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Jacqueline Halpin
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Jacqueline Halpin


Jacqueline Halpin


Jacqueline Halpin
separate with a comma
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Jacqueline Halpin
Is there a difference in bulk ± mineral composition between where pyroxene developed a hbl+qtz corona (as described above) vs a px+qtz corona (described here)?
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Jacqueline Halpin
by whom? Reference?

Jacqueline Halpin
helpful to label minerals in p/micrographs

Jacqueline Halpin
grain sizes between X-Xmm? Useful to give typical grain sizes for main minerals when describing samples



%&

@-+.-0& #"4-8& 86;%+$*%C& e;"*+K& 8(##(067&
8(0+"-0%&;01;6(%$&$B+-08+-(0C&I$66&1$4-0$1&
,a&4(6-"+-(0C&&

/Nabck""& /6"=-(86"%$&cjo&
U(*0)6$01$&cjo&
M6-0(37*(B$0$&ajo&
>*+.(37*(B$0$&io&
53-1(+$&io&
Q7"0-+$&ajo&
e;"*+K&ajo&
&

';+-6$&
>B-1$%&
S-(+-+$&

G73-8"6& .(%+& "%%$#)6"=$& (4& +@(X37*(B$0$X
.(*0)6$01$&=0$-%%C&G73-8"6& 1-%X$<;-6-)*-;#&
8(*(0"&+$B+;*$&(4&37*(B$0$9&-00$*&8(*(0"&(4&
<;"*+K& "01& .(*0)6$01$& %;**(;01$1& )7&
.(*0)6$01$C& /6"=-(86"%$& +@-0& )(;01"*7&
#-=*"+-(0& "01& 6()"+$& =*"-0& )(;01"*-$%C&
M6-0(37*(B$0$& 8(0%-%+%& (4& $B%(6;+-(0%& (4&
-6#$0-+$C& Q7"0-+$& 1-%$<;-6-)*-;#& +$B+;*$& -%&
3*$%$0+C&Y"*=$&$3-1(+$&=*"-0%&"*$&3*$%$0+C&

/Nabck?S& /6"=-(86"%$&cio&
U(*0)6$01$&cjo&
M6-0(37*(B$0$&ajo&
>*+.(37*(B$0$&io&
Q7"0-+$&ajo&
53-1(+$&io&
e;"*+K&io&

>B-1$%&&
';+-6$&

U(%+& +@(X37*(B$0$X.(*0)6$01$&
"%%$#)6"=$C& /6"=-(86"%$9& -**$=;6"*& =*"-0&
)(;01"*-$%C& U-=.& 3*(3(*+-(0& (4& #"0+6$&
3(*3.7*()6"%+%& _1$4(*#$1& "01&
*$8*7%+"66-K$1`C& M6-0(37*(B$0$& +73-8"667&
8(0%-%+%& (4& "0& $B%(6;+-(0& (4& -6#$0-+$C&
Q7"0-+$&1-%$<;-6-)*-;#&+$B+;*$C&&

/Nabcd"& U(*0)6$01$&cio&
/6"=-(86"%$&djo&
J6#$0-+$&io&
M6-0(37*(B$0$&ajo&
53-1(+$&io&
Q7"0-+$&io&

>*+.(37*(B$0$ ,+*"-0$1&.(%+&"%%$#)6"=$&"01&@$66X4(6-"+$1&
1;$& +(& 6"+$*& 2c& %.$"*& K(0$C& J08*$"%$1&
");01"08$&(4&$3-1(+$&1;$&+(&%.$"*C&G73-8"6&
1-%X$<;-6-)*-;#&8(*(0"& +$B+;*$& %;**(;01-0=&
37*(B$0$C& /6"=-(86"%$& +73-8"667&
.(#(=$0-%$1& pjCbi##& -0& 1-"#$+$*& "01&
8(0+"-0%& ;01;6(%$& $B+-08+-(09& 1$4(*#"+-(0&
+@-0%&"01&);6=-0=&=*"-0&)(;01"*-$%C&&

/Nabcl& /6"=-(86"%$&cio&
O"*0$+&bjo&
U(*0)6$01$&aio&
e;"*+K&ajo&
M6-0(37*(B$0$&ajo&
53-1(+$&io&
S-(+-+$&io&
&

,8"3(6-+$&
';+-6$&
>B-1$%&
-6#$0-+$&

:;*+.$*& *$8*7%+"66-K$1& .(%+& +@(X37*(B$0$X
.(*0)6$01$& "%%$#)6"=$C& '$8*7%+"66-K"+-(0&
(4& 86-0(37*(B$0$9& *$%;6+-0=& -0& "& .-=.$*&
");01"08$& (4& <;"*+KC& /6"=-(86"%$& ."%&
.(#(=$0-%$1& =*"-0& %-K$& pjCi##& @-+.&
+"3$*$1&+@-0%&"01&);6=-0=&=*"-0&)(;01"*-$%C&
U-=.& ");01"08$& (4& -00$*& 8(*(0"& (4& <;"*+K&
"01& .(*0)6$01$& %7#36$8+-+$%& @-+.-0& +.-%&
1(#"-0C&&&

/Nabag)& /6"=-(86"%$&djo&
U(*0)6$01$&cio&
M6-0(37*(B$0$&io&
S-(+-+$&io&
53-1(+$&io&
e;"*+K&io&
J6#$0-+$&io&
&

';+-6$&
&

/7*(B$0$& -%& +73-8"667& $B+$0%-E$67&
*$8*7%+"66-K$1& *$#(E-0=& +.$& ,a& +$B+;*$C&
U-=.& ");01"08$& (4& <;"*+K& "01& .(*0)6$01$&
%7#36$8+-+$%C& '$8*7%+"66-%$1& 36"=-(86"%$&
=*"-0%& *$%;6+-0=& -0& %$**"+$1&)(;01"*-$%& "01&
);6=-0=& =*"-0& )(;01"*-$%9& +73-8"667&
pjCbi##& -0& 1-"#$+$*C& S-(+-+$& 6"+.$%&
3*$%$0+C&&

/Nabal& /6"=-(86"%$&cio&
U(*0)6$01$&bio&
M6-0(37*(B$0$&ajo&
>*+.(37*(B$0$&ajo&
J6#$0-+$&io&
53-1(+$&io&

';+-6$&
Q7"0-+$&

/((*67& 4(6-"+$1& %"#36$C&N"*-$1& 36"=-(86"%$&
=*"-0& %-K$& 4*(#& jCa##& ;3& +(& bCi##C&
/6"=-(86"%$& 8(0%-%+%& (4& );6=-0=& =*"-0&
)(;01"*-$%9& 1$4(*#"+-(0& +@-0%& "01& A-0A&
)"01%C&?#3.-)(6$& "01& <;"*+K& %7#36$8+-+$%&
"*$& 8(##(0C& /7*(B$0$%& "*$& .-=.67&



%'

e;"*+K&ajo& 1$4(*#$1&"01&$B%(6E$1&@-+.&(3"<;$%C&&
/Nabcc"& U(*0)6$01$&djo&

/6"=-(86"%$&cjo&
e;"*+K&ajo&
M6-0(37*(B$0$&ajo&
53-1(+$&ajo&

';+-6$&
>B-1$%&
&

U71*(;%& %"#36$& @-+.& "#3.-)(6$& "01&
$3-1(+$C& ,7#36$8+-+$%& (4& "#3.-)(6$& "01&
<;"*+K& "*$& 8(##(0C& M6-0(37*(B$0$&
3(*3.7*()6"%+%& ."E$& 3*$%%;*$& %(6;+-(0& +"-6%&
(4& *$8*7%+"66-%$1& .(*0)6$01$C&
M6-0(37*(B$0$%&8(0%-%+&(4&1$4(*#"+-(0&+"-6%&
"01& $B%(6;+-(0& 1;$& +(& 8.$#-8"6& #-B-0=9&
8(##(0& -0&37*(B$0$%C&/6"=-(86"%$& +"3$*$1&
+@-0&$1=$%C&&

&

&

P`A$V+.)%&$AI$V3E#$$
$
2b&*$%;6+$1&-0&+.$&8;++-0=&(4&+.$&,a&"%%$#)6"=$&)7&#(1$*"+$67&+(&%+$$367&1-33-0=&4$6%-8&17A$%&

"01& ."%& *$%;6+$1& -0& 1(#"-0& b& _2"8KA(& "01&U"63-09& bjjl`C& G.$%$& 17A$%& 8"0& )$& %$$0& "+& +.$&

8$0+*$& (4& #(%+& ="*0$+& *$"8+-(0& K(0$& +$B+;*$%9& "6+.(;=.& %(#$+-#$%& +.-%& -%& 0(+& +.$& 8"%$C&

G.$*$4(*$&="*0$+&*$"8+-(0&K(0$%&@-+.&0(&()E-(;%&17A$&"*$&+$*#$1&n8(66"3%$1T&17A$%&_2"8KA(&

"01&U"63-09&bjjl`C&&

&

27A$%&8(##(067&8(0%-%+&(4&36"=-(86"%$&_3(@1$*7&+$B+;*$`9&="*0$+9&<;"*+K&_86$"*`&"01&#-0(*&

QX4$61%3"*& @-+.& 1-44$*$0+& #(1"6& 3*(3(*+-(0%C& /6"=-(86"%$& "01& <;"*+K& 8(##(067& ."E$&

=*"0()6"%+-8&[&%$*-"+$&=*"-0&)(;01"*-$%C&/6"=-(86"%$&8(##(067&$B.-)-+%&1$4(*#"+-(0&+$B+;*$%&

%;8.& "%& +"3$*$1& +@-0%9& A-0A& )"01-0=& "01& );6=-0=& =*"-0& )(;01"*-$%&@.$*$"%& <;"*+K& 1-%36"7%&

;01;6(%$&$B+-08+-(0C&O"*0$+&-%&+73-8"667&4(;01&@-+.-0&+.$&17A$&"%&6"*=$&=*"-0%&_;3&+(&a##&-0&

1-"#$+$*`&"01&"%&@"66&*(8A&="*0$+C&27A$&="*0$+&-%&"& 6-=.+$*&3-0A&8(6(;*&+."0&="*0$+&*$"8+-(0&

K(0$&="*0$+C&G.$&@"66& *(8A&="*0$+& -%& +$B+;*"667&1-44$*$0+& "%& +.$7& "33$"*& +(& )$&=*(@-0=& -0+(&

86-0(37*(B$0$&(4&+.$&="*0$+&*$"8+-(0&K(0$&"%%$#)6"=$&_:-=&dCbCa`C&&

&

Jacqueline Halpin
Despite what this sentence infers, this is not a term coined in the D&H 2009 paper.

Jacqueline Halpin


Jacqueline Halpin
Does "wall rock garnet" = GRZ garnet? = domain 3? Confusing.

Jacqueline Halpin
cpx is not highlighted in this figure.
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Jacqueline Halpin


Jacqueline Halpin


Jacqueline Halpin
"via BSE imaging." You have already defined BSE and explained it is captured via an SEM.
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Jacqueline Halpin


Jacqueline Halpin
Your analysis of K-feldspar cannot "display garnet grains"!! This is a very awkward sentence although your figure, illustrates what you mean.

Jacqueline Halpin
preferentially developed at the boundary between plagioclase and quartz within the dyke
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Jacqueline Halpin
by who? You? See previous comments. Do collapsed dykes = sites of inferred former dykes?

Jacqueline Halpin


Jacqueline Halpin
"and these (?)interpreted former dykes are recognised by an alignment of remnant garnet (lighter colour....scapolite."

Jacqueline Halpin
former?
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Jacqueline Halpin


Jacqueline Halpin
closure
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Jacqueline Halpin


Jacqueline Halpin
no minor phases at all in the dyke samples? What about zircon you show in Fig. 4.2.2?
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Jacqueline Halpin


Jacqueline Halpin
does not.
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Jacqueline Halpin
fine-grained

Jacqueline Halpin


Jacqueline Halpin


Jacqueline Halpin


Jacqueline Halpin
, f

Jacqueline Halpin
s

Jacqueline Halpin
what sort of pyroxene?

jacqui
Highlight
You switch between American "z" and English "s" in "recrystallised" throughout - pick one and be consistent.
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containing

Jacqueline Halpin
opx is an inclusion? Not clear. Label and refer to opx in Fig.4.3.3 caption.

Jacqueline Halpin
This sentence makes no sense.

Jacqueline Halpin
what is the bright mineral developed along cracks and as incs?

Jacqueline Halpin
How is this then different to dyke or host rock garnet already described above? You should only be describing GRZ garnet in this section.
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pseudomorphs
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Photo of this texture?
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Poorly worded. This mixes observation with interpretation in a big way. Outline observation first - follow with interp. 
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Sticky Note
Point these features out on photo with arrows/labels
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Sticky Note
what do you mean by "overgrowths"? Inclusions?
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Sticky Note
Not nec. high-T!
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Needle-like and spherical? These are two very different habits and should not be combined with a hyphen. 
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Not sure what a "powdery" texture actually is. You have used this term for plagioclase too. A bit odd.
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Sticky Note
Rutile cannot appear as an overgrowth of pyroxene or garnet! Your fig. shows rutile as an inclusion within garnet?
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as it always is...redundant info.
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Shows rutile as an inclusion within garnet.
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what observations lead you to the interpretation that px is "fully recrystallised"? Remember, observations first.
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What is the significance of the different areas?
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Hydrous conditions promote growth of hydrous minerals. They are not "brought in".
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Sticky Note
what is the significance of the breaks in data? Would be helpful to show grain position (core-rim) on X axis.
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-08*$"%$1&="*0$+&");01"08$&_84C&8."3+$*&d`&@-66&-08*$"%$&+.$&%+*$0=+.&(4&+.$&#-8*(%+*;8+;*$C&&

2(#"-0& d9& 2c& %.$"*& K(0$& %"#36$%& ."E$& ;01$*=(0$& 170"#-8& *$8*7%+"66-K"+-(0& _%70X

+$8+(0-8`&@.-8.&*$%;6+%&-0&8*7%+"6&36"%+-8&1$4(*#"+-(09&1$8*$"%$&-0&=*"-0&%-K$&)7&%+*"-0X-01;8$1&

=*"-0& )(;01"*7& #-=*"+-(09& %;)X=*"-0& *(+"+-(0& "01& 0;86$"+-(0%& (4& =*"-0%& _S$%+#"00& $+& "6C9&

bjjiL&'(%$0)$*=&"01&,+;0-+K9&bjjcL&,.-=$#"+%;9&alll`C&/"-*$1&%.$"*&K(0$&%"#36$%&3*$%$*E$&"&

=*"-0&%-K$&*$1;8+-(0&_R(0+$%-&"01&U-*+.9&bjjcL&,.-=$#"+%;9&alll`&1;$&+(&+.$&*$8*7%+"66-K"+-(0&

@$"A$0-0=&"01&+.$&4(*#"+-(0&(4&%#"66&=*"-0%C&G.-%&3*(8$%%&*$%;6+%&-0&.(#(=$0-%"+-(0&(4&f?0&

1;$&+(&+.$&.-=.&");01"08$&(4&0;86$"+-(0%C&O"*0$+&+$*#$1&3(%+X2c&_84C&M."3+$*&d`&@-+.-0&+.$%$&

.-=.&%+*"-0&K(0$%&1-%36"7%&.$+$*(=$0$(;%&8.$#-%+*79&%;33(*+-0=&+.-%&8(086;%-(0&+."+&+.$7&"*$&

6"+$*&=*(@+.%C&

&

O`P$<:..)(3$$
?%& ()%$*E$1& -0& 8."3+$*& d9& 17A$%& ."E$& "& %-#-6"*&#-0$*"6(=79& +.$*$4(*$& *$3*$%$0+-0=& %-#-6"*&

#"=#"%&"01&+$#3$*"+;*$&+(&1*-E$&+.$&*$8*7%+"66-K"+-(0&(4&+.$&=0$-%%C&G.-%&-%&4;*+.$*&%;33(*+$1&

)7& "& E$*7& 6(@& E"*-"+-(0& (4& #"H(*& $6$#$0+& 8.$#-%+*7& @-+.-0& +.$& 17A$C& M(0%$<;$0+67& +.$&

1;*"+-(0&(4&+.$&"8+-E-+7&(4&+.$&#"=#"&8(01;-+&_17A$`&*$%;6+%&-0&"`&+.$&="*0$+&*$"8+-(0&K(0$&"01&

)`&1-44$*$0+&1$=*$$%&(4&*$8*7%+"66-K"+-(0&@-+.-0&="*0$+&*$"8+-(0&K(0$%C&J4& +.-%&8(01;-+& -%&(3$0&

4(*& 6(0=& $0(;=.9& %+"+-8& *$8*7%+"66-K"+-(0& @-66& *$%;6+& -0& $B+$0%-E$& *$8*7%+"66-K"+-(09& =*"-0&

8("*%$0-0=9& -08*$"%$1& ="*0$+& ");01"08$9& .(#(=$0-%"+-(0& (4& f?0& "01& ="*0$+& 8.$#-%+*7C& ?%&

()%$*E$1&-0&8."3+$*&d9&+.$&#(%+&$B+$0%-E$&*$8*7%+"66-K"+-(0&-%&()%$*E$1&86(%$%+&+(&+.$&17A$&"01&

1$8*$"%$%&"@"7&4*(#&+.$&17A$C&S(+.&=*"-0&8("*%$0-0=&"01&+.$&.-=.$*&");01"08$&(4&="*0$+&@-66&

jacqui
Inserted Text
interpreted as

jacqui
Sticky Note
State the evidence first - when/where did you note this relationship? Then comes the interp.

jacqui
Sticky Note
what about syn-D3 garnet compositions?



)+

*$%;6+&-0&*.$(6(=-8"6&%+*$0=+.$0-0=&(4&+.$&.-=.67&*$8*7%+"66-K$1&="*0$+&*$"8+-(0&K(0$C&2c&%+*"-0&

_%.$"*-0=`&."%&%;)%$<;$0+67&6(8"6-%$1&(0&+.$&(;+$*&*$=-(0%&(4&+.$&="*0$+&*$"8+-(0&K(0$%&@.$*$&

"& *.$(6(=-8"6& 8(0+*"%+& )$+@$$0& .-=.67& *$8*7%+"66-K$1& "01& #(1$*"+$67& *$8*7%+"66-K$1& ="*0$+&

*$"8+-(0& K(0$%& $B-%+C& G.-%& 6(8"+-(0& (4& *.$(6(=-8"667& %(4+& "01& ."*1& *$=-(0%& *$%;6+%& -0& +.$&

6(8"6-K"+-(0&(4&%+*"-0W&+.;%&4(*#"+-(0&(4&3"-*$1&%.$"*&K(0$%C&G.-%&%8$0"*-(&-%&-0&"88(*1"08$&+(&

+.$& ()%$*E"+-(0& _84C& M."3+$*& d`& +."+& 3"-*$1& %.$"*& K(0$%& "*$& (067& 4(*#$1& -0& ="*0$+& *$"8+-(0&

K(0$%&+."+&$B.-)-+&"&.-=.&1$=*$$&(4&*$8*7%+"66-K"+-(0&86(%$&+(&+.$&17A$C&



),

G")H'#($YI$

$

!()*#$ S/#.#&'$ =%&#()/$ G"#.%4'(3I$ Z)4#($ D,/)'%+&$ [&1:*'%@#/3$
G+:H/#1$L/)4.)$=)44$<H#*'(+.#'(3$WZDU[GLU=<X$

&

Y`C$[&'(+1:*'%+&$
M."3+$*%&d&"01&i&."E$&-1$0+-4-$1&3$+*(=*"3.-8&"01&8.$#-8"6&E"*-"+-(0%&)$+@$$0&1(#"-0%&b9&c&

"01& dC& 2(#"-0& b& _17A$`& 8(0%-%+%& (4& "& %-#-6"*& #-0$*"6(=7& )$+@$$0& %"#36$%& @-+.& E"*-$1&

36"=-(86"%$&8.$#-%+*7&"01&8(0+"-0%&+@(&+73$%&(4&="*0$+9&@"66X*(8A&"01&17A$&="*0$+C&2(#"-0&c&

_="*0$+& *$"8+-(0&K(0$`&8(#3*-%$%& 1-44$*$0+&1$=*$$%&(4& *$8*7%+"66-K"+-(0&@-+.& *$4$*$08$& +(& +.$&

17A$L&a`&/"*+-"667&*$8*7%+"66-K$19&*$%;6+-0=&-0&.$+$*(=$0$(;%&36"=-(86"%$&"01&="*0$+&8.$#-%+*7&

"01& b`& $B+$0%-E$67& *$8*7%+"66-K$1& *$%;6+-0=& -0& +.$& .(#(=$0-%"+-(0& (4& 36"=-(86"%$& "01& ="*0$+&

8.$#-%+*7C& 2(#"-0& d& _%.$"*& K(0$`& -086;1$%& .(#(=$0$(;%& 36"=-(86"%$& 8.$#-%+*7& "01&

.$+$*(=$0$(;%&="*0$+&8.$#-%+*7& _6"+$*&=*(@+.%C&84C&8."3+$*&d`C&?&3*$1-8+-(0&1$E$6(3$1& 4*(#&

8."3+$*%& d& "01& i& -%& +."+& 17A$%& "*$& %(;*8$1& 4*(#& 3"*+-"6&#$6+-0=& (4& +.$& 1-(*-+-8& =0$-%%&@-+.&

%6-=.+&E"*-"+-(0%&"01&+.$&3*(1;8+%&(4&#$+"#(*3.-8&*$"8+-(0%&"*$&"44$8+$1&)7&@."+&+.$7&6(8"667&

*$36"8$C&&&

G(& -0E$%+-="+$& +.-%& .73(+.$%-%9& +*"8$& $6$#$0+%& ."E$& )$$0& "0"67%$1& 4*(#& +@(& A$7&

%"#36$%9&/Nabbb"&"01&/Nabcd)C&/Nabbb"& -%&"&3"*+-"667& *$8*7%+"66-K$1&="*0$+X=*"0;6-+$&"01&

/Nabcd)& -%& "& 3"-*$1& %.$"*& K(0$& %"#36$9& )(+.& "0"67%$1&@-+.& +.$&Y?XJM/XR,&"+&R"8<;"*-$&

P0-E$*%-+79& ,710$7C& & ,3(+& "0"67%-%&@"%& ;01$*+"A$0& "+& cj& X& ijm#&1-"#$+$*&@-+.-0& 1-44$*$0+&

*;0%9& -0& (*1$*& +(& "0"67%$& 1-44$*$0+& =*"-0& %-K$%C& 2"+"& @"%& 3*(8$%%$1& ;%-0=& OYJGG5'& 4(*&

3*(8$%%-0=&+-#$X*$%(6E$1&%-=0"6%C&'"*$&$"*+.&$6$#$0+&_'55`&36(+%&."E$&)$$0&0(*#"6-%$1&;%-0=&

+.$& E"6;$%& (4& ,;0& ~&R82(0(;=.& _alhl`& "01& 1"+"& ."%& )$$0& $B86;1$1& -4& +.$& 6"%$*& ")6"+$1&

+.*(;=.& -086;%-(0%C&?66& "0"67%$1& 1"+"& "*$&@-+.-0& a& %-=#"& $**(*& (4& 3;)6-%.$1& E"6;$%& 4(*& +.$&

SM'Xb&%+"01"*1&_84C&8."3+$*&c`C&&

'"*$&$"*+.&$6$#$0+& _'55`&4*"8+-(0"+-(0& -%&E$*7&;%$4;6& -0& -1$0+-47-0=& +.$&.-%+(*7&(4&"&

#-0$*"6&"01&-04$**-0=&3$+*(=*"3.-8&3*(8$%%$%&_'(66-0%(09&allc`C&G.$&#"-0&"-#&(4&+.-%&8."3+$*&

-%&+(&;01$*%+"01&-4&+.$&'55&3"++$*0%&#-#-8&+.$&#"H(*&$6$#$0+&8.$#-%+*7&E"*-"+-(0%&-1$0+-4-$1&

-0&8."3+$*&iC&&

&

jacqui
Inserted Text
standard



*-

M.(01*-+$&0(*#"6-%$1&'55&3"++$*0%&."E$&)$$0&8(#36$+$1&4(*&1(#"-0%&b9&c&"01&dC&/6"=-(86"%$9&

17A$& "01&@"66& *(8A& ="*0$+& ."E$& )$$0& "0"67%$1&@-+.-0& 1(#"-0& b& _17A$`C&2(#"-0& c& _O'\`9&

8(#3*-%$%&"0"67%-%&(4&,a&.(*0)6$01$9&*$6-8+&_,a`&"01&*$8*7%+"66-K$1&37*(B$0$9&36"=-(86"%$&"01&

="*0$+C&?0"67%$1& 6"+$&="*0$+&=*(@+.%&$%+")6-%.$1& 4*(#&8."3+$*&d&."E$&)$$0&"0"67%$1&@-+.-0&

1(#"-0& d& _2c& .-=.& %+*"-0`& "%& *$8*7%+"66-K$1& ="*0$+%& @$*$& +((& %#"66& +(& "0"67%$& @-+.-0& +.-%&

1(#"-0C&M(#36$+$&+")6$%&(4&"66&#"H(*&$6$#$0+&1"+"&"01&$01&#$#)$*&8"68;6"+-(0%&"*$&"E"-6")6$&

-0& ?33$01-B& MC& ?%& @$66& "%& +*"8$& $6$#$0+& 1"+"9& 6(@$*& 6-#-+& (4& 1$+$8+-(0& _YY2`& _4(*& llo&

8(04-1$08$`& "01& a & $**(*& @.-8.& "*$& 8"68;6"+$1& (0& "& %-0=6$& "0"67%-%& )"%-%C& ?33$01-B& M& -%&

"**"0=$1&-0&+.$&%"#$&(*1$*&"%&3*$%$0+$1&-0&+.-%&8."3+$*C&&

Y`A$J#4:/'4$$

Y`A`C$V+.)%&$A$$

2(#"-0& b& _17A$`& 8(#3*-%$%& (4& "0& $0*-8.$1& 6-=.+& '55& _Y'55`& %-=0"+;*$& @-+.-0& %"#36$&

/Nabcd)& _ph& 8.(01*-+$& 0(*#"6-%$1`& "01& 1$36$+$1& Y'55& @-+.-0& %"#36$& /Nabbb"& _pjCa&

8.(01*-+$&0(*#"6-%$1`&_:-=&gCbCa`C&G.-%&8(**$%3(01%&@-+.&+.$&#"H(*&$6$#$0+&36"=-(86"%$&$01X

#$#)$*9&"0(*+.-+$&"%&/Nabcd)&-%&$0*-8.$1&-0&f?0&_pcbo`&@.-6$&/Nabbb"&-%&1$36$+$1&-0&f?0&

_pbco`C&&S(+.&%"#36$%&%.(@&"&3(%-+-E$&5;&"0(#"679&+73-8"6&(4&36"=-(86"%$&_:-=&gCbCa`C&?&6"*=$&

3*(3(*+-(0&(4&"0"67%$%&@-+.-0&+.$&.$"E7&'55&_U'55`&"*$&)$6(@&1$+$8+-(0&6-#-+%C&&

&

&

jacqui
Cross-Out

jacqui
Inserted Text
plagioclase




*$

&

6%F:(#$Y`A`CI&N"*-$1&17A$&36"=-(86"%$&8(#3(%-+-(0&)$+@$$0&%"#36$%&/Nabcd)&"01&/Nabbb"C&

/Nabcd)&-%&$0*-8.$1&-0&Y'55&"01&/Nabbb"&-%&1$36$+$1&-0&Y'55C&S(+.&%"#36$%&%.(@&"&5;&

"0(#"67C&&

27A$& "01&@"66& *(8A& ="*0$+& ."E$& "6%(& )$$0& "0"67%$1&@-+.-0& +.-%& 1(#"-0& _:-=& gCbCb`C& 27A$&

="*0$+& =*"-0%& "*$& 1$36$+$1& -0& Y'55& _pjCja& 8.(01*-+$& 0(*#"6-%$1`& "01& $0*-8.$1& -0& U'55&

_/Nabcd)&X&pajj&8.(01*-+$&0(*#"6-%$1&"01&/Nabbb"&X&pcj&8.(01*-+$&0(*#"6-%$1`C&G.$&@"66&

*(8A&="*0$+%&"0"67%$1&"*$&#(*$&$0*-8.$1&-0&Y'55&_pjCa&8.(01*-+$&0(*#"6-%$1`&"01&"*$&4;*+.$*&

1$36$+$1& -0&U'55& _pi& 8.(01*-+$& 0(*#"6-%$1`&@-+.-0& %"#36$&/Nabcd)C&R"H(*& $6$#$0+& $01X

#$#)$*& 8"68;6"+-(0%& %.(@&@"66& *(8A& ="*0$+%& "*$&#(*$& $0*-8.$1& -0& /7*(3$& _pbgo&f/73`& "%&

(33(%$&+(&17A$&="*0$+&_pbbo&f/73`C&&

jacqui
Sticky Note
enriched compared to what? Depleted compared to chondrite.

jacqui
Sticky Note
but 5x chondrite, so enriched compared to this measure. I assume you mean vs dyke garnet. You need to be very clear what enrichment/depletions are relative to, as they all are relative!



*%

&

6%F:(#$Y`A`AI&27A$&"01&@"66& *(8A&="*0$+&'55&%-=0"+;*$%C&S(+.&%"#36$%&(4&17A$&="*0$+&"*$&

$0*-8.$1&-0&U'55&@.$*$"%&+.$&@"66&*(8A&="*0$+&"0"67%$1&-0&/Nabcd)&-%&1$36$+$1&-0&U'55C&&

&

Y`A`A$V+.)%&$N&

M6-0(37*(B$0$9& .(*0)6$01$9&#$+"#(*3.-8& ="*0$+& "01& 36"=-(86"%$& +*"8$& $6$#$0+%& ."E$& )$$0&

"0"67%$1&@-+.-0&1(#"-0&c&_O'\`C&M6-0(37*(B$0$&."%&)$$0&8"+$=(*-%$1&"%&,a&(*&*$8*7%+"66-K$1&

4*(#& 8."3+$*& d& "01& -0& )(+.& %$++-0=%& +.$& '55& 3"++$*0& -%& %-#-6"*& @-+.-0& "& %"#36$9& "6+.(;=.&

*$8*7%+"66-K$1&83B&-%&#(*$&1$36$+$1&-0&"66&'55&_:-=&gCbCc`C&J0&"11-+-(09&+.$&U'55&3"++$*0&(4&

*$8*7%+"66-K$1& 86-0(37*(B$0$& -%& %6-=.+67& #(*$& 1$36$+$1& +."0& ,a& =*"-0%C& /Nabbb"& -%& #(*$&

$0*-8.$1& -0& +.$&U'55&@.$*$"%&/Nabcd)& -%&#(*$& 1$36$+$1& -0& +.$&U'55&@-+.& (0$& "0"67%-%&

8(0+"-0-0=& "& %6-=.+&5;& "0(#"679& 3(%%-)67& *$46$8+-0=& +.$& ")6"+-(0& (4& "& 36"=-(86"%$& -086;%-(0C&

'$8*7%+"66-K$1& =*"-0%& "*$& "6%(& #(*$& $0*-8.$1& -0& 50%+"+-+$& _R=`& "01& #(*$& 1$36$+$1& -0&

:$**(%-6-+$&_:$`C&&



*&

&

6%F:(#$ Y`A`NI& '55& (4& *$6-8+& ,a& "01& *$8*7%+"66-K$1& 86-0(37*(B$0$& 4*(#& /Nabbb"& "01&

/Nabcd)C&'$8*7%+"66-K$1&83B&."%&"&%-#-6"*&3"++$*0&+(&+.$&*$6-8+&,a&=*"-0&"6+.(;=.&-+&-%&%6-=.+67&

#(*$&1$36$+$1&-0&"66&'55C&&

U(*0)6$01$& _,a& #-0$*"6%`& ."E$& )$$0& "0"67%$1& @-+.-0& /Nabcd)& "01& 1-%36"7%& "0& $0*-8.$1&

#-116$& *"*$& $"*+.& _phj& 8.(01*-+$& 0(*#"6-%$1`& "01& 1$36$+$1& U'55& 3"++$*0& _pi& 8.*(01*-+$&

0(*#"6-%$1`&_:-=&gCbCd`C&&

&



*'

&

6%F:(#$ Y`A`PI& '55& %-=0"+;*$& (4& .(*0)6$01$& $0*-8.$1& -0& #-116$& *"*$& $"*+.& $6$#$0+%& "01&

1$36$+$1&-0&.$"E7&*"*$&$"*+.C&&

'$6-8+&,a&"01&*$8*7%+"66-K$1&36"=-(86"%$&=*"-0%&."E$&)$$0&"0"67%$19&"6+.(;=.&0(&E"*-"+-(0&@"%&

()%$*E$1&"01&+.$*$4(*$&36"=-(86"%$&."%&0(+&)$$0&8"+$=(*-%$1&"%&,a&(*&*$8*7%+"66-K$1&@-+.-0&+.-%&

8."3+$*C&&/6"=-(86"%$&@-+.-0&1(#"-0&c&1-%36"7%&%-#-6"*&+*"8$&$6$#$0+&3"++$*0%&-0&"66&"0"67%$1&

%"#36$%C&J+&-%&$0*-8.$1&-0&+.$&Y'55&_pa&[&aj&8.(01*-+$&0(*#"6-%$1`&@-+.&"&8."*"8+$*-%+-8&5;&

"0(#"67& "01& 1$36$+$1& -0& +.$& U'55& _:-=& gCbCi`C& /Nabcd)& 1-%36"7%& #(*$& E"*-"+-(0& -0& +.$&

");01"08$& (4& Y'55& +*"8$& $6$#$0+%& _pjCi& [& aj& Y'55& *"0=$& 8.(01*-+$& 0(*#"6-%$1`C& G.-%&

8(**$%3(01%&@-+.&"&.-=.$*&E"*-"+-(0&-0&f?0&@-+.&"&*"0=$&(4&aho&[&clo&f?0&@.$*$"%&/Nabbb"&

*"0=$%& 4*(#& cko&[& dbo&f?0C& &D(+$& +."+& %(#$& "0"67%$%& (4&U'55& "*$& )$6(@& +.$& 1$+$8+-(0&

6-#-+C&&

&



*(

&

6%F:(#$ Y`A`OI& '55& %-=0"+;*$& (4& 36"=-(86"%$& @-+.-0& +.$& O'\C& ?66& "0"67%$%& ."E$& "& %-#-6"*&

3"++$*09&$0*-8.$1&-0&Y'559&@-+.&"&8."*"8+$*-%+-8&5;&"0(#"67&"01&1$36$+$1&U'55C&&

&

O"*0$+& *$"8+-(0& K(0$& ="*0$+& @-+.-0& 1(#"-0& c& ."E$& "& %-#-6"*& 3"++$*0& +(& +.$& 17A$& ="*0$+&

_$0*-8.$1&U'55`9&"6+.(;=.&+.$7&"*$&=$0$*"667&4;*+.$*&1$36$+$1&-0&+.$&#-1&+(&.$"E7&*"*$&$"*+.&

$6$#$0+%& _:-=& gCbCg`C&S(+.& %"#36$%&/Nabbb"& "01&/Nabcd)&."E$& %-#-6"*& 3"++$*0%9& $0*-8.$1&

U'55&%-=0"+;*$&_pbj&X&gj&8.(01*-+$&0(*#"6-%$1`9&$B86;1-0=&+.$&+@(&1$36$+$1&U'55&"0"67%$%&

@-+.-0&/Nabcd)&@.-8.&1-%36"7&"&5;&"0(#"67&_:-=&gCbCg`C&G.$*$&-%&0(&%-=0-4-8"0+&1-44$*$08$&-0&

#"H(*&$6$#$0+&"0"67%-%C&&



*)

&

6%F:(#$ Y`A`YI& '55& %-=0"+;*$& (4&#$+"#(*3.-8& ="*0$+& "01& 17A$& ="*0$+&@-+.-0& /Nabbb"& "01&

/Nabcd)C&S(+.&O'\&="*0$+&%"#36$%&1-%36"7&"&%-#-6"*&3"++$*0&(4&$0*-8.$1&U'55&$B86;1-0=&
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Chapter 7: SEM – Electron Back-scatter Diffraction (EBSD) 

7.1 Introduction 

Chapter 4 observed varied microstructures related to dyke influence and categorised the 

gabbroic gneiss into 4 distinct domains. Chapters 5 and 6 aimed to provide chemical and 

trace element data to support these observations from chapter 4. These chapters concluded: 1) 

garnet pseudomorphs S1 hornblende from the two-pyroxene-hornblende assemblage, 2) 

Garnet reaction zones vary in the degree of recrystallization, chemistry and trace elements 

and 3) some garnets within the D3 high strain zone appear to be post-D3 through 

observations and trace element analysis. Predictions developed from these chapters are: 1) 

garnet reaction zone recrystallization occurred under static conditions and any lattice 

preferred orientation (LPO) would be therefore expected to mimic the orientation of their pre-

cursor phase regardless of the degree of recrystallization; this would be the case if there is a 

crystallographic information “transfer” between reactant and product; and 2) post-D3 garnet 

will have a different preferred orientation to the syn-D3 garnet.  

In order to examine these hypotheses, three key samples have been analysed by SEM-EBSD 

at Macquarie University, Sydney. These key samples are PV1222a (partially recrystallized 

GRZ), PV1216a (extensively recrystallized GRZ) and PV1234b (paired shear zone). The 

approach involved EBSD analysis of small areas (~0.5mm!) during the day in order to choose 

where an overnight high resolution large area map (~5mm!) should be run. The main aim of 

this chapter will be to understand what factors affect the crystallographic orientation during 

the different deformation histories (D1, D2 and D3) leading to paired shear zones.  

Pole figures and contour pole figures of crystallographic orientations for hornblende, 

orthopyroxene, clinopyroxene, garnet and plagioclase have been plotted. Since hornblende, 

pyroxene, garnet and feldspar have different crystal systems, different sets of pole figures 

have been plotted for these. For garnet (cubic) {100}, {110}, and {111} pole figures are 

shown, for feldspar (triclinic) <100>, <010> and <001> and for hornblende, clinopyroxene, 

orthopyroxene  (monoclinic) {100}, {110} and {111} pole figures.  

Band contrast maps, displaying in grey scale the quality of indexing (darker for poor 

indexing), euler angle maps to display the deviation (0 - 10°) from one grain to another and 

phase maps are displayed to show different textures and phase relationships.  
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Garnet reaction zones provide a rare opportunity to study the role the precursor phase has on 

the growth and nucleation of garnet (Padron-Navarta et al., 2008). It is stated that the 

orientation of garnet under static conditions will be similar to the reactant (hornblende) 

(Spiess et al., 2007). Therefore EBSD is a powerful method to determine if recrystallization 

has occurred without deformation (static) or syn-deformation (dynamic).  

7.2 Results 

As explained within chapter 3, noise reduction has been undertaken with the software Tango 

within HKL Channel 5. After noise reduction has occurred, representative pole figures are 

presented within this chapter. Appendix D consists of filtered data of band contrast, euler 

angles, phases and pole figures for all completed EBSD maps, as well as subsets from large 

maps. Domain 1 (two-pyroxene-hornblende gneiss) and domain 3 (garnet reaction zone) have 

been analysed within sample PV1222a. Table 7.1 displays band contrast, all euler angles and 

phases for domain 1 (Opx-Cpx-Hbl-gneiss) within PV1222a.  

Garnet granulite has formed through the reaction of hornblende + pyroxene + plagioclase  

Garnet + pyroxene + quartz + H2O (Schroter et al., 2004). Therefore the orientation of the 

original host assemblage will be analysed in order to see what the original orientation 

relationships between different phases are.  
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Table 7.1: Band contrast, euler angles and phases for domain 1  

Band Contrast.  

Different grey scales indicate 

different orientations. Dark areas 

and lines are where the system 

could not identify the orientation. 

This is either caused by scratches, 

holes and/or grain boundaries. 

There is no significant deformation 

within individual grains. However, 

the difference in grain size is nicely 

depicted.  

 
All Euler angle map displaying 

variation of orientation by different 

colours. Note the feldspar twinning 

seen as stripes of orange and lilac.   

 

=100 µm; BC; Step=2 µm; Grid228x3

=100 µm; BC+E1-3; Step=2 µm; Grid2
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Phases.  

Green – Hbl 

Yellow – cpx 

Blue – anorthite 

Grey – Opx 

White – Ilmenite + Rutile + quartz 

 
 

As orthopyroxene is within the original phase, the orientation has been measured and 

displayed on a pole figure with the planes {100}, {010} and {001}. Orthopyroxene (Fig 

7.2.1) shows one grain aligned with the foliation at {010} and {001} with the {100} plane 

being perpendicular to the foliation. Clinopyroxene (Fig 7.2.2) within this sample displays a 

preferred orientation, aligned with the foliation in the plane {001} (similar to orthopyroxene) 

with the two other planes displaying variations in their alignment.   

Figure 7.2.1: Contour plot of orthopyroxene, preferred alignment in the {001} and {010} 

planes 

 

=100 µm; Phases; Step=2 µm; Grid22
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Figure 7.2.2: Contour plot of clinopyroxene, preferred alignment in the {001} plane. 

 

Hornblende displays a strong preferred orientation within all three planes {100}, {010} and 

{001} (Fig 7.2.3/4). Hornblende has a preferred orientation within the plane {001} along the 

foliation (Fig 7.2.4) and also displays slight variation in the planes {100} and {010} (Daczko 

et al., 2001b). Hornblende mimics statically the clinopyroxene and orthopyroxene orientation.  

 

 

Figure 7.2.3: Scatter pattern of hornblende poles to the {100}, {010} and {001} with two 

preferred orientations. Different colours represent different euler angles.  
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Figure 7.2.4: Contour plot showing LPO of hornblende to the {100}, {010} and {001} with 

two preferred orientations. White line indicates S1 foliation.  

 

The garnet granulite in PV1222a has also been analysed and band contrast, all euler and 

phase analysis are within table 7.2. This area has been analysed as it transitions to garnet 

granulite, providing an opportunity to measure pre-cursor mineral effects on orientation 

during this transition. Garnet granulite consists of a garnet-clinopyroxene-orthopyroxene-

quartz assemblage and will present garnet, orthopyroxene and clinopyroxene relationships.   
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Table 7.2: Band contrast, all euler and phases for domain 3 within PV1222a 

Band Contrast – Different grey 

scales representing different 

orientations. 

 
Band Contrast and all Euler. 

Different colours represent 

different orientations. Bright 

red area is a Grt grain that is 

defined by 10 degree 

boundaries to its neighbours.  
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Phases.  

Yellow – cpx 

Blue – anorthite 

Red - Almandine 

Grey – Opx 

Yellow – Cpx 

White – Ilmenite + quartz + 

rutile 

 
 

Orthopyroxene displays an orientation along the foliation within the plane {010} and {001}. 

{100} is perpendicular to the foliation (Fig 7.2.5).  

 

Figure 7.2.5: Alignment of an orthopyroxene grain aligned to the foliation (white line).  

 

Clinopyroxene displays a preferred orientation within the plane {010}, aligned with the 

foliation. The plane {100} is perpendicular to the foliation and {001} is aligned to the 

foliation (Fig 7.2.6). This is mimicking the orientation of orthopyroxene.  
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Figure 7.2.6: clinopyroxene alignment to the NE. White line indicates S1 foliation.  

 

Garnet within PV1222a also displays a preferred orientation. Interestingly, the garnet 

orientation is dominated by one single orientation with a systematic spread. Within the family 

of planes {100} and {110}, there is a preferred orientation aligned with the foliation (Fig 

7.2.7/8). Garnet is cubic and consists of more than three planes; therefore the family {100} 

consists of planes (100), (010) and (001). Family {111} displays variation with some 

inheritance of its orientation (Fig 7.2.8).  

 

 

Figure 7.2.7: Scatter pattern of garnet poles to the {100}, {110} and {111}. Different colours 

represent different euler angles. Preferred orientations are present for garnets different planes. 

Circles represent some key preferred orientations.  
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Figure 7.2.8: Contour plot of garnet poles to the {100}, {110} and {111}. Preferred 

orientations are present. White line represents S1 foliation.  

 

PV1216a is an extensively recrystallized sample and garnet has been analysed and band 

contrast, euler angles, phases and IPF images for this domain are within table 7.3. This 

sample has undergone further recrystallization (concluded from chapter 4) and is therefore a 

key sample to understand if this sample has undergone further static recrystallization or 

dynamic recrystallization.   

 

Table 7.3: Band contrast, all euler and phases for domain 3 within PV1216a 

Band Contrast – Different grey scales 

represent different orientations. Base 

of photo is 3000µm. 

 =1000 µm; BC; Step=2 µm; Grid1622x1296
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Band Contrast and all Euler – 

Different colours represent different 

orientations. Base of photo is 

3000µm. 

 

Phases.  

Yellow – cpx 

Blue – anorthite 

Red – Almandine 

Purple – Quartz 

Green – Hornblende  

White – Ilmenite + Quartz + Rutile 

Base of photo is 3000µm. 

 
IPF colouring – Colour scheme is 

generated from three primary colours 

from an inverse pole figure (IPF). 

Changes in colour of each grain 

represent changes in orientations. 

There are clusters of different 

orientations. Base of photo is 

3000µm. 

 
 

Clinopyroxene within this sample has undergone a high degree of recrystallization. There is a 

preferred orientation within the plane {001} with the foliation (Fig 7.2.9). Plane {010} is 

affected by the foliation with slight alignment and the plane {100} is perpendicular to the 

foliation.  

=1000 µm; BC+E1-3; Step=2 µm; Grid1622x1296

=1000 µm; Phases; Step=2 µm; Grid1622x1296

=1000 µm; Map4; Step=2 µm; Grid1622x1296
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Figure 7.2.9: Contour plot of clinopyroxene. Preferred orientation within the plane {001}. 

White line indicates S1 foliation.  

Garnet within this sample displays a preferred orientation aligned to the S1 foliation within 

{100} and {111} (Fig 7.2.10/11). Family {110} displays no preferred orientation with the 

foliation (Fig 7.2.11).  There is spread within the data due to the different garnet cluster 

orientations observed in the IPF figure (table 7.3).  

Figure 7.2.10: Scatter pattern of garnet poles to the {100}, {110} and {111}. Preferred 

orientations are within the three families.  

 

Figure 7.2.11: Contour plot of garnet poles {100}, {110} and {111}. Preferred orientations 

are present. Note preferred orientation within {100} and {111}. White line indicates S1 

foliation.  

{100} Y0

X0

{110} {111}
Pole Figures
 

[PV1216A Map Data 5.cp
Almandine (m3m)
Complete data set
267403 data points
Equal Area projection
Upper hemispheres



($

Sample PV1234b is a paired shear zone sample. Garnet analysis has been undertaken within 

the D3 shear zone and band contrast, euler angles and phases are observed in table 7.4. This 

sample has been further deformed by mylonitic shear zones with possible later garnet growth 

(post-D3) concluded from Chapter 4.  

 

Table 7.4: Band contrast, all euler and phases for domain 4 within PV1234b 

Band Contrast – Different 

grey scales represent 

different orientations. Base of 

photo is 4000µm. 

 
Band Contrast and all Euler – 

Different colours represent 

different orientations. Base of 

photo is 4000µm. 

 

=1000 µm; BC; Step=2 µm; Grid1999x1489

=1000 µm; BC+E1-3; Step=2 µm; Grid1999x1489
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Phases.  

Green – Hbl 

Yellow – cpx 

Blue – anorthite 

Grey – Opx 

Aqua – Rutile 

Purple – Kyanite 

White – Quartz + Ilmenite 

Base of photo is 4000µm. 
 

 

Plagioclase within the high strain zone has been analysed and plotted onto scatter and contour 

plots with the directions <100>, <010> and <001> (Fig 7.2.12/13). There are preferred 

orientations, most obvious within the contour plot as clusters (Fig 7.2.13).  

 

Figure 7.2.12: Scatter plot of plagioclase directions <100>, <010> and <001> 

 

 

Figure 7.2.13: Contour plot of plagioclase directions <100>, <010> and <001>. Preferred 

orientations are present 
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Syn-D3 garnet has also been analysed within the high strain zone and displays no preferred 

orientation (Fig 7.2.14/15). This garnet has an average grain area of 3527µm .   

 

Figure 7.2.14: Scatter plot of syn-D3 garnet. Different colours represent different euler 

angles.  

 

 

Figure 7.2.15: Contour plot of syn-D3 garnet. No preferred orientation.  

 

The post-D3 garnet observed in chapter 4 have been analysed and plotted onto pole figures. 

There is some preferred orientation, most obvious in the contour plot (Fig 7.2.16/17). These 

garnets have an average grain area of 20491µm .  
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Figure 7.2.16: Scatter plot of post-D3 garnet within PV1234b 

 

 

Figure 7.2.17: Contour plot of post-D3 garnet within PV1234b 

 

7.3 Discussion 

SEM-EBSD has been undertaken on similar garnet granulites within the Jijal complex 

northern Pakistan. This study concluded pre-cursor phases have a strong relationship with the 

orientation of the garnet during the transition to garnet granulite (Padron-Navarta et al., 

2008). Padron-Navarta et al. (2008) termed epitaxy to be the control on the precursor and 

recrystallized mineral alignment. Garnet has grown epitaxially upon crystallographic 

orientation {001} and {010} hornblende planes. Clinopyroxene and orthopyroxene planes 

within the garnet granulite of PV1222a display alignment with the foliation, likely to affect 

the precursor hornblende with an alignment also of {010} or {001}. This indicates 

hornblende rotates aligned to the foliation and always displays alignment within either {010} 

or {001} which garnet grows epitaxially upon. S1 clinopyroxene and orthopyroxene also 

display this rotation along the foliation.   
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Recrystallized garnet always display a preferred orientation aligned to the foliation within a 

plane in the family {100} with rotation occurring in between the other two families ({111} 

and {110}). Therefore garnets LPO is inherited from the precursor foliation (due to solid state 

deformation) which affects the orientation and nucleation of minerals under static conditions 

(Spiess et al., 2007). This orientation is still observed within extensively recrystallized 

sample PV1216a. This preferred orientation shows further recrystallization has occurred due 

to the longer interaction with the melt conduit under static conditions and not due to syn-

deformation (dynamic recrystallization).  

The high strain zone within sample PV1234b indicates the different types of deformation 

garnet and plagioclase have encountered. Plagioclase displays preferred orientation within the 

high strain zone which indicates crystal plastic deformation. Crystal plastic deformation 

results in a domain collectively accommodating the imposed deformation and results in the 

preferred orientation of minerals (Arul Kumar and Mahesh, 2012). Whereas syn-D3 garnet 

does not display any preferred orientation within this high strain zone and this indicates grain 

boundary sliding has occurred resulting in large rotations of the garnet grains causing 

randomly orientated grains (Bestmann and Prior, 2003). Post-D3 garnet displays some 

preferred orientations, supporting the conclusions from previous chapters; these garnets are 

replacing plagioclase. Although phase maps indicate garnet is growing epitaxially from syn-

D3 garnet and plagioclase grains, resulting in some preferred orientations. 

 

7.4 Summary 
SEM-EBSD supports the conclusion from chapters 4, 5 and 6 that the formation of garnet 

reaction zones is under static conditions. Preferred orientation due to the precursor minerals 

will only be found under static conditions, therefore longer heat influence results in further 

recrystallization and not further deformation. The high strain zone has been deformed by 

dynamic recrystallization and EBSD has determined plagioclase for up taking the most 

deformation. Plagioclase has accommodated most of the strain through crystal plastic 

deformation (displays preferred orientation) and garnet deforms by grain boundary sliding 

(no preferred orientation) accommodated by feldspar deformation. As the post-D3 garnet 

displays some preferred orientations, it has replaced plagioclase and syn-D3 garnet, 

supporting it is a later growth.     
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Chapter 8: Summary and Conclusion 

This study investigated the potential rheological and chemical variations of the gabbroic 

gneiss required to result in a paired shear zone. Figure 8 presents the developed model for 

paired shear zone formation. Domains 1 – 4 are represented within figure 8, presenting a time 

sequence with domains 2 and 3 being contemporaneous as dykes cause garnet reaction zones. 

Domain 1 (Fig 8a) is the well foliated S1 two-pyroxene-hornblende assemblage of the 

original high temperature rock, with a developed corona texture. Figure 8b displays felsic 

dykes (domain 2) with a similar mineral assemblage, cutting domain 1. These dykes can be 

open with melt flowing through or collapsed, preventing melt movement. Major and trace 

element analysis showed that there are subtle differences in the major and trace element 

chemistry between different dykes. This is interpreted as the result of a slightly varied melt 

source for the suite of dykes observed. K-feldspar abundance increases close to the dyke, 

indicating partial melting of the gabbroic gneiss. Therefore dehydration melting has resulted 

in the transition from hornblende granulite to garnet granulite (Fig 8b). Garnet 

pseudomorphing hornblende from the S1 assemblage under static conditions is supported by 

EBSD, where the precursor minerals effect the orientation of garnet. This replacement is 

further supported by trace element analysis, indicating the precursor mineral also affects the 

trace element pattern. Figure 8b presents two types of garnet reaction zones. 1) A partially 

recrystallized GRZ located within figure 8b at A and B and 2) Extensively recrystallized 

within figure 8b C and D. This poses the question, why are there different degrees of 

recrystallization? As they have a similar composition and source, the difference in 

microstructure must be due the time the dyke is open and melt is moving through. Partially 

recrystallized garnet reaction zones can be located at the outer regions of garnet reaction 

zones with a long dyke influence or close to a collapsed dyke (short interaction). This lower 

degree of static recrystallization is indicated by the presence of an S1 assemblage and varied 

major element chemistry within plagioclase and garnet. Extensively recrystallized regions 

have a different textural setting with no S1 assemblage present and are seen within all studied 

paired shear zones close to the dyke. EBSD analysis of extensively recrystallized reaction 

zones displays a preferred orientation with the foliation, supporting further static 

recrystallization. This degree of recrystallization generally increases towards dykes of longer 

interaction as well as increased garnet abundance. Longer dyke interaction is further 

supported by the extensively recrystallization at two dyke intersections (Fig 8b C). This 

recrystallization corresponds with the major element chemistry, homogenising at areas of 
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extensive static recrystallization. This recrystallization results in a rheological contrast with a 

trend of decreasing recrystallization away from the dyke. Figure 8c represents the two 

different textural settings, 1) a collapsed dyke resulting in partial recrystallization and the 

presence of an S1 assemblage and 2) an extensively recrystallized region close to the dyke, 

resulting in localized strain on the outer regions of the garnet reaction zone. Therefore the 

degree of static recrystallization plays a major role on paired shear zone formation. The 

duration of dyke influence and recrystallization is a required pre-cursor for paired shear zone 

development as this results in stress localization at interfaces of different rheology (soft – 

hard). Garnet is a hard material and this increase in abundance due to extensive 

recrystallization causes a stronger bulk rock and subsequently localised strain.  
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Figure 8: Proposed model for paired shear zone development. A, B and C represent three 
different deformation events. D1 resulted in the S1 gneissic foliation of two-pyroxene-
hornblende gneiss. D2 resulted in felsic dykes and garnet reaction zone formation with 
different degrees of recrystallization and D3 resulted in east-striking mylonitic shear zones
which can sometimes be localised as a paired shear zone. Modified from Clarke et al. (2000). #
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Chapter 9: Future Research 

 Detailed petrographic analysis for collapsed structures 

o Cut more thin sections of ‘collapsed dyke’ garnet reaction zones 

 Obtain Electron Microprobe (EMP) data for supporting SEM-EDS data  

 Further analysis of samples with the LA-ICP-MS  

o In order to further constrain trend of minerals 

 Melt microstructures within the dioritic gneiss  

o This unit has not been focused on during this thesis due to time constraints. 

Can look for evidence of melt-microstructures to support the proposed melt 

source for the dykes.  

 Large mylonitic zones within the gabbroic and dioritic gneiss  

o Possible fluid influxes?  
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