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Plan of the presentation

 Tin metallogeny in the Central Andes

« The San Rafael Sn-Cu deposit:
- structural geology
- alteration |
- mineralization
- fluid inclusions
- stable isotopes

e Genetic model




The metallogeny of the Central Andes
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Tertiary magmatism and metallogeny
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Concurrent timing of mineralization and compressional
pulses
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—>» Collisional tectonics - a trigger
for tin metallogeny ?




A “collisional” model for tin metallogeny

Western Eastern
Pacific Cordillera Cordillera Sub Andean

Trench coast Altiplano fault zone
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The San Rafael tin deposit
~ 1,000,000 tonnes Sn metal, average grade ~ 5 wt.% Sn
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Fine-grained granitoids

7 Quartzites (Sandia Fm.)
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One major vein-breccia system (the San Rafael lode)
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Vein paragenesis

(I) Early, barren tourmaline-quartz,

(1I1) Main-stage quartz-sulfides-
+ cassiterite-chlorite,

(IV) Late, barren quartz-chlorite.

Strikes of major vein types in the San Rafael lode
Sealed VS. Open fracture-filling —

15 \' "‘L". I.

Tourmaline-quartz Cassiterite-quartz- Quartz-sulfides Quartz-chlorite
U] chlorite (Il) (1)

Stereonet plots of main- and late-stage veins at different elevation |§
N

upper mine lower mine

surface levels (>4,600 m) levels (<4,533 m)




Alteration styles at San Rafael

and associated changes in rock chemistry

Chronology of alteration: s el telds pag s AnEalbing,
Ms - muscovite, Ser - sericite,
fresh granite and granodiorite Bt - biotite, Chl - chlorite,
1. * albite-sericite alteration AlLO, Zo - zoisite, Pst - pistacite,

Tur - dravite-schorl tourmaline,
Kin - kaolinite, Prl - pyrophyllite,
Cal - calcite, Sd - siderite,

Ank - ankerite, Py - pyrite.

2. [4a] weak sericitic alteration
3. B8 tourmaline alteration

Kfs,Ab
4. [B¥ chloritic alteration
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K.,O+N /
2 a,0 CaO
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Variation in normative mineralogy: early sericitic and

tourmaline alteration versus main-stage chloritization
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Tourmalinization
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(151-R80)

(R566 - D5-138)

Strong chloritization

Strong tourmalinization
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Chemical zoning of hydrothermal tourmaline:

from early dravite (Mg) to ore-stage schorl (Fe)

Al Epaite Olenite Al
iddicoatite Rossmanit

Mg

Foitite Magnesiofoitite
Oxy-schorl Oxy-dravite

Dravite

Uvite

B- entire deposit

% magmatic tourmaline

¢ tourmaline from microbreccia

A very early, alteration tourmaline

o early alteration tourmaline
+ vein tourmaline

e late overgrowths on earlier tourmaline

A- single vein

o colorless tourmaline (1st gen.)
o orange tourmaline (2nd gen.)

o green tourmaline (3rd gen.)

e dark green tourmaline (4th gen.)




-
@)
—
©
| -
()]
=
©
&)
+—
—
S
e
&)
Y
@)
n
-
@)
=
[®)
-
@)
&)
T
3
=
(D)
L
P_u
@)
9
n
>
e
al

c
@
=
7))
@
(@
(D)
©
)
s
—
()
=
7))
7))
4]
o
)
(@)
M
-
G
=
M
&
-
=
=
©
()
s
©
(@)
@
7))
7))
M

o m o %.. H | ©
—I..Am N~ O .
@ < W0 Aq
Jd2 e & -
oowm n=_ =T
OO0 W QouY®
0O m R | D
N TESITX T
FOOD oo ®
| o
iy
Q
et
= A
© .l
E Sl
e \\ ]
ac ~
\\\\ i
oy e e e e _ AT—— -
usSwdd 00 @
||||||||| e e e e RS e e
10 P | = L
I]Illllllllnnm llllllllll d‘\e\—dmrll wm IIIIIII
b O S 25| 0o oug k@
||||||||| C mmmmmmmencp-Eg4- 0 l-=g==2-1 9
o] o) /S S35 | 5& -lous
||||||||| e  ———C Q- R e B
00l e =
1111111 M 1 AR
AI 1 I | I b_ I | 1 I | I M
w wn <t o o™ b
(,H.2/,,2de)bo|
A m w = 30
=30 o7
a8~ < JO
a3 o= JTL
oowmix T®2
VO OO0 T 3
oM vz = @ g
H i BEsEvZ
FOoO o aoqg ®

: w0
......... S 8
USWAdL'0 Mﬁ/ EAE e
T £ T M%%:-w:::mim::
......... aa}y/%mw
O_‘ c \\ ! lrl-/. s Q . = |Ious &
e | S -3 S e L
S 40 T
IIIIIIIII M -I\s\ ..nm et &”w//ﬂrll ow —_ e ———
0001 ¥ £o Wawat : 90 2
.......... SR i RS
0000t S T BSUNNEG =G L
\5 .m 440:— ma. o . o
AR B -
A I _b I I 1 | I | | 1 | M
< L] o~ -

(,H.B/,,2de)bo|

log fO,

log fO,




Ore mineralogy and metal zoning

 Upper zone: sulfides dominate, complex mineralogy

(chalcopyrite, pyrite, arsenopyrite, sphalerite, galena
pyrrhotite, needle-tin cassiterite, quartz, chlorite)

 Lower zone: oxides/silicates dominate, simple mineralogy

(massive cassiterite, quartz, chlorite £ wolframite)
= | % J'r‘ =

Mo data
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11-3% [C13-5% MW5-10% ME>10% Q0"

0 1000m

Sn grades
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Homogenization temperature ( C)

Fluid inclusion studies
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Stable isotope studies

Arsenopyrite
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Isotopic evolution of hydrothermal fluids at San Rafael
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of 3180 and 8D for
water in equilibrium
with the different ore
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(at the temperature
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exhibit a clear
paragenetic trend

of 6180 decrease.




Mineral stability relationships for the tin stage (Il) and the

copper stage (lll) of the San Rafael paragenesis

Stage Il (tin deposition)
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Effect of cooling and mixing of magmatic and meteoric
fluids on the oxygen isotope composition of

precipitating quartz (A) and cassiterite (B)
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— Only a scenario of mixing of a hot brine with a cooler,
dilute fluid can reproduce the range of oxygen isotope

compositions of quartz and cassiterite from the deposit




A genetic model for San Rafael

« Early stage: lithostatic conditions, hot magmatic brines produce strong
sericite + tourmaline alteration and sealed, barren, tourmaline-quartz veins.

=> Tectonic activity reopens the vein system — transition to hydrostatic
conditions + influx of heated meteoric waters.

e Main ore stage: mixing of magmatic brines and meteoric waters in the fault-
jogs — oxidation, dilution, cooling, and acid neutralization of the ore fluids —
massive precipitation of cassiterite as localized, high-grade ore shoots.

A Dilational zone
Ngy; Sinistral shear
"Gy,

Tension
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1 Y. Fluid mixing
Contact Orebody in the fault jogs
[ | Copper orebodies Granitoid intrusion
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