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The Tabar-Lihir-Tanga-Feni (TLTF) island chain in northeastern Papua New Guinea formed by tectonic and
alkaline to shoshonitic magmatic activity since the Pliocene. Several volcanic centers are Cu—Au mineralized
including the world-class Ladolam Au deposit and Conical Seamount south of Lihir. The latter has been recog-
nized as a juvenile analogue to the Ladolam deposit located on-shore. Whereas the mineralization at Conical
Seamount is reasonably well studied, the specific magmatic processes that promote epithermal mineralization at
this seamount but not at others are poorly understood. Here, we present new petrological and geochemical data
from Conical Seamount, and compare them with those from the barren (unmineralized) Edison, Tubaf and New
World seamounts nearby. We focus on whole rock compositions and major and trace element analysis of melt
inclusions and minerals including clinopyroxene, sulfide and magnetite. We combine our observations with
modelled constraints on mantle source composition and partial melting as well as magma evolution. A first-stage
melting leaves a residual mantle source enriched in Au. Second-stage melting of a previously subduction-
metasomatized mantle generally promotes the transfer and concentration of metals and volatiles in the
ascending melts. These magmas are unlikely to control ore formation as all seamounts show evidence for similar
mantle sources and parental melt composition. However, the presence of a shallow crustal magma chamber is
unique to Conical Seamount. It is characterized by frequent melt replenishments and extensive magma frac-
tionation leading to sulfide and magmatic volatile saturation. These specific magma chamber processes lead to
the pre-enrichment of the magma in chalcophile elements including Au, while sulfide saturation coeval with
magmatic volatile exsolution provide the way for an effective Au transfer from the magmatic to the epithermal
system.

1. Introduction

Papua New Guinea (PNG) in the western Pacific is known for spec-
tacular endowment in Cu- and Au-rich mineral systems that are inti-
mately related to its vital and young plate tectonic evolution. Episodic
subduction and collisional tectonics led to widespread magmatism since
the Eocene and ultimately to the formation of some of the world’s largest
and youngest porphyry Cu deposits. Most of these porphyry Cu systems
in PNG are associated with calc-alkaline magmatic suites of Miocene age
(e.g., Hammarstrom et al., 2013; Holm et al.,, 2019). More recent
microplate tectonics, involving slab stagnation and tearing following
collision combined with extensional settings, control post-subduction
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alkaline magmatism, which led to the formation of Au-rich mineral
deposits since the Pliocene (Holm et al., 2019; Richards, 2009).

More than half of the tonnage of total contained Au in the most
recently formed deposits occurs in the Tabar-Lihir-Tanga-Feni (TLTF)
island chain in north-eastern PNG (Fig. 1). The island chain is charac-
terized by high-K alkaline and shoshonitic volcanism and is host to the
Ladolam mine on Lihir, the world’s largest alkaline epithermal gold
deposit (Cooke et al., 2020). One other deposit (Simberi) is actively
exploited, but at least six further prospects indicate the region’s high Au
potential (Brandl et al., 2020). It is important to note that Au exploration
is not restricted to the onshore. There are several submarine exploration
tenements in the area, one of which is located at Conical Seamount, a
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Fig. 1. Regional settings of Conical Seamount a: Map of the eastern Papua New Guinean Archipelago with main structural features. b: Map of the TLTF island chain
with the name of the four island groups in white and the individual main islands in black. c: Location of the different seamounts (red diamonds) surrounding Lihir
island. The location of the Ladolam Au deposit on Lihir island is marked by the orange diamond. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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submarine volcano south of Lihir island. This is also the site where an
epithermal-style mineralization was first discovered at the seafloor
(Petersen et al., 2002). Additionally, Conical Seamount has been inter-
preted as a potential juvenile analogue to the Luise volcano hosting the
world-class Ladolam Au deposit on Lihir (Miiller et al., 2003).

Conical Seamount is only one of several seamounts around Lihir.
Many of these seamounts are clustered in a volcanic field south of Lihir,
only New World Seamount is located northwest of Lihir (Fig. 1). These
seamounts have been in the center of scientific attention due to the
abundant mantle and crustal xenolith cargo at Tubaf Seamount (Bénard
et al., 2021; Franz and Romer, 2010; McInnes et al., 2001; Renno et al.,
2004; Soustelle et al., 2013) and the Au-rich mineralization at Conical
Seamount (Miiller et al., 2003; Petersen et al., 2002). However, less
attention was given to why Conical Seamount is the sole mineralized
seamount in an area that otherwise has proven to be prolific for
magmatic-hydrothermal Cu—Au mineralization.

The present study provides detailed petrological-geochemical in-
sights of Conical Seamount in order to decipher its magma plumbing
system and its distinctive characteristics in comparison to the other
volcanic centers in the region. We focus on petrographic observations
and mineral chemistry of the host lavas. Additionally, we present major
and trace element analyses of melt inclusions and whole-rock samples.
We use this geochemical data together with modelling results to study
the different stages of magma genesis under the Conical Seamount
beginning from partial melting of the subduction-modified mantle to
magma evolution in the shallow crustal reservoir that may be unique
among the seamounts in the area. Finally, we discuss our findings in the
context of magmatic-hydrothermal ore formation at this seamount as
well as epithermal mineral potentials in general.

2. Geological setting

The TLTF island chain is located in north-eastern Papua New Guinea,
along the complex collision zone between the Pacific and the Australian
Plate. The subduction of the Pacific Plate beneath the Australian Plate
started during the Eocene (at 43-42 Ma) and led to the formation of the
Melanesian Arc. It encompasses the islands of New Britain, New Ireland
and Bougainville in eastern Papua New Guinea, as well as the Solomon
Islands and Vanuatu. It stopped in the late Oligocene at 25-20 Ma, when
the Ontong Java Plateau (Mann and Taira, 2004; Taylor, 2006) docked
into the subduction zone and caused a slab break-off at 20-15 Ma.
Subduction reversed to a north-easterly direction in the late Miocene,
forming the now active San Cristobal/South Solomon-New Britain
trenches (e.g., Mann and Taira, 2004; Petterson et al., 1999).

Recent magmatic activity in Papua New Guinea is related to a
complex interplay of rifting (Papuan Peninsula and offshore on the
Trobriand Platform: e.g., Baldwin et al., 2012), seafloor spreading
(Bismarck Sea Taylor, 1979), collision (Papuan Fold and Thrust Belt: e.
g., Holm et al., 2015), and a transition from subduction to collision
(West Bismarck Arc: e.g., Abbott, 1995; Woodhead et al., 2010) and
active subduction (New Britain arc, Bougainville and the Solomon arc: e.
g., Petterson et al., 1999; Schuth et al., 2009). The geochemistry of the
lavas erupted along the Tabar-Lihir-Tanga-Feni (TLTF) island chain in-
dicates a volcanic arc origin (Stracke and Hegner, 1998) even though the
lavas are post-dating active subduction along the Manus-Kilinailau
Trench. The TLTF lavas erupt behind the arc front of the current sub-
duction at the New Britain Trench. The magmas ascended through up to
6 km of sediments in the New Ireland Basin (Exon & Marlow, 1988) that
formed in a forearc setting along the Manus-Kilinailau Trench. Melting
was triggered by incipient rifting in response to the collision with the
Ontong Java Plateau and crustal fragmentation at the margin of the
North Bismarck Microplate (Brandl et al., 2020).

The first islands of the TLTF volcanic chain formed in the Mid Plio-
cene (Simberi and Tatau from the Tabar island group: Wallace et al.,
1983; Mclnnes, 1992; Rytuba et al., 1993) with the main phase of vol-
canic activity in the Pleistocene (Lihir, Tanga and Feni island groups:
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Wallace et al., 1983; Davies and Ballantyne, 1987; Moyle et al., 1990;
Rytuba etal., 1993; Renno et al., 2004). Holocene activity is known from
Ambitle in the Feni island group (Horz et al., 2004; Licence et al., 1987).
With an overall age of <4 Ma, the TLTF volcanism is very young
compared to other parts of Papua New Guinea (Brandl et al., 2020).

Volcanic rocks of the TLTF island chain are highly alkaline and
mostly shoshonitic (Brandl et al., 2020). Whereas the islands show a
wide compositional range from trachybasalt to highly evolved (quartz-)
trachyte, the submarine volcanoes erupted exclusively trachybasalt or
basaltic trachyandesite (Brandl et al., 2020; Stracke and Hegner, 1998).
The more mafic and more restricted compositional range of rocks
erupted at the seafloor led to the conclusion that these seamounts may
represent potential juvenile analogues to the large composite volcanoes
onshore (Stracke and Hegner, 1998). Each of the four largest seamounts
New World, Tubaf, Edison and Conical Seamount (Fig. 1c) shows its own
characteristics: New World Seamount in the NW erupted the most
evolved compositions of the seamounts (basaltic trachyandesites: e.g.
Stracke and Hegner, 1998). Tubaf Seamount is well known for the large
amount of crustal and mantle xenoliths entrained in the erupted volca-
nics (e.g. Mclnnes et al., 2001). Edison Seamount hosts two active, low-
temperature hydrothermal fields (Herzig et al.,, 1994). Conical
Seamount, the largest of the volcanic edifices with 600 m elevation
above the surrounding seafloor (summit at 1050 m below sea level), is
host to Au-rich epithermal-style mineralization (Miiller et al., 2003;
Petersen et al., 2002). Despite their close spatial proximity, previous
research suggested distinct magma plumbing systems at these sea-
mounts (Kamenov et al., 2005). Magmas at Edison and Tubaf seamounts
ascended rapidly from the upper mantle and lower crustal depths
(Kamenov et al., 2005). In contrast, a shallow crustal magma reservoir
likely exists underneath Conical Seamount (Kamenov et al., 2005). It has
been proposed to be important for magmatic-hydrothermal ore-forming
processes and is thus the focus of our study.

3. Methods
3.1. Sample recovery and bulk rock analyses

Several cruises with the German research vessel R/V SONNE targeted
and sampled the area: SO-94 in 1994, SO-133 in 1998 and SO-166 in
2002 (Herzig, 2002; Herzig et al., 1994; Herzig et al., 1998). The sam-
ples used for this study were all recovered during these expeditions as
well as during the Australian SHAARC (Investigation of Submarine,
Hydrothermally Active ARC Volcanoes in the Tabar-Lihir-Tanga-Feni
Island and Solomon Island Chains) cruise of the R/V Franklin (04/00)
in 2000 (Mcinnes et al., 2000).

Fresh lava samples from Conical, Edison, Tubaf and New World
seamounts suitable for geochemical analyses were selected visually.
SHAARC samples, along with samples from the study by Stracke and
Hegner (1998) for which the complete set of trace elements has not been
acquired previously, were analyzed at the GeoZentrum Nordbayern
(GZN; FAU Erlangen-Niirnberg) using X-ray fluorescence and Induc-
tively Coupled Plasma Mass Spectrometry (ICPMS) (detailed instru-
mentation in supplementary information). A representative subset of
whole rock samples was selected for high precision trace element ana-
lyses (including Ag, As, Au, Sb) using nanopowder pressed tablets and
Laser Ablation (LA-) ICPMS at the Institute of Geosciences of the Uni-
versity of Kiel. The bulk samples with a loss on ignition higher than 1.5
wt% are likely to be slightly altered and were thus excluded from the
dataset used in this study. The results presented here are all volatile-free
and normalized to 100 wt% sum of oxides.

3.2. Petrography and mineral and melt inclusion chemistry
The mineral chemistry of 24 representative rock samples from

Conical Seamount (sampled during SO-94, SO-133 and SO-166) and, for
comparison, one sample each from Edison, Tubaf and New World
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seamounts were described and discussed.

Major and minor elements in minerals, melt inclusions and ground-
mass glasses were analyzed using a JEOL JXA 8200 electron microprobe
at the GEOMAR Helmbholtz Centre for Ocean Research Kiel (Germany).
The analytical conditions are described in detail in the supplementary
methods section. Compositional profiles of pyroxene phenocrysts were
determined in samples 68DR-1 A and —1C from Conical Seamount.
Groundmass glass was analyzed from three samples (68DR1-C, 50DR1B
and 7DR2E). Trace elements and selected major elements of represen-
tative sulfides, matrix glass, melt inclusions and clinopyroxene crystals
were determined using LA-ICP-MS at GEOMAR (detailed instrument
description in supplementary information).

3.3. Melt inclusion analysis and post-entrapment correction

The melt inclusions in clinopyroxene phenocrysts were glassy or
partly crystallized, and occasionally contained visible crystals that were
likely formed after melt entrapment. We aimed at analyzing only glassy
inclusions. Some analytical results were apparently still compromised by
entrapped mineral phases as identified by their exotic composition, and
were thus excluded from further discussion (details about the filtering
process are described in the supplementary information). Here, we
discuss the composition of 287 melt inclusions from Conical Seamount,
five inclusions from Edison Seamount and three inclusions from Tubaf
Seamount. Judging from their low Mg#, most melt inclusions were
subject to post-entrapment crystallization on the inclusion walls (e.g.,
Rose-Koga et al., 2021). In order to estimate the initial compositions of
the melt inclusions, we modelled adding the host clinopyroxene
composition to the melt inclusion composition until equilibrium with
the host clinopyroxene was reached. The equilibrium Fe—Mg parti-
tioning was estimated using the model of Duke (1976), which agrees
well with more recent models (e.g., Kliigel and Klein, 2006; Putirka,
2008).

Full details of all the methods used for this study and the results can
be found in the supplements.

4. Results
4.1. Petrography and mineral chemistry

4.1.1. Major petrographic features

Petrographic and petrologic observations of lavas from the various
seamounts around Lihir yielded significant differences, in agreement
with previous studies (Kamenov et al., 2005; Mclnnes et al., 2001;
Miiller et al., 2003). The main phenocryst phases in the trachybasalts
from Conical Seamount are euhedral clinopyroxene (up to 6 mm,
average 20-25 area %), plagioclase (up to 1 mm, 5-10 area %) and
magnetite (20 pm to 200 pm, up to 3 area %) in a fine-grained
groundmass composed of clinopyroxene, plagioclase, magnetite and
accessory apatite microlites in residual glass (Fig. 2a). The plagioclase
crystals have an anorthite component ranging from Any3 to Angs.
Olivine and very rare amphibole and phlogopite phenocrysts also occur.
In addition, we observed 10-50 pm magmatic sulfides in the ground-
mass (Fig. 2c), not described in previous studies. The rock samples
display a variable vesicularity from 1% to 15 area %.

At Conical Seamount, glomerophyric intergrowths of clinopyroxene
and other minerals are common in all samples, and can be assigned to
different types. A common variety consists of two or three crossing cli-
nopyroxene crystals (Fig. 3b). Larger crystals (up to above 5 mm) may
occur as stellar-like structures, where three to six clinopyroxene crystals
protrude in several directions from a central core consisting of one or
several smaller, irregular clinopyroxene crystals (Fig. 3a). Magnetite can
occur within these structures, between the outer clinopyroxene grains or
in the glomerocryst core. Another common variety is a mixture of the
main phenocryst phases clinopyroxene, plagioclase and magnetite
(Fig. 3d), although clinopyroxene remains the dominant phase.

LITHOS 482-483 (2024) 107695

ey

Fluid inclusion

Fig. 2. Petrographic features of samples from Conical Seamount. a) Clinopyr-
oxene (cpx) and plagioclase (plg) phenocrysts in fine-grained groundmass
(sample 27RD10-20, optical image, transmitted, cross-polarized light). b) Pri-
mary fluid inclusions (FI) in clinopyroxene phenocryst (sample 39RD30-40,
optical image, transmitted, plain polarized light); c¢) and d) Magnetite (mt) and
sulfides (sulf) in groundmass (c — sample 14RD20-30, d — sample 37RD0-20;
optical image, reflected light).

The clinopyroxene phenocrysts in Conical Seamount rocks
commonly contain abundant melt inclusions, and to a lesser extent, fluid
inclusions (Fig. 2b). The fluid inclusions occur isolated or in trails par-
allel to the growth zones of the host crystal (Fig. 2b). Secondary fluid
inclusions crossing zones within a crystal are also common.

The trachybasalts from Edison and Tubaf seamounts contain elon-
gated phenocrysts of phlogopite (up to 1.4 mm, 2 area %), amphibole
(0.3 mm, 13 area %) and, to a lesser extent of clinopyroxene (up to 1
mm, 2 area %). Their fine-grained groundmass contains microlites of
amphibole, clinopyroxene, plagioclase and magnetite in volcanic glass.
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Fig. 3. Microscopic pictures of glomerophyric intergrowths at Conical Seamount (cross-polarized light). a) Stellar-like glomerophyric intergrowth with sector zo-
nations (Sample 42RD10—22a). b) Orthogonal growth of different clinopyroxene and plagioclase crystals creating glomerophyric intergrowths (Sample
39RD30-40). c¢) Glomerophyric intergrowths (Sample 39RD30-40). d) Glomerophyric intergrowths resulting from crystal accumulation (Sample 48RD25-40).

4.1.2. Peculiarities of clinopyroxene phenocrysts

The clinopyroxene crystals at Conical Seamount are unusually large
and range from ~100 pm to several millimeters, and often occur as the
dominant phase in glomerocrystic intergrowths. The clinopyroxene
crystals are commonly optically and chemically zoned. This zonation
can be oscillatory, reverse, core-normal and sector-divided (Fig. 4). The
transition between different zones is typically compositionally abrupt
(Fig. 4). The primitive, oscillatory and core zonations have a large Mg#
range (between 75 and 90 mol%). The high Mg# in these growth zones
(Fig. 4) is usually associated with higher Cry03 contents of up to 0.45 wt
%, low Al'Y (Al in tetrahedral configuration in the clinopyroxene for-
mula unit, below 0.17 and down to 0.06) and low Tschermak component
(sum of CrCa-Ts, CaCr,SiOg, Ca-Ts, CaAl;SiOg, CaTi-Ts, CaTiAl;0¢ and
CaFe-Ts, CaFeAlSiOg, below 0.16 and down to 0.06). The primitive

oscillatory zonation layers ranges from 10 to almost 100 pm with an
average width of ~50 pm. The less magnesian zones in between have a
width of 100 pm to several hundreds of micrometers. These zones in the
clinopyroxene crystals display lower and less variable Mg# (between 66
and 77 mol%, Fig. 4) and higher Ts-component (0.16-0.20, Fig. 4).

By comparison, clinopyroxene phenocrysts from Tubaf and Edison
seamounts are commonly <700 pm and almost unzoned with only
10-30 pm-wide outer rims. The clinopyroxene Mg# ranges from 80 to
86 mol% at Edison Seamount and from 79 to 84 mol% at Tubaf
Seamount. Their AI" and Tschermak component range respectively
from 0.07 to 0.12 and from 0.06 to 0.11.

Thus, the high Mg# zones in the clinopyroxene crystals at Conical
Seamount are similar to the clinopyroxene minerals at Tubaf and Edison
Seamount with high Cr-content, low Tschermak component and Al".
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Fig. 4. Examples of chemical zoning in clinopyroxene crystals (backscattered electron image). A) Crystal from sample 68DR1A_2 showing a normal-core zonation
and b) from sample 68DR1CB_8 showing oscillatory zonation. The detection limit for Cr,O3 measurements is shown by dashed red line. Primitive core antecrysts, as
well as darker oscillatory zonations, are characterized by higher Mg#, high Cr,03 and lower Tschermak (Ts) component. The oscillatory zonation bands have a sharp
transition with the zones located towards the core and a more gradual transition with the zones located towards the rim. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

However, the low Mg# zones in the clinopyroxene phenocrysts with low 4.1.3. Sulfides
Cr-content, high Tschermak component and high A" are specific to Magmatic sulfides occur in almost all samples from Conical
Conical Seamount. Seamount. These sulfides (sizes ranging from 10 to 50 pm, Fig. 2) are

often associated with magnetite crystals. In such cases, sulfide crystals
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may occur inside or between different aggregated magnetite crystals
(Fig. 2c). The other type of sulfide occurs in rock groundmass and often
displays a spherical droplet shape (size 10-20 pm, Fig. 2d). Magnetite-
sulfide pairs can also occur as inclusions in clinopyroxene. Some sul-
fide phases have a lighter colour in reflected light and show some
alteration features (irregular borders, alteration rims). Altered sulfides
are also observed in samples from the other seamounts.

We distinguish three groups of sulfides using petrographic observa-
tions and the Cu-Fe-S ternary diagram (Fig. 5). The first and biggest
group represents an intermediate solid solution (ISS) between cubanite
and bornite compositions. These occur exclusively at Conical Seamount
except for a single occurrence at New World Seamount. Their Fe con-
tents range from 5.2 wt% to 45.3 wt% and their Cu contents from 15.5
wt% to 57.6 wt%. They are defined by a linearly decreasing trend of Cu
with increasing Fe values. According to the classification of Georgatou &
Chiaradia (2020), this first group corresponds to their type 3 magmatic
sulfide group, which is common for high-K calc-alkaline to shoshonitic
magmas. These magmatic sulfides have measured Au and Ag contents
ranging from 0.6 to 45.7 ug/g and from 41.4 to 1397.2 pg/g respec-
tively. The second group of sulfides is composed of pyrite and occurs
solely at Conical Seamount. These pyrites have low Cu contents of <<5
wt% and Fe contents between 43.7 and 47.4 wt%. The third group
comprises sulfides found in samples from New World and Edison sea-
mounts. These sulfides have high Fe contents between 58.2 and 61.6 wt
% with Cu contents of <3.1 wt% and thus corresponds to pyrrhotite solid
solution. Due to their petrographic appearance and alteration, the two
groups of pyrite and pyrrhotite solid solution are interpreted to be of
hydrothermal origin.

4.2. Melt inclusions in clinopyroxene

We identify two major types of glassy melt inclusions occurring in
clinopyroxene crystals at Conical Seamount (Fig. 6). Type 1 are primary
inclusions, representing melt trapped during the crystallization of a
crystal, and type 2 are pseudo-secondary or largely irregular inclusions
occurring within sieve-textured clinopyroxene crystals, which presum-
ably originated due to heating-induced resorption and later crystalliza-
tion. We further divide type 1 into primary isolated melt inclusions (type
1a) and primary melt inclusions occurring in groups (type 1b). Type 1la
melt inclusions have variable sizes from 10 pm to several hundred mi-
crometers. Type 1b melt inclusions are smaller and range in size from 10
to 50 pm. Type 2 melt inclusions are divided into two subgroups:

Fe

OConical Seamount
@Edison Seamount
ENew World Seamount

X Endmembers

Cu S

Fig. 5. Composition of the sulfide minerals from the Lihir seamounts within the
Cu-Fe-S ternary diagram. Sulfide endmembers are displayed with black crosses
(Bn = Bornite, Ccp = Chalcopyrite, Cbn = Cubanite, Py = Pyrite, Po
= Pyrrhotite).
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inclusions forming sieve texture inside pyroxene crystals (type 2a) and
inclusions located in phenocryst cores and resulting from complete, or
almost complete, resorption of the original clinopyroxene core, which
we interpret to be of antecrystic origin (type 2b). Inclusions from both
subgroups have variable sizes from 10 pm to several hundred micro-
meters. Besides melt inclusions enclosed inside pyroxenes, we observed
common embayments of groundmass glass within phenocrysts and glass
pockets between glomerocrysts.

The melt inclusions in the clinopyroxene crystals from Edison and
Tubaf seamounts are classified as type 1. Pyroxenes with sieve textures
are absent in rocks from these seamounts.

4.3. Rock and melt inclusion geochemistry

Whole-rocks from Conical Seamount record SiO, values ranging
from 47.5 to 50.4 wt% and MgO values ranging from 4.5 to 6.7 wt%.
With K5O contents of about 3 wt% in the whole rocks, Conical Seamount
lavas belong to the high-K rock series and classify as potassic trachy-
basalt (Le Maitre et al., 2002). Rocks from the other three sampled
seamounts range from potassic trachybasalt to shoshonite.

The distinct types of melt inclusions at Conical Seamount described
in the previous section exhibit substantial overlap in their chemical
compositions (Figs. 7, 8). In contrast with the whole rocks, the compo-
sitions of melt inclusions in clinopyroxene are typically tephriphonolitic,
and thus more evolved than whole rocks (Fig. 7). The SiO; contents of
these melt inclusions range from 49.1 wt% to 57.1 wt%, with MgO
values varying between 1.6 wt% and 5.0 wt% (see Figure). Melt in-
clusions from Edison (SiOy between 49.6 wt% and 51.9 wt% for MgO
between 3.2 wt% and 4.7 wt%) and Tubaf (SiO5 between 49.1 wt% and
52.1 wt% for MgO between 2.7 wt% and 3.8 wt%) seamounts exhibit
similar compositional trends, typically representing phonotephrite
compositions.

The groundmass glasses from Conical Seamount show much more
restricted compositions and fall within the range of the melt inclusions
(SiOy between 52.3 wt% and 53.6 wt% and MgO between 2.0 wt% and
2.6 wt%), confirming that the melts were evolved during crystallization
and entrapment of the melt inclusions. Melt inclusions contain >5 wt%
K20 and thus confirm the shoshonitic nature of the magmas at Conical
Seamount.

There is a general increase in Na, K and Al and a decrease in Fe and
Ca with decreasing MgO (Fig. 8). Notably, TiO, and P05 cover a broad
range of values, especially for low MgO, with an overall clustering be-
tween 0.4 and 0.6 wt% for both oxides.

The overall trend of decreasing FeO; contents of the melt inclusions
with decreasing MgO provides evidence for the crystallization of a Fe-
rich phase, likely magnetite. However, the FeO; content exhibits a
notable scatter from 4.4 to 9.9 wt% FeO at a given MgO of ~5.0 to 3.2
wt%. Chlorine contents in the melt inclusions are relatively high and
mostly range between 0.2 and 0.4 wt% with some outliers up to 0.6 wt%.
Sulfur contents are 0.1 wt% and lower. Two inclusions from Tubaf
Seamount have distinctively high S of 0.2-0.3 wt%.

The major and minor element compositions of melt inclusion from
Conical, Edison and Tubaf seamounts overlap. However, the melt in-
clusions from Conical Seamount are predominantly more evolved in
comparison with other seamounts (Fig. 8). Melt inclusions from Tubaf
and Edison seamounts have distinctively high P,Os5 contents of 0.8-1.6
wt%.

The Normal Mid-Ocean Ridge Basalt (N-MORB) normalized (Gale
et al., 2013) trace element patterns of the bulk rocks from different
seamounts are generally subparallel (Fig. 9a). They are characterized by
an enrichment in the Large Ion Lithophile Elements (LILE: Cs, Rb, Ba,
and Sr) and Pb, but also a depletion in High Field Strength Elements
(HFSE: Nb, Ta, Zr, Hf and Ti) and to some extent heavy Rare Earth El-
ements (HREE: Dy, Ho, Er, Tm, Yb, Lu) compared to N-MORB.

Tubaf Seamount samples (MgO = 7.3-8.7 wt%) have lower LILE (Cs,
Rb, Ba) but generally higher concentrations of the less incompatible
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elements than the other seamounts. Edison Seamount rocks (MgO =
7.7-7.9 wt%) are more depleted in HFSE (Nb, Ta, Zr, Hf) and in some
REE (La, Ce, Pr, Er, Tm, Yb, Lu) but are relatively more enriched in Sm,
Eu, Gd, Tb, and Dy. Conical Seamount (MgO = 4.5-6.7 wt%) is generally

less enriched than the other seamounts in incompatible trace elements,
except for some LILE (Cs, Rb), for which the contents overlap (Fig. 9a).

The melt inclusions and the groundmass glass at Conical Seamount
show similar patterns compared to the whole rock samples. However,
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they are less enriched in some REE (Eu, Y, Gd, Tb, Dy, Ho, Er, Tm,
Fig. 9b). Some melt inclusions are comparatively less enriched in some
LILE (Sr, Ba, Fig. 9b). The clinopyroxene crystals hosting melt inclusions
are depleted in almost all the elements except in some less incompatible
REE (Eu, Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu).

Nb/Yb measured in the samples from Conical Seamount is close to N-
MORB values (1.10 after Gale et al., 2013, Fig. 10a). However, Th/Yb
measured in melt inclusions from Conical Seamount and in whole rock
samples from Edison, New World, Tubaf and Conical seamounts varies
between 0.2 and 1.5 (Fig. 10a) and is well above the ratio of N-MORB
(0.08 after Gale et al., 2013). (Dy/Yb)y in whole rock samples from the
studied Lihir seamounts are all below 1.5 (Fig. 10b). The ratio of Rb over
Sr (Rb/Sr) in melt inclusions from Conical Seamount is higher than the
whole rock composition and varies more with a range between 0.07 and
0.23 (Fig. 10c). Ratios of Ba/Rb for melt inclusions from Conical
Seamount remain almost constant at MgO contents of 1.5 and 4.6 wt%,
suggesting very similar parental melts supplying the magmatic system at
Conical Seamount (Fig. 10d). The significantly higher Ba/Rb ranging
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between 8 and 18 in the samples from New World, Tubaf and Edison
seamounts indicate distinct parental melts of these magmatic systems
(Fig. 10d).

5. Discussion
5.1. Mantle sources and melting dynamics

While the TLTF island chain is not directly related to subduction, it is
widely accepted that previous regional subduction episodes influenced
the geochemical signature of the TLTF lavas (e.g., Kennedy et al., 1990).
Comparatively high contents of trace elements that are mobilized in
subduction zones either through fluids or melts (LILE, U, Th, Pb, La)
indicate the addition of slab-derived components into the source
(Stracke and Hegner, 1998). The displacement of the whole rock and
melt inclusion composition to higher Th/Yb values compared to the
MORB-OIB array from Pearce (2008) in the Th/Yb-Nb/Yb diagram
(Fig. 10) is an additional evidence for subduction input (Pearce, 2008).
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The low (Dy/Yb)y (below 1.5, Fig. 10b) measured in all samples in-
dicates the absence of garnet in the mantle source (Davidson et al.,
2013), which could retain HREE during melting. Elements considered to
be “fluid-immobile”, like HFSE and HREE compared to N-MORB, are
depleted and indicate melting of mantle sources that were initially
similar to or more depleted than the source of N-MORB (e.g., Pearce and
Peate, 1995). Finally, this lower HREE content, combined with the
plotting of Th/Yb versus Nb/Yb of the measured whole rock and melt
inclusion compositions above the MORB-OIB array (Fig. 10), cannot be
explained by single-stage melting process from an N-MORB mantle
source.

In order to obtain further insights into the nature of these mantle
sources and the partial melting processes, we performed geochemical
modelling aiming at reproducing the contents of relatively fluid immo-
bile elements (HFSE and HREE) in the most primitive TLTF rocks. We
used the Depleted MORB Mantle (DMM) as the starting composition and
the bulk partition coefficients of Workman and Hart (2004) in our
modelling. We generated various melt-depleted sources from first-stage
melting of the DMM by using variable degrees of partial melting ranging
from 1 to 6%, (Workman and Hart, 2004). Second-stage melting of these
sources with degrees of partial melting between 2 and 10% has been
modelled using equations after Shaw (1970). The results of the model-
ling are shown in Fig. 1.

Melting of DMM reproduces the fluid-immobile HFSE (Nb, Ta, Hf, Zr)
contents in the most primitive rocks of Conical, New World, Edison and
Tubaf seamounts at 5-10% melting (Fig. 11a). However, our modelling
predicts higher contents of HREE (Dy, Er, Yb) and Ti than in the natural
TLTF rocks and their potential primary melt with presumably lower
HREE content. Another possible scenario are very low degrees of partial
melting (around 2%) of a previously depleted DMM source through
1-2% first-stage melting (Fig. 11b-c). However, this low degree of par-
tial melting would also result in higher enrichment in HREE compared to
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TLTF lavas. A better fit of HREE and Ti is obtained through modelling of
a 10% partial melt of a DMM source that was additionally depleted by
6% during a previous episode of melting (Fig. 11d). This finding is in
agreement with previous studies that proposed the origin of TLTF
parental magmas from a highly depleted mantle originally melted at a
MOR spreading center (e.g., McInnes et al., 2001) followed by melting in
an extensional regime within an ancient forearc basin (e.g., Kennedy
et al., 1990). However, some elements (e.g., Nb, Ta) known to be fluid-
immobile (e.g., Pearce and Peate, 1995) are significantly enriched in the
lavas from the studied seamounts compared to model compositions. In
order to resolve the apparent discrepancy between the model and ob-
servations, we propose that this HFSE enrichment might be linked to a
transport of these elements in supercritical fluids, where HFSE are sol-
uble like in silicate melts and therefore cannot be considered as perfectly
fluid-immobile (Kessel et al., 2005). Such a scenario is consistent with
extensive mantle metasomatism, source enrichment and alkali and
volatile element increase by melt-like components (Mclnnes et al.,
2001), probably as a consequence of the most recent subduction reversal
in the region (e.g., Petterson et al., 1999).

The metasomatism of the mantle sources by melt-like K-rich sub-
duction related components and low to moderate degrees of second-
stage melting are the main causes of the high alkalinity of the TLTF
magmas. This metasomatic enrichment overprints the first-stage melting
depletion in incompatible trace elements. Results from our modelling
point to a degree of second-stage melting between 5 and 10%. This range
is consistent with the degree of partial melting inferred for other alka-
line, trachybasaltic lavas in post-subduction settings (<10%, e.g., Hou
et al., 2013).

The strong depletion in incompatible elements during first-stage
melting is associated with Au enrichment in the residual mantle
source (Richards, 2009). The second-stage melting of this residual
mantle source promotes the transfer and enrichment of metals and
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volatiles in the TLTF magmatic systems (Holwell et al., 2019), which is
an essential pre-requisite for ore formation.

5.2. A crustal magma chamber underneath Conical Seamount

Previous studies (Miiller et al., 2003) suggested that the magmas
from Conical, Tubaf and Edison seamounts start to crystallize at sub-
crustal depths (10-14 kbar, around 32-46 km) in the stability field of
amphibole, clinopyroxene and biotite. Beneath Conical Seamount,
however, the initial differentiation stage is followed by further crystal-
lization at upper crustal depths dominated by clinopyroxene and
plagioclase, and in the presence of fluid phase (Kamenov et al., 2005).
This scenario is also consistent with our petrographic observation of
fluid inclusions commonly present in large clinopyroxene crystals of
Conical Seamount lavas (Fig. 2b). The systematic presence of very large
clinopyroxene crystals (up to several millimeters) in the rock samples
indicate sustained magmatic activity in this shallow reservoir.

The similar magma evolution at depth between the melt batches
supplying the magma chamber at Conical Seamount and the melts
feeding Tubaf and Edison seamounts is further confirmed by the melt
inclusion analysis: The major element compositions of melt inclusions
from Tubaf and Edison seamounts mostly overlap with the least evolved
melt inclusions from Conical Seamount.

The decrease of clinopyroxene-compatible elements (Ca) and in-
crease of clinopyroxene-incompatible elements (Na, K, Al) in melts with
decreasing MgO testify to clinopyroxene as the major fractionating
phase for the late stage crystallization under Conical Seamount (cf.
Stracke and Hegner, 1998). Additionally, melt inclusions have a lower
content in HREE (Gd, Tb, Dy, Ho, Er, Tm, Yb) and Y compared to the
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whole rock composition. However, HREE and Y are relatively high and
thus less incompatible in the analyzed clinopyroxene crystals. The
higher compatibility of these elements in clinopyroxene phenocrysts
from Conical Seamount can be explained by very high amount of AI'Y
and Tschermak components in low Mg# clinopyroxene (Fig. 1). The
high partition coefficient (Dorgg) for HREE in Tschermak-rich clino-
pyroxene is explained by coupled substitution of Ca—Si by REE-AI"Y
(Mollo et al., 2020a; Wood and Trigila, 2001, Fig. 1). The lower HREE
content in the more evolved melt inclusions compared to the more
primitive whole rock composition is thus another indicator of the strong
clinopyroxene fractionation at Conical Seamount.

Petrographic observations provide evidence for plagioclase crystal-
lization along with clinopyroxene +magnetite. Strontium is a compat-
ible element in plagioclase. The average melt inclusion and the
groundmass glass trace element pattern display similar or higher Sr
content compared to the whole rock samples (Fig. 9). A systematic,
strong plagioclase fractionation is therefore not evident from the trace
element pattern observation. Additionally, the Al;O3 content increases
with decreasing MgO (Fig. 8). Thus, the clinopyroxene crystallization
dominates over plagioclase formation. However, the higher and more
variable Rb/Sr of melt inclusions compared to whole rock samples in-
dicates that variable amounts of plagioclase crystallized before each
melt batch became trapped in the inclusion (Fig. 10c).

The presence of prominent core-rim zonation in clinopyroxene
crystals, accompanied by resorption zones and sieve textures comprising
glass inclusions (type 2), indicates repeated disequilibrium between
crystals and the adjacent melt (Kamenov et al., 2005). Our new data
confirm and refine these observations. The high Mg#’s, CroO3 contents
and low Ts component in recurring clinopyroxene growth zones and
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core zonation (Fig. 4) provide evidence for the repeated replenishment
of more primitive, mafic magma likely carrying clinopyroxene ante-
crysts from deeper levels (Elardo and Shearer, 2014; Mollo et al., 2020b;
Streck et al., 2002; Ubide and Kamber, 2018). They thus record
numerous magma replenishment and mixing events in the magma
chamber underneath Conical Seamount. The number of oscillatory
zonation bands in individual crystals can range from one to at least four
and indicates at least as many mixing and possibly replenishing events.
Additionally, the reverse zoning found in some clinopyroxene crystals is
consistent with the onset of a new crystal growth stage in the magma
chamber where pre-existing minerals are overgrown and partially re-
equilibrated in a more primitive (likely replenished) melt (Giacomoni
et al., 2016).

The clinopyroxene glomerophyric intergrowths (Fig. 3) are addi-
tional evidence for cyclic fluctuations within the magma chamber. The
density of the magma inferred from melt inclusion and bulk rock
composition using DensityX (lacovino and Till, 2019) ranges between
2.6 and 2.8 g/cm? for the most primitive and 2.3 to 2.5 g/cm® for the
more differentiated compositions. These values are lower than clino-
pyroxene densities reported in the literature (around 3.3 g/cm®, e.g.,
Lee, 2003). Therefore, the clinopyroxene crystals may tend to tempo-
rally settle and grow within stagnant melt in specific regions of the melt
reservoir, likely at the bottom or the walls of the magma chamber. While
this crystallization stage will favor radial, symmetric growth of glom-
erocrysts (Renjith, 2014), vigorous convection driven by the injection of
hot primitive magma is required to expose the crystals to different melt
batches. This process triggers new growth and finally leads to the for-
mation of the stellar-like glomerophyric intergrowth observed in our
samples (e.g., Zhu et al., 2018).

In contrast, plagioclase crystals have lower densities (between 2.5
and 2.6 g/cm®, e.g., Scoates, 2000) and are more likely to float in melt or
have neutral buoyancy. This is supported by the predominance of idio-
morphic plagioclase and rare plagioclase within glomerophyric in-
tergrowths. However, plagioclase crystals floating in a convecting melt
are more prone to adhere together and to form the observed crystal
cumulate textures (Renjith, 2014; Schwindinger, 1999; Vance, 1969,
Fig. 3).

Additional, new evidence for repeated magma replenishment events
beneath Conical Seamount with more primitive magmas arises from
geochemistry. The melt inclusions from Conical Seamount record a large
range in FeO; and TiO2 contents (between 0.4 and 0.7 wt% TiO2 for
MgO between 2.5 and 4.5 wt% and between 4.5 and 11 wt% FeO; for
MgO at 4.5 to 5.5 wt%). This variability, the significant decrease of Fe in
the melt inclusions and the offset in TiO2 content between the melt
inclusions and the whole rock compositions is consistent with the
observed Ti-magnetite fractionation, replenishment of the magma
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chamber with more primitive Fe- and Ti-rich magma, and further mixing
with low-Fe and low-Ti evolved melts in the magma chamber.

Thus, the observed clinopyroxene and plagioclase textures and
compositions, and the compositions of melt inclusions in clinopyroxene
suggest that the magmas erupted at Conical Seamount are the products
of dynamic, convective magma chamber processes driven by frequent
replenishment and mixing events. The presence of such a long-living and
dynamic magma system is exclusive to the mineralized Conical
Seamount but is missing at the other barren (not mineralized) seamounts
nearby.

5.3. Modelling magma chamber processes

We used the Magma Chamber Simulator (Bohrson et al., 2020) in an
attempt to quantitatively model the magma chamber evolution at
Conical Seamount. Our simulations (Fig. 1) focused on fractional crys-
tallization and the effects of periodic magma replenishments. We used
the composition of the most primitive whole rock sample from Conical
Seamount (sample 47DR-1 A) as the starting composition. To model
anhydrous to significantly hydrous conditions, we considered three
different HyO contents in the parental melt of 0, 2 and 4 wt% and
modelled isobaric crystallization trends at pressures varying from 50
MPa to 450 MPa in agreement with previous estimates of crystallization
pressures (Miiller et al., 2003). It agrees with the model of a crustal
magma chamber underneath Conical Seamount experiencing fluid
saturation as emphasized through our petrographic observations of fluid
inclusions and previous research (Kamenov et al., 2005). Oxygen
fugacity (fO2) was set to vary between 0 and 2 log units above the
Fayalite-Magnetite-Quartz (FMQ) buffer, which is a typical range for
basaltic island arc magmas and their sources (e.g., Cottrell et al., 2021;
Parkinson and Arculus, 1999).

There are several models with different input parameters that
reproduce the observed trends in SiO,, MgO, CaO, Na,0, K»0, and Al,03
below 19 wt% (Fig. 1). In accordance with petrographic observations, all
models predict prevailing clinopyroxene fractionation, as well as
sequential olivine, magnetite, plagioclase, and apatite crystallization.
Across our simulations, fractional crystallization of clinopyroxene
dominated consistently, resulting in a final mass fraction of approxi-
mately 30-40%, aligning with the quantities observed in the natural
rock samples. Only the clinopyroxene mass fraction from anhydrous
simulations at a pressure of 450 MPa is significantly higher (45%). In all
the scenarios, this extensive clinopyroxene fractionation drives the
magma into very alkaline composition. Even though the alkalinity is a
product of mantle source processes it is strongly enhanced by magma
chamber processes.

At lower pressure of ~50 MPa and for fO5 ranging between 0 and + 2



L.-M. Gautreau et al.

58 P=50 0=0 W=0
e P=50 0=0 W=2
e P=50 0=0 W=4
56 ~—&—P=50 0=1 W=0
~—#—P=50 0=1 W=2
~#—P=50 0=1 W=4
_54 0w
R L rasoowe
g52 S rasooawee
s ~—— RFC P=50 0=0 W=2
o50
2
48
46 1 1 1
15 3.5 5.5 7.5
12
ES
e}
&
7.50
9
8 L
7
E
25
o]
w4
2
3
2 1

o.o 1 1 1
3.5 5.5 75

MgO (wt. %)

LITHOS 482-483 (2024) 107695

K20 (wt. %)
(-] ~N (-] o

N W &~ U

15

MgO (wt. %)

Fig. 13. Modelling of magma chamber evolution assuming different pressures, oxygen fugacity and H,O contents (see text for details). Measurements (whole rock
samples, groundmass glass and melt inclusions) are represented in white in the background (see Fig. 8 for more details). All models shown are isobaric at 50 MPa or
450 MPa. Different scenarios are labelled according to their pressure (“P” in MPa), oxygen fugacity (“O” in log units above FMQ buffer) and H,O content (“W” in wt
%). One additional scenario with fractional crystallization associated to several replenishing events (labelled ‘RFC’) is also plotted.

log units relative to FMQ, plagioclase mass fractions ranged between
21% and 27% for 4 wt% H»0, between 22% and 41% for 2 wt% H,0 and
between 38% and 44% for anhydrous conditions. Thus, models that ran
at a higher pressure of ~450 MPa and assuming 2 to 4 wt% HO in the
parental melt appear to be the most realistic as they predict a much
lower amount of plagioclase (4-13 wt%) and are thus more consistent
with our petrographic observations (5-10 area %). The modelled Al;Os,
which is compatible in plagioclase, is thus closer to the measured melt
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inclusion composition.

Yet, the high Na;O content at low MgO values is still not well
reproduced at 450 MPa, despite a lower plagioclase fraction. In fact, the
simulations at 450 MPa at 2 wt% and 4 wt% H-O estimate an anorthite
component between Ans; to Angg. At Conical Seamount, the crystals
have an anorthite component between Any3 and Angs. The underesti-
mation of the Anorthite component by the model, and thus over-
estimation of the NayO sequestrated in the plagioclase, explains the
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discrepancy between NapO content modelled in the magma and
measured in the melt inclusions. Previous experimental studies have
shown the difficulty of magma modelling softwares to generate observed
mineral assemblage in open, dynamic systems (Brugger and Hammer,
2010).

Despite this discrepancy, the different major element trends can be
reproduced by several scenarios. However, the most critical data for the
choice of the most appropriate conditions are those obtained for FeO
and TiOy, which are highly sensitive the crystallization of magnetite and
linked to variations in fO;. The most Fe- and Ti-rich melts can be
reproduced only at relatively low fO close to the FMQ buffer. Models at
higher fO, predict early magnetite crystallization and very rapid
depletion of Fe and Ti in melts with decreasing MgO. Thus, the large
scatter of Fe and Ti in melts may reflect some variations in fO5 during
crystallization, broadly between 0 and + 2 log units relative to FMQ.
However, such large variations in fO for different melt batches are not
well justified because the reasons for such large variation of fO, are
unclear and not supported by our natural observations.

Before we have demonstrated that there is strong petrographic and
geochemical evidence for periodic replenishment of the magma cham-
ber. Thus, a realistic simulation of magma chamber evolution must
include magma replenishment by mafic melts and mixing. However,
most elements are largely unaffected by this additional process except
for Fe and Ti, both of which exhibit non-monotonous behavior at
decreasing MgO. Because this model involves mixing of high-Ti and
high-Fe primitive and low-Ti and low-Fe evolved melts, it provides an
alternative explanation for the large scatter of these elements at
moderately low MgO and constant fO close to the FMQ buffer as
opposed to the model requiring variable fO, contents.

A mixing model seems likely because of the abundant evidence for
magma mixing from petrographic and mineralogic data. However, the
fO2 close to FMQ predicted by the model is rather low compared to
oxygen fugacity commonly accepted for arc-related magmas (e.g., Muth
and Wallace, 2022). It is also below the range calculated from previous
studies (0.7-2.5, Miiller et al., 2003) at Conical Seamount. However, the
oxybarometer, based on magnetite-melt equilibrium, used in Miiller
et al. (2003) is not calibrated for melts with high alkalinity like at
Conical Seamount.

Based on the modelling results, we suggest that the magma frac-
tionation occurred in a shallow magma chamber experiencing periodic
replenishment, at fO close to FMQ, and an H0 content between 2 and
4 wt% in the parental melts. Additionally, we cannot completely exclude
some uncertainty of the models as they may not be perfectly calibrated
for applications in highly alkaline systems such as Conical Seamount.

5.4. Implications for the ore-forming potential at Conical Seamount

The Cu-Au-rich epithermal mineralization at Conical Seamount may
have different genetic links to the underlying magmatic system: 1) Au
enrichment at the source due to previous first-stage melting depletion
(Richards, 2009) and subsequent transfer of metals and volatiles in
highly alkaline melt during second-stage melting (Holwell et al., 2019),
2) pre-concentration of metals including Au in magmatic sulfides, 3)
enrichment of the bulk magma in metals due to open-system fraction-
ation and repeated replenishment by comparatively Au-rich mafic
magmas, and 4) effective transfer of metals from the melt to the
exsolving fluid due to volatile saturation.

The occurrence of magmatic sulfide phases is an important factor of
ore metal pre-concentration because of their strong partitioning into
sulfide phases (Li and Audétat, 2013). The Monosulfide Solid Solution
(MSS) phase, for example, has MSS/silicate melt partition coefficients of
up to 300 for Cu, 50 for Ag and 180 for Au (Li and Audétat, 2013).
Sulfide liquids are even more enriched in these metals relative to silicate
melts with partition coefficients of up to 800, 900 and 20,000 for Cu, Ag
and Au (Li and Audétat, 2013). At Conical Seamount, Cu-bearing ISS
phases are predominant among the magmatic sulfides. Measured Au and
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Ag contents in these magmatic sulfides reach 45 pg/g and 1397 ug/g,
respectively, which are rather high (e.g., Li and Audétat, 2013).

The magmatic sulfides in lavas from Conical Seamount are geneti-
cally related to the crystallization of magnetite. Thus, their formation
could be caused by a drop in the solubility of sulfide in the melt at
decreasing FeO (O’Neill and Mavrogenes, 2002) and also by decreasing
Fe;03/FeO in melt, a process also known as “magnetite crisis” (Jenner
et al., 2010). Therefore, a metal pre-concentration stage occurs through
sulfide saturation and the gravitational retention of those sulfides in the
chamber. Repeated periodic replenishing events delivering metals and
sulfur, sulfide saturation and retention may thus lead to a progressive
metal enrichment in the crustal magma reservoir. In the case of
concomitant mixing in the magma chamber, sulfide phases likely remain
in the partially crystallized magma either as small droplets in the melt or
co-crystallized with minerals like magnetite. Thus, the sulfides are not
removed from the magma, and their content in the bulk magma in-
creases at relatively high MgO contents, similarly to highly incompatible
elements (Lee et al., 2014; Portnyagin et al., 2015).

Another key feature for the ore-forming process is the fluid exsolu-
tion. Previous studies have demonstrated a substantial magmatic fluid
contribution to the Cu—Au mineralization at Conical Seamount (e.g.,
Gemmell et al., 2004; Petersen et al., 2002). Since the main mineral
phases crystallizing in the shallow magma chamber are exclusively
anhydrous, fractional crystallization increases the volatile content in the
melt and eventually triggers saturation and fluid exsolution (degassing).
The broad range of Cl (mainly between 0.23 wt% and 0.45 wt%) and S
contents (mainly between 0 wt% and 0.13 wt%) measured in melt in-
clusions is consistent with variable extent of melt degassing even though
S is also affected by magmatic sulfide saturation. The high Cl content in
the melt and equilibrium fluid increases metal solubility in the exsolving
fluid (Hogg et al., 2023) and is an important factor for increasing the ore
fertility of magmatic systems (Grondahl and Zajacz, 2022).

Volatile saturation and fluid exsolution may be an effective mecha-
nism to extract magmatic sulfides from the convecting magma through
the formation of sulfide-vapor compound droplets (Mungall et al.,
2015). These compound droplets can ascend towards the roof of the
magma chamber, where decomposition of the sulfide phase through
hydration or oxidation can cause metals including Au to be transferred
from the sulfide into the fluid phase, thus increasing the epithermal ore
potential. However, the preservation of magmatic sulfides in the
groundmass of the volcanic rock indicate that at Conical Seamount
sulfides are at least not completely resorbed during degassing.

The presence of a crustal magma chamber may reflect an enhanced
or enduring magmatic flux underneath Conical Seamount (cf. Gud-
mundsson, 2012). This conclusion is supported by the evidence for
multiple magma replenishing events as well as the comparatively large
size of Conical Seamount (2.3-2.9 km diameter, 700 m height) relative
to Edison or Tubaf seamounts, both of which are around 1.1 km in
diameter and only <400 m high (elevation above surrounding seafloor)
and likely represent less complex edifices. Extensive fractionation of
clinopyroxene in the magma chamber increases the alkalinity of the
magma. This increased alkalinity potentially raises the pH of the ore-
forming fluid, which enhances its capability to transport Au (Smith
et al., 2017).

The parental melts for all seamounts around Lihir display composi-
tional similarities and thus point to a similar mantle source. This source
has been depleted in a first melting event which also increases Au over
Cu. Low degrees of partial melting during a second event produces
alkaline melts that initially fractionate at high pressures (e.g., at the
Moho). However, this alone does not create favorable conditions for
magmatic-hydrothermal ore formation: Edison, Tubaf and New World
seamounts are barren (unmineralized), whereas an Au-rich epithermal
mineralization is only known from Conical Seamount (Petersen et al.,
2002). The presence of a shallow crustal magma reservoir that allows for
extensive but complex magmatic differentiation, periodic replenish-
ment, ore metal pre-enrichment and magmatic volatile saturation is
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unique to Conical Seamount and appears to significantly increase
magmatic-hydrothermal ore potentials.

6. Conclusions

Our investigation into the magmatic processes and their impact on
the ore-forming system at Conical Seamount provides insights into the
local mantle source, processes within the crustal magma chamber and
the subsequent consequences for mineralization. Here, we summarize
the key findings of our study:

1. Trace element modelling is consistent with a complex evolution of
the mantle source that experienced two stages of depletion through
partial melting and metasomatism in a supra-subduction setting.
Metasomatism leads to enrichment in alkaline and volatile elements
in the mantle source.

2. The depletion in incompatible elements during first-stage melting
was associated to an enrichment in Au over Cu in the residual mantle
source. The low to moderate degree of second-stage melting pro-
motes the transfer of volatile and metal elements, the latter remained
in the mantle source after the first melting depletion.

3. Geochemical analyses of melt inclusion indicate close compositional
similarities between the melt batches supplying the magma chamber
at Conical Seamount and the lavas observed at the neighboring
Edison and Tubaf seamounts.

4. Our results from petrography, mineral and melt inclusions chemistry
and modelling are consistent with magmatic differentiation at low
pressure and under water-saturated conditions and provide evidence
for frequent magma replenishment events and dynamic convection
in the magma chamber.

5. The presence of magmatic sulfides provides evidence for sulfide
saturation in the magma and the sequestration of metals in the sul-
fide phase. Cyclic replenishment and convection of the magma
chamber provide a fertile environment for a progressive metal
enrichment through retention of the sulfides in the residual magma.

6. Our study highlights the important role of a shallow crustal reservoir
for magmatic-hydrothermal ore formation. Extensive fractionation
of clinopyroxene increases the alkalinity and volatile content of the
magma. Upon volatile saturation, the exsolving fluid has a high po-
tential to mobilized and transport metals, thus creating highly
favorable conditions for an epithermal ore system.

7. Conical Seamount is the only seamount in the region with solid ev-
idence for the enduring presence of a shallow crustal magma reser-
voir. Our results may thus explain why Cu—Au mineralization at the
seafloor of the New Ireland Basin is unique to this location.

We suggest that mantle source and parental melt composition play
an important but limited role for the ore metal enrichment in highly
alkaline magmas and thus for their magmatic-hydrothermal mineral
potentials in general. In contrast, our study shows that magma evolution
and shallow crustal magma chamber processes including periodic melt
replenishment control sulfide and magmatic volatile saturation and as
such play a critical role for epithermal ore formation.
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