








Figure 3.18: Only example of visible myrmekite texture in all of the rock samples.
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3.4 Sample 52 Geochemistry

The riebeckite syenogranite sample 52 geochemical data is presented in Table 3.2. The
data has bulk-rock and trace element geochemical data. Highest amount of bulk rock elements in
the rock, from highest percentage to lowest according to the modal analysis, are SiO2, Al>O3,
Na20, Fe>03, and K20. Notable bulk rock elements that constitute a very small percentage of the
sample are CaO, MnO, and TiOz. The sample is relatively high in trace element concentrations
(PPM) of Cr, Zn, Zr, Rb, Nb, and Ba. The sample has low concentrations (PPM) of Sr and Y
(Table 3.2). The CIPW norm calculation is shown in Table 3.3. The sample is particularly high
in albite, orthoclase, and quartz. Other notable minerals predicted to make up the composition
include hematite, magnetite, ilmenite, and apatite (Table 3.3). The CIPW data shows a large
percentage of the rock is albite, orthoclase, and quartz. Much of the percentage of albite is
interpreted as being the exsolved sodium rich endmember of perthite. Geochemistry data does

match up correctly with the modal analysis results for riebeckite syenogranite sample 52.
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Bates | Bates- | Bates-
Sample -52 52 52

CaOo
(%) 0.430 | 0.430| 0.430

Bates-
52

0.420

Average

Standard
deviation

0.430

0.01

Weight
Percent (%)

0.445

KO(%) | | 492| 494| 495| 496| 494] 002  510]

MnO

(%) 0.021| 0.02| 0.02

(%) 0.127 | 0.126 | 0.128

0.021

0.131

0.001

0.002

Table 3.2: Geochemical data for riebeckite syenogranite sample 52. Sample 52 was analyzed
four times in the XRF.
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Minerals Weight Volume
Norm% Norm %

| Ksi03 | 000] 000
| Na2sio3 | 000 000
| Diopside | 000 [ 000
| Hypersthene | 000 | 0.0 |
[ Olivine | 000 000
| Nepheline | 000 000
[ Lamite | 000| 000
044

| Fluorite | 000 000
| Thenardite | 000 | 000 |
| Magnesiochromite | 000 | 0.0 |
0.1

| Na2cO3 | 000] 000
(Rule | 000[ 000
137

Total
Table 3.3: CIPW normal calculation for riebeckite syenogranite sample 52. Excel software

created by Hollocher (2017).
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Discussion

4.1General Crystallization Order of Plutonic Minerals

The order of crystallization is typical of a granitic system described first by Bowen
(1956) and can also be interpreted from results of Martin and Bonin (1976), Lyons (1972), Best
(2003), and Griet et al. (1980). The specific minerals can be broken up into primary and
secondary mineral crystallizations. Essential primary minerals, which make up most of the rock,
are microperthite, consisting of sodium-rich and potassium-rich alkali feldspar as perthite and
quartz, and albite. Distinguishing primary minerals are hastingsite and riebeckite. A major
accessory mineral is hornblende. Secondary and post crystallization minerals include albite,
sericite, limonite, and iron rich opaque minerals. Medium to large-grained euhedral grains of
perthitic feldspar were consistently the first to start crystallizing. Quartz crystallization was
concurrent with euhedral perthite grains. A single alkali feldspar phase, consisting of a solid
solution between the potassium and sodium rich endmembers, was the first to crystallize in early
high temperature conditions. Once temperatures began to fall, the K-feldspar and albite
endmembers started to separate from each other. The main host is the K-feldspar and the albite
endmember is the exsolved lamellae. In most cases, subhedral perthite grains and irregular
shaped quartz grains started to form and crystallize at the same time as each other. The last main
forming mineral are the amphiboles, hastingsite and riebeckite. The chemistry of the melt would
dictate which amphibole crystallized (Griet et al., 1980). Plagioclase albite either forms as early
to middle phase unmixing from the sodium rich alkali-feldspar or as late stage intergranular
replacement of perthite grains (Best, 2003 and Martin and Bonin, 1976). The limonite and
sericite and most of the opaque iron rich minerals are indicative of late stage post magmatic
alteration and replacement. To recap, early phase high temperature crystallization is from the

alkali-feldspar and quartz grains, middle stage amphibole crystallization, microperthite unmixing
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and albite rim propagation, and late stage, possibly hydrothermal, post magmatic mineral

replacement and alteration (Figure 4.1).
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Figure 4.1: Crystallization timeline with some key conditions for amphibole formation.
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4.2 Conditions for Perthite Formation

Microperthite textures are indicative of low depth and low pressure magma emplacement
environment during crystallization of the granitic pluton. The dominance of microperthite
feldspar in the hastingsite-riebeckite granitic pluton is very important in constraining the
pressure, depth, and crystallization conditions of the pluton (Winter, 2014). The Mt. Cabot
pluton and other similar Jurassic plutonic granites formed, at most, ~5.3 - 7.6 km in depth with
pressures hovering around 1.5 - 2.1 kbar (Doherty and Lyons, 1979). Unsurprisingly, the whole
pluton contains perthite as its only phase of feldspar, barring late stage hydrothermal alteration
processes. Early emplacement conditions crystallized an alkali feldspar solid solution series. The
grains were not exsolved and contained a solid solution composition from around 750-650°C
(Figure 4.2). During the middle period of crystallization, ~650°C, the sodic phase of early, more
euhedral alkali feldspar, started to unmix from the perthite grain created a two composition
feldspar inside of single grain as other minerals were crystalizing. This first stage of sodic
endmember would have started to unmix at the later period of hastingsite or riebeckite
crystallization as described later and elaborated on by Lyons (1972). Sodic feldspar would have
exsolved earlier than any secondary stage replacement albite and crystallized before 410°C. Any
plagioclase or albite derivatives would have been due to hydrothermal or late magmatic residual

liquids (Lee and Parsons. 1972; Peng, 1970; and Martin and Bonin, 1976).
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Figure 4.2: Typical KAISIO -NaAISiO System phase diagram for feldspars forming in
hypersolvus granite under 5 kbar of pressure (Perkins and Brady, 2017).
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4.3 Indicators for Parental Magma Composition

Plutonic samples from the Mt. Cabot pluton contain either riebeckite or hastingsite as the
main amphibole (Figure 4.3). The distinct zonation in amphibole composition within Mt. Cabot
pluton is a possible indication for composition changes or fluctuations of parental magma
composition and redox reactions during crystallization of the amphibole phase. The genesis of
the hastingsite group of amphibole minerals was first observed by Billings (1928) and can be
applied to the Mt. Cabot pluton. A key observation by Billings (1928) was that there was a clear
continuous series of the Ca-rich amphibole group from the magnesium rich hastingsite
endmember to the iron rich ferrohastingsite endmember (Figure 4.4). Generally, riebeckite was
not included in the granites the Billings (1928) studied that contained hastingsite but could occur
in a small band of equilibrium, either due to temperature or a favorable ratio of sodium and
calcium. Considering that there were no samples that included both amphiboles in the Mt. Cabot
granite, equilibrium conditions were not present in the pluton. Lyons (1971) suggests that
temperature changes do not account for the appearance of either of the amphiboles. Instead,
riebeckite and hastingsite conditions are dependent on the partial pressures of oxygen and the
composition of the magma and form at similar, near magmatic, temperature. Although the study
of oxygen fugacity was above this particular study of the Mt. Cabot pluton, magma chemistry
can be inferred by models of amphibole stability. A calcium-iron-aluminum rich composition
favored the iron-rich calcium bearing mineral hastingsite, NaCazFe?*sFe®*(SigAl2022)(OH). . The
western side of the pluton, the hastingsite syenogranite zone, would have been Ca-Fe-Al rich.
Parental magma depleted in calcium and aluminum favored the sodium-iron rich amphibole of
riebeckite, NaoFe?*sFe3*2(Sis022)(OH). as seen by the two distinct types of riebeckite samples. A
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fluid pressure of over 700 bars favors the crystallization of the iron rich riebeckite amphibole
instead of hastingsite. Griet et al. (1980) also suggest that magma chemistry is one of the most
critical factors controlling compositions of amphiboles in Si-oversaturated rocks originating from
alkaline ring-complex environments (Figure 4.5). They suggest a gap separating the (Ca + Al)-
rich, (Si + Na + K)-poor group of amphiboles from the (Ca + Al)-poor and (Si + Na + K)-poor.
Early stage amphibole crystallization of silica poor amphiboles is possibly contemporaneous
with alkali feldspars. Riebeckite in the Mt. Cabot pluton would have developed later than the
alkali feldspars in more sodium rich and silica rich conditions during the later magmatic
conditions or changes in redox reactions. Two solid-solution series, silica-poor for hastingsite
and silica-rich for riebeckite, are thus postulated in an addition to changes in fugacity levels
during the crystallization of the Mt. Cabot pluton. Earlier crystallization of Ca-rich and Si-poor
amphiboles allows an introduction of Si into the magma melt, permitting more silica-rich
differentiated liquids Griet et al. (1980). The appearance and/or lack of each amphibole in each
sample of the Mt. Cabot pluton is indicative to the concentration of elements in the magma and
redox conditions during crystallization and does not necessarily constrain the temperature of
middle stage crystallization of the pluton (Lyons, 1971). These amphiboles help us understand

the evolution of the chemistry and composition of the magma throughout its crystallization.
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Figure 4.3: Mineralogical map of hastingsite-riebeckite pluton. This map is based on amphibole
and APQ classifications. Modified from Figure 1.1 and Hillenbrand (2017). Orange zone lines
are approximate boundaries between zones.
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4.4 Origins of Intergranular Albite and Hydrothermal Alterations

The presence of two types of albite replacement, penetration albite and albite rims, found
in the Mt. Cabot samples is helpful in understanding crystallization conditions of the pluton.
Found in every sample collected from the Mt. Cabot pluton, the two forms that are equally
important in understanding the crystallization conditions of albite plagioclase and possible near
or post magmatic processes that occur at different stages of crystallization. The two types of
middle to late stage albite crystallization, intergranular albite found in granitic portions of the
pluton and rimming albite found in both granite and syenite samples of the pluton, are interpreted
as being of replacement origin. According to the study by Lee and Parsons (1997) all albite
replacement would have occurred after the exsolution of the sodic and potassic phases of the
perthite grains. Two phases of replacement and albite alteration were found in the samples and
would have occurred after unmixing of the perthite. The first phase of albite replacement
involves albite crosscutting exsolution microtextures throughout the grain interiors, occurring in
the hastingsite-riebeckite syenogranite sample. Due to the similarity of Lee and Parsons (1971)
study, I hypothesize a replacement of perthite grains by albite through interaction with magmatic
fluids at around 410°C. Samples in the Mt. Cabot pluton with anhedral perthite and the albite
penetration would have been in direct contact with an influx of magmatic fluids and residual
melt around this temperature. The second phase, found in all samples of the Mt. Cabot pluton,
consisted of later generation rimmed albite replacing edge dislocations on highly elastically
strained feldspars. This second generation of albite replacement could have been produced by
pluton wide interactions with magmatic-hydrothermal fluids at around 370°C (Lee and Parsons

1997). Similar conclusions have been postulated by Peng (1970) on granite and syenite samples
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in Hong Kong. Intergranular albite, in the samples collected at Mt. Cabot, form as small platelet
like grains that have replaced and directly cut into anhedral to subhedral perthite grains. Strong
cases of replacement for albite films and edges, rather than unmixing, go towards the small films
unevenly cutting the sodium and potassium portions of the perthite crystals. Peng (1970),
suggests a similar origin of both types of albite replacement. He suggests that they both were the
product of pure contact with late magmatic residual melt. Differing from Lee and Parsons
(1997), however, Peng (1970) does not indicate different stages of melting and does not hint at a
late magmatic hydrothermal reaction causing replacive albite. Due to the presence of other post
magmatic alterations, | suggest the two part replacement system derived by Lee and Parsons
(1997). Accompanying the precipitation and replacement properties of albite are a host of
textures indicating similar widespread hydrothermal conditions. Precipitation of albite, altered
grains of both orthoclase and sericitized plagioclase, small pockets of myrmekite, and chemical
alteration and replacement of amphiboles all reflect data collected by Martin and Bonin (1976)

for their Cape Ann plutonic series and best fit the textures found at Mt. Cabot

4.5 Relation to Other New Hampshire Igneous Intrusions

Geochemical data from one section of the Mt. Cabot pluton suggests a similar chemical
makeup between alkalic and riebeckite granites of the White Mountain Batholith (Figure 4.6).
Although there is not enough data to compare the significances between the contents of rare
earth elements between, the bulk-rock geochemistry is consistent with similar the alkalic granites
provided in the Eby et al. (1992). Specifically, it is very similar to the Osceola granite and Hart
ledge syenites, quartz syenites, and riebeckite granites. The Mt. Cabot granite, at least the

riebeckite portion, has a similar chemical signature and it can be inferred that they would have
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similar petrogenesis models and a comparison of these models is possible. This data shows that

there are chemical similarities between the different Jurassic igneous intrusive plutons.
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Figure 4.6: Geochemical data from Eby et al. (1992) and sample 52 from the Mt. Cabot region.
The red circles indicate ranges of values from Eby et al. (1992) and the red dot represents sample
52.
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4.6 Proposed Petrogenic Model of Pluton and Conclusions

According to Chapman (1938; 1942; and 1948), Eby et al. (1992), Eby and Creasy
(1993), Hatcher (2010), Van Staal et al. (2009), and Corbi et al. (2015) the Mt. Cabot pluton has
the typical emplacement as other White Magma Mountain series granites. Due to the presence of
a single type of feldspar, perthitic feldspar, and chemical and mineralogical similarity to the
White Mountain Batholith, the depth and pressure of emplacement are ~5.3 - 7.6 km in depth
with pressures hovering around 1.5 - 2.1 Kbar (Best, 2003 and Creasy and Eby, 1993; and
Doherty and Lyons, 1971). Crystallization conditions were relatively dry and allowed unimpeded
crystallization of alkali feldspar, quartz, hastingsite, and riebeckite. Parental magma and redox
conditions were not consistent throughout the magma. The hastingsite zone magma had a
composition that was higher in Ca and Al but low in Si and Na. Possible breakdown of early
crystallized hastingsite amphiboles, the propagation of silica rich residual melt, or a combination
of higher oxygen fugacity and silica rich magma in the riebeckite zones allowed for the
riebeckite to form and crystallize. The interstitial and poikilitic nature of the riebeckite suggests
that it formed slightly later than the hastingsite in its respective portions of the pluton while the
crystal nature of hastingsite suggests crystallization during earlier feldspar formation. If pressure
and temperature did not control the formation of either amphibole then it could be assumed that
it did not affect amphibole composition at different depths in the pluton, which could have been
up to 2-3 km thick according to the height current height of Mt. Cabot (1,271 m) and estimates of
the White Mountain batholith being 1.5 km thick unexposed versions (Creasy and Eby, 1993).
Consequently, the hastingsite and riebeckite zones would not change from top to bottom and

current mineralogical patterns are remaining constant with depth. Once the amphiboles
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crystallized at temperatures around 650-750 °C the magma cooled to around 500 °Cand the sodic
alkali feldspar endmember began to exsolve and unmix into fine lamellae. At slightly lower
temperatures, ~410°C, residual magmatic liquid interacted with the eastern, central, and northeast
portion of the pluton to form perthite penetrating albite. At lower temperatures, ~370°C, a second
introduction of hydrothermal water helped produce replacive albite rims on subhedral to euhedral
perthite grains (Lee and Parsons, 1971). Meteoric water, derived from precipitation and the water
table, continued to produce metasomatic changes in the beginning the pluton’s post magmatic
life. The earlier stage of penetrative albitization, at ~410°C, was present only in the riebeckite
syenogranite zone and the hastingsite syenogranite zone. The later stage albitization, occurring
around 370°C, happened throughout the whole pluton. Hydrothermal alteration is inferred by
textures including: sericitization, alteration of amphiboles, and possible precipitation of more
albite from perthite grains. Post magmatic conditions are similar to Martin and Bonin’s (1976)
description of a hypersolvus and subsolvus environment because of the introduction of water at
the late stages of the pluton's crystallization. Sericitization of feldspars, myrmekite, and limonite
weathering of amphiboles all could represent the last stages of magmatic crystallization and a
presence of meteoric water (Martin and Bonin, 1976).

The coexistence of both quartz syenite and syenogranites and the introduction of
magmatic liquids and hydrothermal water in the Mt. Cabot pluton could be explained by the
structural controls on pluton emplacement. According to Chapman (1976) syenites and granites
are commonly associated with each other in intrusive plutons of the White Mountain Magma
Series due to magma mixing. This could have happened in the Mt. Cabot pluton through early
crystallized silicic rock dropping into a syenite magma body or fractures tapping the magma

chamber at multiple levels to inhibit both liquid phases to mix at all levels (Chapman, 1976).
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Fracturing could relate to both the influx of magmatic and/or hydrothermal fluid and associated
alterations and albitization, a distinct pocket of syenite within the pluton, and the influxes of
magma and melting conditions conducive to the crystallization of two different amphiboles.
However, to fully support this hypothesis would require a study of the other intrusive plutons in
the area, thin section creation other samples in the Mt. Cabot pluton to provide better geographic
coverage, and geochemical data for the samples for whole-rock, REE, and trace element
geochemistry. Geochemical data for multiple samples could help pinpoint fluxes of hydrothermal
or magmatic liquids due to their richness in rare elements (Martin and Bonin, 1976). More thin
sections in previously under covered areas of the pluton would help create a more accurate map
and the possibility of finding a sample or zone with both amphiboles. Study of more plutons in
the area, including the northern half of the hastingsite-riebeckite granite in the Percy region,
would help determine if there is homogeneity in the types of reactions found in this section of the

pluton.
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