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G E O L O G Y

The role of iron-rich hydrosaline liquids in the formation 
of Kiruna-type iron oxide–apatite deposits
Li-Ping Zeng1, Xin-Fu Zhao1*, Carl Spandler2, John A. Mavrogenes3, Terrence P. Mernagh3,  
Wang Liao1, Yi-Zhe Fan1, Yi Hu4, Bin Fu3, Jian-Wei Li1

Kiruna-type iron oxide–apatite (IOA) deposits, an important source of iron, show close associations with andesitic 
subvolcanic intrusions. However, the processes of ore formation and the mechanism controlling iron concentra-
tion remain uncertain. Here, we report the widespread presence of high-temperature (>800°C) water-poor multi-
solid hydrosaline liquid inclusions in pre- and syn-ore minerals from IOA deposits of eastern China. These inclusions 
consistently homogenize to a liquid phase by vapor disappearance and mostly contain 3 to 10 wt % Fe, signifying 
a substantial capacity for iron transportation by such hydrosaline liquids. We propose that the hydrosaline liquids 
were likely immiscible from the dioritic magmas with high Cl/H2O in subvolcanic settings. Subsequent reaction 
with host rocks and/or decompression and cooling of the hydrosaline liquids is deemed responsible for the simul-
taneous formation of high-temperature alteration and magnetite ores, thereby providing important insights into 
the distinctive characteristics of IOA deposits in shallow magmatic-hydrothermal systems.

INTRODUCTION
Kiruna-type iron oxide–apatite (IOA) deposits, an important global 
resource of iron and potentially rare earth elements (REEs) and phos-
phorus, consist of massive, disseminated, brecciated, and/or vein-type 
magnetite + apatite + diopside and/or actinolite ores (1–6). It has 
long been recognized that IOA deposits are spatially and temporally 
associated with subvolcanic intrusions and/or volcanic rocks and 
formed under high-temperature (up to ~900°C) and low-pressure (as 
low as 10 MPa) conditions (1–10). An enigmatic aspect of this de-
posit type is the extensive high-temperature sodic alteration halos 
around the orebodies, which may also contain lava-like ore structures 
and high-Ti (>1 wt %) magnetite with ilmenite lamellae, features 
typically considered to be of igneous origin (11–17). A range of ge-
netic models have been proposed, including iron oxide or sulfate 
(±carbonate) melts formed via magma immiscibility, flotation of ig-
neous magnetite micro-aggregates, and replacement by magmatic 
hydrothermal fluids (1–4, 8–14, 18–22). Recent research has focused 
on high-temperature melt/fluid inclusions as these provide critical 
clues for understanding the nature and origin of the initial ore-
forming fluids/liquids or iron-rich melts (8, 9, 21–25).

Volatile phases exsolved from magmas are an important agent for 
transport and accumulation of metals in intrusion-related ore sys-
tems. In shallow subvolcanic settings, experimental data and obser-
vations of natural samples support the premise that high-salinity 
liquids (hereafter referred to as hydrosaline liquids) can form through 
immiscibility from high Cl/H2O silicate melts or by vapor-liquid 
(brine) unmixing of magmatic fluids (26–29). Hydrosaline liquid 
is used to describe magmatic highly saline liquids with ≥42 wt % 
NaClequiv. and shows physicochemical properties distinct from those of 
H2O-dominant aqueous fluids (28, 30, 31). Evidence for hydrosaline 
liquids is typically preserved as multiphase inclusions in various 

deposit types formed in shallow magmatic-hydrothermal environ-
ments, including porphyry gold, porphyry copper ± gold, skarn, 
granite-related tin-tungsten, and IOA deposits, and occasionally 
within quartz and miarolitic cavities of igneous rocks (23, 30, 32–36). 
These inclusions often contain multiple daughter mineral phases 
(e.g., halite + sylvite ± sulfates ± carbonates ± fluorite ± sulfides ± 
oxides) and a minor liquid phase. Heating experiments reveal they 
reach total homogenization (i.e., complete solid dissolution and/or 
fluid miscibility into a single liquid phase) mostly >600°C (33–36), 
which are interpreted to record the temperatures of fluid/liquid en-
trapment. Beyond this, the origin of hydrosaline liquids and their 
roles in ore formation remain poorly understood.

The Ningwu and Luzong volcanic fields of the Middle and Lower 
Yangtze River Metallogenic Belt, eastern China, host >40 known IOA 
deposits with a total resource of >3200 million tons (Mt) of Fe-oxides 
(1, 3, 4, 37, 38). Most of these deposits formed at ~130 million years 
ago and show close spatial and temporal associations with alkali rich 
(Na2O + K2O = 5 to 9 wt %) dioritic porphyry intrusions emplaced at 
depths ≤2 km (1, 3, 4, 37–39). In this contribution, we document 
high-temperature hydrosaline liquid inclusions (HLIs) widely ob-
served within pre- and syn-ore alteration minerals (metasomatic zir-
con, diopside, garnet, and magnetite) in these IOA deposits. High 
contents of iron have been measured in the primary HLIs using laser 
ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS), highlighting the substantial capacities of these liquids for trans-
porting iron. This study provides important insights into the nature 
and origin of initial ore-forming liquids and allows us to propose a 
genetic model for the formation of Kiruna-type IOA deposits.

RESULTS
Geological setting
This work focuses on analyzing fluid inclusions from the most repre-
sentative IOA deposits in the Ningwu and Luzong volcanic fields, 
including the Taocun, Meishan, and Luohe deposits. In general, the 
orebodies of these IOA deposits are mainly hosted along contacts 
between the dioritic porphyry intrusions and the overlying Creta-
ceous volcanic rocks or within the volcanic rocks (figs. S1 and S3) (1, 
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3, 4). The IOA orebodies commonly exhibit stratiform or lens-shaped 
geometries and occasionally show domelike shapes within brec-
cia bodies.

In general, these deposits were affected by three stages of alteration 
and mineralization, as follows: pre-ore Na stage (I), syn-ore (Na)-Fe-Ca 
stage (II), and post-ore Ca-Mg stage (III) (figs. S1 and S2) (1, 3, 4, 39). 
Stage I Na alteration is extensive and mostly developed within the up-
permost parts of the ore-hosting intrusions and the surrounding volca-
nic rocks. It is characterized by variable proportions of albite and 
scapolite locally with minor tourmaline, forming albitite zones envelop-
ing the magnetite orebodies. Stage II (Na)-Ca-Fe alteration overprints 
the sodic alteration zones and contains high-Ti magnetite with ilmenite 
lamellae coexisting with variable proportions of fluorapatite, diopside, 
garnet, and actinolite. Stage III mineral assemblages are marked by in-
tense chlorite-epidote-pyrite-hematite-quartz-(chalcopyrite) alteration. 

The observed alteration sequences are consistent with IOA deposits 
worldwide (5–7, 14).

A total of 10 samples were selected for HLIs measurements, com-
prising four samples of albitized host rocks representing the stage I Na 
alteration and six samples from stage II (Na)-Ca-Fe alteration. De-
tailed descriptions of the geology of each deposit and samples are 
available in the Supplementary Materials.

Petrography, microthermometry, and LA-ICP-MS 
analysis of HLIs
Both stages I and II alteration minerals (diopside, garnet, and metaso-
matic zircon) commonly contain HLIs, mainly consisting of 70 to 
90 vol % multiphase solids and a vapor bubble of 10 to 30 vol % (Figs. 1 
and 2). Most of these HLIs range in size from 5 to 65 μm. They occur 
either as clusters along mineral growth zones or as isolated individual 
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Fig. 1. Images and analyses of the HLIs in pre- to syn-ore minerals. (A) Coeval albite (Ab) and HLIs entrapped within type II zircon (Zr) domain. The inset showing the 
same Zr grain under cathodoluminescence (CL) image. (B) Garnet (Grt) with a boiling assemblage of hydrosaline liquid and vapor (V) inclusions. The HLI (in the upper 
right) that contains an anhydrite crystal (marked by dotted red circle), which corresponds to the Raman spectra, is shown in fig. S8A. (C) An assemblage of HLIs hosted 
within growth zones of diopside, indicating a primary origin. (D to G) Backscattered electron images and element maps of exposed inclusions within diopside (Di) and 
primary magnetite (Mag) with ilmenite (Ilm) lamella. The HLIs contain daughter minerals of halite, sylvite, Fe-chlorides, anhydrite, and fluorite.
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Fig. 2. Behavior of an HLI hosted within diopside upon heating. Solid crystal dissolved sequentially at 639°C, followed by 657°, 666°, and 720°C (for anhydrite). Total homogeni-
zation to the liquid phase by vapor disappearance occurred at 821°C. After cooling to room temperature, all the daughter minerals recrystallized, and the bubble reappeared.
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inclusions (Fig. 1 and figs. S3 and S5), attesting to their primary origin 
(26, 40). Pseudo-secondary inclusions are also locally present along 
the healed fractures and show similar phase proportions to those in 
the primary inclusions. Although no aqueous liquid is observed at 
room temperature, interstitial H2O phases were detected by Raman 
spectroscopy (fig. S8B). Most vapor phases within the inclusions have 
no Raman-active vibrations (fig. S8A), while a few have Raman peaks 
consistent with CO2 and SO2 (23). The inclusions commonly contain 
abundant transparent daughter minerals, including halite + sylvite 
(~20 to 60 vol %), anhydrite (<~40 vol %), Fe-chlorides, and possibly 
minor barite as well as fluorite, as identified by Raman spectroscopy 
and scanning electron microscope–energy-dispersive x-ray spectros-
copy (SEM-EDS) on exposed inclusions (Figs. 1 and 2). In addition, 
they occasionally contain opaque minerals, including reddish hema-
tite (fig.  S3C) and/or pyrite. Locally, these HLIs coexist with low-
density vapor inclusions (Fig.  1B and fig.  S3I), which may contain 
minor H2O, CO2, and SO2 phases (23). The HLIs are also identified 
within primary magnetite grains characterized by ilmenite lamellae 
(Fig.  1F). The HLIs vary size ranging from 5 to 40 μm, occur as 
clusters or along pseudosecondary trails, and also contain multi-
daughter phases (halite, sylvite, anhydrite, and Mg-chloride), as re-
vealed by SEM-EDS.

Microthermometric measurements were conducted on the HLI 
assemblages hosted within diopside and garnet (table  S2). Inclu-
sions with postentrapment modification features, such as necking 
or decrepitation, were excluded from subsequent analysis and dis-
cussion. The inclusions within metasomatic zircons contain daugh-
ter minerals and phase proportions similar to those hosted within 
diopside and garnet, likely indicating a comparable origin and ho-
mogenization behavior. Total homogenization of the HLIs is de-
fined by vapor disappearance to the liquid phase, as illustrated by a 
typical heating sequence of an HLI in Fig. 2. The first transparent 
daughter mineral dissolves above 400°C, commonly ranging from 
480° to 650°C. Halite (NaCl) and the last solid phase mineral (com-
monly anhydrite) disappear at 610° to 733°C and 699° to 762°C, 
respectively. The homogenization temperatures of 28 measured 
HLI assemblages range from 787° to 928°C with an average value of 
865 ± 29 (1σ) °C (fig. S9), while the maximum variation of total 
homogenization temperatures within an HLI assemblage is less 
than 50°C. The corresponding salinities of these HLIs range from 
76 to 92 wt % NaClequiv. calculated from halite final melting tem-
peratures (610° to 733°C) using the equation of the H2O-NaCl sys-
tem (41). However, considering that many HLIs contain variable 
anhydrite and an only minor amount of interstitial water, the sa-
linities of many inclusions likely exceed 92 wt % salt and may ap-
proach 100 wt % salt.

In situ analysis of the HLIs hosted within metasomatic zircon was 
performed using LA-ICP-MS, as compositions of the HLIs hosted 
within diopside and garnet were compromised by the high contents 
of Fe and Ca in the host minerals (23). Assuming a total salinity of 
100 wt % salt (see Materials and Methods), the inclusions have ele-
vated concentrations of Na (12 to 22 wt %), K (5 to 13 wt %), Cl (20 
to 42 wt %), Fe (0.8 to 10 wt % with an average value of 5 wt %), Ca 
(2 to 15 wt %), and S (7 to 18 wt %) (Fig. 3 and table S3). They also 
contain considerable amounts of Ti, Mg, Zn, Rb, Sr, Cs, and Pb, 
which can range from tens of parts per million (ppm) to several wt %. 
Although phosphorus is poorly detected by LA-ICP-MS, the tran-
sient signals of some spot analyses show an obvious bulge in the P 
counts during the ablation of the HLIs (Fig. 3), indicating that the 

hydrosaline liquids can transport some P, which is also consistent 
with previous studies (23).

DISCUSSION
Linking metasomatic zircon to ore mineralization of 
IOA deposits
Metasomatic zircons, showing complex rim-core textures as revealed 
by cathodoluminescence (CL) images (Fig. 1A and fig. S5), were iden-
tified and separated from the albitized intrusive and andesitic rocks in 
these IOA deposits. These zircon grains contain two types of domains. 
Type I domains, if present, commonly occur as cores with interme-
diate CL intensities displaying oscillatory zoning, which is typical of 
igneous zircon (fig. S5, A, C, and D). Type II domains of zircon have 
bright CL intensities and occur along grain boundaries and micro-
fractures of type I domains. Type II domains commonly contain 
abundant albite mineral inclusions in addition to the HLIs (Fig. 1A 
and fig. S5). The sharp contact and different elemental compositions 
between the domains of type I and type II zircon indicate that the type 
II domains were formed from type I zircon via metasomatic process 
(i.e., metasomatic zircon) (42–44).

In situ analyses reveal that the type II metasomatic zircon domains 
have notably lower contents of P, Y, total REEs, U, Th, and Ti, compared 
to Type I igneous domains (fig. S6 and data S1), implying the leaching 
of trace elements during metasomatism (42). The enclosed HLIs and 
albite mineral inclusions within domains of metasomatic zircon are the 
entrapped metasomatic liquids and the reaction products, and both are 
indicative of sodic alteration (Fig. 1A and fig. S5) (42, 44). In combina-
tion, the presence of abundant hydrosaline liquid and albite inclusions 
within metasomatic zircons indicates that the metasomatic liquids 
were highly saline and relatively alkaline, as revealed by experimental 
results of zircon metasomatism (43, 44). Therefore, the formation of 
metasomatic zircons is coeval with albitization, and the corresponding 
HLIs hence represent the liquids responsible for albitization, as the ear-
liest ore-forming liquids of the IOA deposits.
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Nature and origin of hydrosaline liquid
The HLIs in this study consistently homogenize to a liquid phase, in-
dicating that all the mineral phases crystallized from the trapped liq-
uid. LA-ICP-MS spot analyses reveal Na-K-Fe-Ca-Cl-SO4 to be the 
major components, together with considerable Ti contents. The hy-
drosaline liquids contain high iron contents, up to 10 wt %, indicating 
that such liquids can transport substantial amounts of iron. Iron chlo-
rides were revealed by SEM-EDS as daughter minerals within the 
HLIs and a broad positive correlation between Fe and Cl peaks is ob-
served in time-resolved LA-ICP-MS signals (Figs. 1, E and G, and 3), 
implying that Fe-chlorides are the main iron species in the HLIs. Such 
observations are consistent with previously high-temperature experi-
mental studies of saline fluids (45).

Although the effect of multiple components (Na-K-Fe-Ca-Cl-
SO4) on the pressure-temperature-volume systematics of liquids has 
not been experimentally evaluated, we interpret the measured ho-
mogenization temperatures (787° to 928°C with an average of 865°C) 
to broadly represent the entrapment temperatures of the hydrosaline 
liquids. Several lines of evidence support this interpretation: (i) In-
clusions within different host minerals show consistent homogeniza-
tion behaviors and total homogenization temperatures (table  S2), 
suggesting that the effect of nonreversible fluid-host interactions and 
volatile loss during cooling was negligible (23); (ii) the homogeni-
zation temperatures align with temperatures estimated based on 
ilmenite-magnetite geothermometry, magnetite-Mg geothermome-
try, and two-mineral oxygen isotope geothermometry in the studied 
deposit (17, 46); and (iii) the temperatures are consistent with ore 
formation temperatures recently reported for other IOA deposits 
worldwide (8–10, 19, 21, 27, 32). On the basis of the H2O-NaCl phase 
diagram, the hydrosaline liquids are stable at temperatures and pres-
sures of subvolcanic settings (Fig.  4), which can be inferred to be 
similar in the more complicated H2O-NaCl-KCl-FeClx-CaSO4 sys-
tem (27, 30, 33–36).

The HLIs are characterized by high K/Na, Ca/Na, Cs/Na, Rb/Na, 
Zn/Na, and K/Na but low Ca/K mass ratios, which are similar to those 
obtained by previous analyses of saline fluid inclusions in intrusion-
related porphyry and skarn systems (fig. S10) (47, 48). To further de-
termine the source of hydrosaline liquids, in situ oxygen isotopes were 
measured on the metasomatic zircon domains using SIMS, yielding 
δ18O values of +5.0 to +7.7 per mil (‰; fig. S7 and table S1). The 
calculated δ18O values of the hydrosaline liquids coexisting with 
metasomatic zircons at 865°C range from +6.6 to +9.3‰, which are 
typical of magmatic fluids (+5.5 to +9.2‰) (49, 50). These findings, 
together with the published boron isotopes of tourmaline associated 
with stage I albitization and O-Sr isotopes of magnetite and apatite 
from ore samples (39, 46, 51), all support a magmatic origin for the 
hydrosaline liquids, although a role of the assimilation/dissolution of 
evaporites is not ruled out (19–23).

In magmatic-hydrothermal systems, the compositions of volatile 
phases in equilibrium with silicate melts are mainly controlled by the 
ratios of Cl relative to H2O in the melts and the pressure-temperature 
conditions (28, 52). Experimental studies have shown that hydrosa-
line liquids can directly exsolve from the dioritic magmas with elevat-
ed Cl/H2O ratios (>0.35) (28). Furthermore, high S concentrations in 
relatively oxidized melts can reduce the solubility of Cl in the melt, 
thereby decreasing Cl/H2O ratio required for direct exsolution of hy-
drosaline liquids from the respective melt, which thus promote the 
exsolution of SO2–

4-bearing hydrosaline liquids (53). In subvolcanic-
volcanic settings, the exsolved hydrosaline liquids, if water phases are 

present, are likely to undergo further unmixing until producing vapor 
and coexisted water-poor hydrosaline liquids as recorded by inclu-
sions within the earliest alteration minerals. Alternatively, immiscibil-
ity of vapor and high-salinity liquids from a single-phase low-salinity 
fluid (i.e., fluid boiling) has been commonly advocated in porphyry 
Cu-Au systems at shallow environments (27, 33, 34, 52). In this study, 
vapor inclusions rarely coexist with HLIs and are volumetrically mi-
nor compared to the liquid phase, which is inconsistent with the sce-
nario of a predominant role of vapor-liquid immiscibility. Chlorine 
and H2O concentrations in magmas associated with IOA deposits 
have been rarely addressed. However, Watts and Mercer (24) reported 
relatively high Cl (up to 9000 ppm) and low H2O (<3.2 wt %) contents 
in trachydacitic to rhyolitic melt inclusions in the Pea Ridge deposit, 
implying that decompression of such magmas may increase Cl/H2O 
ratios to allow direct exsolution of hydrosaline liquids. In addition, 
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NaCl solid inclusions in dacite glass hosted within plagioclase pheno-
crysts was reported in the El Laco deposit (25), supporting an immis-
cible origin of salt from silicate magma. We hence speculate that 
direct exsolution of hydrosaline liquids from high Cl/H2O dioritic 
magmas (28) is likely dominant in the studied IOA deposits. Such 
high-Cl/H2O magmas may be derived from a mantle source metaso-
matically enriched in NaCl by slab fluids during subduction (24, 54) or 
formed through assimilation of evaporite-bearing rocks during magma 
emplacement (12, 19–23). However, we note that the proportion of 
the vapor phases in the studied system may be underestimated, as the 
conjugated vapor may not be effectively trapped in the host minerals, 
due to the wetting property of vapor and/or the buoyancy of vapor 
causing rapid ascent compared to the hydrosaline liquids (27, 29).

An integrated genetic model for IOA deposits and 
some implications
The close spatial association between orebodies and alteration zones, 
coupled with the ubiquitous presence of Fe-rich (up to 10 wt %) HLIs 
in pre- and syn-ore minerals (Fig. 1 and figs. S1 to S3), suggests that 
such liquids played a key role in efficient iron transport and accumu-
lation in the studied IOA deposits. In such shallow subvolcanic set-
tings, hydrosaline liquids may repeatedly form via direct exsolution 
from the source dioritic magmas with high Cl/H2O ratios (Fig. 5). 
The hydrosaline liquids may have accumulated as transient pools at 
the apical zones of intrusions or other favorable sites (such as frac-
tures and contact zones between the intrusive porphyry and country 
rocks), due to the contrasting physical properties (e.g., density and 
porosity) of the hydrosaline liquids with the surrounding rocks (55). 
Experimental studies have demonstrated that albite and scapolite can 
be formed by the replacement of feldspar by NaCl ± CaCl2 ± KCl 
molten salts or by Na-rich chloride fluids at >550°C (42, 56–59). The 
hydrosaline liquids can penetrate and interact with country rocks re-
sulting in the loss of substantial Cl, which then leads to the formation 
of Fe orebodies and the associated sodic-calcic alteration zones, as 
observed in the disseminated to the massive ores of this study. Mag-
netite precipitation from such liquids may also occur as open space 
filling (e.g., faults and breccias) due to decompression and cooling 
(6), leading to the development of magnetite-rich veins and breccia 
bodies and even massive ores in sharp contact with the country 
rocks. Cases where these liquids vent to the surface may also lead to 
rapid magnetite precipitation, as has been suggested for the El Laco 
deposit of Chile (16).

The proposed model for IOA genesis shows some similarities to 
previous metasomatic models that invoke Fe transport and precipita-
tion via saline hydrothermal fluids (1–4, 7, 12–14), except that the ca-
pacity of water-poor hydrosaline liquids to transport and concentrate 
Fe (and other so-called “fluid immobile” elements such as P and Ti) is 
substantially enhanced. Considering the high contents of Fe (average 
of 5 wt %) measured in the studied HLIs, and assuming 90% Fe pre-
cipitation efficiency, a volume of 3.8 km3 (assuming ρ = 2.1 g/cm3 by 
calculation based on simplified HLIs with 90 vol % daughter minerals 
composed of 95 wt % NaCl and 5 wt % FeCl2 and 10 vol % vapor phase 
with a density of 0.001 g/cm3) of hydrosaline liquid is sufficient to form 
large iron ore deposits, such as the Luohe (1 Gt ores at 35 wt % Fe) 
deposit. To exsolve this volume of hydrosaline liquid would require on 
the order of 270 km3 volume of dioritic magma (assuming 9000 ppm 
Cl, 3.4 wt % H2O, 2.64 g/cm3 density, and 85% Cl exsolution efficiency) 
(24), which is at the moderate end of the size of plutons emplaced into 
the crust (60), and is consistent with regional geological relationships 

(1, 3, 4, 37, 38). Besides, the HLIs also contain considerable Ti, P, 
and F (Figs. 1E and 3), which is also consistent with abundant Ti-
rich magnetite and fluorapatite in IOA systems (13–17). Experi-
mental results and previous studies have revealed that hydrosaline 
liquids could also transport REEs (23, 31), which are commonly 
enriched in IOA ores. Hence, high-temperature hydrosaline liq-
uids are not only plausible agents to transport and accumulate 
iron and other components from the dioritic magmas but can 
also explain the formation of high-temperature Ti-rich magne-
tite and the associated alteration phases observed in IOA depos-
its (14–17).

Similar HLIs have been also reported within pre- to syn-ore stage 
alteration minerals and magnetite in other IOA deposits, including 
the El Laco, Los Colorados, Pea Ridge, Kiirunavaara, Buena Vista, and 
Iron Springs deposits (9, 13, 19, 21–23, 32, 61), but no consensus on 
their origins and roles in IOA systems has been reached yet. A compi-
lation of the formation temperatures (estimated from oxygen isotopes 
of mineral pairs and mineral thermometers) and depths (based on 
stratigraphic reconstructions) of the prominent IOA deposits globally 
reveals that most IOA deposits form at shallow levels (≤3 km) and at 
very high temperatures (>600°C) and all within the stability field of 
hydrosaline liquids with >70 wt % NaClequiv. in the H2O-NaCl system 
(Fig. 4 and table S4) (27, 29). Furthermore, almost all IOA deposits 
show temporal, spatial, and genetic associations with subvolcanic in-
trusions and/or volcanic rocks (1–8, 11, 62), indicating that such a 
setting is favorable for the formation of high-temperature magmatic 
hydrosaline liquids. The wide presence of sodic alteration in IOA de-
posits globally also provides unambiguous evidence for the initial ore-
forming liquids being highly saline (table  S4) (12). The lines of 
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Fig. 5. A schematic diagram illustrating the formation of IOA deposits by high-
temperature water-poor and Fe-rich hydrosaline liquids. Hydrosaline liquids, 
likely formed through directly exsolution from the high-Cl/H2O dioritic magmas in 
subvolcanic settings, accumulate in transient pools at the apical zones of the por-
phyry. Subsequent reaction of these liquids with the surrounding rocks and de-
compression and cooling forms magnetite orebodies and the associated Na and 
Ca-Fe alteration.
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evidence above suggest that magmatic hydrosaline liquids are com-
mon and play an important role in IOA deposits worldwide.

The proposed model of Fe-rich hydrosaline liquids could have im-
plications for other mineralization systems associated with shallow 
intrusions (30, 35), such as iron skarn and iron oxide-copper-gold de-
posits, where extensive alkaline alteration and the presence of HLIs 
have been documented. Many of these deposits (e.g., Olympic Dam, 
South Australia) represent colossal concentrations of metals that are 
difficult to reconcile via the actions of hydrothermal fluids alone (63). 
By contrast, the involvement of voluminous hydrosaline liquids, with 
their superior metal transporting capacity, may provide a viable mech-
anism to reconcile this quantum of localized metal concentration in 
the crust. Future investigations to elucidate the physical and chemical 
details of hydrosaline liquids in a range of settings will likely prove 
fruitful for developing a comprehensive understanding of ore-forming 
processes in a range of magmatic-hydrothermal ore systems.

MATERIALS AND METHODS
Descriptions of the studied samples (materials) are available in the 
Supplementary Materials.

SEM-EDS and SEM-CL
Spot analyses and elemental mapping of EDS were conducted to 
identify the compositions of solid phases in the exposed HLIs. The 
inclusions hosted within transparent minerals were exposed via la-
ser ablation with large spot sizes (100 to 150 μm) and relatively low 
repletion rates of 1 to 2 Hz, while those within the magnetite sam-
ples were polished using alcohol on the sandpaper with a grit of 
2000 to 9000. To avoid loss of water-soluble components or hydra-
tion of phases, the exposed samples were stored in a desiccator and 
were carried out EDS analyses with gold coating within 2 hours. 
The SEM-EDS analyses were performed using a Zeiss Sigma 300 
field-emission SEM (FE-SEM) equipped with Oxford Instruments 
X-MaxN EDS system at the Advanced Analytical Centre (AAC), 
James Cook University (JCU), Australia. The accelerating voltage 
was set to 20 kV, the working distance was about 7.5 to 8.5 mm, and 
the spatial resolution was better than 4 nm. In addition, SEM-CL 
images were also acquired at AAC, JCU using a FE-SEM equipped 
with panchromatic CL detectors.

Raman spectroscopy
Raman analyses of daughter minerals in individual HLIs were con-
ducted by a WITec Alpha Access 300 instrument coupled with a 
modified Zeiss microscope with a 100× objective at the AAC, 
JCU. The Ar + laser wavelength was 532 nm, the diameter of the laser 
beam was <1 μm, the acquisition time was 30 to 60 s for each analysis 
with two accumulations, and the spectrometer resolution was 1 cm−1. 
Data were processed via the WITec Project Data Analysis Soft-
ware 4.1, and spectral interpretation relied on the RRUFF database 
(https://rruff.info/).

Microthermometry of HLIs
Microthermometric analyses of high-temperature HLIs were carried 
out using a Linkam TS1400XY heating stage (up to ~1200°C) at the 
Research School of Earth Sciences (RSES), the Australian National 
University (ANU), Australia. The temperature was calibrated at 
the melting points of NaCl (800.7°C) and gold (1064.4°C) with the 
estimated accuracy of ±5°C. The heating rate applied was 20°C per 

minute, which was subsequently reduced to 1° to 2°C per minute 
when approaching the phase changes (36).

LA-ICP-MS measurements of zircon and individual inclusions
In situ analyses of zircon and individual HLIs were conducted using a 
Teledyne Analyte G2 193 nm ArF excimer laser ablation system con-
nected to a Thermo iCAP-RQ ICP-MS at AAC, JCU. The LA system 
was equipped with a HelEx II 2-volume ablation chamber. Helium 
was used as the carrier gas in the ablation chamber and was mixed 
with Ar via a three-way mixing bulb (volume ~ 5 cm3) before intro-
duction to the ICP to obtain smooth signals (64). The laser was oper-
ated with a laser energy density of 3 J/cm2 and repletion rates of 5 Hz. 
For analyses of zircon, the beam diameter was conducted at 50 μm. 
Data acquisition of each analysis consisted of 30 s of background mea-
surement followed by 40 s of sample analysis during ablation. The ele-
ments measured include 23Na, 27Al, 29Si, 31P, 44Ca, 49Ti, 51V, 55Mn, 88Sr, 
89Y, 93Nb, 121Sb, 139La, 140Ce, 141Pr, 143Nd, 147Sm, 151Eu, 143Nd, 147Sm, 
157Gd, 159Tb, 163Dy, 165Ho, 167Er, 169Tm, 171Yd, 175Lu, 178Hf, 181Ta, 
204Pb, 206Pb, 207Pb, 208Pb, 232Th, and 238U. Electron microprobe analy-
ses revealed that the Zr contents in type I and type II domains of zir-
con range from 47.42 to 48.87 wt % (48.01 ± 0.47 wt %, 1σ, n = 10) 
and 47.30 to 49.32 wt % (48.20 ± 0.71 wt %, 1σ, n = 11), respectively. 
The average values of Si content of two types zircon domains were 
used as the internal standard for the respective zircon domain. The 
Iolite software package was used for LA-ICP-MS data reduction (65). 
Signals were calibrated using USGS GS-series GSD-1g basaltic glass. 
GSE-1g basaltic glass, NIST-610 glass and NIST-612 glass were used 
as secondary standards for all elements. Selected trace element con-
tents of 17 spot analyses on NIST-610 and NIST-612 in this study had 
a small variation (mostly <10%) compared to those recommendation 
values (data S1). Relative precision for trace elements of zircon is typ-
ically better than ±10%.

For analyses of single HLI, the beam diameter was set to between 
20 to 45 μm depending on the sizes of the inclusions. Both individual 
HLIs and the hosting metasomatic zircon were ablated together, 
and the contributions from the co-ablated host were subtracted 
numerically by assuming silicon was present only in the host (zircon). 
An average value of Si content (15.18 ± 0.29 wt %, 1σ, n = 11) for type 
II domains of zircon is used as the internal standard for calibration of 
elemental compositions of zircon host mineral. Scapolite standard 
BB1 was used as an external standard for Cl and Br data reduction 
(64, 66). In-house scapolite standard Bellin has higher S contents 
(13,830 ± 540 ppm) than BB1 and was thus used to quantify the S 
concentrations of the unknown samples. SY scapolite was measured 
as an unknown to monitor the accuracy of Cl and Br contents. All 
other trace elements were reduced via the software package SILLS 
with GSD-1g basaltic glass analyzed as the primary calibration stan-
dard, and GSE-1g basaltic glass and the NIST SRM 610 and 612 glass-
es analyzed as secondary standards to monitor accuracy (67). The 
obtained contents of Cl and S of eight spot analyses on the SY scapo-
lite standard have 0.4 and 4% relative difference, respectively, com-
pared to recommended values (data S2) (64, 66). Selected element 
concentrations of nine spot analyses on GSD-1g obtained by this 
study had variations of less than 5% compared to the recommended 
values, except for phosphorus with 37% (data S2). Combined with 
uncertainties from potential matrix effects (~5 to 15%), the total un-
certainty could be ~10 to 35%. Considering minor water, we quantify 
the concentration of the major cations (Na+, K+, Ca2+, and Fe2+?) and 
anions (Cl− and SO2–

4) by assuming the sum of all elements to 100 wt 
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% to allow internal standardization of the LA-ICP-MS data. If the va-
por phase of HLIs that was filled by water approximated 10 vol % and 
possible up to 30 vol %, a salinity of 100 wt % salt can be overesti-
mated less than 10 to 30%, which is accepted for spot analyses of 
inclusions. For the presented inclusion data, cationic and anionic (Cl− 
and SO2–

4) electrical charge balance is ≤0.2 mole (table S3), which 
reasonably consider the analytical uncertainties, especially the rela-
tively large uncertainties of Cl and S analyzed by LA-ICP-MS, and the 
possibly presence of other anionic species, such as F−, that we cannot 
directly measure for.

Sensitive high-resolution ion-microprobe (SHRIMP) 
oxygen isotopes
Zircon oxygen isotope analyses were performed using the SHRIMP 
II at RSES, ANU. The instrument conditions and analytical proto-
cols are described in previous work (68) and are briefly summa-
rized here. The primary Cs+ ion beam was accelerated at 15 keV 
with an intensity of 15 nA and burn time of 90 s. The 16O and 18O 
ion intensities were simultaneously measured by two Faraday caps. 
The values of δ18O were standardized to Vienna Standard Mean 
Ocean Water compositions and corrected for the instrumental 
mass fractionation factor. FC-1 zircon (5.61 ± 0.14‰) was used as 
primary standard, and Mud Tank (5.03  ±  0.20‰), Plešovice 
(8.19 ± 0.08‰), and Temora 2 (8.20 ± 0.02‰) zircons were used 
as secondary standards (69, 70). The reproducibility (external pre-
cision) of δ18O is typically better than ±0.65‰ (2σ), and bias (ac-
curacy) is less than ±0.40‰.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S10
Table S1 to S4
Legends for data S1 and S2
References
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