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Dedicated to Dr. C. Wroe Wolfe and all geologists like in heart:
The Himalayas

Rock!

Jagged, sculptured rock!
Where air is thin,

Too thin to breathe.

Where mind and blood congeal
And sky is just a step away.

There you stand,

Mighty monuments-ramparts rising-
Born from out a Tethys sea

You reach for Heaven from Earth.

Young you are

As mountains go.

Only yesterday the waters crossed your face;

But deep below the waters your strength was growing.

Then-

Quake by quake, fault by fault
You rose-

To claim the sky.

And now 'tis yours.

Drink deep of that ethereal biue,

For as your winter snows

Melt and fade away,

So will your form and power decay,

And you will sink to prepare the way

For a loftier, nobler range of yet another day.

From the unpublished collection of C. Wroe Wolfe
(Lyons and Brownlow, 1976}
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Petrogenesis of the Agamenticus Complex and late Paleozoic and

Mesozoic tectonics in New England.

by
John A. Brooks
University of New Hampshire, May, 1990

The Mesozoic opening of the Atlantic Ocean was associated
with the emplacement of subalkalic to alkalic complexes along a
linear trend that extends southeasterly from Montreal, Canada, into
the Gulf of Maine. The portion of this trend within southwestern
Maine consists of Triassic and Cretaceouscomplexes. The central
complexes were emplaced within three different lithotectonic
blocks or terranes and thus provide a number of unique
opportunities for the investigation of Mesozoic anorogenic
magmatism.

Proposed terrane boundaries in southwestern Maine and
adjacent regions were investigated by a detailed analysis of maps
of regional aeromagnetic and gravity data. Significant
aeromagnetic anomalies associated with Ii;hologic units and fault
zones onshore (i.e. the Nonesuch River, Calef, and Portsmouth
faults) provide the basis for offshore fault zone indentification and
the interpolation of coastal New England geology and terrane
boundaries into the western and west-central portions of the Gulf

of Maine. Within the western Gulf of Maine north-south

Xv



aeromagnetic linears deflect westward, become segmented, and
merge with the offshore extension of the Bloody Bluff and Clinton-
Newbury Fault Zones. The regional pattern can be explained in
terms of regional dextral transpression resulting from the late
Paleozoic (Alleghanian (?)) deformation of previously accreted
lithotectonic packages to the north and northwest of the Bloody
Bluff and Clinton-Newbury fault zones.

Early Mesozoic rift-related magmatism was investigated
through a detailed petrogenetic study of the Triassic Agamenticus
Complex. Least squares models suggest that the aegirine granite
and, possibly, the alkalic granite can be derived by fractional
crystallization from a subsolvus augite syenite parent. Trace
element modeling suggests that processes other than liquid-crystal
equilibrium fractionation, such as volatile fluxing and deuteric
alteration, also played a role in the development of the magmas. An
alkalic syenite and biotite granite cannot be modeled as either
cumuiate or fractionate phases from this process and are
considered to be separate magmatic pulses derived by partiai
melting of the lower crust.

The Triassic and Cretaceous felsic complexes in southwestern
Maine can be separated on the basis of trace element and potential
field data: eg. Triassic complexes are depleted in Sr and Ba and lack
the positive aeromagnetic and gravity anomalies associated with the
Cretaceous complexes. These data are interpreted to reflect the
transition from dominantly crustally derived magmas in the Triassic
to mantle derived melts in the Cretaceous. Significantly different

petrogenetic processes operating at the beginning and end of the

Xvi



rifting cycle resulted in the emplacment of mantle derived melts at
progressively higher levels within the crust as Mesozoic

taphrogenesis evolved.
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CHAPTER 1

INTRODUCTION

The Mesozoic opening of the Atlantic Ocean was accompanied
by subalkalic to alkalic plutonism along linear trends in a number of
localities on either side of the Atlantic Ocean (Morgan, 1981).
Among these is a linear array of sub-volcanic to volcanic bodies
located in Quebec, New England, and offshore that includes the
Monteregian Hills, the White Mountain Magma Series, and the New
England Seamounts, respectively (Fig. 1.1). Emplacement of these
bodies occurred in three major pulses (Foland and Faul, 1877). The
earliest phase consisted of the alkalic, middle to late Triassic
intrusives of the Coastal New England Province (McHone and Butler,
1984), which was synchronous with emplacement of dolerite dikes
in the coastal region and the development of the nearby Hartford and
Bay of Fundy rift basins (Fig. 1.1) (Bedard, 1986). Basaltic
magmatism associated with the rift basins occurred at
approximately the Triassic-Jurassic boundary (DeBoer, 1987;
Bedard, 1986). The second major magmatic pulse is manifest by the
early to middle Jurassic plutonic and volcanic White Mountain Magma
Series (Billings, 1956) and basalt dikes of the Eastern North
American Dolerite Province (Fig. 1.1} (McHone and Butler, 1984). The
final phase of magmatic activity comprises the nearly synchronous,

early Cretaceous emplacement of the Monteregian Hills, a number of




Fig. 1.1 Provinces of anorogenic Mesozoic magmatism in Canada, New
England, and offshore (after Foland and Faul, 1977; Abbrv. MH-
Monteregian Hills, WMS- White Mountain Magma Series, NES, New
England Seamounts). The western limit of the Eastern North
American Dolerite Province (after McHone and Butler, 1985) is
shown as a dashed line. Diagonal lines show the extent of the
Hartford and Fundy Triassic rift basins (after Hermes and Zartman,
1985).



mafic and felsic alkalic complexes and stocks in New Hampshire
andsoutheastern Maine, and the New England Seamounts (Fig. 1.1)
(Foland et al. 1989; McHone and Butler, 1984).

The origin of the New England-Quebec magmatic linear trend
remains unclear. It has been suggested that this anorogenic , sub-
alkaiic to alkalic, igneous series is related to the trace of a mantle
hotspot (Morgan, 1981; Crough, 1981; Foland et al., 1985, 1988;
Duncan, 1984; McHone, 1981). However, Uchupi et al. (1970) noted
that a well defined, NW to SE, age progression, as would be
expected for a hotspot trace, is not present and proposed magma
generation below a "leaky" transform fault system.  Alternate
mechanisms such as doming and/or passive rifting have also been
proposed to explain both the type and location of the magmatism
observed (McHone and Butler, 1984; Bedard, 1985).

All of these hypotheses suggest that the emplacement of the
Quebec-New England magmatic trend is partly or wholly controlled
by basement structure (See also Chapman, 1968). This is supported
by the common occurrence of A-type magmas (alkalic, anorogenic,
anhydrous (Loiselle and Wones, 1979)) along reactivated zones of
crustal weakness worldwide (Sorensen, 1974; Bowden et al., 1987).

Testing the various petrogenetic models proposed for the
Mesozoic plutons is made difficult by the disparity of geochemical
data available. Noteworthy in this instance is the paucity of
geochemical data available for the Mesozoic bodies located in

southwestern Maine (Fig. 1.2). For example, only a limited number of
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Fig. 1.2 Simplified geology of southwestern Maine. Adapted from
Hussey 1985. Ages (Ma) indicated where known (Foland and Faul,
1977; Foland et al, 1977; Hoefs, 1967). Except for the Mermmimack
Group the metamorphic rocks are uadiffereatiated.



isotopic studies have been reported for these rocks (Foland and Faul,
1977 and references therein; Foland et al., 1989) and only the Abbot
Complex has been analyzed for major and trace element geochemical
data (Gilman, 1989).

This long overlooked region of Mesozoic magmatism provides
several unique opportunities for study. The Mesozoic rocks of
southwestern Maine form a NNW-trending linear which crosses a
number of regionally significant faults interpreted as terrane
boundaries (i.e. the Nonesuch River and Portsmouth Faults (Lyons et
al., 1982; Carrigan, 1988) (Fig. 1.2). The occurrence of similar rock
types that have intruded rocks of different lithotectonic affiliation
provides an opportunity to evaluate the possible geochemical
influence of different hosts and potentially different basements on
the petrogenesis of the exposed Mesozoic rocks. The presence of the
through-going fault systems in addition holds promise for evaluating
the role of preexisting crustal structures on the emplacement of the
plutons and stocks. The occurrence of Triassic plutonic rocks in
southwestern Maine (Fig. 1.2) may provide insight into early rift-
related, intracrustal magmatism. Coexisting Cretaceous plutons (Fig.
1.2) provides additional insight on compositional variations of both
magma and source from the beginning to the end of the Mesozoic
rifting cycle.

These issues are addressed using both geophysical and
geochemical methods. Regional gravity and aeromagnetic residual
maps are analyzed to evaluate the surface and subsurface
configuration of Paleozoic terranes and Mesozoic plutons within the

research area. Such analyses help constrain possible sources for
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crustally derived magmas and aliow an evaluation of the role
Paleozoic structures played during magma emplacement. Early rift
related magmatism is viewed in light of a detailed petrogenetic
study of the Agamenticus Complex, the largest Triassic complex.
Additional major and trace element data obtained for representative
rocks of all the felsic, Triassic and Cretaceous plutons in
southwestern Maine provide a means of comparison between magmas

of different age and terrane affiliation.



CHAPTER 2
GEOLOGY AND GEOPHYSICS OF CENTRAL COASTAL NEW ENGLAND AND
WEST-CENTRAL MAINE: IMPLICATIONS FOR MESOZOIC IGNEOUS
COMPLEXES

INTRODUCTION

The Mesozoic plutons in southwestern Maine are exposed as a
NNW-trending belt of small (1 to 10 km2) oval, Triassic to
Cretaceous plutons and stocks (Gilman, 1972,1979; Hussey, 1962,
1985; Osberg et al.,1985) (Fig. 1.2). They intrude the
metasedimentary rocks of the Kearsarge-Central Maine
Synclinorium, Merrimack Trough, and Rye Anticlinorium as well as
Devonian and Carboniferous biotite and two-mica granites (Figs. 1.2
and 2.1) (Gilman, 1985; Lyons et al, 1982; Hussey, 1985; Brooks,
1986 and 1988). These Precambrian to Paleozoic metasedimentary
and igneous rocks have been variably subdivided. Carrigan (1984)
and Brooks (1986) referred to the Merrimack Trough and Rye
Anticlinorium as lithotectonic "blocks" to emphasize that these
units have distinct geologic histories. Both have been subsequently
placed within the regional Nashoba-Casco-Miramichi Block (Zen et
al., 1986) and Avalonian Composite Terrane (Bothner et al. 1988,
Stewart, 1988; Hutchinson, 1988) (Fig. 2.1). Following the approach
of Bothner et al. (1988), components of the Merrimack Trough and

Rye Anticlinorium are grouped together as the Massabesic-
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Fig. 2.1 Lithotectonic boundaries for southeastern New England
(after Hutchinson et al., 1988; Stewart et al., 1988). Abbrv. CH-
Campbell Hill Fault, NS- Nonesuch River Fault, CN- Clinton-Newbury
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HV- Hope Valley Shear Zone, mv- Maine Volcanic Province, ct- Croix
Terrane, cb- Casco Bay Block, mb- Merrimack Block, m- Marlboro
Block, n-Nashoba Block, es- Esmond-Dedham -Terrane, hv-Hope Valley
Terrane.




Maine Synclinorium are considered to be part of the Gander (Lyons
et al.,, 1982) or Central Maine Terrane (Eusden and Barreiro (1989)
(Fig. 1.2 and 2.1).

The accretionary history of and geologic relationships between
these terranes and the nature of the bounding faults is still unclear.
Because crustal composition and structure created during the
Paleozoic can affect the chemistry (Collins et al.,, 1982; Clemens
and Valieuz, 1988) and emplacement of Mesozoic magmas (Chapman,
1968; Bowden et al., 1987), a more thorough understanding of the
relationships between and within the Avalonian Composite Terrane
and adjacent terranes is desired. The recent compilation of a new
geologic map of New Hampshire (Lyons et al., 1986), detailed field
mapping in the coastal (Carrigan, 1984; Brooks, 1986; Bothner,
unpublished) and central New Hampshire regions (Fagan, 1985;
Eusden, 1984; 1988), and compilations of aeromagnetic (Fig. 2.2,
Shih et al., 1988) and gravity (Bothner et al., 1980) data provide the
bases for reevaluation of the Avalon Composite Terrane within
coastal New Hampshire and southwestern Maine.

The analysis of potential field data, in particular aeromagnetic
data, is a useful and often powerful tool for interpretation of
geology and terranes at both large and small scales. Birch (1984)
mapped local bedrock geology to approximately 40 km offshore
coastal New Hampshire using seismic reflection and detaiied
shipborne magnetic data. Harwood and Zietz (1977) and Castle et al.
(1976) have shown that individual lithic units within the Boston

Piatform region can be correlated to specific magnetic anomalies



01

Fig. 2.2 Shaded relief aeromagnetic map for the Gulf of Maine and adjacent areas (Shih et al.,
1988). The large positive, oval anomaly in the center of map is associated with the Ordovician
Cashes Ledge anorogenic granite. The western end of Nova Scotia is outline by NE- and NS-
trending aeromagnetic linears in the upper right portion of the map. The coastal Maine volcanics
are associated with the NE-trending, oblate linears to the east of the Nova Scotian linears. The

research area is outlined by solid line.
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and that major structural discontinuities can be mapped using
magnetic signatures (e.g. the Clinton-Newbury and Bloody Bluff-
Burlington Mylonite Fault Zones). The analysis of aeromagnetic data
has also contributed to the investigation of regional shear fabrics
(Hoffman,1987; Chandler and Southwick, 1990), to locating and
modeling the sub-surface configuration of suture zones (Haworth
and Jacobi, 1983; Miller,1988), and

the delineation of lithotectonic zones (Shih et al., 1989; Stettler et
al., 1989; Miranda et al., 1989; Rivers et al., 1989).

Magnetic and gravity analysis in this study follows the same
qualitative approach as those above. Linear and closed magnetic
anomalies are compared to specific lithologies and/or fault
boundaries with geologic map overiays. Possible correlations are
tested by using measured bulk susceptibilities and by
shape/magnitude analysis. Resulting correlations are then used to
extrapolate onshore geology into regions of poor or inaccessible
exposure offshore (Brooks, 1986).

Although the main focus of this research is the area defined as
MMR, the Paleozoic history of this region must be considered in
relationship to the adjacent lithotectonic zones. The geologies of
all of these lithotectonic zones are reviewed to emphasize those
features that distinguish each zone from the other and are most
strongly represented in the potential field data. Following this
introduction, salient characteristics of the potential field for each
lithotectonic zone and for the Mesozoic igneous rocks are presented.
The implications of these characteristics for Paleozoic imprints on

the tectonic fabric of the MMR are discussed.
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REGIONAL SETTING

The MMR occupies the region north and west of the Clinton-
Newbury ar¢ Bloody Bluff fault zone in northeastern Massachusetts
and its offshore extension (Simpson et al., 1980; Shih et al., 1988;
Hutchinson et al., 1988) (Fig. 2.1). The northwest boundary is marked
by the Campbell Hill-Nonesuch River fault system in New Hampshire
and southwestern Maine (Lyons et al.,, 1982; Figs. 1.2 and 2.1). In
Massachusetts, the continuation of this fault system is masked by
Devonian granites and substantial glacial overburden. Zen (1989)
proposed that it emerges at the southern terminus of the Fitchburg
intrusive complex and separates rocks of the Merrimack Trough and
the Kearsarge-Central Maine Synclinorium (Figs. 2.1 and 2.3).

The Massabesic-Merrimack-Rye Zones consist almost wholly of
late Precambrian metasedimentary and metaigneous rocks that are
polydeformed and successively intruded by late Precambrian,
Paleozoic, and Mesozoic piutons (Figs. 1.2 and 2.3) (Bothner et al.,
1984; Olszewski et al., 1984; Barreiro and Eusden, 1988; Brooks,
1986). The earliest intrusions (Precambrian, Ordovician, and
Silurian?) were emplaced prior to final accretion of MMR onto the
Kearsarge - Central Maine terrane. Devonian and Carboniferous
plutons common to both terranes, are mostly "stitching plutons®
(Lyons et al., 1986) and in part conceal the regionally significant
tectonic boundaries (Figs. 1.2 and 2.3). Strongly discordant Mesozoic

alkalic magmatism, including the Agamenticus Complex, reflect the
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Fig. 2.3 Simplified geology of the research area with emphasis on the Massabesic, Merrimack,
and Rye Blocks.
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subsequent effects of continental separation during the opening of
the Atlantic Ocean.

The Merrimack Trough contains continental slope and rise
rocks (Rickerich, 1983) of the Merrimack Group which are considered
to be stratigraphically continuous with the ortho- and paragneisses
of the Massabesic Gneiss Complex (Bothner et al, 1984). The age of
orthogneiss from the Massabesic Gneiss is constrained by 650 Ma
Rb/Sr whole rock isochrons (Bescancon et al., 1977; Olszewski et al.,
1984) and a 650 Ma U/Pb zircon age (Aleinikoff et al., 1979). Another
orthogneiss from the Massabesic Complex has yielded a 450 Ma
isochron (Aleinikoff et al., 1979). A Permian U/Pb monazite 270 Ma
age from the Massabesic Gneiss paragneiss and sillimanite grade
Berwick Fm. records the latest peak metamorphism (Barreiro and
Eusden, 1988). A provenance age for the Massabesic Gneiss is
inferred by an approximate 1400 Ma age of detrital zircon from the
paragneiss member (Aleinikoff et al., 1979).

A Precambrian Z to lower Ordovician age is assigned to the
Merrimack Group based on radiometric age determinations for the
undeformed, unmetamorphosed, cross-cutting Exeter Pluton (473 +
37 Ma Rb/Sr whole rock, Olszewski et al., 1984; Qlszewski and
Gaudette, 1988) and Newburyport Quartz Diorite (450 £ 15 Ma
207pb/206ph zircon, Zartman and Naylor, 1986) and the interpreted
gradational contact between the Berwick Fm. and Massabesic Gneiss
(Bothner et al. 1984; Fagan,1985). On the basis of lithologic and
structural data, which suggest that the Kittery Fm. is the youngest

unit in the sequence, the previously defined stratigraphic sequence
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of Kittery - Eliot - Berwick (from oldest to youngest, Hussey, 1985)
is reversed (Bothner, in prep.).

Rocks of the Massabesic Gneiss Complex (Figs. 1.2 and 2.3) and
the lower portion of the Berwick Formation are polydeformed,
polymetamorphosed sillimanite to 2nd sillimanite grade migmatitic,
dominantly calcareous quartzofeldspathic gneisses and minor mafic
and pelitic gneisses (Lyons et al. 1982; Fagan, 1985). The upper
portion of the Berwick Formation is a fine-grained, well-layered
biotite granofels containing discontinuous calc-silicate
intercalations and minor pelitic interbeds (Bothner et al., 1984).
The Eliot Formation (Figs. 1.2 and 2.3), everywhere at biotite or
lower grade, is composed of interbedded, but partly transposed,
calcareous metasiltstone and non-carbonaceous phyllite. The
boundary between the Berwick and Eliot Formations is marked by a
fine-grained, rusty carbonaceous phyllonite originally described as
the Calef Member of the Eliot Formation (Novotny, 1963). The Kittery
Formation (Figs. 1.2 and 2.3) completes the Merrimack Group. It is
dominated by biotite grade, fine-grained calcareous quartzite
interbedded with minor pelitic phyllite or slate. Primary
sedimentary features and structural analysis suggest that this
formation is an easterly derived turbidite sequence (Rickerich, 1983;
Hussey et al., 1984), perhaps the western margin of Avalon
(Africa?).

At the eastern side of the MMR, Precambrian Z(?).mylonitized
quartzofeldspathic, calc-silicate, pelitic, and mafic schists and
gneisses of the Rye Block are juxtaposed against the Merrimack

Group along the Portsmouth Fault zone (Hussey, 1980; Carrigan,
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1984; Swanson and Carrigan, 1984; Brooks, 1986) (Figs. 1.2 and 2.3).
Offshore, the Portsmouth Fault zone can be traced to the Boon Island
region (Fig. 2.3) (Brooks, 1986). The Rye Formation extends for at
least 16 km offshore of the New Hampshire coastline (Brooks, 1986;
Birch, 1984) and underlies the Kittery Formation within southern
New Hampshire (Public Service Company of NH, 1981). Metamorphic
grade both onshore and offshore decreases from sillimanite and 2nd-
sillimanite grade in the northern portion of the Rye Complex to
garnet grade in the south (Carrigan, 1984, Brooks, 1986). The age of
the Rye Block is constrained by the cross-cutting 483 + Ma (whole
rock Rb/Sr) metadiorite on the Isles of Shoals (Olszewski et al.,
I1984). A poorly constrained 383 + Ma Rb/Sr whole rock age
obtained for the granitic gneiss within the Rye Complex is
tentatively interpreted by Olszewski et al. (1984) as a metamorphic
age.

Although shearing within the Rye Formation was most intense
near the Portsmouth Fault Zone, the presence of protomylonitic to
mylonitic rocks at least 16 km offshore (Brooks,1986) suggests that
the Rye Block represents a significant regional shear zone. The
brecciation of early ductile structures within the Portsmouth region
by a myriad of brittle faults indicates multiple, probably time-
separated, deformational events within the Rye Block (Swanson,
1982, [1989; Swanson and Carrigan, 1984; Carrigan, 1984). Augen
gneiss xenoliths within the metadiorite on the Isles of Shoals and
strong shear along the metadiorite contact also show that the rocks
of the Rye Block have experienced a long history of strain. The

parallel alignment of mineral lineations and fold axes in the
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Portsmouth region suggests that at least a portion of this
deformation was transpressional.
Ceniral Maine Terrane

At the western side of the MMR Silurian-Devonian turbiditic,
sulfidic, and pelitic schists and gneisses of the Kearsarge-Centrai
Maine synclinorium or Central Maine Terrane crop out across the
Campbell Hill-Nonesuch River fault trace (Figs. 2.1 and 2.3). Recent
detailed mapping along that fault from Massachusetts to
southwestern Maine confirms structural discordance (i.e., the
truncated Lebanon antiformal syncline, Eusden et al., 1987; Fig. 2.3)
of this mostly westerly-derived sequence of rocks with those of the
MMR. The truncation of the Lebanon Syncline against the the
Campbell Hill fault argues effectively that the MMR was juxtaposed
after Acadian folding. However, major motion along the Campbell
Hill-Nonesuch River Fault system must predate the emplacement to
the 364 MA (Barreiro and Eusden, 1988) Barrington Pluton.
Subsequent - Permian metamorphism (to 2nd sillimanite zone) of the
late Precambrian Massabesic Gneiss Complex and MMR did not affect
Acadian metamorphic signatures of the Kearsarge-Central Maine
Synclinorium  (Lyons et al., 1982; Barreiro and Eusden, 1988). This
sequence of metamorphism and plutonism suggests late Permian
uplift of the western portion of the MMR and the Massabesic Gneiss
Complex (Eusden,1988).
Terranes of southeastern New England

To the south, rocks of the MMR are juxtaposed along the
Clinton-Newbury Fault Zone against the Precambrian to Silurian

rocks (Lyons and Brownlow and references therein, 1976; Hanson and
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references therein, 1984; Fig.1) of the Nashoba-Marlboro Zones (Fig.
2.1 and 2.3). The dominant rocks are mafic and felsic volcanics and
interbedded metasediments and associated Ordovician to Silurian
granites. The Bloody Bluff fault separates this zone from the
Esmond-Dedham Terrane. This terrane is composed of late-
Precambrian dominantly marine and terrestrial metasediments and
volcanic rocks that in places pass upward into Cambrian shales
containing Eurobaltic trilobite fauna, Paradoxides (Rast and Skehan,
1983). These rocks are correlative with the Avalon rocks of coastal
Maine, New Brunswick, and Newfoundland (Rast et al., 1976). The
Avalon terrane in southeastern New England has been intruded by
Ordovician to Devonian anorogenic plutons and has experienced
Carboniferous extension and Alleghanian metamorphism and
compressional deformation (Zartman,1988; Hermes and Zartman,
1985). The southwestern portion of the Avalon terrane can be
subdivided -into two terranes separated by the Hope Valley shear
zone; the Hope Valley and Esmond-Dedham terranes (Fig. 2.1; O'Hara
and Gromet, 1985; Hermes and Zartman, 1985; Zartman and Naylor,
1984).
—Casco Bay Block

To the northeast the MMR is juxtaposed (Hussey, 1985) or
perhaps, in part, transitional (Olzsewski et al., 1988) to the late
Precambrian to Ordovician metasediments and metavolcanics of the
Casco Bay Group (Fig. 2.1). This sequence of rocks experienced mid-
Cambrian to Ordovician metamorphism which distinguishes them
from all adjacent lithotectonic zones but the Merrimack and

Massabesic Blocks (Olzsewski et al.,1988). The Casco Bay Group and
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other rocks of coastal Maine have been cross-cut by a number of
faults which have experienced a long history of reactivation
(Hussey, 1985; Hogan et al., 1988). 40Ar/Ar3® hornblende ages
indicate that the rocks to the west (Falmouth-Brunswick Block) and
east (Saco-Harpswell Block) of one these faults, the Flying Paint
Fault (Fig. 2.3), experienced differing thermal histories until the
late Paleozoic (~ 250 Ma) (West et al., 1988).

Culf of Maine

Offshore, within the Gulf of Maine, the location of terrane
boundaries is based on geophysical data and on the analyses of a very
small number of bedrock samples (Fig. 2.4) (Kane et al.,, 1972;
Hutchinson, 1988; Shih et al., 1988; Ballard 1974a, 1974b). Bedrock
samples were obtained by SCUBA divers (Ballard, 1974b), with the
use of submersibles (Ballard, 1974 b), and through drilling (Leo and
Phillips, 1989; Scholle and Wenkam,1982; King and MaclLean, 1976;
Koteff and Cotton, 1962).

As in southern coastal New England, the major geomorphic
features within west and west-central Gulf of Maine are primarily
due to Carboniferous and Mesozoic extensional tectonics and
subsequent deposition of sediments (Ballard, 1974a; Ballard and
Uchupi, 1972, 1975; Shih et al.,, 1988). Sinistral rifting during the
Carboniferous resuited in the development of the onshore
Narragansett (Fig. 2.3) and the offshore Wilkinson pull-apart basins .
Subsequent Mesozoic extension overprinted Paleozoic and
Carboniferous features of western Gulf of Maine with a number of

normal fauilts (e.g., the Fundy Fault and its onshore continuation as
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Fig. 2.4 Bedrock sampies (Ballard, 1974, numbered locations;
Brooks, 1985, region labeled Br), seismic boundaries (dotted lined,
Ballard, 1974), and aeromagnetic zones (A and B; after Kane et al,
1972) within the western Guif of Maine. USGS seismic line 1A is
from Hutchinson et al. (1988). Circles with crosses are drill hole
locations of bedrock samples (Koteff and Cotton, 1962; Leo and
Phillips, 1989).
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the Ponkapoag Fault in southeastern Massachusetts; Shih et al,
1988).

Geochemical and isotopic analysis of Ordovician alkalic and
calc-alkalic granitic rocks from Cashes Ledge and other nearby
ledges suggests that the central portion of the Gulf of Maine is
located within the Avalon terrane (Hermes et al.,, 1978; Hermes and
Zartman, 1985). Analysis of core samples from the Scotian Shelf
indicate that the Meguma terrane extends at least 100 km to the
southwest of Nova Scotia (King and MaclLean, 1976; Pe-Piper and
Loncarevic, 1988). The Cost G-1 well bottomed in low grade
metasedimentary rocks that yielded a metamorphic age of 400 + 50
Ma (Scholle and Wenkam, 1982). The inferred age, metamorphic
grade, and rock type are compatible with either Avalon or Meguma
terranes. Bedrock penetrated in a drill hole near Harwich, MA. is
correlated to rocks of .either the Carboniferous Narragansett basin
or to the Precambrian Blackstone Series of the Avalon terrane
(Koteff and Cotton, 1962). Two recent bedrock cores on Cape Cod
recovered sheared and unsheared granitic rocks (Leo and Phillips,
1989) that correspond to two distinct basement types identified by
Hutchinson et al. (1988).

Seismic and potential field data have placed further
constraints on the location of terrane boundaries within the Gulf of
Maine. Crustal seismic velocities obtained from refraction surveys
(Ballard, 1974a) indicate the presence of three crustal zones (Fig.
'2.4). The northernmost contact roughly corresponds with the
offshore extension of the Bloody Bluff/Clinton-Newbury fault zone

and to the northwestern boundary of the Avalon terrane proposed by
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Hermes and Zartman (1985) (Fig. 2.4). Kane et al. (1972) were able
to subdivide the Gulf of Maine on the basis of qualitative analysis of
potential field data (Fig. 2.4). The contact between their zones A
and B approximately corresponds to the western boundary of the
Avalon terrane proposed by Hutchinson et al. (1988) (Fig. 1.2) and
Stewart et al. (1985 and 1989).

DATA COMPILATION AND PROCESSING

Potential field analyses were conducted primarily at a scale of
1/500,000 using computer generated maps of total field, lowpass
filtered, and highpass filtered gravity and aeromagnetic data.
Several key areas were analyzed at larger scale.

Complete Bouguer gravity onshore and free air gravity
offshore were compiled from a variety of sources (Bothner et al.,
1980 and references therein; unpublished USGS gravity data).
Bouguer corrections were not calculated for offshore data due to
inadequate bathymetric control. Onshore data have an average
station spacing of 1.5 km, while offshore station spacing is about 5
km for seabottom stations within localized regions and <0.5 km
along ship tracks for shipboard meters (Appendix Il.I). Errors
onshore from position, elevation, and gravity meter do not exceed 1
Mgal. Offshore errors may be as large as 5 Mgal as determined by
ship crossings. Most of the latter error stems from Eotvos
corrections (calculated by the USGS-Woods Hole) and uncertainty of
ship position (particularly for older data). It is estimated that <5%

of the offshore data are off by 5 Mgal. These data were gridded
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using a minimum curvature algorithm (MINC, Webring, 1977) at § km
to compensate for greater data spacing offshore and then regridded
to 1 km for filtering, contouring, and analysis.

Aeromagnetic data for the region are from digitized USGS
analog maps covering eastern Massachusetts (Simpson et al., 1980),
an unpublished Boston Edison digital set, and USGS compilations.
Data from all three sources were collected along flight lines spaced
<1 km apart and flown at 500 ft. above terrain.  After removal of
appropriate IGRF and level adjustments (conducted by USGS-Woods
Hole), the data were gridded at 1.0 km and then regridded to 0.5 km
for contouring and analysis. Reduction to pole was made to eliminate
geographic shifts of anomalies using FFTFIL (a fast Fourier
transform filtering algorithm; Hildenbrand, 1978), a declination of
16.50, and an inclination of 700. Shipborne magnetic data for
nearshore areas off Massachusetts and New Hampshire (Bothner et
al., 1983; Birch, 1984), not included in this compilation, have
provided additional detail across major units.

Spectral analysis and filtering of the gravity and aeromagnetic
data (Appendix Il.Il) were conducted with MFILT (Philiips,
unpublished; Phillips, in prep). Filters are calculated within this
program from data input to match segments of the curved total field
power spectra (see Appendix Il.lll). Because estimates of apparent
average depth to magnetic source are based on the slope of the total
field power spectra and ignore the contribution of body size vs. body -
depth (Spector, 1979), they are greater than the actual average

depth to the deeper magnetic sources. For this study, the apparent
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depths are used only as an estimate of the crustal regions within
which the magnetic bodies occur.

Contours maps were plotted on the UNH Calcomp plotter using
CONTOUR (Godson, written comm.,1977) and VEC2PLOT (Appendix
1LlV). To aid in interpretation, color shaded relief maps were
generated on USGS color plotters. Although some detail is lost in
this presentation, the enhancement of the anomaly shapes more than
compensates for the loss of other information.

Geologic data were digitized from the Massachusetts state
geologic map (Zen, 1983), preliminary New Hampshire state geologic
map (Lyons et al., 1986), Portland 29 sheet (Hussey, 1985), and
Eusden (unpublished and 1988). Geologic overlays were plotted at
appropriate scale and projection for anomaly-geology correlations.

Susceptibilities of selected samples (Table 2.1) were
measured with a GEOINSTRUMENTS JH-8 susceptibility meter.
Measurements were made at approximately 3 to 6 cm intervals
depending on bedding thickness and/or lithic variation. Areas with a
high degree of weathering were not included in the survey.
Measurements on hand-samples were mulitiplied by a factor of 2.
Units were converted from S! to CGS for modeling in SAKI (Webring,

written comm., 1986).
RESULTS

In general, the maps of high-frequency aeromagnetic (apparent
depth = 4 km) (Fig. 2.5) and gravity (apparent depth = 6 km) (Fig. 2.6)

data enabled the analysis of geologic-anomaly correlations. As
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TABLE 2.1 - SUSCEPTIBLITY MEASUREMENTS

Messurements in SI x10*5 units = 4 Pl cgs of ems units

# tormation/terrane 8 maas st dev ] formation/tertans |fmeas g std dev
KCM Agamenticus Complex
1 Rungeley 11 20.00 2.1 228 |mag -26 15 15.50 2.43
2a 2mica granits (] 3.82 1.48 23a |mag-43 14 44.80] 15.68
2b |z basait 10] 2030.001 794.49 24a [magédé-a 10 13.10 1.9
3a |Rangeley 8 28.30 9.61 25a |mag-45 100 44100 121.43
b | 18 9.6%9 1.78 77 |mag-3 13 268.482] 119.22
3c  [Mz basait 221 101.38 39.0 78 MAG-1 18] 23.1875 4,48
4a  |Rangeley ] 21.95 6.68 79 [MAG-20 12 9.2 7.81
4@ I 1 6.6¢ 3.0 80 {MAG-17 18 31.1333 8.53
Sa - 10 36.01 13.33 81 |[MAG-4 10 7.9 1.60
Hu . 114 252 8.08 82 |MAG-448 9] 29.666 4.8
52a {Lower Rangeley 1 20,58 4.99 84 |MAG-45 14 500.71 124.56
520 Lower Rangeley 1 30.8 5.93 85 [MAG-67 20 69.8) 41.8
54a |Upper Rangeley 12 163.01] 101.83 86 |MAG-6GE 1 6 13.7
7a |Perry Mt 22 21.2 8.0 Abbot Mt
7 | 3 71.39 271 27a |AB-8 7| 701.43| 160.7
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[
oo Fig. 2.5 Color contoured, shaded relief, filtered aeromagnetic map of southestern New England
and eastern Gulf of Maine with lithotectonic overlay. Lithotectonc overlay also shown in Figure
2.7 and Plate 2.1 for clarity. Color scale intervals are 30 nT.
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Fig. 26 Color contoured, shaded relief, filtered gravity map of southestern New England and
eastern Gulf of Maine with lithotectonic overlay. Gravity data onshore are Bouguer and offshore
are free-air. Lithotectonc overlay also shown in Figure 2.7 and Plate 2.1 for clarity. Color scale

intervals are 3 mgal.
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observed in other studies (Harwood and Zeitz, 1977; Castle, et al.,
1976), the high-frequency aeromagnetic anomalies show acceptable
agreement with the map pattern of appropriate metamorphic and
igneous rocks.  Structural discontinuities are readily apparent on
the aeromagnetic map as truncated linear and oval aeromagnetic
anomalies or by the juxtaposition of regions with differing
aeromagnetic characteristics. The high-frequency gravity anomalies
correlate to the igneous rocks within the research area and
commonly cross lithic contacts. In places, the gravity anomalies
overprint the terrane boundaries defined by the aeromagnetic
anomalies suggesting the presence of stitching plutons. Specific
features of the residual potential field maps are presented below by
lithotectonic groups. Because the Mesozoic plutons are not confined
to any one lithotectonic region, they are presented

separately. Figure 2.7 shows the lithotectonic interpretation of the
aeromagnetic and gravity residual maps. Specific geographic and

geologic locations referred to in text are shown in figure 2.3.

Mesozoic Plutons

The Jurassic and Cretaceous plutons are associated with very
high amplitude (up to 1100 nT) closed positive anomalies that
disrupt the field over the Kearsarge-Central Maine Synclinorium and
the MMR. These bodies and associated anomalies confirm the
existence of the NW/SE-trending corridor of Mesozoic plutons
(Billings, 1956; Foland and Faul, 1977) in the north central portion

of the aeromagnetic map. Closed gravity highs are associated with a
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e

Fig. 2.7 Lithotectonic interpretaion of research area. Unpatterned areas with solid boundaries
are undifferentiated Paleozoic and Mesozoic igneous rocks. Unpatterned areas with dashed
boundaries refer to Ordovician and Mesozoic anorogenic rock boundaries inferred from
aeromagnetic data. Refer to figure 2.3 for geographic and geologic names.



A

a Ty

Ay
.t
.

.
e
L
;e
ve
;e
A
e
,e

Yasras ghaas
FITTRN
\,.m.
.4.;:,/\0..:,:41
AL AL R R R}

a
[}
»
e

~

’

s
.
.
’
v

£

DI NN O
N AR

[N

by s g st

,,..S..f..,_

B e |
susan s U
saasas gy by

NV
N

an

!

34

i
i




number of the WMS bodies; the Merrymeeting, Belknap, Red Hill, and
Ossipee Complexes.

Within the research area, the Burnt Meadow, Randall Stock,
Alfred Complex, Tatnic Complex, and Cape Neddick Comblex are all
associated with large aeromagnetic anomalies but, with the
exception of the Cape Neddick Complex, lack associated gravity
anomalies. Notably, the Triassic Abbott Complex lacks aeromagnetic
and gravity signatures and the Agamenticus Complex has only small
aeromagnetic highs associated with the alkalic syenite and syenite
to quartz syenite zone (see Chapter 3 for complete description of
these rocks). The biotite granite core of the Agamenticus Complex
has an associated circular negative aeromagnetic anomaly. A

closed aeromagnetic high to the east of the Tatnic Complex and
north of the Agamenticus Complex is suggestive of an unexposed
Tatnic-like body. A gravity high located in the eastern portion of
the Merrimack Block partially overprints the Agamenticus Zone.

Aeromagnetic anomalies that are suggestive of subsurface
Mesozoic igneous plutons (i.e., 8 to 10 km wide, oval highs) are
present under the Biddeford Granite and within the offshore
extensions of the Rye and Esmond-Dedham Blocks. The Ordovician
anorogenic complexes in the Esmond-Dedham Zcne (i.e., Cape Ann
Complex, Nahant Granite, Cashes ledge (just on eastern edge of map)
and Pigeon Hill (offshore of Cape Ann)) are also overprinted by
circular highs similar to those of the Mesozoic anorogenic

complexes.
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The southwest portion of the aeromagnetic field over the
Merrimack Block is different from that associated with the rest of
the block. In the southwest, the aeromagnetic field is an unduiating
surface of approximately -30 to 0 nT with a NE-trending fabric
comprised of 30 to 90 nT linears. To the northeast the background
field deceases to -60 to 0 nT and is dominated by oval and NNE- to
NE-trending linear anomalies with magnitudes greater than 90 nT.
The southernmost two of these linear anomalies are loosely aligned
with the phyllonitic Calef Formation. The oval highs are related to
the Paleozoic (Exeter, Newberryport, Biddeford, and Dracut Plutons)
and Mesozoic (Tatnic and Agamenticus Complexes) igneous rocks
located within the Merrimack Block. The offshore extension of the
Merrimack Block is associated with several elongate oval anomalies
(to the east of the Agamenticus Complex) and somewhat randomly
oriented linear highs (30 to >90 nT). The gravity field overlying the
Merrimack Block appears as a subdued pattern that is lower than
that of the adjacent Kearsarge-Central Maine and Nashoba Blocks.
Juxtaposed on this field are several oval and linear gravity highs
associated with the Paleozoic Plutons (Exeter, Newberryport and
Dracut Plutons) and possible unexposed equivalents (i.e., under the
Merrimack Block label, Fig. 2.6). A positive gravity plateau located
in the eastern portion of the Merrimack Block, to the north of the
Portsmouth Fault Zone, is continuous with a gravity high associated
with the western portion of the Rye Block.

The Merrimack-Rye Block contact is defined by a steep

aeromagnetic gradient whose curvilinear trend is located along the
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Portsmouth Fault Zone onshore and along the southern portion of an
irregular positive aeromagnetic plateau offshore. The offshore
extension of this inferred boundary cross-cuts a large gravity low (-
15 mgal). The Portsmouth Fault Zone aeromagnetic anomaly is
disrupted by the Mesozoic Chase Stock (Brooks, 1986) just offshore
of the New Hampshire/Maine border. The location of the southern
terminus of the Portsmouth Fault Zone aeromagnetic anomaly is
unclear. It either ends at the northern contact of the Newburyport
Quartz Diorite, is truncated by EWE linear anomalies that trend
offshore, or is offset by dextral motion. The latter suggests that
| the easternmost Calef Formation aeromagnetic anomaly is instead
related to the Portsmouth Fault Zone.

The gently undulating to flat aeromagnetic field of -90 to 0 nT
overlying the Rye Block is segmented by a 60 to 90 nT linear that
parallel the coastline of New Hampshire and by an approximately 8
km wide, greater than 90 nT, oval high. Offshore, the eastern border
of this relatively flat aeromagnetic field is truncated by major N/S
to NNE-trending linears (under the Passagassawakeag Gneiss label,
Fig. 2.5). Its southeastern edge is located along a series of smaller,
segmented NE- to EWE-trending linears.

The western portion of the Merrimack Block is bounded by a
prominent NE/SW aeromagnetic gradient, that corresponds to the
Silver Lake, Flint Hill, and Nonesuch River faults. To the west of
this gradient the Massabesic Block is associated with a
aeromagnetic linear high (> 90 nT)} and a flat -6 to 0 mgal gravity
plateau. The western boundary of the Massabesic Gneiss is defined

as a change from the relatively flat, low gravity pattern of the
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Massabesic Gneiss to the highly undulating gravity field associated
with the Kearsarge-Central Maine Synclinorium. The terrane
boundary defined by the gravity field is coincident with the trace of
the Campbell Hill-Nonesuch River faults and underlies the Fitchburg
Pluton at its' southern terminus (located at the southern end of the
Massabesic Block).

Casco Bay Block

The southern portion of the Casco Bay Block is dominated by
two segmented 20 to 70 km long, 60 to 110 nT linear anomalies that
in part are associated with sulfidic schists (Scarboro Formation)
within this block (Figs. 2.3 and 2.5, Table 2.1). The linear anomalies
are bounded in part by major faults (e.g. the Portland and Cape
Elizabeth Faults) within the Casco Bay Region indicating that
juxtaposition of different lithologies along these faults has
contributed to the observed anomalies. The northern portion of the
Casco Bay Block characterized by a relatively flat -30 to 30 nT
piateau. The subdued character of the northeyn portion of the Casco
Bay Block partly reflects wider data spacing. All but the
northernmost portion of the Casco Bay Block is underlain by a gently
undulating 3 to 15 mgal plateau. This plateau has similar
characteristics to, and may be continuous with, that overlying the
Merrimack and western Rye Blocks.

The aeromagnetic anomalies of the southern portion of the
Casco Bay Block is similar to, and may be transitional with, the
offshore extension of the Merrimack Block. This is supported by
recent findings which suggest that the Merrimack Block and Casco

Bay Block onshore are lithically transitional (Fargo, in prep) and by
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the similarities in metamorphic and igneous histories (Olzsewski et
al., 1988). Although these data justify grouping these two blocks
and the Massabesic Block together as one lithotectonic zone on the
map, the gravity high over the Casco Bay Group and the eastern
portion of the Merrimack Block indicates that the rocks underlying
these regions may be different from those in the southern portion of
the Merrimack Block.

The Kearsarge-Central Maine Synclinorium Zone contains 30 to
90 nT, 10 to 30 km long aeromagnetic linears that generally trend
NE/SW. Many of the aeromagnetic anomalies can be directly related
to sulfidic, pyrrhotite bearing units such as the Smalls Falls
Formation or the upper unit of the Rangeley Formation. The presence
of these units allows the delineation of some regional fold patterns
(i.e., the Lebanon Nappe, Fig. 2.3 and 2.5) and the truncation of units
against faults (i.e. Smalls Falls Formation against the Campbeli Hill
Fault). Relatively flat, often low, aeromagnetic plateaus are
associated with the Paleozoic granites within the Kearsarge-Central
Maine Synclinorium. The gravity field associated with this region is
comprised of highly undulatory and lobate -30 to 17 highs and lows.
Although these anomalies cross-cut a large number of lithic
contacts, the highs generally overlie the regions with the largest
proportion of metasediments and the lows reflect the dominance of
Paleozoic granites within a region.

Zones of the Boston Platform
The regional, total field anomalies associated with the

Nashoba, Mariboro-Newbury, Esmond-Dedham, and Boston Basin Zones
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have previously been analyzed by Harwood and Zietz (1977) and
Castle ot al. (1976). A detailed analysis of this region is therefore
unnecessary, and the reader is referred to them for such a report.
However, the tectonic importance of the Clinton-Newbury and Bloody
Bluff fault zones makes a review of some of the distinguishing
features observed within these regions important. As noted by
Castle et al. (1976) many of the fine details of the aeromagnetic
data are observable only on the scale of a 7.5 - minute quadrangle.
The regional scale of this report results in a number of different
anomaly-geology correlations compared to Castle et al. (1976).
The Nashoba Zone

The magnetically well-characterized Nashoba Zone is
dominated by 30 to 60 km long, 1100 nT linear anomalies that are
bounded on the north and northwest by a well defined negative
trough. These linears correspond roughly to the Nashoba
subdivisions of Abu-Moustafa and Skehan (1976) (not shown).
Susceptibility measurements indicate that the source for these
anomalies are the biotite-rich, quartz-plagioclase gneisses and
schists of the Nashoba Formation (Table 2.1; samples 42a and 43a)
rather than the mafic members (e.g., the Boxford Member). As noted
by Castle et al. (1976), these well defined linears are subdued and
truncated by the Silurian Andover Granite in the northern portion of
the Nashoba Zone.
The Marlboro-Newbury Zone

Although the Marlboro Formation is stratigraphically related
to the rocks of the Nashoba Zone, it is separated here on the basis of

its aeromagnetic signatures. A steep gradient can be traced along
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the southern extension of the Assabet River Fault (ARL) that
separates the Nashoba Boxford Member from the Marlboro Formation.
The Marlboro-Newbury Block itself is comprised of 6 to 12 km long ,
NE/SW-trending linear and oval anomalies that overprint lithologic
contacts. The random orientation and shorter length of the
anomalies in the Newbury region reflect its highly faulted nature.
Contrary to Castle et al. (1976), the anomalies at this scale do not
correspond to the mafic Marlboro Formation.

The Marlboro-Newbury and Nashoba Blocks are juxtaposed
against the Merrimack and Rye Blocks along the Clinton-Newbury
Fault Zone. The trace of this fault on the aeromagnetic map is
readily apparent along the northern border of the Nashoba Block,
where it overprints a steep gradient between the Nashoba Block and
an adjacent aeromagnetic trough, but is harder to see along the
northern border of the Marlboro-Newbury Block. The offshore trend
of the Clinton-Newbury Fault System can be traced along segmented,
positive, ENE-trending, aeromagnetic linears that truncate the N-S-
trending linears that extend into the Gulf of Maine from eastern
coastal Maine (see below). Aeromagnetic anomalies between thié
gradient and the offshore extension of the Bloody Bluff Fault System
have a similar blocky appearance as, and are correlated, with the
Marlboro-Newbury lithotectonic-magnetic zone.

The Esmond-Dedham Zone

The northern boundary of this zone lies along the Bloody
Bluff/Burlington mylonite fault zone and is well defined by a nearly
continuous, 1100 nT aeromagnetic linear. This linear cross cuts the

contacts between Precambrian gabbros and volcanic rocks of the
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Esmond-Dedham Zone and does not follow the northward deflection
of this fault zone to the South Boundary fault (Morency, 1986) near
Newburyport as proposed by Castle et al. (1976). Susceptibilities
for both the volcanic and gabbro rocks are sufficiently high to
produce this anomaly. Offshore this fault zone can be traced along
the northern edges of segmented aeromagnetic and linear gravity
highs.

Intrazone anomalies within the Esmond-Dedham zone are 2 to
12 km ovals and segmented linears with amplitudes that range from
approximately 200 to 1100 nT. These anomalies generally cross cut
lithic boundaries and are often bounded by brittle faults.

Prominent aeromagnetic highs are associated with the Salem
Gabbro and the Cape Ann alkalic Complex. The Salem Gabbro anomaly
can be traced offshore to its termination approximately 12 km to
the east along the northern border of the Boston Basin. The latter is
characterized on- and offshore by a relatively subdued aeromagnetic
field that is punctuated by ovals similar to those associated with
the gabbros of the Esmond-Dedham Zone.

The magnetic pattern in the southern portion of the Esmond-
Dedham Zone has been segmented by anomalies associated with
Carboniferous extensional features. Linears are observed along the
northern and southern edges of the Ponkapoag Basin. The northern
border of the Narragansett Basin is marked by the truncation and/or
absence of Esmond-Dedham type anomalies.

The Esmond-Dedham Zone can be traced offshore as segmented
regions of aeromagnetic, oval and linear highs segmented by low

amplitude magnetic troughs interpreted as Precambrian and
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Mesozoic rift basins (Shih, 1988; Hutchinson, 1988; Uchupi, 1966}
and interrupted by the Cashes Ledge high.

The aeromagnetic and gravity anomalies in the northeastern
portion of figures 2.5 and 2.6, respectively, are related to
lithotectonic packages within coastal Maine. As noted earlier, the
offshore extension of the aeromagnetic fields that overlie the Rye
and Merrimack Blocks are truncated by a major N/S-trending
aeromagnetic linear. This major N/S-trending aeromagnetic
anomaly trends into the Boothbay region of coastal Maine where the
Cape Elizabeth and Bucksport Formations occur (Figs. 2.3 and 2.5).
North of the Boothbay region the aeromagnetic anomaly (Fig. 2.2)
follows the Passagassawakeag Formation, composed of high grade,
felsic to mafic volcanic rocks (Osberg et. al, 1985; Hussey, 1985).

A roughly triangular shaped aeromagnetic plateau, with an
intervening low trough, is located to the east of the
Passagassawakeag anomaly (Fig. 2.5). This plateau is located
offshore of the Muscongus and Penobscot Bay regions of coastal
Maine. The subdued, undulating, central portion of this plateau,
partly the result of wider data spacing, correspond to the offshore
extension of the Penobscot and Ellsworth Formations. The
intervening trough approximately traces the Bucksport and/or the
Cape Elizabeth Formations. The western border of the plateau
parallels the Penobscot/Bucksport contact which is mapped onshore
as an east-dipping thrust. The eastern border of the plateau trends
onshore near to the contact of the Silurian to Devonian volcanics of

downeast Maine and the Avalonian Precambrian rocks of Penobscot
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Bay. Because the Precambrian rocks within Penobscot Bay have only
limited exposure, the western border of the plateau offshore is
correlated with the contact between Cambro-Ordovician rocks of the
Penobscot-Ellsworth Formations. The eastern border of the plateau
delineates the western limit the Silurian-Devonian volcanics
extending offshore from eastern coastal Maine.

East of the plateau is a region of high amplitude (up to 400 Nt),
NE/SW- to ENE/WSW-trending aeromagnetic linears (Fig. 2.5). In the
gravity field this plateau is located within a trough partially
bounded by 12 to 15 Mgal linears. To the northeast of the research
area this package of linears can be traced along aeromagnetic
linears (Fig. 2.2, see also Zietz et al., 1980) associated with the Guif
of Maine Fault Zone (Stewart et al.,, 1989; Hutchinson, 1988), and the
coastal volcanics of southeastern coastal Maine . It is proposed that
this aeromagnetic plateau is a zone of complex
thrusting/transpression in which rocks of the coastal Maine
volcanics and the Avalon Platform have been tectonically
juxtaposed. Similarity of aeromagnetic patterns occur in
southeastern Maine, where major through-basement, east-dipping
thrusts (Hutchinson, 1988), rocks with Avalonian (Cashes Ledge and
Three Dory Ridge) and coastal volcanic ? (samples from Fundy Fault
and Sigsby Ridge) affinities (Hermes et al.,, 1978), and the tectonic
juxtaposition of these lithologies in coastal Maine (Stewart, 1974)

have been recognized.

44



DISCUSSION

\mplications § onal _tectoni

Analysis of maps of potential field data strongly supports the
offshore extension of coastal New England lithotectonic zones into
west and west-central Guif of Maine. The coastal lithotectonic-
magnetic zone, which includes the MMR, is truncated to the east by a
major N/S linear that is correlated with the Passagassawakeag
Gneiss. The southward extensions of this and other linears farther
to the east are terminated by westward deflection, segmentation,
and truncation against the offshore extension of the Bloody Bluff
Fault Zone and/or the Clinton-Newbury Fault Zone.

This regional aeromagnetic anomaly pattern mirrors those
associated with dextral transpressional regimes elsewhere (i.e. the
Great Slave Lake shear zone, Canada, (Hoffman, 1987) and Nadj shear
zone, Africa (Sultan et al., 1988)) and reflects the superposition of
Alleghanian transpressional structures on preexisting Acadian or
older structural fabrics. It is suggested that this transpression
resulted from the impingement of a relatively local salient within
the Avalon Terrane, the Esmond-Dedham zone, upon the previously
accreted litho-tectonic packages to the north and northwest of the
Bloody Bluff and Clinton-Newbury fault zones.

Accretion of the latter in the eastern coastal region of Maine
is constrained by the late Devonian sealing of thrust faults by S-
type plutons (Stewart, 1984; Keppie, 1988; Hogan, 1988). Eusden
(1988) and Barreiro and Eusden (1988) suggest that the Massabesic

and Merrimack Blocks were juxtaposed against the Kearsarge-
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Central Maine Synclinorium by middle Devonian. Lyons et al. (1986)
and Thompson (in press) suggest that this juxtaposition occurred by
west directed thrusting of the Massabesic and Merrimack Blocks
over the rocks of the Kearsarge-Central Maine Synclinorium. These
emplacements ages are coeval with the docking of the Hope Valley
Terrane in southern New England (O'Hara and Gromet, 1985; Rast and
Skehan, 1988). Although poorly constrained, the development of the
pervasive, ductile mylonitic fabric and epidote-amphibolite facies
metamorphism (Brooks, 1986) (tentatively dated as Devonian by
Olszewski et al., (1984)) within the Rye Complex were likely
synchronous with the above accretionary events.

As oblique dextral transpression continued in response to the
accretion of Gondwana (Keppie, 1988), dextral strike-slip motion
(approximately 270 km of relative motion, Keppie, 1982) occurred
during the late Devonian to early Pennsylvanian along NE-trending
faults within and bounding the coastal Maine lithotectonic zcne (i.e.,
the Norumbega and Belleisles Faults) (Bradley,1988). Synchronous
with this motion was the -development of Carboniferous pull apart
basins (i.e., the Magdalen Basin (Keppie, 1982; Bradley, 1988) and the
Narragansett Basin} and bimodal magmatism in the coastal Maine
lithotectonic zone (Hogan, 1988). Within southeastern Maine, major
strike-slip motion along the southern extension of the Norumbega
Fault, the Nonesuch River Fault, had ceased by late Carboniferous
(fault is sealed by the Saco Pluton, 307 Ma; Gaudette et al., 1982).

Following this period of NE directed strike slip motion, the
continued encroachment of Meguma (the Nova Scotian platform),

along the E/W-trending Minas Geofracture (approximately 160 km
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dextral motion; Keppie, 1982), resulted in the NE-trending dextral
transpression within coastal New Brunswick during mid to post late
Pennsylvanian (Bradley, 1988; Manuel and Nance, 1988). This zone
of dextral transpression, described by Manuel and Nance (1988) and
Caudill and Nance (1986) as a positive flower structure, extends
along strike into and is likely coeval with the west directed
thrusting within the Gulf of Maine Fault Zone (Fig. 2.5 and 2.8; see
also Hutchinson, 1988). In southern New England, this deformation
was synchronous with the emplacement of the Esmond-Dedham or
Boston-Avalon Terrane ( Getty and Gromet, 1988; Rast and Skehan,
1988; O'Hara and Gromet, 1985) along the Hope Valley - Bloody-Biuff
Fault Zones onshore and the offshore dextral strike-slip fault zone
delineated by the aeromagnetic anomalies.

The amount and style of deformation along the Hope Valiey-
Bloody Bluff - Gulf of Maine Fault system can be related to the
position of the lithotectonic zones in the collision zone. The degree
of deflection and segmentation of the aeromagnetic anomalies
suggests that deformation increases towards the offshore extension
of the Bloody Bluff and Clinton-Newbury fault zones and is
concentrated between their offshore extensions. Based on fault
geometry inferred from the aeromagnetic data, dextral
transpression within the Guif of Maine would result in dominantly
strike slip motion along approximately NNE/SSW-trending faults and
oblique to orthogonal thrusting or underplating along NE/SW to N/S
faults (Fig. 2.8). Within the central Gulf of Maine this resulted in
northwest-directed oblique (?) thrusting (Hutchinson, et al., 1988)

and imbrication of the Esmond-Dedham and coastal Maine volcanic
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Fig. 2.8 Interpretation of fault motion within the Guif of Maine
dextral transpressional zone and adjacent regions.
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zones within the Gulf of Maine Fault Zone. Lithotectonic zones
located to the north of the Bloody Bluff Fault Zone were transposed
and attenuated by strike-slip motion along the fault's offshore
extensions. Onshore this juxtaposition is preserved as the Newbury
Volcanics inlier, for example, within the Nashoba-Marlboro zone but
offshore may include lithologies belonging to any of the zones that
bound the BBFZ.

The role of the Carboniferous basins and the Cashes Ledge
Granite during this collision is unclear. Imbrication of the leading
edge of the Milford Dedham Zone within the Gulf of Maine fault zone
may have progressed from west to east until the sole fault of the
Carboniferous basin was reactivated. Subsequent thrusting may
have been accommodated by closure of the Carboniferous basin
resulting in unimbricated Esmond-Dedham rocks to the southeast.
Undoubtedly the Narragansett Basin and its offshore extension
played a similar cushioning role west of the Cashes Ledge Granite.
Sinistral and subsequent dextral strike-slip deformation within the
Narraganéett Basin noted by Mahlaer and Mosher (1988) could be
related to the transpressional deformation described here. The
occurrence of the Cashes Ledge Granite at the point of flexure of the
Gulf of Maine fault zone may not be purely fortuitous. This large
pluton may have caused the change from thrusting within the Gulf of
Maine to strike-slip motion to the west as observed for plutonic
bodies in the Najd shear zone in Egypt (Sultan et al., 1988).
Alternatively, collision of the Cashes Ledge pluton may have

mitigated transpression within this portion of the Gulf of Maine.
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Within the MMR, the anastomizing patterns of aeromagnetic
linears associated with the Calef Member and the Portsmouth Fault
zone against the Clinton-Newbury Fault Zone suggest that they may
have also developed during this Alleghanian transpression. However,
evidence for Alleghanian deformation within the MMR zones is
sparse. The 473 Ma Exeter diorite places a minimum age on the
development of the penetrative structures observed within the
eastern portion of the Merrimack Zone. Motion along the Calef
phyllonite is constrained by the intrusion of the Devonian Biddeford
Pluton and probably the Ordovician Exeter Pluton. Therefore, if
Alleghanian thrusting did occur along the Calef phyllonite, it would
have occurred to the south of the Exeter Pluton requiring a scissor-
like fault motion. This interpretation is compatible with the
proposal that deformation increases towards the Bloody-Bluff Fault
Zone.

However, Permian monazite ages for both the Massabesic
Gneiss (270 Ma) and high-grade Berwick Formation (250 Ma) in
western MMR are interpreted as peak metamorphism and place a
maximum age on uplift of the western MMR basement relative to the
Kearsarge-Central Maine Synclinorium basement (Barreiro and
Eusden, 1988); ages here supported by 40Ar/38Ar hornblende ages
(Lux, 1989, written comm.). A similar, but opposite, dichotomy of
hornblende and biotite ages occurs across the Flying Point Fauit Zone
(Hussey, 1989) in the Casco Bay Region (West et al.,, 1988). West et
al. (1988) suggest that the difference in ages can be explained by
juxtaposition along a' strike-slip or normal (east side down) fault.

Alleghanian normal faulting (west down) has also been proposed for

50




the Lake Char - Clinton-Newbury Fault system (Goldstein, 1988,
1989) and the adjacent Merrimack Trough. The development of the
Calef Fault and the late-brittle features of the Portsmouth Fault
Zone could therefore be related to the late Permian extension
suggested by the above data. This extension might be explained in
terms of a releasing bend during the final episodes of the dextral
transpressional collision of the Boston-Avalon with the terranes to
the west of the Hope Valley - Bloody-Bluff Fault System.
Alternatively the later Permian ages (250 Ma) could reflect the
earliest stages of extension related to the opening of the Atlantic
Ocean during the Mesozoic Era (McHone and Butler, 1984). Eusden
(1988) suggests that the exposed basement complexes within the
coastal region may be metamorphic core complexes exposed during
Mesozoic extension. Recent seismic interpretations by Stewart
(1989) and Heck (1989) also emphasize the important role Mesozoic
extension, along listric faults, played in the final juxtaposition of
terranes within the Appalachian orogenic belt.
Implicati for M ic | Activi

Analysis of the potential field maps support the presence
(Weston Geophysics, 1976; Shih et al., 1988) of circular to oval
positive aeromagnetic and, in several instances, circular positive
gravity anomalies associated with the Jurassic and Cretaceous
mantle-related anorogenic complexes in southwestern Maine and
adjacent New Hampshire. The lack of such anomalies associated
with the Triassic complexes in southwestern Maine suggests that a

mafic component was absent in their evolution. Alternatively, such
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a mafic component has remained at lower crustal levels beyond the
resolution of the currently available potential field data.

Analysis of the aeromagnetic data has also enabled the
addition of several more complexes to the Mesozoic anorogenic
magmatic province. An aeromagnetic high overprinting the Biddeford
granite suggests that this pluton is underlain by a Mesozoic complex.
The effect of this complex on radiogenic ages (Gaudette et al., 1982)
obtained for the Biddeford granite must be considered. Two positive
aeromagnetic anomalies within the Gulf of Maine are in line with and
are correlated to the NW/SE-trending Mesozoic magmatic corridor.
However, because Ordovician anorogenic complexes within the
Esmond-Dedham terrane are also associated with positive
aeromagnetic anomalies, this correlation must be tested by
obtaining radiogenic ages for the rocks.

Unfortunately, the findings of this study do not contribute
significantly to the present understanding of the deep crustal
structure within coastal New Hampshire and Maine. The tectonic
interpretation suggests that the coastal region is comprised of a
number of lozenge shaped lithotectonic packages bounded by regional
fault systems. The aeromagnetic and gravity data emphasize these
important regional lithotectonic fault boundaries (The Campbell Hill
- Nonesuch River and Portsmouth Fault Zones) and intrazonal faults
(i.e., the Calef Phyllonite or Silver Lake Fauit) within this region.
Thompson et al. (in press) and Lyons et al., 1986) suggest that these
faults are sub-vertical and penetrate only the upper crust. The
confluence of these faults, and those from the Casco Bay Biock, in

the region of the Agamenticus Complex likely facilitated the rise of
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these magmas from lower crustal levels. NW-trending regional
linears or other anomalous potential field patterns that might heip
constrain the nature of the crustal structure responsible for the NW
regional trend of the Mesozoic complexes are absent in the potential
field data.

An important feature of the gravity map is the high plateau
that overprints the Casco Bay, eastern Merrimack Block, and western
Rye Block. As noted previously, the lack of high density rocks at the
surface suggests that these regions are underlain by a different,
possibly more mafic, crust than other regions of the Merrimack
Trough. These rocks could provide a unique source for crustally
derived anatectic rocks or provide a distinct signature in

assimilation processes.
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CHAPTER 3

PETROGENESIS OF THE AGAMENTICUS COMPLEX: SOUTHWESTERN
MAINE

INTRODUCTION

The opening of the Atlantic Ocean during the Mesozoic was
accompanied by the intrusion of subalkalic to alkalic, epizonal
plutons and stocks in New England and Quebec (Billings, 1956; Eby,
1987; DeBoer et al., 1988). These rocks form the Triassic Coastal
New England Province, the Jurassic White Mountain Magma Series
(WMS), the Cretaceous New England-Quebec Province (NEQ) and the
Cretaceous New England Seamounts (McHone and Butler, 1985).
Petrogenetic models of this rift-related magmatism include
magmatism related to a hotspot trace (Morgan, 1981; Crough, 1981;
Foland et al., 1985, 1988; Foland et al, 1989), to a leaky transform
fault (Uchupi et al., 1970), or to doming and/or passive rifting
(McHone and Butler, 1984; Bedard, 1985). Although a number of
petrologic studies have been conducted on the WMS and the NEQ (Eby,
1987 and references therein; DeBoer et al., 1988 and references
therein), little is known about the geochemistry and petrology of
the Coastal New England Province. This petrologic province is
important as it was the earliest know pulse of rift-related

magmatism in the New England region.
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The largest and most diverse pluton in the CNE is the
Agamenticus Complex. A petrogenetic study of the Agamenticus
Complex, York Maine, was undertaken to investigate the nature of
the magmatism in this province. Field mapping and petrographic
analysis augment work by Woodard (1957) and Hussey (1962).
Geochemical data which include new major and trace element
analyses provide a basis for understanding the petrogenetic
relationships of the rocks exposed through the development of

quantitative petrologic models.

Previous Work

The Agamenticus Complex was originally mapped by Wandke
(1922) and later remapped in reconnaissance studies by Woodard
(1957) and Hussey (1962, 1985). Hussey (1962) divided the complex
into four major rock types (Fig. 3.1): alkalic syenite, alkalic granite,
porphyritic biotite granite, and "contaminated alkalic granite”
(later renamed quartz syenite; Hussey, 1985). From the oldest to the
youngest, the relative ages of the phases, established by cross-
cutting relationships and textural arguments, are alkalic syenite,
alkalic granite, and porphyritic biotite granite (Hussey, 1962;1985).

Using the composition and distribution of xenoliths and
internal chemical gradients within individual xenoliths, Woodard
(1957) suggested that the Agamenticus Complex evolved through the
interaction of a quartz syenite to syenite magma with the
surrounding country rock. In this interpretation, the quartz content

of the granites reflects the amount of assimilation of country rock
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Fig. 3.1 Simplified geology of southwestern Maine. Adapted from
Hussey 1985. Ages (Ma) indicated where known (Foland and Fawl,
1977; Foland et al.,, 1977; Hoefs, 1967). Except for the Memrimack
Group the metamorphic rocks are undifferentiared.
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by the syenite magma. Blocks of quartz syenite in the
"contaminant” zone were interpreted as the products of extensive
potassium metasomatism of metasedimentary xenoliths by the
magma. An alternative interpretation, propos'ed by Hussey (1962),
is that the quartz syenite blocks of the "contaminant” zone were
products of variable degrees of assimilation of the alkalic syenite
by the intruding, cogenetic alkalic granite.

Isotopic analyses of the Agamenticus Complex are limited.
Hoefs (1967) obtained a whole rock Rb-Sr age of 227 + 3 Ma and an
initial Sr87/Sr86 value of 0.710 using representative samples from
all of the rocks except for the syenite to quartz syenite zone
(SQSZ). The samples cluster in three regions of Rb87/Sr86 values;
6.42 to 28.4- biotite granite, alkalic syenite, and quartz syenite,
from the western lobe of the alkalic granite, 104.0 to 109.8 - an
alkalic and aegirine granite, and 194.0 - alkalic granite. The age
determined by Hoefs (1967) was later substantiated by Foland and
Faul (228 + 5 Ma; 1977) and Foland et al. (216 + 4 Ma; 1971) using
K-Ar systematics (biotite ages). A 172 Ma fission track age
determined for the alkalic syenite was interpreted as a possiblé .
time of solidification (Christopher, 1969) but more likely reflects
uplift of the Agamenticus Complex through the 1500C isotherm.
Christopher (1969) suggested that a 166 Ma apatite fission track
age for the biotite granite is due to annealing associated with a
younger thermal event. Zimmerman et al. (1975} attributed a 84 + 5
Ma apatite fission track age for the biotite granite to regional

uplift past the 1500C isotherm or to a regional heating event.
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Paleomagnetic data have been obtained by Fang Wu and Van Der
Voo (1988) for the Agamenticus Complex, Abbott Complex, and the
Litchfield Pluton. A paleopole of 480N,990E was determined for the
Agamenticus Complex. Pole reversals that occurred during the
emplacement of the Agamenticus Complex do not appear to
correlate to the emplacement of a particular unit. However, such
details are hard to interpret because their map of the Agamenticus
Complex does not correlate to known geology and sample locations
are not specified. Fang Wu and Van Der Voo (1988) note that the
paleopole estimated from the Agamenticus Complex falls
approximately 100 southeast of those previously published for the
Triassic. This disagreement is attributed to smaller displacements
for the North American craton then previously calculated or to polar

wander.

Geglogic _Setti

The Agamenticus Complex intrudes the Precambrian to Ordovician
Kittery and Eliot Formations of the Merrimack Group and the
Devonian Webhannet Pluton (Hussey, 1962, 1985; Osberg et al.,
1985; Gaudette et al., 1982) (Fig. 3.1). The Kittery Formation is
comprised of thin- to thick-bedded feldspathic and calcareous
quartzites, quartzites, siliceous phyllites, and subordinate
interlayered marble beds. The Eliot Formation contains calc-
silicate and thin interbedded phyllite and quartzose phyllite. Rock
types within the Webhannet Pluton range from quartz diorite to

biotite granite.
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The Kittery and Eliot Formations were deformed and
metamorphosed to regional greenschist facies prior to the
emplacement of the Ordovician Exeter Diorite (Hussey, 1985;
Gaudette et al.,1982). Contact metamorphism of these formations to
pyroxene hornfels is apparent in close proximify to the Agamenticus
Complex and in foundered blocks within the complex (Woodard,
1957) as evidenced by abundant epidote and diopside in calcareous
quartzites of the Kittery Formation.

The region into which the Agamenticus Complex intruded is cut
by of a number of major anastomosing transpressional faults that
separate rocks with different lithotectonic characteristics
(Hussey, 1935; Bothner et al.,, 1984). These fauits have experienced
a complex history of motion from Paleozoic initiation to Mesozoic
reactivation (Hussey, 1985; Carrigan, 1984; Brooks, 1986; Eusden,
1988). The most significant of these are the Nonesuch River Fault,
the Portsmouth Fault Zone, and the Calef Fault (Fig. 3.1). The
Nonesuch River Fault separates the rocks of the Kearsarge Central
Maine Synclinorium to the north from the Merrimack Trough (Hussey,
1985). The Portsmouth Fault Zone is the boundary between the
latter and the more southerly block that consists of the Rye
Formation (Hussey, 1985; Carrigan, 1984; Brooks, 1986). The
intraterrane Calef Fault separates the Eliot and Berwick Formations

of the Merrimack Group.
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Models for the petrogenesis of A-type magmas

The petrogenesis of syenite to alkalic granite complexes, such
as the Agamenticus Complex, is a multi-faceted problem. Models
used to explain similar felsic alkalic, or A-type (Loiselle and
Wones, 1979) granitoids call upon large amounts of fractionation
from an alkali olivine basalt parent derived from partial melting of
the mantle (Eby, 1987; Nelson et al., 1987; Loiselle, 1978; Foland
and Friedman, 1977) or the partial melting of dehydrated, granulite
facies, lower crust (Collins et al., 1982 ; Barker et al. 1975). In the
latter model, melting of the lower crust is initiated by: 1) Heat
provided through the emplacement of mantle derived basalt magmas
(Barker et al. 1975; Hildreth, 1981), 2) Isothermal decompression
associated with rifting (Bailey, 1974; Bedard, 1985), and/or 3)
Lowering of the solidus by the introduction of volatiles (Bailey,
1974).

Mixing of magmas, which have undergone varying degrees of
evolution, is often evoked to prod'uce intermediate alkalic rocks
(Loiselle, 1978; Whalen and Currie, 1984; Nelson et al., 1987). Heat
provided by the passage of the felsic and/or mafic alkalic magmas
through the middle crust and/or latent heat provided by cooling of a
magma chamber at upper crustal levels may result in the generation
of anatectic, subalkalic melts that may accompany and sometimes
mix with the alkalic magmas (Barker et al., 1975; Henderson et al.,
1989; Fowler, 1988).

The final evolution of the alkalic magmas occurs in shallow

level magma chambers by variable degrees of fractional
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crystallization, assimilation, volatile complexing, Soret diffusion,
deuteric alteration and recrystallization (Parsons and Becker,
1986; Mahood, 1981, Hildreth, 1981, Macdonald, 1987; Bowden et
al.,, 1987). In addition to these processes, the effect of the
inefficient separation of fractionating crystals and evolved liquids
in granitoid systems (McCarthy and Hasty, 1976; Lee and
Christiansen, 1983; Tindle and Pearce, 1981) must be considered in
the development of petrologic models.

As in the White Mountain Magma Series and the New England-
Quebec Province (Eby, 1987), some of these processes occurred
during the development of the Agamenticus Complex. After a brief
review of methods used in this research, the results from field,
petrographic, and geochemical analyses are presented. These
findings are discussed in light of the general model presented above
and quantitative geochemical modeling conducted in this study. A
petrogenetic model for the Agamenticus Complex is introduced

which incorporates the information gained from this research.

ANALYTICAL TECHNIQUES

The Agamenticus Complex was mapped at a scale of 1:24000
over portions of two field seasons. Standard petrographic
techniques were used for detailed microscopic analysis of mineral
and textural relationships.

Four samples from the Agamenticus Complex and
representative samples from the other felsic Mesozoic plutons in

southwestern Maine were analyzed for major and trace element
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abundances by X-Ray Energy Dispersive Spectrometry at the
University of Rhode Island using the techniques described by
Hamidzada (1988) (Appendix Ilil.I). Major and trace element
analys.és for other rocks were obtained from the University of
Florida and the University of Michigan ( X-Ray Fluorescence
analysis) and the USGS, Denver (Induced Coupled Plasma
Spectrometry) (Appendix ill.I). FeO/Fe203 ratios were determined
by standard titration techniques for the samples analyzed at the
University of Rhode Island and the USGS (Appendix lil.Il). REE
abundances were analyzed by Instrumental Neutron Activation
(Boston College, Department of Geology and Geophysics) or Induced
Coupled Plasma technique ( USGS, Denver (Appendix lilLI).
Chemical analysis of selected minerals were obtained using a
JOEL 733 Super Probe (Massachusetts Institute of Technology,
Department of Earth and Planetary Sciences; Appendix lll.I). Data
reduction for the electron microprobe follows that of Bence and
Albee (1978) and Albee and Ray (1970). All mineral analyses
determined by electron microprobe analysis and mineral
normalizations are presented in Appendix IILIIl. EXCEL spreadsheet
Macros, used to normalized the mineral data and to recast the major
and trace element data (PrbMac and PetMac, respectively), are
presented in Appendix Ill.IV. Mineral compositions stated in the
text as end members (i.e., An5Q) are calculated from electron
microprobe analyses and are presented in mol % units. Amphibole
and pyroxene classifications follow that of Leake and Winchell

(1978) and Morimoto et al. (1988), respectively.
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Least squares mixing models are calculated using Mix n' Mac
V2.4 least squares modeling software developed by Mason (1987).
The minerals used as input to the models are those interpreted, on
the basis of petrographic observations, to be the earliest minerals
to crystallize in the parent rocks. Mineral compositions used are
from electron microprobe analyses, or those given in Cox, Bell, and
Pankhurst (Appendix 5, 1979). Although apatite was present in the
rocks as an early crystal, it was not included in all of the models
because the addition of this mineral does not balance P20s5.

Trace element calculations for fractional crystallization
follows the approach of MacCarthy and Hasty, 1976 and Tindle and
Pierce, 1981. Liquid and solid (cumulate) trends for equilibrium and
Rayleigh fractional crystallization are calculated using the mineral
assemblages from least squares mixing models as input. The
involvement of zircon in the petrologic models was estimated from
petrographic observations and by fitting Zr and/or Hf
concentrations within the models. Trace element-trace element
diagrams showing the results of these models differ from those
presented by MacCarthy and Hasty (1976) or Tindle and Pierce
(1981) because the fractionating mineral assemblage is not kept
constant and several types of liquid and cumulate trends are
calculated.

RESULTS

The general map pattern of the Agamenticus Complex published
by Hussey (1962) (Fig. 3.1, Plate 3.1) is confirmed by this study

(Plate 3.2). It is apparent that Hussey's map is a simpiification of
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more complex features. Detailed mapping has defined broad regions
of textural and mineralogical variability within and between rock
units (Plate 3.2). In this respect, several rock units have been
renamed or subdivided. The eastern lobe of the alkalic granite is
renamed aegirine alkalic granite. The "contaminant zone" (Hussey,
1962) or quartz syenite (Hussey, 1985) is subdivided into an
aenigmatite-bearing syenite and an undifferentiated syenite to
quartz syenite zone (SQSZ). The aenigmatite syenite and the SQSZ

are both intimately intruded by one or more granites.
P I | Mi | Chemis?

Biotite Granit

The central portion of the complex is underlain by a gray to
pink, fine- to medium-grained, porphyritic, subsolvus biotite
granite (Fig. 3.2 and Plate 3.2; Table 3.1). Plagioclase phenocrysts
within the biotite granite are continuously zoned from cores of
Ansp-16 to rims of An13-0.8 and potassium feldspar phenocrysts
are nearly pure orthoclase (Org3). Albite, orthoclase, quartz,
biotite (FeT/(FeT+Mg)=0.5-0.47; where Fel = total iron), and
subordinate olive-green to green hastingsite amphibole compose a
finer-grained matrix. Apatite, iimenite, and muitiply zoned, rusty-
colored allanite occur as accessory phases within the matrix.

Magnetite is present as inclusions within the amphiboles.
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Fig. 3.2 - Photomicrograph of biotite granite showing porphyritic, zoned plagioclase (plg) biotite
(bio), and zoned allanite (al) inclusion in plagioclase. a) Plane polarized light B) Crossed
polarized light. 27.2X
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Table 3.1 - Point counts of representative samples

Rock type [Bio-amb_grar] Aegirine granite Alkalic granite |Aenigmalite syenite] Alkalic syenite | Aug sye
Sample# MAG4 |MAG 122a MAG 49 MAG 91-4] MAGS MAG 20|MAG 155 MAG 139] MAG3 MAG 84bMAG 91-1
Minerals
ksp-undiff 27.96 39.50] 70.58 61.72} 61.74 69.51] 85.88 79.00 70.46
micro 9.27 33.61
penhr 33.93 11.76
plg 31.65 13.51 13.83 10.63 1.40 4.7 4.19 5.30f 4.86 1.45 8.68
qiz 31.65 32.63 29.02 39.12 12.07 31.86 3.79 6.16] 1.38 0.87 1.52
amb 2.99 16.37 2.00 8.14 6.34 2.89 74
aenig 10.43 5.49
bio 5.62 0.08 0.30
cpx 10.66 11.76 10.77 11.70 6.63] 4.60 9.21 11.72
olv 3.09 6.20 1.41
other* 0.23 0.10] 0.58  0.17 0.40 0.57] _0.20 _0.50 0.47
# pls 796 1229 1547 1381 1210 1199 1265 1056] 1523 1727 853
* ZrAp,Op,Al] cCOp |cCOpSpl CCOp  |2r,Ap.Op,Al_ Op,Fl | Ap,Op  Ap,Cp | OpAp OpAp | OpAp

Abbrv.: ksp-undiff - undifferentiated alkali feldspar, micro-microcline,perth-perthite,plg-plagioclase,qtz-quartz

amb-amphibole,aenig-aenigmatite,bio-biotite, cpx-clinopyroxene,olv-olivine,
Zr-zircon,Ap-apatite,Op-opaque,Fi-fluorite,Al-allanite, CC-calcite,Sp-sphene




A variation in modal proportion of the plagioclase and
potassium feldspar phenocrysts, from approximately 10 to 60 %,
results in a distinctive change in the appearance of the rock within
and between outcrops. Rare xenoliths are comprised of calcareous
quartzites (Kittery Fm.) and biotite clots with euhedral plagioclase
crystals. This unit is cut by sinuous, pink, rhyolitic dikes that are
associated with pyrite and chalcopyrite mineralization.

Alkalic Granite to G Syenil

A significant amount of leucocratic quartz syenite is present
within the eastern portion of the alkalic granite lobe defined by
Hussey (1962; 1985) (Plate 3.2). Both the quartz syenite and the
alkalic granite are medium-grained, medium to light gray, and
weather light-tan to white. The mineralogy is dominated by turbid,
highly exsolved, euhedral to subhedral perthitic orthoclase and
anorthoclase (Fig. 3.3). Exsolution lamellae have nearly pure albite
and orthoclase compositions (Org1 and Orge-98, respectively).
Fine-grained albite and microcline are commonly present as late,
fine-grained, euhedral to anhedral grains and as replacement
intergrowths within the perthitic phenocrysts. Myrmekite occurs in
several samples near the western contact of the alkalic granite
with the Webhannet biotite granite (Plate 3.1; MAG 16). Rocks in
the western portion of the alkalic granite (Plate 3.1; MAG 23) are
subsolvus and contain strongly zoned, medium-grained, euhedra! to
subhedral perthite and plagioclase. -Both feldspars have highly
serrate grain boundaries suggesting late subsolidus

recrystallization.
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Fig. 3.3 - Photomicrograph of alkalic granite. Note the microcline perthite lamellae and the fine-
grained potassium feldspar overgrowths on the feldspars. Crossed polarized light. 24.5X
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Medium- to fine-grained, subophitic to anhedral quartz grains
contain trails of fluid inclusions. Quartz also forms interconnected
curvilinear veins that separate and enclose perthite phenocrysts.

Subophitic to interstitial amphibole is the dominant mafic
mineral of the western lobe. It is compositionally zoned with green
to brown pleochroic barroisite to katophorite-richterite cores and
rims of blue-green to green pleochroic richterite to arfvedsonite
and riebeckite (Fig. 3.4; MAG 26 and 193). Fine-grained, biue-green
and blue, acicular riebeckite or arfvedsonite fringes also occur as
overgrowths on the amphiboles.

Lime-green hedenbergite rims fayalitic olivine and both are
included within amphiboles.  Orange-red amorphous cores within a
few of the amphiboles are interpreted as highly altered olivine
grains. Biotite forms thin overgrowths on the other mafic minerals
or is intergrown with the late interstitial amphiboles. Minor
euhedral apatite and zircon are usually associated with clots of
amphibole + plagioclase, opaques, and quartz (Fig. 3.5). Many of the
zircon grains are zoned with dark, anhedral cores and clear euhedral
rims. Fluorite and calcite occur as interstitial grains.

Aeqiri Alkalic _Grani

The eastern lobe of the alkalic granite (Hussey, 1962;1985) is
renamed the aegirine granite. Although the offshore extension of
this rock has not been mapped, the numerous miarolitic cavities and
xenoliths of Kittery Formation located in outcrops along the
coastline suggest that these rocks are in close proximity to the

contact with the country rock. The western contact of this portion
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Fig. 3.4 - Representative amphibole compaositions. (After Giret et al.
1980). Abbrev. Ha - ferro - and magnesiohastingsite, Ed - edenite,
Ta - taramite, Kt - katophorite, Ri - richterite, Ar - arfvedsonite, Hb
- fe- and Mg-hornblende, Ba - barroisite, Wi - winchite, Rb -
riebeckite, Act - actinolite.
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Fig. 3.5 - Backscatter image of alkalic granite showing interstitial amphibole with inclusions of
magnetite. Scale bar in mm.
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of the aegirine granite with the aenigmatife syenite is well exposed
along Rt 1 (Plates 3.2).

Along the coast the aegirine alkalic granite contains medium-
grained, euhedral to subhedral perthite, antiperthite, microcline,
and quartz. Aegirine occurs as individual, euhedral to subhedral
grains and in mineral clumps associated with arfvedsonite, fluorite,
calcite, and an amorphous red-brown alteration product (hematite
or iron hydroxides) (Fig. 3.6). The calcite occurs as poorly defined
cores within the clumps. Alteration of the feldspars and the
aegirine is enhanced in close proximity to quartz- and calcite-
bearing veins 1 to 2 mm in thickness. These veins cross-cut the
medium-grained quartz indicating that the medium-grained quartz
predates vein formation.

In addition to the aegirine granite of the eastern lobe, several
fine to medium-grained, aegirine, alkalic granites intrude the SQSZ
(Plate 3.1; MAG 122a, 11¢, 91-4 (hyphenated sample numbers and
letters after the numbers refer to sample sites where more than
one sample was obtained)). Medium-grained, perthite within these
rocks is highly exsolved with string and braid lamellae.
Subordinate, finer grained, highly zoned plagioclase also occurs in
these rocks. Euhedral to subhedral needles of aegirine (Fig. 3.7, MAG
91-4) have colorless and light yellow to blue-green to light green
pleochroic colors. Most of the needles are highly corroded, aitered
to calcite and opaques, and exhibit complex intergrowth with
arfvedsonite (Fig. 3.4, MAG 91-4). Fluorite and calcite are late

interstitial minerals. One of the aegirine granites within the SQSZ,
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Fig. 3.6 - Photomicrograph of aegirine granite showing calcite (cc) replacement of aegirine (aeg).
Plane polarized light. 7.5X
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Fig. 3.7 - Representative clinopyroxene compositions (after
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observed in plot a) is due to Na substitution. Clinopyroxenes from
91-1 are augites to ferrian, sodian augites and those from 84b are
hedenbergites. Abbrev. Dio - diopside, Hed - hedenbergite, Quad -

Wo+En+Fs clinopyroxenes.
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MAG 11c, is a dike which contains abundant angular to rounded
xenoliths of Kittery Formation and autoliths of syenites.
Alkalic _Svenit

The alkalic syenite varies considerably in texture and
mineralogy. It is generally a medium-to coarse-grained, dark blue-
green to tan-green rock containing perthite, ferrian sodian augite to
augite to hedenbergite, fayalite (Fagg), actinolite to barroisite,
quartz, albite, apatite, biotite, and ilmenite (Figs. 3.4, 3.7, 3.8 (MAG
61a+b)). The perthites contain euhedral apatite inclusions, and have
fine-grained albite rims. The mafic silicate minerals are
subhedral to anhedral. Olivine is rimmed by either clinopyroxene or
amphibole, and clinopyroxene is rimmed by amphibole. In some
cases these reaction rims are abrupt and the olivine appears to be
resorbed (Fig. 3.9). Many olivine grains are aitered to a orange-
brown amorphous material (iddingsite?). Quartz is a late
interstitial mineral that occurs in contact with fayalite and
magnetite.

In several localities, the alkalic syenite is fine- to medium-
grained and nearly amphibole-free (Table 3.1). Medium-grained
varieties are texturally similar to the amphibole-bearing alkalic
syenites described above, but the fine-grained alkalic syenites have
a trachytic texture. The mafic minerals are more abundant and
more euhedral in the finer-grained alkalic syenites. In these rocks
euhedral augite, and to a lesser extent euhedral fayalite, are
included within the potassium feldspar phenocrysts and also occur
as euhedral to subhedral minerals within the matrix (Fig. 3.8; MAG

61a). Hedenbergite in the matrix is essentially homogeneous
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Fig. 3.8 - Photomicrograph of alkalic syenite. The sample is from the contact between the fine-
grained alkalic syenite and the coarse-grained amphibole-bearing alkalic syenite at MAG 61
(Plate 1). Plane polarized light. 8.9X
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Fig. 3.9 - Photomicrograph of disequilibrium textures from the alkalic syenite MAG 84b. Note the
iregular shape of the olivine and the amphibole overgrowth. Plane polarized light.
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(Ac14-16) and differs slightly from those included in the potassium
feldspar phenocrysts (Acg) (Fig. 3.7).
Porphyritic Aenigmatite Syenit

The porphyritic aenigmatite syenite occurs along the
southeastern border of the complex in contact with the aegirine
granite and within the southcentral portions of the complex (Plate
3.2). Contact relationships within the southcentral portion of the
complex are poorly defined. The aenigmatite syenite comprises
varying portions of the outcrops and in places appears to be
transitional with SQSZ rocks. A block of the aenigmatite syenite is
also present within the aegirine granite near MAG 49 at York Beach
(Plate 3.1).

The porphyritic aenigmatite syenite is a dark to medium-green
rock with euhedral to subhedral, perthitic, potassium feldspar
phenocrysts. The matrix consists of fine-medium-to fine-grained,
suhedral to subhedral aenigmatite, aegirine-augite (Ae17-29, Fig.
3.7; MAG 155), and perthite with subhedral to anhedral richterite
(Fig. 3.4, MAG 155), quartz, plagioclase, microcline, ilmenite, and
magnetite (Fig. 3.10). The potassium feldspar phenocrysts have
perthitic cores with coarse exsolution lamellae and inclusions of
apatite. The perthite phenocrysts also have rims of perthite with
fine lameliae. Aegirine-augite and richterite commonly concentrate
at the phenocryst-rim boundary. Lamellae compositions in the core
and rim of the phenocryst and matrix potassium feldspar are all
similar to those observed in the alkalic granite; nearly pure albite
and orthoclase. Arfvedsonite overgrowths of the aegirine-augite

and richterite are associated with late brittle fractures.
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Fig. 3.10 - Photomicrograph of the aenigmatite syenite. Note the concentration of fine-grained
aenigmatite, aegirine-augite, and richterite at the edge of the inclusion-free potassium feldspar
phenocryst. The richterite also occurs as late interstitial crystals. Plane polarized light. 32.5X
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Svenit Quartz Svenite Z SQS2)

This zone occurs within the south-central portion of the
complex and is part of the unit assigned by Hussey (1985) as a
quartz syenite. The relationships of the different syenites within
this zone are unclear. Mapping is complicated by the similar
appearance of the rocks in outcrop and/or transitional nature of
many of the syenites. The pervasive intrusion by later granites
further masks the intrusive relationships of the syenites.

The most mafic syenite located in this zone is the sub-solvus
augite syenite. This medium-grained, dark green syenite was
observed at only one locality within the syenite to quartz syenite
zone (Plate 3.1; MAG 91). Unlike the majority of the rocks within
the complex, this syenite contains early, coarse-grained, coexisting
potassium feldspar and plagioclase (Fig. 3.11). Both feldspars have
continuously zoned, inclusion-free cores and perthitic potassium
feldspar rims. Core to rim composition of the plagioclase varies
from Anqg to Angs. Subordinate plagioclase occurs with fine-
grained perthite in the matrix. Contacts between the matrix
feldspars are highly irregular and convolute. Clinopyroxene occurs
as euhedral to subhedral grains in the perthitic rims and within the
matrix. . Augite to ferrian sodian augite (Wo44En15Fs41) occurs as
individual crystals and as cores to augite to ferrian sodian augite
(Wo44EnsFs51) with higher ferrosilite component (MAG 91-1; Fig.
3.7). Barroisite to barroisite-winchite (MAG 91-1; Fig. 3.4) rims
the clinopyroxenes and is present as subophitic to interstitial
grains. llmenite occurs as inclusions in the amphibole and within

the matrix in association with sparse pyrite.
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Fig. 3.11 - Photomicrograph of subsolvus augite syenite. Plane polarized light. 6X
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The quartz syenites in the SQSZ are medium-grained,
mesocratic rocks containing feldspars with subhedral cores of
untwinned plagioclase and perthitic potassium feldspar and
discontinuous rims of perthitic orthoclase. Fine-grained amphibole
often occurs at the core-rim contact of the perthites. Intergranular
boundaries of the perthitic rims are irregular to serrate. Quartz
occurs as subhedral to interstitial grains. Barroisitic amphibole
displays an ophitic to subophitic intergrowth with fine-grained
perthitic potassium feldspar and has narrow rims of biue-green
arfvedsonite. Altered cores within the amphibole are interpreted as
remnant olivine or aegirine-augite. Aenigmatite is present as
subophitic grains and often forms complex intergrowths with
amphibole and aegirine-augite (Fig. 3.7). Apatite is a ubiquitous
accessory phase.

Dikes

Trachyte Dikes - Three centimeter to two meter wide trachytic
dikes occur within all rock types but the aegirine granite and the
porphyritic biotite granite. Most of these dikes are steeply dipping
and have strikes that either overlap those of the basalt dikes or
sirike approximately E/W (Plate 2). Trachyte dikes on Middle Pond
are on the order of two to three meters and are paralle! to the
basait dikes described above. These have not been observed in
association with the basalt dikes on Boulter Pond.

Mafic Syenite Dikes - The east-central portion of the alkalic
syenite is intruded by shallowly to steeply dipping mafic syenite
dikes (Plate 3.1 and 3.2; MAG 41, 57, 85). One of these dikes and the

alkalic syenite host are both cross-cut by granitic pegmatite
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stringers containing sodic amphiboles (arfvedsonite?). The mafic
syenite dikes have a phenocryst assemblage comprised of euhedral
to subhedral plagioclase and potassium feldspar and ophitic to
subophitic hedenbergite. These minerals are also found in the
matrix as subhedrai to anhedral grains with apatite and zircon. The
dikes contain distinctive, round, green, glomerocrysts of
hedenbergite, biotite, and barroisite. Amphibole also occurs as
inclusions within plagioclase phenocrysts and as rims on
clinopyroxene,

Matic Dikes - A numb_er of dolerite and lamprophyre dikes cross-cut
the various rocks within the complex (Plate 2) (see also; McHone
and Trygstad, 1982). These 0.5 to 1.5 meters wide dikes are steeply
dipping and strike dominantly to the NE. Within the southwestern
portion of the complex a number of parallel, approximately 3 to 6
meter wide basalt dikes crop out along the shores of Boulter and
Middle Pond and on the access road to Folly Pond (Plate 2). Aithough
they have not been mapped between these localities, the similarity
of rock type, orientation, size, and position along strike suggest
that they are part of a dike swarm. Similar dikes were not observed

along strike on the shore of Chases Pond within the biotite granite.

Geochemistry
Major Elements
Most of the rocks in the Agamenticus Complex contain low
abundances of Ca0Q, MgO, MnO, and TiO2 and moderate to high
abundances of K20 and Na20 (Fig. 3.12, Table 3.2). The least
siliceous SQSZ is enriched in Ca0, TiO2, and P205 relative to the
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other rocks. Mafic syenite dikes have higher CaO, MgO, TiO2 , and
P20Os than the other syenites. A major inflection occurs on many of
the major element Harker-type variation diagrams at around 65 to
68 weight percent SiO2 (Fig. 3.12). On these diagrams, the
amphibole-bearing alkalic syenites define a separate trend from
that of the SQSZ and the aenigmatite syenites (i.e. Al203, K20,
Fe203, and MnO versus SiO2) (Fig. 3.12). Where these separate
trends exist, the mafic syenite dikes plot either between the two
trends or along the SQSZ trend. On the CaO, MnO, and to a lesser
extent the Fe203 versus SiO2 Harker diagrams, MAG 2, 3, and 5,
form separate trends that are slightly enriched reiative to the other
alkalic syenites.

The aegirine granites define separate, generally sub-parallel
trends to those defined by the alkalic granite on TiO2 , Al20O3, Na20O,
K20, Fe203, and MnO Harker diagrams. The aegirine granites plot in
two separate fields that define either end of the trends on the
Harker diagrams. The less siliceous (Si02=71%) group is comprised
of the medium-grained rocks that occur in the main lobe of aegirine
granite (MAG 49) and along the western edge of the SQSZ (MAG
122a). Aegirine dikes that occur in the SQSZ (MAG 91-4) and the
main lobe of the aegirine granite (MAG 48 and 47) make up the other
group. The alkalic granites are slightly more depleted in TiO2, K20,
Fe203, and MnO. MAG 26 and 23, both from the western portion of
the alkalic granite, show significant SiO2 enrichment over the other
samples from this zone and anchor many of the major element
trends. On the P20s5, MgO, and Na20O diagrams the biotite granites
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plot separately from the evolutionary trends of the other rocks
within the complex.

CIPW normative minerals show that the rocks are dominantly
silica-saturated to silica-oversaturated (Table 3.2). Acmite and
sodium-metasilicate (Na2SiO3; McBirney, 1984) occur as normative
peralkaline minerals in the aenigmatite syenites, the aegirine
alkalic granites, most of the syenite to quartz syenite zone rocks
(8QS2), and a few of the alkalic granites. The porphyritic biotite
granite contains small amounts of normative corundum (0.59 to 1.25
weight %) and is slightly peraluminous. Mafic syenite dikes and one
of the alkalic syenites (MAG 72b) contain three to four percent
normative nepheline.

The Agamenticus Complex is composed of dominantly agpaitic
rocks. They exhibit a poorly-defined, negative correlation between
agpaitic (K+Na/Al) and (K+Na)/(Si/6) indexes (Fig. 3.13a) (Sorensen,
1974). Mafic syenites are within the pulmaskitic field and have a
positive correlation between these two indexes. The porphyritic,
biotite granites plot on the pulmaskitic-agpaitic boundary or within
the pulmaskitic field at lower (K+Na)/(Si/6) values than the
syenites and alkalic granites. With the exception of the
peraluminous biotite granites, the rocks are metaiuminous to
peralkaline (Fig. 3.13b).

Trace Elements

As noted for the major elements, the biotite granites have a
number of trace element characteristics that distinguish them from
the other rocks in the complex. For example, they are relatively
depleted in Ga (Fig. 3.14), have lower Ga/Al values (Fig. 3.15), and
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are enriched in Sr (Fig. 3.14) and Co. They also plot in separate
fields on diagrams such as Eu* vs. Sr or Rb (Fig. 3.14; where Eu* =
Eucaiculated - Euobserved).

Most of the trace elements for the other rocks within the
complex exhibit a small to moderate variation along one or more
linear trends on trace element-SiO2 plots. A feature of such plots
is the presence of inflections at approximately 65 weight percent
Si02. On Ga, Eu, and Sr diagrams (Fig. 3.14) the inflections denote
the change from increasing Ga and decreasing Eu and Sr to
approximately constant values for each element at higher SiO2
content. Two of the alkalic syenites have Sr abundances that fall
below the pattern defined by the other rocks. In addition, the
alkalic syenite forms a separate trend, at lower Ga values, that is
sub-parallel to the trend defined by the SQSZ on the Ga-SiO2 plot.

Distinct subparallel trends for the alkalic syenite and SQSZ
are also observed on a Ga/Al versus Ba diagram (Fig. 3.15). Alkalic
granites have Ga/Al values intermediate to the alkalic syenites and
SQSZ for a set Ba abundance, and the aegirine granites branch off
the Ga/Al enriched end of the SQSZ trend. On a Ga/Al versus Rb
diagram the SQSZ and a portion of the aegirine granites (MAG
49,47 48) define a positive linear which divides the alkalic granites
and syenites. The rest of the aegirine granites plot near to the
alkalic granites that are located above the SQSZ-MAG 49 trend.
Considerable overlap occurs between the different rock types on a
Rb-Ba-Sr diagram (Fig. 3.16). The alkalic syenites and to a lesser
extent the SQSZ plot well within the field for highly differentiated

granites. In addition, several alkalic granites and alkalic syenites
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Fig. 3.16 - Rb-Sr-Ba ternary diagram showing fields for rocks which
are derived by fractional crystallization from a basait parent (after
El Bouseily and El Sokkary, 1975). Syenites from this process should
be located near to the Ba apex within the normai granite field. Note
that most of the alkalic syenites are located within or near to the
highly differentiated granite field. The alkalic granites overlap the
other rocks.
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are displaced towards the Sr apex outside of the fields defined for a
"normal” differentiation sequence.

High field strength (HFS) element abundances also show
overlap for the alkalic rocks (Table 3.3). However, a consistent
pattern is present on HFS-SiO2 plots for Zr, Nb, Th, and U (Fig. 3.17).
On each of these plots MAG 91-1, 91-2, and 37b, and 120 and 49
(i.e., SQSZ to alkalic syenite and alkalic granite to aegirine granite)
form sub-parallel linear trends with positive slopes. A distinct
jump towards reduced trace element abundances occurs on each of
these plots between the syenite and granite trends (i.e., between
MAG 91-2 or 37b and MAG 120). Individual rock types define linear
trends with negative slopes that branch off the above trend at one
or more locations (for example MAG 49 to 48 to 47 to 91-4 or 37b
to 2 or 61b). The alkalic syenites less siliceous than sample 37b
form a trend of lower Nb and Zr abundances relative to the 91-1 to
37 trend. Alkalic syenite dikes (40-4 and 40-2) plot above the 91-1
to 49 trend on the Th, U, and Nb plots. On trace-trace plots, such as
U-Th or Zr-Y (Fig. 3.18), all of the rocks are located along linear
trends with positive slopes. The different rock types exhibit
considerable spread along the linear trends that correspond to the
enrichment/depletion pattern described above for the HFS-SiO2
diagrams.

The rocks display a complicated pattern on plots of Zr/Hf
versus Nb/Ta, Ga/Al, and Th/U (Fig. 3.19). The alkalic syenites,
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Fig. 3.17 - Plots of high tield strength elements {ppm) versus SiO2 (weight percent). Arrows on Zr-Si02 diagram show
interpreted liquid evolution trends for zircon absent (closed arrowhead) and zircon present (open arrowhead) fractional
crystallization (see discussion - Controls on HFS element abundances). Similar trends exists on all of the diagrams.
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- biolite granite, x - trachyle dikes.
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SQSZ, and a mafic syenite are located at a Zr/Hf ratio of
approximately 28. The largest proportion of the alkalic granites,
one of the SQSZ, the aenigmatite syenites, and a trachyte dike form
another group at a Zr/Hf ratio of approximately 38. Nb/Ta ratios
(approximately 15 versus 10) for this group are slightly elevated
relative to the group comprised dominantly of syenites (Fig. 3.19b).
The aegirine granites have Zr/Hf and Nb/Ta values that lie between
these two groups or in the case of MAG 48 is located at Zr/Hf lower
than the alkalic syenite-SQSZ cluster. Zr/Hf for the biotite
granites encompasses all of the other rocks and Nb/Ta values for
this rock are somewhat lower than the other rocks. Th/U ratios of
the alkalic granites and the aegirine granites overlap those of the
syenites (Fig. 3.19¢). The alkalic syenites have slightly higher Th/U
ratios than those of the SQSZ.

Bare Earth Elements

Chondrite-normalized REE patterns for all the rocks within the
Agamenticus Complex overlap (Fig. 3.20; Table 3.3). There is an
overall pattern of decreasing total REE (excluding Eu) with
increasing SiO2 (Fig. 3.20 and 3.21). Two alkalic syenite dikes (MAG
40-4 and 40-2; Fig. 3.21) and an aegirine granite lie significantly
above this trend.

The rocks are LREE enriched with La/Yb values typically in the
range of 4 to 10 (Fig. 3.20 and 3.21). La/Yb ratios for each rock type
exhibit a slight decrease vs. SiO2 (Fig. 3.21). One of the aegirine
granites (MAG 47, Fig. 3.20) has an unusual REE pattern which is
LREE depleted relative to the other rocks.
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With one exception, the subsolvus augite syenite (Eu*=1.58),
all rocks have negative europium anomalies {0.7 to 0.09) (Fig. 3.21).
Eu* has several trends that merge at approximately 64 weight
percent Si02. Relative to SiO2, the SQSZ has an antithetic
behavior, the alkalic syenites are positively correlated, and the
granites form a level plateau. On a Eu*-Rb diagram (Fig. 3.15) the
alkalic syenite plots along a trend that is parallel to, but at lower
Eu* values than that defined by the SQSZ. The alkalic granites
define a linear trend that is orthogonal to the syenite patterns.
Aegirine granite overlaps all of these trends. On a Eu*-Sr diagram
(Fig. 3.15) all of the rocks except the alkalic syenite are spread
along a linear trend with a negative slope. The alkalic syenite and
one alkalic granite define a pattern that is orthogonal to and at the
Sr-depleted end of this linear trend.
Discriminati i

On granite discrimination diagrams such as R1-R2 (Batcheldor
and Bowden, 1985) or Rb vs. Y+ Nb (Pierce et al., 1984) all of the
rocks plot within fields defined by anorogenic or within-plate
granites (Fig. 3.22). On the Rb vs. Y+ Nb diagram the biotite granites
plot separately with Rb values that are slightly enriched relative

to the alkalic rocks within the complex.

DISCUSSION

Intrusive sequence
The intrusive sequence determined in this study is similar to

that proposed by Hussey (1962) with syenites first, alkalic granites
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112



next, and biotite granite last. However, the subdivision of the
syenites into additional units and the recognition that the eastern
lobe of the alkalic granite (Hussey, 1962) (i.e., the aegirine granite)
has significant mineralogical and geochemical differences from the
western lobe of the alkalic granite (Hussey, 1962), suggest the
number and order of intrusive events is more complex.

The intrusive relationships between the coarse-grained alkalic
syenite, SQSZ, and the aenigmatite syenites are poorly constrained
due to the lack of adequate contact control caused by poor exposure
and the overlapping of latter granitic rocks. The inclusion of the
aenigmatite syenite as large blocks (<10 m measured along outcrop)
to smali clasts (several centimeters across) within the SQSZ
suggests that the aenigmatite syenite is younger than the SQSZ (Fig.
3.23a, b ). Gradational borders between some of the aenigmatite
syenite clasts and the rocks of the SQSZ indicate that the
aenigmatite has been partially assimilated by the SQSZ.

The lack of xenoliths within exposures of alkalic syenite and
SQSZ closest to their mutual contact precludes a relative age
assignment between the two rocks on the basis of field
observations. An alternate approach for reconstructing the relative
emplacement ages is to consider the possible shape of the intruding
magmas. Similar complexes in the White Mountain Magma Series
(Chapman and Chapman, 1940; Chapman, 1976) and the Niger-
Nigerian Younger Granite Province (Turner, 1968; Bonin, 1984)
developed by the intrusion of stocks or ring dikes that are often
ovoid or crescent-shaped, respectively, in plan view. The

overlapping of numerous magma pulses results in increasingly
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Fig. 3.23 Interpreted sequence of intrusion for the Agamenticus
Complex- Plan view. Line A-B shows the orientation of cross
section presented in Figure 3.42. Note that the biotite granite
truncates the mafic dike swarm in the southwestern portion of the
complex. Dotted line in the alkalic granite is included to indicate
that this unit may be comprised of two separate pulses. Aithough
not shown, the SQSZ is intimately intruded by the aikalic and
aegirine granites.
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irregular boundaries for the older units. The original shapes of
earlier rocks within a complex can therefore be reconstructed after
overlapping units are removed by assuming the simple shapes
described above. This can be applied to the Agamenticus Complex by
removing the granites and extrapolating the boundaries of the
alkalic syenite (Fig. 3.23 f to ¢). Aithough the use of simple
geometries for the intruding magmas makes the interpretation
tentative, this process shows that the alkalic syenite overlaps, and
therefore intrudes, the SQSZ (Fig. 3.23 c).

Cross-cutting relationships suggest that the fine-grained
alkalic syenites are older than the coarse-grained alkalic syenite.
Along the northern portion of the alkalic syenite, at MAG 61, the
fine-grained alkalic syenite occurs as autoliths within the coarse-
grained alkalic syenite. This suggests that the fine-grained syenite
was a chill phase incorporated into the coarse-grained syenite
during subsequent or continued intrusion. This interpretation is
supported by the apparently gradational textural changes between
the coarse- and fine-grained syenites along the southern border of
the alkalic syenites (Plate 3.2).

However, trachyte dikes also intrude the coarse-grained
alkalic syenite along the contact (MAG 146; Plate 3.1 and 3.2) of the
fine- and coarse grained syenite in this region. If these are feeders
from the fine-grained alkalic syenite, they indicate that the fine-
grained alkalic syenite is younger than the coarse-grained alkalic
syenite. However, the trachyte dikes in this location might be
related to later trachyte dikes that cross-cut all units within the

complex but the aegirine and biotite granites.
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Mafic syenite dikes cross-cut the west-central portion of the
alkalic syenite. The cross-cutting relationships for the mafic
syenite dikes, the alkalic syenite, and alkalic granite stringers (at
MAG 57d) indicate that the mafic syenite dikes and alkalic syenite
are older than the alkalic granites but the mafic dikes are younger
than the alkalic syenites.

Although the leucocratic quartz syenite is currently
considered, on the basis of mineralogical similarities, to be
transitional with the more quartz-rich portion of the quartz syenite
to alkalic granite lobe, the presence of an alkalic granite pavement
outcrop within the otherwise quartz syenite top of Mt. Agamenticus
raises the possibility that the two rocks were separate magma
pulses. In this interpretation the alkalic granite at the top of Mt.
Agamenticus would be considered a cognate block enclosed within
the quartz syenite. Unfortunately, the absence of exposed contacts
between the two rock types prohibits a more satisfactory
resolution of their relationship.

The alkalic and aegirine granites pervasively intrude and are -
younger than the SQSZ. The alkaiic granite is assigned a younger age
relative to the alkalic syenite because, in the northern portion of the
complex, the alkalic granite divides the alkalic syenite into two
units (Fig 3.1 and 3.23) and contains abundant xenoliths of the latter
and a fine-grained alkalic granite dike occurs within the
southwestern portion of the alkalic syenite at MAG 72 (Plate 3.1).

The intrusive relationships between the aegirine granite and
the aenigmatite syenite are well exposed in a number of locations

along the southeastern portion of the complex (MAG 139 and 155
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among others). At these outcrops the aenigmatite syenite typically
overlies the aegirine granite along a brittle contact. Downdropped,
angular blocks of aenigmatite syenite are present within the
aegirine granite below the contact. To the northwest of the
aenigmatite syenite, aegirine granite occurs as a limited number of
dikes and plugs within the SQSZ. The relationships observed in
outcrop, aenigmatite syenite overlying aegirine granite, and the
presence of aegirine granite over a large portion of the southeastern
region of the complex both indicate that intrusion occurred along
moderately to shailowly dipping contacts.

The aegirine granite is considered to be younger than the
alkalic granite because trachyte dikes intrude into the alkalic
granite but not the aegirine granite and because aegirine granite is
present at the contact of the SQSZ with the alkalic granite.
However, this relative age assignment cannot be substantiated
because contacts between the aegirine and alkalic granites are not
expoéed.

Several lines of evidence indicate that the biotite granite is
the youngest unit within the complex: 1) Trachyte dikes cross-cut
all of the rock units except for the biotite granite and the aegirine
granite. 2) A basalt dike swarm that cross-cuts the alkalic granite
and SQSZ in the southwestern portion of the complex is truncated by
the biotite granite (Fig. 3.23). 3) Pink rhyolite dikes, correlated
with the bictite granite on the basis of early liquidus mineral
assemblages, cross-cut the alkalic syenite. The general lack of
xenoliths from the rocks adjacent to the biotite granite is

interpreted to reflect steeply dipping contacts.
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All of the rocks within the Agamenticus Complex have been
cross-cut by basaltic dikes. The orientations of these dikes are
consistent with that determined for early Jurassic to Cretaceous
dolerite and lamprophyre dikes that intrude all of the lithologies in
southwestern Maine (McHone and Trygstad, 1982; Swanson, 1982).
The lack of basalt enclaves within the Agamenticus Complex and the
similarity of basalt dike orientations with younger dikes in the
region suggest that the basalt dikes are not cogenetic with the
rocks of the Agamenticus Complex. The truncation of the basait
dike swarm in the southwestern portion of the Agamenticus
Complex by the biotite granite indicates that the latter is younger,
perhaps substantially, than the other rocks within the complex.
This is supported by a Cretaceous apatite fission track age for the
biotite granite (Christopher, 1969). A distinctly younger age for
the biotite granite within the Red Hill Complex is also suggested by
Henderson et al., 1989.

Depth of Emplacement

A general structural model for anorogenic ring complexes
presented by Bonin (1986) provides a means to estimate the current
level of erosion within a particular complex. Within ring-complexes
a caldera and associated volcanic rocks at the surface are underlain
at a depth of 1 of 4 km by cone sheets and ring dikes. The ring dikes
are fed from a magma chamber located at depths of 7 to 32 km by
foundering of the roof zone into the magma chamber (see also
Chapman and Chapman, 1940; Chapman, 1976 ; Pitcher, 1978).
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Estimates for the emplacement depth of the Jurassic and
Cretaceous White Mountain Magma Series of New Hampshire coincide
well with the mode presented above. Volcanic caldera-fill is
preserved as downdropped blocks within concentric ring dikes in the
Ossipee Complex (Carr, 1980). The preservation of volcanic screens
and the presence of ring dikes suggests depths of emplacement from
1 to 7 km. Carr (1980) proposed a depth of emplacement of
approximately 3 km. The Pliney Complex, which is exposed as
numerous crescent shaped ring-dikes and stocks but lacks volcanic
screens such as those exposed in the Ossipee Complex, was emplaced
at approximately 2 kbars or less (Czamanski and others, 1977) or
less than 7.8 km (using 2.6 kbar/10 km or 3.85 km/kbar; after
Schneiderman,1989). Foland and Friedman (1977) suggest that the
overlapping ring-dikes of the Red Hill Complex were emplaced at
approximately 1.5 kbar or 5.7 km. A deeper emplacement, 5.8 to 14.5
km , was estimated for the ring dikes and stocks of the Ascutney
Complex, Vermont, by Schneiderman (1989).

The absence of volcanic rocks and screens of country rock,
often associated with the upper portions of ring dikes, in the
Agamenticus Complex is consistent with a level of erosion below
that of upper ring formation, approximately 4 km. The
subhorizontal contacts inferred for the aenigmatite syenite, SQSZ,
and the aegirine granite, the number of intrusive events, and variety
of cogenetic rocks is compatible with intrusion at the upper regions
of an underlying magma chamber or 5 to 14 km.

Normative assemblages for the alkalic rocks within the

complex plot from the albite-orthoclase join to cotectics equivalent

119



to pressures of crystallization of 2 to 3 kbar for PH20=PTotal (Fig.
3.24). For a geobaric gradient of 3.9 km/kbar this corresponds to
depths of emplacement of 7.7 to 11.5 km. This represents a
minimum estimate of ambient pressure because even a small
anorthite component, such as observed for the Agamenticus Complex
rocks (Table 3.2), results in a shift of the magmatic trends towards
higher pressures (Fig. 3.24).

Luth et al. (1973) and Bonin (1986) suggest that subsolvus
textures such as those observed in aegirine granite and the
subsolvus syenite occur at water pressures of at least 2.5 and 4.5
kbar (or 8.3 and 14.9 km), respectively. Although the current
juxtaposition of these two rocks might require that both
crystallized at a depth greater than 14.9 km, the perthite
overgrowths on early plagioclase and perthite crystals, a change
from subsolvus to hypersolvus texture, suggests that PH20
decreased during crystallization of the subsoivus syenite. The
change in PH20 could have been caused by volatile release during
eruption or by a change in crustal levels at essentially constant
water content within the magma. The latter suggests that the early
stages of crystallization of the subsolvus syenite occurred within
the magma chamber at a minimum depth of 14.5 km. The hypersoivus
texture then developed following emplacement of the partially
consolidated magma at a shallower upper chamber/lower ring dike
horizon.

Depths for the final level of emplacement are better
constrained by the aegirine granites. The minimum depth, 8.3 km,

indicated by the subsolvus texture of the rocks corresponds well
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with the depth estimated by comparison of the normative
assemblage of the granite to experimental data (7 to 10 km, Fig.
3.24), and falls within the range, approximately 5 to 10 km,
indicated by comparison of the postulated structural level (upper
chamber/lower ring dike) to other alkalic complexes.

Apatite fission track data from the alkalic syenite indicates
that the rocks had cooled past the 1509C isotherm required for
fission track retention by 172 Ma (Christopher, 1969). This
suggests that the rocks of the Agamenticus Complex were at or
below 3.8 to 5 km (using 400C/km and 300C/km, respectively)
before 172 Ma. On the basis of apatite closure ages and heat flow
considerations, Doherty and Lyons (1980) calculate an emplacement
depth of 5.3 to 7.6 km for the Jurassic White Mountain Plutonic
Series to the northwest of the Agamenticus Complex. Using their
post Jurassic erosional rate (0.031 mm/yr) and the differences in
ages between the Jurassic Belknap and Triassic Agamenticus
Complexes (67 million years), the depth of emplacement for the
Agamenticus Complex can be estimated to be 7.38 to 9.68 km. This

is in agreement with the estimates of depth derived above.

Petrology of the Agamenticus Complex

The petrogenesis of felsic alkalic rocks is complex and
involves melting of mantle or crustal sources followed by varying
amounts of fractional crystallization (Eby, 1987; Collins et al.,
1982). = The emplacement of mid- to upper-crustal melts, derived

from heat provided by the passage of the alkalic magmas (Barker et
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al. 1975), often results in the juxtaposition of magmas with
different parents within the same complex. Evolution of the
magmas can include assimilation of crustal rocks and mixing of
cogenetic alkalic rocks (Loiselle, 1978; Whalen and Currie, 1984).
Late magmatic and hydrothermal fluids can redistribute the trace
element patterns of the lithophile elements, mobile major
elements, and isotopic signatures (Macdonald, 1987, Bowden et al.,
1987).

This very general model provides the basic framework against
which the petrogenesis of the Agamenticus Complex can be
considered. The roles of magma mixing, assimilation, and
fractional crystallization in the development of the complex are
evaluated through a qualitative analysis of available geochemical
and field data. The petrogenesis of the different rock types within
the complex will be discussed in light of the results from this
qualitative analysis and quantitative numeric modeling of major and
trace element abundances. Sources for proposed parental magmas
are considered in relation to available geochemical and isotopic
data and experimental findings. A petrogenetic model for the
Agamenticus Complex that incorporates these findings is
considered. Although this model is not unique, it provides a basis
for testing proposed petrologic precesses and lays the foundation
for future research. More complex models that can test the
geochemical nature of assimilation, source rocks, and/or
hydrothermal interaction require additional major and trace

element analyses and radiogenic and stable isotopic data.
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M Mixi
Rock trends on major element Harker diagrams (Fig. 3.12)
indicate that magma mixing was not an important magmatic process

in the Agamenticus Complex. If rocks with compositions
intermediate to syenites and granites formed by wholesale magma-
mixing, then the compositions for these hybrid magmas would be
located along a linear between the two parents. Such compositions
do not occur between the alkalic syenite and alkalic granite or the
SQSZ and aegirine granite on Al203, Fe203, or K20 Harker diagrams.
By a similar argument, products that would result from the mixing
of SQSZ and aegirine granite do not appear on the K20 Harker
diagram. These diagrams do not preciude mixing of rocks that lie
along the individual linear segments (Holm and Praegel, 1988) nor
the mixing of the alkalic syenite and the aegirine granite. However,
the latter is considered unlikely due to the lack of field evidence
for interaction between the two and the lack of xenocrysts that
would be expected of magmas (McConough and Neison, 1984) which
were evolving below the liquidus at the time of mixing.

Support for limited magma mixing along major element
geochemical trends is observed within aegirine-arfvedsonite
granite dikes that occur in the aegirine granite at York Beach (near
to MAG 48, Plate 3.1). Internal contacts in these fine-grained
compound dikes are usually highly undulose and lobate suggesting
that multiple intrusion of the dikes occurred over a short interval
and that magma comingling occurred. However, this magma
interaction appears to be restricted to the interior of the dikes.

Shear fabric (alignment of minerals and folding of internal layers)
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observed within one dike does not extend into the host aegirine
granite. The lack of shearing in the host rock adjacent to the
deformed dike and the sharp host-dike contact suggest that the
main body of aegirine granite was relatively solid prior to the
intrusion and deformation of the dikes.

Mixing of the late aegirine granite magmas would have no
effect on the overall geochemical evolution of the other rocks
within the complex. Two important observations that argue against
mixing between the syenites and granites must be stressed: 1)
Contacts between all syenites and granites are brittle and 2) Magma
pillows and convolute contacts commonly cited as evidence for
mixing in other complexes (Bloomfield and Arculus, 1989;
Whittemore and Hannah, 1988; Frost and Mahood, 1987; Whalen
1985; Whalen and Currie, 1984) are absent from the Agamenticus
Complex. These observations preclude mixing of syenites and
granites at the current level of exposure to produce intermediate
magma compositions and suggests that it did not occur at depth.
Disequilibrium textures do occur in the some of the rocks, such as
reaction oscilli of sodic amphibole over olivine and clinopyroxene
(Fig. 3.9) in the alkalic syenite or mineral reactions (amphibole
overgrowths on clinopyroxene and earlier amphibole) and convolute
crystal boundaries in the matrix of the subsolvus augite syenite,
could be interpreted as evidence for magma mixing prior to
intrusion. However, these textures are interpreted here as
manifestations of late magmatic to subsolidus interactions with

deuteric fluids.
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Assimilati
Contrary to the findings of Woodard (1957), assimilation of

the country rock at the current level of exposure did not have an
important impact of the evolution of the complex. Woodard
considered all blocks or ghosts within the complex to be xenoliths
of country rock. The degree of chemical similarity between
xenoliths and host as well as the quartz content of the syenites and
granites was ascribed to varying amounts of metasomatism and/or
assimilation.

An important corner stone of this hypothesis was that the
southern portion of the complex is simply a xenolith-rich portion of
the alkalic syenite. The mesocratic to melanocratic blocks within
this region were considered to represent the end product of
metasomatic alteration of country rocks. The work of Hussey
(1962) and the findings of this study have demonstrated that the
southern portion of the complex (the SQSZ) is a distinct unit from
the alkalic syenite and that the melanocratic to mesocratic ghosts
within this zone are partially assimilated syenites rather than
metasomatized country rock.

As suggested by Woodard (1957), calcareous quartzite
xenoliths from the Kittery Formation are preserved throughout the
alkalic granite and within other units close to the perimeter of the
complex. The presence of amphibole reaction rims around these
xenoliths supports the metasomatic processes proposed by Woodard
(1957), but the angular outline of these xenoliths indicate that
wholesale assimilation has.not occurred. Sample localities and

geochemical analyses from this study are insufficient to fully test

126



Woodard's contention that the quartz content of the alkalic granite
is proportional to the xenolith abundance. However, the fact that
sample MAG 17 is within a xenolith-rich zone of the alkalic granite
but is less siliceous than a sample in a xenolith-free zone (Mag 23,
Plates 1 and 2) suggests that the quartz content is not directly
related to the amount of assimilation. It is therefore, suggested
that the assimilation/metasomatism demonstrated by Woodard
(1957) to have occurred in close proximity to the xenoliths,
including both Kittery Fm. xenoliths in the alkalic granite and
syenite xenoliths in the SQSZ, did not appreciably alter the
chemical evolution of the magmas of the Agamenticus Complex.

The current data base is insufficient to test if assimilation
was more significant at a lower depth in the magma chamber or at
some deeper level within the crust during the upward migration of
the magma. Quantitative modeling of radiogenic and stable isotope
data (Eby, 1985; Foland and Friedman, 1977; Pankhurst et al. 1976)
and trace element data (Fowler, 1988) obtained from both rocks
that may represent magmas and potential contaminants has shown
that variable amounts of assimilation has occurred within other
alkalic complexes.

The use of a limited number of major element analyses
available for the Kittery Formation (Woodard, 1957) in assessing
the effects of assimilation must be approached with caution for a
number of reasons. Bowen (1928) noted that the liquid line of
descent is not affected by assimilation but rather the proportion of
end product is altered. Therefore, the major element trends would

remain the same even if assimilation has occurred. In addition,
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unless wholesale assimilation has occurred, the assimilation
process is better modeled using a contaminant composition that
represents a partial melt of the country rock rather than bulk rock
composition (Fowler,1988). Even if wholesale assimilation (i.e.,
two component mixing) of the country rocks is considered a viable
alternative, the large scatter (Fig. 3.25) in the major element data
for the Kittery Formation would make any model developed
capricious.

Eractional G lizat

A qualitative vector analysis of compositional trends versus
mineral compositions on major element-SiO2 diagrams (Fig. 3.26)
indicates that fractional crystallization could have controlled the
evolution of the alkalic magmas within the Agamenticus Complex.
It is clearly shown on the K20 and CaO diagrams that the flexures
between the SQSZ and the granites, at approximately 65 weight
percent SiO2, can be attributed to potassium feldspar
crystallization. Potassium feldspar may have been on the liquidus
in the SQSZ syenites but certainly was the dominant mineral in the
evolution of the granites. This interpretation is consistent with
the observation that plagioclase occurs along with potassium
feldspar as phenocrysts in the SQSZ and that it becomes subordinate
to potassium feldspar in the matrix of these rocks and in the
granites.

The location of the alkalic syenites above the trend of the
SQSZ and along the trend defined by the alkalic granite on the K20-
SiO2 plot indicates that potassium feldspar was more important in

the evolution of these rock than the mafic minerals. The relative
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Fig. 3.25 Compositions of Kittery Formation (O) determined by
Woodard (1957) compared to major element-SiO2 plots for
Agamenticus Complex. Note the large amount of variations of the
Kittery Formation. Symbols as in Figure 3.12.
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importance of mafic silicate minerals vs. potassium feldspar in the
evolution of the SQSZ and alkalic syenite is also demonstrated on
the Fe203, MnO, and Al203 diagrams. The closer proximity of the
mafic silicate minerals to the trend defined by the SQSZ on these
plots suggests that they played a more important role in the
evolution of the SQSZ than the alkalic syenite. Crystal textures,
which suggests that the mafic silicates crystallized earlier in the
SQSZ than the alkalic syenite, and the lower modal abundance
(Table. 3.1) of these minerals in the alkalic syenites support this
conclusion.

The evolution trends of the alkalic granites on the MnO, FepOg3,
and Al203 Harker diagrams suggest that mafic siiicate minerals
played a more important role, relative to orthoclase and
plagioclase, in the evolution of the alkalic granites then the
aegirine granites. As with the syenites this conclusion is supported
by the relative modal abundance of the minerals within each rock
(Table. 3.1).

P20s decreases in the alkalic syenites, the SQSZ and the
aenigmatite syenites and remains essentially constant for the
alkalic and aegirine granites. The changes in P2Os abundance are
reflected in the proportion of apatite in the rocks. These
observations are consistent with apatite fractionation in the
syenites and only minor involvement of apatite in the evolution of
the alkalic and aegirine granites.

Quantitative models of fractional crystallization relating
these magmas must be considered in several steps (Nelson et al,

1987) because these findings indicate that different cumulate
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assemblages controlled the evolution of each alkalic magma. A
logical step for these models is defined by the flexures within the
Harker diagrams where the linear trends for the alkalic rocks
merge; i.e., at 65 weight percent SiO2. The linear trends defined by
each rock type are modeled by least squares mixing and trace
element fractionation models which assume the rocks can be
related to the same parent by varying degrees of fractionation and
varying cumulate assemblages. Some error is inherent in the
approach because of the larger compositional jumps for the more
evolved rocks. The interrelationship between the syenites and
granites are tested by modeling the more evolved samples of the
syenites and the least evolved samples of the granites. Although
these models assume that the rocks can be related by fractional
crystallization, it is realized that the compositions of the rocks are
most likely disturbed by late deuteric fluids and volatiles. The
errors associated with the fractional crystallization models should
help highlight the effect of these late magmatic processes on the
composition of the rocks.

SQSZ and Aenigmatite Syenite - Vector analyses of the major
element trends for the SQSZ and aenigmatite syenites indicate that
these rocks can be related by fractional crystallization of
plagioclase, potassium feldspar, clinopyroxene, olivine, and apatite
+ aenigmatite. This is compatible with textural evidence of early
crystallization of plagioclase, potassium feldspar, and apatite
followed by clinopyroxene and olivine crystallization. The
importance of aenigmatite as a cumulate mineral is unclear. Within

the SQSZ it forms as a reaction product of clinopyroxene and
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amphibole suggesting that it is a late magmatic mineral. In the
aenigmatite syenite it occurs as euhedral crystals that are
interpreted as a primary super-solidus crystai. Amphibole is not
included as a cumulate mineral for these rocks because is appears
as late overgrowths on clinopyroxene and clivine and/or as late to
interstitial crystals. It would therefore only effect the
compositional trends of the late residual fluids within a restricted
region of the sample.

The compositions of the cores of the plagioclase phenocrysts
and clinopyroxene from the most mafic augite sub-solidus syenite
in the SQSZ, MAG 91-1, were used as input to least squares models
developed to test whether fractional crystallization controlled the
chemical evolution of the rocks of the SQSZ and the aenigmatite
syenite. Least squares mixing models for the SQSZ rocks and the
aenigmatite syenite (MAG 139) yield acceptable results (Xrd = 0.45
for 91-1 to 51D, Xr2 = 0.49 for 91-1 to 91-2, Xr2 = 0.54 for 91-1
to 139; Table 3.4). The solutions require greater degrees of
fractionation to produce more siliceous rocks (f=0.39 for 91-1 to
51d and f= 0.29 for 91-1 to 91-2; where f = liquid proportion) and
larger proportions of feldspar in the cumulate assemblage.

The largest residuals for each model are associated with the
underestimation of K20 or Na2O (Appendix Ill.V.l). This could be due
either to an inappropriate choice of felspar compaosition, late
deuteric alteration, and/or inaccuracies inherent in the analyses
(See Appendix lll.1). The first is supported by the improvement of
the model that results from reducing Na2QO and increasing K20 in

potassium feldspar. The albite/orthoclase ratios from the CIPW
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vel

Table 3.4 Least Squares Models

% Minarals
Parent | Product |% producl] KSP__CPX1* CPX2* CPX3* Fay Olg ilm | >r2
SQSZ trend
91-1 51d 39.8 29.1 5.52 13.1 16.05 1.1 |0.445
" 91-2 29.47 132.35 5.08 9.38 21.27 1.23] 0.49
91-1 139 48.71 19.44 6.21 7.15 1717 0.832
SQSZ o other
91-1 37b 200.27 |-82.7 6.22 -2.5 -21.7 0.47 |0.041
51d 120 43.88 |27.84 -0.18 9.39 18.28 0.76 |1.134
91.2 120 76.66 116.43 1.01 5.26 0.45 11.196
91-2 49 18.02 |[51.46 0.3 9.95 18.64 0.94 {1.364
Alk Sye trend
72b 37b 118.56 {-19.2 -0.26 -0.16 -2.1 0.63 | 1.247
" 39 80.8 17.18 0.75 0.66 1.05 0.06 |0.021
37b 3 36.53 |57.66 2.93 2.48 0.27 j0.023
Alk Sye to Alk Gran :
37b 120 19.12 }73.05 3.75 3.57 0.37 10.105
37b 135 4.6 85.9 5.01 3.99 0.43 |0.105
Alk Gran trend
120 26 36.9 55.6 2.9 4.7 0.53 10.186
120 23 21.9 68.9 4.4 4.2 0.66 | 0.16
Alk Gran lo Aeg Gran
120 49 23.3 69.2 4.8 2.3 0.55 10.242
Aeg Gran trend
49 48 73.6 24.87 1.4 0.57 10.236

*Clinopyroxene compositions used: CPX1(MAG 91-1 core),CPX2(MAG 91-1 rim),CPX3(MAG 84)




norm calculations indicate that this approach is reasonable.
However, textural evidence within the matrix of MAG 91-1, such as
mafic silicate reactions, late, fine-grained plagioclase and
microcline, and convolute mineral contacts, indicates that the SQSZ
has experienced some degree of fluid interaction. These fluids
could relate to autometasomatism of the rocks or to the later
intrusion of the alkalic or aegirine granites. In either case, the
fluid interaction was most likely accompanied by some changes in
major and trace element chemistry (Bowden and Kinnard, 1984).
For example, if the deuteric or hydrothermal fluids results in the
subsolidus growth of microcline, this would lead to a preferential
enrichment of K20 in MAG 91-1 and the underestimation of this
oxide in the least squares models.

Changes in large ion lithophile (LIL) element (i.e., Rb, Sr, and
Ba) abundances within the SQSZ and aenigmatite syenites are
satisfactorily modeled using Rayleigh fractionation equations (Fig.
3.27; Appendix [IL.V.I). One of the SQSZ samples, MAG 91-1, and the
aenigmatite syenite plot within the field calculated for liquids on
Ba-Rb, Sr-Rb, and Sr-Ba plots (Fig. 3.27). The less siliceous SQSZ,
MAG 51D, plots within the region of residua compositions on these
diagrams. These results are consistent with fractional
crystallization dominated by plagioclase and potassium feldspar.
The incorporation of Sr and Ba by both of these minerals leads to a
reduction of these elements in the liquid. The incompatibility of Rb
in plagioclase (Kd = 0.02) and potassium feldspar (Kd = 0.9)
produces the observed increase of this element in the liquid. The

fit of the data to Rayleigh fractionation trends is reasonable in
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Fig. 3.27 Calculated trace element trends for the SQ3Z and rocks
used as parents and products of these calculations. The SQSZ can be
modeled acceptably as a liquid derived from the augite syenite by
fractionation of oligoclase, potassium feidspar, augite, and fayalite.
Alkalic syenites are shown in relation to this model to demonstrate
that they are not related to the SQSZ. Symbols for modei
compositions; Filled squares-residual liquid, filled diamonds-liquid
from Rayleigh fractionation, open diamonds-instantaneous cumulate,
open squares-average cumulate (see Appendix V for formulas used to
calculate these compositions). Other symbols; open circle-parent
(MAG 91-1), x-SQSZ compositions used as input for product of
fractionation, open triangles-alkalic syenites.
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light of the compositional zoning observed in the mineral from
these rocks (see below).

Decreases in Co and Sc (Fig 3.18) are explained by
clinopyroxene and, to a lesser extent, olivine fractionation.
Although these models require high Sc distribution coefficients (Kd
(Sc = 30) for clinopyroxene, this value is realistic in light of
similar coefficients determined for hedenbergite in the Chaine de
Puys trachyte (Lemarchand et al., 1987).

Changes in REE abundances are predicted less successfully
than changes in the other elements (Appendix Ill.V.l). Similarities
in the calculated bulk distribution coefficients (D*(l), Appendix
HILV.Y) for La, Tb, and Eu to distribution coefficients for feldspars
(D*(Eu) > 1, D*(La) and D*(Tb) < 1; Lemarchand et al., 1987)
suggests that the REE abundances were in part controlled by
feldspar fractionation. Lower bulk distribution coefficients for La
relative to Tb in two of the models could be explained by the
preference of HREE in clinopyroxene, olivine, and/or zircon
(Lemarchand et al., 1987).

Although quantitative models for the changes in Ga abundances
are precluded by the paucity of distribution coefficients, changes in
this element and Ga/Al ratios are considered because of their
known petrogenetic importance (Collins et al.,, 1982; Gottardi et al,
1978). Ga readily substitutes for Al and Fe3+ (Gottardi et al, 1978;
Goodman, 1971) in Al and/or Fe3+ bearing minerals such as
plagiociase and to a lesser extent potassium feldspar, aegirine,
hedenbergite, and biotite. Increases in the Ga/Al ratio, such as
those observed for the SQSZ (Fig. 3.19) are compatible with feldspar
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dominated fractional crystallization (Goodman, 1971). Increases in
Ga, as observed for the SQSZ (Fig. 3.14), are interpreted elsewhere
in terms of feldspar accumulation (Vincent and Nightingale, 1974)
or as as the result of fractional crystallization in which
plagioclase (Kd (Ga) = 1.7, in gabbro) is modally subordinate (Paster
et al., 1974). An alternative proposal, is that Ga enrichment is due
to its incompatibility in the feldspars within the SQSZ. This
possibility is supported by the incompatibility of Ga in the
fosterite-diopside-anorthite system (Kd(Ga) = 0.024, 0.19, 0.86,
respectively; Malvin and Drake, 1987) and by the tendency for Ga
abundances to be highest in sodic rather than calcic plagioclase and
in plagioclase from granites with higher silica contents (Gottardi
et al, 1978; Goodman, 1971).

Changes in magma composition during the evolution of the
SQSZ and the aenigmatite syenites are reflected in the chemistry of
minerals from these rocks. The changes in clinopyroxene
composition as the liquids evolved from the SQSZ (Mag 91-1) to the
aenigmatite syenite (Fig. 3.28; iron enrichment followed by sodium
enrichment) is compatible with that observed in other
oversaturated, alkalic complexes (Holm and Praegel, 1988,
Stephenson and Upton, 1982 and references therein). Core-rim
compositions in MAG 91-1 (CPX samples 5 and 6, Appendix 1ILilI)
indicate that Fe enrichment is accompanied by a decrease in Mg, Al
and Ti, enrichment in Mn, and nearly constant Si, Ca, and Na. The
increase in Na in clinopyroxenes from the aenigmatite syenite

relative to those in the SQSZ is associated with an increase in Si,
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Fig. 3.28 Mg-(Fe-Na)-Na ternary plot of clinopyroxene compositions.
Sodium enrichment of the SQSZ and aenigmatite syenites,
compositional gap between the SQSZ trend and aegirine granite, and
sodium poor alkalic syenites are shown. Inset of clinopyroxene
trends from other under- and over-saturated alkalic complexes
(After Mitchell and Platt, 1977).

139



Al, Mn, and Fe3+ and a decrease in Ca and Mg ( MAG 155, Appendix
L.

The sodium enrichment of these clinopyroxenes can be
attributed to several factors. Stephenson and Upton (1982) and
Mitchell and Platt (1977) suggest that Na enrichment in
clinopyroxenes in alkalic rocks is a function of magma peralkalinity
and is not coupled to silica activity. This is supported by the
presence of aegirine-rich clinopyroxenes in the undersaturated
rocks of the Tenerife Complex (Scott, 1976). The higher Ac
component and lower SiO2 content of MAG 139 relative to 91-2
(Table 3.2) coupled with the high sodium content of the aenigmatite
syenites from MAG 155 suggest a similar relationship between
peralkalinity, SiO2, and Na content for the clinopyroxenes from the
SQSZ and aenigmatite syenite.

Scott (1976) suggests that the major controi for Na
enrichment in clinopyroxenes is fO2 and secondly the availability of
Na. Scott (1976) and Nash and Wilkenson (1970) suggest that
slowly falling fO2 promotes Fe3+ and hence Na eﬁrichment in
clinopyroxenes. Therefore, the increased acmite component in
clinopyroxene is dependant on the rate of change of fO2 rather than
the absolute fO2. Mitchell and Platt (1977) reach similar
conclusions for acmite enrichment in clinopyroxenes from the
syenites in the Coldwell Complex, Canada.

In the Kungnat Fjeld Complex clinopyroxene evolution occurred
parallel to the diopside-hedenbergite join at fO2 set by the FMQ
buffer (Stephenson and Upton,1982). Na enrichment was
accompanied by increased fO2 and the instability of olivine. The
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absence of olivine from the aenigmatite sample suggests that a
similar mechanism operated in the SQSZ. However, the FMQ buffer
could not have controlled fO2 in the SQSZ because ilmenite rather
than magnetite was stable throughout the early to middle
crystallization history of the SQSZ.

Oxygen fugacity was more likely controlled by a peralkaline
analogue to the FMQ buffer similar to those proposed for other
alkalic complexes (Nicholls and Carmichael, 1969; Marsh, 1975;
Larsen, 1977; Grapes et al., 1979). The association of aenigmatite
with aegirine-augite, richterite and opagues in MAG 91-3 and the
aenigmatite syenite is similar to the common association of
aenigmatite with aegirine (Ac>80) and/or arfvedsonite in other
complexes (Grapes et al. 1979). The late magmatic aenigmatite in
these complexes is considered to be a reaction product of ilmenite
and arfvedsonite and/or iimenite and aegirine (Grapes et al., 1979).
These reactions can act as oxygen buffers in a "no-oxide" zone
where the FMQ buffer is unstable (Nicholls and Carmichael, 1969;
Marsh, 1975; Larsen, 1977; Grapes et al.,, 1979). Although poorly

constrained, the aenigmatite - Ti magnetite - aegirine buffer,

3/2 NagFe2+5TiSigO20 + 02 =
4 NaFe3+Si20g + 3 SiO2 + 3/2 FeoTiO4 + 1/2 Fe304

lies at fO2 and T within the normal range expected for trachytes

and phonolites (Nash et al, 1969; Mitchell and Platt, 1977) (Fig.

3.29) and the aenigmatite - ilmenite - aegirine buffer,
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- Log fO,

Fig. 3.29 fO2-T diagram showing proposed peralkaline buffers that
likely controlled fOo during the evolution of the SQSZ, aenigmatite
syenite, and aegirine granite. Buffers from Wones (1989), and
Nicholls and Carmichael (1969). Lower boundary for trachyte field
from Nash et al. (1969).
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NaoFe2+5TiSigO20 + Na2Si205 (liquid) + O2 =
4 NaFe3+Si20g + Fe2+TiOg3,

lies slightly above the FMQ buffer (Marsh, 1975). T-fO2 estimates
suggested by these buffers are compatible with the proposed
stability range for aenigmatite proposed by others; between the
NNO ("ideal" aenigmatite) and WI! and MW (Ti free aenigmatite)
buffers (Grapes et al., 1979, Ernst, 1962).

The presence of aegirine-augite instead of aegirine would
move the buffer towards lower fO2 and higher temperatures than
the aenigmatite - ilmenite - aegirine buffer (Nicholls and
Carmichael, 1969) (Fig. 3.29). Aenigmatite formed in reaction with
clinopyroxene and/or amphibole in the SQSZ rocks but occurs as
individual crystals in equilibrium with these minerals in the
aenigmatite syenite. The greater stability of aenigmatite in the
aenigmatite syenite relative to the SQSZ suggested by these
textures implies that magma evolution from the SQSZ to the
aenigmatite syenite has been accompanied by reaction progress
along the aenigmatite - ilmenite - aegirine-augite buffer and
decreasing fO2 and temperature.

The aenigmatites have rims that are enriched, relative to the
cores, in Na, Si, Fe2+, Cr, and K and depleted in Ca, Al, Mn, and Fe3+
(Appendix lll.IIl). These changes reflect the substitutions listed in
Table 3.5 and CrFe2+.4. The increase in Na and Si towards the rims
reflects increased activity of these components in the magma
(Larsen, 1977) and the decrease in Fe3+ implies falling fO2.

Slightly higher Fe3+-Al, ‘Fe3+-Tsch', and Ferri-aenigmatite
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Table 3.5- Analyses of aenigmatite expressed as end member

compositions** (following

Larsen, 1877)

Rhonite Fe3*-Al-aen. Fe3+-Tsch' aen. Ferri -aen. ldeal aen.
MAG 155
core 6.43 4.03 8.86 10.70 69.98
rim 248 0 0 15.49 81.67
MAG 91-3
2.51 1.80 4,68 9.01 82
2.4 1.75 5.28 8.01 83
**Component Formula Substitution
Rhonite CapFes2+TiAlxSiqOz¢ Na,Si;<>CayAl;
Fe3+-Al-aen.  NapFe,2+Fe3+TiAlSisOz0 Fe2+,Si,<>Fe3+/Al,
'‘Fed+-Tsch' aen. NapFe42+Fe3+TiFe3+8isOz  Fe2+ySi<>Fe3+ Fed+;
Ferri -aen. NazFes2+Fes3+SigOzp Fe2+ Tic>2Fe3+,
ldeal aen. ' NasFes2+TiSigO2p Base composition
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components in the cores of aenigmatite from the aenigmatite
syenite compared to those in the SQSZ (91-3) most likely reflect
higher fO2 (Larsen, 1977) of the magma. Lower fO2 within the more
evolved SQSZ (MAG 91-3) could result from continued

differentiation along the aenigmatite - ilmenite - aegirine-augite
buffer or the SQSZ and the aenigmatite syenite were buffered along
two different fO2-T paths.

The change of amphibole in the SQSZ and aenigmatite syenite
from winchitic barroisite (MAG 91-1) to richterite (MAG 91-3 to
155) (Fig. 3.4) reflects decreases of Ca and Al and increases of Si
and Na in magma composition. The linear trend defined by 91-1 and
91-3 on the AI(1V)-Si plot (Fig. 3.30) suggests that changes in the
amphibole composition are due to the plagioclase (NaSiCa-1Al(IV).
1) coupled substitution. Because the interstitial textures of the
amphibole indicate that this mineral is not cumulate, the amphibole
compositions monitor the composition of residual fluids within the
rocks. This is consistent with the findings of Giret et al. (1980)
who suggest that sodic amphiboles (Ca < 1.34) such as those found
in the SQSZ, as well as a majority of the other rocks of the
Agamenticus Complex, are typical of late magmatic to deuteric
crystallization.

These findings indicate that the rocks of the SQSZ can be
related by moderate amounts of fractional crystallization of
oligoclase, potassium feldspar, augite, fayalite, and ilmenite. The
aenigmatite syenite can be derived from the SQSZ parent magma by
moderate amounts of fractionation of these minerals (FC = 52%;

where FC is the proportion of cumulate to liquid). Following the
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3.12.
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removal of the aenigmatite syenite the SQSZ continued to
fractionate to produce more evolved liquids (i.e., 91-2, FC=71%)
containing more sodic clinopyroxene compositions (Fig. 3.28).
Oxygen fugacity was in part controlled by the aenigmatite -
ilmenite - aegirine-augite peralkaline buffer.
Alkalic Syenite - The interrelationship of the alkalic syenites is
problematic. Major and trace element variations suggest that
several geochemical groups can be defined within the alkalic
syenites. For example, a well defined trend that incorporates all of
the alkalic syenites samples, occurs on the Al203-SiO2 diagrams
(Fig. 3.12). On the K20-SiO2 and MnO-SiO2 diagrams (Fig. 3.12)
however somewhat separate fields occur for the relatively mafic,
coarse-grained (MAG 39 and 72b) and relatively siliceous fine-
grained alkalic syenites (MAG 2 and 3), respectively. On a number of
trace element plots (for example: Ga/Al-Rb (Fig. 3.15), HFS-SiO2
(Fig. 3.17), and Sr/Ba-Ga/Al plots; Fig. 3.31) MAG 2 and 3 and the
coarse-grained alkalic syenite, MAG 61b, form a distinct trend from
that defined by MAG 39 and 72b. MAG 37b occurs at the flexure
between these trends on a number of the trace element diagrams
(for example: HFS-Si02, Fig. 3.17). Therefore, MAG 37b is used as a
parent in least squares and trace element models developed for the
alkalic syenites

The least squares models indicate that the alkalic syenites
more siliceous than 37b (MAG 61b, 2, 3) can be derived as liquids by
fractional crystallization of potassium feldspar, hedenbergite,
fayalite, and ilmenite (Table 3.4, %r2 = 0.02 - 0.13; Appendix
.V.l). The alkalic syenites less siliceous 37b (MAG 72b, 39) can
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be modelled as cumulates (Table 3.4, Xr2 = 0.097 - 0.099, Appendix
NL.V.I) of potassium feldspar dominated fractional crystallization.
However, trace element trends calculated for MAG 2, 3, and
61b, using distribution coefficients from the SQSZ, are not
compatible with this simple model (Fig. 3.32). Although the
behavior of Rb and Sr in the fine-grained alkalic syenites relative
to MAG 37b suggests a liquid evolution for the rocks, the
incompatibility of Ba and Eu (D*(l) = -0.5 to 0.9 and 1.073,
respectively; Appendix Ill.V.I}) and the compatibility of LA and Tb
(D* () = 1.72 to 2.09 and 1.14 to 1.7, respectively; Appendix [.V.Ii)
supports a cumulate relationship of the fine-grained alkalic
syenites to MAG 37b. The latter is considered to be unlikely
because of the sub-porphyritic to fine-grained texture of the fine-
grained alkalic syenites. The trace element behavior of MAG 72b
and 39 relative to MAG 37b, enrichment of Ba and Sr, the depletion
of Rb, and a decrease in Ga/Al ratios (Figs. 3.15 + 3.32), support the
cumulate origin for these rocks suggested by the least squares
modeling. However, the amount of Ba enrichment required to
produce the abundances observed in MAG 39 (2 orders of
magnitudes) indicates that MAG 37b is not an appropriate parental
magma for this fractionation event (Fig. 3.19; See also Cs-inst and
Cs-avg for 37 b to 2, 3, and 135 models, Appendix lli.V.[1). Unless
their trace element abundances have been significantly disturbed by
fluid interaction, these results suggest that either the alkalic
syenites are derived by fractionation from the different parents or
that they are related to the same parent by some other petrologic

process such as partial melting.
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Fig. 3.32 Calculated trace element trends for the alkalic syenite
using MAG 37b as a parent and the same distribution coefficients as
in the SQSZ trace element model. The trace element calculations
contradict the conclusions made from the. least squares mixing
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The presence of late magmatic fluids within the coarse-
grained alkalic syenites is supported by late actinolite overgrowths
on hedenbergite and fayalite and by the alteration of the fayalite.
However, the linearity of the separate trends defined on the trace
element diagrams by the two groups of alkalic syenites (For
example; Zr-SiO2 or Nb-SiO2, Fig. 3.17) suggests that either these
late magmatic fluids had little effect on the trace elements or that
the effect was systematic. The latter is considered unlikely in
light of the scatter in the trace elements caused by late magmatic
fluids in the alkalic granites and aegirine granites and similar
rocks elsewhere (Mcdonald, 1987).

The possibility that partial melting may have piayed a role in
the development of the alkalic syenite can be tested by the use of
trace elements which can distinguish between partial melting and
fractional crystallization processes (Allegre and Minster, 1978).
For example, variable degrees of partial melting will result in a
cluster of data on a plot of compatible elements whereas fractional
crystallization 'wiII develop a linear trend. The cluster observed for
the alkalic syenites (MAG 37b, 2, and 3) in a Sc-Co plot (Fig. 18)
suggests that they are related by partial melting from a parent in
which Sc and Co are compatible elements.

Trace elements that are dominantly controlled by feldspar; i.e.,
Sr, Ba, and Ga can also shed light on the relative role of partial
melting and fractional crystallization in these rocks. On a Sr/Ba-
Ga/Al diagram (Fig. 3.31) the fractionation of potassium feldspar
would result in the enrichment in both the Sr/Ba and Ga/Al ratios

and the accumulation of feldspar would have the opposite effect.
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Such changes are demonstrated by the positive, linear trend defined
by the potassium and plagioclase feldspar controiled fractionation
of the SQSZ.

The alkalic syenites form several trends on this diagram. The
fractionation trend suggested by the alignment of MAG 37b, 72b, and
39 is considered unlikely due to the least squares models and trace
element considerations presented above. However, this does not
preclude the possibility that MAG 39 is derived as a cumulate from
MAG 72b.

if MAG 37 is grouped with MAG 61b they form a trend on the
Sr/Ba-Ga/Al diagram (Fig. 3.31) that is orthogonal to that of the
SQSZ. Although any two points can define a trend, including these
two samples in one trend is supported by linear trends define by
61b, 2, 3 and 37b on other trace element diagrams (Fig. 3.17). The
orientation of this trend indicates that they can not be related by
fractionation of a potassium feldspar dominated assemblage but can
be derived by partial melting of a source rock in which D (Sr) < D
(Ba) < 1 and D (Ga) < 1; where D = bulk distribution coefficient.
Increasing amounts of partial melting under these conditions would
result in Sr becoming depleted faster in the liquid than Ba and a
consequent decrease in Sr/Ba ratios. Although highly speculative
due to the small number of data points that define the observed
trend, this model is supported by the partial meiting signature for
these rocks on the Sc-Co diagram.

The incompatible behavior of Ba and Sr and compatible
behavior of Sc and Co required by this model indicate that the bulk

distribution coefficients were not controlled by plagioclase and/or
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potassium feldspar. However, the large amount of scatter observed
for the granites on the Sr/Ba-Ga/Al diagram suggest that this
diagram is sensitive to non-liquid -solid equilibrium processes.
Therefore, it is obvious that additional analyses of the alkalic
syenite are required to determine which, if any, of the observed
trends defined by the alkalic syenites are petrologically meaningful.

Clinopyroxene compositions are available from a restricted
number of alkalic syenite samples in the north central portion of
the complex. Within the fine-grained alkalic syenite at MAG 61
(Plate 1), augite occurs within potassium feldspar phenocrysts and
ferrian-sodian augite is present within the matrix. The change in
clinopyroxene compositions (Fig. 3.28) indicates that the magma
became enriched in sodium and ferric iron and depleted in
magnesium as crystallization progressed (see analyses for MAG 61-
cpx 1 or 2 and cpx 4-8; Appendix I V.III).

The composition of the clinopyroxenes in the coarse-grained
alkalic syenite from the same locality, MAG 61b, are nearly
identical to those in the matrix of the fine-grained alkalic syenite
(See analysis MAG 61-cpx 14; Appendix lIL.V.ll). If these two rocks
are related, the coarse-grained alkalic syenite is more chemically
evolved than the fine-grained alkalic syenite. The inclusion of fine-
grained alkalic syenite clasts within the coarse-grained aikalic
syenite at this locality is consistent with this interpretation.
Hedenbergites from a coarse-grained alkalic syenite at the alkalic
syenite-alkalic granite contact, MAG 84b, contain slightly less
sodium than the augites present in MAG 61b (Fig. 3.28; Appendix
HLV.). The compaositional zoning in these hedenbergites, slightly
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more sodium- enriched and magnesium-depleted rims, is similar to
" that in the augites from MAG 61a. Together, the hedenbergites and
augites form a compositional trend that is similar to, but less
sodium enriched than, a portion of the SQSZ trend. This suggests
the augite alkalic syenites at MAG 61 can be related to the
hedenbergite alkalic syenites by fractional crystallization.

The inability to interrelate the alkalic syenites by petrologic
modeling suggests that the alkalic syenite is composite. Further,
the location of MAG 39 and 37 relative to the partial melting trend
defined by the other alkalic syenites suggests that they are derived
from a separate parent.

In addition, many of the geochemical and mineralogical
features of the alkalic syenites indicate that the evolution of all of
the alkalic syenites is separate from the other alkalic rocks within
the complex: 1) Significant differences are observed in major
element parameters. For example, these rocks are metaluminous
(Fig. 3.22), generally have higher (Na+K)/(Si/6) values (Fig. 3.22),
and define separate enrichment trend's on a number of major
element Harker diagrams (Fig. 3.12). The separate major element
trends indicate that they are not part of a fractionation series
related to the SQSZ, and mass-balance calculations indicate that
they are not cumulates from alkalic granite fractionation (Fig.
3.33). 2) The alkalic syenites define separate trends on a number of
trace element diagrams (For example; Ga/Al vs. Rb or Ba, Eu* vs. Rb
or Sr, Ga or Sr vs. Si02). Trace element calculations suppori the
conclusions that the alkalic syenites can not be derived as

cumulates from the fractiona! crystallization of alkalic granites
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Fig. 3.33 Calculated cumulate compositions (O) from the
fractionation of the alkalic granites. Comparison of the cumulate
compositions to the alkalic syenites supports the conclusion that
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fractionation.
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3) The less siliceous alkalic syenites (MAG 39, 72b, and 84b)
contain greater proportions of olivine (Table 3.1) and less sodic
clinopyroxene (Fig. 3.28) and amphibole (Fig. 3.4) than SQSZ rocks
with corresponding amounts of SiO2. These modal and composition
differences support the conclusions that the alkalic syenites can
not be derived by feldspar dominated fractional crystallization,
either as cumulates or liquids, from any of the other rocks within
the complex. 4) Differences in PH2(Q are implied by hypersolvus
textures in the alkalic syenite versus subsolvus textures in the
SQSZ |

Quartz Syenite to Alkalic Granite - Least squares mixing models
were calculated that relate the quartz syenite, MAG 120, to the
most siliceous alkalic granites, MAG 26 and 23. MAG 120 was
selected as a parent because it was located nearest to a larger
number of the major element flexures on the Harker diagrams than
the other rocks. This places MAG 120 at the mafic end of the linear
trend defined by the alkalic granites.

Although MAG 23 is subsolvus and contains plagioclase, the
fractionation models do not use plagioclase as a fractionating phase
for several reasons: 1) The other alkalic granites and quartz
syenites that are potential parents from this zone are hypersolvus.
2) The subsolvus texture of MAG 23 is interpreted to be due to
increased volatile concentration in the fractionating liquids.
Therefore, the plagioclase was a late magmatic mineral that was
incapable of changing the composition of the magma. 3) The low
normative An content (Ang.9, Table 3.2) of this rock indicates that
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fractionation of plagioclase would have little affect on the CaO
content of the rocks.

As in the SQSZ, the compositions and textural features of the
amphiboles from this zone indicate that they crystallized late in
the magmas history. Therefore, amphibole was not included in the
petrogenetic models because it likely effected only the most
evolved alkalic granites and their residual fluids.

The least squares mixing models accurately reproduce the data
(Zr2 = 0.19 - 0.12, Table 3.4; Appendix Il.V.Ill) and indicate
proportionally increasing amounts of potassium feldspar
fractionation with only small changes in the amount of
clinopyroxene and olivine required. The large scatter of the trace
elements controlled by potassium feldspar crystallization (i.e., Rb,
Sr, Ba; Fig. 3.14, 3.15) made trace element modeling ambiguous.
Using the distribution coefficients from the SQSZ model, trace
element models calculations suggest that the alkalic granite
products are cumulates (Fig. 3.34 a) or liquid-cumulate mixtures
(Fig. 3.34 b). This obviously contradicts the least squares models
which indicate that these rocks are related by liquid evolution.

if the calculated liquid trend is fit to the observed Rb
abundances by increasing the distribution coefficients, it can be
shown that the depletion of Rb (Fig. 3.35) is consistent with
fractional crystallization of potassium feldspar with a distribution
coefficient greater than 1 (Maximum Kd (Rb) = 1.9; Appendix
H.V.).  Although the required distribution coefficient is higher
than typical values for intermediate compositions (Lemarchand et

al., 1987; Long 1978), similar distribution coefficients for Rb have
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Fig. 3.34 Trace element fractionation trends caiculated for the
alkalic granites using the distributions from the SQSZ model. This
model suggests that alkalic granites are cumulates and/or
cumulate-liquid mixtures it is not accepted. This trace element
model is not accepted because it contradicts the model derived from
least squares mixing calculations. Symbols for model compositions;
Filled squares-residual liquid, filled diamonds-liquid from Rayleigh
fractionation, open diamonds-instantaneous cumulate, open squares-
average cumulate (see Appendix V for formulas used to calculate
these compasitions). Other symbols; open circle-parent (MAG 120),
» - alkalic granite compositions used as input for product of
fractionation.
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been determined for high-silica rhyolites from Twin Peaks, Utah
(Nash and Crecraft, 1985). Ba and Sr distribution coefficients
(Appendix llI.V.lil) required to balance these elements in the MAG
120 to 135 (Kd (Ba) = 7 and Kd (Sr = 3) and MAG 120 to 23 (Kd (Ba) =
3 and Kd (Sr = 1.8) models vary significantly.

Nash and Crecraft (1985) and Mahood and Hildreth (1983)
suggest that although distribution coefficients correlate positively
with the degree of melt polymerization, the volatiles within the
magma become the dominant control on trace element partitioning
during late crystallization of siliceous magmas. The Ilate
crystallization of acicular riebeckite and arfvedsonite, the
presence of interstitial fluorite and calcite, and the change from
hypersolvus to subsolvus textures all suggest that volatiles also
played a role during the late magmatic development of the more
evolved alkalic granites. These volatiles are the likely cause of
anomalous trace element behavior for the alkalic granites; i.e., Ba
depletion in MAG 135, Ga depletion in MAG 120, and possibly Rb
enrichment in MAG 120 (Fig. 3.14 + 3.36).

On the basis of the distribution coefficients used in the
petrogenetic model relating the quartz syenite to the alkalic
granite, feldspar dominated fractionation would result in a
decrease of Eu®*, an enrichment of total REE and a depletion of Rb,
Sr, and Ba (Appendix lll.V.lll, see calculated bulk Kd). These changes
are observed on a plot of Eu* vs. Rb but are inconsistent with the
relationships for the alkalic granites on the Eu* vs. Sr plot (Fig.
3.15) and with the observed change in total REE abundances (Figs.

3.20 + 3.21). Total REE abundances cluster around the abundances
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for MAG 5 and 17 (Fig 3.20). Relative to MAG 5 or 17, MAG 120 is
LREE-enriched and MAG 135 is HREE-enriched. If MAG 5 or MAG17
are parental rocks, then zircon fractionation could produce the REE
pattern of MAG 135 by slightly lowering total REE and depleting
HREE relative to LREE. Conversely, LREE enrichment in MAG 120
would be produced by zircon accumulation. The relative Zr
abundances of the rocks is compatible with this suggestion (Fig.
3.17). However, zircon accumulation implies that MAG 120 and 135
are cumulates rather than parents for MAG 5 and 17. The
contrasting behaviors of Eu*, Rb, and Ba in MAG 120 ad 135 (Fig.
3.15) indicate that a common cumulate origin for the two is not
possible.

An alternative suggestion is that volatiles and/or late
magmatic fluids that disturbed the other trace elements aiso
effected the REE patterns. Mahood and Hildreth (1983) and Nash and
Crecraft (1985) suggest that increasing volatile content resuits in
an overall decrease in REE partition coefficients and a larger
decrease for HREE than LREE. This would result in HREE enrichment
in the liquids and LREE enrichment in the cumulates during
fractionation. Bowden and Whitley (1974) note that the REE
patterns for alkalic granites from Nigeria that have experienced
albitization associated with late magmatic autometasomatism by
alkali- and fluorine-rich fluids exhibit HREE enrichment and a
decrease in Eu*. Similar processes could have effected the alkalic
granites. However, the effect of these processes would be difficult
to assess because of the variable nature (Parsons and Becker, 1986)

of fluid and/or volatile interaction

162



The small change in Ga abundances on the Ga-SiO2 diagram
(Fig. 3.14) indicate that Ga has a distribution coefficient closer to
one in the alkalic granite, and the aegirine granites, than in the
SQSZ and other syenites. This could reflect a larger distribution
coefficient for Ga in potassium feldspar than for plagioclase and/or
the affinity of Ga for Fe3+ (Gottardi et al, 1978). Ferric iron
enrichment in the clinopyroxenes during fractionation, such as that
demonstrated for the SQSZ, would resuit in the enhanced
incorporation of Ga into these minerals. The fractionation of ferric
iron rich clinopyroxenes from the early alkalic granites would
therefore result in the depletion of Ga in the liguid.

Because amphibole is the only mafic silicate minerai present
in all of the alkalic granites, it provides the sole mineral monitor
for changes in magma compositions for these rocks. As discussed
above, the amphiboles are thought to have had only minor influence
on magma evolution and reflect late magmatic or subsolidus fluid
compaosition.

Amphibole compositions were determined for two alkalic
granites (MAG 26 and 193, Plate 1) from the southwestern portion
of the quartz syenite to alkalic granite lobe. The most sodic
amphiboles in these rocks, riebeckite and arfvedsonite, crystallized
as rims or acicular overgrowths on barroisite and katophorite
cores, respectively. In other alkalic granites petrographic evidence
indicates that the sodic amphiboles formed as late interstitial
grains. The arfvedsonite and riebeckite trends (Fig. 3.4; MAG193
and 26, respectively) and calculated Fe3+/Fe2+ (Fig. 3.30) for the
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two sets of amphiboles analyzed suggest that fO2 was variable
within the alkalic granite.

These changes in amphibole compositions partially overlap
the amphibole compositions of the SQSZ and the aenigmatite
syenite. This suggests that either the alkalic granite is derived
from another parent than the SQSZ or that amphibole crystallized
earlier in the alkalic granite than in the SQSZ. The latter can not be
attributed to higher PH2(0O because the alkalic granites are
hypersolvus whereas the SQSZ is subsolvus.

The amount of scatter in the trace element data from the
alkalic granites makes it difficult to test least squares models
relating these rocks to the other alkalic rocks within the complex.
The resuits from least squares models relating the SQSZ to the
alkalic granites are unacceptable (Table 3.4; Sr2 = 1.33 to 1.13, for
MAG 51-d or 91-2 to 120, respectively; Appendix lIL.V.ill). Although
the large sodium residuals in these models may in part be inherited
from the sodium errors already discussed for the SQSZ, they could
also indicate a separate evoiution for the two groups of rocks.

This is supported by the hypersolvus versus subsolvus textures
of the alkalic granites and SQSZ, respectively. If the alkalic
granites are derived from the SQSZ rocks, then the textures indicate
that PH20Q changed during the magma evolution. If PH20O = PTotal
the change in PH20Q could simply reflect a difference in
emplacement level or depth within the magma chamber; i.e.,
shallower levels, PH20 < 2.5 kbar (Luth et al., 1973) and Bonin,
1986), for the alkalic granite relative to the SQSZ. Both of these

would require somewhat fortuitous circumstances. Assuming that
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the alkalic granites and the SQSZ both evolved at nearly the same
level in the crust (i.e., same total pressure), then both would have
crystallized two feldspars. The lack of two feldspars within the
alkalic granite, as observed within the SQSZ, would therefore
require the unlikely condition that it was emplaced entirely as a
liquid.

Alternatively, if PH20 < PTotal then the lower PH20O of the
alkalic granites may refliect changes in magmatic conditions, such
as volatile release associated with volcanic eruption. Volatile
release during and following eruption has been shown to have a
large effect on the chemical and rheologic evolution of trachytic
volanoes in Kenya (Mcdonald, 1987). The association of geochemical
and volatile gradients within magma chambers (Mcdonald ,1987;
Hildreth, 1981) could also help explain the large scatter of trace
element abundances observed in the alkalic granite. For example,
the Ba depletion in MAG 135 or Rb enrichment of MAG 120 noted
above could reflect the lower and upper levels (after Mcdonald,
1987), respectively, of the magmas within the magma chamber
prior to the emplacement at the current levels. The decrease in HFS
elements between the SQSZ and alkalic granite on the HFS-Si02
diagrams (Fig. 3.17) might also represent a "resetting" due to the
removal of these elements in the volatile enriched eruptive rocks.
This resetting could also help explain the overlap of the alkalic
granites and the SQSZ on the Zr-Y and Th-U diagrams (Fig. 3.18).

A third explanation for the differences in implied PH20 is that
the alkalic granites are not related to the SQSZ but rather to

another alkalic rock within the complex or a separate parent
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altogether. The hypersolvus textures observed in the alkalic
granites and syenites, the coherence of MAG 135 with alkalic
syenite trends on several of the trace element diagrams (i.e.,
Ga/Al-Ba (Fig. 3.15) or Sr/Ba-Ga/Al (Fig. 3.31)), and the good
results from least squares mixing models (MAG 37b to 120), all
support a genetic relationship between the alkalic granite and
syenite. However, trace elements for alkalic granites other than
MAG 135 show no systematic relationship to the alkalic syenite and
MAG 135 is not associated with the alkalic syenites on all trace
element plots. This suggests that large scatter of trace elements
in the alkalic granite may have resulted in the fortuitous
juxtaposition of MAG 135 and the alkalic syenites on the trace
element plots cited above.

If the alkalic granites are related to a separate parent from
the other rocks within the complex, the scatter observed within the
trace element diagrams could reflect inhomogeneities within the
source rock. The horizontal scatter of trace elements on the Sr-Rb
plot is suggestive of trace element behavior expected during partial
melting (Cocherie, 1986)

Aegirine Granites - The aegirine granites can be separated into
two groups on the basis of silica content (Fig. 3.12), texture, and
intrusive style. Group one is composed of aegirine granites with
the lower silica content, that are medium-grained, and that occur
as large stocks or plugs (MAG 49 and 122a). High silica, medium to
fine-grained dikes (MAG 48, 47, and 91-4) make up the other group.
As noted previously, several of the dikes (MAG 47 and 48) intrude

the medium-grained aegirine granite (MAG 49) along the eastern
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border of the complex. This cross-cutting relationship and a higher
silica content suggests that the dikes are fractionates derived from
the medium-grained alkalic syenite.

A least squares model relating representative samples from
these groups (MAG 49 to 48, Appendix llI.V.IV) yields good results
using a fractionating assemblage of potassium feldspar, Ti-
magnetite and either hedenbergite or aegirine (Table 3.4; Appendix
HL.V.IV; MAG 49 to 48). Although the textural relationships within
the aegirine granites indicate that quartz was in equilibrium with
the other minerals, the inclusion of quartz as a cumulate mineral
does not improve the residuals from the model.

Trace element calculations for the model calculated using
hedenbergite (Appendix Ill.V.IV) indicate that Rb is slightly
incompatible (D* = 0.8) and Sr and Ba are equally compatible (D* =
1.58 and 1.76, respectively). Because potassium feldspar dominates
the cumulate assemblage (Table 3.4), this mineral controis the bulk
distribution coefficients. The calculated bulk distribution
coefficients for Ba and Sr are significantly lower than those of
sanidines from other rhyolites (Lemarchand et al., 1987; Mahood and
Hildreth, 1983; Nash and Crecraft, 1985) and indicate that they
were not controlled by crystai-liquid equilibrium.

Rb and Ba abundances for the two aegirine granites that
intrude the SQSZ are not consistent with derivation by fractional
crystallization. Both are significantly depleted in Rb and MAG 91-4
is slightly enriched in Ba (Fig. 3.15 + 3.36). The coincidence of
these disturbed trace element signatures in the aegirine granites

and the intrusion of these granites into the SQSZ suggests a genetic
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relationship. However, because the Rb values of the disturbed
aegirine granites are lower than the trend defined by the SQSZ (Fig.
3.36), the assimilation of the SQSZ would not produce the observed
Rb of the aegirine granites. The similarity of the aegirine granite
Rb values to those of the most evoived alkalic granites and portions
of the alkalic syenite (Figs. 3.15, 3.31 and 3.36) indicate that
interaction with either of these rocks at a deeper level could help
explain the observed variations.

Although such assimilation can not be ruled out, volatile
and/or fluid interaction, such as observed in the alkalic granites,
could also cause the scatter observed in the trace elements. Fluid
interaction in the aegirine granites is supported by calcite
alteration of the aegirine, the presence of interstitial fluorite, and
cross-cutting quartz and calcite micro-veins.

The effects of these fluids can also be seen in the REE
elements (Fig. 3.20). For example, the REE pattern of MAG 47
exhibits LREE depletion that is incompatibie with any reasonable
model of fractional crystallization. In addition, the relative total
REE abundances of the other aegirine granites suggest either that
MAG 49 is not an appropriate parent for the fractionation mode! or
that the abundances are not controlled by potassium feldspar
fractionation. The observed change in REE patterns, not including
MAG 47, is more compatible with a fractionation model in which
MAG 122a is a parent and MAG 49 is more evolved than MAG 48.
However, the latter contradicts the major and trace element trends
for these rocks which suggest that MAG 49 is less evolved than MAG

47. These data suggests that the volatile or fluid interaction
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resulted in the REE enrichment of MAG 49 and the LREE depletion of
MAG 47.

Additional evidence for the interaction. with fluids is the large
degree of scatter observed within the aegirine granites on the
Nb/Ta-Zr/Hf plot (Fig. 3.19). The decreases of Zr/Hf observed for
the aegirine granites may reflect the higher stability (Wedepohl et
al. 1987) of zirconium fluoride complexes relative to those formed
by hafnium. The differences in stability could allow the
preferential leaching of Zr from zircons during autometasomatic
events (Bayer et al., 1978).

Because all of the clinopyroxenes analyzed from the aegirine
granite are essentially pure aegirine, they provide little insight
into magma evolution. However, clinopyroxene compositional trends
from other alkalic complexes are similar to those defined by the
clinopyroxenes from the SQSZ and the aegirine granite (Fig. 3.28).
Within these complexes aegirine stability results from the complex
interplay of Na enrichment and amphibole stability (Ferguson, 1978;
Nicholls and Carmicael, 1969). Increasing sodium content within
the magma can lead to the instability of sodic amphiboles and a
subsequent reaction to from aegirine. The compositional gap that is
observed within suite of rocks from the same complex therefore
results from the greater stability of amphibole than aegirine at
lower magmatic sodium contents. The size of the clinopyroxene
compositional gap depends on the stability range of the amphibole,
which in turn is dependant on Pyglatiles and magma composition
(Ferguson, 1978). The amphibole to clinopyroxene transition can be

seen within the northeastern portion of the aegirine granite where

169



aegirine has formed at the expense of riebeckite-arfvedsonite. The
subsolvus texture of the aegirine granite suggests aegirine
stability was promoted by increasing sodium content rather than
decreasing PH20.

The colinearity of portions of the aegirine granite and the
SQSZ on Ga/Al versus Ba (Fig. 3.14) and Sr/Ba-Ga/Al (Fig. 3.31)
diagrams suggests that they are related by fractional
crystallization. However, this is unsupported by least squares
mixing models relating the two (Zr = 1.364, for MAG 91-2 to 49,
Table 3.4; Appendix IIl.V.IV). Better results can be obtained from
least squares mixing models relating the alkalic granite to the
aegirine granite. These findings suggest that the aegirine granite
could have evolved from either the alkalic granite and/or the SQSZ.
For example, the trace element scatter, such as observed on Ga/Al-
Rb, Sr/Ba-Ga’/Al, or REE plots, could reflect differing liquid
evolution paths instead of volatile/fluid interactions. The Ga/Al-
Rb diagram suggests that the aegirine granites located along the
eastern border of the complex (MAG 47,48,49) are derived from the
SQSZ and that the aegirine granites that intrude the SQSZ and the
SQSZ-alkalic granite contact are related to the alkalic granite.
These models can only be assessed after the degree of volatile
and/or deuteric interaction within the rocks is further investigated.
Biotite granite - The small amount of variation observed for the
biotite granites on major element and a majority of the trace
element diagrams indicates that the biotite granite is fairly
homogeneous and precludes a comprehensive analysis of the

petrologic evolution of these rocks. Compositionally zoned
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plagioclase phenocrysts and negative Eu* anomalies (Fig. 3.20 and
3.21) suggest that, prior to’ emplacement, these rocks evolved
towards more sodic compositions by disequilibrium fractional
crystallization. Inclusion free phenocrysts of plagioclase and
potassium feldspar indicate that the early fractionation was
dominated by both feldspars. Euhedral biotite and amphibole
textures indicate that these minerals likely played an important role
as cumulate phases as fractionation progressed. The removal of
zircon and apatite from the rocks during their evolution is suggested
by observed variations in Th, U, Zr, Nb, and Y (Figs. 3.17 + 3.18) and
P20s (Fig 3.12), respectively.

As noted previously, the textures, mineralogy, and chemistry
of this rock indicate that it evolved from a different parent than the
other rocks within the complex. In addition, the separate fields
defined by these rocks on a number of major and trace element
diagrams (i.e., P205, Na20, and MgO (Fig. 3.12) or Ga and Sr (Fig.
3.14) indicates that these rocks did not experience significant, if
any, interaction with the alkalic rocks in the complex thru
assimilation and/or mixing processes.

Controls on HFS element abundances

As noted previously, the changes in Zr, Th, U, and Nb
abundances follow consistent enrichment and depletion trends on
trace-SiO2 diagrams; enrichment occurs between the alkalic rocks
and depletion occurs within the individual alkalic rocks. The
enrichment trend is offset towards lower trace element abundances

between the syenites and granites.
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These trends are considered to reflect magmatic processes,
more specifically zircon stability, with some degree of deuteric
overprinting. On a Zr-M diagram (Fig. 3.37; where M =
(Na+K+2Ca)/(Al+Si), units in cation proportions) the samples that
define the enrichment pattern on the Zr-SiO2 diagram, MAG 91-1,
91-2, 37, and 49, define the upper limit a Zr-M field that
encompasses all of the other samples. MAG 120, which is located at
the offset of the enrichment trend on the HFS-SiO2 diagrams, is
located slightly below the boundary of the Zr-M field.

it is important to note that some of the samples have M values
greater than the maximum limit (Watson and Harrison, 1983) for
which the zircon saturation curves on this diagram are valid . These
samples are therefore, considered to be projected onto the Zr-M
surface from within an undetermined Zr-M-Zircon saturation volume.
In addition, caution must be used when applying the saturation
temperatures determined from Figure 3.37 as indicators of
magmatic conditions because they do not take into account other
magmatic variables that affect zircon stability ~such as fluorine
content. Dietrich (1968) has demonstrated that zircon stability is
decreased in the presence of fluorine because of the preferential
complexing of zirconium with fluorine (i.e., Na2ZrFg). The presence
of fluorite in the alkalic and aegirine granites indicates that
fluorine was involved in the evolution of the Agamenticus Complex.
Therefore, the zircon saturation curves presented on Figure 3.37 are
not strictly applicable to rocks from the Agamenticus Complex and
the temperatures suggested below provide only a crude

approximation of magmatic temperatures.
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With these qualifiers in mind, the rocks that define the upper
limit of the Zr-M field on the Zr-M plot are interpreted to from a
continuous "liquid line of descent” under zircon absent conditions.
As fractionation progresses from MAG 91-1 to 91-2 to 49, Zr
abundances increase and temperature decreases until zircon
saturation occurs at approximately 9300C.

The abundance of Zr in the alkalic rocks within the Zr-M field
are determined by several processes. Separation of magmas from
the evolving primary liquid described above would result in separate
magma batches with new initial Zr values. This stage could reflect
the tapping of an underlying magma chamber and emplacement of the
magma at higher crustal levels. Fractional crystallization of these
separated magmas under zircon absent conditions would lead to a Zr
increase and M decrease in the liquids. As in the SQSZ, initial zircon
saturation is reached in the evolving magma as temperature
decreases and Zr increases.

Following zircon saturation the magma can either evolve at
constant temperature, i.e., ‘buffered on the saturation curve or
fractionate zircon as temperature continues to decrease. The first
would result in Zr-M paths parallel to the zircon saturation curves
and the latter would result in the preferential decrease in Zr
relative to M; for example MAG 120 or 17 to MAG 5 to MAG 23 and
MAG 5 to MAG 135 and 23 respectively. Based on the discussion of
the behavior of Zr relative to Hf in the aegirine granite, the large
decreases in Zr observed in the aegirine granites on the Zr-M plot

are in part due to late fluid interaction.
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This diagram therefore helps place several important
constraints on the evolution of the Agamenticus Complex. Textural
evidence, such as the occurrence of zircon within amphibole and as
late intercrystalline crystals, suggests that zircon crystallized iate
in the cooling history of the alkalic rocks. Therefore, the zircon
saturation temperatures estimated using the Zr-M saturation curves
represent late magmatic conditions. It can be seen that a majority
of the granites, and one alkalic syenite (MAG 37b), fall within a
fairly restrictive range near to the 800°C Zr saturation curve.
Several rock trends are sub-parallel to saturation curves defined by
true isothermal buffering (i.e., MAG 120 to 23). This suggests that
cooling within the portions of the complex was slow enough to allow
partial buffering of Zr to occur. The sub-solidus zircon saturation
temperatures estimated for the alkalic syenite and the lack of
zircons in these rocks indicate that they did not reach zircon
saturation. In contrast, the SQSZ rocks have sub-solidus estimated
temperatures for zircon saturation but contain zircon as a late
magmatic mineral. This suggests that zircon saturation is more
accurately predicted for the alkalic syenites than for the SQSZ on
the Zr-M diagram and provides additional evidence for the disparity
between the two magmas.

S iderati

The petrologic models presented above suggest that the SQSZ,
the alkalic syenite, and, possibly, the alkalic granites were derived
from separate parents. As noted previously, syenite and granite
magmas in other alkalic complexes are considered to be the products

of fractional crystallization of alkalic olivine basalt or derived by
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partial melting of basalts or mafic to felsic granulites (Eby, 1987;
Collins et al, 1982; Bailey and Schairer, 1966 ; Clemens et al. 1986).

Geochemical signatures, such as REE patterns (see Nelson et
al., 1987; Fig. 6) , trace element abundances (Fig. 3.38 ), or major
element trends (Fig. 3.38), of the most mafic SQSZ are similar to
syenites observed in other alkalic complexes where an alkalic
olivine basalt lineage is supported by field evidence put. However,
the mafic enclaves, xenocrysts, or large amounts of mafic cumulates
that are indicative of such complexes are absent in the Agamenticus
Complex. Therefore, if the SQSZ is derived from a basait parent,
separation of the SQSZ fractionates from the basalt parent occurred
deep within the crust. In addition, the fractionates did not comingle
with the basalt parents following separation.

Aithough there is no geophysical evidence to support the
presence of mafic rocks within the upper crust, as observed for
several of the WMS bodies, a gravity high occurs beneath the
Agamenticus on low frequency residual maps (Brooks, 1889). This
could represent a basalt cdmponent of the Agamenticus Complex.
located at lower crustal levels or, just as likely, be a continuation -
of a gravity plateau associated with mafic lithologies underlying the
Casco Bay region to the north (Brooks, 1989).

Melting of such mafic lithologies at amphibolite to granulite
facies is capable of providing a source for syenites to quartz
syenites (Bailey and Schairer, 1966; Helz, 1973, 1976; Peterson and
Newton, 1989; Clemens and Vielzeuf, 1987). Melting of mafic source

rocks with varying compositions would provide a mechanism for
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generating magma compositions capable of evolving to form the
SQSZ and the alkalic syenites.

The high Sr87/86 initial ratio for the rocks of the
,- Agamenticus complex (0.710; Hoefs, 1967) would appear to be
incompatible with syenites derived by fractionation from mantle
melts or from basalt anatexis (Eby, 1985a,b). However, because the
geochemical data indicates the biotite granite and alkalic syenite
can not be derived from the other rocks within the complex, the use
of data from these rocks to calculate the Rb/Sr isochron of Hoefs
(1967) is inappropriate. The exclusion of these data from the
isochron changes the age and initial Sr87/86 initial ratio of the
alkalic granites to 221 Ma and 0.716, respectively (Fig. 3.39).

If the Rb/Sr systematics represent primary magmatic
signatures, then the abnormally high (Eby, 1985 a, b; Foland and Faul,
1985) Sr87/86 initial ratios for the syenites indicate that; 1) the
isochron is a mixing line, 2) basaltic sources for the rocks were oid
enough to have allowed the accumulation of sufficient radiogenic Sr
to create high Sr87/86 jnitial ratios, 3) the biotite granite and
alkalic syenite are older than and have lower initial Sr87/86 than
the alkalic granite and/or 4) the syenites and granites where derived
from an isotopically homogeneous crust. The first option is rejected
on the basis of geochemical evidence aiready presented. The second
is unlikely because the different compositions (i.e., different
original Rb87/Sr86) of the sources for the granites and syenites
would require a remarkable coincidence of radiogenic Sr maturation
times for the data to fit the isochron. Because intrusive

relationships indicate that the biotite granite is younger than the
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alkalic granite, the third option is not possible for this rock. A
model age calculated for the alkalic syenite (239.8 Ma), assuming a
Sr87/86 jnitial ratio of 0.704 (after Eby, 1985a (value for crustal
derived nordmarkite) and Gaudette et al., 1982), suggests that this
magma could have been emplaced approximately 10 million years
before the alkalic granite. Such prolonged time spans for the
emplacement of magmas with different parents have been
demonstrated for the Red Hill Complex (Henderson et al., 1989) but
additional isotopic data is required before this can be stated for the
Agamenticus Complex. Isotopic homogeneity of the crust beneath
the Agamenticus Complex is considered to be highly improbable in
light of the findings of Gaudette et al. (1982) who demonstrated a
range of Sr87/86 jnjtial ratios (from 0.7045-0.7067) for nearby
Paleozoic diorites to granites.

Foland et al. 1985 and Van Breeman et al. (1975) have
demonstrated that the assimilation of radiogenic country rock or
late deuteric metasomatic processes are capable of raising the
measured Sr87/86 of the magmas to typical crustal levels.
Wholesale assimilation is unsupported by textural, field, or
geochemical evidence within the Agamenticus Complex but the
deuteric textures present in rocks of the Agamenticus Complex
suggest that a metasomatic enrichment of Sr87/86 needs to be
considered. The lack of the abundant late-stage mineralization (see
also Fig. 3.38, Rb vs. Y+Nb) and fennitization of the country rocks
that is associated with the Nigerian Complexes (Bowden et al.,

1987), where this process was active, suggests that fluid resetting
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of Sr systematics most likely played a smaller role in the
Agamenticus Complex.

A number of key trace element ratios of chemically coherent
elements (i.e., Zr-Hf, U-Th, Nb-Ta) have proven to be useful tools
elsewhere for devining source characteristics in the absence of
isotopic data (Eby, 1985b; Paige, 1988). The use of these ratios as
source tracers is dependant on the absence of accessory minerals
(for example zircon) or processes (such as weathering or deuteric
alteration) that are capable of fractionating the elements. Although
the changes in the trace element ratios that would result from such
fractionation can often be difficult to predict (Bayer et al., 1978),
changes in the ratios of these elements for the Agamenticus ‘
Complex indicate that primary magmatic signatures have been at
least partially preserved.

The distinct fields formed by the syenites, exclusive of the
aenigmatite syenites, and the alkalic granites on the Nb/Ta-Zr/Hf
diagram (Fig. 3.19) are considered significant because zircon
fractionation and deuteric/hydrothermal processes would both act
to reduce the Zr/Hf ratio. The proposed behavior of Zr/Hf during
fractionation is supported by the fractionation trends observed for
the rocks of the SQSZ on the Ga/Al-Zr/Hf plot. The decrease in the
Zr/Hf ratios of MAG 51d relative to 91-1 and 91-2 corresponds to
the zircon saturation trend proposed on the basis of the Zr-M and Zr-
SiO2 diagrams. The Zr/Hf ratios for the syenites and alkalic
granites ( high twenties and high thirties, respectively) are
considered by Paige and Hon (1988, 1989) to be representative of
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rocks derived by partial melting of a crustal source and by mixing of
crustal and mantle melts, respectively.

The occurrence of the aenigmatite syenite with the alkalic
granites on the Nb/Ta-Zr/Hf diagram (Fig. 3.19) suggests that this
rock is related to the alkalic granites by variable degrees of partial
melting of the same source rocks or that substantial mixing between
the SQSZ and alkalic granites occurred to produce the aenigmatite
syenites. Neither of these interpretations is consistent with the
trace element data and least squares models relating the
aenigmatite syenite to the SQSZ by fractionation and the lack of
field and petrographic evidence for mixing between the alkalic
granites and the aenigmatite syenite. Zircon accumulation could
effectively raise the Zr/Hf ratios (See Cs-avg, Appendix I11.V) which
then predicts that the aenigmatite is a cumulate of the SQSZ and
contradicts the findings of the trace element and least squares
mixing models. An alternative is that Zr/Hf enriched volatiles
derived from underlying alkalic or aegirine granites infiltrated the
aenigmatite syeniteé. This interpretation is consistent with the
occurrence of arfvedsonite growth in late brittle fractures within
the aenigmatite syenite. However, unless the contaminating fluids
had a Zr/Hf ratio greater than those of the alkalic granites, an
unreasonable amount of contamination is required to produce the
observed Zr/Hf ratios in the aenigmatite syenite.

The alkalic syenites have Th/U ratios that fall well within the
field defined for crustal melts defined by Eby (1985b) for the
Monteregian Hill and WMS (Fig. 3.19). Most of the SQSZ rocks have
slightly lower Th/U ratios and plot within fields of both crustal and
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mantle affinities. Eby (1985b) attributes increases in the Th/U
ratios of the Monteregian Hills and the WMS to the assimilation of
Th/U enriched contaminants such as pelitic rocks. The fact that the
alkalic syenites have a greater Th/U than the SQSZ but similar Nb/Ta
ratios might indicate that assimilation has occurred within the
alkalic syenites. As discussed previously, assimilation at crustal
levels below the current level of exposure can not be completely
ruted out. However, the scatter of Th/U ratios for the granites and
the low Th/U ratio of 91-1 from the SQSZ indicates that the
assignment of source rocks on the basis of Th/U ratios should be
treated with caution. \ |
The presence of fluorite and the hypersolvus textures within
the alkalic granites and trace element abundances (HFS, Ga, Rb, and
Sr) are suggestive of fluorine- and HFS- enriched, anhydrous granitic
melts thought to be generated by the partial melting of felsic
granulites elsewhere (Collins et al., 1982; Clemens et al., 1986).
However, the alkalic granites contain greater abundances of HFS and
Ga relative to the Australian A-type granites described by Coilins et
al. (1982) (Fig. 3.40). This could reflect the greater availability of
sodium and potassium to form alkali-HFS-silicates (Collins et al.,
1982) in the alkalic granites relative to the metaluminous A-type
granites of Australia. In addition to differences in HFS abundances,
many of the mineralogic features of the alkalic granite are
incompatible with the phase relationships determined by Clemens et
al. (1986) for the Watergums A-type granite (i.e., early zircon
crystallization, annite crystallizing before sodic amphibole,
magnetite, allanite, and plagioclase (An30-5)). This suggests that
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from Australia.

The A-type granites are interpreted as partial

melts of a felsic granulite lower crust (Collins et al.,, 1982).



the source rocks or conditions of formation for the alkalic granites
was significantly different than that described by Collins et al.
(1982) and Clemens et al. (1986). Although the Zr/Hf ratios of the
alkalic granites suggests mixing of crustal and mantle sources
(Paige, 1989), they might also reflect the preferential removal of Hf
from the source rock during the initial anatectic event that resulted
in the production of a felsic granulite source.

The mineralogy and Ga abundances of the biotite granite are
more typical of the Australian A-type granites (See mineralogy
described for the Watergums granite described above, petrography of
biotite granite, and Fig. 3.40; Collins et al., 1982; Clemens et al.
1986). Collins et al. (1982) suggests that the generation of A-type
magmas are preceded by a partial melting of the crust to produce |
or S type granites. Within the Merrimack Trough, the biotite granite
from the Agamenticus Complex was preceded by the intrusion of
Paleozoic biotite and two-mica granites (Hussey, 1962; Gaudette et
al. 1982). Therefore, crustal conditions underlying the Merrimack
Trough during the Mesozoic were likely similar to those present
during the production of the Australian A-type granites. This
suggests that the biotite granite of the Agamenticus Complex may
have been derived from the granulitic residuum from an anatectic
event responsible for the Paleozoic granites.

Pef is_of the A i . |

The development of the Agamenticus Complex is associated
with the early Mesozoic taphrogenic events that led to the opening
of the Atlantic Ocean. Extension along preexisting Paleozoic faults,

such as the Nonesuch River Fault bordering the Merrimack Trough,

185



likely resulted in focussed decompression melting of the
athenosphere to produce alkalic basalts (Bedard, 1985). Heat and
volatiles provided by the ponding of these melts in the lower
crust/upper mantle could in turn have resulted in the production of
syenite meits (Barker et al., 1975) by partial melting of a
heterogeneous basaltic source (Bailey and Schairer, 1966; Helz
1976).

The augite syenite is interpreted to be the product of limited
fractional crystallization of one such syenite partial melt (Fig.
3.41). Fractionation likely occurred during transit from the lower
crust and/or within a magma chamber at mid-crustal levels
(approximately 10 to 15 km). Additional fractional crystallization
of the subsolvus augite syenite, by accumulation of potassium
feldspar, plagioclase, augite, fayalite, apatite, and possibly
ilmenite, drove the liquids towards more peralkaline residues and
compositions equivalent to the aenigmatite syenite (Fig. 3.41).
Oxygen fugacity during this crystal fractionation was controlted in
part by an aenigmatite - iimenite - aegirine-augite buffer.

The hypersolvus, porphyritic texture of the aenigmatite
syenite indicates that it solidified at lower PH20Q and temperatures
than those present in the magma chamber. This suggests that the
aenigmatite crystallized in the upper levels of or was emplaced at a
higher crustal level than the augite syenite magma chamber (Fig.
3.42 a).

Following the partial solidification of the aenigmatite syenite,
this rock was intruded by the SQSZ along a subhorizontal contact
(Fig. 3.42 b). Chemical bracketing of the aenigmatite syenite by
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Fig. 3.41 Flow diagram for the evolution of the Agamenticus
Complex. Arrows point towards the direction that liquids evolve
during fractional crystallization. Minerals along these trends are
proposed cumulate assembiages. Possible partial meiting
relationships are indicated by the connection of source rocks (oval

shape) and meits (rectangles).
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Fig. 3.42- Cross sectional view of emplacement of the rocks within the
Agamenticus Complex. Profile is along line A-B inFig.3.23.In this
figure line A-B also represents the present ievel of erosion. Note the
stratification within the magma chamber through time to produce the
aenigmatite syenite and the alkalic and segirine granites. The alkalic
syenite and biotite granite are considered to be separate from this
fractionation sequence. Arrows denote intrusion of magma.
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magmas of the SQSZ (Figs. 3.12, 3.14, 3.15) suggests that the sub-
solvus augite syenite had continued to fractionate after the removal
of the aenigmatite syenite. This fractionation likely produced a
stratified magma chamber as proposed for other alkalic complexes
(Hildreth, 1981; Macdonald, 1987). The juxtaposition of varying
SQSZ magmas suggests that emplacement of this zone was
accompanied by the comingling of several layers of this stratified
magma chamber.

As the upper crustal SQSZ magma chamber was evolving,
continued melting of a heterogeneous lower crust tapped a source
rock capable of producing the alkalic syenites (Fig. 3.41). Major
element compositions indicate that the source for the alkalic
syenites, relative to that of the SQSZ, was enriched in Al203 and
K20, and depleted in Fe203. Geochemical variations within the
alkalic syenite suggests that this rock is composite. Temperature
‘of crystallization for the alkalic syenites, calculated using the
clinopyroxene-olivine geothermometef of Powell and Powell (1974),
is 971 0C-998 OC at 1 kbar and 977 ©C-1003 OC at 2 kbar. Although
these may be minimum temperature estimates because the
geothermometer does not account for Na substitution in
clinopyroxene (Wood, 1976 and Parsons,1981), the calculated
temperatures are in rough agreement (higher by 100-200 OC) with
those predicted by experimentally determined phase relationships
in syenites of the Kungnat Complex, Greenland {McDowell and
Wyllie, 1971). The occurrence of fayalite, hedenbergite, and
ilmenite in the alkalic syenites suggests that fO2 was lower than in

the SQSZ; below the magnetite-titanite-quartz-hedenbergite-
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iimenite (Wones and Gilbert,1982) or fayalite-magnetite-quartz
(Wones,1989) buffers (Fig. 3.29)

Chemical evidence indicates that the alkalic syenite and SQSZ
magmas did not interact either at the current level of exposure or
at the level of the SQSZ magma chamber. The fine-grained alkalic
syenite along the alkalic syenite-SQSZ contact, a possible chill
margin, indicates that the SQSZ had cooled before the intrusion of
the alkalic syenite. The lack of geochemical and field evidence of
interaction between the two syenite magmas suggests that the
SQSZ magma chamber was completely solidified before the
introduction of the alkalic syenite. However, the aegirine granite,
which is interpreted to be derived from the SQSZ magmas, was
emplaced latter than the alkalic syenites. This requires that the
SQSZ magma chamber was still partially liquid at the time of the
alkalic syenite intrusion. Therefore, the intrusion of the alkalic
syenite is tentatively interpreted to have occurred along a steeply
dipping contact at the periphery of the SQSZ magma chamber (Fig.
3.42 c).

The intrusion of the alkalic syenite was followed by the
emplacement of the alkalic granite. The mineralogical and
geochemical evidence suggest that the rocks have been effected by
late deuteric and/or volatile interaction. Because of the resulting
trace element scatter, relating the alkalic granites to the other
rocks within the complex is problematic (Fig. 3.41).

If the alkalic granite is related to the SQSZ, then the overlap
of the trace element data and the SQSZ suggests that the SQSZ

magma chamber devolatilized, leading to the reduction of
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peralkalinity, PH2(0Q, and mobile trace elements (such as the LIL),
prior to evolving to the alkalic granite. Major element least
squares mixing models relating the alkalic granite and alkalic
syenite are largely unsupported by trace element abundances but
can not be completely ruled out. [f this relationship is correct, then
it suggests that a currently unexposed alkalic syenite magma
chamber fractionated to produce the alkalic granites. The
hypersolvus textures of the alkalic syenite suggests that this
magma chamber was at a higher crustal level than or was less
hydrous than the SQSZ magma chamber. Alternatively, the alkalic
granites are derived by the partial melting of a felsic granulitic
source in the lower crust and are thus not comagmatic to either the
SQSZ or the alkalic syenites. The current data set does not
differentiate between these three models. The alkalic granites are
shown tentatively as differentiates of the SQSZ in Figure 3.42d.
Trace element abundances and mineral chemistry indicates
that the aegirine granites are derived by extreme fractionation of
the SQSZ magma and/or the alkalic granite magma (Fig. 3.41). This
rock was most certainly emplaced after the SQSZ rocks and most
likely after the alkalic granites and alkalic syenites (Fig. 3.42e).
The stability of aegirine within the rocks is related to increasing
the Na content and fO2 of the magma as fractionation progressed.
As the result of these magmatic changes arfvedsonite became
unstable in the late residua and reacted to form aegirine. Trace
element scatter observed in these rocks, such as a wide range of
Zr/Ht ratios, indicates that these rocks also were affected by late

magmatic fluids.
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Sometime between the intrusion of the alkalic granite and
biotite granite the southwestern portion of the Agamenticus
Complex was intruded by a basalt dike swarm. The intrusion of
these basalts late in the development of the Agamenticus Complex
is similar to intrusivé relationships observed in other alkalic
complexes (Bowden and Turner, 1974). The lack of any field or
petrographic evidence for basalt interaction suggests that basalts
were not involved in the chemical evolution of the Agamenticus
Complex rocks. However, they may be related to the basalts that
" initiated melting in the lower crust/upper mantle to produce
syenite melts, see above. The orientations of the dikes suggests
that they were intruded under the same stress field that was
present during the late Triassic to Jurassic intrusion of basalt
dikes elsewhere in the seacoast region.

The biotite granite and related rhyolite dikes were the last
magmas to intrude the Agamenticus Complex. The biotite granite is
interpreted to be a partial melt of a felsic granulite within the
lower to middle crust (Fig. 3.41). The truncation of the basalt dike
swarm by the biotite granite and a Cretaceous apatite fission track
age for the biotite granite suggest that significant time may have
elapsed between the intrusion of the alkalic rocks within the
complex and the biotite granite.

In conclusion, the evolution of the Agamenticus Complex
contains many facets of the petrogenetic model described by Barker
et al. (1980) for the Pikes Peaks Complex. The syenites and biotite
granite, and possibly the alkalic granite, are interpreted to be the

products of partial melting of a heterogeneous lower crust. Heat
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required for this anatectic event was likely supplied by
underplating of mantie derived basalts during the early stages of
Mesozoic taphrogenesis. Further modification of these magmas
occurred by fractional crystallization of a potassium feldspar,
plagioclase, augite to hedenbergite, fayalite, apatite, and ilmenite
cumulate assemblage. The aegirine granites are interpreted to be
the residual liquid of this fractionation. Late interaction with
deuteric fluids resulted in the growth of riebeckite and
arfvedsonite and the redistribution of trace element abundances
within the alkalic and aegirine granites. Field, petrographic, and
geochemical evidence suggests that little, if any, interaction
occurred between the crustal derived melts and the underplating

mafic magmas.
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CHAPTER 4

SUMMARY

c . { Triassi | Cref Compl

In addition to the Triassic Agamenticus and Abbot Complexes,
southwestern Maine is intruded by a number of Cretaceous, and
undated, felsic and mafic complexes and stocks (Fig. 4.1). These
anorogenic bodies were studied to investigate magmatism during
early rifting, changes that can occur in magma petrogenesis at the
beginning and end of a rifting cycle, the effect of crustal variation
across proposed terrane boundaries on magma compositions, and the
effect of preexisting crustal fabrics on the emplacement of these
magmas.

The Triassic and Cretaceous anbrogenic complexes and stocks
can be distinguished on the basis of field, geophysical, and
geochemical data. These differences are emphasized by comparison
with nearby Cretaceous complexes in New Hampshire (Fig. 4.1)

Aithough the dominant rock types, syenite and quartz syenite,
of the Burnt Meadow Complex are similar to those found of the
Agamenticus Complex, several lines of evidence indicate that mafic
rocks were important components in the development of the Burnt
Meadow Complex. Gilman (1979) suggests that andesite porphyry
exposed within the complex is cogenetic to and predates the

intrusion of the subvolcanic syenite. Abundant mafic enclaves
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Fig. 4.1

Simplified geology of the southeastern New England.
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within the southern portion of the alkalic quartz syenite suggests
that comingling of the andesite and quartz syenite magmas occurred.
In addition, the presence of an aeromagnetic high overlying the
complex, similar in shape and magnitude to those over the
Cretaceous complexes in New Hampshire, suggests that the complex
is underlain by a substantial mafic body.

Another characteristic common to the Cretaceous complexes is
the presence of volcanic rocks. In addition to the andesite
porphyries trachyte porphyries and fragmental gray porphyries are
" also exposed in the Burnt Meadow Complex (Gilman, 1979). Andesite
and "light and dark aphanites" are found within the mafic,
Cretaceous Acton and Tatnic Complexes, respectively (Hussey,
1985). Basalt and rhyolite porphyries form an important part of the
Cretaceous Ossipee Complex (Carr, 1980; Billings; 1956).

The geochemistry of the Burnt Meadow Complex is also
different from the Triassic Complexes (Table 4.1). For example,
relative to the Agamenticus and Abbot Complexes, the Burnt Meadow
Complex is depleted in Ga, Zn, and Rb/Sr and enriched in Sr and Ba
(Figs. 4.2 and 4.3). The Burnt Meadow Complex and portions of the
SQSZ rocks and aegirine granites from the Agamenticus Complex
overlap the field defined by the more evolved members of the
Ossipee, Belknap, Pliny, and Moat Mountain Complexes on a number of
geochemical diagrams (For example: K/Rb and Ba-Rb diagrams, Fig.
4.3).

Several of the undated Mesozoic rocks within southwestern
Maine are considered to be coeval to the Cretaceous rocks on the

basis of similarities in the above characteristics. Trachyte
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porphyries within the Randall Mountain Stock and mafic enclaves
within the Chase Stock are suggestive of the volcanic and mafic
characteristics, respectively, of the Cretaceous Complexes. In
addition, both of these stocks are overlain by aeromagnetic highs
and are chemically similar to the Burnt Meadow Complex (Figs. 4.2 +
4.3).

The data for biotite granites from the Agamenticus Complex,
Pickett Mountain Stock, and a rhyolite from the Chase Stock form
tight clusters on each of the geochemical diagrams in figures 4.2
and 4.3. Chemically similar biotite granites in New Hampshire
("Conway Granites") are not unique to complexes of a particular age
(Billings, 1956; Eby, 1987). Therefore, the geochemical similarity
of the biotite granites in southwestern Maine can not be used to
assess the age of the undated Pickett Mountain and Chase Stocks.

The geochemical similarity of the Cretaceous felsic Burnt
Meadow Complex and likely coeval Randall and Chase Stocks to that
of the Belknap and Ossipee Complexes in New Hampshire implies a
similar petrogenesis for the complexes. The rocks of the Belknap
and Ossipee Complexes are interpreted to be fractionates from a
mantle derived partial melt which have been modified by a number of
secondary processes (Loiselle, 1978; Carr, 1980; Foland et al.,
1989). The mafic enclaves and aeromagnetic highs over the
Cretaceous bodies in southwestern Maine support the presence of a
similar mafic precursor for the syenites within these complexes.
The importance of mantle derived melts for the Cretaceous

magmatism in southern Maine is also emphasized by the nearby
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intrusion of nearly coeval mafic, gabbro to granodiorite complexes
(Gilman, 1972,1979; Hussey, 1985).

In contrast, evidence of a mafic component in the geochemical
development of the Triassic complexes in southwestern Maine is
tacking. The Abbott aﬁd Agamenticus Complexes, comprised of
alkalic syenites and granites, are devoid of mafic enclaves and lack
aeromagnetic highs that support a mafic component in the
Cretaceous Complexes . On the basis of major and trace element
geochemistry, the rocks of the Agamenticus Complex are interpreted
‘to be fractionates of crustally derived partial melts. The
geochemical similarities of the Abbot and Agamenticus Complexes
suggests a crustal origin for the Abbot Complex parental magmas.
Eby (1987) makes the same basic argument for ailkalic syenite-

quartz syenite-granite complexes in New Hampshire.

\mplications for s of M . o
southwestern Maine

The differences summarized above for the Triassic and
Cretaceous Complexes indicate different petrogeneses; early rifting
was accompanied by magmas generated in the lower crust and late
rifting involved the emplacement of mantle derived magmas. This
fundamental conclusion can be synthesized in the following working
hypothesis. Ponding of mantle derived melts under relatively cold
Triassic lower crust resulted in the partial melting of mafic and

felsic granulite sources and the production of alkalic syenite and

202




granite magmas; i.e. primary magmas of the Agamenticus and Abbot
Complexes. Progressive heating of the crust due to the continued
supply of mantle derived magmas during more advanced stages of
taphrogenesis facilitated the rise of the mantle melts and their
fractionates to higher crustal levels during the Cretaceous. This
thermal effect on the rise of mafic magmas within the crust was
compounded by progressive extension and thinning of the crust along
preexisting Paleozoic faults (Bedard, 1985) during the Mesozoic.

The absence of Jurassic anorogenic igneous rocks in
southwestern Maine is unexplained. Bedard (1985) suggests that
favorably oriented Paleozoic faults were activated as
melt/intrusion zones at different times in response to dextral
shearing generated by the rotation of the North American plate
during Mesozoic rifting. Rotation could have resulted in a temporary
constriction within southwestern Maine during the Jurassic
preventing the egress of magmas to the upper crust (See also
Manning and deBoer, 1989).

The presence of volcanic rocks within the Cretaceous
Complexes implies that they are exposed at higher structural levels
than the Triassic Complexes. This suggests that approximately 2 to
4 kilometers of erosion occurred between the emplacement of the
Triassic and Jurassic Complexes. The cause of the uplift suggested
by this erosion can not be identified. Undoubtably,.crustal
adjustments during this time reflected a complex interplay of
doming in response to magma underplating in the lower crust and
upwelling mantle and subsidence due to extension along listric
faults (Bedard, 1985).
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The current data set yields little information about the crustal
structure underlying southwestern Maine. A crustal signature in the
major and trace geochemistry of the Cretaceous Complexes is
difficult to assess because the primary geochemical signature of
these rocks reflects their mantle related origin. The higher
peralkalinity of some of the syenites and granites within the
Agamenticus Complex suggests that the source rocks for these
magmas were different than those of the Abbot Complex. However,
the petrographic similarity of the syenites within the Abbot
Complex (Gilman, in press) to the alkalic syenites within the
Agamenticus Complex implies a similar source. [n the absence of
isotopic data, assessing the nature of the source rocks is fraught
with complications because the final composition of the magmas
derived from these rocks can represent the combined influence of a
number of petrologic processes.

The emplacement of the southernmost Mesozoic magmas in
southwestern Maine were likely controlled by reactivation of the
Paleozoic structural fabrics and by underlying terrane boundaries.
For example, the Agamenticus Complex is located within a region of
the Merrimack Block cut by a number of within terrane faults in a
narrow zone between the Central Maine Terrane and Rye Block. In
addition to Agamenticus Complex, the mafic Cretaceous Complexes,
including the Pawtuckaway Complex in New Hampshire, are near to
the Massabesic-Merrimack Block and Central Maine Terrane suture.

Geologic and geophysical analyses of the east-central coastal
region of New England and the Guif of Maine have shown that these

Paleozoic faults and sutures are the consequence of extended and
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perhaps episodic dextral transpression. Within southeastern New
England this transpression culminated with the docking of the
Boston-Avalon Terrane during the Alleghanian. Late-Permian to
Triassic extension resulted in the reactivation of favorably oriented
sutures and faults within the coastal region setting the stage for

subsequent Mesozoic rifting and magmatism.
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APPENDIX |1

Location of gravity measurements and flight lines for aeromagnetic
data.
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APPENDIX LIl

Power spectra of aeromagnetic and gravity data and filter responses
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Information about matched filters.
Excerpt from Spector and Parker (1979)
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APPENDIX ILIV
PLOTTING AND DIGITIZING PROGRAMS




! program to plot vector output from USGS programs

I

! .

| RAKA KKK AKXRRKARKARRARKRRAKARRARRRRARARRAERAKKRKRIKAARARRARARRR AR SRk Rk Akkkk

ldeclarations
| RRRAXAXRREAKARAKIRRFXKRKARRRRIE KK REAARKRRARERREKXRKKAXRKRARRRRRARA XA Rk kAAK AR

parameter max_si2e=300000 ! max size of array
integer%2 array (max_size) ! array of points

integer*y array_end ! index to end of array
integerwi element ! index to array element
character#®20 infile ! vector input file
integer#l ios ! ios status

logica) newline_found ! newline found flag
integer®y offset | offset into array

real*d x | x-coordinate

real*l ¥ | y-coordinate

integer*l record lcounter

integer*l index : lcounter

integerxl pens lpen identifier

realkl maxx Imax x-~ output by centour
real#l addx ladjustment for x axis
realxh prevx,prevy

realsh xtemp,xtempl, xtemp2,xtemp3 |temp values used to
reall ytemp,ytempl,ytempl, ytemp3 lcalc transposed x,y
realth maxw !form width

real*h tx (max_size),ty (nax_size) Itemp values for splice
integer¥kh i lcounter

integerxh overtype loverlay type

Ideclarations for variables associated with plotting geology

integerki tnpts, tgnpts !number of data in temp file
character*20 geofil Igeoclogy input file
character*| overlay idecision for overlay of data
integerkly iunit, tunit finput and temp files

realsl gxmin,gymin. Ix,y min for geo plot

real*l gxmax, gymax 1x,y max for geo plot
integeri2 giunit,tgiunit Igaol input and splice file
integer%2 k 1file counter

integer*2 J lgec| data counter

character#6 id(max_size) ,tid (max_size) lgeol feature id

real*dy gx (max_size),gy (max_size) !projected inches for geclogy
realxlh tgx (max_size) ,tgy (max_size) | temp inches for splice
intagerky iscale Imap scale

real*l mscale . Ikm to inches conversion factor
realsh xt,yt,xo0,yo Iplot origins

| RERRAREXARRRRRAARRAAXRAXRARERRXRARARRRERRARNARRRRARAKARAAXARARAXRARATRRRARTA

linitialize parameters
| Rk kR ks s deideRFedrde feded sk 2 Rk deve ek e de e sk de e e e e ook Je ke de ek e st ok e e de ke Rk

linitialize counters

iml

kst




linitialize plotter
call plots (0.,0.,1)
call newpen (1)

fassign maxx and maxw
print *, 'input max x value from contour (real): '
read (%, 12) maxx

12 format (f5.2)

addx=maxx + 4.0

print *, ' enter plotter width: 33.0 or 13.0 ¢
read (*,1L) maxw
Th format (fL4.1)

linitialize file unit numbers

iuni t=20
tunit=30
giunit=bo
tgiunit=50
finitialize maximum geol inches from geophysical plot

gxmax=0.0
! gymax=0.0

linput vector file created in contour.for

13 print *, ' Tnput vector grd name: '
read (%, 11} infile

1N format (a20)
open (

. status='cld’',
. form='unformatted',

. unit=junit,

. access='ssquential’,

. reci=|28,

. recordtype='fixed’',

. organization='sequentijal’,
. fileminfile

. )

! open temp file for splice
open (unit=tunit,forme’unformatted',file='piot,tmp',statuse'scratch')
] RARARHIARARRIAFHAAIRRARAARARRARRRRRARRRARIERAREXARRRRKARIRAARARARRRRARAXRARA AR

| input geophysical plot vectors
RRARRRKRAARRAFRRARARARAKARRRRRRARRRARAXARRARAIRARI KA KRR RA AR ARRR Rk Ik R kAR R Rk

record = | initialize record counter

ios = 0 [ init io status symbol

do while (ios .eq.0}) ! while not eof or error...
10 offset = ({record-1) * 256} + 1 | compute offset into array
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read (iunit,err=40, iostat=ios) ! read a 256 word record

. (array(element), | store in ARRAY at OFFSET
. element=offset, {of fset+255))
record = record + | ! increment record counter
end do ! go back for another record
Lo ¢lose (iunit) | close input file
if (ios .gt., 0) ! if an error occurred...
. then | then signal

call libSsignal (3val{ios))

else if (ios .eq. =1 .or. f else if end of file...
. ios .eq. 0) ! or no error at all...
. then
continue ! simply continue
end if

]
]
! find number of array points {(array_end)

array_end=0 ! init index to end of array

do 50 index=l, {(record-1) *256)
if{array(index) .ne., 0) array_end = array_end + 1 !increment

larray_end
50 continue
!find start of first line
index=| linitialize array index
newline_found = .false. lclear new line flag
do while{.not. newline_found .and. ltest flag for found
index .le. array_end) land for array end
new!ine_found = (array(index} .1t. 0)
Iset flag if 1t O
index = index + | lincrement array
end do
index = index -1 Ireset index to flag index
Iwarning if start of 1st line not found
if (.not, newline_found) print *, ' start of line not found'

| desedededededede s et Rk ik sk v de A Tk Je sk dede ook deve sk ok de s ek vk e A A e d e dede e ek e e ke de e e v ek vk ek

!if new line found read rest of line and plot points
[ RkRkRRRRRK AT RRAAARRARRRRARRARR AR ATk RR R RARIRRXRRARRRAARRR AR KR E KK Ak

tassign min/max values for plotting geol data within geophys plot border
tassumes that geophys has a border plotted!!!!|

gymin=array(3)*.01
gxmin=array (2} *.01
gymax=array(7) *.01
gxmax=array (4} *.01
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do while (index .le. array_end) 'while points remain...

if (newline_found) then 'if start of newline
x = array{index + 1) lread x and y value for
y = array{index + 2) Istart pt of newline
% = 0,01 & x | scale down
y = 0,01 *® y

Itest for max valyes
!

!

lcontinue plot

else

lcompare pt to previous

if (x .gt. gxmax) gxmax=x
if (y .gt. gymax) gymax=y

if {y .le. maxw) then

call plot{x,y.3)

eise
jmi+2
tx(i-2)=-999.0
ty (1-2)=0.0
write (tunit) tx{i-2)},tx(i-2)
ty (i=1)w{y=- maxw)
tx{i=1)={x + addx)
write {tunit) tx{i-1),ty(i=1)
andif
prevy=y
prevxsx
newline_found = ltest for newline
(array {index+3) .1t. 0)
index = jndex + 3 lincrement index
'if not newline
x = array (index) tassign x,y values

y = array (index + 1)

x = 0,01 % x ! scale down
*

pt and make corrections for plotting purposes

if ({y .le, maxw) .and. {prevy .le. maxw)) then
call plot {x.y,2)

else
if ((y .gt. maxw) .and. (prevy .gt. maxw)) then
tx {i) wx+addx
ty (i) my-maxw
write(tunit) tx(i),ty(i)
i = i+l
else
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if ({y .gt. maxw) .and. (prevy .le. maxw)) then
ytemp2=y = prevy
Xtemp2=x - prevx
ytemps maxw - prevy
xtemp= (xtemp2/ytemp2} * ytemp
xtempi= prevx + xtemp

call plet (xtemp3,maxw,2)
imi+3

tx {i-3)=-999.0
ty{i~3)=0.0
write {tunit) tx{i=3),ty(i~-3)

tx (i~2) mxtemp3 + addx
ty(i-2)=0.0
write {tunit) tx(i-2),ty(i-2)

tx (i=1)= x + addx
ty(i-1)= y - maxw
write {tunit) tx(i-1),ty{i=1)

else
if ({y .le. maxw) .and. (prevy .gt. maxw)) then
ytemp= prevy = maxw
ytemp2= prevy - y
xtempd= x =~ prevx
xtemps (xtemp2/ytempl) * ytemp
xtemp3 = prevx + xtemp
im 1
tx(i=1) = xtemp3 + addx
ty(i-1) = 0.0
wreite (tunit) tx{i-1},tyli=1)
call plot (xtemp3,maxw, 3}
call plot (x.v,2)
endif
endif
endif
endif
newline_found = |test next datum for newline
. (array (index + 2) .1t. 0)
index = index +2 fincrement index
prevy=y
prevx=x

end if

end do

! and and plot data in temp file

tnpts = i - 2
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if (thpts .eq. Q) then
close (tunit)
go to 132
engif

read (tunit,end=130) tx(i),ty(i)
130 continue

close (tunit)

do 135 i = 1,tnpts
if (tx(i) .eq. -999.0) then
call plot {(ex(i+1),ty(i+1),3)
else
call plot (tx(i),ty(i},2)
endif
135 continue

| RkRARRRARARIARRKAK I ARARRRIARAEARRARRARAXAERRANKAAARK AL AT RAkkhhhhhkhkk

Ichoose additional overlays
| Ak drk kiR AR A AR AR A Rk de A ek sk gt R ek ek g RRRAKARAARKRRARRKAARARARRRRK

132 print %, ' do you wish an overlay 7 (y or n}'
read (*,136) overlay
136 format{al) -

lchoose pen color

if (overlay .aq. 'n') go to 140
print %, ' choose pen color:i=black,2=red, 3*blue,k=green) "’
read (%,137) pens
137 format {i1)
cail newpen{pens)

!reset unit numbers

iuni tmiunit+l
tuni tetunit+l

lchoose type of overiay
print%, ' type of data: geclogic=l,gecphysical=2’
read (%,155) overtypa
155 format (i2)
it {ovartype .eq. 2).go to 13
| AARFRRKRK AR RRRRRTRKRRRRAXRAL AKX AR A AR Kk s dk Ak AR AR e R R A kiR kkkHkk

Iplot geologic data
| ARRARRRRRRAXRRKRAAARARRARRRAIRKRRRARRRAREXAARRRARRRIAXRKAKAAREREAXEXRAR kKL

|set constants and file names

61 print *, ' enter projected geologic data filename? '
read (*,65) geofil
65 format (a20)

tset file number and open file

i=
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giunit = giunit + k

open {unitegjunit,filemgecfil,form='formatted’',status='old')
open (unit=tgiunit,filje=s'gec.tmp',form='unformatted’, status="'scratech’)

lif second geology file; do not reset constants
if (k .gt. 1) go te 79

print %, ' map scale: {i/scale) '
read (%,70) iscale
70 format (i8)

mscale = (.393701%100000.0) /real (iscale) ! km to inches

print ®, ' enter xo,yo: (projected km,neg w + & of cm + baslat) '
read (%,75) xo,yo
75 farmac (2¢9.4)

ladjust so that origin is assigned to corner of border as plotted
!

! Xt=xo-gxmin

I yt=yo-gymin

!

!read data from input file

79 print %, ' reading geol data, unit= ',giunit

im]
80 read (giunit,B85,end=90) gx(i),.gy(i),id{i)
85 format(2f9.3, 1x,35)

Iscale projected km to plotter inches

gx(i}=((gx(i) - xo) * mscale} + gxmin t!adjust to origin of
gy (i)=((gy (i) - yo) * mscale} + gymin !geophysical data

i= i+ 1
go to 80
90 npts =~ j -1
close (giunit)
!plot geologic data, splice to temp file if x>maxx

print %, ' asxxplotting geol data, file # ', k
¢ ! filename: ',geofil

fstart plot and put data for splice in temp file
do 120 i= 1,npts

!check to see if geol will plot cutside of gephysical data
if ((gy{i) .gt. gymax) .or. {gx(i) .gt. gumax)
< or, (gy(i) -1t. gymin) .or. (gx(i) .1t. gxmin})

[ then
id(i) =" xxx'

241



ge to 120
endif

lcompare id to indicate new line
if ((id{i}) .ne. id{(i-1}) .or. (i .eq. 1)} then
lif newline then
if (gy(i) .le. maxw) then

call plot(gx(i),gy(i),3)

eise
tid(j)='txxx'
tgy (j) = (gy (i) = maxw)
tgx (j) = (gx (i} + addx)
write (tgiunit)tgx(j),tgy (J).tid(j)
j=j+i
end if

else
lif not newline
if ((gy(i) .le. maxw} .and. (gy(i=1) .le. maxw)) then
call plot (gx(i),gy(i).,2)

else
if ((gy(i) .gt. maxw) .and.
c (gy(i-1) .gt. maxw)) then

tgx (j) =gx (i) +addx

tgy () =gy (i) -maxw

tid () =id (i)

write (tgiunit}tgx{j).tgy(j).tid(j)
j=j+

else

if {(gy{i) .gt. maxw) .and. (gy(i-1) .le.
I maxw}) then
ytemp2wugy (i) - gy(i-1)
xtemp2mgx (i) - gx(i-1)
ytemp= maxw =~ gy(i-1)
xtemp= {xtemp2/ytemp2) * ytemp
xtemp3= gx (i~1) + xtemp

call plot (xtemp3,maxw,2)
L jmjl
tgx (j~1) =xtempi+addx
tgy(j-1)=0.0
tid(j=1)="'txxx'
write {tgiunit) tgx{(j=1},tgy(j=1),tid(j-1)

tgx (j) =gx (i) +adax
tgy (j) =gy (i) ~maxw
tid (j)=id (i)

write (tgiunit) tgx (j).tgy(j).tid(j)
J=j+l

242



else

if {(gy(i} .le. maxw} .and. (gy(i-1) .gt.

maxw) ) then

ytemp= gy (i=1) - maxw

ytemp2= gy (i=1) = gy{i)
xtemp2= gx (i} - gx(i-1)

xtemp= (xtemp2/ytemp2) * ytemp
xtempl = gx(i-1) + xtemp

tgx {(j) =xtemp3i+addx
tgy {j)=0.0
tid (j)=id (i)

write (tgiunit) tgx(j).tgy(j),tid(j)

endif
endif
endif
endif

endif
120 continue
k=k+1
{read temp file and plot

tgnpts= j-1

if (tgnpts .eq. 0) go to 138

call plot (xtemp3,maxw,3)
call plot (gx(i),gy(i}),2)

jmij+l

read (tgiunit,end=150) tgx{(j).tgy(j).tid(j)

150 continue

do 165 j=1,tgnpts

‘txxx')) then

(tgx (j) ,tgy (i), 3)

(tox (j) ,tgy (), 2)

if ((j .eq. 1)
< or. (tid(j) .ne. tid(j=1))
¢ .or. {tid(j) .eq.
call plot
elise
call plot
endif
165 continue
138 close (tgiunit)

tgiunit=tgiunit + 1

139 go to 132
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140 call plot (0.,0.,999)
stop

end
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GEODIG.FOR desinged to digitized from maps

real xbl,ybl !x,y~bottom left corner

real xbr,ybr Ix,y~bottem right corner

real xul,yul 'x,y=upper left corner

real xur,yur !'x,y-upper right corner
character%20 ocutfil,outfil2 !name of output file

parameter maxnume=i00000 !max number of points

real x (maxnum) ,y (maxnum) Idigitized data points
character*5 id(maxnum) !identifier for geologic features
character*5 index I temporary identifier

characterx2 delim Ibutton deliminator

integer i,npts lcounter,number of data points
integer j,k {fife counters

real baselat !base latijtude

real cm Icentral meridian

real maxtat,maxlon Imax lat,lon of map digitized
real minlat,minlon Imin lat,lon of map digitized
real lon(maxnum),lat{(maxnum) lcorrected lat/lon

real xscale,yscale {scaling values used to calc lat/lon

Iset file counters
j=20
k=30

!define boundaries so that digitized inhes can be converted to lat/ion
print *, ' digitize lower left hand corner: '
read (%,10) x11,y!1

10 format (2x,2f5.3)

PRINT #, XLL,YLL

print *, ' digitize upper left hand corner: '
read (*,10) xul,yul
print ®, ' digitize upper right hand corner: '
read (*,10) xur,yur

print *, ' digitize lower right hand corner: ‘'
read (*,10) xlr,ylr

print %, ' enter maxlat, minlat (decimal degrees xx.xx,xx.xx) '

read {*,12) maxiat,minlat
12 format (216.2)

print *, ' enter maxlon,minlon (decimal degrees) '
read (*,12) maxlon,minlon

lopen output file

130 print %, ' entar output filename: ; print stop for program exit '
read (*,5) outfil
5 format (a20)

if(outfil .eq. 'stop') go to 95
open (filesgutfil,unit=j,status='new',forms'unformatted’')

lwrite to outfil
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write {j) maxlon,maxlat,minton,minlat,x}1,yll,xul,yul,xur,yur,xic,ylr
lenter data points- end when ids=ex
im0

25 print %, ' enter id then digitize line: ; id=ex for newfile
¢ or program exit'

read (*,15) index
15 format (a5}
if {index .eq. 'ex') go to 100

print %, 'digitize line; use button 3 for end of line'

30 jmi]
read {*,35)delim, x(i),y(i)
35 format (a2,2f5.3)
id{i)=index

if (deiim .eq. 'p?Z:) then
go to 25 =i
endif
write{j) x(i),y(i),id(i)
go to 30
100 npts=i-1|
clese {j)

fconvert data to lat/lon and put in separate data file

print *, ' enter filename of lat/lon output file: '
read (*,5) outfil2

open (uni twk,status='new', form=’formatted',file=outfil2)
xscale= (maxlon-minlon) / (({xur=xul)+(xir-x11}}/2)
yscalew (maxlat-minlat) /(({yul=y1 )+ {yur-yir)}/2)
write (*,185) xscale,yscale
185 format (2¢8.3)
do 120 i=1,npts

Ton(i}mmaxlon = {xscale * {x{i)-x11})
lat(i)=minlat + {yscale * (y(i)-y11))

write {(k,50) ton(i),tlat(i),id(i)
50 format (2f9.3, 1x,a5)

120 continue
close (k)

lincrement file counters

246



jmj+!?

kmK+1
go to 130
95 continue
stop
end
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APPENDIX II1.{

Information about labs from which mineral analyses were obtained.
Comparison of analyses from different geochemical labs.



Appendix 1
X-Ray_Energy Sbectrometry
Laboratory facilities- University of Rhode isiand, Dr. OD Hermes
Elements analysed
Majors- Si02,TiO2,A1203,Fe203,MnO,Mg0,Ca0,Na20,K20,P205
Trace- Rb,Sr,Ba,Y Zr,Nb,La.Ce,Cu,Zn.Ni
% Error-Majors- 1
Standards- BCR 11, AGV 11, GSP-12, UR! internal
X-Ray Fluoresence
Laboratory facilitiag- University of Flarida, Dr M Perfit
Elements analysed
Majors- Si02,Ti02,AI1203,Fe203,Mn0O,Mg0,Ca0,Na20,K20,P205
Trace- RAb,Sr,Ba,Y,Zr,Nb,La,Ce,Cu,Zn,Ni,Cr,V,C0.Ga (Ti and K alsa
determined from pressed powders)
% Error-Majors- 1.65
Standards- AGV 1, G-2 |
Laboratory facilities- University of Michigan, Dr. RJ Arculus
Elements anaiysed

Majors- Si0O2,Ti02,AI203,Fe203,MnO,Mg0,Ca0,Na20,K20,P205
Trace- Rb,Sr,Ba,Y,Zr,Nb,La,Ce,Nd,Cu,2n,Ni,Cr.V,Co0,Ga, Th,U,Pb,Sc

Induced Coupled Plaama
Laboratory facilities- United States Geologic Survey- Reston.

Elements analysed
Majors- Si02,TiO2,A1203,Fe203,Mn0O,Mg0,Ca0,Na20,K20,P205
Trace-

Rb,Sr,Ba,Y Zr,REE,Cu,Zn,Ni,Cr,Co,Th,U,Pb,S¢,Ta,Li,Cs,5¢,Be,Bi,Bo
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Electron Microprobe Analyses
Lahoratory facilities- Massachusetts Institute of Technology

Filament current- 15 kV
Beam current of 10 nA.
Beam diameter- Biotite 10 microns. Other minerals- 1 to 2 microns.
Count times- Dependent on mineral being analysed.
Elements analysed

Si02,Ti02,A1203,Fe203,MnO,Mg0Q,Ca0,Na20,K20, CrQ, CI, F (Cl

and F only for a !imited number of amphibole and

biotite analyses)

Standard deviation- range of G.2% o 25.0% depending on element and
run
Mineral Normalization- To the number of cations.

Amphibole normalized to 13 cations excluding Na, K, and Ca.

Fe3+ calculated by balancing charges of cations vs
anions. See PRBMAC macro spread sheet beiow for
calculations.

End member compositions
Plagioclase-
Olivine- FayalitesFe2+, FosteritamMg.
Clinopyroxene: Wollastonites Ca/2, Enstatites=Mg/2,
Forrosilites(Fe(totai)-Na)/2, AcmitemNa or as

Diopside=Mg, HedenbergitemFea(total)-Na, Acmite=Na. As
can be seen the Wo- En-Fs-Ac plot below the mineral
anaiyses all lie close to the Di-Hd-Ac piane.

limenite-Geikerlite=Mg, !imenite=Ti,HematitesFa3+.
Rehomogenenization of potassium feispar compositions from
perthite grains accomplished by using the scanning integration
facility on the JOEL 733 SUPER PROBE and by calculating a weighted
average composition using visual estimates of lameliae proportion.



Standard analyses from Univ of Florida

AGV-1 AGV-1 AGV-1 AG
Sio2 59.44 60.06 60.31 59.94
Tioz2 1.08 1.08 1.08 1.08
Al203 17.1 17.33 17.48  17.30
Fa203 6.95 6.97 6.97 6.96
MO 0.1 0.1 0.1 0.10
MO 1.59 1.56 1.58 1.58
o%s) 5 5.02 5.02 5.01
Na20 4.47 4.42 4.64 4.51
K20 2.93 2.94 2.75 2.87
P205 0.51 0.51 0.52 0.51

Comparison of Univ of Florida and USGS analyses
MAG 11aUF MAG11aUSGS Aw

Sio2 63.66 63.9 63.78
TiO2 0.46 0.45 0.46
Al203 15.07 14.6 ~ 14.84
Fe203 7.92 7.69 7.81
MO 0.19 0.2 0.20
MO 0.12 0.1 0.11
(8- @) 1.49 1.54 1.52
Na20 7.08 6.22 6.65
K20 4,87 4.94 4.91
P205 0.07 0.06 0.07
MAG 11cUF MAG 11cUSGS Awg
sio2 66.8 67.9 67.35
Tio2 0.1 0.09 0.10
A1203 16.86 16.7 16.78
Fe2C3 1.97 2.12 2.05
MO 0.03 0.02 0.03
MO 0.1 0.1 0.10
(-] 0.13 0.13 0.13
NazO 7.22 6.48 6.85
K20 5.78 5.71 5.75
P20S 0.03 0.15 0.08

Comparison of Na20 from UF (XRF), BC {INAA),USGS (ICP)

UF B c B Avg
MAG 11a .7.08 6.22 5.81 6.37
MAG 11 7.22 " 6.48 6.79 6.83

25!

OO0 O =<0

ST0
0.45
0.00

cooo00D000
OOQOOO-‘&O*‘%
AN RN

J

DUNMNO QO ~ = s s B

0.65
0.37

avg-min
0.50
0.00
0.20
0.01
0.00
0.02
0.01
0.09
0.12
0.00

avg-min
0.12
0.01
0.24
0.12
0.01
0.01
0.03
0.43
0.04
0.01

avg-min
0.55
0.01
0.08
0.08
0.01
0.00
0.00
0.37
0.04
0.06

avg-min
0.56
0.35

% error
0.83
0.00
1.18
0.19
0.00
1.06
0.27
2.00
4.2%
0.65

% arror
0.18
1.10
1.58
1.47
2.56
9.08
1.65
6.47
0.71
7.69

% error
0.82
5.26
0.48
3.67
20.00
0.00
0.00
5.40
0.61
66.67

% error
8.78
5.12




APPENDIX NI

Ferric-Ferrous Iron Analyses




SAMPLE # Fe203 FeO Fe203* FeO/Fe203* FeO/FeOt

alk sye

MAG-2 6.52 3.67 2.43 1.51 0.60
MAG-3 5.75 4,12 1.16 3.54 0.78
MAG-37b 5.00 3.19 1.45 2.20 0.69
MAG-39 5.00 3.12 1.53 2.04 0.67
MAG-61B 4.78 n.a.

MAG-72B 5.20 n.a.

dikes

MAG-19 3.17 1.98 0.97 2.05 0.67
MAG-40-2 4.84 2.84 1.68 1.69 0.63
MAG-40-4 5.12 2.95 1.84 1.61 0.62
bio gran

MAG-4 3.23 2.48 0.47 5.22 0.84
MAG-177 3.55 n.a.

MAG-179 2.62 n.a.

Alk gran

MAG-5 5.59 3.60 1.58 2.27 0.69
MAG-17 5.61 2.57 2.75 0.93 0.48
MAG-23 0.63 n.a.

MAG-26 3.12 n.a.

MAG-120 4.97 n.a.

MAG-135 3.92 n.a.

Aeg gran

MAG-47 5.74 2.07 3.44 0.60 0.38
MAG-48 5.60 0.16 5.42 0.03 0.03
MAG-49 5.08 2.09 2.75 Q.76 0.43
MAG- 91-4 4.71 n.a.

MAG-122A 5.58 n.a.

SQSsz

MAG-11a 7.69 4.64 2.53 1.84 0.65
MAG-11¢c 2.12 0.36 1.72 0.21 0.17
MAG-51D 7.80 n.a.

MAG-91-1 9.59 n.a.

MAG- 91-2 7.52 n.a.

aenig sye

MAG-44-a 6.96 3.84 2.69 . 1.43 0.59
MAG-139 8.76 n.a.

mafic sye '

MAG-57D 6.65 n.a.

MAG-125CP 6.73 n.a.

Fe203*=Fe203-(fe0"1.113)

Source Code
2.45 -URI
2.45 -USGS
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APPENDIX 111.11]

Mineral Microprobe Analyses




15-Jun-89 h+d gran?

Mag-4

§aEsgasAgs

e gpvg

>
3

Alaﬂ

rEFEL

ey B
‘—
<

Fe(10t)Fe{tot

F 3 IA2r>@ ppm ]
RLPHD Ees e
=%

@9

Na(tet)
Na(M4)
Na(A)

?
blo-¢
5.458
13.188
35.7%8
0.018
4.128
0.42
20.287
0.038
8.022
0.978
0.217

97,082

3.02079
1.31728
-0.0298
1.34707
0.26293
0.83938
«1.8348
2.47418

0.409
0.00251
1.93221
0.02814
0.00183
0.03427
0.08178

0.48131

19
pig
0.022

23.181
82.809
4587
0

-]

-]

]
0.187
1.213
0.403

2.88008
1.24001
1.94108
0.10888
0
0.00028
-0.3024
0.3047§8
0.0018
L}

0

0
0.22444
0.02348
0.83486

]
0.28318

0.72037
0.02649

1

bio-r
5.541
12.347
15.058
-}
3.58
0.404
20.377
0.033
8.009
0.372
0821

98.7682

3.04979
t.23841
-0.0498
1.28821
0.24791
0.84011
=1.7141
2.38417
©.70157
0.00237
1.93906
0.03261

]
0.08899
0.08128

0.108
1.932
0.208

95.208

3.19322
1.37478
0.00878
0.58998
0
0.00423
-1.8573
1.87724
0.00092
0

[

[
0.23488
0.01247
0.17772

0.418528
0.0203%

2-4 trom mafic clot

2{1)
bio-¢
5.308
12.877
385.802
0.021
3.708
0.423
20.411
0.088
2.10
0.348
0.842

048.748

3.0539¢
1.28103

-0.054
1.21499
0.24233
0.85307

-1.768
2.40807
0.88432
0.00404
1.04381
0.02845
0.00191
0.08987

0.0874

L}
0.40832

0.03879
-]

0
1.24000
2.08347
-0.5149
0.40387
Q

0

¢
0.0028
0.03228
0.00889

§
0.00437

0.01028
0.98838

3
big-r
S.408
12.280
38.212
[-]
3.841
0.441
20975
0.027
9.022
0.414
0.813

20.579

3.00178
t.22281
-0.0018
1.23457
0.25287
0.84323
~1.8148
2.25778
0.89432
0.00198
1.5087
0.02873
0
0.08842
0.08842

0.4308

0.03¢8
9.308
0.431

"0

2.04224
1.10413
1.18778
0.00837

0
0.00134
-0.0239
0.02528
0.0000%

]

(-]

9
0.10871
0.02439
0.80028

]
0.16018

0.80724
0.0248

4(3)
ble-e
5.578
12.898
38.808
0.0854
3.702
0.432
28.122
0.044
8.9%0
0.398
0.902

3.02788
1.28534
-0.0279
1.31322
0.23544
0.83838
-1.878¢

2.316

0.703
0.00318
1.91278
0.02009
0.00488
0.08732
0.08483

0.47813

23.249
43.848
4.431
[

[

]

0

L)
8.747
0.5e8

100077

2.80879
1.20384
1.1
0.01243
0
0
-0.0448
0.04484
0.00238
0
[
[}
0.208%4
0.03172
0.74498

[ ]
0.21167

0.75814
0.03219

255

$ and up from bic-hm gran

5
bie-a
5.48
12.04%
35.718
0.041
3.788
0.493
20.934
0.08
5.188
0.28
0.569

7.3

3.02208
1.28087
-0.0221
1.28273
0.24081
0.48018
«1.8937
2.34382

o.601
0.00358
1.96901
0.03208
0.00372
0.063858
0.08234

0.48477

13(1)

pig-c

)

260.303

858,174

117

0

0

0

]

0.038

..83¢

0.27

2.80012
1.39388
1.39388
]

9
0.00135
0.00336
-0.002
[}

.}

]

Q@
0.38843
0.015843
0.88381

0.39007
0.88448

0.01845

8{8)

|11 T 4
5.327
12.918
36.103
0
4127
0.518
20.281
0.08
9.1581
g.28
0.698

97.528

3.04881
1.20418
-0.0458
1.32979
0.20183
0.64882
-1.798
2.44188
0.84072
0.00387
1.91783
0.03442
]
0.07372
0.080379

0.48084

14
pig-r
0

19.274
43.92¢
0.172
¢

(-]

0

0
0.024
11.7
0.123

2.00801
0.99032
0.990232
[
[
0.00087
-0.0048
0.00843
[}
0
0
[
0.00803
0.00804
0.90883

0.98510
0.00881

7

bio
5.178
13.352
35.49)
0.084
3.488
0.584
27.978
0.038
.30
0.29
0.078

95.799

2.08179

1.3532
«0.0510
1.40499
0.22342
0.8709%
-1.8843
2.55828
0.08352
0.00277
1.93488
0.03787
0.00498
0.00867
0.04838

15(14)

plg-i

0.028

22.008

64304

J.304

]

]

-]

0

]

2.179

0.540

97

2.05729
1.16823
1.94271
0.0138%
o

0
-0.0411
0.04108
0.00108
(]

]

a
0.15709
0.039
0.70074

)
0.1883§

0.00109
0.03858

7
bio
5.238
13.227
38.778
0.028
3.088
0.529
27.882
0.032
9.578
0.331

98,008

3.06874
1.23724
-0.0887
1.40598
9.21835
0.68708
-1.0923
.57
0.6098¢
0.00232

1.9238
0.03588

0.0023

L]
0.50848

16(14)
plg-¢
[

22.767
$3.28
4,298

]
[}
[}
0
0.028
9.79¢
0.581

80.708

2.01138
1.18279
1.18884
0.00418
0
0.00134
-0.025¢
0.02898
0

0

-]

o
0.2048
0.03101
0.75808

8
0.20873

0.78228
0.03199




2
bie
5,377
13.783
38.585
0.082
4.084
0.437
v.490
0.088
0.344
0.208
0.134

9.1

1.00872
1.34058
-0.0887

1.4273
0.29356
0.05842

-2.082
2.7074¢
0.47209
0.00398
1.85502
0.02098
0.00587
0.01434
0.04375

]
0.49372

17
pig-r
a.017
21.887
08.527
2.782
]

[}
[
[
0.1608
9.797
0.204

100.189

2.00837
1.12498
1.11383
0.09131

o
0.00008
-0.0481
0.08218
0.00112

o

0

0
0.12009
0.01484
0.83877

]
0.13234

7
bio-¢
5.312
13.722
15.754
0.033
3.20¢
0.571
28.103
0.08
9.017
0.314
0.07¢

98,712

3.04022
137541
-0.0402
1.41583
02177
0.08257
-1.80882
2.53082
0.67218

0.0038
1.92812
0.03839
0.00301
0.00857
0.08177

L}
0.49802

18017)
pig-1
2

23.478
$2.078
4.T48
(-]

9

]

]

L)
s.608
0.267

100.222

2.78207
1.23474
1.21793
0.01081
0
-]
-0.0407
0.04089
[

0
[}
0
0.22801
0.01481
0.74387

$
0.22088

0.78838
0.01478

a

ble
5,208
13.589
38.052
0.058
4,888
Q.458
27.484
0.082
9.358
0.284
]

97,183

3.0802¢
1.35962
-0.0803
1.41989
0.29918
0.80419
-2.0888
2.7204
0.83050
0.00448
1.07438
0.03081
0.00528
L)
0.04348

L]
0.50212

19
wpi?
0.07
20.582
37.872
22.872
0

q
[}
L}
1.148
0.072
0.047

0.8

1.94483
1.727
1727

[}
9

0.04909

0.38017

-0.3411

0.00838

]

[

]
1.2018
0.00%07
0.00718

0.00683
0.00242

9
blo-e
5.59¢
12.117
35.178
0.021
3.482
0.812
29.002
0
2.618
0.389
9.378

95.984

3.0137
1.20422
-0.0137
1.20292
0.22242

0.6178
-1.8882
2.30271

0.7149

1]

2.0047
0.03488
0.00193
0.04132
0.08482

]
0.48348

20
Ksp-r
-]
18.519
83,184
0.049
]
e
0
]
0.109
0.437
15.307

0778

3.01847
1.0118
0.90053
0.03107
[}
0.00422
-0.0883
0.0028
]

0

]

o
600243
0.80803
0.08724

0.06934
0.93814

10(9}

bio.s
8.052
12.943
36.429
0.033
2.77%
0.458
20.301
0.079
8.083
0.43
0.198

98.875

2.08309
1.28112

-0.082
1.37418
0.17682
0.02073
«1.7493
2.37799
0.78333
0.005688
1.92844
0.03045
0.00299
0.02108
0.07058

0.45188

202
kep
0
18.347
4,91
0.028
]
L}
o
0
0.129
0.804
15.822

100.038

2.98358
0.99734
0.990734
L]

0
0.004%98
0.0103s
-0.0134
0

0

0

0
0.00128
0.93004
0.0719

L
0.00128

0.0718
0.92712

256

19.067
60.248
0.477

11.413
g.22¢

100.428

2.07873
1.02448
1.02327
0.00121
]

0
-0.0014
0.00142
[

(-]

(-]

0
0.02228
0.01272
0.8038

0.98487
0.01274



B i

»
&
a

ol L EEE

Na(tot)
Na(M4)
Na(A)
SUMa

SEX

1 2 34(3) S6(5) 7(5) 8(S) 8(® 10(7) 11 (%) 12
ksp plg ksp pig-R pigL plglL-R plgL-C pigt.  ksplL kspL-C ksplL  microcl
Q [+] 0 0.02 0,014 ] 0 [} 0 0 o [+
18.37 19.25 18.1 21.95 21.18 19.31 19.36 19.64 18.12 18.31 18.21 18.08
64,86 69.36 64.94 65.38 66.63 89.07 69.74 70.16 64.58 64.51 65.26 64.66

0.049 0 0.008 0.034 0.034 0.034 0 0 0 0 0.04 0
0 a0 0 0 0 0 Q 0 0 0 0 0
0 a 0 [ 0 0 ] 0 [ 0 0 0
0 (] 0 ] 9 0 0 0 [} [} 0 [/}
0 0 ] 0 [} 0 [} o 0 0 0 0

0,325 0.552 0.412 0.402 0.302 0.376¢ 0.45 0.408 0.3268 0.085 0.203 0.132
0.368 11.86 0.718 10.6% 10.78 11.73 11.68 11.78 0.245 0.22 0.437 0.541
18.48 0.108 15.75 0.100 0.054 0.102 0.072 0.089 18.54 18.88 18.2 18.14

100.5 101.1 99.93 88.51 08.87 100.6 101.3 102.1 99.82 98.81 100.4 99.55
2.987 2.999 3.003 2.9090 2.952 3.002 3.014 3.000 2.996 2.99 3.007 3.00?

0.997 0.981 0.987 1,151 1.105 0.989 0.986 0.993 0.991 1 0.989 0.989
0.997 0.981 0.987 1.091 1.048 0.989 0.988 0.091 0.991 1 0.989 0.989
a [} @ 0.08 0.057 Q 2E-04 0.002 9 o 0 0
Q 0 0 [+] o 9 0 0 0 0 0 [+]

0.013 $.02 0.018 0.015 0.011 0.014 0.016 0.015 0.013 0.003 0.011 0.008

0.03 0.02t 9E-04 -0.05 -0.08 0.001 -0.03 -0.03 0,019 0.028 -0.01 0.013

-0.02 0 0.015 0.062 0.091 0.013 0.047 0.042 -0.01 -0.02 Q.022 -0.01
0

0 0 0 0.001 9E-04 0 0 Q o o 0
o '] a Q 0 0 0 0 0 <] 0 4]
0 0 ] 0 [} 0 0 0 0 o 0 Q
0 '] 0 0 ] o o 0 4] 1] 0 0
0.002 0 3E-04 0.002 0.002 0.002 0 0 4] 0 0.002 0
0.968 0.008 0.920 0.006 0.003 £.008 0.004 0.004 0.979 0.937 0.952 0.958
0.033 0.994 0.064 0.018 0.92¢8 0.988 0.98 0.98 0.022 0.02 0.039 0.048

L s s s 5 5 5 5 5 ] 5 ]

2 34(3) 56(5) 7(5) 8(5) 9(8) 10(7) 11(5) 12

pig ksp  plg-R plgl  plgL-R pigl-C pigL  kspl.  kspl-C kspl.  microcl
0.002 0 3E-04 £.002 0.002 0.002 0 0 0 0 0.002 4]
0.033 0.994 0.065 0.992 0.995 0.993 0.998 0.996 0.022 0.02 0.039 0.048
0.965 0.008 0.93%5 0.007 0.003 0.008 0.004 0.004 0.978 0.98 0.95% 0.952



58
amb-¢
0.43
0.771
49.35
3.883
0.652
0.081
+]
0.69
34.46
4.741
0.79

95.84

7.935
0.146
0.065
0.081
0.079
4.633
0,839
3.794
0.103
0.094
]
0.003
0.669
0.162
1.478
1.321
0.147
15.3

0.022
0.309
9.575
0.734

57 58(57 58(57)
amb-¢ amb«r amb-i

0.391
2.14
46.68
6.411
1.585
0.119
0
0.847
33.97
3.931
1.086

97.13

7.56%
0.409
0.409
0
0.188
4,607
0.371
4,236
0.094
0.118
0
0.003
1.114
0.225
1.236
0.886
0.35
15.56

0.02
Q.574
9.03
1.523

0.365 0.39
1.754 2.032
46.72 46.448
5.474 6.368
1.253 t.513
0.678 0.066
Q 0
0.865 0.898
34.2 33.008
4.144 3.988
1.1 1.08

96.08 95.757

7.523 7.6456
0.337 0.3042
0.337 0.3544

0 0.c398
0.154 0.1873
4,667 4.5437
0.621 0.1918
4.046 4.3519
0.089 0.0957
0.12 0.1249

4} q
0.003 0.0035
0.957 1.1232
0.252 0.220%
1.311 1,2729
1.043 0.87€8
0.268 0.396
16.51 15.611

0.019 0.0208
0.52 0.6t6S5
9.186 9.1389
1.294 1.4778

8061({60)

63

amb-r amb-¢ amb

0.386 0.379
2,149 2.024
45,727 48,367
6.313 6.425
1.556 1.537
0.107 0.107
0 [¢]
0.887 0.903
33.02 33.087
3.836 4.053
1.01  t.002

95.011 05.884

7.5745 7.8305
0.4198 0.3926
0.4198 0.2605

0 0.0232
£.1938 0.1902
4.5744 4.5530
0.3431 0.1823
4.2313 43718
0.0978 0.093
0.1250 0.1259

1] 0
0.0035 0.0035
11208 1.133
0.2134 0.2104
1.2321 1.2933
0.879% 0.887
0.3526 0.4263
15.555 15.628

0.0209 0.02
0.566 0.6368
9.0201 9.1342
1.5401 1.5024

258

0.489
0.317
§1.027
0.988
0.024
0.087
¢
0.641
35.411
§.504
0.172

95.68

8.0529
0.059
-0.052
0.1119
0.0028
4.6737
1.4597
3.2141
0.115
0.0857
0
0.0035
0.1671
0.03486
1.8903
1.8329
0.1573
15.185

0.024
0.192
10.078
0.1142

64
amb-r
0.421
2.056
46.264
6.181
1.9
0.163
0
0.796
N.751
3.891
117

96.003

7.5814
0.3971
0.3971

0
0.1614
4.6256
0.4444
4.1812
0.1028
0.1105

o
0.6035
1.0853
0.2448
1.2364
0.9147
0.3217
15,549

0.0217
0.5663
9.0624
1.4825

65
amb-c
0.557
2.307
46.69
6.728
1.468
0.047
+]
0.801
33.799
3.83%
0.95

97.178

7.5563
0.4401
0.4401

9
0.1787
4.5747
0.3521
4.2227
0.1343
0.1088

0
0.0035
1.1687
0.1962
1.2022
0.8333
0.3689
15.563

0.0285
0.5651
8.9547
1.6068

66
amb-¢
0.408
1.907
46.878
6.329
1.567
0.056
]

0.853
33.357
4.003
1.037

96.395

7.8582
0.3872
0.3418
0.0254
0.1925
4.5574
0.2242
4.3332
0.0993
0,118
0
£.0035
1.1079
0.2161
1.268
0.8321
0.3759
15.588

0.0213

0.592
9.1424
1.4498



mag 81 1 2
cpu-C cpx-R
MDD 0.92 0.98
AL203 0.232 0.272
SO 48,27 48.22
[+ o] 18.7 19.1§
T2 0.187 0.472
CR203 0.038 0.057
NO 0 [+]
MO 0.914 0.888
D 28.54 28.81
NAZD 1.189 1.222
K20 0 0
F
a
SUM = 99.17 100
S| 1.988 t.988
Al{tot) 0.0t1 0.013
AL{IV) 0.011 0.013
AV 0 Q
T 0.011 0.0t4
Fe(tot) 0.982 0.903
Fe «3 0.087 0.t2
Fo «2 0.095 0.882
Mg 0.058 0.058
Mn 0.032 0.031
NI 0 Q
Cr 0.001 0.002
[+ } 0.825% 0.837
K 0 1)
Na(tot) 0.095 0,007
Na(M4)
Na(A)
SUMe 4 4
Mg/(Mg+Fe{lot 0.054 0.083
Na{A)eK 0 0
SleNa+sK 2.081 2.083
AlIV)+Ca 0.838 0.88
pyx componsms nomadized to 1
Ac: (Na) 0.097 0.098
En: (Mg/2) 0.029 0.029
Fa: (Fe(t}-Nay 0.4583 0.449
Wo: (Ca) 0.421 0.424
UMe 1 1
AEFplot errore 0.211 0.212
AFWpiot emor= 0.014 0.018
EFSpiot ermor= 0,048 0,049
Ac: (Na) 0.091 0.093
En: (Mg) 0.054 0.088
Fs: (Fe(t)-Na) 0.854 0.882
cpx morimate
CQeCasMg+(Fe2 1.778 1.757
J=2*Na 0.19 0.193
JIQed 0.097 0.099
Ca Cpx JJ+Q <« .2
Wo -Ca 43,87 43.88
Fe-Fet+Mn 53.51 53.11t
En - Mg 2.977 l.020
total 100 100
Na cpx JJ+«Q»8
Na-Ca opx .2<lJeQ« .8
2°Na** 0.007 0.099
[= Rt 0.903 0.901
Jd/Ae '] 0
Jd -] 0
Ao 0.007 0.009
otake+Asnid t 1

a2}
cpx-C
0.954
0.202
48.53
18,28
0.281
0.081
0
0.781
20.19
1.886
0

1.975
0.01
0.01

0.008
0.993
0.155
0.039
0.053
0.028

0.002
0.797

0.191

0.088

2.108
0.807

0.133
0.029
0.438
0.403

0.201
0.018
0.088

0.128
0.088
0.82

1.694
0.263
0.134

42.52
54.29
J.087

100

0.134
0.888

0.134
1

4(2)

¢px-R
0.729
0.141
48.78
17.24
0.202
a.117
2
0.708
29.29
2.033

0

1.993
0.007
0.007

0.008
1.002
0.152

0.8%
0.044
0.028

0.004
0.758

2,181

0.042

2.184
0.782

0.164
0.023
0.420
0.385

0.102
0.011
9.002

0.184
0.042
0.803

1.849
0,322
0.183

41.29
668.28
2.429

100

0.183
0.837

0.103
L)

5
cpx-C
g.812
0.124
40.57

t7.31
0.095
0.073
0
0,754
29.58
2.1
-]

99.41

1.981
0.008
0.008

0.003
1.008

0.19
0.818
0.049
0.028

0.002
0.757

0.187

4

0.047

[
2.148
0.783

0.168
0.028
0.428
0.282

1

o.101
0.012
0.004

0.1898
0.047
0.79¢

1.624
0.234
0.17

41.12
88.2
2.082
100

017

0.83
0
0

0.17
1

259

8(5)

cpx-R
0.74
0.122
48.82
17.8
6.201
0.0068
[}
0.884
29
1.849
0

$0.29

1.99
0.008
0.008

0.008
0.993
Q.148
0.8047
0.045

0.023

0.003
0.781

0.147

0.042

2.137
0.708

0.149
0.023
0.42

0.397
1

0.189
2.011
0.078

0.141
0.043
0.018

1.973
0.293
0.149

42.23
55.23
2.442

100

0.149

0.851
0
0

0.14%
1

8

~

-G
0.62
0.027
48.58
19.22

9.108

0.913
20.82
1.507

99.78

1.982
0.001
0.001

0.084

0.15
0.034
0.038
0.032

0.003
0.841

0.119

0.037

2.101
0.842

0.12
0.019
0.438
0.424

0.212
0.01
0.09

0.117
0.037
0.844

1.712
0.239
0.122

44.4
53.61
1.992

100

0.122
0.878

0
0.122
¥

8(7)
cpx-R
0.559
0.098
48.52
17.47
0.194
¢.104

0.847
20.80
1.988

$9.81

1.983
0.008
9.005

0.008
1.02
0.%7
0.88

0.034

0.929

0.003
0.785

0.145

0.032

2.138
.77

0.187
0.017
0.438
0.387

0.194
0.008
0.078

0.147
0.032
0.821

1.049
0.31
0.158

41.18
50.78
1.841

100

0.188
0.842

0.158
1

9
cpx-C
0.771

48.7
18.82
0.02
a.108

0.903
29.29
1.4585

1.980

6E-04

0.135
Q.865
0.047
0.031

0.003
0.815

0.115

0.045

2.103
0.818

0.117
0.024
0.448
0.412
1

0.208
0.012
0.058

g.11
0.045
0.846

1.727
0.23
0.118

43.08
54.47
2.478

100

c.118
0.882
0

0.118
1

t3
¢px?
Q.509
2.08
48.91
8.547
1.325
0.09
Q
0.897
35.33
3.384
]

1.978
0.102
9.022

0.08
0.042
1.248
0.132
1.114
0.032
0.025

0.003
0.296

0.277

0.025%

2.254
0.318

0.299
0.017
0.524

.18

0.08
0.009
0.18

¢.217
0.028
0.758

1,442
0.553
0.277

10.51
79.49
2.001

100

0.277
0.723
2,193
0.609
-0.33

1

14

cpx
a.82
0.189
48.24
17.73
0.037
g.114
[}
0.893
29.02
1,98
[ +]

1.97¢
0.000
0.008

0.001
0.994
0.192
0.802

0.05
0.031

0.004
0.778

0.158

4

0.048

0
2134
0.708

o.18
0.028
0.422
0.393

1
0.190
0.013

0.08

¢.161
0.048
0.801

1.63
0.218
0.182

41.99
§55.2
2.701

100

0.182
0.838
8
L)
0.182
1

15
cpx?
0.408

1.37
47.78
7.148
0.589

0.08

[
0.677
38.31
2.442

[}

2.028
0.069
-0.03
0.coe
0.019
1.289
0.053
1.238
0.028
0.024

0
0.003
0.325

o)
0.218

4
0.02

]
2.248
0.297

0.234
0.014
0.577
0.178
1
0.008
0.007
0.117

0.166
0.02
0.818

1.6687
0.435
0.215

19.54
78.92
1.543

100

0.218
0.788
0.488
1.821
-1.01

1



MAG-81 t8& 17(te} 18 19(18)
amb-r amb-¢c amb-¢ amb.r

MD 0.939 1.042 c.99 1.082
AL203 2.237 2.299 2.28 2.147
Sio2 48.35 48.824 48,352 45.919
co 7.372 6.948 4.537 6.458
o2 1.379 t.489 1,513 1.504
CR203 0.028 0.05) Qo 0.112
NQ 0 Q o Q
MND 0.827 0.778 0.81 0.79)
D 34.081 24.504 35.002 35.502
NAZD 3.149 3.233 3.207 23.224
K20 1.075 1.099 1,148 1.112
F 0.161 0.204 0.2 0.334
a 0.031 0.087 0.113 0.098
SUMe 97.8608 93.438 90,179 $8.278
Sl 7.4731 7.4313 7.3888 7.3142

Al{tot) 0.4251 0.4219 0.4244 0.4031t
AI{IV)  0.4251 0.4219 0.4244 0.4031
Al(VD) 0 0 0 o
Tl 0.1872 0.1785 0.1813 0.1802
Fo(tol}) 4.5928 4.5604 4.8843 4.7294
Fe +3  0.5384 0.7487 0.080 1.1849
Fo +2  4.0545 3.8827 3.8052 3.5848

Mg 0.2258 0.2475 0.23851 0.252%
Mn 0.1129 0,1048 0.1093 0.107
NI ) 0 o) 0
Cr 0.004%9 0.0049 0.0040 0.004%
[+ } 1.2738 1.1883 1.1248 1,1022
K 0.2291 0.2225 0.2328 0.228

Naftot) 0.9843 0.9902 0.9908 0.9088
Na(M4) 0.7284 0.8137 0.8754 0.8078
Na(A) 0.25081 0.1884 0.,1184 0.101
SUM= 16.481 15,407 15.353 15.218

Mg/{Mg- 0.0488 0.0511 0,048 0.0308
Na(A)+K 0.4792 0.4080 0.3482 0,327
SleNa+K 8.6787 8.8529 0.8081 8.539
Al(IV}+C 1.8987 1.8182 1,549 1.508)

N
Th
o




21-Sep-89

mag 84-b 1 2{1)
cpx-l cpx-¢

NED 2.333 2.243
AL203 0.821 1.142
S02 48,34 48,21
oo 20,48 20.17
o2 0.451 0.34
CR203 0.091 0.082
NO 0 -]
MDD 1.072 1,018
[3:+] 28.01 28.17
NAD 0.542 0.483
K20 0 0
F
[+ B
SUM 99.94 98.9)
L] 1.081 1,958
Al{tot) 0.03 0.0588
ALV} 0.03 0.042
AI(IV) 0 0.013
TI 0.014 0.0t
Fa{tot) 0.882 0.389
Fo +3 0.081 0.048
Fo +2 0.821 0.844
Mg 0.141 0.138
Mn 0.037 0.038
Ni 0 Qq
Cr Q.003 0.002
a 0.89 0.878
K 0 0
Na(tlot) 0.043 0.038
Na({M4)
Na(A)
SUM= 4 4
Mg/(Mg+Fe(tot), 0.138 0.132
Na(A)+K 0 o
SleNa+K 2.002 1.998
Al{IV)+Ca 0.92 0.92
pyX componems nomaized 10 1
Ac: (Nu) 0.044 0.039
En: (Mg/2) 0.072 0.07
Fe: (Feit)-Nay2 0.429 0.438
Wo: (Ca2) 0.458 0.452
UM t 1
AEFplat ermovs 0.227 0.220
AFWpiot emor= 0.038 0,035
EFSplot efrore  0.022 0,02
Ac: (Na) 0.042 0.037
En: (Mg) 0.138 0.132
Fs: (Fe(t)}-Na) 0.821 0.83
cpx morimato
QuCasMg+(Fe2+ 1,052 1.80867
Jo2'Na 0.085 0.078
JiQed 0.044 0.039
CaCpr JJ+Q« 2
We -Ca 45.83 45.23
Fa-FeateMn 47.13 47.49
En-Mg 7.23% T.007
total 100 100
Na cpx JJ+Q >8
Na-Ca px 2« /J+0< .0
2"Na** 0.044 0.0%0
Qs 0.988 0.981
Ja/Ae o 7.091
Jd 0 0.277
L} 0.044 -0.24

8
epK-C
2.787

0.60
48.968
20.47
0.442
0.013

0.98
5.0
0.588

100.1

1.978
0.0
0.028
0.008
0.013
0.854
0.038
0.818
0.188
0.033

4E.04
0.885%

0.043

0.183

2.018
0.9

0.048
a.088
Q.418
0.454

0.227
0.043
0.022

0.043
0.182
Q.798

1.568
0.087
0.044

45.87
46.77
8.558

100

0.044
Q.960
3.742
0.188
-0.12

2{8)
cpx-r
2.098
0.434
48.1
19.57
0.117
0.042
[+]
0.99
28.82
0.873
4]

88.84

1.979
0.021
0.02%

0.004
0.918
Q.088
0.049
0.128
0.034

0.001
2.483

0.054

0.123

2.033
0.884

0.058
0.088
0.44
0.44

0.22
0.033
0.027

0.081
0.122
0.020

1.841
0.107
0.088

44,44
48.98
a.618

100

0.088
0.948

14

cpx-¢
2.457
1.18
48.08
20.43
0.56
]
-]
1.148
25.88
0.8385
Q

100.1

1.941
0.055
0.055

0.017
0.s89
0.079
0.787
0.148

0.04

0.884

0.0%

4

0.148
9
1.99
0.939

0.061
0.078
0.419
0.454

1
0.227
0.038
0.028

0.049
0.148
0.808

1.818
0.009
0.052

45.61
48.78
7.820

100

0.082
0.940
0

0
0.052

18(14)
cpx-r
2.4324
0.917
43.33
20.25
0.338
0

0
1.099
260.04
0.52
0

1.9509
0.044
0.041
0.002

0.01
0.882
0.059
0.823
0.147
0.038

0.879

0.041

0.143

1.999
0.921

0.043
0.078
0.432
0.4581

1

0.228
0.038
0.021

0.04
0.143
0.817

1.849
0.082
0.042

45,17
47.27
7.582

to0

0.042
0.953
0.948

0.04
0.002

41

cpx
1.82
0.208
48.508
20.007
0.111
0.113
Q
1,003
26.809
0.504
Q

20.221

1.992
0.01
0.007
0.0029
0.0024
0.9197
0.0384
0.8813
20,1113
0.0348
4
0.0037
0.8793
0
0.0449

4

0.1079

0
2.0378
0.8883

0.0439
0.0589
0.4474
0.4498

1
0.2249
0.0288%
0.0220

0.0438
0.107¢
0.8488

1.8718
0.0887
0.0457

45.207
49.073
5.7199

100

0.0487
0.9543
1.8781
0.0787
-0.031

42

cpR
2.139
0.482
47.84
10.447
0.443
0.035
0
1.037
28.272
0.711
0

Q8.408

1.9723
0.0234
0.0234

o
0.0137
0.9058
0.0802
0.8457
0.1214
0.0382

[}
0.0011
0.8591

0
0.0588

4

0.1287

0
2.0291
0.882%

0.0582
0.0873
0.4347
0.4208
1
0.2199
0.0330
0.0291

0.0548
o.1287
0.8185

1.8382
0.1137
0.0583

44,453
48.747
6.8008

100

0.05083
0.9417
0
1}
0.0583

3(1)

2.18
5.357
43.83
9.821

1.09
0.042

0
0.708
31.42
1.708

0

96.33

1.009

0.009
0.1
4,197
0.833
3.264
0.582
0,098

0.002
1.681

0.528
2.319
0.209
15.21

Q.118
0.209
7.529
2.681

22 23(22)
amb?-r amb-c

2.538
4.788
43.94
8.985
1.27
Q

Q
0.707
32,55
1.78
0.935

97.49

6.954
0.092
0.893
0
0.151
4.309
1.114
3.188
0.508
0.095
[+
0.003
1.524
0.189
0.5448
0.478
0.07
15.268

0.122
0.259
7.889
2.417

amb-r
2.399
4.841
44,323
9.745
1.35
[}
0
0.7
3.9
1.588
0.96

97.81

7.058
0.871
0.871
9
0.182
4.248
0.683
3.5684
0.569
C.084
-]
0.003
1.862
§.+95
0.49
0.338
q.152
15,35

0.118
0.347
7.742
2.533



24

2.328
5.013

43.8
9.087
1.304
0.084

0.72
32.37
1.989
0.988

97.83

5.954
0.938
0.938

0.158
4.298
0.936
3.383

0.58
0.097

0.003
1.548
0.198
0.812
0.454
0.158
15,35

0.114
0,354
7.763
2.484

21-Sep-89

mag 84-b 4 5{4)
alv-c  Qalv-r
0.791 0,77
AL203 0.192 0.118
Si02 29.29 29.28
= o] 0.117 0.083
Tio2 0 0.087
crR2Ca 0.058 0.091
NO 0 0
MNO 2.981 3.021
[3: 0] 80.23 6813
NAZO 0 0
K20 0 ]
F
a
SUM = 99.88 09,02
Sl 0.99 0.993
Al(tot) 0.008 0.008
AHVD) 0.008 0.005
AK(1V) 0 [}
Tl 0 0.002
Fe(tot) 1.872 1.87
Fe +3 0.012 0.003
Fe +»2 1.80 1.887
Mg 0.04 0.039
Mn 0.085 0.087
NI 0 ]
Gr 0.001 0.002
[s ] 0.004 0.002
K 0 0
Na(tot) 0 9
Na(M4)
Na(A)
SUM=
Mg/(Mg+Fe(t 0,021 0.02
Na(A)eK
SleNusK
Al(IV)+Ca
pyx componernts nomaiized to 1
Ac: (Na)
En: (Mg/2}
Fa: (Fe{t)-Na)/2
Wo: (Ca2)
SuMa
AEFpiot efrors
AFWDIOt ofror=
EFSplat emor=

pig comp normalized 0 1
Arc

Ab:
or

10
olv-¢
0.772
0.188

29.5
0.047

4]
0.12%
]

3.018
88.11
9
o

£9.73

0.908
0.007
0.004
0.003
[}
1.007
0
1.689
0.039
0.088
]
0.003
0.002
Q
Q

0.02

262

18
pig
0.027
21.87
86.51
2.553

98.72

3.021

1.18
0.979
d.182

-0.51
2.511
0.002

0.124
0.018
0.674

19(18)20(1921(19)

plg-c 8
0.01

p-lamsp-lam-¢

5 0.042 0.048

21.21
87.48
2.183

100.5

3.002
1.109
0.998

0.11

0.007
-0.73
0.341
1E-03

0.103
0.022
0.757

20.25 18.41
68.38 85.44
1.427 0.052
0 0

0 Q

0 [}

1] Q9
0.1t 0.121
8.219 1.24
5.788 14.31

100.2 99.82

2.98 3.029
1.072 1.004
1.02 0.971
0.052 0.033

0 0
0.004 0.005
-0.18 -0.11
0.184 0.11
0.003 0.003

0 [*]

0 o

Q 0
0.06% 0.003
0.33 0.8545
0,542 0.111

0.162 0.117 0.073 0.003
0.828 0.859 0.578 0.118
0.022 0.0235 0.351 0.881



21-Sep-89

mag 911 2(3) 5
Pyr-C  Pyx-R

MO 1.581 1.243
AL203 0.104 0,184
si02 48.385 48,571
o0 10.787 19.415
To2 1,88 0.274
CR2O3 1] 0
NO ] [1}
MO 0.787 0.888
D 27.888 27.872
NAZD 1.427 1.18
K20 [} 0
F
a
SUM = 100.8 99.375
sl 1.9552 1.986%9
Al{tat) 0.005 0.0079
AIVY 0.005 0.0079
AV o 0
Tl 0.0511 0.0084
Fa(tol) 0.9418 0.9487
Fe +3 0.0944 0.005
Fe +2 0,80478 0.8517
Mo 0.0958 0.0788
Mn 0.02%9 0.0297
NI [+] 0
Cr [+] 0
Q 0.8136 0.861
K 0 0
Na(tot) 0.1118 0.0938
Na(M4)
Na{A)
SUM= 4 4
Mg/(Mg+Fe(tot))  0.0923 0.0741
Na(A)eK 0 0
SleNa+X 2.087 2.0808
Al(IV)+Ca 0.8104 0.85289
pyx components nomalized 1o 1
Ac: (Na) 0.1138 0.0982
En: (Mg/2} 0.0488 0.0308
Fs: (Fe(t)-Nay2 0.4228 0.4337
Wo: (Ca/2) 0.4144 0.4328
UM 1 1
AEFpiot error= 0.2072 0.2103
AFWpIOt emole 0.0244 0.0193
EFWpiot errore 0.087 0.0478
Ag! (Na) 0.1078 0.0918
DI 0.0923 0.074%
H 0.7999 0.8343
cpr morimoto
CaCarMgeFa2e 1.7867 1.7788
Je2"Na 0.223¢ 0.1872
JIQed 0.1129 0.0982
CaCprleQ 2 x | ]
Wo 43.338 44,715
R 61.457 %1.303
En 5,1047 3.9018
total 100 100
Na cpx JUJ4Q >.8
Na-Ca cpx 2«40« .8
2°Na"* 0.1129 0.0982
Q- 0.0871 0.9048
Jd/Ae -] [
-« 0 0
L 0.1129 0.0882

21-8ep-89

mag 91-1 2{y)

Pyx-C Pyn-C

M0 1.507  1.243
AL203 0.104 0.144
8102 42,308 48.371
>, 18,787 19.418
™2 1.88 0.274
crR0) Q 0

8(%)

Pyx-C
4,555
1.281

48.798

10
Pyx
1.291
0.103

48.502
19.242 10.357
0.702 0,198
0 0

0 [+]
0.809 0.78
22.229 20.132
1.577 1.818
o o

09.073 98.982

1.9429 1.9082
0.0502 0.008
0.0571 0.005
0.002 0
0.021 0.0081
0.7435 0.9028
0.1348 0.1389
0.8087 0.8248
0.2703 0.0788
0.0208 0.0204

0 0

4] o
0.8209 0.8085

0 0
0.1217 o.t288

4 4
0.2688 0.0750
0 -]

2.0848
0.878

2.1148
0.8108

0.1248
0.1381

0.1301
0.0399
0.3178 0.4225
0.4198 0.4076

1 1
0.2008 0.2038
0.0881 0.0199
0.0822 0.088

0.1201
0.2084
0.8133

0.1233
0.0788
0.8011

1.6998 1.7009
0.2435 0.2671
0.12583 0.1308

2 x
44.240 42.98
41.184 52,818
14.589 4.2041

100 100

0.1253 0.1308

0.8747 0.8692.

0.1203 0
0.0181 0
0.1102 0.1308

Pyx-C  Pyx-C
4,588  1.291
1,261 0.t08

40.788 40.502
19.242 10.387
0.702 0.198

0 0

- 26

(-] ]
cpx-l
1.399
0.207
49,145
19.423
0.028
1]
4]
0.771
27.194
1.174
0

29.351

2.0081
0.01
-0.008
0.0181
2.0009
0.9204
0.089
0.8594
0.0851
0.0287
4]

1]

0.88

Q
0.092%

4

0.084
9
2.089
0.8429

0.095
0.0428
0.427
0.4245
1
0.2172
0.0213
0.0478

0.0817
0.084
0.8243

"1.7948
0.1858

98
cpx-¢
4.564
0.325
49,8043
19.904
0.283
0
Q
0.688
22.409
1.037
1]

99.051

1.9957
0.0153
0.0043
0.011
0.0085
0.7504
0.0587
0.8937
2.2723
0.0233
0

0
¢.8539
1]
0.0808

4

0.2083

o
2.0762
0.6502

0.0823
0.1392
0.3423
0.4382
1
0.2182
0.0808
0.0411

0.0787
0.2883
0.868

1.0199
0.181

97
cpx-i
4.913
1.208
48.981
19.347
0.688

0.842
21.584
1.191

93.534

1.96812
0.057
0.0388
0.c182
9.0207
¢.7231
0.0718
0.6515
0.2033
0.c218
0

*]
0.8304
[*]
0.0928

4

0.2888

0
2.0837
0.8682

0.0054
0.1512
0.3252
0.4282

1
0.2141
0.0758
0.0477

0.091
0.2884
0.8204

t.7751
Q.188

0.0838 0.0813 0.0944

50.520
4,5028
100

0.0938
0.9082
2.4832

0.233
-0.139

Pys-C
1.399
0.207

49.148

19.423
0.028

']

3

40.72
14.334
100

0.0012
0.9187
2.3922
0.1944
-0.413

Pyx-C
4.584
0.328

49.84)

19.904
0.283

0

x  §
44.97 44,948 44441

39.882
15.698
100

0.0944
0.9088
2.6984
0.2547

-0.18

Pyx-C
4.913
1.208

40.981

19.347
0.888

0



NO ]
MO 0.757
2] 27.868
NAZD 1.427
K20 Q
F

a

SUM = 100.8
Si 1.8707
Al{tot) 0.008
Al{IV) 0.005
Al{vi) 0
TI 0.08158
Fe(tot) 0.9493
Fo +3 2E-13
Fo +2 0.0493
Mg 0.0968
Mn 0.0281
Ni o
cr 0
Q 0.8199
K o)
Na(tot) 0.1127
NaiM4)

Na{A)

SUMa 4.0317

Mg/{Mg«Fe(tot)} 0.0923
Na(A)eK 0
SleNa+K 2.0834
Al{IV)+Ca 0.8249

pyx components nomalized 1o 1

Ac: (Na) 0.1139
£n: (Mg2) 0.0488
Fs: (Fe(t}-Nay2 0.4228
Wo: (Car2) 0.4144
sSufMa 1
AEFpiot ermore 0.2072
AFWplat smore 0.0244

1] [} 0 0
0.858 0.800 0.78 9.77%
27.872 22.229 28.132 27.194
1.18  1.577 1.619 1174

0 [+] 0 ]

96.375 99.073 98.982 99.3151

2.0028 1.0849 2.0005 2.0177
0.008 ©.0598 0.005 0.01
-0.003 0.0381 -0.009 .0.018
0.0107 0.0248 0.0145 0.0277
0.008% 0.02'3 0.0082 0.0009
0.9543 0.752 0.8748 0.9338
-2E-15 4E.15 -2E-13.2E-18
0.9543 0.7852 0.8748 0.8338
0.0764 0.2733 0.0797 0.0858
0.0299 0.0208 0.0287 0.0288
[+] 0 0 ]

0 0 ] 0
0.8578 0.8302 0.8149 0.8549
0 0 0 0
0.0943 0.1231 0.1301 0.0935

4,0319 4.0455 4.0469 4.0221

0.0741 0.28688 0.0758 0.034

0 ] Q 1]
2.0971 2.0881 2.1308 2.1112
0.055 0.8853 0.8084 0.8372

0.0962 0.1248 0.1301 0.098%
0.0308 0.1381 0.0399 0.0435
0.4337 0.3178 0.4225 0.427
0.4328 0.4106 0.4070 0.4345

] 1 t 1
0.2163 0.2008 0.2038 0.2172
0.0193 0.0691 0.0199 0.0218

o) 2}

0.888 0.642
22,409 21.584
1.037 191
0 0

$9.051 98,534

2.0082 1,973
0.0154 0.0874
-0,005 0.027
0.0208 0.0304
0.0088 0.0209
0.754 0.7274
2E-13 [}
0.754 0.7274
0.2738 0.29651
0.0234 0.0219
) 0

0 0
0.858 0,8354
0

0
0.0809 0.0931

4.019 4.024

0.2663 0.,2888

0 0
2.0881 2.066
0.8528 0.8824

0.0823 0.0054
0.1392 0.1512
0.3423 0.3252
0.4383 0,4282

1 1
0.2182 0.2v41
0.0898 0.0756

EFWplot errore 0.057 0.0478 0.0822 0,085 0.0475 0.0411 0.0477
Ae: (Na) 0.1078 0,0018 0.1201 0.1233 0.0917 0.0787 0.091
s ]] 0.0923 0.0741 0.2688 0.0738 0.084 0.26023 0.2888
H 0.7999 0.8343 0.8133 0.8011 0.8243 0.855 0.5204
cpx mosimoto

C=CasMgeFe2 1.8657 1.3684 1.9588 1.8604 1.8742 1.80668 1.3878
Je2"Na 0.2284 0.1887 0.2483 0.2801 0.1089 0.1818 0.10881
JiQed 0.1078 ©.0008 0.1172 0.1222 0.0907 0.079 0.0911
CaCpx Qe 2 x X x x ] x X

Wo 43.330 44.710 44.248 42,90 4497 44.945 44,441
s 81,887 51.303 41.184 52.318 50.520 40.72 39.38)
En 5.1047 3.9818 14.580 4.2041 4.5028 14.234 15,898
tota) 100 100 100 100 100 100 100
Na cpx JJ+Q ».8

Na-Ca cpx 2<J+Q< .8

2°Na** 0.1078 0.0000 0.1172 0.1222 0.0907 0.079 0.0911
Q"*aQ/(QsJ) 0.8922 0.9092 0.8828 0.8778 0.9083 0.921 0.9089
Jd/As 0 -7E+13 BE+13-7E+13-2E+14 1E+14 #DIVIOI
S 0 -8E+12 7E+12-8E+12-2E+13 1E+13201V/0I
[ ] 0.1078 0E«12 -7E+12 BE+12 2E+13 -1E+13 #DIV/0I

264



25-May-89
mag $1-3

Na(iot}
Na{M4)
Na(A)
SuMme

Mg/(My+Fa(tot)}
Na(A}eX
SleNa+K
Al{IV)+Ca

An;
Ay
Qe

14

17

atd amb amb

0.578
1.154
48.75
5.083
1.287

[+]

]
0.847
35.28
5.379
1.269
0.819
0.027
99.71

7.707
0.215
0.218

0
0.188
4.685
0.422
4.242
0.135
0.113

0
0.003
0.858
0.258
1.849
1.142
0.508
15,77

0.028
0.702
g.811
1.073

0.529
1.128
48.22
4.885
1.278

0

+]
0.783
34.81
5.308
1.402
0.774
0.081
98.23

7.741
0.2%2
¢.212

0
0.188
4.840
0.324
4,322
0.127
0.108

0
0.003
0.842
0.287
1.877
1.158
0.519
15.81

0.027
0.808
9.70%
1.085

0.802
1.078
48.48
4.616
1,338

0

0
0.89¢8
J6.18
5.393
1.507
0.929
0.037
99.13

7.702
0.202
0.202
0
0.18
4.873
0.518
4,155
0.143
0.121
0
0.003
0.788
0.322
1.882
1.214
0.448
18.77

0.03
0.77
9.488
0.988

11

coss{as pps{as an coss
0.095 0.091 [+}

0.c68
0.405
41.28
0.328
8.481

L]

0
0.987
41.38
7.302

Q

100.2

5.005
0.088
0.0688

0.91
4.938
0.3682
4.878
0.014
0.117

0.05

2.02

14

2.507
1.79¢
4477
9.012
s2.01

265

0.214

0.923
41.08
T.478

100.1

5.882
0.088
0.088

4,089
0.398
4.497

a.111

0.048

2.088

2.398
1,758
5.282
8.008
82.58

11 18

folds

18

0.39
41.3

0.372
41,38
0.341
8.59 8.55

o 0.031

0 [}
0.973
42.34
7.299
[} [}

18.22
a47.54

[-N-N-N-X-)

0.803
0.8389
13.88

101.5 99.08
2.171
0.898
0,829
0.069
0.908 0
4.99 0.024
0.485 .0.32
4,505 0.358
g.g19
0.118

5.8029
0.002
0.082

a.02

0 0.¢03
0.0%1

a-00000

(- -]
o
-~

2.022

14 14 s
2.575
1.03
10.88
9.374
78.14

0.084
0.970

19
leids
0
14.95
75.11

0.99
0.01

13 91-3 12
opaq cpx
2 MO 0.229
0 AL203 0.125
19 SIo2 49.2
0 GO 14.81
0.149 TiIO2 0.287
0 CR2O3 0
NO 0
0.029 MD 0.713
81.97 RAD 28.99
0 NAZD 4,787
L. o] /]
F
a
SUM e 99.11
Sl 1.97
Alftot) 0.008
Al{IV) 0.008
Al{(IV) 0
Ti 0.008
Fa(tot) 0.971
Fe +3 0.409
Fe +2 0.562
Mg 0.014
Mn 0.024
NI 4]
Cr 0
Ca 0.835
K 0
Na(tot) 0.372
Na{M4)
Na(A)
SUMe 4
Mg/{iMg+F 0.014
Na(A)+K 0
SleNaeK 2.242

Al{IV)+Ca 0.841

PYN COMPONents nor
Ag: (Na)  0.37)
En: (Mg/2 0.007
Fa: (Fe{t 0.301
Wo: (Ca2 0.319
SUMa 1
AEFplot & 0.18
AFWplot ¢ 0.003
EFSplot @ 0.187

0.378
0.014
0.809

Ag: (INa)
En: (Mg}
Fa: {Fe{t)

cpx morimoto
QeCa+Mg 1.211
Ja2*Na 0.743
JQed 0.38
Ca Cpx J1+Q < 2
Wo -Ca 38.684
Fa-FeteMi 80.52
En-Mg 0.0
total 100
Na cpx JJ+Q ».8
Na-Ca opxt 2« v

2°Na** 0.9
Q** 0.82
JAS 0
Jd 0
e 0.38



21-Sep-89

mag 91-4 43° 44(43)
cpx-l  cpx-l

MED 0.188 0.072
AL203 0.94 0.554
SI02 51.84 51.809
o0 ¢.208 0.104
TiO2 0.173 0.898
CR203 0.119 0.035
NO 4] 0
MO 0.019 0.057
D 29.21 28,713
NAZD 13.42 13.882
K20 0.384 o
F
a
SUM = 98.5 88.013
1) $.982 1.9838
Al{tot) 0.042 0.0251
Al(IV) 0.018 0.0184
Al(VH) 0.024 0.0088
Ti 0.005 0.0259
Fe{tot) 0.934 0.9213
Fe +3 0.994 0.9878
Fo +2 ~0.08 -0.C88
My 0.011 0.0041
Mn GE-04 0.00t9
Ni +} 0
Cr 0.004 0.0011
G 0.008 Q.0043
K [+] 0
Nx(tot) 0.995 1.0328
Na(M4)
Na(A)
SUMa 3.981 4
Mg/(Mg+Fe(tot), 0.011 0.0044
Na(A)eK Q [+}
SleNa+K 2.877 3.0184
Al{iV)+Ca 0.027 0.0207
pyx componsms nomalized to 1
Ac: (Na) 1.022 1.0828
Em: (Mg/2) 0.008 0.0021
Fe: (Fe{t)-Nay2 -0.03 -0.087
Wo: (Ca/2) 0.004 0.0022
M= 1 1
AEFplot erorm 0,002 0.0019
AFWplot smmore  0.003  0.009
EFSpiot errore 0.511 0.8283
Ag: (Na) 1.063 1.118
En: (Mg) 0.011 0.0044
Fs: (Fe{t)-Na) -0.08 -0.12
cpx morimoto
QeCasMg+{Fe2s -0.04 -0.088
Je2*Na 1.99 2.0057
JIQad 1.021 1.0209
CaCpx JIeQ« 2
Wo -Ca 0.801 0.489
Fe-FateMn 28 99.009
En - Mg 1.123 0.4419
totad 100 100
Na cpx JJ+Q >0
Na-Ca cpx .2¢MJ+Q< .0
2°Na** 1.021 1.0209
Q°* -0,02 -0.039
JAe 0.024 0.0088
Jd 0.024 0.0088
o 0.997 1.0202

48(43)
cpu-r
0.30%
0.814
52.228
0.155
0.783
0.087
0
9
271.877
13.759
0

96.089

2.0025
0.0387
-0.002
0.0382
¢.0225%
0.8922
2.9
-0.04
0.0174
0

0
0.0017
0.0084
Q
1.0208

4

0.0199
)
3.023
0.0039

1,054
0.008
-0.088
0.0033
¥
0.0018
0.0045
0.527

1.1219
0.0191
-0.141

-0.018
2.0411
1.0079

0.0939
97.407
1.0091

100

1.007%
«0.008
0.0417
0.0421
0.9858

49

cpx
0.073
0.88
51.83%
0.041
0.88
0.041
[+}
0.043
28.804
13.848
a.0t8

95.798

1.9878
0.0388
0.0122
0.0284
0.0248
0.921
0.9549
-0.034
0.0042
0.0014
Q
g.0012
0.0017
[}
1.0188

3.9901

0.0045

a
3.0084
0.0139

1.0472
0.0022

-0.086
0.0009

1

0.0004
0.0011
0.5238

1.101
0.0048
-0.108

-0.028
2.0372
1.0138

0.1822
99.207
0.4512

100

1.0139
-0.014
0.0272
0.0270
0.9883

266

48
amb-¢
0.84
Q.01%
48.92
1.978
1.8
0.01¢
0

0.754
32.33
8.929
1.842

96.802

7.942
0.175
0.058
Q.118
0.183
4.39
0.382
4.029
0.203
0.104
[}
0.003
0.344
0.34
2.182
1.858
0.528
15.87

0.044
¢.808
10.48
0.402

53

amd-¢
0.774
1.381
48.387
1.964
0.473
0.083
0
0.219
33.473
8.372
1.504

94.00

7.081
0.2508
0.119
0.1405
0.058
4.5615
0.8428
3.7187
0.188
0.044

0
9.0035
0.2429
0.3127
2.0132
1.6871
0.3581
15.684

0.0398

0.6888
10.207
0.4819

50 51(50)652(%0) 53(50)
ksp-i-rplg-i-r ksp-l-c plg-l-¢
0

17.451 18.52
§5.627 89.88
[} [}

1) 0

[} 0

[+] 0

0 [}
0.739 0.938
0.391 11.02

15.183 0.088

90.391 100.2

3.0883 3.082
0.9617 0.98
0.9317 0.938

0.03 0.022

0

0.0289 0.034

-0.1587 -0.1

0.7881 0.174

0
0
0
0
[+]

0.9058 0.005

0.0354 0.929

0 C.021
17.539 18.401
84.558 70.038

0 0.043
0 9
Q ]
0 ]
0 0
0.5286 0.852

0.471 10.909
18,272 0.118

96.488 100.38

3.045 J.0787
0.9738 0.9529
0.955 0.9233
0.0108 0.02986
9 0
0.0208 0.0313
<0,103 -0.171
0.1238 0.202
0 0.0014
[+] o
o [}
0 [}
9 0.002
0.9178 0.0084
0.043 0.9292

0.0377 0.995 0.0448 0.901
0.9623 0.005 0.9552 0.0089




21-Sep-89 clotd
mag 125 33 3s
amb  amb
MO 2.873 2.841
AL203 0.764 1.054
S102 50.26 48.78
cO 4,278 3.851
TIo2 1.3 1.238
CR203 0.029 0.044
NO 0 o
MNO 0.721 0.688
D 31.12 31.74
NAZO 5§.0768 5.287
K20 1.385 1.187
F
a
SUM = 97.78 96.49
Si 7.864 7.701
Al(tot) 0.141 0.198
Al(VD 0.138 0.196
Al(IV) ©.005 0
Ti 0.1563 0.147
Fe(tot) 4.073 4.19
Fo +3 0.574 1.014
Fe +2 3.499 3.176
Mg 0.67 0.688
Mn 0.096 0.092
Ni .0 o
Cr 0.003 0.003
Ca 0.717 0.818
K 0.273 0.235
Na(tot) 1.54 1.618
Na(M4) 1.283 1.382
Na(A) 0.257 0.238
SUMa 15.53 15.47
Mg/(Mg+Fe(tot), 0.141 0.138
Na(A)+K 0.53 0.471
Sl+Na+K 9.877 9.554
Al{IV)+Ca 0.853 0:814
pPYX components nomalized to 1
Ac: (Naj
En: (Mg/2)
Fs: (Fe(t)-Na)/2
Wo: (Cas2)
SuM=
AEFplot error=
AFWplot errore
EFWpiot errors

plg comp normalized to 1
A

Ab:
Or:

35 25 26 27 31 az
amb plg-l-cplg-l-cksp-l-c ksp alb
2.791 Q o 0 0 ]
0.904 21.48 21,87 t7.99 17.77 18.48
48.81 67.14 66.95 84.4 65.48 69.39
4.057 2.191 2.1568 0,045 0.014 0
1.208 o] 0 o o] 0
0 o 0 0 0 0
o Q o 0 0 (]
0.832 o] o o 0o o
30 0.023 0.105 0.127 0.717 0.633
4.882 7.698 8.738 0.77 0.608 11.78
1.484 0.113 0.126 13.98 15.12 0.092
94.54 98.64 99.65 97.31 99.7 100.4
7.876 3.055 2.992 3,064 3.046 3.027
0.172 1.162 1.136 1.009 0.974 0.95
0,124 0.945 1.008 0.936 0.954 0.95
0.048 0.207 0.128 0,073 0.02 0
0.148 0 0 0 0 0
4.048 9E-04 0.004 0.005 0.028 0.023
0.618 -0.58 -0.38 -0.22 -0.11 0
3.432 0.577 0.38 0.223 0.142 0.027
0.671 0 o] 0 0 0
0.088 0 o 0 0 o
0 Q 0 0 0 0
0.003 0 0 0 0 0
0.702 0.107 0.103 0.002 7E-04 Q
0.308 0.007 0.007 0.8490 0.897 0.005
1.459 0.879 0.757 0.071 0.055 0.99§
1.298
0.18
15.47
0.142
0.466
9.64
0.828
0.135 0.119 0.002 7E-04 0

0.857 0.873 0.077 0.057 0.995
0.008 0.008 0.92 0.942 0.005 0.016
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clot2
36
plg-l-r
0
23.98
62.81
4.997

OO0 Q0O0Q

ow
o ©

97.91

2.903
1.307
1.097

0.313
0.67



21-Sep-89 host

37(36)38(3639(386) mag 84-b 40 28 29 30(29)
ksp-1-tr plg-¢ plg-c amb plg-l plg-l or-|
0 0 o] MO 2.5568 vy} o] 0
23.23 21.82 21.18 AL203 1.035 18.67 18.94 18.2
63.79 65.46 65.43 Sio2 48,67 69.66 70.89 £6.55
3.71 2.393 2.175 0 4.805 0 0 0
0 0 8] TiO2 1.489 0 o] 0
0 0 0 CR203 0.038 0 0 0
g 0 Q NIO o 0 (o] g
o 0 ) MNO 0.599 0 0 0
0.104 0.18 0.047 0 30.5 0.677 0.4 0.048
8.389 8.898 10.0t NAZ2O 4,933 9.959 9.528 0.373
0.628 0.275 0.12 K20 1.32 0.074 0.141 14.33
F
o

99.84 99 98.95 SUM = 95.94 99.04 99.89 99.51
2.84 2,936 2.913 Si 7.825 3,12 3.159 3.108
1.219 1,153 1.111 Al(tot) 0.1986 0.986 0.995 1,002
1.16 1.084 1.087 Al(VI) 0.175 0.88 0.841 0.892
0.059 0.089 0.024 Al(IV) 0.021 0,106 0.154 0.11
0 0 0 Ti 0.18 0 o] 0
0.004 0.006 0.002 Fe(tot) 4.1 0,025 0.015 0.002
-0.14 -0,24 -0.07 Fe +3 0.326 -0.36 -0.48 -0.33
0.143 0.242 0.068 Fa +2 3.775 0.382 0.4986 0.333
0 .0 0 Mg 0.612 0 0 0
0 0 0 Mn 0.082 Q 0 o]
0 0 0 Ni 0 o . 0 o]
o] 0 Q Ccr 0.003 0 Q 0
0.177 0.115 0.104 G 0.828 0 0 0
0.038 0.0168 0.007 K 0.271 0.004 0.008 0.854
0.724 0.774 0.884 Na(tot) 1.538 0.865 0.823 0.034

Na(M4) 1.172

Na(A) 0.368

SUM. 15.63

Mg/(Mg+Fe(t- 0.13

Na(A)+K 0.638

Sl+Na+K 9.633

Al{iv)+Ca 1.003

pyx components nomalized o 1
Ac: (Na)

En: (Mg/2)

Fs: (Fe(1)-Na)/2

Wo: (Cas2)

sum=

AEFplot arror=

AFWplot error=

EFWplot errore

plg comp normalized to 1

0.189 0.127 0.108 An: 0 0 0
0.773 0.855 0.887 Ab: . 0.995 0.99 0.038
0.038 0.017 0.007 Or: 0.005 0.01 0.982
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21-Sep-89

mag-155% 70 71
cpx cpx

MDD 0.26 0.211
AL203 0.352 0.345
SI02 48.729 49,293
oo} 16.629 15.879
To2 0.122 0.072
CR203 0.083 0
NO 0 0.018
MO 0.999 1.081
D 28.071 28.581
NAXD 3.235 3.4
K20 0 0
F
a
SUM = 98.48 98.658
Si 1.9869 2.0083
Al{tot) 0.0169 0.0166
Al{IV) 0.0131 -0.0086
ALV} 0.0038 0.0229
Ti 0.0037 0.0022
Fal(tot) 0.9572 0.9729
Fa +3 0.255 0.2347
Fe +2 0.7023 0.7382
Mg 0.0158 0.0128
Mn 0.0345 0.0388
Ni 0 Q.0005
Cr 0.0027 1]
(-1 0.7265 0.6838
K 0 0
Na(tot) 0.2558 0.2683
Na{M4)
Na(A}
SUMe 4 4
Mg/(Mg+Fe(tot)! 0.0162 0.013
Na(A)+K 0 0
Si+NasK 2.24268 2.2748
AH{IV)+Ca 0.73968 0.8773
pyx components nomalized to 1
Ac: (Na} 0.2818 0.276%
En: (Mg/2) 0.0081 0.0088
Fs: (Fe{t)-Na)/2 0.2588 0.3638
Wo: (Cas2) 0.2718 0.3529
sums 1 1
AEFplot emore  0.1858 0.1764
AFWplot errors 0.004 0.0033
EFWpiot error= 0.1308 0.138S
Ac: (Ns) 0.2829 0.2722
Di: (Mg) 0.0162 0.013
Hd:{Fe(T)-Na)} 0.7209 0.7148
cpt morimoto
QuCasMg+(Fo2s+ 1.4448 1.4348
Ju2'Ns 0.511% 0.5387
JQ+d 0.2815 0.2722
CaCpx JJ+Q < .22
Wo Ca 41.897 40.08
Fs-FeteMn 57.192 58.17
En - Mg 0.9111 00,7502
total 100 100
Na cpx JJ+Q ».8
Na-Ca cpx .2<)J+Q< .8
2°Na** 0.2618 0.2722
Q* 0.7385 0.7278
Jd/Ae 0.0567 0.3579
Jd 0.0148 0.0874
] 0.2487 0.1749

72

cpx
0.138
0.078
49.379
15.086
0.169
0.038
0
0.89
28.01
4.221
0

98.006

2.0081
0.0037
-0.008
0.0118
0.0052
0.9528
0.3015
0.6512
0.0084
0.0307

0

0.0011
0.6574

0
0.3328

4

0.0087

0
2.3409
0.6493

0.3412
0.0043
0.3178
0.3369

1
0.1685
0.0021
0.1708

0.3483
0.0087
0.6845

1.3180
0.8657
0.3258

39.884
59.020
0.5072

100

0.3358
0.8842
0.11¢9
0.03%2
0.2965

74

epx
0.198
Q.43
49.065
15.67
0.077
0.045
[+]
1.102
28,422
3.619
0

98.826

1.9931
0.0208
0.0069
0.0137
0.0024
0.9656
0.2721
0.6935
0.0119
0.0379

0
0.0014
0.8821

0
0.2851

4

0.0121

4]
2.2782
0.8889

0.2932
0.0081

0.35
0.3508

1

0.1754
0.0021
0.1468

0.2018
0.0121
0.6962

1.3874
0.5701
0.2012

40.182
59.119
0.809
100

0.2912
0.7088

0.172
0.0504
0.2408
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69
amb

0.522
1.187
47.354
4.829
1.157
0.016
0
0.932
34.015
4.884

1.207

96.113

7.7287
0.2284
0.2284
Q
0.142
4.643
0.5386
4.1044
0.127
0.1288
0
0.0035
0.8463
0.2513
1.5456
1.1537
0.3918
15.645

0.0266 Rh
0.6432 Fel-Al
9.5257 Feld-ts
1.0746 Faerri
idaal

67
Coss-¢
0.055
0.98¢
39.532
0.826
8.174
Q.028

1.234
40.22
7.15%

98.205

5.7425
0.16a88
0.1688
0
0.893
4.8862
0.5708
4.3154
0.0119
0.15t8
0
0.0032
0.1286
Q
2.0129

14

0.0843
0.0403

88

cOoss-r
0.082
0.58
42.14
0.37¢
7.955
0.059
0
1.238
41.043
7.377
0.033

100.89

5.9527
0.0882
0.0473
0.0509
0.8451
4.8438
0.3261
4.5226
0.0173
0.1479

+]
0.0066
0.0568
0.0059
2.0208

14




73

0.071
0.739
40.256
0.538
8.287
0.043

1.185
40.483
7.283

98.885

5.8087
0.1258
0.1256
0
0.899
4.8836
0.4952
4.1885
0.0153
0.1448
[
0.0049
0.0832
0
2.037

14

21-Sep-89

76
pig-1
0
18.791
70.816
+}
]

q
0
0

o oo
R~y

.752

46
.U68
98.971

3.2918
1.0045
0.7884
0.2161
0
0.0285
-g.672
0.701
4]

0

0

0

0
0.0038
0.751§

77
plg-r
0
19,625
60.496
0.413
0
[¢]
0
0
0.084
9.113
0.176

98.907

3.1295
1.0416
0.8705
0.1711
0
0.0032
-0.495
0.4979
a
0
0
+]
0.0199
g.0101
0.7957

g.0241

78(77) 79{77) 8O(77)

ksp-1
0
18.542
65.899
0.018
0
[}
0
0
0.117
1.082
13.77

99.428

3.064
1.0162
0.936
0.0802
0
0.0045
-0.23
0.2344
0

Q

0

0
0.0009
0.8168
0.0975

0.001

plg-l
0
19.17
69.875

[-R-R~N-N-]

0.241
9.718
0.128

99.13

3.1285
1.0117
0.8715
0.1402
[+]
0.009
-0.418
0.4269

kap-i
0
17.411
64.153
0.028
0
a
]
0
0.676
0.479
12.311

95.0586

3.1477
1.0069
0.8523
0.1547

Q
0.0277
-0.486
0.5139

0

0

0

0
0.0014
0.77086
0.0456

0.0017

0.065 0.9949 0,9836 0.1086 0.9914 0,0557

mag 155 75
ksp-l

MDD 0
AL203 17.538
SiI02 65.413
(v, 8] 0
TI02 4]
CR2O3 [:]
NO ]
MNO Q
1] 0.533
NAZD 0.688
K20 15.002
F
=8
SUM = 99.172
Si 3.0587
Al(tot) 0.9686
Al(IV) 0.9423
Al{V1) 0.0226
Ti 0
Fa(tot) 0.0208
Fe +3 -0.123
Fe +2 0.1436
Mg a
Mn 0
Ni 0
Cr 0
G 1]
K 0.8944
Na(tot) 0.0622
Na(M4)
Na{A)
SUMs= 5
Mg/(Mg+Fe{tot}))
Na(A)+K
Si+Na+K
Al{IV)+Ca
pyx componants nomalized to 1
Ac: (Na)
En: (Mg/2)
Fe: (Fe{t)-Na)2
Wo: (Ca/2)
sume
AEFpiot eore
AFWplot emora
EFWpiot efrore
plg comp normalized to 1
A 0
Alx
Or:

0.935 0.0051 0.0122 0.8924 0.0088 0.9428
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15-Jun-89

MAG 193 1 2(1) 3 4(3) 5 6(5) 7
Amb-c Amb-r Amb-¢ Amb-r Amb-¢ Amb-+ Amb

MDD 0.198 0.226 0.218 0.172 0.15 0.112 0.964
AL203 1.098 0.764 1.817 0.51 1.013 0.494 2.297
SiIo2 48,61 48.31 47.43 50,43 48.87 49.5 46.68
<0 2.48 2,781 2.963 0.351 4.478 3.001 7.002
Tio2 1.328 0.528 0.656 0.339 1.381 1.402 1.486
CR2Ca 0 0,087 0.09 0.081 0.103 0.022 0

NO ] 0 0 0 Q [+ 0
MNO 1.055 1.002 1.112 0.768 1.052 1.018 0.822
D 34,2 34.71 34.24 34.21 32.50 34.05 34.67
NAZD 6.59 6.309 6.078 7.854 8,305 8.458 3.081
K20 2.069 1.033 1.69 1.146 1.553 1.888 1.052
F 0.263 0.47 0.337 0.443 0.85 0,375 0.362
a 0.015 Q +] 0 a 0 0.098

SUM = 97.88 96.12 96.83 96.1 98,35 98.33 08.52
8i 7.831 7.854 7.704 8.107 7.986 7.979 7.434
Al{tot) 0.200 0.148 0.348 0.087 0.195 0,094 0.431
ANIV) 0.169 0.145 0,296 -0.11 0.014 D.021 0.439
AlVI) 0.039 1E-04 0,051 0.204 0,181 0.072 o
Ti 0.161 0.085 0.08 0.041 0,17 0.17 0.178
Fe(tot) 4.608 4.719 4,651 4.590 4.454 4,589 4.617
Fe +3 0.475 0.831 0,778 0.855 -0.41 0.161 0.79
Fe +2 4.134 3,988 3,873 3,744 4,863 4.428 3.827
Mg 0.048 0.055 0.053 0.041 0.037 0.027 0.229
Mn 0.144 0.15 0.153 0.105 0,146 0.139 0.111
NI 0 0 2 0 o 0 0
Cr 0 0 0 0 o a 0
a 0.425 0,481 0.518 0.08 0.784 0.518 1.195
K 0.425 0.214 0.15 0.235 0.324 0.39 0.214
Na(tot) 2,059 1.998 1.914 2.386 1.998 2.018 0.951
Na(M4) 1.57% 1.519 1.484 1.04 1,216 1.482 0.805
Na(A) 0.483 0.479 0.429 0.446 0.782 0.536 0,148
SUMa 15.91 15.68 15.77 15.87 18.09 15.92 15.36
Mg/(Mg+Fe(th 0.01 0.011 0.011 0.009 0,008 0.008 0.047
Na(A)+K 0.909 0.683 0.779 0.681 1.106 0.927 0.36
SisNg+K 10.31 10.07 9.987 10.73 10.31 10.39 8.599

Al{IV}+Ca 0.594 0.827 0.812 -0.05% 0.798 0.54 1,826
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APPENDIX LIV

EXCEL MACROS
- PRBMAC
- PETMAC



Nt amay assignment
cofvart 1D mois proporiians

cation nomalizetion faetwr
nornalize 10 numder of caone{B4°8t8)

subrauting ler cale Al sites

C_serig norm

<AESULT(84)
=ARGUMENT("w¥*,54)
«(INDEX{wt8,1,1)/40.32)
a{{INDEX({wte.2,1)/101.98)"2}
«(INOEX{wt8,3.
»(INDEX{wt#,4,1)/68.08}
«{INDEX{wts8.5,1)/78.9)
«(INDEX{wt#,8,1}/151.9802)°2
(INDEX{wt$,7,1)/T4.71)
«(INDEX({wt8,8,1)/70.94)
«(INDEX{wt8,9,1)/71.88)
«({INOEX(wte, 10,1)/61.08)°2)
o {INDEX(wtS, 11,1)/84.2)"2)
= 14/8UM(B4:814)

«(B10°818)
a(B11°815)
«(B12°Q15)
w(B13°815)
o(B14°018)

aB2¢-828
«SET.VALUE(INDEX (sonig1,1,1).818)
=SET.VALUE(INDEX(sarig1,2,1),817}
«BET.VALUE(INDEX{nenig1,3,1),827}
w$ET.VALUE(INDEX{sonig1 4, : 828)

=BT, <>_.c2=3-§-ll. 12, 1), 081)
«BET.VALUE(INDEX(serig1,13,1),818)
=8 ET VALUE(INOEX aanig1, 14, 1), 826}
oS ET.VALUE(INOEX(aonig1,15,1). 828}

«ABTURN(INDEX strig1, 1, 1ANO EX{aerig,18.1))

5.0203887820443
0.081798358460202
0.081704304848202
[

0.90020 118472087
4990308018408
0.48347124370028
4.5048347718388
0.01811414001080¢
Q- 1S I5TH044 101
[d
0.0034548084887074
0.081404420778139

[}
2.0120202244012

C_Camal

4 INOEX (et ,1)
wINOEX{evet,2,1}-878
....ual.aoao...!.

«SET.VALUB(INDEX|Alres.1,1),(879))
«SET VALUE(INDEX{Aree.2,1).(880))
nl-oq_atll-l.

~SET.VALUE{INOEX{Ares, 1,1),INDEX{ctt 2, 1))
«BET.VALUS(IMDEN{Aires.2,1).0)

L]

«AETURNINOEX(Alres, 1,1).INOEX(Alrws 2, 1))
0.081704304808202

¢

273

B §
i

»
k
8

R THTE

»
Y
]

858553485

C_AMB norm anb
=AESULT{84)
wARGUMENT(™wIT" 84)
«{INDEX{wt?,1,1)/40.32) WD
o{(INDEX(wt? 2,1)/101.9¢AL203
=(INDEX{w17,3,1)/80.08} SIR
{INDEX{W17 4,
«(INDEX{w17.5,
«(INDEX(wt7,8,
«(INDEX(wi?,7,1)/74.71) NO
«(INDEX(W17.8,1)/70.94) MNO
=(INDEX(w7.9,1)/71.88)
a{{INDEX{weY.10,1)/81.91 NAID
o{{INDEX(wt?,11.1)/04,2)K20
1M (D4+08+08+08:00L
«(D4°D18)

«{05°D1%) AL203
«(D8"018)

«(D7°018)

={08°0D18)

«(09*0135)

«{D19"018)

«(D11°018}

={D12°018)

»{D13°D 15}

=(D14°D18)
=promaciC_AmbAL(D10:D18
apromaciC_AmbAL(D18:018
wpromacis_Namd(D16:D2¢)
wprbmaciC_Namd(D16:028)
w48-{018°2+017°2+ 018~
«024-031
=SET.VALUE(INDEX{amb, 1,1 8}

BEaEegisy

«SET.VALUE(INDEX(amb,2,1 Al{tat)
=8ET.VALUE(INDEX(amb 2,1 {1V}
«SET.VALUE(INDEX({amb, 4,1 AI{I V)
«SET.VALUE(INDEX(amb, 8,1 TI

=S5 T.VALUE{INDEX{amb,¢,1 Fe(tat}
«BET.VALUE(INDEX(amb. 7.1 Fe +3
oBET.VALUE{INOEX(amb.8,1Fe o2
BET.VALUE{INDEX{amb.9, 1 big
=3ET.VALUE{INDEX{am, 10 Mn
wSET.YALUE(INDEX[amb, 11 NI
=SET.VALUE(INDEX(amb, 12 Cr
=8ET.VALUE(INDEX{am®, 13 &
8T VALUE{INDEX[smb, 14 K
=SET.VALUE{INDEX{amD, 18 Na(tat}
aBET.VALUE{INDEX(amb, 16 Na(N4)
«SET.VALLE{INOEX(amb, 17 Na(A)
=AE TURN{INDEX(amb, 1,1)3
7.4150139747208
0.53820713400012
0.53528712440812

[
0.11008310470327
3.4003188331088
0.74840470002747
2.0848834242411
1.28660207584078
0.08204743221472
[}
0.0034844984007874
1.3054708540480
0
0.47813308T70041
0.6045200481001 4
0.2736139220002¢

C_AmbAL

<AESULT(84}
ARGUMENT(cowes”,64)
8- INDEX(ctwt2,3,1)
«INDEX(cIWI2,2,1077
wiF{AMBALD, GOTO(ste3))
en

«wSET.VALUB(INDEX{Alres 1,
=$ET.VALUE(INDEX{Alrea1,
el

=SET.VALUE(INDEX{ Alree 1.
=SET.VALUE({INDEX{Arne1,:
continued

«AE TUMN(INOEX{Aireed . 1,1
0.83528713440812

0

C_Na(nw)

=AESULT(84}
=ARGUMENT("catert1”, 84}
=2.INDEX{satwt1,4,1)
»IMDEX{satw1, 50,1)-D08
wlF{Na_Wi<=0,Q0TC(sisa1),

hen
«SET.VALUE{INDEX{NsRes,
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€_bio_nom
=RESULT{64)
wARGUMENT ("wts® 84)
a{INDEX{wt8.1,1)/40.32) M
a{{INDEX{wi8,2,1)/101.8¢AL202
o{INDEX{w18.),1)/60.99) $I02
o(INDEX{w18.4,1)/56.08) OO
=(INDEX{w18.5,1)/79.9) TO2
={INGEX(wtS8,8,1)/191.98( CFOC)
={INDEX{w18,7,1)i74.71}) NO
={INOEX{wlE.8,1)/70.94) MND
w{INDEX{wt8,9,1)/71.48) AD
a{{INDEX(wth,10,1)/81.0{ NAKD
={{INDEX{wtS, 11,1)/04.2) )20
a8/SUNM{F4.F14)
a(F4°F18)

»(F3'F18)

a{F8*F15)

a(FT'F18)}

a(F8"F15)

=(FR*F18)

s(F10*F15)

w{F11°F18)

o{F12°F15)

o(F13°F18)

a{F14°F18)
wprtmaciC_BlaAL(F18:F10)
wpromaciC_BIOAL(F18:F18)
w22-(F16°2+F17°3+F18°4
aF24:F29
=SET.VALUE(INDEX(bio,1,1) 8
=SET.VALUE(INDEX(bio.2,1) Al(tot)
wSET.VALUE(INDEX(bio,3,1) Al(IV)
=SET.VALUE(INDEX(bio.4,1) AL{IV)
«SET.VALUE(INDEX(bio,5,1) TI
«SET.VALUE(INDEX(bio.8,1) Fe(tot)
wSET.VALUE(INDEX(bi0,7,1) Fe +3
»3ET.VALUE(INDEX(bio.8,1) Fe 2
aSET.VALUE(INDEX(bio.9,1) Mg
=SET.VALUE(INDEX(bio, 10, Mn
»SET.VALUE(INDEX(b#,11." N}
=SET.VALUE({INDEX(bla,12,-Cr
wSET.VALUE(INDEX(bl0,13,' G
»SET.VALUE(INDEX(bia,14, K
«SET.VALUE{INDEX(bla, 15, Na(tot)
=RETURN(INDEX(téo, 1,1}:1M
2.02073581478371
1.275304133020¢
0.073243052082877
1.202120300048
0.20824079247813
1.9075232331598
«0.34088844123358
2.44822200439348
0.03358244229081
0.00¢8852301487028

[}

[

0.0021813143728428
0.9990008325400
0.008075T400T88T

bl

8585 JasELs

C_BoAL.
wRESULT(84)
=ARGUMENT ("t ", 84)
a2 INDEX{ctw12,2,1)
aINDEX{ctwid,2,1)-FT3
alF{BIoAI1<0,GOTO(elsnd))

then
«SET.VALUE(INDEX(Afreel,
aSET.VALUE{INDEX(Alres2,
=QOTO{coninusd)

viasd

=S ET.VALUE(INDEX(Alres.
aSET.VALUR{INDEX{Alroud,:
coniinied

«AETURN(INDEX{Alree2, 1,1
0.073243852062877
1.20212030084¢

.w(H4*H18)

,n(H10°H18}

C_pyi_notm Pyx
=RESULT(84)
=ARGLMENT("Wt9",04)
w{INDEX(wts,1,1)/40.32) MDD
o{(INDEX({wt9,2,1)/101.9¢AL203
«{INDEX(wt$,3,1)/60.08) SIO2
={INDEX(wt9.4,1)/88.08) QOO
«{INDEX(wi#,5,1}/70.9) TIOR2
«{INDEX{wt#.6,t)/181,98(CR2CY
«{INDEX{wt®$,7,1)/74.71}) NO
w{INDEX{w19.8,1/70.84) WND
={INDEX({wts,9,1)/71.08) PED
o({INDEX{wt®,10,1)/81.9{ NGO
w{{INDEX{wt®,11,1)/84.2) 0
nd/BUM{H4:H14)

«(HE"H18)
w{HE"H1E)
o(HT*H18)
a(HB*H18)
«(HO°H 18}

w{H11°H18)
w({H12"H18)
s{H13*H18)
o(H14°H1S)
spromaciC_PynAL(HI$:HIS]
wprbmaciC_PynAL(H19:H18;
a12-(H18"2eH1T*JeH 18
wM24-H20
«3ET.VALUE(INDEX(pyx.1,1 81
«3ET VALUE{INDEX(pyn,2,1 Al{to1)
«SET.VALUE(INDEX(pyx.3,1 AI{IV}
«SET.VALUE{INDEX(pyx 4,1 Al{iV}
»SET.VALUE(INDEX(pyx,5,1 Ti
=SET.VALUE(INOEX{pyx,8,1
«8ET.VALUE([INDEX{pyn,7,1 Fo <3
=SET.VALUE{INDEX(pyx,0,1 Fa «2
wSET VALUE(INDEX(pyx,8,1 Mg
«SET.VALUE{INDEX{pyx,10, Mn
«SET.VALUE{INDEX{pyx, 11, NI

835834388

- «SET.VALUE(INDEX{pyz,12. Cr

= SET.VALUE{INDEX(pyz,13. a
aSET.VALUE(INDEX{pyx, 14, K
a8ET.VALUE(INDEX{pyx, 19, Na(tot)
»AETURAN{INDEX{py3, 1,1}l
1.9704922003433
0.0049927982827817
0.0049027983437817

-]

0.05148035204833¢
0.94920887408028
1.77630003040038-18
0.949248078080138
0.008873932008097
0.028110408732203

°

0
0.81949772888219
]

0.11249707778218

c_AL
SAESULT(S4)
=ARGUMENT{"ctwis ", 54)
«2.INDEX(ctwis, 2, 1}
=INDEX{ctwts,2,1)-H?2
wiF(PYLAI <0,30TO(slse8))
then

«SET.VYALUE{INDEX{Alraes,
«SET.VALUKINDEX[AlresS,
«GOTO(cormirel)

olsad
«SET.VALUR{INDEX(AlrosS,
«SET.VALUE{INDEX Airead
santirued

=AETURN(INDEX(Alress, 1,1
0.0049007933437017
]

C_py_wu_narm Pyx
=ARSULT(84)
~ARGUMENT "witen® $4)

«{INDEX{wiSex,1,1)/40.32 MAO-cut §

={(INDEX(witer,2,1)/101. AL203
«{INDEX{witez,3,1)90.08' SIO%
={INDEX(witey,4,11/58.08' CO

o{INDEX(wtbon,7,1)/74.71 ND

275

C_olv_noem oiv
=AESULT{84)
wARGUMENT("WE10°. 84}
o(INDEX{w110,1,1}/40.22} MD
»{{INDEX(wt10,2,1)/101.CAL203
«(INDEX{wt10,3,1}/40.09) $IC%
w(INDEX(wt10,4,1)/58.08) 0O
={INDEX(wt19,5,1)/79.9) TR
w(INDEX(w110,8,1)/151.01 R0
={INDEX({wt10.7,1)/74.71) NO
={INDEX{wt10,8,1)/70.94) MNQ
w{INDEX({w110,8.1)771.05) FD
{(INDEX{w110,10,1}/61.ENARD
w{{INOEX{W110,11,1)/94 520

=« /BUM{J4:J14)

=(J4°J18) [ )
a{J8°J18) AL203
w{J8*J18) [Ts)
a(J7°d18) =]
={JB8°J15) a2
a{J9°J18} cran
=(J10°318) Ni
a(J11°318) WD
a(J12°418) 3]
a(J12°318) NAO
w(J14°J18) 0

AIOMALIC_OIVAL(J16:418)
~prameciC_OAL(J18:18)

8- {J18°25J17°36J18%44
wi24-J29
«SET.VALUE(INDEX(olv,1,1} 81
=SET.VALUE(INDEX(0lv.2,1} Al(tot)
«$ET.VALUE(INDEX{olv,3,1} AI{IV)
«SET.VALUE{INDEX{olv.4,1)AI{IV)
«SET.VALUE(INDEX(olv,8,1} TH
wSET.VALUE(INDEX{olv.8,1} Fe(tot)
«SET.VALUE(INDEX(olv,7.1] Fe +3
=SET.VALUE(INDEX(olv.8,1}Fe +2
«SET.VALUE(INDEX{ohv.9,1) Mg
=8ET.VALUE(INDEX{aiv,10," Mn
«SET.VALUE(INDEX(oiv.11, NI
«SET.VALUE{INDEX(olv,12, Cr
«SET.VALUE{INDEX(tv.13, O
«SET.VALUE{INDEX(oiv, 14, K
«SET.VALUE{INDEX{olv,13, Na(tot)
=AETURN(INDEX({clv.1,1}1p

1.0008748430948 si

0.0083044282082086  Al{tor)
-0.00087894308848718  Al{1V)
0.0072413743647788  Al{iV)

0.0022802890048018 T
1877780837301 Fe(tot)
-0.012817974894703 Fo o3
1.00070483 14008 Fo «2
0.015801881181302
0.090334033002704
0.0018214020788441
0.00024913484 243801
0.0045408831434235
[

[]

PRIEE

X

a{tol)

C_OhiAL
=AEBULT(S4)
=ARQUMENT{"ctwIS",84)
=1-INDEX{¢tw1$,3,1)
»INDEX{ctwt$,2,1)-J73
wiF{OvAO, GO TO(sised))
en

«SET.VALUEB{INDEX({Alosd
«SET.VALUE{INDEX(Aoss
GOTO{Contrmset)

[

=S ET.VALUE(INDEX Alress,
=SET.VALUE{INDEX{Airses
coniirues

=AETUAN(INODEX(Alress, (.1
-0.00087894300844718
0.0072413793847788



=(INDEX(witox.8,1)/70.84 MO
={INQEX(wtvox,9,1)/71.85 R
={{INDEX{wi9ax, 10, 1}/81. NAXD
=({INDEX{wtRox,11,1}/94. K20
»(INDEX(wt90x,1,1)/40.32 MGO-ox p
»({INDEX{wiS0x,2,1)/101. AL203
={INDEX{wtBos, 3, 1)/80.09 $I02
w(INDEX(wtox,.4,11/58.08 QO
=(INDEX(witox,5,1)/79.9) TKR
=»{INDEX(wtbox .8, 1)/151.9 CRXN
={INDEX(wtSox,7,1)/74,71
»{INDEX(wtton.8,1)70.
o(INDEX{wtSon,9,1)/71.08
=(IMDEX(witox,10,1)/81,
~{INDEX{witox.11,1)/84.
w&/BUM(H104:H 1 14)
«(HOI*H118)
s{HO4°H118)
s(HOS"H118)
={HI8"M118)
a{HOT"H115)
a(HI'HT18)
u{H#S*H118)
=(H100°H118)
s{H101°H118)
a(H102°H118)
u{H133"°H118)
=PrOmaciC_PysAL{M118:M$
OromaciC_Pyx AL{H118:MY
w12-{H118°20 HY11 73 M1
wH124-H129
«SET.VALUE(INOEX(pyxox,1 3§
=SET.VALUE(INDEX(pyxox,2 Al{tal)
laﬂﬂ.e.)—.cm:zumx.:-nu.u Al{IV)
=SET.VALUE(INDEX(pyxox,4 Al{IV)
=SET.VALUE({INDEX(pyxox,9T)
=SEY.VALUE(INDEX(pyxax,¢
=SET.VALUE(INOEX(pyxox,T Fe +3
sSET.VALUE(INDEX(pynas,dFe +2
=BET.VALUE(\NOEX(pyzar,§ [ )
«8ET.VALUE(INDEX{pyxox, 1 M
=3ET.VALUE(INDEX{pyxox, tNI
=SET.VALUE{INOEX{pyxon, 1Cr
=3ET.VALUE{INDEX{pyson, 13
=3ET.VALUE(INDEX(pynos, 1K
=SET.VALUE(INDEX(pynas, 1Ma(tot)
=AETURN(INDEX(pyxox,1,1
2148724870008
0.020479838274787
-0.1487248700881
0.147204708136087
0.0023514081103837
1.49901717340199

-0.7980707 1144708
1.9951424404878
0.018443448000338
0.0738815308808364

0

0.000038671874017028
0.01004308803208

]

0.01329740000284%

:‘l

B 8§d58

£
(=3

358883495

C_PyAL

=AESULT(84)
=ARGUMENT ctwis" 84)
#2-INCEX{ctwt$, 3,1}
«INDEX{ctwiS,2,1)-H1TS
SIRPRAI 0,00 TOslses))
ow
«SET.VALUB(INDEX{Arees,
«BET.VALUE(INDEX{Aroes,
«O0OTO{condrues)

=SET.VALUE(INDEX{Airees,
»SET.VALUE{INDEX{Alrwes,
continues
~AETURN(INDEX(Ares8, 1,1
0. 140724870084
0.1867204 70820047
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Larsen_Di_7_nat usesd
Lrnc!mz.z.m_O»J
=ARGUMENT["K20%
»ARGUMENT{"MnO"

#0.33°83/020K20-0.8"NnO-MgO-Cad
«RETURN{AT)

Cwtzmol Rwazmol
=AESULT(#4) «AESULT(84)
=ARGUMENT{"wT",04) =ARGUMENT("wt1”,84)

=INDEX{wt,1,1)/60.00 wiNDEX{wt1,1,1)/80.09
=INDEX({wt.2,1w70.0 «INDEX{wt1,1,2)/70.9
=INDEX(wt 3.1/ 101.98 -_zenx?: 1 ut.o. ae
»INDEX{wt,4,t)/71.83
wINDEX({wt,5,1)/189.09
wiNDEX{wt,8,1)/70.94
»INDEX(w1,7,1)/40.32
«iNDEX{wt 2,1
«INDEX({wt.0,1)/01.98

alNDEX(wt,10,1)/94.2

=INDEX(w1,11,1)/141.98 INDEX(wi1 1 _::: L]
=SUM(A14:424) 2 SUM(B14:824)
wA14/A28 =($14/826)°100
=A16/A28 ={813/B25)"100
«A10/A28 «{B16/B28)°100
wAVT/A2S =(B17/B28)*100
«A18/A25 «(B10/B28)" 100
2A10/A28 =(B19/825)*100
aA20/A28 =(B20/828)* 100
aA21/A25 »(B21/825)"100
wA22/A2S «(B22/828)*100
wA23/A2S «{B13/825)*100
wA24/A28 =(824/826)*100

aSET.VALUE(INDEX(molares,1),A28)  wSET.VALUE(INDEX(molare:
aSET.VALUE(INDEX{moleres 2),A27)  «BET.VALUE(INCEX(muoleres
wSET.VALUE(INDEXImolerse,3),A28)  «SET.VALUE(INDEX{motere
«SET.VALUE(INDEX(Maleree 4),A20)  «SET.VALUE{INDEXmelers
«SET.VALUE(INDEX(moleres 5),A30)  «SET.VALUE(INDEXmalerse
=SET.VALUE(INDEX(moleree 8).A31)  aSET.VALUE(INDEX(melers
»SET.VALUE(NDEX{moleres,7),A32)  «SET VALUE(INDEXmeleres
«$SET.VALUE(INDEX(moieres §),A33}  «SET.VALUE(INDEX(molorey
«3ET.VALUE(INDEX(melores 81.A34)  «SET.VALUE(INDEX(melerey
=SET.VALUE(INDEXmoleres. 10). A8} =3 ET.VALLE(INDEX(molers
»SET.VALUE(INDEX{meleres, 11),A38) B ET.YALUE{INOEX{molerm
=RETURN{INDEX{moieree, 1}:INDEX{me «A E TUAN(INDE X{molereat,

SAEFt 13.42392758 1008 0.1(8.150  0.820.080.570.413,113.20.0¢
#REFE
#REF) C_Na(m4)
#REFI =ARSULT(44)
#REFI =ARGUMENT("cetwts™.04)
#REFI n2-INDEX{catt 4,1}
#REFI wINDEX{¢stwe1,9,1)-084
#AEFI slF{Na_bicad, GOTO(sles1);
BREF! hen
#REFI aBET.VALUE(INDEX(NaRon,
SREFR «SET.VALUE(INDEX,NaRea,
«GOTO(contram )
inei
Larsan_0Y =BET.VALUE{INOEXINaRee,:
=ARGUMENT(wis",84) «SET.VALUE(INOEX(NaRsa,
continue!
wINDEX(wtS,1,1¥3+ INDEX{wrS, 1,10} «AETURN(INDEX(M oM, 1,1)
lan.:.-:l.ﬂs .9724 0.21
AL{V)_CA
wARGUMENT("eatet",84) A_REEHON
o8- INDEX(carwt,3.1) =REBULT{84)
=INDEX{catwt,2,1)-A70 =ARGUUENTRER 04)
»iF{Ale0,GOTO(sine}) «INOEX{AER,1,10.33
wn «INDEX(REN,1.2)/0.88
«SET.VALUE(AIres (AT0«INDEX{catwt, sINDEX(NER, 1.2)00.¢
uooﬂxll-! alNDEX({RER,1,4)0.101

«INDEX{REE, 1,5)/0.008
.-._. YALUE(Alros, (INDEX{COLL. 1 }o «INOEX(AEN, 1,0)/0.047
contrue =INOEX(REE.1.710.2
AETUMN Aires) aINDEX{NEE, 1,§)/0.034
13294 «SET.YALUK{INOR X(NElres
«SET.YALUE{INOEX{NEEres
«SET.VALUR{INDEX(REEroe
«38T.VALUE{INOE X{REEres

.
PNIA -E #N7 8N7 NI #NI EN? BN/

A_WICAT™!
Al ESULT(84)

a(INOEX{wt1,
«(INDEX({wt1,
a{{INDEX{wt
=(INDEX{Wt1,1,4)/71.88)"
o{{INDEX{wt1,1,5)/189.05
w(INDEX{W11,1,0)/70.84)"

AL AR L
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SAMEINIANINTYA LIS
SN IONIINTYA LIS™
samB)X30ONIIINTYA 135
SAmE)XIONIIINTYA LIS
SAMTIXIONI AN TYA' LIS
SAMEI)XAGNI AN VA LIS
SAMEI)XIONIIINTVA' LIS
SAMBI)XIONIIBANTVYA LIS
SAMBI)XAONIINTVA' LIS
SAMNI)XIONIENTYA LIS
SAMBINEONEBN VA LIS
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C_Rore R_Raw RA_Chan_Nom
wARGUMENT("wi2*" 84) «ARGUMENT("Wid”,64) «RESULT(84)
wd*({INDEX{wt2.1,1)/80.Cad*{{INDEX({w14,1,1}/80.CaARGUMENT("ree",
=RETURN(M3} =RETURN(N3) =INDEX{REE.1,1)/Ia
C_Riwo A_Awo ~INDEX(REE. 1,2}/ on
=ARGUMENT("wi3* 54) =sARGUMENT{'w1S", 04) »INDEX(REE,1.3)¢
=8 ((INDEX(Wt3,8,1)/56.Ca8*({INDEX(w1S,1.8)/58.CalNDEX{REE, 1,4)/(em

=RETURN(M7} =AETUAN{NT} aINDEX(REE,1,5)i{ oy
=INDEX(REE, 1,8)/(yb
no »INDEX(REE, 1,718

=ARGUMENT{'WIT"84)  =INDEX(REE,1.)}itIy
o{{{INDEX{w17.1.1)/60.0$=8ET.VALUE{INDEX
=AETURN(N12} ~3ET.VALUE(INDEX
A_F =3ET.VALUE{INDEX
=ARGUMENT('WIS"84)  «SET.VALUEINDEX
={{INDEX(wtd,1,10)/84.2)w8ET.VALUE{INDEX
SAETURN(N18) =SET.VALUE{NDEX

= SET.YALUE{INDEX

«SET.VALUE(INDEX

~RETURN{INDEX(R

280

viscosity

caleutated 1 1€
«ARGUMENT (*wto*,84)
uINCEX{wt9,1,1)/80.09 sl
aINDEX{wt9,1,2)/T9.9 1l
«{INDEX(wt8,1,3}/101.98)*2 &l
=INDEX(w19,1,4)/71.88 1o
w(INDEX(w19,1,5)/139.68)°2  fede
«INDEX{w19,1,01/70.94 - mn
=INDEX{wig,1,7)/40.32 my
=INDEX{wig,1.8)/56.08 )
a(INDEX({wt$,1,9)/61.98)°2 ™
«{INDEX(wt®,1,10)/94.2)°2 k

a(INDEX{wt®,1,11/141.98)"2 »p
aSUM(CS.Q15)

=Q8Q18 ]
=008 1)
«Q71Q18 al
QU8 L]
=Q9/018 fede
=Q{NQ18 mn
«Q11/Q18 m
«Q12/Q18 a
«Qt¥010 na
=Q14/Q18 k
«Q15/018 P
«(20+021.0224023 teT+mnemg
«02684025 ksna
wQ17+018.0190Q2840244{0204
=319%6.7°QY7

«028°2.4°017

«{024+Q18)"4.57C17

Q29714017

«(331+032:Q33.Q34}

«0Q35:(1-017)
=G387(10000/(1200+273))-Q38
=EXP(QAT)

=RETUAN(Q3S)}



denaity
»ARGUMENT("wi9~,04)
«iINDEX(W19,1,1)/80.08

=INDEX{W19,1,2)/79.9
=(INDEX(wt9,1,3)/101.98)

L)
«INDEX({wt®,1,7)/40.22
=(NDEX({wi#, ), 8)/84.08
w{INDEX({wif,1,0)/61.08)
«(INDEX(wt$,1,10)/94.2)
»(INDEX(wt#,1,11)/141.98)
«58°27.03
=1200°0.00001
=58°22.4°(1+temp°28.7)
a$7°06.63/2*(1+18mp*14.7)
«39°43.73/2%(1+19mp~12.2)
o{S8+512)°12. 08 (1etomp*' M
wS117t1.43"{1+tomp*9.4)
®512*16.32*(1+tomp 38 .4)
«513°t4.39'(1+19mp~23.5)
=512°22.905°(t+tomp-24.9)
«100/(S18818+519+8204821
=AETURN(S2¢)

Rwicagwop
«RESULT{84)
sARGUMENT{"wt10",84)

wiNDEX{wt10,1,1)/60.09
wiNDEX(w110,1,21/79.9
o{INDEX(w110,1,3)/501.98)";
=INDEX(Wt10,1,4)/71.48
o{INDEX(wt10.1,5)7159.60)%
wiMDEX({wt10,1,8)/70.94
a{NDEX({wt10,1,7)/40.32
wNOEX{wt10,1,8)/58.08
w(INDEX(wt10,1,9)/81.98)°2
o INDEX(w110,1,10)/94.2)*2
w{INDEX(w110,1,11)/141.98)
«SUM{US.U1S)

«Us/uis

=Us/UIS

=UTiu1e

=Ui/uie

sUssuie

sU107U18

wU11/U18

sUt2/Ure

alUi3sUte

wUt4/U18

«U15/U18
=SET.VALUE(INDEX(cares1.1,)
wSET.VALUE{INDEX{cawee1,1 S
«SET.VALUE(INDEX{catreat 1.0
=SET.VALUE(INDEX(carrest, 1 4
=SET.VALUE{INDEX{catrent, 1.2
=SET.VALUE(INDEX{catres1,1.¢
»$ET.VALUE(INDEX{catreal i
=SET.VALUE(INDEX{cawwe1 1 {
=SET.VALUE(INDEX{catrea1, 1§
«SET.VALUE(INDEX(catrest,1,"
«SET . VALUE{INDEX(cawest i,
sRETURAN{INDEX(cavesi, 1, 1)t
2.472530728 19371

0.003¢0.18320.01170 [ ] 0.002t0.015(0.088¢

1% B



APPENDIX Il|.V

Trace element models
-Explanation of spread sheets
- vl SQsZ
- MLV Alkalic syenites
- HLV.HI Alkalic granite to Quartz
Syenite
- HLV.IV Aegirine granites



Example of trace element model.

Both pages of EXCELL spread sheet are shown. Variables are
defined on bottom of first page and on the second page. References
for trace element distribution coefficients are on top of second
page. Geochemistry for parent and product are pasted from
corresponding geochemical spread sheet. These analyses extend off
page two but are not shown.
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[Xe° heden _smph tiMt.28 san apt __ Zir e i
7] 0.09 0.45 0.14 0.29 0.08 0.07 0 300 1
Th 1.8 0.11 0.49 0.390 3E-04 0.05 0 62 1
Ir ¢ 0.5 0.68 1.8 0.008 0.07 ¢ 1500 1
Hf 0.95 0.84 0.0 2.5¢ 0.03 0.08 0 1000 1
Ta 0.47 1.02 0.14 255 0.03 0.05 0 40 7
Ls Q.88 0.85 0.4 0487 023 0.24 12 0.8 13
Eu 0.87 J.2 o 0.4 2 1.13 2 2.5 3
Tb 3 3.67 0.52 1,72 0.08 0.09 21 15 40
Co 5.3 16.7 14.8 417 0.08 0.29 0 9 1
S ao 5.3 0.5 2.5 0 0.1 ) 60 1
fb 0.03 o.08 0.007 o 002 o0.42 0 o 1
8r 0.04 a.2 o 0.04 5.2 2.9 2 o 1
LI 0.1 0.8 0.05 0.1 1.4 6 1 0 1
SAMPLE ¢ REF. 8102 TIOZ2 Al203 FeO Fe203 MNO MgO ce0|
parent MAG-91-1 Perfit(L 60.18 0.82 14.78 0 9.59 024 0.43 2.89
prod MAG-S1D _ Perlit(L __82.88 061 15.28 0 7.8 019 033 1.21
cpx amph olv tiMt.29 pig ksp apt zir tie
0.055 0 0.0847 0.011 0, 1005 0.2 0 4E-04 o

D°() and D™{r}- back caiculated D !

436

1.40 5.57

0.08 097 .54
1.01 1,02 i.n
o.88 0.78 1.27
0.4¢ 0.03 2.8
0.7% 0.55 2.43
1.83 214 1.40
0.88 0.74 1.3
-8.44 -12.81 -1.88
232 .M 0.79
0.74 0.52 3.47
1.49 1.89 0.53
2.61 3.0 0.79

284%

;
|
|




Kd*-source for Kd by print style-((Lemarchard et al., 1987,

tio2 heden amb
tio2 48.27 0
al203 0.37 0
fe203 0.2 0
mno 28.54 0
mgo 0.91 0
o 0.92 0
na2o 18.7 0
k20 1.19 0
p205 Q 0

[} 0

Ns20 K20 P20S LOI
587 4.64 0.22 0.15
6.34 5.24 0.09 0.3

fay

30.56
0.72
0.09
80.9
3.43
3.47
1.33

0
0
Q

ti-mag pig

0.02
$3.03
0
46.82
1.8

0
0.32
0

0

0

sum
99.66
99.47

ksp  apl

1

000000000

Rb
105
154 2

7.27
0
8.35
0.92
0
o
0.15
6.45
7.05
0

Cs
a.77
.108

{(Nelson, 1987))
Lir
0 325
0 0
0 0.21
0.2 0.08
1.52 0
0.54 0
52.4 0.01
0 02
0 0
45.34 0

Sr Ba

138 2439 13.14

Apt(Watson and Green ,1581))

compositions of
cumulate minerals

Sc Y
33.3

28.7 192 2.793 43.1

ClaCo*{1*(D-1))nfiquid composition for Rayleigh fractional crystallization
CruCof{(3-1)*{D-1))=residue of Rayleigh fractional crystailization

Cs-insteD*Clninstantanecus solid
Cs-avgsCo{(1-1*D)/(1-(})}amean concentration in cummuiate

where Dsbulk disirbution coefficient

= proportion of fiquid
€l and Cr from Cox, Bell and Pankhurst (1979)
Cs and Cr from Allegre and Minster (1978)
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Mix‘n’Mac flle : 91-1 to S1-d m’n’m
Date: 04-05-1990 Time: 08:20:31

Parent Daughter Phases

mag 3{-omag?l-i¢px olig fayalite ksp ilm apt

Variables

Si02 60.18 62.90 48,80 64.10 30.56 87.50 0.51 ¢.00
TiQ2 0.82 0.8l 6.70 0.00 0.72 0.00 50.02 g.00
Al203 14,74 15.28 1.26 22.66 0.09 16.22 g.00 0.00
Fe203 .59 7.80 20.09 0.20 54.07 0.60 46.00 0.21
MnO 0.24 0.19 Q.61 0.00 3.43 0.00 1.44 1.52
Mg0 0.43 0,33 4.55 0.25 3.47 n.00 D48 .84
CaQ 2.89 1.21 19.24 3.26 1.13 0.00 0.71 52.40
Na20 5.87 6.64 1.58 2.89 0.00 5.00 0.00 0.0¢
K20 4.64 4.91 0.00 0.20 0.00 8.00 0.00 0.00
"P20S 0.22 0.12 a.00 2.04q .00 0.00 0.00 45.33

Oxldes recalculated to 100%

RESULTS:
Parent Parent

cbserved estimated Resicuals
slo2 60.41 60.50 -0.0909
Ti02 0.82 0.89 -0.0712
Al203 14.80 14.61 0.184¢
. Fe203 9.63 9.54 0.0857
MnQ 0.24 0.45 -0.2051
Mgo 0.43 0.74 . =0.3130
Cal 2.90 2.68 0.2203
Na20 5.89 5.74 0.153%
k20 4,66 4.30 0.3560
p20s 0.22 0.46 -0.2441

0.4532 = sum of squared resicuals

Component  Proportlon

mag Sl-d 0.3403
cpX 0.0549
olig 0.1711
fayailte 0.0861
ksp 0.3200

lim 0.0115

apt 0.0094

287




s

model 1

-8.44 -12.51 - -3. QOO # R 2R AN
2.32 34 79 3.39 1.7  0.79
0.74 0.52 3.47 . 0.78 0.62 0.86
1.49 1,89 0.53 0.68 1.57 3.1 1.56
2.861 _3.93 0.79 1.19 4.42 1.68  0.72

eOO~D00O(
omovo

D°() and D™ (1 back calcuiated D from Gl and Cr

Kd* heden amph fay tiM1.29 pid san apt Zlr Tit
u 0.09 0.45 0.14 0.29 O. 0.07 ¢ 300 1
Th 1.6 0.1 0.49 0.39 JE-04 0.05 0 62 1
Zr o 0.5 0.68 1.8 0.008 007 o 1500 1
Ht 0.95 0.84 0.09 2.51 0.03 0.08 o 1000 1
Ta 0.47 1.02 0.14 255 0.03 0.05 o 40 70
La 0.68 0.85 0.4 087 023 0.24 12 0.8 10
Eu 0.87 3.2 0 0.4 2 113 2 2.5 30
Th 3 3.67 0.52 1.72 0.06 0.09 21 15 40
Co 5.3 18.7 14.6 417 0.08 0.29 0 9 1
Sc 30 5.3 a.5 2.5 o 0.1 0 60 1
Ab 0.03 0.08 0.007 o 002 042 0 0 1
Sr 0.04 0.3 o o0.04 5.2 2.9 2 0 1
|Ba — 0.1 0.8 0.0% 0.1 1.4 6 1 0 1
SAMPLE # REF. SIO2 TI02 Al203 FeO Fe203 MnQO Mgo Ca0
parent MAG-21-1 Perfit(L &0.18 0.82 14.78 0 9.5 0.24 0.4 2.89
product MAQG-51D _Perfit{L __82.88 0.61 15.28 0 7.8 __0.19 0.33 1.21
cpx amph olv tiMt.29 pig ksp apt zir tit
lsast squares input  0.055 0 0.0847 0.011 0.1605 0.291 0 4E-04 0
% cummulate 0.091 0 0.14058 0.018 0.2683 0.483 0 SE-04 0
0 ! Co c_1 Cr
u 0.228 0.J08 3.99 8.13 5.90
Th 0.277 13.11 25.51 18,92
Zr 0.912 271 204.01 283.4
H 0.692 9.58 1273 11.20
Ta 0.181 4.85 1050 7.42
Ls 0.310 47.088 8803 68.8
Eu 1.166 4.8068 403 43
TS 0.445 1.2978 233 1.8
Co 3.483 1.28 0.13 0.3
Sc 2,932 13.14 222 4.9
0.212 105 217.04 158.8
. 20 5:!

1*sf for perfectly incompatible elements




Mix’n’Mae file : 91-1 TO 91~2

Date: 04-05-i990

Time: 08:24:21

Parent Daughter Phases

mag?1-2mag?l-tpx

Variables
3102 60.18 63.30
TI02 0.82 0.56
A1203 14.74 14.50
Fe203 9.59 7.52
MnQ 0.24 0.18
Mg0 0.43 0.10
Cal 2.89 1.05
Na20 5.97 5.29
K20 4.64 5.36
P20S 0.22 0.04
Oxices recalculated to 100%
RESULTS:
Parent Parent
observed estimated
s102 60.41 60.51
TIO2 0.82 0.90
Al203 14.80 14.59
Fe203 9.63 9.54
MnO 0.24 0.48
MgO 0.43 0.68
Cal 2.90 2.67
Naz2o 5.89 5.71
K20 4.66 4,26
P20S 0.22 0.48
Component Propoctlon
mag91-2 0.2940
cpx 0.0508
olig 0.2128
fayalite’ 0.0939
ksp 0.3239
Iim 0.0123
apt 0.0102

48.
Q.
t.

20.
0
4.

19

OO

olig fayalite

80
70
26
09

.61

S8

.24
.58
.00
.00

Reslduals
-¢.1014
-0.0749

0.2069
0.08%90
-0.2226
-0.2498
0.2296
0.1783
0.4020
-0.2551

0.4898 = sum of squared reslduals
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ilm

30.56
0.72
g.09

54.07
3.43
3.47
1.13
g.g0
0.00
a.00

apt

67.90
0.00
16.22
0.50
0.00
0.00
0.00
5.00
8.40
0.00

ob wy
OO0~ OO

.51

.00
.00

.46
.7
.00
.00
.0s




model 1

I_ Kd* heden amph mn 29 “Zir___Tit
0.09 0.45 0.29 0 o4 0 0 300 1
Th 1.8 o.11 0.49 0.39 JE-04 0.05 ] 62 1
Zr 0 0.5 0.68 1.8 0.008 0.07 0 1500 1
Ht 0.95 0.84 0.09 2.51 0.03 0.08 0 1000 1
Ta 0.47 1.02 0.14 2.55 0.03 0.05 0 40 70
La 0.88 0.85 0.4 0.87 0.23 0.24 12 0.8 10
Eu 0.87 3.2 4] 0.4 2 1.13 2 2.5 30
™ 3 3.87 0.52 1.72 0.08 0.09 21 15 40|
Co 5.3 16.7 14.8 41.7 0.08 0.29 0 9 1
8¢ 20 5.3 0.5 2.5 o 0.1 0 60 1
Ab 0.03 0.08 0.007 1] 0.02 0.42 0 0 1
Sr 0.04 0.3 o 0.04 52 2.9 2 0 1
Ba 0.1 0.8 _0.05 0.1 1.4 [-1 1 A |
k SAMPLE # REF. Sl02 TiO2 AlI203 FeO Fe203 MnO MgoO Cal)
parent MAG-91-1 Perfit(L 80.18 0.82 14.78 0 9.59 0.24 0.43 2.89
roduct MAG- 91-2 Pertit{L 63,25 0.58 14.5 0 7.52 0.18 0.1 1.05
cpx  amph oly tiMt.29 plg ksp apt zir tit
lsast squares Input 0.051 0 0.0838 0.012 0.2127 0.324 0 0 ]
0.074 0 0.13528 0017 0.3087 0.467 0 4] 0
) t Co c_| cr | g
0.078 0.295% 3.99 12.33 5. 51 . .
0.214 13.11 34.22 17.25 7.33 4,
0.158 271 750.74 . 118.2 66.
0.172 0.58 28.32 4.53 2.
0.130 4.88 14.02 . 1.83 1.
0.300 47.088 110.82 80.1 33.23 20.
1.212 4.6068 3.62 4.3 439 5.
0.381 1.3978 2.98 1.7 1.13 0.
3.246 t1.28 0.08 0.5 0.26 1.
2.364 13.14 2490 8.1§ 588 17.
0.208 105 276.90 138.8 3.

12711

0°() and D™(7- Dack caicuiaied D from Gi and Cr Tl lor pedectly Inoompdlbb slements
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Page(s) missing in number only; text follows.
Filmed as received.
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Mix’n’Mac flle : 9i-1 to 139 m’n‘m

Date: 04-05-1990 Time: 08:22:

17

Parent Daughter Phases

mag 139mag?l-épx olig fayalite
Variables
sioz2 60.18 62.11 48.80
Tio2 0.82 0.54 6.70
Al203 14.74 14.58 1.26
Fe203 2.59 8.00 20.09
#n0 0.24 0.22 0.61
MgO 0.43 0.13 4.55
Cal 2.89 1.46 19.24
Na20 5.87 6.34 1.58
K20 4.64 5.24 0.00
B20S 0.22 0.09 0.00

Oxides recalculated to 100%

RESULTS:
Parent Parent
observed estimated
5102 60.41 80.54
Tio2 0.82 0.91
Al1203 14.80 14.49
Fe203 9.63 9.83
Mn0 0.24 0.41
MgC 0.43 0.69
Cao 2.90 2.62
Na20 5.89 5.83
K20 4.66 4.22
P205 0.22 0.04

Component Proportlon

mag 139 0.3934
cpX 0.0669
ollg 0.1891
fayallte 0.0729
ksp 0.2588

!lm 0.01186

ksp

64.10
0.00
22.66
0.20
0.00
0.25
3.26
9.90
0.00
6.00

Resicuals
-(3.1281
-0.0845

0.3098
c.0966
-0.1733
-0.2580
0.2792
0.0625
0.4420
0.1850

0.5368 = sum of squared residuals
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I[Im phase 6
30.56 67.50
0.72 0.00
. 0.09 16.22
54.07 0.80
3.43 0.00
3.47 0.00
1.13 g.00
0.00 5.00
0.00 8.00
g.00 - 0.00

dodo

ocoooca—-no
OGO -~ a

DOoOO0OOCOOoODOOoOOO0
R



model 1

Kd* heden amph __ fay tiMt.29 pl san___apt _ Zir___ Tit

u 0.09 0.45 c.14 0.29 0.04 0.07 0 300 1
Th 1.6 a.trt 0.49 0.39 3E-04 0.05 0 62 1
Zr o 0.5 0.68 1.8 0.008 0.07 0 1500 1
Ht 0.95 0.84 0.09 2.51 0.03 0.08 0 1000 1
Ta 0.47 t.02 0.t4 2.55 0.03 0.05 0 40 70
La 0.66 0.85 0.4 0.87 0.23 0.24 12 0.8 10
Eu 0.87 3.2 0 0.4 2 1.13 2 2.5 30
LL] 3 3.67 0.52 1.72 0.06 0.09 21 1§ 40
o 5.3 18.7 14.6 41.7 0.08 0.29 o 9 1
Se 30 5.3 0.5 2.5 o 0.1 0 60 1
Ab 0.03 0.08 0.007 [} 0.02 0.42 0 0 1
Sr 0.04 0.3 o 0.04 5.2 2.9 2 0 1
Ba — 0.1 0.8 0.05 0.1 1.4 (5 1 0 1
SAMPLE # REF. s102 TI02 AlI203 FeO Fe203 MNO MgO Cag|

parent MAG-91-1 Perfit(L. 60.18 0.82 14.78 ] 9.50 0.24 0.43 2.89
roduct MAG-139 _ Pertit{L 62.11 0.54 14.58 4] 8.76 _0.22 0.13 1.46

cCpX  amph olv tiMt.29 plg ksp apt zir tit

least squares Input 0.068 ¢} 0.075 0.012 0.1929 0.271 0 0 Q
0.1 0 0.12118 0.019 0.3117 0.438 0 0 0

o1 ) cl Cr
0.076 0.374 3.99 9.00 6.9
0.265 13.11  27.02 18.50
0.148 271 626.43 403.91
0.208 9.58 20.87 13.88
0.149 485 11.20 7.22
0.315 47.088 9239 64.91
t.222 46068 3.78 4.23
0.484 1.3978 232 1.78
3.312 1.26 0.13 0.4
3.449 13.14 118 4.1
0.194 105 231.92 153.1
2.806 138 21.39 56.7¢
3.083 439 314 19 5
Dl' LR ] ' *n -
1.42 1.89 18.81 24.95 151 027 0.4
120 1.42 453 538 1.22 040 0.56
0.81 018 413 125 068 0.3 0.98
092 0.84 443 402 093 0350 07
098 095 654 637 098 044 0.60
060 035 219 110 0.74 0.69 0.9¢
1.73 2.54 142 208 208 060 0.5
091 082 180 189 092 068 08
159 224 048 068 1.79 542 1.8
257 431 075 125 4.70 238 0.6
() 0.61 0.18 314 094 068 066 1.0
sr 260 435 090 150 481 134 0.51
Ba 358 643 116 208 12.70 0.6t _0.21
D°()) and D**(1)- back caiculsted O from Cl and Cr 1'=| for perfectly |

e e —— v
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model 2

[ xa* hedan__smph fay tiMt.29 _pi san T Zir Tit
v 0.09 0.45 0.14 0.29 0.04 0.07 0 300 1
Th 1.6 o.11 0.49 0.39 3E-04 0.05 0 62 1
Zr () 0.5 0.88 1.8 0.008 0.07 0 1500 1
Hf 0.95 0.84 0.09 2.51 0.03 0.08 0 1000 1
Ta 0.47 1.02 0.14 258 003 0.05 0 40 70
La 0.66 0.85 0.4 0.87 0.23 0.24 12 0.8 10
Eu 0.87 3.2 o 0.4 2 113 2 2.5 a0
s 3 3.67 0.52 1.72 0.06 0.09 21 15 40
Co 5.3 16.7 146 41,7 0.08 0.29 o 9 1
Sc 3o 5.3 0.5 2.5 o 0.1 0 60 t
Ab 0.03 0.08 0.007 o 0.02 0.9 o 0 1
Sr 0.04 0.3 0 0.04 52 2 2 0 1
Ba - 0.1 0.8 0.05 0.1 1.4 7.5 1 0 1]
SAMPLE # REF. 8i02 TIO2 AI203) FeD Fe203 MNO MgoO [+ )]
parent MAG-91-1 Perfit{L 60.18 0.82 14.78 ¢ 9,59 0.24 0.42 2.89
product  MAG. 91-2 Perfit{L _63.25 0.56  14.5 9 752 0.18 0.1 1.05
cpx amph olv tiMt.28 pig ksp apt zir tit
least squares Input  0.05t 0 0.0938 0.012 0.2127 0.324 o Q Q
% _cummulate 0.074 0 _0.13526 0.017 0.3087 0.467 0 0 0
[+] [ o cl 13 ; s
0.076 0.205 3.99 12.33
0.214 13.11 34.22
0.156 271 750.74
0.172 9.58 26.32 .
0.130 4.85 14.02 .
0.300 47.088 110.62 60.1
1.212 4.60868 3.62 4.3
0.381 1.0078 298 1.7
3.248 1.28 0.08 0.5 .
2.384 13.14 2498 8+ 5.88
0.430 105 210.83 t128.1 90.52
. 138 21.24 80.7
43¢ 84 B8

D*(l) and D**(r)- back
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model 2

149

Th 0.98 0.97 3 42 3.30 0 98 0.53
Zr 1.00  t.02 0.87 0.a8 1.01 1.14
Ht 0.88 0.78 1.03 0.91 0.89 0.98
Ta 0.46 0.02 2.77 Q.17 0.81 0.78
Le 0.75 0.55 2.43 1.78 0.80 0.88
| {'] 1.63 2.14 1.40 1.84 1.7¢ 0.65
To 0.88 0.74 1.92 1.88 0.8 0.68
] -6.44 -12.51 -1.88 -3.61 Q.00 #2408 HodD
8¢ 232 341 0.79% 1.18 .39 1.77
6.74 0.52 1.68 1.17 078 0.78
149 1.89 .83 0.80 1.7 2.22
261 3.83 0.85 0.98 4.42 3.83

Kd* heden__amph fay _ tiMt.29__pig  sen__apt __ Zir Tit
[V} 0.09 0.45 0.14 0.29 0.04 0.07 a 300 1
Th 1.6 o.11 0.49 0.39 3E-04 0.05 [¢] 82 1
Zr o 0.5 0.88 1.8 0.008 0.07 0 1500 1
Ht 0.95 0.84 0.09 2.51 0.03 0.08 a 1000 1
Ta 0.47 1.02 0.14 2.55 0.03 0.05 0 40 70
La 0.68 0.88 0.4 0.87 0.23 0.24 12 0.8 10
Eu 0.87 3.2 0 0.4 2 1.13 2 2.5 3
™™ 3 3.67 0.52 1.72 a.08 0.09 21 15 4(1
Co 5.3 16.7 14.6 41.7 0.08 0.29 0 9 1
Sec 30 5.3 0.5 2.5 0 0.t 0 60 1
Ab 0.03 0.08 0.007 Q 0.02 0.9 Q 0 1
8r 0.04 0.3 o 0.04 52 2 2 0 1
Ba — _0.1 0.8 0.05 9.1 1475 1 0 1

SAMPLE # REF. Si102 TIO2 AI203 FeQ Fe203 MNO Mgo Cal
parent  MAG-91-1 Perfit{L 60.18 0.82 14.78 0 9.59 0.24 0.43 2.89
product MAG-51D__ Pertit{L &2.88 0.681 1528 0 7.8 019 0.33 1.21
cpx amph olv tiMt.29 plg ksp apt zlr tit
lsast squares Input 0.05S 0 0.0847 0.011 0.1605 0.291 0 0.0004 o]
% cummuiats 0.001 0 0.140558 0.01825 0.268 0.4 ¢ 0.0007 0
[+] f Co (=] 3
v 0.277 0Q.3298 3.99 7.77 1.4%
Th 0.287 13.11 25.28 5.0
Zr 1.157 271 234.45 95.
Ht 0.856 9.58 10.94 8.68
Ta 0.168 4.85 10.44 1.1
La 0.310 47.088 88.92 9.4
Eu 1.187 4.6068 4.03 51
™ 0.448 1.3978 2.33 0.78
[+ 3.484 1.28 0.13 2.0
Sc 2.942 13.14 2.20 .38
0.444 108 175.30
138 39.60
439 151, 98 528

D°() and D*°(r)- back caiculsted D irom Cl and Cr  I*=l for perfectly incompatible slements
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D°() and D**(1)- back calculaled D from Cl and Cr

e L I

Kd* heden amph_ __ fay tIMt.28 pilg _ sen _apt _Zir _ Tit

v 0.09 0.45 0.14 0.29 0.04 0.07 0 300 1
Th 1.6 o.11 0.49 039 3E-04 0.05 o 62 1
Zr 0 . 0.5 0.66 1.8 0008 o0.07 0 1500 1
H1 0.95 0.84 6.09 2.51 0.03 0.08 o 1000 1
Ta 0.47 1.02 0.14 2.5 0.03 0.08 0 40 70
Le 0.66 0.85 0.4 0.87 023 0.24 12 0.8 10
Eu 0.87 3.2 0 c.4 2 1.13 2 2.5 a0
b 3 -3.687 0.52 1.72 0.08 0.09 21 15 40
Co 5.3 16.7 148 41.7 0.08 0.29 o 9 1
Se 20 53 0.5 2.5 0 0.1 4] 60 1
Ab 0.03 0.08 0.007 o 002 0.9 1] o 1
Sr 0.04 0.3 o 0.04 52 2 2 1] 1
Ba — _0.1 0.8 0.05 0.1 1.4 7.5 1 1] 1

SAMPLE # REF. s102 TIO2 AlI203 FeO Fe203 MO MNMgO Ca0|
parent MAG-91-1 Periit{L 60.18 0.82 14.78 0 9.5 024 0.43 2.89
product MAG-139 _ Perfit{L _62.11 0.54 14.58 0 8.7 0.22 0.13 1.46

¢px  amph olv tiMt.29 plg ksp apt zir tit
fesast squares Input 0.068 0 ¢.075 0.012 0.1829 0.271 0 0 Q
% cummulate 0.11 0 _0.12118 0.019 0.3117 0.438 0 Q Q
D t -1 g [
[V 0.076 0.374 3.99 . .
Th 0.265 13.11 27.02 18.5C
Zr 0.148 27t 626,43 403.91
Hi 0.208 9.58 20.87 12.88
Ta 0.149 485 1120 7.2
La 0.315 47.088 92.30 64.9 .
Eu 1.222 4.6068 3.78 4.23 2.282 4.61
Tb 0.484 1.3078 2.32 1.78 1.521 1.12
Co 3.312 1.28 0.13 0.4310.7033| 0.43
Sc 3.4490 13.14 1.18 4.1 4.08
Rb 0.404 105 188.81 138.78
Sr 31.51 668.3
Ba 164.87 876
D*{1l

[T] 1.51 . .
Th 1.22 0.40 0.58
r 44 0.68 0.63 0.08
Ht 0.93 050 0.7
Te 0.98 0.44 0.66
Ls 0.74 0.60 0.9¢
Eu 2.08 080 0.5
Th 0.92 0688 0.8
Co 170 542 1.6
S 4.70 236 0.6
Rb . 0.8 082 1.1
sr 2.60 438 1.04 1.74 4.81 0.91 0.42
Ba 3.58 8.4 0.98 1.72 _12.70 _1.18__ 0.28

T e el

1*uf for pﬂi.dly incompatible elements
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Mix ' n'Mac fiie :

Date: 05-C7-1990

Parent Dauahter
mag 37bmag?i-tpx

Variables

si02
Tidz
hK1203
Fe203
MnO
Mgl
Cal
Na20D
K20
P205

60.18

0.82
14.74
.59
.24
.43
.89
.87
.64
.22

O OO0

64.00
G.28
16.50

.15
.18
.17
.08
.67
.05

OMh—00O0ON

Oxides recalculated to 100%

RESULTS:

Sigz
Al203
Fe203
¥n0
Mal
Ca0
Na20
K20
P205

parent
opserved
63.41
¢.82
14.80
.63
.24
.43
.%0
.89
.66
.22

oMo O0O0 O

Component
mag 37b
epx

olig
fayalite
ksp

ilm

Parent
est imated
60.48
0.83
14,75

62
.26
.81
.87
.00
.66
10

A NOO O

Proportion
2.0027
0.0622
-0.2171
-0.0250
-0.8268

0.0047

?1-1 to 37b.m'n’'m
Time: 11:56:

00

Phases ~--
oltig fayalite

48.80
0.70
1.26

.00 20.09

0.61
4.55
19.24
1.58
0.00
0.00

ksp

64.10
0.00
22.66
0.20
0.00
0.25
3.26
9.90
0.00
0.00

Resiguals
-0.0668
-0.0075

0.0460
0.0112
-0.0164
-0.0800
0.0318
-0.110¢
-0.0067
0.1198

0.0409 = sum of sguared residuals
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ilm phase 6

O

—
ODCOUNMNOOOCOC OO
)

.50
.00
.22

8.51
50.02
6.00
456.00
1.44
0.46
0.71
6.00
0.00
6.00
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Mix‘n’Mac file : 91-2 TO 120.M’N‘M 2

Date: 04-05-1990

Parent Daughter
mag?1-2 mag 120

Variables

Si02 63.30
Ti02 0.56
A1203 14.50
FeG 7.52
MnQ 0.18
MgC 0.10
Ca0 1.0S8
Na20 6.29
K20 5.36
P205 Q.04

Oxldes recalculated to 100%

RESULTS:
Parent
observed
slo2 64.00
Ti02 0.57
. Al1203 14.66
FeQ 7.60
Mn0 0.18
MgO 0.10
Ca0 1.06
Na20 6.38
K20 5.42
P20S 0.04
Camponent
mag 120
favallite
hedenberglte
ksp
ti-mag

297

1.2179 = sym of squared residuals

Time: 08:32:06
Phases
fayallte
hedenbergite
67.58 30.56 48,27
0.4t 0.72 0.37
15.97 0.09 0.23
4.97 60.90 28.54
0.12 3.43 0.91
0.25 3.47 g.92
1.18 1.13 18.70
5.73 8.00 1.19
5.98 0.00 0.00
0.08 0.00 g.00
Parent
estimated Residuals
63.97 0.03s9
0-57 '0.0027
15.12 -0.4583
7.60 0.0079
0.29 -0.1090
0-37 -0 .m
1.20 -0.1383
5.41 0.9496
5.43 -0.0131
0.08 -0.0132
Proportion
0.6832
0.0547
0.0174
0.2401
0.0048

ksp

67.27
0.00
18.35
0.92
0.00
g.00
0.tS
6.45
7.08
0.00

ti-mag phase S phase §

0.92
53.03
0.00
46.82
.60
0.00
¢.32
0.40
0.00
g.00

OO0 OoO0O0O0O0OoO
T s * & e s ot & & a

COO0OQOOQOo0O0O0
® 4 & s+ 8 s v s = o



Mix‘n’Mac file : 91-2 TQ 49 M’'N'M
Date: 04-05-1990 Time: 08:33:59

Parent Daughter Phases

mag49mag?l-gpx olig fayalite ksp iim apt

Variables

sioz 63.30 70.90 48.80 64.10 30.56 67.50 0.51 0.00
TI02 g.56 ¢.33 0.70 0.00 0.72 0.00 50.02 0.00
A1203 14.50 11.80 1.26 22.66 0.09 16.22 0.00 Q.00
Fe203 7.82 5.08 20.09 0.20 54.07 0.60 46.00 0.2t
MnQ 0.{8 0.00 0.61 0.00 3'4{1 ﬂrl}ﬁ 1144 inf;‘:'-.
MgO 6.10 0.10 4.55 0.25 3.47 0.20 0.46 0.54
Cal 1.08 0.34 19.24 3.26 1.13 0.00 0.71 52.40
Na20 6.29 4,93 1.58 9.89 0.00 5.00 0.00 0.00
K20 S.36 4.39 0.00 0.00 0.40 8.00 a.0qQ Q.00
P205 0.04 0.08 0.00 g.00 0.00 0.00 0.00 45.33

Ox{des recalculated to 100%

RESULTS:
Pacent Parent

observed estimated Residuals
Sig2 64.00 64.05 -0.0431
T1G2 0.57 0.61 -0.0457
Al203 14.66 14.97 =0.3097
Fe2Q03 7.60 7.54 0.0588
MnO 0.18 0.38 =0.2025
MgQ 0.10 0.45 -0.3538
Ca0 1.08 0.99 0.0798
Na2gQ 6.36 5.39 0.9681
K20 5.42 5.04 0.3794
P20S 0.04 D.12 -0.0815

1.3636 = sum of squared residuals

Component  Proportlon

mag49 0.1793
CPx 0.0032

olig 0.1863
fayalite 0.0996
kep 0.5154

ilm 2.0094

apt 0.0024
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Mix’‘n’Mac file
Date: 04-05-1990

Parent Daughter

51-D
Varlables
Sig2 62.90
Ti02 0.6l
Al203 15.28
Fe203 7.80
MnO 0.19
MgQ 9.33
Ca0 1.21
Ha2Q 6.64
K20 4,91
P20S 0.12
None
RESULTS:
Parent
observed
5102 62.90
Tic2 0.61
A1203 15.28
Fe203 7.80
MnO 0.19
MgO 0.33
Cag0 1.2
Na20 6.64
K20 4.91
pP20S 0.12
Component
120
cpx
olig
fayallte
ksp
iIlm
apt

: 51-D TO 120 M'N'M

1.1681 = sum of squared cresiduals

Time: 08:41:28
Phases
120 cpXx
67.50 48.80 64.10
0.41 6.70 0.00
15.97 1.26 22.566
4,97 20.09 0.20
0.12 0.61 .00
0.25 4.55 0.25
1.15 19.24 3.26
5.73 1.58 9.89
5.58 0.00 0.00
0.08 0.00 0.00
Parent
estimated Residuals
62.89 ¢.Q067
0.582 -0.011S
15.70 -0.4224
7.78 0.0208
0.39 -0.2044
0.49 -0.1647
1.25 ~-0.0430
5.70 0.9361
4.7 0.1963
G.06 0.0584
Proportion
0.3680
0.0021
0.1951
0.0981
0.3325
0.0080
0.0007
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ollg fayallte

30.56
8.72
0.0%

54.07
3.43
3.47
1.13
0.00
¢.00
0.00

ksp

67.50
0.00
16.22
0.60
6.00
0.00
0.00
5.00
8.00
0.00

o

o
OO0~ 0NAOOO
e 4 e s e e ow

[=]

o

lim

apt

¢.00
0.00
0.00
0.2t
1.82
2.54
52.40
0.00
0.00
45.33



APPENDIX liLV.II

ALKALIC SYENITE




Kd* heden amph tiMe.29 san___ apt  ZIr Tit
U 0.09 0.45 0.14 0.29 0.04 0.07 0 300 1
Th 1.6 0.11 0.48 0.39 3E-04 0.05 1] 62 1
ulr 4] 0.5 0.66 1.8 0.008 007 0 1500 1
Hf 0.95 0.84 0.09 2.51 0.03 0.08 0 1000 1
Ts 0.47 1.02 0.14 2.55 0.03 0.05 0 40 70
La 0.66 0.85 0.4 0.87 0.23 0.24 12 0.8 10l
&Eu 0.87 3.2 o 0.4 2 1.13 2 2.5 30;
T® 3 3.67 0.52 1.72 0.06 3.09 21 15 40
o 5.3 16.7 146 41,7 008 0.20 0 9 1
Sc a0 5.3 0.5 2.5 o 0.1 0 60 1
Rb 0.03 0.08 0.007 0 0.02 1.8 0 4] 1
8r 0.04 0.3 0 0.04 5.2 2 2 0 1
Ba 0.1 0.8 0.08 Q.1 1.4 7.5 1 0 1
SAMPLE # REF. SiO2 TiO2 AI203 Cal
PARENT MAG-37b  Ridley{U 64 0.28 16.5 .
_PAODUCT _MAG-51B__ Perfit(L  85.11 0.42 16.60
cpx amph olyv tiMt.29
least squares [nput 0.03 0 0.025 0.00%
% cummuiate 0.055 0 _0.04588  0.002
— 01 [+ ci_J cr
1] 0.543 0.445 4,800 7.10  6&.41
Th 0.253 24.387  44.87 217.85
zr 2.437 533 166.44 228.86
M? 1.693 24,060 13.73 18.0%
Ta 0.145 9.0668 18.13 15.00
La 0.273 119.12 214.74 182.7§
Eu 1.084 0.431 0.41 0.4
Td 0.297 1.902 3.36 2.88
Co 1.320 0.5783 0.45 0.48
S¢ 1.883 2.557 1.27 1.5
Rb 1.614 155 04.27 108.01
8r 1.703 24 12.62 .
[ 1] .
1] #NUM! mum XXX}
Th SNUM!  SNUMI #NUM! SNUM! ss2#3# 0 00 0.0 D
r 43 2.490 3.05 1.02 1.25 3.33 098 0.70
Ht #NUM! #NUM! SNUMI #NUM! o3 #s 0.00 0.00
Ta #NUM!  #NUMI SNUM! #NUM! s & #8# 0.00 0.00
Le SNUMI  #NUMI SNUM! SNUM! #2848 9.00 0.00
Ru SNUMI  #NUMI SNUM! SNUMI s 3 ## 0.00 0.00
Td #NUMI  #NUMI SNUM! SNUM! s 3 ## 0.00 0.00
o 0.47 0.26 0.38 0.20 0.85 200 1.88
8¢ SNUMI  #NUM! SNUM! SNUM! s #s 0.00 0.0
nd 1.42 1.58 0.88 0.98 1.4 117 1.0
Sr 0.52 0.24 0.29 0.19 0.8 2.80 2.3
Ba -0.12 -0.54 -0.02 -0.08 0.40 28545 71.81

“(l) and D™ (r)- back caiculaed D from Cl and Cr ["=Go/Cla f for perfectly incompatible slements



Mix‘n’Mac

file : 37 T0 3.M'N'M

Date: 04-05-1990

Variables
si02
T102
Al1203
Fel
MnQ
MgC
Cal
Na20
20
p20S

Parent Daughter

mag3?

64.00
0.28
16.50
5.00
0.1§
c.18
1.17
6.08
5.67
0.08

Oxides recalcuiated to 100%

RESULTS:

Parent

observed

Sio2 64.59
Tigo2 0.28
Al1203 16.55
FeO 5.05
MnQ 0.15
MgQ 0.18
Cad 1.18
Na20 6.14
X20 5.7
P205 0.0
Component

mag 3

ISP

hedenberglte

FAY
ti-mag

Time: 08:51:03

0.0152 = sum of squared residuals

Phases
mag 3 KSP
hedenbecgite
66.99 67.27 48.27
0.3% g.00 0.37
16.99 18.35 0.23
5.78 6.92 28.54
0.17 0.00 g.91
0.17 0.00 0.92
1.36 0.15 18.70
5.50 7.05 1.1¢9
5.88 6.45 0.00
0.02 0.00 0.00
Parent
estimated Reslduals
64.59 0.0056
0.29 -(3.004S
16.58 0.0747
5.04 0.0055
0.18 -0.0303
0.189 0.0034
1.16 0.0163
6.15 -0.0156
$.80 -0.0778
0.00 0.0455
Proportion
0.2580
0.6726
0.0385
0.0294
0.0032
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.02
.03
.00
.82
.60
.00
.32
.00
.00
.ag

oo ooooooo
e & 4 & 4 e+ * o u

ti-mag phase 5 phasgse 6

9.00
0.00
0.00
0.00
0.00
0.00
0.00
0.0¢
0.00
¢.00



2.91
3.42
-0.19
2.54
0.18
1.79
1.73
3.65
0.78

21.74
13.08
-0.18
10.92
0.17
1.39
1.32
1.48
0.14

ofaa

2,38 0.18
3.00 0.18
058 2.23
202 0.23
0.69 t.52
1.43 0.94
1.9 0.98
3.33 1.36
.91 129.32

000002000000
aAODEMIODNNNALANRN

D) and D™ (7 back calculaied D from Gl and Or T=Co/Cia 1 lor perfectly incompatible elements

303

Kd* heden__amph __ fay tiMt. 24 san___apt _Zir _ Tit

1] 0.09 0.45 014 029 0.04 0.07 0 300 1

Th 1.6 o011 0.49 0.39 3E-04 0.05 0 62 1

zr 0 0.5 0.68 1.8 0.008 0.07 0 1500 1

Ht 0.95 0.84 0.09 25t 0.03 0.08 0 1000 1

Ta 0.47 1.02 0.14 2585 0.03 0.05 0 40 70

Le . 0.68 0.88 0.4 087 023 0.24 12 0.8 10

Eu 0.87 3.2 0 0.4 2 113 2 25 30

T 3 3.87 0.52 1.72 0.068 0.09 21 15 40

Co 53 16.7 14.6 41.7 0.08 0.29 o 9 1

Sc 30 5.2 0.5 2.5 0 0.1 0 60 1

Rb 0.02 0.08 0.007 0o o002 1.8 ] 0 1

sr 0.04 0.3 0 0.04 52 2 2 0 1

Ba — _01 08 0.05 0.1 1.4 7.5 1 ) 1
SAMPLE # REF. Si02 TiO2 AI203 FeO Fe203 MNMnO MgO cuo|

parent  MAG-37b  Ridley(U 84 0.28 165 ] 5 0.15 0.18 1.17

product _ MAG-3 BROOKS 66.99 0351 16.99 0 575 0.174__0.17 1.36

cpx amph olv tiMt.29 pig ksp apt zir ti

least squares Input 0.029 0 0.0248 0.003 0.1605 0.577 0 0.001 0

% _cummulste 0.037 0 0.03118_0.004 0.2017 0.72% 0 _0.002 o}
B L o [~ N

u 0.520 0.365 4.899 7.95

Th 0.205 24.387 54.32

zr 2.242 533 1a37.88

Ht 1.819 24.089 12.90

Ta 0.134 9.0888 21.70

Ls 0.262 119.12  250.71

leu 1.260 0.439 0.33

™ 0.233 1.902 4.12

(- 1.047 0.5783 0.55

Sc 1.293 .

Rb

ar

Bs




Mix‘n’Mac file
Date: 04-05-1990

:+ 37 to 135 mw'n’m
Time: 08:55:51

0.1097 = sum of squared residuals

Parent Daughter Phases
mag37 mag 135 ISP
hedenberglte
Variables
Sio2 64.00 68.40 67.27 48,27
Tig2 0.28 0.35 0.00 0.37
Al203 16.50 15.20 8.35 g.23
FeO S.00 3.92 0.92 28.54
MO 0.1% g.10 0.00 0.91
MgO 0.18 0.10 g.00 0.92
Ca0 1.17 0.47 0.15 18.70
Naz20 6.08 5.93 7.05 1.19
K20 5.57 5.32 6.45 0.00
p205 0.05 0.03 0.00 0.00
Oxlides recalculated to 100%
RESULTS:
Pacent Parent
observed est|mated Reslduals
S102 64.59 64,62 -0.0213
Ti02 0.28 0.29 -0.0102
A1203 16.65 16.45 0.1988
Fel 5.05 5.03 0.0127
MnO 0.15 0.19 -0.0421
Mg0 0.18 0.19 =-0.0071
Cag 1.18 1.13 0.0532
Na20 6.14 6.38 -0.2438
k20 5.7 5.78 =0.0545
P20S 0.05 6.00 0.0487
Component Proportlon
mag 135 0.0589
6134 0.8488
hedenbergite 0.04%91
FAY 0.03%97
tl-mag 0.0043
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Kd* heden amph sy tiMt.29 pi san__apt _ZIir___TIt
) 0.00 0.45 014 020 0.04 0.07 ¢ 300 1
Th 1.6 011 049 039 JE-04 0.05 o 82 1
Zr 0 05 066 1.8 0.008 007 0 1500 1
Mt 095 ‘0.84 009 251 003 0.08 o 1000 1
Te 0.47 1.02 0.14 255 0.03 0.05 0 40 70
La 0.66 0.85 0.4 087 023 024 12 08 10
Eu 0.87 3.2 0o 04 2 113 2 25 ao
™ 3 .3.67 052 172 0.06 0.00 21 15 40
=) 53 167 14.6 417 0.08 0.29 o 9 1
Sc 30 5.3 0.5 2.5 o o1 0 60 1
Rb 0.03 0.08 0.007 0 002 18 0 0 1
sr 0.04 0.3 0 004 52 2 2 0 1
Ba 0.1 08 005 01 14 7.5 1 0 1

SAMPLE #¢ REF. Si02 Ti02 AI203  FeO Fe203 MnO MgO Ca0
PARENT  MAG-37b  Ridiey(U 64 0.28 165 0 5 015 0.18 1.17
PRODUCT MAG-135 Perfit(L  68.43 035 152 0 392 01 01 047
| cpx amph olv tIMt.29 plg ksp apt zir tit
feast squares Input  0.05 0 0.03909 0.004 . 0 0.859 0 7E-04 0
% cummuiate 0.052 0_0.04185 _0.005 009 0 _7E-04 o

D [ o Cl_ cr son s-lastCe-avgum com oxides |
v 0.205 0.048 4.800 41.47 5.07] 1.84] 12.24 3.04 64.41|sle2
Th 0.197 24.387 278.19 25.38 11.21] 54.72 11.51 0.20ftie2
zr 1.200 $33 290.77 527.75] 226 348.9 545.3] 16.54ai203
Wt 0.871 24.080 3557 24.22| 6.3787] 30.99 23.49 5.08/te203
Ta 0.118 9.0868 131.93 0.47] 5.0748] 15.38 2.83| 0.20|mno
Lo 0.272 119.12 1081.72 123.40] 49.55]294.20 70.27] 0.19mge
Eu 1.087 0.431 0.35 0.43] 0.463| 0.38 0.44 1.16/ao
T 0.279 1.902 16.91 1.97] 1.168] 4.72 1.14 5.87|na20
co 1.345 0.5783  0.20 0.57]0.6092] 0.27 0.60} 6.35k20
Sc 1.739 2.557 0.27 247 0.719| 0.47 2.67]_0.00jp205
Rb 1.623 155  23.49 150.29 146| 38.11161.67]
sr 1.803 24 210 23.0 23| 379 251
Ba §.761 23 0.00 17 12| 000 24.17
D*(1 rpeype(ry/l_t* Jsen/Cl

U 1.32 20.78 4.48 70.41 2.66 0.04 0.
Th 1.26 16.69 639 8485 2.17 0.04 04
zr 1.28 18,33 1.07 1528 236 0.79 0.4
Ht 1.44 27.82 168 3194 377 0.8 0.2
Ta 1.19 12.72 10.24 109.31 1.7¢ 0.04 0.5
Le 1.20 18.72 474 8883 240 005 0.4
[Bu 098 -0.45 092 -0.42 093 132 1.0
TS 1.18 10.85 4.16 3891 1.8 0.07 0.5
-] 0.98 -0.05 073 -0.04 0.5 2099 1.0
s 1.42 28,63 082 1531 358 264 0.2
Rb 1.02 221 0.63 1.36 108 6.22 0.9
Sr 1.01 1.88 0.58 1.03 104 1093 1.0
Bs 121 1414 018 209 1.92sss# 086

D°() and D(r}- back caicuiated O from Cl and Cr
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Mix‘n'Mac flle :

Date: 04-05-1990

mag 37bmag@42HED
Variables

SiQ2
TiQo2
A1203
FeQ
MnQ
MgO
Cao
Naz20
K20
P205

72b to 37b m’n’nm
Time: 08:46:07

Parent Daughter Phases

62.49
0.54
17.09
S8.00
0.13
0.50
1.7
6.09
6.20
0.13

Ox{des recalculated to 100%

RESULTS:

3102
T102
Al1203
FeQ
MnO
Mg0
of-1s]
Na20
K20
P20S

Parent
observed
62.56

Component
mag 37

ksp
fayalite
ILN

ILM phase 5 phase 6

1.2553 = sum of squared residuals

ksp fayalite
64.00 48.96 67.50
.28 0.44 6.00
16.50 0.66 16.22
5.00 28.12 0.60
0.1S 0.96 0.00
0.18 2.76 0.00
1.17 20.47 0.00
6.08 0.56 2.00
5.67 0.00 6.00
0.08 0.00 0.00
Parent
estimated Residuals
62.82 -0.2526
0.64 -0.1044
16.58 0.5330
4.90 g.1106
0.11 0.0180
0.14 0.3620
1.34 0.3721
5.58 0.5174
5.62 0.5845
0.06 0.0713
Proportion
1.1661
-0.0009
=-0.1738
-0.0199
0.0064
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30.56
0.72
0.09

54.07
3.43
3.47
1.13
0.00
0.00
¢.00

0.51
50.02
0.00
44.19
1.44
0.46
0.7
0.00
a.00
0.00
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Mix’n’Mac file : 37 TQO 120 M’N‘M

Date: 04-05-1990 Time: 08:53:48

Parent Daughter Phases

mag37 mag 120 Ksp
Variables
sig2 64.00 £7.58 67.27
Ti02 0.28 .44 0.00
Al203 16.50 15.97 18.35
Fel 5.00 4.97 0.92
MnO 0.15 0.12 0.0C
Mg0 0.18 0.28 0.00
Cag 1.17 1.15 0.15
Naz0 6.08 5.73 7.05
K20 5.67 5.58 6.45
pP20S 0.05 0.08 0.00
Oxides recalculated to 100%
RESULTS:

Pacent Parent

obsecved estimated

Sio2 64.59 64.67
Ti02 0.28 0.32
Al1203 16.65 16.33
FeO 5.05 5.00
Mnd 0.15 0.18
MgO 0.18 0.27
cao 1.18 1.04
Na20 6.14 6.17
K20 5.72 5.72
P20S 0.05 0.02

Component Proportlon

mag 120 0.2732
KSP 0.6564
hed 84 0.0299
FAY 0.0345
tl-mag 0.0034

307

20.47

9.00

Residuals

-0 . 0781
-0.0400
g.3252
3.0456
-0.0319

. =0.0848

0.1395
-0.0354
0.0002
0.02%0

3.1453 = sum of squared residuals

(0]

[ 44
COoO—-LWOoOOOoOO

FAY
.56

-,

.09
.90
.43
.47

.00
.00
0.00

ti-nag phase S phase &6

0.02
53.03
0.00
46.82
1.60
0.00
0.32
0.00
8.00
0.00

OO0 O0OO0 O
e & 4 s & ® & * @

0.00
0.00
6.00
a.00
0.00
g.00
0.00
0.00
0.00
0.00



APPENDIX [ILV.IH

ALKALIC GRANITE



Mix’n’Mac file :
Date: 04-05-1990

Parent Daughter
magi20 mag 135

Varlables

Sio2 67.58
Tig2 0.41
Ai203 15.97
Fe0Q 4.97
MnQ 0.12
Mg0 0.28
Cal 1.15
Na20 S.73
K20 5.58
P20S 0.08

Oxides recalculated to 100%

RESULTS:
Parent
observed
sio2 66.36
Ti02 0.40
Al203 15.68
Pe0 4.88
MnO 0.12
MgO0 0.25
Ca0 1.13
Naz2d 5.63
X20 5.48
P05 0.08
Component
mag 135
fayallte
hedenberglte
ksp
t]-mag

120 to 135 m‘n’m
Time: 08:57:46

8.1154 = sum of squared reslduals

Phases
fayatijte
hedenbergite
68.46 30.56 48.27
0.35 0.72 0.37
15.20 0.09 0.23
3.50 60.90 28.54
0.10 3.43 0.91
0.10 3.47 0.92
0.47 1.13 18.70
5.93 0.00 1.19
$.32 Q.00 0.0¢
0.03 0.00 0.00
Paresnt
est imated Residuals
66.35 0.0070
0.40 0.0064
15.55 0.1328
4.89 -0.0052
0.17 -0.0519
0.17 0.0799
1.13 0.0039
5.82 -0.1940
5.70 -0.2167
0.02 0.0628
Proportion
0.5231
0.0214
0.0419
0.4118
0.003S

309

ksp

67.27
0.00
18.35
0.92
c.00
0.00
0.15
6.45
7.08
0.00

ti-mag phase 5 phase &

0.02
53.03
0.00
46.82
1.80
0.00
0.32
0.00
0.00
¢.00

OO0 O00O0O0OQO0OO0O
* 2 e a4 + & & 5 8 o



Kd* fieden _emph __ fay tIM1.29 pig  ssn _ apt Zir___ Tit

v 0.06 0.45 0.14 0.20 0.04 0.07 0 300 1
Th 1.6 0.11 049 0.30 3E-04 0.05 o 62 1
Zr 0 0.5 066 1.8 0.008 007 0 1500 1
Ht 095 084 000 251 003 0.08 o 1000 1
Te 0.47 102 0.14 255 0.03 0.05 o 40 70
La 0.66 0.85 0.4 087 023 024 12 08 10
Eu 0.87 3.2 0 04 2 1.13 10 2.5 30
™ 3 57 0.52 1.72 0.06 0.09 21 15 40l
co 5.3 6.7 146 41.7 0.08 0.29 0 9 1
Sc 30 s 3 05 25 o o1 ¢ 60 1
Rb 0.03 0.08 0.007 0o 002 1.9 o 0 1
Sr 0.04 0.3 ¢ 004 52 3 2 0 1
Ba _0.1 08 005 01 1.4 7 1 ) 1

SAMPLE # REF. SI02 TiOZ AI203 FeO Fe203 MnO  MgO )
PARENT MAG-120 Perfit(L 67.58  0.41 15.97 0 497 012 025 1.15

MAG-135 Perfit{L 68.43 035 152 0392 0% 01 047

cpx amph oly
least squares Input  0.042 0 0.0213
0.088 0 _0.04479

D t o __ o
0.4558 0.527 51783 7.34
0.286 21.284 33.63
1.996 440 232.39
1.436 14,411 10.89
0.160 7.8502 13.45
0.289 97.162 153.24
1.0583 1.4577 1.41
0.305 2.1002 3.23
1.688 0.90209 0.59
2.833 2.7468 0.85
1.835 215 142.11

VA = B) =b =k R) =b =k | =d = )
bnuuubhhhbbbu
CPBNOCRALODOOBE

D'(l) and D**(r}- m m

g

310
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Mix‘n‘Mac file :
Date: 04-Q5-1990

Parent Daughter

magi2e
Variables
sig2 67.58
Ti02 0.44
Al203 15.97
Fed 4.97
MnQ 0.12
MgO 0.25
Ca0 1.1%
Na20 5.73
K20 5.58
p20S 0.08

120 to 26 m‘n‘m
Time: 08:59:26

Phases

mag 26 fayalite

hede

70.95 30.56
8.24 6.72
14.43 0.09
3.12 60.90
0.07 3.43
0.i2 3.47
0.83 1.13
S5.60 6.00
8.27 0.00
n.o2 0.00

Oxldes recalculated to 100%

RESULTS:
Parent
observed
SioR 66.36
Tio2 0.40
Al203 15.68
Fed 4.88
MnO 0.12
Mg0 0.25
Cag 1.13
Naz0 5.63
X20 5.48
pP20S 0.08
Component
mag 26
fayallte
hedenbergite
ksp
ti-mag

Parent
estimated
66.37
0.40
15049
4.88
0.17
0.18
1.11
5.69
5.85
0.00

Proportlon
0.3704
0.0288
0.0425%
0.545
0.0053

31

nbergite

48.27
0.37
0.23

28.54
0.91
0.92

18.70
1.19
0.00
0.00

Residuals
-0.0072
-0 00004

0.1971
0.0021
-0.0539
0.0621
0.0145
-0.0613
-0.3678
0.0712

0.1861 = sum of squared residuals

ksp

67.27

0.00

18.35

Q.

OoOygyhooo
“ . 8 e

DO L0000
ogunnoo

[4)]

Qooooo—~00WLO
« s s e e

[=]
(=]

ke

.02
.03
.00
.82

[o R o= Reolele o))
“« 4 4 2 8 e % & a

ti-mag phase S phase 6

0.00
0.00
0.00
0.00
0.00
8.00
0.00
0.00
0.00
0.00



#NUM!  #NUM!
Th SNUMiI  #NUM! SNUM!
r 44 1.686 2.44 0.94
HE #NUM!  SNUM! #NUMI
Ta #NUMI  #NUMiI SNUM!
La 1.2¢ 1.51 4.40
Eu #NUM!  SNUMI #NUM!
LL] #NUM!  SNUMI #NUM!
Co 1.35 1.78 0.83
Sc #NUM!  SNUM! #NUM1
Rb 1.42 1.92 1.08
sr 1.7 223 0.99
8s 2.88 4.88 1.01

#NUM! _
A#NUML #aR2

138 1.94
INUM! #3228
#NUM! 2888

538 1.27
SNUML #8828
#NUM! 2842

1.09 1.42
#NUMI 2828
1.45 1.52
1.41 1.78
1.76 5.8

D*() and D*(r)- back caiculaied D from Ci and Gr [-al for perfectly incompatible elements

Kd* fheden _amph _ fay tIMt.29 pi san___apt _Zlr __ Tit

[T) 0.09 0.45 0.14 0.29 0.04 0.07 0 300 1

Th 1.8 0.11 0.49 0.39 3E-04 0.05 (] 82 1

Zr g 0.5 0.66 1.8 0.008 0.07 0 1500 1

HT 0.95 0.84 0.09 2.51 0.03 0.08 0 1000 1

Te 0.47 1.02 0.14 2.55 0.03 0.05 L] 40 70

La 0.66 0.85 0.4 0.87 0.23 0.24 12 0.8 10

Eu 0.87 3.2 o 0.4 2 2 10 2.5 30

Th 3 3.67 0.52 1.72 0.06 0.09 21 15 40

o 5.3 16.7 14.6 41.7 0.08 0.29 0 9 1

Sec 30 53 0.5 2.5 g a.1 0 §0 1

Rb 0.03 0.08 0.007 ] 0.02 1.5 0 0 1

8r 0.04 0.3 [ 0.04 5.2 1.8 2 0 1

Ba . _0.1 0.8 0.05 0.1 1.4 3 1 0 1
SAMPLE # REF. $io2 TiO2 AI203 FeO Fe203 MnO 0 Ca0|

PARENT MAG-120 Perfit(L &7.58 0.41 15.97 0 4.7 012 0.25 1.15

PRODUCT MAG-26 __ Perfit(L _70.95 0.24 14.43 0312 007 012 0.53

cpx amph olv tiMt.29 plg ksp apt zlr tit
lsast squares Input  0.043 0 0.0288 0.005 0 0.556 0
% cummulate 0.068 g 0.04546 0.008 Qg @.878 aQ
D t Co _c | cr s

u 0.408 0.388 5.1783 9.38 8.80, .

Th 0.248 21,2684 4517 30.0 o] 11.13

Zr 1.763 440 2085.38 309.86 227 3621

Hf 1.264 14.411 11.08 2.7 o| 14.00

Te 0.146 7.8502 18.41 11.82 [+) 2.70

La 0.281 97.162 190,14 135.18 76.7f 56.03

Eu 1.820 1.4577 0.64 1.0 o 1.17

Tb 0.338 2.1902 4.25 2.9 0 1.43

[ 1.817 0.9200 0.50 0.69f o0.65] 0.80

Se 2.233 2.7468 0.80 1.58

L1 1.319 215 158.37 185.70

Sr . 33.41 5

Ba 3



Mix‘n‘Mac file :
Date: 04-05-1990

Parent Daughter

magi20
Variables
5102 67.58
Tig2 0.41
A1203 15.97
Fel 4,97
MnO 0.12
Mg0 0.25
Ca0 1.15
Na20 5.73
K20 5.58
P205 Q.08

Cxides recalculated to 100%

RESULTS:
Parent
cbserved
Si02 66.36
TiQ2 0.40
41203 15.68
Fe0 4.88
Mn0 0.12
Mg0 0.25
Cal 1.13
Na20 5.63
K20 5.48
P205 0.08
Component
mag 23
favallte
hedenbergite
ksp
lla
apt

120 to 23 @’n’m
Time: 09:01:41

Phases
mag 23 fayallte
hedenbergite
75.80 30.56 48.27
0.09 0.72 0.37
13.20 0.09 0.23
0.63 60.90 28.54
0.03 3.43 0.9t
0.13 3.47 0.92
0.21 1.13 18.70
4,77 0.00 1.19
4.47 0.00 0.00
0.02 0.00 0.00
Parent
estimated Resicduals
65.37 ~-0.0108
0.41 -0.0048
15.54 0.1412
4.87 0.0078
0.20 -0.0847
0.2 0.0271
1.12 0.0090
5.54 0.0876
S.83 -0.3524
0.09 -0.0080

Proportion
0.2203
0.0419
0.0437
0.6876
0.0086
0.0018

313

'0.1600 = sum of squared residuals

ksp

67.27
0.00
18.3%
0.92
0.00
0.00
0.15
6.45
7.05
0.00

Iim

0.51
50.02
0.00
44,19
1.44
0.46
0.71
g.00
0.00
8.00

apt phase 6
0.00 0.00
0.00 Q.00
0.00 0.00
a.2t 0.00
1.52 0.00
0.54 Q.00

S2.40 .00
0.00 .00
0.00 0.00

45.33 0.00



e —
D°() and D°'(1}- back caiculsted D from Cl and Cr

314

*al tor periectly incompatible elements

Kd* heden _amph fay  tiMt.29 pl san___apt_ ZIf Tit
[T] 0.09 0.45 0.14 0.29 0.04 0.07 0 300 1
Th 1.8 011 0.48 0.39 3E-04 0.08 0 62 1
Zr 0 - a.5 0.66 1.8 0.008 0.07 0 1500 1
Ht 0.95 0.84 0.09 2.51 0.03 0.08 0 1000 1
Ta 0.47 1.02 0.14 2.58 0.03 0.05 4] 40 70
La 0.86 0.85 0.4 0.87 0.23 0.24 12 0.a 10|
Eu 0.87 3.2 0 0.4 2 2 10 2.5 30
Tb k] 3.87 0.52 1.72 0.08 0.09 21 15 40
Co 5.3 16.7 14.8 41.7 0.08 0.29 V] 9 1
Sc 30 53 0.5 2.5 4] a.1 L] 60 1
Rb 0.03 g.08 0.007 0 0.02 1.5 0 0 1
Sr 0.04 0.3 1] 0.04 52 1.8 2 0 1
Be 0.1 0.8 0.05 0.1 1.4 ] 1 0 1
SAMPLE # REF. Si02 TIO2 AI203 Mgo Ca0}
PARENT MAG-120 Perfit(lL 67.58 0.41 15.97 0.25 1.15
;PH_J_DLL‘T MAG-23 Parfitil, 75.64 0.08 13.2 0.13 0.21
cpx amph olv tiMt.29 zle tit
least squarss Input  0.037 0 0.0448 0.007 0
9% cummuiats 0.049 Q0 0.05908 0.009 g
D 1 _Co

[V) 0.435 0.243 5.1783 . .

Th 0.229 21.284 83.37 26.3

Zr 1.904 440 122.34 342.10

Hf 1.337 14.411 8.95 13.13

Ta 0.148 7.8502 26.27 2.9
[N ] 0.277 97.162 270.48 118.8

7] 1.812 1.4577 0.4€ 1.16

T 0.291 2.1902 5.97 2.6

Co 1.770 0.9209 0.31 0.7

Sc 1.686 2.7468 1.04 2.2

Rb 1.324 215 135.00 198.48

sr 1.589 50.8 25.98 850.78

Ba 2.853 332 31.99 209.6

D*() e*{y e
v SNUMLI  #NUMI #NUM!

Th SNUMI  #NUMI #NUM! #SNUM! #8232

zr 1.3 §.73 1.01 3.0 373

Ht #NUM!  SNUM! #NUMI SNUMI »2#32

Ta #NUM!  #NUM! SNUM! SNUMI #2288

La 2.0 6.2 7.41 22.92 4.42

Eu SNUM!  S#NUM! #NUMI #NUM! #3#3s

Tbh #NUMI  ENUMI SNUM! SNUM! #8832

Co 0.5t -1.49 0.290 -0.84 0.50

Se SNUMI  #NUMI| #NUM! SNUM! 2382

Ab 117 1.9 0.89 1.42 1.28

t 14 1.20 2.45 0.81 1.54 1.50

{ ] 2.90 10.87 1.09 4,02 14.78




APPENDIX IILV.IV

AEGIRINE GRANITE



Mlx’n’Mac
Date: 04-

Variables
5102
Tio2
A1203
Fed
MnQ
MgO
Cao
Na20
X20
P20S

RESULTS:

sioz2
TI02
A1203
FeO
MnO
MgO
Ca0
Na20
K20
P20S

file : 49 TO 48,M’N'M
05-1990 Tlime: 09:04:21
Parent Daughter Phages
mag49 mag 48 TI-MAG
70.90 73.80 0.2
0.33 0.{8 83.43
11.80 .79 0.00
5.08 5.60 46.82
G.00 0.08 1.60
0.10 Q.10 0.00
0.34 0.26 0.32
4.93 4.67 .00
4.39 4.17 g.00
¢.05 0.05 0.00
Oxlides recalculated to 100%
Parent Parent
observed estimated
72.41 72.41
0.34 0.42
12.05 11.83
5.19 5.10
0.00 0.07
0.10 0.08
0.35 0.24
5.03 5.25
4.48 4.85
0.05 Q.04
Component  Proportion
mag 48 0.7387
TI-MAG 0.0053
AEG 0.0134
ksp 0.2454

AEG xsp phase 4 phase 5 phase 6
51.84 67.27 Q.00 g.00¢ 0.00
Q.17 0.00 0.00 .00 0.00
0.94 18.35 ¢.00 9.00 0.00
32.46 0.92 0.00 0.00 0.00
0.02 0.00 0.00 0.00 0.00
Q.19 2.00 0.00 0.00 0.00
0.20 6.15 0.00 0.90 0.00
13.42 5.45 0.900 0.00 0.00
0.38 7.0 | 0.00 0.00Q 0.00
0.00 0.00 0.00 0.00 0.00
Residuais
-0.0009
-0 . 0781
0.2169
0.0902
-0.068S
0.0248
0.1115
-0.2202
-0.3895
0.0136
0.2642 = sum of squared residuals

316




B T e __a

U 0.613 0.723 8.807 7.82
Th 0.258 38.48 48.96
Zr 2.778 1151 §456.94
Ht 1.943 - as.o8 25.84
Te 0.152 18.63 24.52
La 0.268 128.83 163.10
Eu 1.115 1.78 1.7t
Tb 0.298 3.02 4.92
Co 0.688 0.343 0.38
Se 2.047 0.401 0.29
Rb 0.843 340 357.72
Sr 1.873 29 21.85
Ba 7.019 41 5.82

D*{ pee({rPp (1)/BO [r)/]
[V] 3.14 1.54 5.13 2.52 2.00 0.44
Th 490 1.99 19,04 7.71 3.55 0.22
r4s 3.48 1,682 1.24 0.58 2.22 J.80
Hf 1.90 1.23 0.98 0.83 1.34 1.02
T8 3.56 1.65 23.09 10.81 2.30 0.33
La 4,17 1.80 1555 8.72 2.79 0.28
Eu 4,31 1.84 3.8 1.65 2.92 0.38
Tb 3.90 1.73  13.07 5.81 2.56 0.31
Co -0.79 0.55 -1.18 0.80 0.58 1.62
Sc 2.68 1.47 1.41 0.72 1.84 0.78
1] 0.81 0.98 0.98 1.13 0.94 1.01
t 14 1.58 t.1§ 0.8% 0.81 .21 1.10
Ba 1.78 1.19 0.25 0.17 1.28 550 # a8

D*(l) and D**{r}- back caiculsied D from Cl and Cr

T'al for periecily incompaible elements

317

e A b weiar R AT S S Y

Kd* heden _amph fay  tiMt.29 _pig san___ept __ Zir Tit_|]

u 0.00  0.45 0.14 0.29 0.04 0.07 ) 300 1
Th 1.6 0.1 0.49 0.39 3E-04 0.05 o 62 1
Zr ] 0.5 0.66 1.8 0008 0.07 o 1500 1
He 0.95 0.84 0.09 251 0.03 0.08 0 1000 1
Ta 0.47  1.02 0.14 2.55 003 0.05 0 40 70
La 0.66 0.85 0.4 0.87 0.23 0.24 12 0.8 10
Eu 0.87 3.2 0 0.4 2 113 2 2.5 3y
Th 3 3.67 0.52 1.72 0.06 o008 21 15 40
o 53 167 14.6 4t.7 0.08 0.29 0 9 1
Se 30 5.3 0.5 2.5 0 0.1 0 60 1
Rb 0.03 0.08  0.007 0o 002 09 0 0 1
gr 0.04 0.3 o 0.04 5.2 2 2 0 1
Ba _ 0.1 0.8 0.05 0.1 1.4 7.5 1 0 1
SAMPLE # REF. Si02 Ti0Z AI203  FeO Fe203 MnO Mgo Cs0

parent  MAG-49 Ridley(U 70.9 0.33 11.8 ¢ 5.08 0.09 0.1 0.34
product __MAQ-48 __ FRidleylU  73.8 0.18 9.79 0 58 0.08 0.1 0.26

epx amph olv tiMt.29 pig ksp apt zlr tit

{sast squares Input  0.017 0 0 0.0005 o 0.250 0 0.0005 0
% _cummulate 0.061 0 0_0.00181 0 __0.9835 o_0. 0




Plate 2.1
Lithotectonic overlay
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Standard 35mm slides or 17" x 23" black and white photographic prints are available for

an additional charge.
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Plate 3.1

Sample locations

Leaend (After Hussey, 1962 and 19385)

Metamomhic Rocks

Z0e- Eliot Formation
ZOk- Kittery Formation

lgneous Rocks
Kcn - Cape Neddick Complex
Kt- Tatnic Complex - undifferentiated
Tr g- Alkalic granite
Tr s- Alkalic syenite
Tr bg- Biotite granite
Tr qs- Quartz syenite
D g- Webhannet Pluton

- - - Contacts within the Agamenticus Complex
—--— Contacts of country rocks
. Sample location
A Samples with thin-sections
A Samples with thin-sections and geochemical analyses
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i Plate 3.2

Geology of the
Agamenticus Complex

Legend
Agamenticus Complex

Tr bg- Biolite granite
Tr ag- Aegirine granite
Tr g- Alkalic granite

m -quartz syenite

Tr s- Alkalic syenite
1o -fine grainad alkalic syenite
Ti 3Q182- Syetiite 10 Quartz Syenite zone
[;\,:\j}Tr as- Aengmatite syenite
Region with abundant alkalic syenite xenoliths
Region with abundant xenoliths of country rocks.

- - - Lithic contacis
- Dikes
unlabeled - basalt
a - aegirine
g - fine-grained alkalic granile
m - mafic syenite
p - pegmatite
r - rhyolite
t - trachyte

- Dikes of basalt dike swarm
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Plate 3.2

Geology of the
Agamenticus Complex

Legend
Agamenticus Complex
Tr bg- Biotite granite

Tr ag- Aegirine granite
Tr g- Alkalic granite

m -quartz syenite

Tr s- Alkalic syenite
@-ﬁne grained alkalic syenite
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m - mafic syenite
p - pegmatite
r - rhyolite
t - trachyle

Dikes of basalt dike swarm
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