CONTENT

CHAPTER 1: INErOAUCTION .....eeiiieiiie ettt e et e et e e sneeeenneee e e 1
1.1, Overview and MOTIVALION .........oooiieeiiiis it e e e e e saeeennees 1
1.2.  Geological Setting 0f the EI LACO.........ccoieiiiiiiiiiciie e 4
1.3.  Previous Studies and GenetiC INtErpretations ............ccouveieerieniieniesie e 6
1.4.  Research Goals and HYPOTNESIS..........cuiiiiiiiiiiiiii e 8
1.5.  Publications Resulting from this RESEArCh ...........cccoovviiiiiiiiiiiiiee e 9
1.6. Other Publications Related t0 this RESEArCN...........ccccvviiiieiiiie e 10

CHAPTER 2: Formation of massive iron deposits linked to explosive volcanic eruptions ..... 11
7280 {11 (o T [0 Tod o o I SRS UPSSURR PSR 12
2.2, RESUITS . ettt ettt ettt e e nn e e et e e ateeennaee s 12

2.2.1.  Depth-dependent textures and geochemical gradients of magnetite........................ 12
2.3, DIESCUSSIONS ....c.eviie ettt sttt e ettt e s e ettt e st e e st e e st e et e e s te e e erbeeestaeeasteeeasbeeessteeesaeeanseaennneens 14
2.3.1.  The optimal pathways for iron enrichment.............cccccoovviiiiiienieieee e 15
2.3.2.  Implications for iron metallogenesis in collapsing volcanic systems ...................... 17
2.4, Samples AN MEINOUS .........eiiiieiiie e 18
2.5, RETEIBICES .. .eiiiiiiiie ittt 19
2.6, ACKNOWIEAGEMENTS ...t e et e e sare e e nne e e e naees 24
2.7, AULNOr CONTIIDULIONS. ... .iiitiiiii ittt 24
R TR 1o [0 = S SOPSSURRSPRRS 25

CHAPTER 3: Magmatic-hydrothermal evolution of the EI Laco iron deposit revealed by trace

element geochemistry and high-resolution chemical mapping of magnetite assemblages....... 29
3.1,  Introduction and BacKgroUNG ............cccuviiiiieiiiiiiie e 30
K2 €= Yol oo [ Tor: | IS T=1 1o PSPPSR 32
3.3, Samples and MEthOUS...........oooiiiiiic e e 33

3.3.1.  SEM and EPMA MENOGS .......ccviiiiiiieiie e 33
3.3.2.  LA-ICP-MS ANAIYSIS.....ccciiiiiiiiec ittt ettt e e e s 34
3.3.3.  Synchrotron X-ray fluorescence MiCroSCOPY .......cceeevveeeiieeiieeeiireeeiieesseeesvee e 34
B RESUILS ..ttt ettt ettt e e nreennee s 35
3.4.1.  Magnetite microtextures and elemental distribution..............ccccoeviiiiiciiiic e, 35
3.4.2. Geochemistry Of MAagNetite........cooiiiiiiii i 36
3.4.3.  Microtextures and chemical composition of clinopyroxene........c..cccoceeevveevineennnen. 37
K TR T B T[T F 11T o PSP PSUR PSPPSR 38
3.5.1.  Origin of magnetite microtextures in the andesite host rocks .........ccccccevvvvveeviivnnnn. 38

Vv



3.5.2.  Fluid-mediated magnetite ore formation and dissolution-reprecipitation ................ 39

3.5.3.  Geochemical gradients in magnetite and magmatic-hydrothermal evolution .......... 41
3.5.4.  Supporting evidence from clinopyroxene in the andesites and ore bodies............... 42

3.6, SumMmary and CONCIUSTONS .........uuoiiiiiiiiiieiie et 44
3.7, ACKNOWIEUGEMENTS ...ttt ettt 46
3.8, REFEIEBNCES ...eiiiviie ittt e ettt et e et e ra e e reeennaae s 46
310, FHQUIES ..ttt 58
TR0 TR 1= o] 1= RS OPSSURRSPRRO 68
CHAPTER 4: Fluid-assisted assembly of magnetite microparticles: evidence from the giant El
Laco iron oxide deposit, Chile .........c.cooiiiiiie i e s 71
o 111 (T L1 o 1 [ o RSP 72
4.2.  Geological Background and SAmMPIES...........cooiiiiiiiiiiiiiieiese e 73
G T |V 1= 1 o o PR OPR 73
O 11 T F= LIS 1 4 [od (0 -SSR SPR 74
4.5.  Formation of Magnetite MICIrOSPRNEIES .........ccuiiiiiiiieiie i 75
4.6. Implications for Iron Mineralization .............ccooiiiiiiiiiiieie s 76
4.7, ACKNOWIEAGMENTS......oiiiiiiiiiec ettt e ste e e sra e e e naees 77
4.8, RETEIENCES ...veiiiieitie sttt 77
e TR o 11 = PR OPS 81
CHAPTER 5: CONCIUSIONS......ctiiiiiiiiiieiie sttt sttt snaeen 85
BIBLIOGRAPHY .ottt ettt b ettt et et et e b e e s 88
ANNEXES ...ttt b e bt a bt e bt e b e e R bt et e bt e Rb e bt et b et e et nrne e 93
ANNEX A: Supplementary Material for Chapter 2..........ccocoviii i 93
Al. Supplementary Table 1: Summary of EPMA conditions for magnetite analysis........... 93

Supplementary Figure A2: This figure is an expanded version of Figure 2 in the main text,
where pictures of hand specimens are shown for each sample (Drill core LCN-0944)........... 94

Supplementary Figure A3: Schematic illustration of a representative drill core from Laco Sur
showing the morphology and lithological variations of the magnetite ore bodies (drill core LCO-
0721A). BSE images of magnetite textural types are shown (center), as well as pictures of hand
specimens taken at different depths (left): (a) Euhedral magnetite grain showing inclusion-rich
cores surrounded by pristine magnetite rims. Hematite (+ goethite) are observed along the grain
rims. (b) Coarse magnetite grain containing inclusion-rich cores surrounded by more pristine
magnetite rims. (c) Relatively pristine magnetite from the breccia matrix, containing inclusions
of scapolite and clinopyroxene. The andesitic fragments are pervasively replaced by fine-
grained scapolite. (d) Magnetite from late veins exhibiting crystallographically-controlled,
alternating inclusion-rich and inclusion-poor zones (blue arrows). mt: magnetite, cpx:
clinopyroxeng, SCP: SCAPONIE. .......coiiiiiiii e 95

Vi



Supplementary Figure A4: Schematic illustration of a representative drill core from Laco Sur
showing the morphology and lithological variations of the ore bodies (drill core LCO-0715).
BSE images of magnetite textural types are shown (center), as well as pictures of hand
specimens taken at different depths (left): (a) Euhedral coarse-grained magnetite grain
exhibiting resorbed inclusion-rich cores surrounded by magnetite rims with abundant nano-
sized inclusions. (b) Magnetite grain from the breccia matrix containing abundant scapolite and
clinopyroxene. (c) Ti-rich magnetite from the breccia matrix, showing well-developed ilmenite
exsolution lamellas, which exhibit both trellis and sandwich textures. ...........cccccevvveieinenns 96

Supplementary Figure A5: Pictures of outcrops and hand samples from the El Laco deposit:
(a-c) Outcrop of the Laco Norte ore body. Note the highly vesicular texture. (d-e) Outcrop of
the San Vicente Alto ore body. Note the degassing structures including vesicles, pores and
rounded structures similar to bubble aggregates (d), and subvertical degassing conduits (€). ()

Massive magnetite outcrop from Laco Norte showing pahoehoe-type flow structures........... 97
A6. Table showing EPMA data for magnetite from Laco Norte, Laco Sur, Extension Laco Sur,
Pasos Blancos, Rodados Negros, San Vicente Alto y Cristales Grandes. ............c.ccooevevieenne. 98
ANNEX B: Supplementary Material for Chapter 3..........ccccooiviiviie e 123

Supplementary Figure B1: Photographs of the andesite samples from the units that host the
different ore bodies at El Laco volcanic complex associated with back-scattered electron (BSE)
images of magnetite-rich glomerocrysts. mgt: magnetite, ilm: ilmenite, cpx: clinopyroxene, opx:
orthopyroxene, Fap: fluorapatite, plg: plagioclase. ...........cocceiiiiiiiiiiii e 124

Supplementary Figure B2: Photographs of the drill core samples from the EI Laco magnetite
ore bodies. (a) SVA-1001 drill core from San Vicente Alto ore body. (b) EPI-0702 drill core
from Cristales Grandes ore body. (c) EPI-0808 drill core from Rodados Negros ore body.
Photographs display the transition from massive magnetite at surface/shallow depths to
magnetite breccias at depth; some host VEINIES. ..........c.cccoviiiiiiiiiicc e 125

Supplementary Figure B3: Photographs of the drill core samples from the EI Laco magnetite
ore bodies. (a) SVA-1010 drill core from San Vicente Alto ore body. (b) SVB-1004 drill core
from San Vicente Bajo ore body. (¢) SVB-1002 drill core from San Vicente Alto ore body. The
examples show the transition from massive magnetite at surface/shallow depths to magnetite
Dreccias at dePth. ... s 126

Supplementary Figure SB4: Synchrotron three-elemental (RGB) u-XRF maps and BSE
images iron ore samples from the deep zone (Mgt-deep; breccias and veinlets) at El Laco. (a,d,
f) Whole-thin section photographs of the different types of breccias and crosscutting veinlets
(. (b) Ca-Ti-Fe map of a breccia sample from Laco Norte ore body showing trellis textured
magnetite and ilmenite grains, which are also shown in BSE images (c,d). (e) K-Ca-Fe map of
breccia sample from Pasos Blancos ore body. (g) Ti-Ca-Fe map of a breccia sample crosscut by
a magnetite-clinopyroxene veinlet from Pasos Blancos ore body. Note that the trellis texture in
magnetite in the veinlet. mgt: magnetite, cpx: clinopyroxene, ilm: ilmenite, gyp: gypsum, rut:
LT =SSP PSRRI 127

Supplementary Figure B5: Synchrotron single and three-elemental (RGB) p-XRF maps of
iron ore samples from deep zone (Mgt-deep; veinlets) from El Laco. (a,e) Whole-thin section
photographs of the different type of veinlets observed in drill core samples from Extension Laco
Sur ore body. (b,c) Ti-Ca-Fe and Mn maps of magnetite-clinopyroxene-ilmenite veinlets
crosscutting andesite horizons. (f,g,i) Sr-Ti-Ca maps showing the textural relationships between

vii



magnetite, ilmenite, clinopyroxene and scapolite. Note the symplectitic-like intergrowth
between titanite, ilmenite and clinopyroxene in (h). Note the trellis texture displayed by
magnetite in (j). tit: titanite, SCP: SCAPOIITE. .....ccvviiiiiiiiie e 128

Supplementary Figure B6: Quantitative WDS maps of magnetite grains representative for
deep (Mgt-deep: a) and intermediate (Mgt-interm: b) zones of the EI Laco ore bodies (breccias).

Supplementary Figure B7: Synchrotron single and three-elemental (RGB) p-XRF and
guantitative WDS maps of clinopyroxene grains from drill core samples from Laco Norte (a)

and San Vicente Alt0 (D) 0re DOGIES. ........cviiiiiiiiiiiei e 130
Supplementary Figure B8: Backscattered-electron (BSE) images and SEM EDS spectra of
scapolite-bearing ore samples from El Laco deposit. .........ccccvevvveiiieeiiie e 131

Supplementary Figure B9: Backscattered-electron (BSE) images and SEM EDS spectra of
oriented fluid inclusions hosted by magnetite from deep levels of the EI Laco ore bodies ....132

B10. Supplementary Table 1: Sample descriptions and and geographic location of the different

VOICANIC UNILS STUAIBA. ..eevvriiiiee it e et e et e e snbeeesnaeeennaeeans 133
B11. Analytical conditions for EPMA analyses of pyroxenes and Fe-Ti oxides from EIl Laco
(012700 L] | PP UPT PR TPPUPROPRIN 133
B12. EPMA data for magnetite from EI Laco ore bodies and host andesites. ....................... 134
B13. EPMA data of pyroxene from EI Laco ore bodies and host andesites. .............cccccuv.... 139
B14. LA-ICP-MS data of magnetite from EI Laco ore bodies and host andesites. ................ 146
ANNEX C: Supplementary Material for Chapter 4..........ccccoovviiiiii i 150
Supplementary Figure C1: Examples of reconstructed (A) and segmented slices (B) virtually
cut through sample LSO6A. Grey: magnetite; Blue: open pores; Red: closed pores.............. 150

Supplementary Figure C2: (A-B) SEM images of magnetite microspheres in vesicular and
porous ore samples. Note the euhedral magnetite grains growing inward from the microsphere
UL -1 PSP P PP PR TUPOPRPRIN 150

Supplementary Figure C3: (A-C) Hand-sample ore specimen from Laco Norte ore body
showing centimetre-scale well-developed octahedral magnetite associated with abundant
spherical structures formed by Magnetite. ..........cceoviiiiiii i 151

viii



