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Fluorine and Chlorine in felsic magmas

 There are three common minerals that contain F and CI — amphibole,
apatite, and mica.

e Titanite, a mineral that is common in some A-type granites and alkaline
rocks, also contains significant amounts of F.

* Models exist for calculating the F and CI content of melts using apatite
and biotite chemistry.

* No model currently exists for calculating the F and CI content.of a melt
using amphibole chemistry.

 Variations in the F and Cl content in the various halogen containing
minerals can be used to monitor changes in magma F and CI content.
Given that these minerals will form at different times during the
crystallization of a magma they can provide a picture of the variation in E
and Cl content of the magma with crystallization.

* Electron microprobe analysis of these minerals for F and Cl 1s far from
trivial. I will be happy to discuss our approach after the talk.



Chilwa alkaline province — Location

The Cretaceous age ;L
Chilwa Alkaline %
Province (CAP) 1s

located in southern Malawi

Malawi near the
southern end of the
present-day East
African Rift System.

Mozambique

" 100 km "




Geology of the Chilwa Alkaline Province

LEithologies: carbonatite, nepheline-sodalite syenite,
nepheline syenite, syenite, granite
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Major lithologies-of the Chilwa Province

e Metavolcanics (basanites) and olivine nephelinites
» Nepheline-sodalite syenites and nepheline syenites

» Syenites and alkali granites

Sequence of emplacement

» Lava flows (basanites) and nepheline-sodalite
syenites

» Nepheline syenites and syenites

» Syenites and alkali granites

The pattern 1s increasing silica content with
decreasing age



P19(4) — Medium grained
fayalite-biotite-amphibole
granite. Zomba.




P19(1) — Porphyritic

biotite-

quartz syenite. Zomba

-amphibole

pyxoxene




P20(4) — Medium grained
amphibole-biotite-aegirine-
nepheline syenite. Chinduzi.




P21(17) — Medium- to coarse-
grained amphibole-biotite-
aegirine-nepheline-sodalite
syenite. Chaone.




Chemical composition of Chilwa biotites

A Zomba ¢ Chinduzi
A Malosa ¢ Mongolowe
1 Kasupe O Chaone
B Mpyupyu ® Chikala




Partitioning of F Between Biotite and Melt as a Function of Temperature
12
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Log(f0/tap) = [1000/T]*[2.37 + 1.1Xy;, + 0.43 — log(Xe/X )] (Munoz, 1992)

Dpaamelt=_(0.56 +.00093T (°C) [Piccoli and Candela, 1994]



Partitioning of Cl Between Biotite and Melt as a Function of
Temperature and Pressure

P = 200 MPa
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Log(fippo/fie) = [1000/T]*[1.15 — 0.55X,, + 0.68 — log(X¢/Xop)] (Munoz, 1992)
Log(HCI/ZCI)* = -0.63 — 0.035P (MPa) Piccoli & Candela (1994)

D2amelt = 0.000478P29587: P in MPa (Signorelli & Carroll, 2000)



The Chilwa Apatites are Fluorapatites

XCI

XoH KE

For felsic magmas:

X

Fapat

[(3.02) x (Wt.% F in melt)] + 0.12 Webster et al. (2009)



Mg/(Mg+Fe?")

Classification of Chilwa Amphiboles

magnesio- magnesio-

magnesio- | magnesio-
katophorite taramite

Mg/(Mg+Fe?")

ferro-edenite

taramite

tremolite
magnesio-

A 7Zomba Mongolowe actinolite hornblende tschermakite

A Malosa ¢ Chinduzi
a 4210
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An Empirical Model for the Partitioning of F

* Melt composition
calculated using apatite F
concentrations.

* Apatite saturation
temperatures for samples
used in the calculation
range from 950 to 850°C.

* Thin section observation
indicates that the two
minerals co-crystallized.

* Both silica-saturated and
silica-undersaturated
felsic rocks used in the
model.

Between Amphibole and Melt

Famph/Fap melt

T = 850 - 950°C
y=1.03 +/-0.32
m = 0.06 +/- 0.01
r’ =0.44

Amph mg#



Whole-rock F and Cl Abundances

1) The silica-saturated to silica-oversaturated rocks tend to be enriched in F
relative to CI.

2) The silica-undersaturated rocks, particularly the.nepheline syenites that
comprise Chinduzi and Mongolowe, tend to be enriehed in Cl relative to F.

3) Petrographic A Zomba
observation reveals that 0.6 Xka :‘(’13'053
. 0 Kasupe

the Cl-enriched = Mpyupyu

syenites often contain
minor amounts of

sodalite. ‘6? 0%
. . =
4) Is this sodalite 5
precipitated from late
stage solutions or is it 02 T
of magmatic origin? ' ¢ Mongolowe
5) Answer later in talk. A 2 g::;?:




What do Geothermometers Tell Us?
Actually Quite a Bit — But Care Must be Taken in Their Application

1) The zircon saturation geothermometer should not be used outside of its
calibration range, which effectively means that this geothermometer cannot be
applied to alkali-rich rocks. The presence of xenocrystic zircon means the
estimated temperatures are maximum T. Absence of'zircon — minimum T.

2) Apatite saturation T’s 1100
are less than T, , hence
apatite does not appear

) 1000
carly in the
crystallization history.
900
3) Generally apatite- &)
biotite Ts are the same g
800

or less than apatite
saturation Ts implying
that biotite crystallizes 700
at the same time or
later than apatite. In
some cases this 1s not
an equilibrium pair. SIO;

600
3



Comparisons Between F and Cl Rock Data and Melt Compositions Calculated Using
Minerals

1) F — In general calculated melt concentrations are greater than those measured for the
whole-rocks. Apatite calculated F 1s generally the same or greater than biotite calculated
F which agrees with the geothermometer predictions. Both biotite and whole-rock data
show a slight decrease in F with increasing S102.

2) CI - Does not occur in measurable quantities in apatite. In general CI in the whole-rock
1s greater than that calculated using biotite. For the silica-undersaturated rocks that
contain sodalite, biotites do not contain significant CIl. The few biotites,that show high
Cl are late stage biotites in the silica-saturated to silica-oversaturated rocks:
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Post-Orogenic Granites in Western Argentina

These A, granitoids are slightly te strongly peraluminous, are associated with
shear zones, and are emplaced shortly after a long period of orogenesis.

Zapata Granitic Complex
323-316 Ma, K-Ar micas
{McBride 1972, McBride et al. 1976)

La Florida pluton ) I .
325 Ma {cooling age), U-Pb i el IA\ ” >, N
monazite J /" areas i 20 |
(Grissom et al. 1998) k £ Asha pluton
) | \ 343 Ma, U-Pb monazite
| ) iy e San Blas pluton Baéz et al. (2004)
Central reg|pn /! ol Q A 340 Ma, U-P_h zircon i ! al
of the Famatihlan il I bﬁ ; \ SHRIMP (Dahlquist n} al. ?OBG)_ g i Huaco Granitic Complex
Orogen ! i 1 A Sy f £ | 350-358 Ma, U-Pb zircon and monazite
gen | i |4 b ! : 4 A | Séliner et al. (2007), Grosse et al. (2008)
Sanagasta granite \ La Chinchilla Stock
353 Ma, U-Pb monazite 344 Ma, U-Pb monazite
Grosse (2007) I A Grosse et al. (2008)

X . /_.
: ) A ; i o Capilla del Monte granite| ©
L E‘:;%::dw'm" - \ ‘ J e 1| . i 337 Ma, Rb/Sr ¢

o E e " ) Saavedra et al. 1998
E Early Ordoviclan \ ( T . \ : Al
volcanic rocks 4 &

r——1 Cambrian and Early
L— Ordoviclan sediments

1 Cambrian and Ordoviclan - hE Ny ¢ d .- I | Achala Batholith
metamorphic rocks AR ( 1 368 Ma, U-Pb zircon
Dorais et al. (1997)

Famatinian Orogen

I:I Cambrian granites T3
/ Early Carboniferous granitoids Las Chacras bathelith
End Ez:kbsﬂan metamorphie { ; 19 1 E 382 Ma, U-Pb zircon

) ) T iddle- i . gesmund et al. (2004)}< | Achala batholith
[ 3 Puncoviscana ([ LA L - = —l Midclle Upper Devonian grammlds . 2 3 379 and 369 Ma,
A ' K : ‘ — Cambrian and Early Ordovician & = ! |U-Pb zircon SHRIMP|

== Formatlon

Pampean Orogen

T - [/ . b 1 — granitoids v ‘
m Devonian & Carboniferous granites : /] 1| )@ Cambrian and Early Ordovician (‘E B i
1 - Cerro Amarille granite i Iﬁl@SAN o A\Nf] . sediments Cerro Aspero |

2. Los Arboles pluton I JUAN Ay 3 Cambrian and Early Ordovician Batholith ;

3 . Sauce Gaucho & Santa Rosa granites ' 32 k f =, I l:l metamorphlcyrocks 369 Ma, Rb/Sr 393 Ma,_U-Pb zircon

4 - Zapata Granitic Complex = | PRECORDILLERA TERRANE g \ { Pinotti et al. (2006) Stuart-Smith et al. {1999)
5 . San Blas and Asha plutons r C::I!brlan“andlolrfdwl;lun L L L L L L P e P P e e P L |
6 - Huaco Granitic Complex and Sanagasta L sedimentary piatiorm

pluton Metamorphlc Complex

Grenvilllan basement

7 - Cerro Veladero granite (e 1000 Ma)

8 - Caplila del Monte granite

9 - Achala batholith (studied area)
10 - Las Chacras and Renca batholith # MENDOZA
and related granitic bodles

11 - Cerro Aspero bathollth and related GB‘W‘I
bodles
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Sierra de Ancasti

Sauce Gaucho pluton —

ANCI127 — Biotite-rich medium to
coarse-grained granite. Crossed
polars.

Santa Rosa pluton —

ANE122 — Porphyritic two mica
(biotite>muscovite) granite. Core
facies. Crossed polars.




Achala
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Andean thrust fault

Post-Paleozoic cover

Achala Batholith:
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1. Medium-grained monzogranite

2. Coarse-grained equigranular
monzogranite

o

T

3. Medium-grained porphyritic
monzogranite

4. Fine-grained equigranular
biotite-rich monzogranite

PP
%

i

. Coarse-grained equigranular
granodiorite

¢

6. Fine-grained tonalite
Pre-Devonian basament

Early Cambrian metamorphic
and plutonic igneous rocks

LW

Early Ordovician plutonic rocks

(0, ]

Ordovician shear zones

Previous dated samples

® Rapela et al. (2008), ACH-5, 379 Ma
y ACH-15, 369 Ma
©Dorais et al. (1997), MTC-22, 368 Ma
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Abandoned Uranium Mine in the Achala Batholith

¥
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This 1s a sub-economic deposit opened
to support the Argentina nuclear
program. Currently it is not
operational:

Recent geochemical work has revealed
that the rocks of the Achala batholith
have been extensively altered by
hydrothermal solutions presumably due
to a late-stage heating event (as revealed
by Ar-Ar ages). This event has
substantially redistributed many
elements, including the so-called
immobile elements.




Achala batholith

Porphyritic coarse-grained two mica
biotite>muscovite) granite. Alkali
feldspar phenocrysts.

A block of fine-grained granite in
the porphyritic coarse-grained
granite.



Achala batholith —

ACHI151 — Porphyritic two mica
piotite>muscovite) coarse grained
granite, Plane light.




Achala batholith —

ACH154 — Equigranular biotite-rich
oranite. Plane light.
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T, tor the Chilwa A, and Argentina A, granites

* Both suites show a trend of decreasing temperature with increasing S10,

» The temperature for the A, suite 1s approximately 150°C higher than that for the
A, suite.

» The A, suite is inferred to be the result of differentiation (AFC) of a mafic
magma while the A, suite is inferred to result from thepartial melting of meta-
pelites and meta-graywackes due to the intrusion of basalticimagmas.
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Comparison of F Content for A, and A, Granites Based on Biotite

* F in high silica Chilwa A, granitoids less than in low silica granitoids.

 Argentina A, granitoids show a decrease in F with increasing silica. The
magma 1s saturated with respect to apatite.

» The A, granitoids are enriched in F with respect tosthe A, granitoids.

m Argentina
A Chilwa

1

0.8

FBiO melt
o
a7}

o
I~

0.2

S0,



Some Conclusions (Thoughts)

« The Munoz model appears to be the best for estimating F and Cl melt
concentrations from biotite chemistry.

 For bioite-based calculations the temperature (andfer Cl, pressure) of the
system is important and should be determined.

 Different halogen containing minerals form at different times and therefore
show a variation in halogen content with crystallization.

* No model currently exists for using amphibole to determine halogen
magmatic chemistry. The empirical model developed here should be
applicable, with appropriate caveats, to felsic systems.

 For the two A-type granites investigated in this study, the melts do not'‘appear
to have excessively high F concentrations.

« When used with caution the available geothermometers for felsic systems can
potentially yield important data for understanding the variation of F and Clin
the magmas and the evolution of the magmatic system.



