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Abstract

Iron oxide—apatite (IOA) ore deposits occur globally and can host millions to billions of tons of Fe in addition to economic
reserves of other metals such as rare earth elements, which are critical for the expected growth of technology and renewable
energy resources. In this study, we pair the stable Fe and O isotope compositions of magnetite samples from several IOA
deposits to constrain the source reservoir of these elements in IOAs. Since magnetite constitutes up to 90 modal% of many
10As, identifying the source of Fe and O within the magnetite may elucidate high-temperature and/or lower-temperature pro-
cesses responsible for their formation. Here, we focus on the world-class Los Colorados IOA in the Chilean iron belt (CIB),
and present data for magnetite from other Fe oxide deposits in the CIB (El Laco, Mariela). We also report Fe and O isotopic
values for other IOA deposits, including Mineville, New York (USA) and the type locale, Kiruna (Sweden). The ranges of Fe
isotopic composition (8°°Fe, *°Fe/**Fe relative to IRMM-14) of magnetite from the Chilean deposits are: Los Colorados,
8%Fe (+26) = 0.08 & 0.03%0 to 0.24 £ 0.08%0; El Laco, 8°°Fe =0.20 + 0.03%0 to 0.53 + 0.03%0; Mariela, 8°°Fe =0.13
+0.03%0. The O isotopic composition (8'20, 80/'°0O relative to VSMOW) of the same Chilean magnetite samples are:
Los Colorados, 8'%0 (£20) = 1.92 4 0.08%0 to 3.17 £ 0.03%c; El Laco, §'%0 =4.00 £ 0.10%0 to 4.34 £ 0.10%c; Mariela,
3180 = (1.48 £ 0.04%0). The 5'%0 and 8°°Fe values for Kiruna magnetite yield an average of 1.76 + 0.25%0 and 0.16
=+ 0.07%o, respectively. The Fe and O isotope data from the Chilean IOAs fit unequivocally within the range of magnetite
formed by high-temperature magmatic or magmatic-hydrothermal processes (i.e., 5°°Fe 0.06-0.49%. and '%0 =1.0-
4.5%o), consistent with a high-temperature origin for Chilean IOA deposits. Additionally, minimum formation temperatures
calculated by using the measured A'®0 values of coexisting Los Colorados magnetite and actinolite separates (630 °C) as well
as Fe numbers of actinolite grains (610-820 °C) are consistent with this interpretation. We also present Fe isotope data from
magmatic magnetite of the Bushveld Complex, South Africa, where 5°°Fe ranges from 0.28 + 0.04%o to 0.86 & 0.07%o. Based
on these data and comparison to published Fe and O stable isotope values of igneous magnetite, we propose extending the
magmatic/high-temperature 8’°Fe range to 0.86%.. Considering that the Chilean IOAs and Kiruna deposit are representative
of IOA deposits worldwide, the Fe and O stable isotope data indicate that IOAs are formed by high-temperature (magmatic)
processes.
© 2016 Elsevier Ltd. All rights reserved.

* Corresponding author.
E-mail address: bilenker@umich.edu (L.D. Bilenker).

http://dx.doi.org/10.1016/j.gca.2016.01.009
0016-7037/© 2016 Elsevier Ltd. All rights reserved.


http://dx.doi.org/10.1016/j.gca.2016.01.009
mailto:bilenker@umich.edu
http://dx.doi.org/10.1016/j.gca.2016.01.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2016.01.009&domain=pdf

L.D. Bilenker et al./ Geochimica et Cosmochimica Acta 177 (2016) 94-104 95

1. INTRODUCTION

The 600 km-long Chilean iron belt (CIB) in Northern
Chile (25-31°S) hosts numerous Mesozoic Fe-rich ore
deposits, many of which are characterized as iron oxide—
apatite (IOA) or iron oxide—copper—gold (IOCG) deposits
(e.g., Nystrom and Henriquez, 1994; Oyarzin et al., 2003;
Groves et al., 2010). The origin and classification of these
types of deposits is widely debated, and working hypotheses
include: (1) meteoric fluids (e.g., basinal brines) and
hydrothermal replacement (e.g., Parak, 1975, 1984;
Barton and Johnson, 1996; Sillitoe and Burrows, 2002);
(2) magmatic-hydrothermal fluids (e.g., Lundberg and
Smellie, 1979; Pollard, 2006; Nystrom et al., 2008;
Richards and Mumin, 2013; Jonsson et al., 2013;
Knipping et al., 2015a,b); and (3) immiscible Fe-rich and
Si-rich melts (e.g., Kolker, 1982; Nystrom and Henriquez,
1994; Naslund et al., 2002). A genetic connection between
IOA and IOCG deposits has been proposed, wherein IOA
deposits may represent the basal portion of IOCG systems
(Naslund et al., 2002; Sillitoe, 2003). Iron oxide—apatite and
IOCG deposits occur globally and individually host mil-
lions to billions of tons of their namesake metals and in
some deposits economic reserves of uranium, rare earth ele-
ments (REEs), phosphorous, cobalt, silver, and/or titanium
(Hitzman et al., 1992; Sillitoe, 2003; Groves et al., 2010;
Richards and Mumin, 2013; Barton, 2014). Therefore,
elucidating the source(s) of metals and the process(es) by
which the deposits form is important for improving explo-
ration strategies.

In this contribution, we pair non-traditional stable iso-
tope data (*®Fe/>*Fe) with isotopic values from a stable iso-
tope system ('%0/'®O) that has been well calibrated for
deciphering the source of oxygen in rocks and minerals
(Taylor, 1967, Hedenquist and Lowenstern, 1994;
Bindeman, 2008) to fingerprint the source reservoir of Fe
and O in magnetite in the world-class Los Colorados IOA
deposit in Northern Chile. Los Colorados is one of the lar-
gest IOA deposits in the CIB and is representative of the
nearly 50 IOAs in the region as well as those that exist glob-
ally. We also report Fe and O isotope ratio data for mag-
netite from several other deposits in the CIB, as well as
the namesake Kiruna IOA deposit in Sweden. Magnetite
can comprise >90 modal% of these deposits, and the Fe
and O isotopic compositions of magnetite have been shown
to be more resistant to secondary alteration than O and H
isotopes in other mineral phases (Nystrom et al., 2008;
Jonsson et al., 2013; Weis, 2013). Further, we use O
isotope values of actinolite-magnetite pairs from unaltered
Los Colorados samples to calculate minimum formation
temperatures (cf. Bindeman, 2008), and use the Fe/Mg ratio
of the actinolite grains to provide further constraints on the
origin of actinolite.

2. GEOLOGICAL SETTING

The Cretaceous Los Colorados deposit has been charac-
terized as an IOA or Kiruna-type (“magnetite-apatite”) or
simply “iron” deposit (e.g., Mathur et al., 2002; Oyarzin
et al., 2003; Chen et al., 2013). It is the site of an active

Fe mine ~35km north of Vallenar, Chile within the
Atacama Fault System (AFS) (Fig. 1) and contains ~350
Mt of Fe in two sub-parallel, sub-vertical magnetite-rich
(up to >90 modal%) bodies that are hosted in the interme-
diate igneous rocks of the Punta del Cobre Formation (e.g.,
diorite, andesite; Pincheira et al., 1990). The ore bodies
measure approximately 1500 m long, ~150m wide,
~500 m deep, and are oriented along strike of the southern
portion of the AFS. The West and East ore bodies contain
~63% and ~55% total Fe, respectively, and are bounded on
the west by a fault and the east by an Fe-rich brecciated
zone (Fey = ~25%) that extends into dioritic wallrock
(Fig. 2). Microscopic observations of samples collected
from Los Colorados drill cores and mine pit indicate a lack
of sodic and potassic alteration (Knipping et al., 2015b),
which makes Los Colorados an ideal natural laboratory
to investigate the source of metals in IOA systems.

3. SAMPLE PROCUREMENT AND PREPARATION
3.1. Chilean iron belt samples

Los Colorados drill core samples were acquired in coop-
eration with the Compaiia Minera del Pacifico. In order to
study the origin of the iron oxide ore in this deposit, we
retrieved samples from two drill cores from the West Ore
Body (Fig. 2): (1) core LC-04, which penetrates the northern
edge of the West Ore Body and extends into wall rock
meta-andesite; (2) core LC-05, which was drilled through
the middle portion of the West Ore Body and extends into
a brecciated diorite at the base of the ore body. Massive
magnetite samples span the entire ~150 m length of each
drill core in order to investigate any spatial heterogeneity
within the ore deposit. Additional samples were collected
from the operating pit area, including one from the East
Ore Body. This allowed us to roughly compare the compo-
sition of the two magnetite ore bodies. We also collected
samples of large (>1 cm) disseminated magnetite crystals
from the smaller Mariela IOA deposit of the Atacama
Region (Fig. 1), and obtained samples from the Plio-
Pleistocene El Laco “magnetite lavas”, which remains one
of the most enigmatic Chilean IOA deposits and whose gen-
esis remains controversial (e.g., Henriquez and Nystrom,
1998; Rhodes and Oreskes, 1999; Sillitoe and Burrows,
2002; Nystrom et al., 2008; Naranjo et al., 2010; Dare
et al., 2014). The El Laco samples were collected from a drill
core in the Pasos Blancos area, about 1 km south of Pico
Laco (Naranjo et al., 2010), and are also massive magnetite.

3.2. Samples from other localities

We also analyzed massive magnetite samples from other
well-studied IOA deposits (Table 1). These locations
include the Kiruna IOA deposit in northern Sweden and
the Mineville IOA deposit in New York, USA (Fig. 1).
The Mineville magnetite represented a deposit formed from
secondary hydrothermal activity; thus, the Mineville IOA
is extensively altered. Disseminated magnetite from
the magmatic-hydrothermal Granisle porphyry Cu
deposit in British Columbia, CA (Wilson et al., 1980;
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Fig. 1. Map in left panel shows the locations of the three IOA districts focused on by this study. Right panel zooms into the Chilean iron belt
(gray hatched area) and the iron oxide-apatite deposits analyzed here. The El Laco deposit is located northeast of the belt at 23°48S.

" Los Colorados Mine Pit |
Ataca N.

Fig. 2. Map view of the West and East Ore Bodies (red areas)
within the pit of the Los Colorados Iron Mine. Circles indicate
surface locations of the two drill cores (LC-04 and LC-05) analyzed
in this study. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this
article.)

Quan et al., 1987), the Kuna Crest granodiorite of the
Tuolumne Intrusive Series (TIS), USA (e.g., Paterson
et al., 2008), and the Bushveld Igneous Complex (e.g.,
VanTongeren et al., 2010) were used as controls of
magnetite of a known magmatic origin.

4. ANALYTICAL METHODS
4.1. Sample selection and preparation for analysis

Whole rock samples from the magnetite ore bodies were
hand-crushed by using an agate mortar and pestle that was
rinsed in ethanol between samples to avoid contamination.
Magnetite was separated from the crushed whole rock by
using a hand magnet wrapped in a Kimwipe. Grains were
then inspected under a microscope at ~40x magnification
to ensure that no other mineral phases were present. Thin
sections from corresponding samples were also inspected.
For all isotopic measurements, only minerals without visi-
ble impurities were used. The magnetite was crushed after
inspection to a powder with the agate pestle prior to laser
fluorination for O isotope analysis and dissolution for Fe
isotope analysis. Actinolite was handpicked under a binoc-
ular microscope before O isotope analysis to avoid grains
with impurities.

4.2. Oxygen isotopes

Oxygen isotope analyses were performed on mineral
separates at the University of Oregon by using a laser fluo-
rination line attached to MAT 253 gas isotope ratio mass
spectrometer (IRMS) in dual inlet mode, and using BrFs
as reagent. About 2 mg of magnetite and 1.5 mg of actino-
lite were used for each analysis. Notably, although
samples were carefully handpicked to avoid impurities,
the Los Colorados magnetite contains sub-microscopic
melt inclusions (Knipping et al., 2015a) that cause them
to behave unpredictably during interaction with the laser
in the presence of BrFs; crystals would move around and
out of their places in the sample holder. Therefore, later
analyses were performed on pressed more finely powdered
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Table 1

Iron and O isotope data for magnetite and actinolite mineral separates. NA indicates that samples were not analyzed for that isotope. Los
Colorados sample names refer to the drill core and depth within the core where the sample was taken (e.g., 05-3.30 indicates core LC-05,
3.30 m from the top of the drill hole). All magnetite samples are massive magnetite ore except TIS and GR-1, which are disseminated
magnetite. Note that depths in this Table differ from those presented in Fig. 2 where the depths correspond to true depth from Earth’s surface.

Location Sample Phase 3%Fe (%o) 20 3'%0 (%0) 20
Chilean iron belt
Los Colorados (LC)
Core LC-05 05-3.30 Magnetite 0.22 0.03 2.41 0.02
05-20.7 Magnetite 0.09 0.06 3.04 0.05
05-32 Magnetite 0.22 0.03 2.75 0.04
05-52.2 Magnetite 0.14 0.08 3.17 0.03
05-72.9 Magnetite 0.13 0.05 2.36 0.04
Actinolite 1 NA NA 6.18 0.12
Actinolite 2 NA NA 6.74 0.12
05-82.6 Magnetite 0.08 0.03 2.76° 0.10
05-90 Magnetite 0.21 0.07 2.99 0.10
05-106 Magnetite 0.12 0.03 2.78 0.03
05-126.15 Magnetite 0.10 0.06 2.48 0.03
05-129.3a Magnetite 0.22 0.05 NA NA
05-129.3b Magnetite 0.14 0.02 NA NA
Core LC-04 04-38.8 Magnetite 0.18 0.03 2.04 0.03
04-66.7 Magnetite 0.18 0.07 1.92° 0.08
04-129.3 Magnetite 0.22 0.03 2.62" 0.04
04-104.4 Magnetite 0.24 0.08 2.43 0.58
LC East Ore Body pitEl Magnetite 0.18 0.03 NA NA
El Laco LCO-39 Magnetite 0.39 0.09 4.00 0.10
LCO Magnetite 0.29 0.03 NA NA
LCO vein Magnetite 0.30 0.03 4.34 0.10
LCO-76 Magnetite 0.32 0.09 NA NA
LCO-78 Magnetite 0.53 0.03 NA NA
LCO-104 Magnetite 0.27 0.03 NA NA
LCO-111 Magnetite 0.20 0.03 NA NA
Mariela M-8 Magnetite 0.13 0.03 1.49 0.04
Other I10As
Mineville, NY Mineville Magnetite -0.92 0.03 —-0.79 0.03
Kiruna, Sweden KRA-9 Magnetite 0.16 0.03 1.76 0.25
Other igneous
Tuolumne Intrusive Series (Kuna Crest) TIS Magnetite 0.20 0.03 0.88" 0.12
Granisle Porphyry GR-1 Magnetite NA NA 2.70° 0.12

" Samples required a cold finger for O isotope analysis because they yielded between 7.8 and 15 pmol.

samples, exposing the entirety of the sample material to one
power level before increasing the laser power in increments
of one percent. A cold finger was used for any sample that
yielded only 7.8-15 umol total O, (Table 1). In-house Gore
Mountain garnet standard (4+6.52%0) was used as a
standard and was analyzed before sample measurements
began, in the middle of the sample queue, and once after
all samples. Oxygen isotope values are reported in Table |
relative to the international standard VSMOW, following
Eq. (1):

5lgosample(%o) = [(180/16O)measured/(ISO/IGO)VSMOW - 1}
%1000 (1)

The average measured standard values (380G MGarnet
+ 1o) obtained during two days of instrument use were
6.90 £ 0.12%0 and 6.834+0.10%0 and values of the
unknowns were adjusted to be on a SMOW scale.

4.3. Iron isotopes

Ton chromatography was performed on all samples to
isolate Fe from mineral samples for isotopic analysis. Mag-
netite samples (<1 mg) were first dissolved and dried down
in aqua regia, and then dissolved and dried down again in
8 N HCI, before being loaded into columns with AG1-X8
resin in 8 N HCI, following the procedure of Huang et al.
(2011). Only a small amount of magnetite was necessary
to have enough detectable Fe and a large amount was
avoided so as not to overload the column resin. All acids
(HCl, HNOs3) and water used during this process were
ultrapure. Samples were analyzed by using a Nu Plasma
HR multi-collector inductively coupled plasma mass spec-
trometer (MC-ICP-MS) in dry plasma mode with a Desol-
vating Nebuliser System at the University of Illinois,
Urbana-Champaign. All analyses were performed follow-
ing the double-spike method of Millet et al. (2012), in which
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a standard solution of >’Fe/*®Fe was added to each sample
to correct for instrumental mass bias and increase precision.
International standard IRMM-14 was measured between
every sample to monitor and correct for instrumental drift
throughout each session (Millet et al., 2012). Iron isotope
data are reported in Table 1 relative to IRMM-14, follow-
ing the relationship of Eq. (2):

556Fesample(%0) = [(SﬁFe/54Fe)measured/(56Fe/54Fe)IRMM—14 —1]
1000 2

Long-term reproducibility of U.S.G.S. rock powder
standard BCR-2 was 0.07 4 0.02%o (1SE, n = 14, 2 sessions
over 3 months) and the average standard deviation of
sample measurements (2¢) was 0.04%o.

4.4. Hydrogen isotopes and water content of Los Colorados
magnetite and actinolite

The stable H isotopic compositions and water contents
of magnetite and actinolite were determined by using a
thermal conversion elemental analyzer with a MAT253
gas source IRMS at the University of Oregon following
the analytical methods of Bindeman et al. (2012). Hydrogen
isotope data are reported in Section 5.5 relative to SMOW,
following the relationship of Eq. (3):

6D5‘dmple (%0) = [(ZH/IH)measured/(zH/lH)VSMOW - 1]
% 1000 3)

4.5. Major element analyses of actinolite grains

Major element concentrations of actinolite were mea-
sured with Wavelength Dispersive Spectroscopy (WDS) by
using a Cameca SX-100 electron probe microanalyzer
(EPMA) at the University of Michigan, Ann Arbor, follow-
ing the method of Lledo and Jenkins (2008). A 15 nA beam
was used with an accelerating voltage of 15 kV. We cali-
brated by using the following standards: ferrosillite (Fe),
geikielite (Mg, Ti), tanzanite (Al), orthoclase (Si, K), wollas-
tonite (Ca), rhodonite (Mn), and albite (Na). Sodium and
Mg Ko were measured by using the LTAP crystal, TAP
was used for Al and Si, PET was used for K and Ca, LPET
for Ti, and the LLIF crystal was used to measure Mn and
Fe. Counting times were 10 s on peak for all elements.

5. RESULTS
5.1. Mineralogy of the Los Colorados samples

The samples collected from Los Colorados are domi-
nantly (up to 90 modal%) magnetite with an average of
5-10 modal% (combined) actinolite and apatite, and sparse
(<5 modal%) quartz, clinopyroxene, orthopyroxene, titan-
ite, and calcite. Crystals of quartz and calcite are inter-
preted to be secondary as they fill veins or cracks in the
magnetite drill core samples. Actinolite occurs in some sam-
ples at up to 15 modal%, particularly in the pit sample col-
lected from the East Ore Body. The modal abundances
remain nearly constant throughout the length of cores

LC-04 and LC-05. A representative backscatter electron
image of actinolite within magnetite ore (sample 05-82.6)
is shown in Fig. 3. Macroscopically and microscopically,
actinolite and magnetite crystals have an intergrown tex-
ture, which suggests that they grew simultaneously.

5.2. Oxygen isotope compositions of magnetite separates

Stable O isotope values for magnetite separates are
reported as 8'%0 values in Table 1 and shown in Fig. 4.
The average value of 8'80 (4+20) of the Los Colorados
magnetite sampled from cores LC-04 and LC-05 is 2.32
+0.12%0 (n=7) and 2.76 £ 0.12%0 (n = 11), respectively
(n refers to the number of unique samples from different
depths of the core). Magnetite from the Mariela I0A
deposit yielded a 880 of 1.49 4 0.04%., and magnetite
from the Mineville IOA deposit yielded a §'30 value of
—0.79 4 0.03%.. The Kiruna sample has a 3'%0 value of
1.76 + 0.25%0 (n =2), and analyses of two El Laco mag-
netite samples yielded 5'®0 values of 4.00 + 0.10%0 (LCO-
39) and 4.34 + 0.10%0 (LCO vein) (Table 1). The 8'%0 val-
ues presented here are consistent with the very limited pub-
lished O isotope data for IOA and IOCG deposits (e.g.,
Rhodes and Oreskes, 1999; Nystrom et al., 2008; Jonsson
et al., 2013). Unequivocally magmatic-hydrothermal mag-
netite from the Granisle porphyry deposit and the igneous
Kuna Crest (TIS) granodiorite yielded 3'®0 values of
2.70 £ 0.12%¢ and 0.88 4 0.12%o, respectively.

5.3. Iron isotope composition of magnetite separates

Stable Fe isotope data for magnetite separates are
reported in Table 1 and Fig. 4. Los Colorados core
LC-04 magnetite 8°°Fe (+26) values range from 0.18
+0.03%0 to 0.26 +0.04%0 (3 °Feuyerage = 0.20%0; n=8)
and core LC-05 magnetite 8°°Fe values range from 0.08
4+ 0.08%0 to 0.22 4 0.05%0 (656Feaverage =0.15%0; n=29).
Magnetite from pit samples of the East Ore Body yielded
a 8°°Fe of 0.24 & 0.02%o. The data for samples from both

/

L C-05-82.6]

A

Fig. 3. Backscatter electron image of a representative actinolite
grain intergrown with magnetite from Los Colorados core LC-05,
depth 82.6 m. The phase both surrounding and within the actinolite
grain is magnetite.
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Fig. 4. All Los Colorados stable Fe and O isotope data plotted for
both core LC-05 and LC-04 within the West Ore Body. The drill
cores were not vertical. True depth from Earth’s surface was
calculated for each sample according to the dip and length of each

drill core (data provided by Compania Minera del Pacifico). Error
bars for all data are 20.

of the Los Colorados West Ore Body drill cores are strati-
graphically homogeneous within the ore sampled by the
drill core (Fig. 4).

The 8°°Fe composition of magnetite from the Mariela
IOA deposit is 0.13 +0.03%0 and 0.57 & 0.04%o, respec-
tively, and Mineville magnetite yielded a 8°°Fe value of
—0.92 4+ 0.03%0. Kiruna magnetite has a 5°Fe of 0.16
+0.07%0. Magnetite from El Laco ranges from
3Fe = 0.20 +0.03%0 to 0.53 +£0.03% (8 °Feqyerage =
0.33%c; n=7). Magnetite Fe isotope compositions have
also been measured in samples of the Upper and Upper
Main Zone of the Bushveld Complex, South Africa, previ-
ously characterized by VanTongeren et al. (2010),
VanTongeren and Mathez (2012), Bilenker et al. (2014).
The 8°°Fe values obtained from these samples range from
0.28 + 0.04%0 to 0.86 £ 0.07%o. The Kuna Crest granodior-
ite contained magnetite with an Fe isotope composition of
3°Fe = 0.20 £ 0.03.

5.4. Oxygen isotope composition and Fe number of actinolite

Actinolite from Los Colorados sample 05-72.9 yielded a
3180 value of 6.46 +0.56%0. The Fe number (Fe # =
[molar Fe)/[molar Fe+molar Mg]; cf. Lledo and
Jenkins, 2008) of actinolite was calculated for individual

actinolite grains sampled from core LC-05 (depth = 82.6 m;
sample name 05-82.6), one pit sample from the West Ore
Body (pitW3), and one pit sample from the East Ore Body
(pitEl). The average Fe # (+10) for all grains measured in
each of these samples is 0.44 +0.11 (n=28), 0.35+0.05
(n=16), and 0.52 +0.02 (n = 8), respectively. All analyti-
cal data for actinolite are reported in Table 2.

5.5. Hydrogen isotopes and water content of Los Colorados
magnetite and actinolite

Los Colorados actinolite contains 2.08 4 0.04 wt%
water, while magnetite grains contained 0.10 &+ 0.07 wt%
water. The large error on the magnetite water content is
due to the small amount of water present in the sample.
The stable H isotope composition of the actinolite was
8D = —59.3 4+ 1.7%0 while magnetite grains had 3D value
of —53.5 & 1.5%e.

6. DISCUSSION
6.1. Constraints on the source of Fe and O in IOA deposits

Traditionally, O and H stable isotope ratios have been
used to establish ““boxes”, or ranges, of the isotopic compo-
sition of rocks and minerals formed from specific processes,
such as precipitation from a meteoric fluid versus precipita-
tion from a magmatic—hydrothermal fluid exsolved directly
from a silicate melt (e.g., Hedenquist and Lowenstern,
1994). However, since Fe-rich ore deposits occasionally
lack abundant H-bearing phases, and may contain only
H-bearing minerals that are paragenetically post-
mineralization, developing source ranges for stable Fe-O
isotope pairs offers the opportunity to fingerprint directly
the source of Fe and O in IOAs.

The global range of O isotope values for igneous mag-
netite (i.e., magnetite crystallized directly from silicate melt)
was constrained by Taylor (1967, 1968) as §'%0 =1.0-
4.4%o. Bindeman and Valley (2002, 2003) present precise
laser fluorination analyses of coexisting quartz and mag-
netite from a variety of major silicic ignimbrites around
the world and the stable O isotope compositions of the
magnetite grains range from +1.5 to +4.5%o.

Similarly, for stable Fe isotopes, Heimann et al. (2008)
and Weis (2013) reported a global range for igneous mag-
netite of 3°°Fe = 0.06-0.49%0. In these studies, igneous
magnetite was sampled from plutonic and volcanic rocks
across silica contents, and the values represent those of
unaltered, primary igneous magnetite.

The method of using Fe and O isotope ratios for source
fingerprinting was first employed successfully on IOA sam-
ples by Weis (2013) who focused on the >1.85 Ga Grianges-
berg Mining District (GMD), Sweden. Iron isotope data
are useful because Fe is abundant in the deposit, exists
within the mineral of economic interest, and the Fe isotope
compositions of minerals appear to be less affected by sec-
ondary processes than other isotopic systems. Weis (2013)
demonstrated this by quantifying the Fe and O isotope val-
ues of magnetite grains within and around the GMD ore
deposit as well as samples from other Fe-rich deposits of
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Table 2

Fe and Mg concentrations and calculated Fe # of actinolite grains in the Los Colorados magnetite ore bodies. Grain compositions were
obtained by point or line traverse EPMA measurements; averages of the values of the latter were used for the grains with an asterisk.
Temperature (T) values were obtained by using the approach of Lledo and Jenkins (2008).

Location Grain 1D Mg (molar) Fe (molar) Fe # (grain average) Estimated T (°C) at 100; 200 MPa
pit west 1 3.36 1.98 0.37 745; 780
pit west 2 3.34 2.02 0.38 740; 765
pit west 3 3.33 2.13 0.39 730; 760
pit west 4 3.39 1.58 0.32 760; 790
pit west 5 3.41 1.66 0.33 755; 785
pit west 6 3.33 1.84 0.36 7505 780
pit west 7 3.26 2.40 0.42 705; 740
pit west 8 3.32 2.18 0.40 725; 755
pit west 9 3.44 1.66 0.32 760; 790
pit west 10 3.12 242 0.44 710; 740
pit west 11 3.25 1.65 0.34 750; 780
pit west 12 3.39 1.61 0.32 760; 790
pit west 13" 3.34 2.06 0.38 740; 765
pit west 14 3.32 2.15 0.39 730; 760
pit west 15 3.63 1.10 0.23 780; 810
pit west 16 3.61 1.17 0.25 785; 805
Average: 0.35 750; 780
pit east I 2.92 3.41 0.54 670; 690
pit east 2 2.94 3.33 0.53 680; 700
pit east 3 2.80 3.33 0.54 670; 690
pit east 4 2.89 3.24 0.53 680; 700
pit east 5 2.87 3.32 0.54 670; 690
pit east 6 2.96 3.42 0.54 670; 690
pit east 7 3.03 3.03 0.50 690; 715
pit east 8 3.08 2.86 0.48 695; 725
Average: 0.52 680; 700
core 5 82.6 1 3.25 2.09 0.38 740; 765
core 5 82.6 2 1.99 5.14 0.72 620; 640
core 5 82.6 3 3.32 1.95 0.37 745; 770
core 5 82.6 4 3.40 2.66 0.38 740; 765
core 5 82.6 5 3.34 1.60 0.40 725; 755
core 5 82.6 6 3.10 2.44 0.43 710; 740
core 5 82.6 7 3.18 2.66 0.46 700; 725
core 5 82.6 8 3.24 222 0.41 715; 740
Average: 0.44 710; 740
Los Colorados Average: 0.44 710; 740
20 0.28

“ Denotes average values of EPMA line traverse rather than a point measurement.

known igneous origin (e.g., basalt, basaltic andesite, dacite,
dolerite). The Fe isotope data showed less variation and
plotted within the known igneous range (cf. Heimann
et al., 2008), while the O isotope compositions of some of
the magnetite samples plot outside of the range interpreted
to represent igneous O isotope values (c.f. Taylor, 1967;
1968) (Fig. 5, white circles).

All published Fe-O isotope pairs (Weis, 2013; this
study) are plotted in Fig. 5 along with the accepted bounds
of the magmatic Fe-O isotope box. The Los Colorados and
other CIB samples (El Laco, Mariela) plot distinctively
within the range of magmatic values along with Kiruna
magnetite and one of our examples of an unequivocally
magmatic deposit, the Granisle porphyry. Fluid inclusion
analyses indicate temperatures of 400-700 °C for the potas-
sic alteration and ore formation at Granisle (Wilson et al.,
1980; Quan et al., 1987).

The consistency of these Fe—O pairs with the established
magmatic box suggests a high-temperature origin for these
IOA deposits. Since the few available Fe-O isotope pairs
are not limited to Chilean and Swedish IOA deposits, we
can begin to identify areas beyond the magmatic box where
samples formed due to other processes. However, addi-
tional data are needed to refine these other potential boxes.
For example, magnetite from the pervasively altered Mine-
ville IOA deposit has particularly low 5°°Fe and 5'30 com-
positions. By combining field relations, geochronology, and
geochemical compositions of host, mineralized, and later-
emplaced rocks, Valley et al. (2011) concluded that sec-
ondary fluids remobilized magmatic magnetite to form
new Fe-oxide deposits at Mineville. Since it has been shown
by theoretical calculations and experimental data that
Cl-bearing fluids preferentially incorporate **Fe relative to
magnetite (e.g., Heimann et al., 2008; Hill and Schauble,
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figure legend, the reader is referred to the web version of this article.)

2008; Bilenker et al., 2013; Bilenker, 2015), our Fe-O iso-
tope data agree with the hypothesis of Valley et al.
(2011). The other samples with lighter Fe-O isotope com-
positions than the magmatic box are from the Dannemora
Iron skarn deposit, Sweden (Weis, 2013; Fig. 5, white cir-
cles). This skarn was formed by contact metamorphism
when a magma body intruded carbonate wall rocks
(Lager, 2001). The Fe-O isotope data are close to but out-
side of the magmatic ranges, consistent with the interaction
of magmatic fluids and sedimentary rocks that formed from
isotopically lighter, lower-temperature fluids.

Our El Laco data are consistent with the previously pub-
lished values of 3'®0 reported by Rhodes and Oreskes
(1999), Nystrom et al. (2008). However, while the magnetite
data reported by Rhodes and Oreskes (1999) fit within the
range for igneous magnetite, they were interpreted by the
authors of that study to indicate precipitation of magnetite
from isotopically heavy non-magmatic fluids, hypothesized
to have been derived from interaction with an evaporitic
source. These conclusions were based upon the fact that
“hydrothermal” and ‘“magmatic” magnetite at El Laco
have similar O isotope values. Nystrom et al. (2008) used
their O isotope data to complement field observations and
fluid inclusion data and concluded that the El Laco
magnetite has a magmatic origin with minimal secondary
alteration from interaction with low-temperature, post-
formation fluids. Since we now also have constraints for
magmatic Fe isotopes, our Fe-O isotope pairs are
consistent with the latter hypothesis and seem to demand
a magmatic or magmatic-hydrothermal formation for El
Laco. Importantly, the Fe isotope data obtained from the
Bushveld provide another source of unequivocally mag-
matic magnetite, and plot within and above the 8°°Fe range

as determined by Heimann et al. (2008) and Weis (2013).
Therefore, we can use these new data to extend the 8°°Fe
range of the magmatic magnetite Fe-O box to 0.06—
0.86%0 (Fig. 6). Lastly, the certainly magmatic magnetite
of Kuna Crest had an O isotope composition slightly lower
than the established magmatic range (8'%0 =0.88
+0.12%o0), but its error brings the §'%0 value to overlap
with the established range.

It is also worthy to note that the Weis (2013) Kiruna
datum matches our new Kiruna sample in Fe isotope value,
but not in O isotope value. Since “Kiruna” encompasses a
suite of deposits in Sweden, it is possible that the discrep-
ancy in 8'%0 value reflects disturbance from fluid interac-
tions with this very old deposit. This is consistent with
what Weis (2013) demonstrated in determining that the
Fe isotope composition of magnetite would be less affected
by post-formation fluid-interaction. This is further evinced
in Fig. 5, where altered El Laco samples (green area) retain
similar Fe isotope signatures as the other El Laco samples
while shifting to lighter O isotope compositions as fluids
tend to preferentially incorporate lighter isotopes.
Additionally, the blue region outlines samples that were
formed by non-magmatic, low-temperature processes.
Neither the Fe nor O isotope values are consistent with
the range that establishes the “magmatic box.”

6.2. Hydrogen isotope constraints on magnetite and actinolite
source

Our stable H isotope data also corroborate a high-
temperature and non-meteoric source. The 8D values are
consistent with each other (—53.5%¢ magnetite versus
—59.4%0 actinolite), suggesting growth in the presence the
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Fig. 6. Iron isotope compositions of magnetite measured in this
study (triangles) and data reported by Weis (2013) (circles). The
open circles highlight data for unaltered igneous magnetite
(“Volcanic Reference Material” from New Zealand, the Canary
Islands, Iceland, Indonesia, Cyprus). The vertical gray bar for the
Bushveld represents the range of 8°°Fe values obtained from
magnetite separates. Solid horizontal lines indicate the upper and
lower 8°°Fe values reported by Heimann et al. (2008) for magnetite
from unaltered volcanic and plutonic rocks. The horizontal dashed
line is the upper 5°°Fe values when igneous magnetite from the
Bushveld intrusion is included.

same fluid or fluids of the same origin. In particular, these
values indicate a mantle source of H (Craig and Lupton,
1976). When paired with their respective O isotope values,
the data are consistent with a non-meteoric origin (c.f
Hedenquist and Lowenstern, 1994).

6.3. Constraints on the minimum formation temperature of
Los Colorados

6.3.1. Isotopic constraints

We calculated minimum formation temperatures by
using the difference in O isotope composition between mag-
netite and actinolite by using Eq. (4) (cf. Bindeman and
Valley, 2002):

3" O magnetite ~ 10001n o
(4)
The A" 0, ctinolite-magnetite Of the actinolite-magnetite pair
analyzed from sample 05-72.9 is 4.10%o (8'30,ctinolite
— SISOmagneme = 6.46%0 — 2.36%0). By using the measured

A0, ctinolite-magnetites the minimum formation temperature
can be calculated via Eq. (5):

1000Ina = 10°4/72 (5)

18 __ 518
A Oactinolite-magnetile =9 Oaclinolite -

where A is the experimentally-determined A factor for the
linear relationship between O isotope fractionation between
magnetite and amphibole and 10%/7? through 0 (4 = 3.36
here); T is temperature in Kelvin. If we use an A factor of

3.36 for clinopyroxene as a proxy for actinolite (Chiba
et al., 1989), then the calculated minimum temperature of
formation is ~630 °C, consistent with the closure tempera-
ture of magmatic magnetite for O isotopes (e.g., Farquhar
et al., 1993; Farquhar and Chacko, 1994; Huaiwei, 2014).

We also used published fractionation factors to calculate
the isotopic composition of the hypothetical parent
magma and magmatic water that may have formed Los
Colorados. We used data for an andesite, a composition
commonly associated with the formation of IOAs:
AISOmagnetite-andesite = —4.0%o, AISOmagnetite-water = —4.5%o
(Zhao and Zheng, 2003). Using Eq. (4) and the average
3180 of Los Colorados magnetite (2.60 =+ 0.74%0), the iso-
topic compositions of the parent magma and co-existing
magmatic water are calculated to be 6.60%0 and 7.10%o,
respectively. This is consistent with the O isotope composi-
tion of subduction zone magmas, such as those associated
with the formation of IOA deposits (Taylor, 1968;
Bindeman, 2008; Jonsson et al., 2013).

6.3.2. Geochemical constraints

The Fe # values calculated for actinolite from the Los
Colorados deposit are consistent with high-temperature
growth of actinolite (Table 2). We compared these Fe # val-
ues to the experimental data of Lledo and Jenkins (2008) to
obtain a reasonable estimation of the formation tempera-
ture of actinolite at a pressure range consistent with the
estimated depths of formation for Los Colorados
(100200 MPa). The average Fe # of 0.44 for all Los
Colorados actinolite samples yields calculated formation
temperatures that range from 710 to 740 °C at 100 and
200 MPa, respectively. Applying the highest (Fe # =0.72)
and lowest (Fe # =0.23) Fe # to the temperature ranges
corresponding with pressures of 100 and 200 MPa yields a
minimum temperature of 620 °C and a maximum tempera-
ture of 810 °C. These temperatures are consistent with the
closure temperatures calculated from actinolite-magnetite O
isotope values, as well as previous studies on similar deposits
(EI Laco, Nystrom et al., 2008; Grangesburg, Weis, 2013).

6.4. Implications for the formation of iron oxide-apatite
deposits

The Fe and O stable isotope compositions of magnetite,
combined with the O isotope composition and Fe # of syn-
genetic actinolite, and the H isotope compositions of acti-
nolite and magnetite reported here demonstrate that both
Fe and O in magnetite from the Chilean Fe oxide deposits
(Los Colorados, El Laco, Mariela) and the Kiruna IOA
deposit were sourced from a magmatic reservoir (Fig. 5).
We invoke high-temperature processes to form IOA depos-
its, however, these geochemical methods alone do not
reveal whether purely magmatic (e.g., crystallization from
a magma, liquid immiscibility) or magmatic-hydrothermal
processes are responsible. These data are consistent with
Weis (2013) and in agreement with the model proposed
by Knipping et al. (2015a) supporting a magmatic/mag
matic-hydrothermal origin for Los Colorados and other
IOA deposits. Additionally for Los Colorados, Knipping
et al. (2015b) also found high Ti, V, Al, Mn, and Ga



L.D. Bilenker et al./ Geochimica et Cosmochimica Acta 177 (2016) 94-104 103

concentrations in the massive magnetite that are inconsis-
tent with crystallization from surface basinal brines. In
addition, melt inclusions re-homogenized as part of this
study indicate trapping temperatures above 950 °C. Further
development of this method by using additional geochemi-
cal data to study a wide variety of global samples will allow
it to become a robust, independent geochemical tool.

7. CONCLUSIONS

We report stable Fe and O isotope ratios for magnetite
from several iron oxide-apatite (IOA) ore deposits, and
combine these data with Fe and O isotope ratios from
unequivocally magmatic and magmatic-hydrothermal
magnetite to elucidate the source reservoir for these ele-
ments in these deposits. The 8'30 and §°°Fe values for all
samples cluster in the ranges 1.0-4.4%0 and 0.06-0.86%o,
respectively. These Fe and O isotope data demonstrate that
Fe and O in magnetite in IOA deposits are sourced from a
magmatic reservoir. Pairing stable Fe and O isotope data
from magnetite is a promising new method for fingerprint-
ing the source of these elements in magnetite-bearing ore
deposits. Further, we combine Fe and O isotope ratio data
for magnetite and actinolite as well as the Fe # of actinolite
grains from the world-class Los Colorados IOA deposit,
Chile, to conclude that this deposit formed by high-
temperature processes. At present, Fe and O isotope pairs
do not allow us to discriminate whether magnetite crystal-
lized from a melt or precipitated from a high-temperature
magmatic-hydrothermal fluid, but future refinement of
the Fe-O isotope source boxes may eventually allow this
distinction.
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