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Magmatic volatile phases play a major role in igneous systems, but indirect sampling of the magmatic
fluid, especially for basic magmas, remains challenging to document. Here, we report compelling
evidence of primary fluid inclusions trapped within magmatic ilmenite from two different basic intrusive
settings: Armorican Massif (France) and Central Iberian Zone (Spain). Fluid inclusions have a solute
chemistry dominated by sodium, calcium, chlorine, sulfur and iron, with detectable contents of metals
and metalloids and thus likely record the onset of late-stage magmatic volatile saturation in these basic
magmas. Hence, we argue the presence of fluid inclusions in ilmenite may be a good indicator for
magma degassing in these settings and importantly records the magmatic-hydrothermal transition.
Additionally, this study suggests that the trapping of the magmatic volatile phase during ilmenite (and
other opaque minerals) crystallization may be more common but at present an underappreciated

phenomenon in basic igneous magmatic systems.

Fluids have played a major role in Earth evolution and its many geological
processes. Since the pioneering work of Sorby', which provided petro-
graphic evidence of fluid inclusions (FI) in a variety of mineral phases from
diverse geological settings, these time capsules of paleo-fluids, the only direct
samples of their former presence, have become fundamental tools for
studying Earth processes. They have considerably contributed to the
understanding of chemistry of the atmosphere and hydrosphere™’, sedi-
mentary basin evolution’, ore-forming processes’, deep crustal fluid
properties”’, and mantle volatiles®. Originally, FI studies were limited to
minerals that transmitted visible light (400-700 nm) with quartz and car-
bonates among the most widely used. However, the advent of infrared (IR)
cameras’ revolutionized the application of FI studies by enabling their
investigation in some opaque phases that transmit longer wavelengths of
light from near infrared to beyond 2000 nm. This breakthrough expanded
the scope of FI research to include a broader range of phases, such as oxides
(e.g., hematite, wolframite), sulfides (e.g., pyrite, stibnite, Fe-rich sphalerite),
and sulfosalts (e.g, tetrahedrite), as comprehensively summarized by
Liiders".

Despite the progress made in applying the use of FI to numerous
geological settings, debates continue about the role and significance of fluids
in some geological processes. For instance, volatile saturation leading to
magma degassing is critical for understanding magma ascent and eruption''
(e.g, Cashman, 2004) and a prerequisite for many ore-forming

processes”* whereby fluid circulation associated with intermediate-to-

felsic magmatism is considered fundamental to the origin of large hydro-
thermal metalliferous systems™". Conversely, the role of fluids in the for-
mation of mafic-ultramafic intrusion-hosted magmatic sulfide and
platinum-group element (PGE) deposits is still debated"*'*".

Although the former presence of volatiles dissolved in basic magmas is
relatively well known due to studies of melt inclusions (MI)'**, sampling of
these exsolved volatiles are rarely preserved in the plutonic settings of such
magmas. However, some studies have inferred the former presence of such
material preserved as FI in basic and mafic rocks™ . These investigations
were mainly focused on FI hosted in olivine, apatite, plagioclase or quartz in
gabbroic rocks and related pegmatoids. In these latter rocks, the presence of
early primary FI first indicates the early exsolution of CO,-rich vapor from
the melt which is consistent with solubility data and modeling of basaltic
systems™. Subsequently, during progressive crystallization, the later-stage
residual evolved melts attained volatile saturation as reflected by the
entrapment of either immiscible** (i.e., H,O-CO,-NaCl + Fe-rich brines
and H,0-CO,-rich vapors) or homogeneous™*” volatile phases. Two
main processes have been suggested to explain the generation of brine
variations in gabbroic rocks. The first implies exsolution of magmatic fluids
under supercritical conditions with condensation of immiscible droplets of
brine in a vapor phase®***™"". In contrast, the second involves direct exso-
lution of highly-saline magmatic fluids from residual, evolved, late-stage
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melts in the absence of a discrete vapor phase®**”**>"”, These gabbroic-
hosted FI of magmatic origin may also contain noticeable amounts of Ca, S,
and metals™ (e.g., Cu, Zn and Pb). However, the ability to study magmatic FI
in basic rocks is not always possible as phases commonly hosting FI are
either often lacking (e.g., quartz or olivine) or commonly modified by later
fluids (e.g., apatite, plagioclase).

In order to document saturation of a magmatic volatile phase (MVP) in
two separate basic (mafic) plutonic settings, we have applied a wide range of
analytical methods to test for the preservation of such fluids in ilmenite, as it
is a common late-stage magmatic phase in these systems. Here we present
compelling evidence arguing for the entrapment of primary FI in magmatic
ilmenite during the latter stages of crystallization of the residual melts.
Additionally, we also document qualitatively the composition of these
trapped fluids, the results of which are consistent with that known and
expected for magmatic fluids associated with basic magmas. As ilmenite is
common in many reduced, basic-to-intermediate magmas, we propose
therefore that ilmenite might be considered as a potential host for FI con-
taining magmatic fluids in such rocks. Therefore, researchers seeking evi-
dence for the former existence of such fluids should consider examining this
mineral phase, especially when other hosts for FI are not preserved or
subsequently modified by subsolidus processes.

Geological background
The samples used in the study originate from two different basic intrusions:
the Saint-Jean-du-Doigt (SJD) intrusion (Armorican Massif, France) and
the La Codosera (CS) syncline basic sills (Central Iberian Zone, Spain,
Supplementary Fig. 1). The SJD intrusion is a shallow-level, layered basic-
silicic intrusive body emplaced at ca. 347 Ma** within Paleoproterozoic to
Carboniferous host rocks. The pluton is mainly composed of underplated
subhorizontal gabbroic sills with some sub-parallel felsic layers, subordinate
crosscutting dolerite dykes and genetically-related basic amphibole-bearing
pegmatoids™. It is exposed along a continuous west-to-east cross-section
commencing with the lower part of the intrusion and finishing in its roof
zone™*. The mineralogical composition of the sampled rocks is presented
in Supplementary Table 1. It has been demonstrated that an increase of
high-temperature alteration occurs eastwards towards the intrusion roof, as
evidenced from the complete saussuritization of calcic plagioclase, pervasive
replacement of clinopyroxene and primary amphibole by actinolite, and the
breakdown of ilmenite to titanite and rutile®. This progressive alteration has
been interpreted to result from the interaction of almost solidified gabbro
with magmatic fluids posited to have exsolved during its late magmatic stage
and thus reflecting the magmatic-hydrothermal transition within the SJD
basic intrusive body™.

The basic intrusions from CS consist of a major swarm of sills up to
400 m thickness hosted in Carboniferous slates. These sills are attributed toa
single-pulse of tholeiitic basic magma emplaced at 354 + 5 Ma”. Thesills are
mainly composed of a floor and a roof sequence of gabbroic and doleritic
rocks with interleaved pegmatitic units that are well described by Lopez-
Moro et al. **”. At the base, a pristine mineralogy is preserved in a fine-
grained dolerite whereas the central part is coarse-grained gabbro. The
intensely altered (e.g., amphibole) roof zone consists of fine-grained dolerite
(mineralogical composition in Supplementary Table 1) with abundant
pegmatite lenses.

Results

Textural description of ilmenite

Ilmenite crystals are subhedral to anhedral in the gabbroic and doleritic
facies of both basic systems. They are mostly intergranular and occur along
grain boundaries between plagioclase and amphibole, or clinopyroxene, or
between primary amphibole and later low-temperature amphibole. IImenite
is considered therefore to represent a primary, late-stage magmatic
phase’”. For SJD samples, ilmenite has a grain size ranging between 100
and 2000 pm with smaller grains in the upper part and larger ones in the
central part of the complex. It is texturally homogeneous in backscattered
electron (BSE) images (Fig. 1A-C) and lacks hematite exsolution textures.

For CS samples, it is again mostly homogeneous in BSE images with similar
grain size, but some hematite exsolution textures are observed (Fig. 1D).
Ilmenite from SJD is chemically uniform and near end-member composi-
tion, whereas for CS samples, its chemistry deviates from that of the end-
member and falls along the ilmenite-hematite solid solution (Fig. 2, Sup-
plementary Table 2). These data indicate that slightly more oxidizing con-
ditions prevailed during crystallization of ilmenite from CS versus SJD.

Ilmenites from the SJD intrusion (central and upper part) and the CS
basic sills (upper part) are characterized on their exposed surfaces by a high
abundance of well-distributed voids with sizes ranging between 0.5 and
7 um, most of them being lower than 2 um (Fig. 1B-J); in contrast ilmenite
from the lower part of SJD intrusion is noted to lack observable voids
(Fig. 1A). The outlines of these voids vary from spherical, equant to multi-
faceted negative-crystal shapes (Fig. 11, J). Such negative shapes are com-
monly observed in FI-bearing transparent phases (e.g., quartz or carbonate)
examined in both transmitted (TL) and reflected (RL) light modes, as well as
BSE imaging**. These voids are thus posited to correspond to breached or
opened FI. As the 2D polished cuts of ilmenite studied are presumed to
reflect ilmenite grains with random orientations, it is therefore inferred that
the FI locally account for up to 15% of the total crystal volume. The opened
FI are mostly homogeneous in their distribution throughout the ilmenite
grains, but also define sub-parallel trails (Fig. 1C, J) or are concentrically
distributed about silicate-rich inclusions (Fig. 1H). In rare cases, opened FI
are heterogeneously distributed and may include solids such as gold, barite,
and Pt- and Sr-bearing phases (Supplementary Fig. 2).

In most ilmenite crystals, textural observations highlight that rims are
devoid of FI (Fig. 1C), and that crack-like channels and irregular-shaped
areas barren of FI may also traverse the otherwise FI-rich ilmenite. These
latter areas are often spatially linked to titanite, or contain irregular patches
of titanite + rutile (Fig. IE-G). Such ilmenite likely records variable amounts
of subsolidus replacement post its crystallization (Fig. 1E, F) with some
grains replaced via fluid interaction by up to 80% by titanite and/or rutile in
the most altered samples (Supplementary Fig. 2). Titanite and rutile are
commonly present as reaction rims and also lining thin fractures and cav-
ities in both settings. Additionally, contacts between ilmenite and its
alteration products are sharp and irregular.

Electron backscatter diffraction (EBSD) maps reveal that the most
misoriented parts of ilmenite grains follow what appear to be fluid-like
pathways coincident with fractures and areas barren of FI (Fig. 3A-C).
These Fl-free cracks are often filled with titanite + rutile (Fig. 1G). In
contrast, the EBSD patterns for Fl-rich areas are relatively uniform and
closely resemble the patterns for FI-free ilmenite from the lower part of the
SID intrusion (Supplementary Fig. 3). Chemical maps (Fig. 3D, Supple-
mentary Fig. 3) show that FI-rich and FI-free areas of ilmenite have a similar
chemistry, the only subtle differences being due to the presence of FI.

Insight into magmatic fluid chemistry

The chemistry of trapped FI was determined via two indirect methods: (i)
LA ICP-MS analyses of distinct FI-free and FI-bearing areas of ilmenite; and
(ii) coupled SEM-EDS, EPMA, and LA ICP-MS analyses of evaporate
mounds. The LA ICP-MS analyses of ilmenite (Fig. 4A) yield concentrations
with a similar order of magnitude for most compatible trace elements****
(i.e., V, Nb, Ta, Co, Zn, Ni) in both settings (SJD and CS) and both distinct
FI-free and FI-bearing areas. Except for Cu concentration in both settings
and W concentration in the CS setting that show the same order of mag-
nitude for FI-free and Fl-bearing areas, most incompatible trace
elements"” ™ (i.e., Sn, Mo, Sb, W, Pb) are enriched in FI-bearing areas. This
observation is corroborated by LA ICP-MS traverses (Fig. 4B) which
highlight no sharp differences for Niand Cu, but clear enrichment in Sb and
Mo when crosscutting FI-bearing areas. Again, when LA ICP-MS traverses
(Fig. 4C) crosscut FI-free ilmenite from the lower part of the SJD intrusion,
Sb and Mo are below the detection limit. These latter observations suggest
the incompatible elements are most likely concentrated in FI. The Sb, Mo,
Sn, W (for SJD only), and Pb contents generally show larger variability in FI-
bearing areas and also have different degrees of enrichment between the two
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40 um

Fig. 1 | Representative back-scattered electron (BSE) images of textural and

petrographic features of ilmenite from both settings. IImenite from the lower (A),
central (B) and upper (C) parts of the Saint-Jean-du-Doigt (SJD) intrusion. The inset
in (C) shows the crystal core is full of FI, whereas the rim is FI depleted and replaced by
titanite (Ttn). D Ilmenite from La Codosera syncline (CS) showing the presence of FI
and hematite exsolution lamellae (see the inset). E Ilmenite (Ilm) from SJD showing
alteration along fractures or fluid pathways with formation of secondary titanite (Ttn)

50 pm

100 pm

ETYI™ .
Bl 10 um

and rutile (Rt). F Ilmenite from CS with abundant FI and exhibiting the same sec-
ondary texture seen in the SJD samples: cracks are sometimes lined by titanite, and
have halos lacking FI (black arrows) which form isolated patches of FI-rich areas
(white dashed lines). G Sample from SJD showing a fracture lined by secondary titanite
(Ttn) with a halo lacking FI. H Ilmenite from CS displaying the radial distribution of FI
around silicate-rich inclusions. I, J Sample from SJD showing opened FI with negative
shapes of the ilmenite host (I) that are often uniformly oriented (J).

TiO

FeTiO,
iimenite —~_
50

FeO Fe,O,

Fig. 2 | Major element composition of ilmenite. Ternary plot of the FeO-Fe,O3-TiO,
system showing the hematite-ilmenite solid solution* and data for Saint-Jean-du-Doigt
(SJD) and La Codosera syncline (CS) samples. Data for SJD is from Pochon et al*.

settings likely reflects distinct fluid chemistries, although heterogeneities
related to the FI which are located at different depths below the surface and
analytical uncertainties are difficult to assess.

The mounds generated by induced decrepitation of FI (Fig. 5) vary
from small isolated features (Fig. 5A, E, F-H) to trails (Fig. 5B-E) in addition
to abundant debris that represents splattering of precipitates and projection
of fragmented mineral host away from the core areas of the mounds; all
these features have shapes from irregular to cubic which are typical mound
characteristics*”. High-resolution X-ray maps show that the major element
solute chemistry of the mounds is dominated by Na and Ca, with Fe, as
cations, and by Cl and S, as anions (Fig. 6A, B, Supplementary Fig. 4), as is
also confirmed by the LA ICP-MS traverses (Fig. 6C, D, Supplementary
Fig. 5). The aqueous and non-aqueous volatile or gas content (e.g., H,O,
CO, or CH,) cannot be determined with this protocol. The LA ICP-MS
traverses also indicate increasing contents of the incompatible trace element
(e.g., Sr, As, Sb, Cu) in mounds from FI-rich areas of ilmenite compared to
FI-free areas (Fig. 4).

Discussion

We observed that crystallized ilmenite of magmatic origin from two dif-
ferent settings contain voids that are strikingly similar to FI regularly seen in
both transparent and opaque phases via TL and IR observations. As far as we
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Kernel Average Misorientation (KAM) (°)
N

Fig. 3 | Representative electron backscatter diffraction (EBSD) and high-
resolution X-rays maps of ilmenite from both Saint-Jean-du-Doigt (SJD) and La
Codosera syncline (CS). A, B Back-scattered electron (BSE) images of ilmenite with
matching EBSD maps representing the Kernel Average Misorientation (KAM).
Sample is from the upper part of the CS intrusion. White dashed line and red arrows,
respectively, highlight FI-rich areas and fractures. Yellow dashed line inset

corresponds to the area observed in (B). C BSE image of ilmenite with matching
EBSD map representing the KAM. Sample is from the upper part of SJD intrusion.
Dashed line and red arrows, respectively, highlight FI-rich areas and fractures.

D High-resolution X-ray maps for Ti, V, and Fe of the same ilmenite grain than from
(C) with a FI-depleted zone developed around a central fracture.

know, this is the first report of inferred FI in magmatic ilmenite.
We therefore reiterate the evidence which shows that these are indeed
fluid inclusions®: (i) their size and shape are similar to typical FI; (ii)
many are negative shaped as is common for FI; (iii) they are mostly
homogenously distributed throughout the host in both two- and three
dimensions (Supplementary Fig. 6); and (iv) heating ilmenite up to 600 °C
generated Na-Ca salt mounds identical in form and chemistry (i.e., Na-Ca-
Cl-S) to those formed from FI hosted in both transparent and
opaque phases®.

EBSD maps indicate that FI-free areas, often associated with titanite +
rutile, are secondary in origin compared to FI-bearing areas. Thus, whereas
FI-bearing areas in ilmenite from both intrusions are posited to represent
relics of primary magmatic ilmenite hosting FI, the FI-barren areas are
interpreted as post-magmatic in origin and attributed to subsolidus reaction
of the host ilmenite with fracture-controlled incursion of a Ca-bearing
hydrous phase. The irregular and sharp contacts between ilmenite and
titanite + rutile, the preserved shapes of ilmenite and titanite + rutile -
bearing cracks strongly suggests that the ilmenite breakdown occurred via
interface-coupled dissolution-precipitation process (ICDP)*™*’, thus post-

dating FI entrapment. All these observations suggest therefore that FI in the
magmatic ilmenite are primary and thus likely represent entrapment of an
exsolved MVP. Alternatively, the trapped FI might be considered as an
ICDP-related porosity™ and hence of secondary origin, but this would not
corroborate the textural observations and EBSD data presented above. Most
important in this regard is that in ICDP the porosity generally characterizes
the product phase which thereby implies the ilmenite to be of secondary
origin, which is evidently not the case. Furthermore, no relic-clear areas were
noted in any studied ilmenite (i.e., about 400 grains examined) and it is very
unlikely that such secondary porosity was only filled by fluids with no
mineral phase. We conclude therefore that the most reasonable inter-
pretation of the noted features is that they are primary FI trapped during
growth of the ilmenite. Their negative shapes are however a secondary
feature, as in all FI, and due to the equilibration of the FIs during cooling via
dissolution-precipitation processes to minimize surface free energy***'. In
any case, the occurrence of primary FI in magmatic ilmenite demands the
presence of a fluid phase that we interpret as an exsolved MVP generated
during the latter stage of magma crystallization at the magmatic-
hydrothermal transition (Fig. 7) related to second boiling’". Importantly,
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Fig. 4 | Trace element composition of ilmenite. A Box plots for trace element
contents in FI-bearing and FI-free ilmenite from Saint-Jean-du-Doigt (SJD) and La
Codosera syncline (CS) samples. LA ICP-MS traverses of (B) ilmenite from the

central part of SJD intrusion with FI-free and FI-bearing domains and (C) FI-free
ilmenite from the lower part of the SJD intrusion. Spot analyses data for SJD are from
Pochon et al.”.

we note, however, that MI have not been identified in any ilmenite from
either setting, which does not necessarily infer that they were not trapped
but may instead reflect the challenges of identifying them. Of note however
is that if MI were exposed at the ilmenite surface, it would be difficult to
distinguish if these originated as silicate embayments or crystal intergrowths
versus crystallized MI*****’. As an example of the latter, we noted the pre-
sence of the silicate-rich inclusion in Fig. 1H.

Although there is petrological evidence for a hydrous component in the
melt, as indicated by the presence of amphibole and biotite, only cryptic
evidence for the former presence of an aqueous fluid phase is generally
preserved in plutonic rocks', especially because of the inherently slow post-
solidus modification that affects plutons compared to their petrogenetically
equivalent chilled volcanic rocks. However, the presence of posited primary
FIin ilmenite makes this mineral an ideal candidate to trap and preserve the
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Fig. 5 | Examples of Na-Ca-rich decrepitate mounds from Saint-Jean-du-Doigt
(SJD) and La Codosera syncline (CS). A Secondary electron (SE) image of a
composite circular evaporate mound from CS; note the cubic habit of the material in
the central part and annular array of debris. B-E SE images of decrepitate mounds
that form trails and clusters that reflect the presence of FI-rich areas in the sub-

surface of ilmenite from SJD (C, E) and CS (B, D) settings. The trails are the result the
fluid migrating up along fractures which were preexisting or generated by the
decrepitation. F, G Close-up back-scattered electron (BSE) images of singular eva-
porate mounds from CS samples. H SE image of circular and partly dendritic mound
from CS sample.

MVP as primary FI in basic plutonic rocks. This can offer new perspectives
where conventional convincing indicators for the generation of MVP
commonly observed in more intermediate-to-felsic magmas, such as comb-
layered quartz, miarolitic cavities, or pegmatites, are lacking or not
preserved™””. Thus, where such FI are present their chemistry (e.g., analysis
of evaporate mounds) provides the means to access the metal abundances in
magmatic fluids exsolved during the last crystallization stages of basic
magmas. The solute composition (i.e., Na-Ca-Cl-S-Fe) and presence of
metals and metalloids are indeed consistent with those noted to be enriched
in arc-related volcanic gases from basic magmas™*’ (i.e., Cu, Sn, Mo, Sb, W,
and Pb). Although we were unable to measure the aqueous and non-
aqueous volatile component (or gas), we infer the MVP to be
H,0-dominated as magmatic amphibole is present and ilmenite is a late-
magmatic phase. Indeed, experimentally-based solubility models and stu-
dies of volatile contents in MI show that the exsolved volatile phase coex-
isting with basic magmas is CO,-rich during early crystallization stages, and
increasingly H,O-rich with subsequent crystallization®. Both first boiling
(due to magma decompression) and second boiling (due to magma crys-
tallization) lead to an increase in H,O proportion in the exsolved volatile
phase. This is mainly due to the fact that H,O solubility is higher that CO,
solubility in basic magmas, as it is for all silicate magmas™, at crustal

pressures, and, to a lesser extent, to the different relationships between
pressure and solubility, i.e., linear for CO, and square root for H,0”.

As evidenced by the presence of primary FI, the late residual melts of
these two basic magmas were volatile saturated, but the extreme abundance
of trapped fluid (ie, up to 15 % of the crystal volume noted above) in
ilmenite raises questions, especially about processes leading to fluid
entrapment. Three mechanisms might account for the generation of FI are
considered below, although we do not consider the first two applicable to the
present study for reasons discussed. The first is that the FI may have ori-
ginated from exsolution of dissolved water hosted in the ilmenite crystal
lattice. This implies the FI were released directly from the host after it
formed, thus analogous to that suggested for origin of FI in some meta-
morphic host phases such as quartz”, kyanite’" or omphacite in UHP
eclogite®. Implicit therefore is that ilmenite incorporated some amount of a
hydrous species, as suggested for some nominally anhydrous minerals such
as pyroxenes or rutile”’. Several factors argue against this however. The lack
of any data supporting incorporation of some amount of hydrous species
into the ilmenite structure. Furthermore, even if this occurred the likely trace
amount of water would be insufficient to generate the abundance of the FI
observed which we estimated at up to 15% of the ilmenite volume. Lastly,
such FI would likely not contain the Na, Cl or S documented in this study as
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Fig. 6 | Representative chemical maps and time-resolved LA ICP-MS signals of
circular evaporate mounds from Saint-Jean-du-Doigt. A, B Chemical maps for
representative circular evaporate mounds obtained via electron probe micro-
analysis (EPMA). White line circumscribes the mound, while the red-dashed line

LAY .
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circumscribes the halo around the mound. White bar in images is 10 um. C, D Time-
resolved traverses of LA ICP-MS analysis of decrepitated mounds from the same
ilmenite grains in (A) and (B), respectively. The curves have been offset vertically for
clarity and truncated curves represent zero counts.

these elements would also have to be in the ilmenite crystal lattice and also be
exsolved synchronously with the hydrous species. The second mechanism is
that ilmenite directly crystallized from the MVP, thus be considered as a
hydrothermal phase. However, this is unlikely as the rare cases where
ilmenite is interpreted as hydrothermal is reported to be Mn- and/or Zn-
rich®*, which is clearly not the case noted in this study.

We thus propose a third mechanism which might account for the
generation of the noted FI hosted by ilmenite. As we have interpreted the FI
to represent sampling of an exsolved H,O-dominated MVP related to
second boiling, it implies that residual melt will become H,O-saturated at
the very end of crystallization (i.e., 95 % crystallization’"). From this stage,
the documented abundant entrapment of FI by ilmenite could result from
the transient trapping of exsolved bubbles in the crystal mush followed by
the near-simultaneous nucleation of both ilmenite and bubbles. Thus at the
time of ilmenite crystallization a component of the exsolved MVP must have
been present as bubbles, at least transiently, in the residual melt of the mush,
otherwise a connectivity of the MVP would have formed fluid-like channels
which would have caused outgassing of the volatiles’™”. Therefore, it is
possible the ilmenite may have acted as a preferential site of bubble
nucleation, as is generally observed for Fe-Ti oxides™ . However, both
natural analogues’ and experimental evidence’ of bubble nucleation show
that Fe-Ti oxides are generally smaller than coexisting bubbles which are in
fact sometimes trapped inside them, which is contrary to our observations.

Ilmenite larger than the trapped bubbles could be explained if we consider a
crystallization rate fast enough to prevent bubble coalescence and growth. A
CO,-bearing melt may be also envisaged, as low-CO, diffusivity delays
bubble growth and thus promotes almost continuous bubble nucleation
which would result in a high density of small bubbles”. However, if the
exsolved MVP is instead related to second boiling then the H,O/CO, ratio of
the residual melt would necessarily be high and would promote coalescence
versus nucleation”. The exsolution of MVP could also be triggered by the
incipient crystallization of ilmenite in the late residual melt with related
progressive exsolution of the MVP at the developing crystal-melt interface
with entrapment of FIL.

Conclusions

We document here the presence of inferred primary FI in ilmenite which are
suggested to represent the trapping of the MVP generated in the latter stages
of magma crystallization in two different basic igneous settings. Although
the evidence for volatile saturation and magmatic FI in basic magmas is
previously reported in other similar settings, the occurrence of primary FI in
ilmenite is here recognized and studied for the first time to the best of our
knowledge. This study thus highlights that ilmenite might be a suitable host
for the MVP, especially where it has not experienced important sub-solidus
modification which, as noted herein, can easily be recognized due to the
presence of secondary reaction products (e.g., titanite + rutile).
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Fig. 7 | Schematic diagram illustrating the conceptual model of entrapment of
magmatic volatile phases within ilmenite. a General geometry (not to scale) of a
gabbroic intrusion with the location of insets (b), (c) and (d). b—-d Back-scattered
electron (BSE) images of ilmenite (Ilm) texture from the lower (b), central (c) and
upper (d) parts of the basic intrusion that records magma degassing from the base to
the top. White scale bar represents 20 um. e Onset of volatile exsolution in the
residual melt (RM) of the mush and release of a magmatic volatile phase (MVP) via
second boiling. Ilmenite may act as a preferential site for nucleation of bubbles
during its growth or incipient ilmenite crystallization may act as the trigger of
progressive exsolution of bubbles at the developing crystal-melt interface. f Ilmenite
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grain crystallizes more or less quickly and may easily traps abundant MVP as fluid
inclusions (FI) during its progressive crystallization and magma cooling. g Following
ilmenite formation, trapped FI likely undergo re-equilibration via necking, whereas
the untrapped MVP likely escapes via capillary fracturing or others processes and
probably coalesce towards the surface. The latter MVP interacts with and modifies
earlier crystallized silicate phases. Interaction of ilmenite with fluids saturated in Si
and Ca (due to alteration of calcic plagioclase (P1) and mafic minerals) causes
ilmenite breakdown. This fracture-controlled subsolidus alteration is responsible for
the formation of FI-free ilmenite and the development of secondary titanite (Ttn) +
rutile (Rt). Cpx - clinopyroxene, Amph - amphibole, Low T - low temperature.

As the noted FI reported record the late-stage volatile saturation in
basic magmas, it offers the rare opportunity to study the chemistry and
metal enrichment of such magmatic fluids produced in highly crystallized
basic magmas. Although qualitative at this time, our results showed that the
FI chemistry (i.e., Na-Ca-Cl-S-Fe for solute composition and Cu, Sn, Mo, Sb,
W, and Pb for metal and metalloids) is consistent with what is known and
expected for magmatic fluids associated with basic magmas. Additional
studies are, however, needed to further quantify the composition (especially
solvent species such as H,O or CO, for instance) and enhance the under-
standing of volatile saturation in basic magmas, as it was not the focus of this
study. In this regard, future work might involve the use of high-resolution
nano-computed tomography (nanoCT) to quantify the 3D distribution of
FI”, whereas focused ion beam-scanning electron microscope (FIB-
SEM)™”® and/or time-of-flight secondary ion mass spectrometry (TOF-
SIMS)”” could help to quantify the presence of daughter minerals (without
contamination due to polishing), volatile species such as H,O, CO,, sulfur
species, and chlorine-bearing compounds, as well as metals.

Finally, this study should encourage others to apply similar methods to
look for FI in ilmenite and other opaque phases for those interested in better
documenting the presence and nature of the MVP during the latter stages of
magma crystallization, which is otherwise challenging to do. This con-
sideration is particularly relevant for contentious settings, where the pre-
sence and origin of the fluid phase are still debated. Hence, the implication

might be far reaching for both igneous petrology and relevant ore-forming
environments in basic-to-mafic systems.

Methods

For this study, we investigated six representative rock samples from the
lower, central, and upper parts of the SJD intrusion and two samples from
the roof zone of the CS basic sills (Supplementary Fig. 1 & Supplementary
Table 1). A comprehensive suite of analytical techniques was used to study
the materials and document the presence, distribution, nature and quali-
tative chemistry of the FI in ilmenite. Ilmenite was studied on thin and thick
sections, as well as polished epoxy mounts in which ilmenite was previously
separated and handpicked. About 400 ilmenite grains were characterized
using reflected light (RL) microscopy and scanning electron microscopy
(SEM) coupled to an energy dispersive spectrometer (EDS). Some ilmenite
grains were further analyzed with electron backscatter diffraction (EBSD)
and electron micro-probe analyzer (EPMA), the latter providing high-
resolution elemental maps. Thick sections of the material were heated to
induce decrepitation of FI and formation of evaporate (i.e., salt) mounds
which were subsequently analyzed using SEM-EDS to quantify their
chemistry with a few selected for elemental mapping with the EPMA. Laser
ablation inductively coupled mass spectrometry (LA ICP-MS) was used to
qualitatively characterize the chemistry of ilmenite and also to determine the
minor- and trace-element chemistry of evaporate mounds. Note that we
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prepared double polished thick sections for infrared micro-thermometric FI
studies analyses, but the opaqueness of ilmenite and small size of FI pre-
cluded observing any FI. We also tried to quantify the 3D distribution of FI
by using a Nanotom 180 NF Phoenix X-Ray micro-computed tomography,
but the resolution (i.e., 1.2 um) was not high enough for imaging FI, as most
of them being lower than 2 um.

Quantitative chemical analyses by EPMA

Quantitative analyzes of ilmenite from CS were acquired using a Cameca
SX-Five EPMA at the common laboratory of the Earth Sciences Institute of
Orléans (ISTO) and the French Geological Survey (BRGM) laboratory
(Orléans, France). Analyzes were performed at an accelerating voltage of
15KV, a beam current of 10 nA, and with a focused beam, using the fol-
lowing mineral standards: albite (SiKa), hematite (FeKa), MgO (MgKa),
and pyrophanite (TiKoa, MnKa). Analyzed elements, detailed lists, and
detection limits can be found in Supplementary Table 2. Mineral formula
stoichiometric charge balanced mineral recalculations were used to deter-
mine the amount of Fe’" present in ilmenite”®. X-ray elemental maps of
ilmenite crystals were acquired with the IHP 200 F JEOL EPMA of the ISTO
laboratory, using the following operating conditions: 20 kV, 40 nA, 100 ms
dwell time and 0.26 pm step.

Electron backscatter diffraction

Scanning electron microscopy (SEM) and electron backscatter diffraction
(EBSD) analyzes were performed on thick and thin sections, both polished
at ISTO-BRGM (Orléans, France) using diamond pastes with decreasing
granulometries from 3 to 0.25 pm followed by chemico-mechanical pol-
ishing using colloidal silica. Each sample was carbon coated (i.e., around
3nm) to prevent electron charging during EBSD acquisition. The back-
scattered electron (BSE) images were acquired using a Gemini I field
Emission Gun from Zeiss and a TESCANx MIRA 3 XMU equipped with an
EDAX Pegasus system available at the ISTO-BRGM. The latter was also
used to acquire the EBSD data. While SEM observations were acquired at an
accelerating voltage of 15kV and a beam current of 2-3 nA, EBSD acqui-
sition were performed at 30 kV and 5-6 nA at a working distance of 15 mm.
EBSD acquisitions were performed on thin sections tilted at 70°. Data
acquisition and post-analyzing cleaning were performed using the TSL-
OIM software (OIM data collection and OIM analysis version 7.1; https://
www.edax.com/products/ebsd/oim-analysis) and a map cleaning
procedure”. A step size of 1 um was used for each map. The data were
subsequently treated and plotted using the open-source MTEX toolbox
(version 5.10; https://mtex-toolbox.github.io) for MATLAB. The minimum
angles of lattice misorientation to define grain and intragranular boundaries
were respectively set to 10° and 2°, each grain containing a minimum of five
consecutive pixels on several rows. While continuous low-angle boundaries
are referred to as sub-grain boundaries, the discontinuous ones are referred
to as inner boundaries. For indexing, we used a trigonal symmetry (point
group —3) to avoid artefacts related to twinning in ilmenite.

Laser ablation inductively coupled plasma mass spectrometry

Trace element concentrations of ilmenite were determined in situ by LA
ICP-MS at ISTO. The system consists of a RESOlution-SE (ASI) 193 nm
excimer laser with an S155 ablation cell (Laurin Technic) coupled to an
Agilent 8900 triple inductively coupled plasma quadrupole mass spectro-
meter (QQQ-ICP-MS). Ablation was carried out using a He carrier gas
which was mixed with Ar as a cell and nebulizer gas. Calibration was
performed before each analytical session on NIST SRM 612 reference glass
minimizing U/Th fractionation ( ~ 0.998 %), and the production of oxides
(ThO*/Th* ~0.128 %) and doubly-charged ions (Ca**/Ca* ~0.289). A laser
beam size of 20 um, a repetition rate of 10 Hz and a fluence of 3 J/cm” were
used. Single analysis consists of 30 s of background collection followed by
40 s of ablation and 15 s of wash-out delay. For each analytical session, about
2-5 reference materials were analyzed before and after each set of
12-15 sample analyses, following classical bracketing procedure. The Ti
content of the ilmenite, as determined from electron probe microanalysis,

was used as the internal standard to quantify trace element concentrations.
GSE-2g was the primary reference material, and NIST610 and BCR-2g
glasses used as quality control materials. Data reduction was carried out
using the commercial data reduction software GLITTER". Traverse profiles
of ilmenite were acquired with a laser beam of 30 pm, a repetition rate of
7 Hz, a fluence of 3 J/cm” and a scanning speed of 20 um/s.

Evaporate mound coupled with SEM-EDS, EPMA and LA ICP-MS
analyses

The solute chemistry of FI was determined using the evaporate mound
method"**"* in order to define the qualitative composition of trapped FI in
ilmenite from five samples from SJD and four from CS. The thick sections
were heated at a rate of 50 °C / min to about 600 °C to induce decrepitation
of the contained FI and subsequently carbon-coated for SEM-EDS analysis
and X-ray elemental maps. The maps were acquired with a Cameca SX-Five
EPMA at the ISTO-BRGM laboratory, using the following operating con-
ditions: 22 kV, 100 nA, 100 ms dwell time and 0.5 pm step.

LA ICP-MS traverses, using the aforementioned ISTO instrument,
were performed on decrepitate mounds coating the surfaces of ilmenite for
estimating some of the trace elements and thus the solute chemistry of the
FI The laser was operated at a repetition rate of 10 Hz and fluence of 3 J/cm2
on the sample surface. Traverse profiles were acquired with a laser beam of
10 ym and a scanning speed of 5 um/s. The raw data were processed by Iolite
2.5 software™ using the trace element data reduction scheme®. The latter
results were converted into time-slice data whereby each complete sweep of
the mass spectrometer (e.g., about 0.5 s) is considered equivalent to a
conventional point analysis®. No internal standard was used, and conse-
quently the data are qualitative.

Data availability

The LA ICP-MS data used for the Fig. 4 in this manuscript are published on
figshare (https://doi.org/10.6084/m9.figshare.27045316.v2). All remaining
data used in this paper are included in the main article and its supple-
mentary information file.
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