, room has
to be provided for concordant bodies by flexing or spreading apart
of the country rock. But in the case of Echo Pond plﬁton becavse its
discordant room has to be piovided either by forceful injection or
magmatic stopping. The forceful injection can work its way ué for
granitic melt and stopping can solve the room problem. But the absence
of marginal faults and fracture zones in the adjacent country rock
(none reported by Doll, 1951; Goodwin, 1963; or Billings, 1951)
suggest a stopping phenomenon.

In discussing the second question, it can apparently be considered
that the granite in the granitic pluton has retained its composition
to a large extent. There are some minor granitic veins, offshoots from
the granite. And the latter does not show any significant chemic;I o
reaction with the inclusions of the country rock. The graﬁite Qf the
complex seems to Have retained most of its original composition and
possibly is a good representative of the parent granitic melt. It is

difficult to answer the third question, on how much and what kind of

/
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assimilation could have taken place during the emplacement of the
granitic melt. There is not enough thermodynamic data available to
answer this question.

The hornblende bearing granodiorite also shows a magmatic origin.
The electron microprobe study on the hornblende from the rock supports
the magmatic origin very well. Due to the lack of outcrops in the field
no other evidence could be seen to support the magmatic origin of the
hornblende bearing granodiorite.

Seguence of Crystallization in Granitic Melt

By looking at the textural relationships between constituent
minerals of the granite and granodiorite the sequence of crystallization
may be established as discussed below.

Biotite and plagioclase appear to be the first minerals to
crystallize, in as much as both of them are enclosed by other minerals
in the rock. The color and pleochroism of biotite and minor traces Qf
magnetite in the rock suggest that the biotite crystallized under

- fairly high PH20 conditions because higher PH;O favors Fe into the
2

biotite. Presence of minor amount of primary magnetite with the

biotite seems to show that during the crystallization of biotite PO
: 2

conditions were also high. The presence of primary muscovite which

crystallized after the biotite, shows that during crystallization of

muscovite the minimunm PH should have been aboq

(Evans, 1965).

Fig. 13-
)
So00 600 700 Qo0 Qoo 1000
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Some euhedral crystals of garnet are also identified in the thih
section studies of the granite. The garnets formed are probably due to
the reaction:

(OH)ZKFe Alsi_ O + (OH)ZKAl si_ 0 + 35i0., — 2KAlSi_O_ (melt)

3 3710 3 73710 2 38
i +
Fe3A12813O12 2H20
Biotite Muscovite Almandite

In thin sectiqn studies, the garnets occur independent of muscoﬁite
and biotite. Such.texture suggests that the above reaction isvbuffered
by muscovite and biotite from the country rock.

As the crystallization continued along with the uprise of the
magma, the melt became relatively more and more enriched in water,
due to the tendency of water to stay in the melt. And during the final
stages of emplacement, the melt seems to have had large volume of
water which madé the melt mobile enough to produce large phenocrysts
of K-spat. The perthitic nature of the K-spar suggesfSthat the

the
crystallization of alkali-feldspar took place in,sub-solvus region
(Table 5).

Some of the accessory minerals like zircon, apatite, xenotime,
sphene, sphalerite; allanite and rutile are possibly the earliest
primary magmatic minerals to crystallize in the melt.

The myrmekite texture in granitic rocks can be explained by the
following reaction:

2NaAlSi3O8 + Cao —*CaAIZSiZOB + Na20 + 4Si02.
The silica reléased during the reaction intergrows with more Ca-rich
plagioclése. The quartz does not show any consistent optical orientation

with plagioclase.

The myrmekite texture is common among the granodiorite where the
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source of calcium is probably the country rock. :

The Development of Zoning in Plagioclase

Several workers £ave attempted to explain the zoning in plégioclases.
Turner and Verhoogen (1951) tried to explain the zoning in plaéioclase
due to changes in water pressure. But it seems difficult to visualize
the fluctuations in water pressure so significantly and intermitfently
to affect the crysFal growth in a deep-seated pluton. The responsible
mechanics for such changes ate hard to speculate.

Jackson, Uhlman and Hunt (1966) have tried to apply the theory of
interface motion to the first order (liquid-sclid) phase transformation;
Jackson (1958) in his theory of interface roughness gqualitatively
predicts the crystal érowth morphology. Most of the gquantitative data
still seems que;tionable and unreliable.

The basic concept that lies in the mechanics of crystal growth
theory is that the different faces of a growing crystal can have
different surface energy. Growth anisotropy is developed due to the
differénces in the surface energy. The growth anisotropy is well
exhibited by the zoned plagioclase shown in Fig. 6 b. In other words,
different faces of.a crystal can grow at different rates at a given
under cooling. The crystal growth.isotropy results when such differences
are small and crystal grows uniformly.

In this solid-liquid interface model, Jackson in 1958 obtained
an expression for the change in free energy on adding molecules ®o °* - -=

a fraction X of the N-possible sites on an initially plane face at

equilibrium temperature Te. ﬁ%— = aX(1l-X) + X1InX + (1-X)1ln(l-X)
E
where, o = L. 3
! RT ‘ P

E
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where Latent heat of fusion

&

molecule in a layer parallel to the plane face to the other molecules

Fraction of the total binding energy which binds a

]

in the layer.ig is always £ 1.

This relationship is plotted in Fig. 14 (from Journal of
Crystal Growth, 1966, p. 3 ). Similar plots were obtainéd
during the crystallization of compounds (personal communication with
Uhlman, 1970).

It is interesting to note in the figure that for melts with

Lf/ RTE,4 2 even the most closely packed interface planes should be

rough and the initiation of new layers in growth should be easier. And

for the melts with Lf/ RTE:> 4, the most closely packed faces should

be smooth and the initiation of new layers should be difficult.
To interpret the zoning in plagioclases it is apparent that

the Lf/RTE - value stayed greater than four since the crystallization

of a zone of certain chemical composition started. The growth of the

zone continued till the L

£/

growth of the new zone started with a composition such that the

RTE - value dropped below two. Then the

L RTE - value for that zone is greater than four. This way the growth

£/
of zones one after another continues until the crystallization in the
melt is seized. It is to be noted that the Lf/ RTE - value is directly
a function of the composition of the interface exposed to the melt.

The change in composition in different zones of a plagioclasé‘crystal_is“
controlled priﬁarily by the rate of supply of Al+3 - cations to the
site of crystal growth in the melt. Rather a uniform supply of.

aluminium to the growing crystal will form an unzoned plagioclase of

. o +3 _.+4 . .
uniform composition. In other words, Al :Si ratio in the structure
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of the growing crystal determines the possible ways of accomodating
either Ca+2 or Na+ cations. For example, the Al+3:Si+4 ratio of 2:2
will prefer Ca+2 into the structure to form an énorthite molecule,
where C%+2:Al+3zsi+4::l:2:2.‘On the other hand a ratio of Al+3zsi+4::
1:3 will prefer Na+ into the structure to maintain the charge balance

: +
and will form an albite molecule, where Na+ :al 3:Si+4::l:l:3. Again

3

+ .+ . ) ] . .
the question arises how is the Al and Si 4 distribution related to

temperature and pressure. Higher temperatures and lower pressures
prefer lower coordination and more of the available Al+3 will tend
to the tetrahedral site along with Si+4 in the plagioclase structure.
This explains the formation of anorthite rich plagiocléses at higher
temperatures.

But a lack in the supply of aluminium will tend to form the albite
'molecule even at a higher temperature, thus explaining the reversertype
Vof zoning. And a hetrogeneous supply of aluminium explains oscillatory
type of zoning.

As a whole, the zoning in plagioclases is controlled by the
temperature and evidently by the supply of Al+3 cations to the site
of crystallization. Fig. 3 (b) shows a picture of a zoned plagioclase
(under crossed nicOls) from granodiorite of the Echo Pond Complex.

The nature of zoning as studied by electron-microprobe is
oscillatory and reverse. The complex nature of growth of the plagioclase
crystal seems to show a wide hetrogeneity during the crystallization
of the melt. It is interesting to notice the discontinuity of inner
zoned lamellae to the left side of the crystal where they terminate

against the next outer lamelie, which is almost continuous

around the crystal. This suggests enhancement in the growth of the

FJ
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crystal before the crystallization of the continuous lamellae started.
In other words, different steps may be explained as follows:

1. Continuous growth of plagioclase crystals to the lastbinﬁer
lamellae.

2. Partial resorption of the crystal, during which the left part
of the inner lamellae were corroded.

3. Again, the continuous growth of the outer lamellae. .

The zoned plagioclase crYstal is fractured. Displacement of the
zoned lamellie along the fractures is also noticed.

D. Development of Tremolite-Actinolite in Hornblendite

Fig. 4 shows the plots of microprobe traverses made across the
hornblende enclosing tremolite-actinolite (Fig. 3). The hornblende
shows a uniform Si-content on the tetrahedral site in the amphibole
structure. The uniform content of Si on the tetrahedral site seems to
show that the.alterations in the amphiboles took place at low temp-
eratures and probably low pressures. Most of Al+3—ion exchange during
the alteration of hornblende took place on octahedral site. Significant
variation in the Ti content suggests that Ti has been largely
affected due to addition or removal of ¢ations at the octahedral site.
It can be seen from the crystal chemistry of amphiboles that Ca with
some Na and K on the larger M4 and A cation sites will suffer the
alteration effects on a significant scale. Because the lower energy
is involved in the replacement of Ca, Na and K ions in the structures

This fact is well observed in Fig. 4 where variations in Ca, Na and K

in a traverse across the grain are plotted.
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Discussion of the Probe Results on Hornblende and Biotite from

Hornblende Bearing Granodiorite

An estimate of temperature of crystallization of the hornblende
can be made by considering the number of Al+3 ions present on the.
tetrahedral site in the unit cell, considering that the Z group
represents all the tetrahedral cations and the Y group the octrahedral

cations in the structure of hornblende. In my analysis, the results are:

Si 6.6
Al 1.4

the Z group‘
and Y group - with Al - 0.67
These numerical values fall close to the values obtained by
Nockolds and Mitchell (1948) on primary hornblende analysis from the
diorites and trondhjeﬁites. According to the crystal field effects,
aluminum ‘with coodination number 4 and 6 tends to enter in both
tetrahedral and octrahedral sites. . H igh temperature and
the low pressure favors low coordination, and low tem?erature and
high pressure favors the high coordination (Mason, 1966). At higher
'coordination the space is more economical. Thus at higher temp-
eratures more Al+3 tends to tetrahedral sites, replacing more silica
in the amphibole structure, whereas at low temperatures it tends to
enter the octahedral site replacing more and more Si in the horn-
blende structure. The presence of relatively moderate amount of aluminum
in the tetrahedral site in the hornblende from the hornblende bearing
granodiorite suggest that it crystallized from a melt at relativéiy
moderate tempefatures.
It is difficult to assign the site distribution for Ca, Na and
K among 'M,' and 'A' sites in the amphibole structure. Probablyvmost

4

of the Ca occupied the 'M

4' site and the Na and K occupied 'A', the
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larger cation site in the structure. ARmong biotites, the general
chemical formula can be written as:

X. Y. _Z i i ‘
1¥5.3 4OlO(OH)2 where, X is mainly Ca, Na and K

Y is mainly Al, Mg, and Fe but also

Mn, Ti, etc.

. . . ' +
Z is mainly Si and Al, may be also Fe 3

and Ti.
Probe analysis on biotites (Table 8) shows that the number of cations
on the Y site is 5, but not exactly six to call it a triochrahedral

mica.

Based on the probe resulte the following structural formulas
for hornblende and biotite are calculated:

(K Na

+2
0.90 ¥30.02%%0.005) ™91 5F0.95) (AL

) (AL, )

0.37%0.11 .25%2.8%10

(O,OH)2 .
- biotite from the groundmass. (Fig. 8 ‘b).

and
® Na. _Ca y Mg. Fel? yret® a1 _mi ) (si. AL, .0..)
0.88 M20.2%%0.005’ M91.5°%1.0" ¥ ®0.02"0.27 1 0.14’ Pr2.87 1,210

(O,OH)2.
- biotite enclosed by the hornblende (Fig. 8 a).

and

+2 .
( )(Cal.g)(Mg2.6Fel.6Al 12)(Sl 1 o) (o._OH)2

Nag 4%0.1M%.3 0.6 3. 6.6°71.4'%2

+ + >
- hornblende (Fig. 8 a) where 100 Mg: (Mg+Fe 2+Fe 3+Mn)::59.23.
The probe results are tabulated in Tables 6,7 and 8. From the

structural formulas calculated above, the biotite enclosed by hornblende

shows a higher Fe and Ti content. The apparent chemical difference
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At

+3
Fe

Fe

6l

Fe and Ti contené can be explained due to difference in temperature
crystallization of two biotites. Apparently the biotite énclosed
hornblende, crystallized earlier in the melt at higher tempeiatures.
higher temperatures it is easier for biotite to accomodate more of
and Ti into the structure. This explains why there is higher

and Ti content in the biotite enclosed by the hornblende.

Discussion of the P-T Diagram for R1l_SiO_ Polymorphs, found Around

2

the Echo Pond Complex
Kb ' ’

154

104

T T
500 600 700 800 900 O

Fig. 15 Diagram showing the phase boundaries and the triple point.
The triple point coordinates are P=6.5 kb and T=595°C
(after Althaus, 1967).

The study of the polymorphs of Al_SiO

2 5 found in the metasediments

surrounding the granitic plutons in New England has been used as % kéy -

note to approximate the relative pressure and temperature conditions

of emplacement of the plutons. As discussed before, the Echo Pond

Complex shows an assemblage of metamorphic minerals which carries

andalusite as a thermal metamorphic index mineral and kyanite, which
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is probably the result of regional grade metamorphism. '

The presence of only andalusite and kyanite polymorphs in the
vicinity of the pluton suggests that the temperature and pressure
conditions weré not high enough to form sillimanite. Although, the
pressure and temperatures might or might not have been high enough to
form metastable sillimanite phase. Considering the former interpfetation,
it can be considered that the P and T conditions in the country rock
during the emplacement of the granitic melt were around the triple
point (Fig. 15) (P=6.5 kb and T=595°C). These are the approximate

upper limits of P = P = 6.5 kb and T = 595°c that can be assigned
HZO Tot.

to the country rock. And to heat the country rock from 500 to 600°C
the melt has to be around 800 to 1000°C. Pressure and temperature
gradients could have also been developed between the relatively
colder margins and the hotter interior regions of the pluton.
Taking into account the above arguments the upper limits of
pressure and temperature of emplacement of the granitic melt can be

estimated about T = 900 to 1000°C and P =P = 6.5 + 0.5 kb.
_ HZO Tot. -

Origin of Magmas

The magmas of Echo Pond Complex originated at depth significantly
greater than the present level of exposure. To form and crystallize
the magma in situ, it requires much higher temperatures than notiéed
on the surrounding country rocks. The andalusite and staurolite

resent in the country rock suggest an optimum temperature of empiacé- o e
ment for the granitic melts. Also, no high temperature effects are
noticed around the mafic pluton, suggesting that the mafic un%; never
attained its complete molten state while in contact with the country

rock. These factors show that the magma must have been originated at



deeper levels and emplaced to the present level in a partially molten
state. |

The mafic magmas possibly originated in the ﬁpper mantle aﬁ fairly
high temperatures. The composiﬁion of the parent magma was most likely
the gabbroic. The intrusion of gabbroic magma acted as a source of
heat for the fusion of crustal material for form granitic magma. But
the hornblendite in the mafic unit is certainly a uralitized product
of a parent pyroxene rich igneous rock. The latter might haveAbeen
caught up in the gabbroic melt working its way up and uralitized to
its present texture and minerology.

In the granitic rocks, the presence of muscovite and garnet are
consistent with the pér—aluminous nature of the granite and also are
consistent with the partial or complete fusion of the crustal material.
Probably the radioactivity and convection currents from the mantle
would not have been high enough to melt the crustalyméterial to form
granitic magma. Most probably the origin of the parent calc-alkaline
magma fbr the Echo Pond Complex have resulted from the hybridization
of the mantle derived gabbroic magma and the crustal granodioritic
magma, and crystallization differentiation superimposed on the
evolutionary process.

The origin of the parent magma for Echo Pond Complex can be
visualized in three different ways:

1. Primary andesitic magmas developed by partial or completéb
fusion of the ﬁpper mantle or deep crust (Ringwood and Green, 1966;
Hamilton, 1964; O'Hara, 1965; Metsumoto, 1965; Dikenson, 1962).

2. Mining of silicic and mafic magmas. from the lower crusﬁ and

upper mantle respectively (Holmes, 1932; Kuno, 1959; and Coats, 1962).

63
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3. Derived frpm basaltic parent magma by some process of fraction-
ation (Waters, 1962).

The second process seems to be the most probable one for the
origin of the parent magma of the Echo Pond Complex, though it is
difficult to completely rule out the third possibility, because one
coﬁld argue that the differentiated denser mafic residue from the
parent basaltic magma never reached the surface and was left to an
unseen depth. But this possibility is ruled out due to the presence of
the mafic pluton associated with the Echo Pond Complex.

- Mode and Level of Emplacement

The structural character of the pluton and textural features
suggest that guccessive magmas were forcefully emplaced in the upper
crustal region.

The roof of the batholith is presently exposed. Several pendants
of country rock indicate an irregular roof. The relationship between
the structure of the wall rock and the pendant blocks is not well
understood. The strike and dip of the pendant blocks is almost
opposite to the regional strike arddip of the country rock.

The youngest rocks invaded in the Complex are granitic igneous
rocks. The exact thickness of thes preserved rocks is not known.
Kyanite is found in the country rock up to far distances from the
pluton, which suggest that there must have been a 15 km overburden
or more. The plutons are somewhat younger than kyanite but there may
not have been much stripping by the time they were emplaced. To
crystallize primary muscovite in the granitic melt a minimum of.lO.S

km to 11 km of overburden is required (where P = = 3.5 kb.,

H,O PT t
2 OtC.

after Evans, 1965). To crystallize muscovite after the emplacement
;
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of the granitic melt, the minimum depth of emplacement can be considered
to be about 10 to 12 km.

The presence of trace minerals like xenotime, zircon, and
euhedrai apatite and garnet suggest that the granite was once in a
completely molten state. Deep brown color and highly pleoch;oic nature

of biotite shows a high PH o and at the same time, the presence of

2

minor primary magnetite with the biotite seems to show that PO

2

was
also high to oxidize some of the iron to magnetite.

The electron microprobe results show a maximum of An35 content
in the primary plagioclases. To get the plagioclase of this cémposition
in the melt the temperature of the melt has to be around 800°C; with
the possible corrections due to water pressure and the other components
in the melt. Again this could be the lower limit of temperature of the
granitic melt. .

These are the approximate values of pressure and temperature

during the history of the granitic melt.
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SUMMARY AND GEOLOGICAL HISTORY
The Echo Pond Complex intrudes the Lower Devonian Gile Mountain

Formation. The Complex lies in the west part of the Island Pond

Quadrangle. The country rock around the pluton shows a regional staurolite

grade metamorphism prior to the emplacement of the pluton. Andalusite
grade contact thermal metamorphism is observed around the granitic
pluton. Relatively lower temperature of emplacement of the Echo Pond
Complex, compared with other plutons in northeast Vermont, is
explained due to the absence of sillimanite aureole around it.
Sillimanite aureole surrounds most of the granitic plutons in north-
east Vermont (Fig. 1).

The Compiex intruded forcefully in a mafic to silicic sequence,
at a much deeper level than the present level of exposure. As a result
of emplacement of younger granitic melt against the partially solidified
mafic unit, the hornblende bearing granodiorite formed along the contact
zone of the granitic pluton with the mafic pluton. The electron
microprobe analysis on hornblende and biotites from hornblende bearing
granodiorite suggest that it crystallized froé a melt.

Absence of high temperature effects on the country rock around
the mafic pluton’reveahsthe fact that the mafic unit never atained its
complete molten state while in contact with the country rock. An outcrop

of a single block of hornblendite in the mafic unit is possibly a

e oo e s

xenolith from the deep crust which was carried ugwto the present level-

by the melt.

Approximate temperature and pressure of emplacement of the granitic

= . o . .
melt were P‘I‘ot. PH o 6.5 + 0.5 Kb; and T 2= 900 + 100°C. The granitic

2
melt during its initial stages should have been at higher temperatures

—



With the uprise of the magma and continued crystallization the
water pressure gradually went up, with the tendency of water to stay
in the melt. And probably reached its maximum (6-7 Kb) during the

emplacement.
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APPENDIX

The electron microprobe analysis was done at California Institute

of Technology, under the supervision of A. A. Chodos and Prof. A.L.

Albee. The samples studied in this research were polished rock thin

sections mounted in epoxy. All samples were carbon coated. Both the

traverse and single point analysis were made on the samples. Brief

description is also given of the samples used for the probe analysis:

J.8.3.12.

J.8.1.2.

R - 831

Well zoned plagioclase chosen from the granodiorite. No
twinning is noticed in the plagioclase crystal and it
has some sericite developed along its cleavage'planes.
The analysis was carried out by two consecutive probe
traverses across the crystal.

Hornblendite sample which shows hornblende enclosing
tremolite-actinolite with a reaction rim surroundiné
the tremolite~actinolite inclusion. The sample Qas
found a good representative of the general texture of
the rock. Probe traverses were made, for nine elements,
across the sample.

Biotite enclosed by a hornblende crystal, a typical
texture of the rock( and a biotite grain from the
groundmass were chosen for single point probe analysis.
The biotite crystal from the groundmass was chosen to

be the least altered and with no visible optical Zoning.

The biotite enclosed by hornblende is fresh and unaltered. Whole

mineral analysis was carried out on two biotite samples and a horn-

blende crystal.

In order to avoid repetition the author likes to refer the reader

/
/
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to a paper by Bence, A.E., and Albee, A.L. (1958). . .

This paper deals withvthe
correction techniques and the standards used for the analysis reborted
in this paper.

The raw data counts were fed directly into the computer. The
computer gave the single point analysis results and made plots oﬁ a
semilog scale for the traverses made across the samples. The plots were
made with K-values (defined aé the background corrected intenéity of a
characteristic radiation line of an element in the compound relative ‘
to that of the pure element) on the log scale against distance in
microns. The analyses were made against oxide standards (personal
communication with Préf. Albee, 1970). So, the K-values obtained were
directly proportional to the weight percent of oxides in the sample.
The K-values taken from the semilog plots are plotted on a simple
graph, against the distance.

It is important to point out here that in all of the analysis
total Fé_was calculated as Fe+2. The oxidation state of iron in some
cases is approximated by considering the charge balance technique,

in calculating the structure formula of biotite and hornblende.
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