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What is Anorthosite?
I

D By definition: (a) The rock must contain a total of 9

at least 10% of the minerals: Quartzolite
Q - quartz
A - alkali feldspar

O Phaneritic P ke

O More than 20%
plagioclase feldspar

Quartz-rich
Granitoid

Granite

Alkali Fs.‘ 20 20 Qtz. Diorite/
Quartz Syenite Quartz Quartz Quartz Qtz. Gabbro
Alkali Fs. . Syenite Monzonite Monzodiorit 0 Gabb
p 5 Diorite/Gabbro,
Sye"'teA 10/ Syenite 55/ Monzonite  g\Monzodiorite \go I Arnor/‘thosite :
\/ Foid)-bearing| (Foid)-bearing (Foid)-bearing
Syenite Monzonite | Monzodiorite/’ /' (oiq)-bearing

) e Diorite/Gabbro
(Foid)-bearing
Alkali Fs. Syenite
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Monzosyenite | Monzodiorite

(Foid)olites
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What is Anorthosite?

0 Composed of:
O Albite
® NaAlSi;Og
O Anorthite
m CaAl,Si,Oq4

Anorthite (webmineral.com)



What is Anorthosite?
I

0 Six major anorthosite occurrences (Ashwal, 1993)

1.

2.

3.

Archean anorthosite plutons

Proterozoic “massif-type” anorthosite plutons

1-cm to 100-m thick layers in layered mafic intrusions
Thin cumulate layers in ophiolites /oceanic crust

Small inclusions in other rock types (xenoliths and
cognate inclusions)

Lunar highland anorthosites



Area of Study

-]
00 Duluth Complex

O Layered mafic intrusive complex

O Keweenawan rift system
m 1.13 billion years old (Sims and Morey, 1972)
® Failed midcontinent rift system

O Mostly gabbro and granite

m Contain anorthosite inclusions



Area of Study
N

3

0 Anorthosite inclusions
can vary greatly in

Duluth Complex
(Morrison et al., 1983)

O Size: less than 1 cm to
several hundred meters

O Shape: angular to
rounded

O Color: grey, white,
brown, green, pink,

purple

Ginsbach, 2009



Area of Study
N

0 Anorthosite inclusions can be one of four groups
(Morrison et al., 1983)
O Inclusions that have been recrystallized
O Igneous inclusions

O Intermediate (halfway between metamorphic and
igneous)

O Cataclastic and brecciated inclusions containing
deformation not found in the host rock



Area of Study
N

. M ' Nt%%?’l;"(gst
0 Two locations in Duluth | = i i e
::}_n s Tﬁ‘P 0 Island

Complex

O Near Bogberry Lake
(Red A)

O Near Split Rock
Lighthouse (Green A)

Al Onenta |

http://maps.google.com



Area of Study

I
Near Bogberry Lake (NBL)
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Area of Study

N
Near Split Rock Lighthouse (NSR)
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Samples - NBL

Ginsbach, 2010
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Samples - NBL
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Samples - NSR
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Samples - NSR
N
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Purpose
1

0 The purpose of this project was to use various
methods to get the ratios of albite and anorthite for
the samples of anorthosite.

0 Methods used include the Michel-Lévy (ML) method,
X-ray diffraction (XRD), and scanning electron
microscopy (SEM).

0 Once albite and anorthite ratios have been
determined an approximate temperature of
crystallization can be determined.



Michel-Lévy Method

0 Based upon angle of
extinction

0 (0O10) planes of albite m
* . Albite twin domains
thnS varies = are ptariille‘} t(?(()';())

systematically with (010)

composition (Perkins
and Henke, 2004)

0 Twins must have (010)
plane perpendicular to
stage

Perkins and Henke, 2004




Michel-Lévy Method

0 To find suitable grain:

O Use XP light and find a
grain that has all twin
lamellae the same
interference color

®m Record angle 12

0 To get measurements \/‘N N
O Rotate stage right so that \§ ® ﬂﬂﬂm w 2

one set of twins go extinct

®m Record angle

O Rotate stage left so other
set goes extinct

®m Record angle

Perkins and Henke, 2004




Michel-Lévy Method

0 Check to make sure angles are no more than 4°
different

0 Average left and right

0 Can continue rotation in either direction to get @
second extinction angle

O Hard to determine



Michel-Lévy Method

0 Repeat for a number

[ ] [ ]
of grains (at least six) & AT
80 dpZArEEEL slow ray —
3 ~ + (most plagioclase)
0 Take average of ”
slow ray ~k
d ° 60 (volcanic plagioclase) S
readings
A 50
maximum
extinction
0 Compare to chart e 40
30 fastray i
(volcanic plagioclase) 1
20
Jfast ray
10 7' (most plagioclase)
+ ‘ =
0 111 11
| | | | | | |
0 10 30 50 70 90 100

lalbitel oligoclase | andesine | labFg@orite | bytownite | i
q anorthite
Y%oanorthite

Perkins and Henke, 2004



Michel-Lévy Method

Ginsbach, 2010



Michel-Lévy Method

Ginsbach, 2010



Michel-Lévy Method - NBL

Ldeg L Base R Rdeg Dif Valid? Avg
37 205 168 132 36 1 Yes 36.5
40 292 252 221 31 9 No
38 300 262 232 30 8 No
27 244 217 168 49 -22 No
33 334 301 264 37 -4 Yes 35
30 235 205 171 34 -4 Yes 32
35 280 245 212 33 2 Yes 34
25 225 200 155 45 -20 No
30 215 185 145 40 -10 No
40 320 280 237 43 -3 Yes 41.5
35 315 280 247 33 2 Yes 34
39 196 157 120 37 2 Yes 38
31 326 295 249 46 -15 No
38 223 185 145 40 -2 Yes 39
32 247 215 183 32 0 Yes 32
33 255 222 187 35 -2 Yes 34
30 238 208 181 27 3 Yes 28.5
32 267 235 200 35 -3 Yes 335
31 275 244 213 31 0 Yes 31
38 209 171 141 30 8 No

Ginsbach, 2010



Michel-Lévy Method - NBL

920

T
N EEEENEENEE AN
C ENNSENNENEEENEES
415 80 slow ray
39 41 N (most plagioclase)
70 <
38 slow ray pavs
36.5 60 (volcanic plagioclase) o
3 maximum o4
34 extinction
34 angle 40
34 30 [fastray 3
(volcanic plagioclase) 1}
335 2
20
32 y v fast ray
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31 + NG —
0 OIT 11
28.5 | I | I I I I
0 10 30 50 70 90 100
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Result: Ang,

Perkins and Henke, 2004



Michel-Lévy Method - NSR
N

Ldeg L Base R Rdeg Dif Valid? Avg
37 40 3 324 39 -2 Yes 38
37 37 360 327 36 1 Yes 36.5
38 45 7 326 41 -3 Yes 39.5
40 41 8 327 41 -1 Yes 40.5
38 39 1 322 39 -1 Yes 38.5 .

Ginsbach, 2010



Michel-Lévy Method - NBL
N

920 NN NN EE ]
N NN NN R
B 5 U U
80 slow ray
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70 <
slow ray L
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>8 maximum o4 3
36.5 extinction
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Result: An,,

Perkins and Henke, 2004



Michel-Lévy Method

4
0 NBL 0 NSR
O Ang, O Ang,



X-Ray Diffraction
N

0 Method used for mineral
identification and
structural information

(Klein and Dutrow, 2008) 0Xd

0 Monochromatic X-rays '
Strike powered minerql Slit assembly

O X-rays are diffracted

O Angle of diffraction 150° 2
(expressed as 20) can be
determined

O Peak height is directly

proportional to intensity of
diffracted effect

Powdered sample

Klein and Dutrow, 2008



X-Ray Diffraction
N

0 To prepare sample-
O Break sample into small pieces

O Grind sample into fine powder
® No tactile grains

O Place fine powder on glass slide
O Wet with ethanol
O Allow to dry

O Bring to XRD machine - let tech run sample
® Dr. Angel Ugrinov
O Receive data output

O Use software to remove background, find peaks, and
determine mineral matches



X-Ray Diffraction
N

0 Composition of
plagioclase can be
determined based on
specific Miller Indices
(Bambaver et al., 1967)

0 Method 1
o AO1 =20131 -201-31

0 Method 2
O AO2 = 20-241 - 2024-1

0 After determining
differences in indices, plot

on graphs
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X-Ray Diffraction
N

?’taécla:c &“f°';‘L":“ g XeD

This feldspar+is used commercially as the abrasive component in some
cleansers and as rav material for some ceramics. It occurs as very
coarse grains in igneous rocks. Find the pactern(s) in the Mineral
File vhich most closely matches these daca.

' .o
o.o0! The composition of a plagioclase may be estimated from either
_— 40) = 20131-20)3) or A(6); = 20241-2074] if the structural state is known.
B The determination depends on the resolution of the necessary reflections.

-.I This resolution varies as the composition varies. For problea 4.2.3 identify
= the reflections needed.

25.52 . 3.488 10 5»7#9 iz . 23 = _&L—
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X-Ray Diffraction

32

N

3
o8 e

(CuKa,)

Ribbe, 1983



X-Ray Diffraction
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X-Ray Diffraction — NBL

Counts

15000 TR om2
10000 —
5000 —
0 = - A —f\\ Iﬁ.ﬂ[.\ﬂ. AJ\/M}\/J JU\/\J\ J\ 4.”/\.#.’\*{\”?/\
10 20 30 40

Position [*2Theta] (Copper (Cu))



X-Ray Diffraction — NBL

Counts
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| Anchor Scan Data I Quantification \
Pattemn List I Scan List [ Peak List [
| Accepted Ref. Pattern: 00-041-1486 |
t = | U -
'No. |Visi... | Ref. Code | Compound Name | Che
' V| |00-041-14... | Albite, calcian, ord...| (N
00-041-14...| Anorthite, ordered
< | 2
I Candidates: |
i |
' No. [R.. © S\ Compound Name | Chemice &
| Unnamed rineral [NR] ((Mn. Zr—
Wineberaite, syn [NR] ‘{Alﬂl S04
Priderite |[[K,Ba)
Bahianite |Sb3 Al
Bertrandite Bed (O
Chalcopyrite |CuFeS:
Kostavite Au CuT
Rhodesite [Ca.K,
Hexahydiite, syn Mg § 04
Tochilinite |4FeSI:
Mackinawite, syn Fes09
Mackinawite FeS
Margarosanite |Ca2Pb¢




X-Ray Diffraction — NBL

Counts 4000 T T T

NEBL-[l _002
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Position [“2Theta] (Copper (Cu))



X-Ray Diffraction — NBL
N
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X-Ray Diffraction — NBL
N
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Bambaver et al., 1967



X-Ray Diffraction — NSR
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X-Ray Diffraction — NSR

Counts T

T

Lt T T
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Ref. dee | Compound Name '
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i
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T
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< >
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# - |
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X-Ray Diffraction — NSR
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X-Ray Diffraction — NSR
N
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X-Ray Diffraction — NSR
N
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X-Ray Diffraction

0 NBL 0 NSR
nAO®1-An, nAO®1-An,
nAO®2-An, nAO®2-An,



Scanning Electron Microscopy
N

0 Analytical technique primarily used to find
morphology and surface features (Klein and Dutrow,

2008)
0 Electron beam scans across surface

0 Electron beam creates radiation signals
O Secondary electrons
O Backscattered electrons

O X-rays



Scanning Electron Microscopy
N

0 Concerned mostly with
x-ray detection system

(EDS)

O Allows for spectral

analysis of x-rays

0 Quantitative

Electronic read-out
a

computer automation
system

| U To vacuum pumps

Klein and Dutrow, 2008



Scanning Electron Microscopy
N

0 Preparation involves pre-prepared thin section
0 Thin section must be coated (UGA, 2010)

O Increased conductivity
O Reduction of thermal damage
O Increased secondary and backscattered electron emission

O Increased mechanical stability
0 Thin section run through SEM
0 Images and EDS information gathered

0 Software can remove any unwanted elements
O Coating



Scanning Electron Microscopy
N

" Atom% NBL
0-K Na-K Mg-K Al-K Si-K Cl-K K-K Ca-K

NBL1 49.73 9.79 1.69 15 32.75 0.29 0.65 3.6

Atom % NSR
O-K Na-K Mg-K Al-K Si-K K-K Ca-K

NSR2 49.83 10.25 2.02 0.54 33.12 0.59 3.65



Scanning Electron Microscopy
N

i S 200%
9.79 3.60 13.39 7.47 10.25 3.65 13.90 7.19

Percentage 73.11 26.89 Percentage 73.74 26.26



Scanning Electron Microscopy

4
0 NBL 0 NSR
O An,, O An,,



Results and Discussion
1

0 Literature studies 0o XRD
O Anorthosite in Duluth O NBL
Complex (Morrison et B AOT - Ang
al., 1983) B AO2-An,
® Ang,—An,, o NSR
0 Michel-Lévy m AO1-An,
o NBL - An,, = AO2-An,
O NSR — An,, 0 SEM
O NBL - An,,

O NSR - An,,



Results and Discussion

0 Take best data

O M-Land XRD A O1
m NBL — An,,
® NSR — An,,

O Very close to literature values
® An slightly high

0 lssues?
m AO2

Peaks very small and hard to pinpoint
m SEM

Contamination (skin oil)

Unable to focus



Results and Discussion
1

0 Phase Diagrams

O Can see results of difference
under idealized, simplified
conditions

1553
O Albite and anorthite form a 1500 —
solid solution Melt

O Two-component phase

diagram (Klein and Dutrow, § oo i e
2008)
. o . ’: - ~
O Knowing A)An.con give us 1200 Plgiosae
temperature first crystal _ sl
comes out of melt LI00r ey
m Conceptual exercise e gk e sty ol i
NaAlSi,0, e CaAl,Si,0q4
m Not full system for formation Ab AN An

of these anorthosites

Klein and Dutrow, 2008



Results and Discussion

4| .
0 Phase Diagrams

O Real phase diagram is
at least ternary

O Complex

O Easier to conceptualize
using simpler binary
diagrams
® Binary diagram used

does not represent full

system or actual
- R 1392 1890
conditions of formation Di 1387 Fo

Winter, 2010



Results and Discussion
I 5

0 NBL
O An.,

. 155
O First crystals at 1500
.I: Melt
femperature o el
° (®
1500°C s
% 1300 — plagioclase
"~ 1200 — :
Plagioclase
solid solution
1118
1100 -
" ( z
0 20 40 50 80 100
NaAlISi;0g . CaAl,Si,0q4
Ab 6 An An

Klein and Dutrow, 2008



Results and Discussion
I 5

0 NSR
O Ang,

1 L | 1553
[
O First crystals at 1500
.I: Melt
femperature o indasl
0 -
] 490 C o Melt +
% 1300 — plagioclase
"~ 1200 — :
Plagiodlase
ution
1118
1100 B
( [
0 20 40 50 80 100
NaAlSi O, A CaAl,Si,0g
Ab 6 An An

Klein and Dutrow, 2008



Results and Discussion
1

0 Under ideal, 2 phase conditions, the anorthosite
near Bogberry Lake would have first formed
crystals in slightly warmer conditions than
anorthosite from near Split Rock Lighthouse



Conclusion
1

0 Experimental results were very close to literature
results with a few exceptions

0 Data generated can be used to understand ideal
conditions these rocks underwent

O Both samples underwent conditions of high heat
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