
1. Introduction
Geologic processes at convergent plate margins control seismicity, geochemical cycling, and deep biosphere 
activity in subduction zones. Two approaches are typically taken to study such zones. One approach is to char-
acterize inputs into a convergent plate margin by sampling the down-going plate (e.g., Chan & Kastner, 2000), 
providing the geochemical reference necessary to elucidate what geochemical factors may influence the produc-
tion of supra-subduction zone (SSZ) crust and mantle (e.g., Reagan et  al.,  2017). A second approach is to 
study outputs in terms of magma and volatiles in volcanic arcs and back-arc basin settings (e.g., Kelemen & 
Manning, 2015). Such outputs constrain processes that exist deep within the subduction zone and the lithosphere 
in its hanging-wall. However, neither approach is able to constrain processes that occur within the large and 
dynamic zone that exists between the site where the subducting plate enters the trench and the location where it 
reaches the zone of magma genesis beneath the volcanic arc.

Abstract Active serpentinite mud volcanoes in the forearc region of the Izu-Bonin-Mariana system 
represent an excellent natural laboratory for studying the geochemical processes along convergent plate 
margins and the associated forearc. During IODP Expedition 366, serpentinite mud with lithic clasts from the 
underlying forearc crust and mantle as well as from the subducting Pacific Plate was recovered. Ultramafic 
clasts from Fantangisña Seamount reveal very high degrees of serpentinization with mesh and bastite textures 
as well as development of late lizardite and chrysotile veins, which suggests serpentinization temperatures 
below 200°C. On the other hand, recovered harzburgites and, on occasion, dunites from Asùt Tesoru Seamount 
show a well-preserved primary assemblage with low degrees of serpentinization and forearc peridotite 
characteristics. Fine-grained antigorite associating with lizardite has been identified throughout the serpentine 
mud matrix, suggesting an alteration temperature of c. 340°C. Furthermore, alteration conditions during 
rodingitization point to temperatures of at least 228°C, estimated via chlorite geothermometry. Additionally, 
a rare ophicarbonate clast containing andraditic as well as Cr-rich hydrogarnets from Asút Tesoru Seamount 
indicates crystallization temperatures of at least 230°C. Hence, a trend of lower temperature of serpentinization 
and higher degree of alteration closer to the trench. The detailed characterization of the fluid-rock alteration 
conditions as well as fluids composition and transport permits a better constraining of the fluid–rock 
interactions and related mass transfers within subduction zones and during ascent of serpentinite fault gouge 
within mud volcano conduits and in mudflows after their emplacement on the flanks of the edifices.

Plain Language Summary The fluid migration and circulation in subduction zones play a 
crucial role in the geochemical cycling as well as the physical and mechanical processes taking place there. 
Characterizing their nature, source and pathways would contribute to a better understanding not only of the 
rheology and fluid recycling but also of the tectonic and metamorphic processes operating deep within the 
Earth's lithosphere as a whole. During an International Ocean Discovery Program (IODP) Expedition, 366 
serpentinite mud volcanoes located on the fractured forearc of the Mariana subduction system were drilled. The 
recovered material consists of highly hydrated rocks that experienced varying degrees of metamorphism and 
alteration. Mineralogical and chemical composition study of these rocks showed that they are former mantle 
rocks formed by the infiltration of fluids within the subduction zone. Some of them experienced additional 
transformation during their ascent to the seafloor by acquiring substantial amount of CO2-rich minerals. 
Furthermore, the results show a trend in which alteration temperature is decreasing but transformation degree is 
increasing with proximity to the subduction channel.
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Determining unequivocally the composition of slab-derived fluids and their influences over the physical prop-
erties of the subduction zone or geochemical cycling in convergent margins requires direct sampling of the plate 
boundary, more specifically the subduction channel. Most studies of subduction channel materials, mass fluxes 
and geochemical interchanges have been based on data from samples of drill cores, borehole observatories and 
mud volcanoes in accretionary convergent margins, as well as models based on geophysical considerations (e.g., 
Fryer et al., 2018; Hensen et al., 2004; Kastner et al., 1993; Peacock et al., 2005; Saffer & Tobin, 2011; Solomon 
et al., 2009; Tryon et al., 2010). However, large wedges of accreted sediment bury the underlying crystalline 
basement, making it inaccessible by drilling, and the wedges interact with slab-derived fluids by altering the 
chemical composition of the slab-derived fluids. Thus, dehydration reactions and metamorphic interchanges 
in the intermediate and deeper parts of the subduction channel have yet to be sampled in these margins. In 
contrast, non-accretionary convergent margins can provide a more pristine slab-fluid signature because there is 
no thick accretionary sediment wedge for the fluids to interact with, and fluid and material egress occurs through 
fault zones that have experienced water-rock interactions for millions of years, thus minimizing exchange during 
ascent (Fryer, 1996).

The Mariana convergent margin provides the environment where a natural process brings materials from great 
depths directly to the surface (e.g., Fryer, 2012). Here, active serpentinite mud volcanoes provide a window to 
the subduction channel between the subducting Pacific Plate and the Philippine Sea Plate (Figure 1; Fryer & 
Fryer, 1987; Wheat et al., 2008). The Mariana subduction system is non-accretionary and the forearc is perva-
sively faulted (Fryer, 1992). Here, serpentinite mud volcanoes are numerous, large (averaging 30 km diameter 

Figure 1. Topographic bathymetric map of the Mariana forearc region showing the drilling locations for IODP Expedition 
366 (modified after Fryer et al., 2018).
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and 2 km high) and active (Fryer, 1992, 1996; Fryer & Fryer, 1987). They are composed principally of unconsol-
idated flows of serpentine muds containing clasts of serpentinized mantle peridotite and several other lithologies, 
such as blueschist materials derived from the subducting slab (e.g., Fryer, 2012; Maekawa et al., 1995; Pabst 
et al., 2011) via deep-seated faults.

The Mariana forearc contains the only currently active serpentine mud volcanism in a convergent margin setting. 
Hence, these mud volcanoes are currently the most direct route to a subduction channel on Earth and because 
they exist at a range of distances from the trench, they provide a window that allows us to document processes 
and conditions at depths up to 18 km beneath the forearc (Hulme et al., 2010; Oakley et al., 2007). Fluids upwell 
within these mud volcanoes at a rate that is in excess of the mud matrix (Fryer et al., 1999; Hulme et al., 2010). 
Such fluids originate from the down-going plate but are highly altered, are reducing and have pH values in the 
range of 9–12.5 (Hulme et al., 2010; Mottl et al., 2003, 2004; Wheat et al., 2008).

IODP Expedition 366 recovered cores from three serpentinite mud volcanoes at increasing distances from the 
Mariana Trench: Yinazao (Blue Moon), Fantangisña (Celestial), and Asùt Tesoru (Big Blue) (Figure 1; Fryer 
et al., 2018). The recovered material consists of highly indurated serpentinite mud with embedded lithic clasts 
of mainly peridotitic rocks and minor amounts of mafic rocks, all of which have experienced varying degrees of 
metamorphism and/or alteration. Their mineralogical and chemical compositions show that they are formed by 
the infiltration of fluids within the subduction zone. For the purposes of this study, we investigated the textural 
and mineral chemical evolution of ultramafic and mafic rock clasts from the flanks and summits of both Asùt 
Tesoru and Fantangisña Seamounts. We also analyzed several samples of serpentine mud from Asùt Tesoru 
Seamount that commonly contain varying amounts of fine-grained lithic clasts (>2 mm) (Table 1). Our detailed 
examination of serpentinization and rodingitization processes as well as carbonation of serpentinites permits 
reconstruction of the mechanisms of forearc mantle alteration, fluid activity and fluid-rock interaction.

2. Geological Overview
The Izu-Bonin-Mariana (IBM) convergent margin in the western Pacific Ocean is a non-accretionary, intra-oceanic 
arc system that formed during the subduction of the Pacific Plate under the Philippine Sea plate since Eocene 
times (e.g., Fryer, 1996; Ishizuka et al., 2018; Kurz et al., 2019; Reagan et al., 2019; Stern et al., 2003). Within 
the southern IBM segment (Mariana), the convergent margin exhibits a sequential formation of volcanic 
arcs and extensional back-arc basins (e.g., Fryer,  1996; Hussong & Uyeda,  1982; Reagan et  al.,  2019; Stern 
& Bloomer,  1992; Stern et  al.,  2003; Taylor & Fujioka,  1992) including the Mariana Trough and forearc at 
the eastern edge of the Philippine Sea Plate. Furthermore, the forearc is pervasively faulted due to across- and 
along-strike extension as well as vertical tectonic deformation that is related to the subduction of seamounts 
(Figure 1; Fryer & Fryer, 1987; Fryer & Pearce, 1992; Fryer & Salisbury, 2006; Kurz et al., 2019). These fault 
systems allow the rising and exhumation of serpentinite gouge that is mobilized by slab-derived fluids from the 
forearc lithospheric mantle, forming km-scale serpentine mud seamounts (e.g., Fryer, 2012).

Active serpentinite mud volcanoes are currently restricted only to the IBM forearc; within the Mariana forearc 
they occur up to a distance of 100 km away from the trench. The seamount-trench distance basically correlates 
with a range of depth and temperature of the down-going plate and the subduction channel (Figure 1; Fryer, 2012; 
Fryer et al., 1999, 2000, 2006). The positions of the serpentinite mud volcanoes are related to active seeps, which 
penetrate the forearc lithosphere and can reach depths up to 18 km, providing direct access to the subduction 
channel as well as monitoring of different metamorphic and metasomatic processes operating as the Pacific 
Plate lithosphere subducts (e.g., Fryer et al., 2020). A decrease in the degree of serpentinization of the mantle 
wedge beneath the forearc may limit the distance of the serpentinite seamounts from the subduction front (Fryer 
et al., 2000; Stern & Smoot, 1998). This assumption is supported by formerly drilled cores with only slightly 
altered ultramafic samples (ODP Leg 125), suggesting that the sub-forearc mantle is not entirely serpentinized 
(Fryer et al., 2000; Oakley et al., 2007). However, according to other studies, the forearc mantle wedge displays a 
much higher degree of serpentinization of at least 50% (Bostock et al., 2002; Nagaya et al., 2016).

The mud volcanoes are composed of unconsolidated clay-to silt-sized serpentinite mud containing up to 
boulder-sized clasts of variably serpentinized mantle peridotites as well as crustal and subducted Pacific Plate 
materials, including blueschist-facies clasts (e.g., Fryer, 2012; Maekawa et al., 1995; Pabst et al., 2011; Tamblyn 
et al., 2019). The deep-sourced formation fluids originate from the dehydration of the down-going slab, whereby 
c. 30%–70% of the subducted formation water is released beneath the forearc mantle and just 15%–35% of the 
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Sample Seamount Sample code IODP Depth (mbsf) Lithology

1-1493B-56 Asùt Tesoru 366-U1493B-2X-1-W 19/21 0.89 Oxidized sandy mud with carbonate

1-1493B-57 Asùt Tesoru 366-U1493B-2X-1-W 29/32 0.99 Ophicarbonate

1-1493B-61* Asùt Tesoru 366-U1493B-3F-5-W 50/60 14.63 Blue serpentinite mud

1-1493B-62 Asùt Tesoru 366-U1493B-4F-CC-W 20/30 18.88 Blue serpentinite mud

1-1493B-63* Asùt Tesoru 366-U1493B-6F-3-W 25/40 26.66 Green serpentinite mud

1-1493B-64 Asùt Tesoru 366-U1493B-8F-CC-W 34/44 29.54 Green serpentinite mud

1-1493B-68 Asùt Tesoru 366-U1493B-9X-1-W 71/74 30.31 Harzburgite, serpentinized

1-1494A-73 Asùt Tesoru 366-U1494A-1F-4-W 33/36 3.44 Blue to green serpentine mud

1-1494A-74 Asùt Tesoru 366-U1494A-1F-CC-W 5/15 4.23 Blue to green serpentine mud  
with foraminifera

1-1494A-78 Asùt Tesoru 366-U1494A-3F-4-W 50/60 12.68 Blue to green serpentine mud

1-1494A-79* Asùt Tesoru 366-U1494A-5F-2-W 5/23 19.41 Blue serpentinite mud

1-1494A-80 Asùt Tesoru 366-U1494A-5F-2-W 71/85 20.07 Blue serpentinite mud

1-1494A-81* Asùt Tesoru 366-U1494A-5F-3-W 98/113 21.30 Blue serpentinite mud

1-1494A-82 Asùt Tesoru 366-U1494A-6F-2-W 15/23 24.00 Blue serpentinite mud

1-1494A-83 Asùt Tesoru 366-U1494A-9G-1-W 30/40 31.33 Blue serpentinite mud

1-1494A-84 Asùt Tesoru 366-U1494A-10F-1-W 32/38 32.92 Blue serpentinite mud

1-1494A-85 Asùt Tesoru 366-U1494A-10F-2-W 46/56 33.85 Blue serpentinite mud

1-1494A-86 Asùt Tesoru 366-U1494A-10F-2-W 100/106 34.39 Blue serpentinite mud

1-1495B-89* Asùt Tesoru 366-U1495B-2F-CC-W 15/25 4.20 Blue serpentinite mud

1-1495B-95* Asùt Tesoru 366-U1495B-4F-3-W 70/80 8.80 Blue serpentinite mud

1-1496A-270 Asùt Tesoru 366-U1496A-2F-2-W 38/49 4.83 Blue serpentinite mud

1-1496A-100 Asùt Tesoru 366-U1496A-3F-5-W 46/48 11.89 Dunite, serpentinized

TSB-73 Asùt Tesoru 366-U1496A-3F-5-W 96/98 12.39 Reaction zone (grt + chl)

1-1496A-102 Asùt Tesoru 366-U1496A-3F-CC-W 17/19 12.67 Rodingite

1-1496A-103* Asùt Tesoru 366-U1496A-4F-4-W 18/28 16.45 Blue serpentinite mud

1-1496A-105 Asùt Tesoru 366-U1496A-5F-3-W 83/93 20.79 Blue serpentinite mud

1-1496A-106 Asùt Tesoru 366-U1496A-6F-2-W 47/51 22.80 Harzburgite, serpentinized

1-1496A-110 Asùt Tesoru 366-U1496A-6F-5-W 60/70 26.43 Blue serpentinite mud

1-1496A-113 Asùt Tesoru 366-U1496A-8F-2-W 41/51 33.01 Blue serpentinite mud

1-1496B-118 Asùt Tesoru 366-U1496B-3F-2-W 30/40 7.29 Blue serpentinite mud

1-1496B-123 Asùt Tesoru 366-U1496B-5F-1-W 85/95 16.85 Blue serpentinite mud

1-1496B-125 Asùt Tesoru 366-U1496B-6F-2-W 0/6 22.22 Blue serpentinite mud

1-1496B-126 Asùt Tesoru 366-U1496B-6F-2-W 41/51 22.63 Blue serpentinite mud

1-1496C-135 Asùt Tesoru 366-U1496C-5R-1-W 8/10 36.68 Harzburgite, serpentinized

1-1496C-136 Asùt Tesoru 366-U1496C-7R-1-W 0/2 55.60 Harzburgite, serpentinized

1-1496C-138 Asùt Tesoru 366-U1496C-11R-1-W 30/33 94.20 Harzburgite, serpentinized

1-1496C-139 Asùt Tesoru 366-U1496C-11R-3-W 40/43 96.64 Harzburgite, serpentinized

1-1498B-210 Fantangisna 366-U1498B-3R-3-W 89/92 21.29 Harzburgite, serpentinized

1-1498B-211 Fantangisna 366-U1498B-4R-1-W 90/94 29.80 Harzburgite, serpentinized

1-1498B-212 Fantangisna 366-U1498B-4R-2-W 30/32 30.32 Harzburgite, serpentinized

1-1498B-214 Fantangisna 366-U1498B-5R-1-W 56/59 35.26 Harzburgite, serpentinized

1-1498B-224 Fantangisna 366-U1498B-7R-4-W 79/82 57.38 Harzburgite, serpentinized

Table 1 
List of the Investigated Samples Including IODP Sample Code
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fluid derived from the subducted plate is released beneath volcanic fronts causing arc magmatism (e.g., Fryer 
et al., 2020; Hyndman & Peacock, 2003; Mottl, 1992; Peacock, 1990; Rupke et al., 2004; Schmidt & Poli, 1998).

Several studies confirmed the episodicity of serpentinite mudflows formation from a central conduit due to 
the presence of multiple mudflow units on the flanks of the seamounts (Frery et al., 2021; Fryer, 1992; Fryer 
et al., 1990; Oakley et al., 2007; Wheat et al., 2008). The presence of clay layers within the serpentinite mud 
flow deposits may represent quiet phases between serpentinite mud eruptions (Fryer, 1996). The oldest indica-
tions for serpentinization processes within the arc system were found in sediments of middle Eocene age (Fryer 
et al., 2006). Based on biostratigraphic data the latest recorded phase of serpentinite mud volcano activity is Late 
Miocene to Early Pliocene (c. 6–4 Ma; Del Gaudio et al., 2022). In a plate tectonic context, these data are corre-
sponding to the initiation of spreading within the Mariana Trough at 6–7 Ma and with true seafloor spreading 
initiating at 3–4 Ma, forming the remnant arc of the West Mariana Ridge (e.g., Anderson et al., 2017; Clift & 
Lee, 1998; Oakley et al., 2009; Sato et al., 2015; Stern et al., 2003; Straub et al., 2010).

2.1. Drilling Sites Description

International Ocean Discovery Program (IODP) Expedition 366 recovered cores from three serpentinite mud 
volcanoes at increasing distances from the Mariana Trench (Yinazao, Fantangisña and Asùt Tesoru), which are 
located at 55, 62 and 72 km from the trench axis, respectively (Figure 1; Fryer et al., 2018). The drilling sites were 
located on the summit regions, which represent active sites of eruption, but also on the flanks of the mud volca-
noes, where ancient flows are overlain by more recent ones. The recovery includes pelagic sediments, volcanic 
rocks (boninites and forearc basalts) and peridotite clasts from the forearc mantle wedge. Recycled materials 
from the subducted slab are found at all three mud volcanoes and consist of metavolcanic rocks (metamorphosed 
tholeiitic and alkali basalts), metamorphosed pelagic sediments including cherty limestone as well as fault rocks 
with various degrees of deformation.

Fantangisña Seamount (informally known as Celestial Seamount) is located at 16°32′N, 147°13′E, about 62 km 
from the trench and about 14 km above the subducting Pacific Plate (Fryer et al., 2018; Oakley, 2008). This edifice 
lies on the northern edge of an uplifted forearc block that trends NW. Side-scan backscatter of the seamount 
shows several deep erosional channels on the western flanks as well as a prominent slump on the northern flank. 
At the base of the western flank of the seamount, numerous large blocks, as wide as 2 km, are possibly the result 
of slumps that brought down large portions of the seamount (Oakley et al., 2007).

Site U1497 is located in the center of a depression at the summit of Fantangisña Seamount (Figure 1). The serpen-
tinite mud deposits here appear to be consolidated and viscous and exhibit reddish oxidized zones, which underlie 
the uppermost intervals of dark bluish gray muds, suggesting significant episodes of oxidation during exposure 
at the seafloor. The ultramafic lithic clasts within the muds are generally highly serpentinized, consistent with a 
long residence time in high-pH fluids. However, they may retain evidence of primary textures including pseu-
domorphs after orthopyroxene as well as primary spinel, indicating deformation at relatively low temperatures 
and moderate to high strain rates. The metasedimentary and volcanic rocks are characterized by various degrees 
of brecciation with development of fine-grained cataclasite to ultracataclasite domains, suggesting low-grade 
deformation mechanisms and/or comparably high strain rates. Together with the presence of Ti-bearing augite, 
which indicates an ocean island basalt alkali provenance, this suggests that a significant fraction of the material 
entrained by this mud volcano was derived from the subducting Pacific Plate (Fryer et al., 2018).

Site U1498 was drilled on the southwestern flank (Figure 1) and consists of a wide variety of materials, including 
serpentinite sands and silts, oxidized muds with pelagic microfossils, partially serpentinized ultramafic rocks 
(harzburgite and dunite), mafic metavolcanic rocks as well as nannofossil- and volcanic ash–rich sedimentary 
rocks (siltstones and fine sandstones). Additionally, within core 366-U1498B-21R, metabasite overlies cherty 

Sample Seamount Sample code IODP Depth (mbsf) Lithology

1-1498B-237 Fantangisna 366-U1498B-13R-1-W 33/36 112.83 Harzburgite, serpentinized

1-1498B-249 Fantangisna 366-U1498B-20R-1-W 27/34 180.87 Harzburgite, serpentinized

Note. Samples with (*) were selected for XRF analysis.

Table 1 
Continued
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limestone and the preserved primary contact between them is inverted. The texture and mineralogical composition 
of both lithologies indicates low-to medium-grade metamorphic overprint. Preserved cataclastic faults and exten-
sional structures might be related either to shearing within the subduction channel and bending of the lower plate 
during subduction or to faulting during the early stages of exhumation. Hence, the mafic metavolcanic-carbonate 
interval is considered to represent a remnant of a subducted guyot from the Pacific Plate (Fryer et al., 2018). The 
lowermost cored intervals in Holes U1498A and U1498B are deposits of microfossil-bearing volcanic ash defin-
ing the seafloor upon which the mud volcano was built.

Asùt Tesoru Seamount (informally called Big Blue Seamount) is located north of Fantangisña, at approximately 
18°06′N and 147°06′E. The serpentinite mud volcano is about 72 km from the trench axis and approximately 
18 km above the subducting slab (Oakley et al., 2007, 2008). It is the farthest from the trench of the three drilled 
seamounts and also the largest one on the Mariana forearc, with a diameter of ∼50 km and over 2 km high.

Sites U1493, U1494 and U1495 were drilled on the southern flank of the Asùt Tesoru Seamount (Figure 1). All 
three sites show a common stratigraphy that differs in detail upslope. The deepest site, U1493, has a thick layer 
of reddish oxidized sediments immediately below the seafloor that includes microfossiliferous pelagic muds 
overlying serpentinite muds. Sites farther up the flank have thinner oxidized zones, thinner pelagic sediment and 
fewer microfossils. Carbonated ultramafic breccias and altered ultramafic clasts are the most common rock types 
in the shallow serpentinite muds. In the deep parts of the flank sites, massive as well as foliated ultramafic clasts 
(harzburgite and dunite with rare pyroxenite) exhibiting various degrees of serpentinization were recovered. 
Low-grade mafic metavolcanic rocks show compositional characteristics either of shallow subducted oceanic 
crust or of the forearc crust beneath the mud volcano (Fryer et al., 2018).

Site U1496 is located at the summit of the Asùt Tesoru Seamount (Figure 1). The recovered materials consist 
of minor pelagic sediment overlying serpentinite muds that are underlain by moderately to highly consolidated 
serpentinite sequences within the active eruptive region of this serpentinite mud volcano. Generally, the propor-
tion of lithic clasts compared to the flanks and other sites is low. The serpentinite muds recovered in the cores are 
very soft due to their high water and gas content, which is typical for active summits currently producing high-pH 
interstitial water and abiotic hydrogen and methane (Fryer et al., 2018). The recovered hard rock clasts are mainly 
ultramafics, typically serpentinized harzburgites and rarely dunites and pyroxenites. They are derived from the 
underlying forearc mantle lithosphere deep within the serpentinite mud volcano's conduit system. Also, present 
are mafic metavolcanic and sedimentary clasts, including dolerite and fossiliferous cherty limestone. The pres-
ence of Ti-rich pyroxene, which indicates an alkali basalt protolith, and Na-rich amphiboles in the metavolcanics 
suggest that these clasts may be recycled material from the subducted Pacific Plate (Fryer et al., 2018).

3. Analytical Methods
All measurements and analyses were conducted at the Institute of Earth Sciences, NAWI Graz Geocenter, Univer-
sity of Graz.

3.1. Petrographic and Mineralogical Analysis of the Muds

For first estimation of the grain size distribution as well as a semiquantitative identification and characterization 
of major and minor components within the unlithified fine-grained serpentine mud samples, smear slides were 
prepared. They were analyzed using an Olympus BX50 petrographic microscope, equipped with a Zeiss Axiocam 
IC. For training, references and as a guideline for the optical determination of different components, the “IODP 
Smear Slide Digital Reference for Sediment Analysis of Marine Mud” (Part 1 and 2; Marsaglia et al., 2013, 2015) 
was used. Furthermore, for the purposes of mineral composition analyses, loose unlithified serpentine mud mate-
rial was embedded in epoxy resin and polished. Representative pictures of the investigated samples as well as 
their mineral composition can be found in Supporting Information S1 (Figures S1–S7).

3.2. Bulk Rock and Mineral Composition Analyses

For the whole rock bulk composition analyses, the samples were crushed and representative aliquots of each 
sample were powdered in an agate mill. Major oxides and trace elements were determined by X-ray fluores-
cence analysis, carried out using a Bruker Tiger S8-II spectrometer with a Rh target X-ray tube. Loss on ignition 
(L.O.I.) was determined by weight loss before and after heating every sample up to 1000°C. All the Fe is reported 
as ferric (Fe 3+: Fe2O3) in the XRF analysis (Table 2).
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For all samples, the major element compositions of minerals as well as the X-ray compositional maps were meas-
ured using a JEOL JXA-8530FPlus field emission electron microprobe. Quantitative analyses were performed by 
using wavelength-dispersive spectrometers (WDS) with 1–10 μm beam diameter with an acceleration voltage of 
15 kV and a beam current of 10 nA. Element concentration maps were obtained for Mg, Ca, Fe, Na, Cr and Ti also 
by WDS using a focused beam with an accelerated voltage of 15 kV and 100 nA beam current. A range of natural 
standards was used for calibration (Si, Al, Fe: garnet; Mg, Ca: diopside; Na: albite; K: microcline; Mn: rhodonite; 
Ti: ilmenite; Cr: chromite). Pyroxene-group minerals were classified following the nomenclature of Morimoto 
et al. (1988); amphibole nomenclature follows Hawthorne et al. (2012) and Oberti et al. (2012). Representative 
microprobe analyses of minerals from the investigated samples are listed in Table 3.

To identify different carbonate and serpentine varieties as well as brucite, unpolarized Raman spectra were 
collected in the 150–1,200 cm −1 spectral range using a confocal Horiba Jobin Yvon LabRam-HR 800 Raman 
spectrometer. Samples were excited at room temperature with a 50 mW Nd-YAG laser (532 nm) and a 30 mW 
He-Ne laser (632.2 nm) through an OLYMPUS 100× objective. The slit width was set to 100 μm. The light was 
dispersed by a holographic grating with 1,800 grooves/mm and subsequently collected by a 1024 × 256 open 
electrode charge coupled device (CCD) detector. Calibration and control of the band shifts were done by regularly 
adjusting the zero position of the grating and measuring the Rayleigh line of the incident laser beam, respectively.

Additionally, X-ray powder diffraction (XRD) was applied for further identification of single mineral phases. 
The analyzed material was finely ground in an agate mortar and homogenized before being placed on a sample 
holder in the diffractometer. For determining the average bulk mineralogy of the samples, a Siemens D5000 
X-ray diffractometer with a voltage of 40.0 kV and an amperage of 40 mA was used. To perform measurements, 
a Bragg-Brentano array with fixed sample (2-theta scale) was used, and data were collected from 4.1° to 65° 
by 0.02° step size with 0.1–0.6 s step time. To identify mineral phases, the resulting diffraction patterns were 
compared with the Department's computerized database of reference data.

3.3. Chlorite Thermometry

Chlorite is not a common mineral in all investigated rock samples but is well preserved in some. Over the years, 
various empirical geothermometers have been developed to exploit the relationships between the composi-
tion and formation temperature of chlorite (see Bourdelle & Cathelineau,  2015). In this study, we apply the 

Sample 1-1493B-61 1-1493B-63 1-1494A-79 1-1494A-81 1-1495B-89 1-1495B-95 1-1496A-103

Major oxides (wt%)

 SiO2 (%) 41.84 44.89 43.85 43.61 44.15 42.94 43.26

 TiO2 (%) 0.01 0.01 0.01 0.01 0.02 0.02 0.05

 Al2O3 (%) 0.41 0.54 0.69 0.49 0.63 0.60 0.86

 Fe2O3 (%) 8.20 7.49 8.39 8.30 7.75 8.00 8.22

 MnO (%) 0.06 0.10 0.09 0.09 0.10 0.11 0.12

 MgO (%) 47.36 44.50 44.62 45.66 44.72 45.32 44.45

 CaO (%) 0.05 0.87 0.48 0.00 0.86 0.71 0.67

 K2O (%) 0.02 0.02 0.02 0.01 0.01 0.02 0.04

 Na2O (%) 0.53 0.37 0.38 0.34 0.26 0.43 0.99

 L.O.I. 16.02 13.34 13.82 13.99 13.56 14.01 13.89

 Total sum 98.48 98.79 98.53 98.51 98.50 98.15 98.66

Trace elements (ppm)

 Ni 2,492 1,791 2,116 2,661 2,118 2,419 2,405

 Cr 2,257 2,111 2,397 2,759 2,420 2,614 2,531

 V 23 <20 27 27 28 27 26

Table 2 
Whole-Rock Major Oxides (wt%) and Selected Trace Element Contents (ppm) in the Studied Serpentinite Muds From Asùt 
Tesoru Seamount Obtained by XRF
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Seamount Fantangisna Fantangisna Fantangisna Fantangisna Fantangisna Asùt Tesoru Asùt Tesoru Asùt Tesoru Asùt Tesoru Asùt Tesoru Asùt Tesoru Asùt Tesoru

Lithology SP SP SP SP SP SP SP SP SP SP SP SP

Mineral srp brc Cr-spl chl grt ol opx di rit tr Cr-spl srp

SiO2 44.02 0.79 0.01 34.69 31.58 40.78 58.31 54.47 57.50 57.93 0.01 40.94

TiO2 0.00 0.00 0.02 1.17 5.53 0.01 0.00 0.01 0.00 0.00 0.00 0.00

Al2O3 0.18 0.00 22.65 16.57 0.50 0.00 0.19 1.23 0.08 0.65 19.77 0.21

FeO 3.56 5.09 16.40 15.49 21.64 8.75 5.80 1.78 1.90 1.44 17.23 4.86

MnO 0.03 0.29 0.11 0.13 0.03 0.11 0.14 0.08 0.15 0.02 0.14 0.08

MgO 37.70 66.46 11.36 13.69 0.70 49.96 35.62 18.07 24.07 23.92 11.54 37.30

CaO 0.02 0.02 0.00 0.70 33.45 0.01 0.04 23.49 6.45 12.96 0.01 0.29

Na2O 0.00 0.00 0.00 2.23 0.02 0.00 0.01 0.14 6.74 0.22 0.00 0.06

K2O 0.01 0.00 0.00 2.97 0.00 0.02 0.00 0.00 0.35 0.01 0.00 0.03

NiO 0.00 0.00 0.00 0.00 0.00 0.32 0.10 0.07 0.05 0.13 0.00 0.00

Cr2O3 0.00 0.00 49.73 0.00 0.13 0.00 0.00 0.45 0.00 0.01 50.85 0.00

Sum 85.52 72.64 100.27 87.64 93.59 99.97 100.20 99.79 97.29 97.27 99.56 83.78

Si 4.18 0.01 0.00 3.50 5.94 1.00 2.00 1.98 7.93 7.91 0.00 4.03

Ti 0.00 0.00 0.00 0.09 0.78 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al 0.02 0.00 6.58 1.97 0.11 0.00 0.01 0.05 0.01 0.10 5.87 0.02

Fe 0.28 0.08 3.38 1.31 3.41 0.18 0.17 0.05 0.22 0.17 3.63 0.40

Mn 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.02 0.00 0.03 0.01

Mg 5.33 1.88 4.17 2.06 0.20 1.82 1.82 0.98 4.95 4.87 4.34 5.47

Ca 0.00 0.00 0.00 0.08 6.74 0.00 0.00 0.91 0.95 1.90 0.00 0.03

Na 0.00 0.00 0.00 0.44 0.01 0.00 0.00 0.01 1.80 0.06 0.00 0.01

K 0.00 0.00 0.00 0.38 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00

Ni 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00

Cr 0.00 0.00 9.69 0.00 0.02 0.00 0.00 0.01 0.00 0.00 10.13 0.00

Sum 9.81 1.99 23.86 9.83 17.21 3.00 4.00 4.00 15.94 15.03 24.00 9.97

O 14.00 2.00 32.00 14.00 24.00 4.00 6.00 6.00 22.00 22.00 32.00 14.00

Fo % - - - - - 90.96 - - - - - -

Cr# - - 60.00 - - 66.69 - - - - 63.31 -

Mg# 91.38 92.89 55.00 - - - - - - - 54.44 88.46

Xadr - - - - 98.30 - - - - - - -

Xgrs - - - - 1.20 - - - - - - -

Xuva - - - - 0.50 - - - - - - -

Xen - - - - - - 91.38 50.21 - - - -

Note. Fe is calculated as Fe 2+, except for garnet where Fe is Fe 3+. SP serpentinized peridotite, RZ reaction zone, OPH ophicarbonate, Fo forsterite, adr andradite, grs grossular, 
uva uvarovite, en enstatite.

Table 3 
Representative Microprobe Analyses of Minerals in wt% and p.f.u
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Asùt Tesoru Asùt Tesoru Asùt Tesoru Asùt Tesoru Asùt Tesoru Asùt Tesoru Asùt Tesoru Asùt Tesoru Asùt Tesoru Asùt Tesoru Asùt Tesoru Asùt Tesoru Asùt Tesoru

SP SP RZ RZ RZ rodingite rodingite rodingite rodingite OPH OPH OPH OPH

brc grt grt grt, Ti-rich chl di wol chl grt grt grt, Cr-rich Cr-spl srp

11.33 35.23 33.99 30.91 28.77 53.77 53.37 34.40 32.07 34.73 30.48 0.06 42.98

0.00 0.00 3.26 13.40 0.07 0.01 0.21 0.03 6.29 0.37 2.69 0.04 0.00

0.08 0.90 12.62 8.69 14.83 0.28 0.15 12.91 2.12 1.33 0.53 24.93 0.09

10.05 27.16 9.14 5.46 25.69 5.44 9.38 10.59 18.71 26.69 17.13 18.87 0.06

0.14 0.00 0.03 0.10 0.22 0.21 0.70 0.16 0.07 0.04 0.00 0.11 0.06

50.71 0.17 0.13 0.09 17.96 15.04 11.85 28.03 0.84 0.22 0.26 12.91 39.12

0.04 33.33 35.42 34.31 0.56 25.06 24.71 0.64 33.35 33.13 33.58 0.00 0.07

0.02 0.04 0.00 0.09 0.01 0.03 0.09 0.19 0.00 0.00 0.00 0.01 0.00

0.00 0.00 0.00 0.02 0.00 0.01 0.00 0.04 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.09 0.07

0.00 0.16 0.05 0.00 0.03 0.05 0.03 0.05 0.77 0.00 6.20 42.01 0.00

72.39 96.99 94.65 93.06 88.15 99.89 100.49 87.04 94.24 96.53 90.90 99.04 82.44

0.21 6.46 5.78 5.34 3.03 1.99 2.00 3.36 5.88 6.39 5.90 0.01 4.16

0.00 0.00 0.42 1.74 0.01 0.00 0.01 0.00 0.87 0.05 0.39 0.01 0.00

0.00 0.20 2.53 1.77 1.84 0.01 0.01 1.49 0.46 0.29 0.12 7.27 0.01

0.16 4.16 1.30 0.79 2.26 0.17 0.29 0.86 2.87 4.10 2.77 3.91 0.00

0.00 0.00 0.00 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.00 0.02 0.00

1.41 0.05 0.03 0.02 2.82 0.83 0.66 4.08 0.23 0.06 0.08 4.77 5.64

0.00 6.54 6.46 6.35 0.06 0.99 0.99 0.07 6.55 6.53 6.96 0.00 0.01

0.00 0.01 0.00 0.03 0.00 0.00 0.01 0.04 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01

0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.11 0.00 0.95 8.22 0.00

1.79 17.44 16.53 16.05 10.05 4.00 3.99 9.92 16.97 17.42 17.17 24.23 9.84

2.00 24.00 24.00 24.00 14.00 6.00 6.00 14.00 24.00 24.00 24.00 32.00 14.00

- - - - - - - - - - - - -

- - - - - - - - - - - 53.06 -

83.46 - - - - - - - - - - 54.96 99.86

- 95.00 42.50 69.60 - - - - 89.30 93.50 76.55 - -

- 4.50 57.30 30.40 - - - - 8.00 6.50 0.50 - -

- 0.50 0.20 0.00 - - - - 2.70 0.00 23.00 - -

- - - - - 41.52 33.60 - - - - - -

 15252027, 2023, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

C
010968 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [11/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geochemistry, Geophysics, Geosystems

MILADINOVA ET AL.

10.1029/2023GC010968

10 of 29

geothermometers by Cathelineau  (1988), Cathelineau and Nieva  (1985) and Jowett  (1991) because they are 
calibrated for low-temperature metamorphic alteration of mafic rocks (e.g., Bevins et  al.,  1991). All three 
geothermometers are based on the occupancy of Al(IV) in tetrahedral sites of the chlorite structure as well as 
the  Fe/(Fe + Mg) ratios of chlorite, which correlate positively with the formation temperature of chlorite.

4. Results
4.1. Fantangisña Seamount

Investigated samples from the flank of Fantangisña Seamount (site 1498) contain a wide variety of materi-
als, including ultramafic rocks with various degrees of serpentinization, mafic metavolcanics as well as 
low-grade metasediments (cherty limestones). The ultramafic rocks show high degrees of serpentinization with 
well-developed mesh and hourglass as well as bastite textures (Figures 2a–2d). Primary mantle Cr-spinel relicts 
have been observed. The single crystals are mainly unzoned and homogenous in composition and rarely display 
a very thin (<5 μm) corona of magnetite. Based on the Cr# (100*Cr/(Cr + Al)) and Mg# (100*Mg/(Mg + Fe 2+)) 
values, Cr-spinel can be subdivided into two groups: (a) Cr-spinel showing more elevated Cr# (77–91) and 
somewhat lower Mg# (21–43), and (b) Cr-spinel with slightly lower Cr# (49–60) but a bit higher Mg# (43–60). 
The veins are solely composed of chrysotile, whereas the matrix contains chrysotile and lizardite; no antigorite 
was detected in these samples. In general, serpentine composition is somewhat variable with SiO2 contents of 
30.19–44.02 wt% and MgO of 30.97–44.57 wt%, whereas FeO reaches values up to 9.31 wt% (Table 3). Andra-
ditic garnet occurs throughout the serpentinized matrix mainly in association with bastite (Figure 3a, Table 3). 
Brucite and magnetite as well as Ni alloys may also be present.

4.2. Asùt Tesoru Seamount

Site U1496 on the summit of Asùt Tesoru Seamount recovered mainly serpentinite mud with less common lithic 
clasts comprising ultramafic rocks as well as mafic metavolcanics and sedimentary clasts. The finely comminuted 
matrix of the investigated mud samples is composed of silt-to clay-sized serpentine of pale bluish color. XRD 
and Raman analyses confirmed the presence of all three serpentine polymorphs, that is, lizardite, chrysotile and 
antigorite (Figures 4a and 5). The Raman measurements mostly show mixed lizardite-antigorite spectra, suggest-
ing close association of both minerals on micron-scale. Furthermore, larger rock clasts throughout the mud matrix 
contain chlorite, brucite, magnetite, spinel, relic pyroxene and hydrogarnet as well as fragments of carbonate and 
rare volcanic glass.

The ultramafic rock clasts display various degrees of serpentinization and often a well-preserved primary assem-
blage (Figure 6). They are dominantly harzburgite with olivine, orthopyroxene and variable but minor clinopy-
roxene as well as accessory spinel (Figure 2e). Olivine is unzoned and has forsterite-rich composition with high 
Mg# (100*Mg/(Mg + Mn + Fe 2+)) ranging between 90 and 92 (Table 3). Orthopyroxene is Mg-rich with an En 
component ranging from 88.63% to 91.86%. Clinopyroxene is a rather minor phase and its composition varies 
between diopside and augite (En48.17-50.32Wo47.40-49.46; Figure 7a). Spinel is mainly Cr-rich with Cr# of 30–67 and 
Mg# of 42–76 (Table 3). It is mainly unzoned and rarely shows a very thin corona of magnetite. Garnet with 
andradite composition is found either within bastite textures or in direct association with clinopyroxene, indi-
cating rather low degrees of serpentinization. Raman spectra identified serpentine in the form of lizardite and 
chrysotile in the matrix and in veins. Serpentine composition is less variable, with SiO2 of 37.42–44.10 wt% and 
MgO between 38.42 and 40.28 wt%. FeO is rather low and reaches up to 4.08 wt% (Table 3). Brucite is also found 
within the serpentinized matrix and is sometimes Fe-rich with up to 27.34 wt% FeO.

At the bottom of Hole 1496A (core 3), some clasts were recovered that represent aspects of rodingitization. The 
ultramafic rock is highly serpentinized dunite and the preserved primary assemblage consists of mainly olivine 
and minor clinopyroxene as well as Cr-spinel (Figure 2f), whereas orthopyroxene is completely serpentinized. 
Olivine shows variable Mg# ranging from 83 to 92 (Table 3). Clinopyroxene has diopside composition with CaO 
of 22.15–24.03 wt% and MgO of 17.85–19.85 wt%. Spinel has high Cr# of 90 and rather low Mg# of 22–26 and 
the larger spinel grains display rather wide, up to 50 μm, coronas of magnetite (Figure 6a). Na-rich amphibole 
(richterite) was also detected in association with diopside (Figure 7b, Table 3). It contains up to 7.42 wt% Na2O 
and its Al2O3 content ranges between 0.01 and 0.19 wt%. The chemical composition of serpentine minerals is 
homogenous throughout the matrix and veins (Figure  2b), with SiO2 varying between 34.97 and 44.10 wt% 
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and MgO of 37.80–40.79 wt%. FeO in serpentine is rather low and reaches up to 5.34 wt%. Brucite crystallizes 
mainly in veins but is also detected throughout the matrix. It has highly variable composition with MgO and FeO 
ranging from 35.98 to 55.26 wt% and 11.51 to 28.39 wt%, respectively.

In the same core, a clast was recovered consisting of up to c. 95% of garnet and c. 5% of chlorite (Figures 3b 
and 6b) and represents the reaction zone between rodingite and serpentinite. The garnet has variable andraditic 
composition with Al2O3 ranging from 0.51 to 13.65 wt% (Table 3). It is sometimes Ti-rich with TiO2 reaching up 
to 13.40 wt%. The composition of chlorite is non-homogenous with MgO content ranging from 14.72 to 27.91 
wt% and FeO of 9.36–29.11 wt% (Table 3). A brecciated rodingite clast was investigated and consists mainly 

Figure 2. Thin section photographs of completely and partly serpentinized ultramafic rocks from Fantangisña and Asùt Tesoru Seamounts, respectively: (a) bastite 
texture (sample 1-1498B-210); (b) bastite texture with secondary veins (sample 1-1498B-224); (c) mesh and hourglass textures (sample 1-1498B-249); (d) mesh texture 
in reflected light (sample 1-1498B-249); (e) partly serpentinized harzburgite from the summit of Asùt Tesoru (sample 1-1496C-136); (f) partly serpentinized dunite 
from Asùt Tesoru (sample 1-1496A-100). Abbreviations: cpx clinopyroxene, ol olivine, opx orthopyroxene, spl spinel, srp serpentine.
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of clinopyroxene and titanite in a fine-grained matrix of chlorite and clay 
minerals. Large clinopyroxene clasts are diopside rich and show beginning 
stages of replacement by garnet  along the cleavage (Figure  6c). Through-
out the matrix, smaller prismatic clinopyroxene crystals have variable CaO 
content and, thus, are classified as either augite or diopside or wollastonite 
(Figure 7a, Table 3). Microscopic analysis of the veins revealed that they are 
also made up by clinopyroxene with the same chemical composition as in 
the matrix; however, they also contain large, up to 500 μm, crystals of titan-
ite  and apatite (Figure 6d). Compared to the reaction zone,  chlorite compo-
sition in rodingite shows more variable SiO2 content between 28.78 wt% and 
35.45 wt% (Table 3). In contrast, in the chlorite from the reaction zone, FeO 
and MgO reach higher values of up to 29.11 wt% and 27.34 wt%, respec-
tively. Additionally, the garnet in the rodingite shows a narrower composi-
tional range than that in the reaction zone with TiO2 ranging from 6.29 to 
9.32 wt% (Table 3).

The investigated serpentine muds from Holes 1493B, 1494A and 1495B at 
the flank of Asút Tesoru Seamount show an overall continuous transition 
with sampling depth: (a) from dark blue towards bluish-green color, (b) from 
dominating clayey to sandy particle size, and (c) an increase in rock clast 
size. In general, the grain size of the serpentine mud is sandy to clayey with 
slightly varying proportions. The serpentine minerals form elongated and 
fibrous assemblages within the matrix with bastite and mesh textures. Also 
present in the samples are chlorite, magnetite, spinel, brucite, carbonates 
and hydrogarnet. Rare fragments of microfossils are most likely foraminif-
era filled with opaque pyrite. Interestingly, microcrystalline iowaite is only 
present in the samples from the flank sites (U1493, U1494, U1495) whereas 
it is completely absent at the summit. XRD analysis clearly identified its 
abundance at the upper parts of the drill cores, but its occurrence decreases 
with sampling depth (Figure 4b).

Recovered ultramafic clasts from the flank of Asút Tesoru Seamount show 
similar composition to the harzburgite from the summit. The degree of serpen-
tinization is high, but the primary mineral composition is still preserved 
(Figure 6e, Table 3). Olivine has a high forsterite component (90.86–92.43) and 
is unzoned. The enstatite component in orthopyroxene ranges between 90.17% 
and 91.56%. Clinopyroxene is either augite or diopside (En41.13-55.99Wo32.99-47.58). 
Unzoned calcic amphibole (tremolite) with Al2O3 content ranging between 
0.37 and 2.18 wt% and CaO varying from 12.35 to 12.99 wt% occurs together 
with the pyroxene (Figure 7b). Andraditic garnet occurs either in association 
with pyroxene or with amphibole. Two types of spinels occur: (a) Cr- and 
Fe-rich spinel with elevated Cr# of 67–77 but very low Mg# ranging from 13 

to 16, and (b) Cr-rich spinel with Cr# varying between 42 and 49 and Mg# of 34–56. Both spinels display some-
times thin but well-developed magnetite corona textures. Serpentine composition is characterized by rather low 
SiO2 (30.98–44.14 wt%) and MgO (33.95–41.43 wt%) but high FeO (up to 18.93 wt%, Table 3), which suggests the 
presence of brucite at microscale. Single-grained brucite is rare and Fe-rich (FeO <33.29).

A rare rock clast of ophicarbonate was recovered in hole U1493B (core 2; Figure 6f). The single aragonite crys-
tals are rather large and commonly display a prismatic habit. Uncommonly, the crystals include hydrogarnet with 
almost pure andraditic composition (Table 3). Serpentine is less present in this sample and contains Cr-spinel 
relics as well as magnetite/hematite and Cr-rich garnet (Figure 6f, Table 3). The latter contains up to 23 mol% 
uvarovite component and at least 76.5 mol% andradite. It occurs in aggregates together with rare Fe-Cr oxides, 
which suggests that the garnets replace a former Fe–Cr–Al spinel. Cr-rich garnets with similar composition were 
observed also within the unlithified serpentine muds.

In general, all ultramafic clasts from Asùt Tesoru Seamount show a forearc peridotite signature (Figure 8). Specif-
ically, chromite is able to maintain original magmatic characteristics due to its high resistance to fluid-driven 

Figure 3. Major element distribution maps of representative garnet crystals 
from the investigated samples: (a) hydrogarnet with andradite composition in 
completely serpentinized ultramafic clast from Fantangisña Seamount (sample 
1-1498B-249); (b) hydrogarnet with andradite composition and variable TiO2 
content in a sample representing the reaction zone between serpentinite and 
rodingite (sample TSB-73).
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alteration (e.g., Baumgartner et al., 2013). In the Mg versus Cr diagram, it was observed that the investigated 
samples fall into the forearc peridotites composition area (Figure 8a; Dick & Bullen, 1984; Ishii et al., 1992; 
Parkinson & Pearce,  1998; Sobolev & Danyushevsky,  1994). When the chromite mineral data are plotted in 
a Cr# versus TiO2 diagram, it represents the forearc peridotite (Figure 8b; Bonatti & Michael, 1989; Dick & 
Bullen, 1984). The olivine mineral data also plot within the forearc peridotite zone on the Fo versus NiO wt% 
diagram (Figure 8d; Choi et al., 2008; Ishii et al., 1992; Johnson et al., 1990). According to the Al2O3 versus Cr2O3 
diagram, orthopyroxene minerals are primary and once again plot within the forearc peridotite field (Figure 8e; 
Laouar et al., 2017).

4.3. Whole Rock Geochemistry

The bulk chemistry of seven representative serpentine mud samples was analyzed using X-ray fluorescence 
analysis in order to determine progressive serpentinization with potential element loss. The obtained data were 
compared and showed good agreement with the shipboard data (Tables T3 and T4 in Fryer et al., 2017). Displayed 
measurements include major element concentrations (SiO2, MgO, CaO, Al2O3, Fe2O3, Na2O in wt%) as well as 

Figure 4. XRD patterns of (a) serpentine minerals in the investigated mud samples reveal the presence of the three serpentine modifications (lizardite, chrysotile 
and antigorite in samples 1-1494A-84, 1-1496B-125 and 1-1495B-95, respectively); (b) iowaite in the mud samples from the flank of Asút Tesoru Seamount shows a 
decrease in its occurrence with sampling depth (samples 1-1494A-73, 1-1494A-78 and 1-1494A-79).
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selected trace elements (Ni, Cr, V in ppm). Overall, the high LOI values (13.34–16.02 wt%; Table 2) indicate 
medium to high serpentinization degree of the mud samples. The contents of the most major oxides as well as Cr 
show minor variations, especially for SiO2 (41.84–44.89 wt%), MgO (44.45–47.36 wt%) and Fe2O3 (7.79–8.39 
wt%). Slight change can be observed in the CaO (0.00–0.87 wt%) and Ni (1791–2661 ppm) values, which may 
very well correlate to the presence/absence of clinopyroxene, since the samples with the lowest CaO (0.05 wt% 
in 1493B-61 and 0.00 wt% in 1494A-81) exhibit the highest Ni contents (2,492 ppm in 1493B-61 and 2,661 ppm 
in 1494A-81) and, thus, indicates dunitic nature for these samples.

The whole-rock composition of the investigated serpentine muds largely confirms the forearc peridotite 
signature of the protoliths as inferred by the mineral composition of the relatively well-preserved peridot-
ites (Figures 8 and 9). Especially, their depleted composition in CaO and Al2O3 resembles that of forearc 
peridotites (Figure 9a). In a geotectonic sense, the investigated muds are comparable to typical SSZ-type 
peridotites (Figure 9b).

On variation diagrams, the strongest correlations are observed when major oxides as well as Ni and Cr are plotted 
against MgO (Figure 10). CaO, FeOt and MnO show a distinct negative covariance with MgO, whereas SiO2 
as well as Cr and Ni are positively correlated with the MgO contents of the muds (Figure 10). On the MgO/
SiO2 versus Al2O3/SiO2 diagram, the investigated mud samples plot, similarly to previous studies of the nearby 
seamounts, at the depleted end of the mantle fractionation array (Figure  11; Hart & Zindler,  1986; Jagoutz 
et al., 1979), with relatively low Al2O3/SiO2 (<0.02) and high MgO/SiO2 (>0.99) ratios. This suggests that they 

Figure 5. Raman spectra acquired from the different varieties of serpentine in the studied mud samples within the low 
frequency ranges (120–1,150 cm −1). Mixed spectra show characteristic bands of lizardite and antigorite (230, 1,120 cm −1 
and 374, 680, 1,044 cm −1, respectively; sample 1-1496A-113). Raman spectrum of chrysotile includes a pronounced peak at 
1,120 cm −1 (sample 1-1495B-89).
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have not lost any original Mg content due to secondary events, for example, MgO loss due to seafloor alteration 
and/or SiO2 enrichment related to talc crystallization (Bach et al., 2004; Godard et al., 2008; Paulick et al., 2006; 
Snow & Dick, 1995). Samples that plot above the mantle array are typically dunites and olivine-rich harzburgites 
as reflected by high MgO/SiO2 as well as increasing olivine/orthopyroxene ratios in the rocks.

Figure 6. Back Scattered Electrons (BSE) images of representative samples: (a) Cr-spinel with magnetite corona in a serpentinized matrix (sample 1-1496A-100; (b) 
sample from the reaction zone between serpentinite and rodingite, containing mainly hydrogarnet with variable composition and chlorite (sample TSB-73); (c) rodingite 
(sample 1-1496A-102); (d) diopside-rich vein with idiomorphic titanite and apatite within rodingite (sample 1-1496A-102); (e) serpentinized peridotite from the flank 
of Asút Tesoru Seamount (sample 1-1493B-68); (f) recovered ophicarbonate clast from the flank of Asút Tesoru Seamount (sample 1-1493B-57). Abbreviations: ap 
apatite, arg aragonite, brc brucite, chl chlorite, cr-spl Cr-spinel, di diopside, grt garnet, mag magnetite, ttn titanite, tr tremolite.
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Figure 7. Mineral composition plots for the classification of (a) pyroxene, after Morimoto et al. (1988); (b) amphibole, after Meeker et al. (2003); and (c) chlorite, after 
Hey (1954).

Figure 8. Diagram of (a) Mg# versus Cr# in Cr-spinels. Abyssal peridotite field is from Dick and Bullen (1984), forearc peridotite field is from Ishii et al. (1992) 
and Parkinson and Pearce (1998), boninite area is from Sobolev and Danyushevsky (1994); (b) Cr# versus TiO2 (wt%) of Cr-spinels, to discriminate between 
various types of peridotites and boninite (Tamura & Arai, 2006); (c) tectonic discriminant diagram of TiO2 (wt%) versus Al2O3 (wt%) in Cr-spinels (Kamenetsky 
et al., 2001); (d) Fo % versus NiO (wt%) in olivine. Fields are from Choi et al. (2008), Ishii et al. (1992) and Johnson et al. (1990); (e) Al2O3 (wt%) versus Cr2O3 
(wt%) in orthopyroxenes. Fields are from Laouar et al. (2017); (f) Al2O3 (wt.%) versus Mg# in orthopyroxenes; (g) Cr# of Cr-spinel versus Fo % in coexisting 
olivine. Olivine-spinel mantle array and melting trend are from Arai (1994), abyssal peridotite field from Dick and Bullen (1984), forearc peridotite field from Ishii 
et al. (1992), Parkinson and Pearce (1998) and Pearce et al. (2000); (h) TiO2 (wt%) versus Al2O3 (wt%) in clinopyroxene of the studied rocks. Fields for abyssal and 
forearc peridotites are from Hébert et al. (1990) and Johnson et al. (1990), and Ishii et al. (1992), respectively; (i) Cr2O3 (wt%) versus Mg# in clinopyroxene. Abyssal 
peridotite field is from Johnson et al. (1990), forearc peridotite field is from Ishii et al. (1992).
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4.4. Chlorite Thermometry

Chlorite grains in two samples from Asùt Tesoru, a rodingite and a 
reaction-zone-sample, and one serpentinite sample from Fantangisña were 
analyzed using an electron microprobe. The mineral formula was recalcu-
lated based on 14 oxygen atoms per formula unit (a.p.f.u.). The results are 
plotted on the chlorite classification diagram after Hey (1954; Figure 6c).

Overall, the applied geothermometers estimated similar formation tempera-
tures for the chlorites in each sample (Figure 12). Temperatures calculated by 
the thermometers of Cathelineau (1988) and Jowett (1991) show a difference 
of only ±7°C, whereas the thermometer of Cathelineau and Nieva  (1985) 
shows slightly lower temperatures for the sample from the reaction zone 
and slightly higher in the chlorites from the serpentinite (Figure  12). The 
compo sition of the chlorite in rodingite indicates formation temperatures 
between 96° and 204°C (mean = 162°C). The temperature estimates from 

the sample from the reaction zone are clearly higher with variation between 193 and 270°C (mean = 228°C). The 
chlorite geothermometry yields the lowest formation temperatures of 51°–145°C (mean = 102°C) in the serpen-
tinized ultramafic rock from Fantangisña, which correlates rather well with the overall low-grade serpentinization 
conditions at this seamount.

5. Discussion
Oceanic serpentinites usually consist solely of serpentine minerals and magnetite, which often makes unrave-
ling of their magmatic and metamorphic history via fluid-mineral phase relationships difficult. In this regard, 
the serpentinites recovered during IODP Expedition 366 are quite remarkable, as they exhibit highly variable 
mineral composition. The clasts document progressive changes of metamorphic grade and degree of serpen-
tinization with increasing distance from the trench, including several stages of serpentinization, the transition 
of lizardite to antigorite as well as the presence of blueschist-facies mineral assemblages only in the mafic 
clasts from the furthest Asùt Tesoru Seamount (e.g., Debret et al., 2019; Ichiyama et al., 2021), and reveal 
processes of fluid-rock interaction both within the subduction channel and along the exhumation pathways 
underneath the serpentinite seamounts (Figure 13).

Figure 9. Whole-rock plots of the examined serpentinite muds: (a) Al2O3 
(wt%) versus CaO (wt%). Abyssal and forearc peridotite fields are taken from 
Pearce et al. (1992); (b) Al2O3 (wt%) versus MgO (wt%). Abyssal and SSZ 
peridotite fields are from Niu et al. (1997) and Parkinson and Pearce (1998), 
respectively.

Figure 10. Variation diagrams of MgO (wt%) versus selected major oxide (wt%) and trace element (ppm) whole-rock abundances in the investigated serpentine muds.
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5.1. Whole-Rock and Mineral Composition of Ultramafic Clasts

Due to the highly serpentinized nature of the investigated ultramafic clasts 
from Fantangisña Seamount it is difficult to infer their protolith based on 
the proportions and/or composition of olivine and pyroxene. However, 
Ichiyama et  al.  (2021) described serpentinized harzburgite and dunite, 
with minor relicts of olivine, Cr-spinel, orthopyroxene and clinopyroxene 
from the drill cores. The investigated ultramafic clasts from Asùt Tesoru 
Seamount exhibit lower degrees of serpentinization and are interpreted to 
be harzburgites, although rare dunites are also present. The generally low 
clinopyroxene abundances within the investigated peridotites provide direct 
evidence of the extent of depletion they have undergone, that is, they more 
resemble mantle peridotites which are formed by higher degrees of melt-
ing (e.g., Ahmed, 2013; Ishii et al., 1992; Parkinson & Pearce, 1998; Pearce 
et al., 2000; Uysal et al., 2012). The Al content in clinopyroxene is a sensitive 
indicator of the degree of mantle melting because it systematically decreases 
as peridotites grade of depletion increases (e.g., Uysal et  al.,  2012; Zhou 
et al., 2005). On the Al2O3 versus TiO2 in clinopyroxene plot (Figure 8h), the 
studied mineral compositions fall in the field of clinopyroxenes from forearc 
peridotites, indicating that these rocks represent mantle residues after high 
degrees of partial melting under hydrous conditions (e.g., Kapsiotis, 2014).

Chromite minerals from mantle peridotites are another important indicator for 
characterizing the partial melting processes in the upper mantle (Parkinson 

& Pearce, 1998; Uysal et al., 2013). Because of differences in the crystallographic behavior, Ti fractionates out 
of chromite during partial melting. As a result, high Cr# values of chromite correlate positively with the degree 
of partial melting because they become richer in Cr with increasing degrees of depletion (Dick & Bullen, 1984; 
Irvine, 1965). Furthermore, together with the high Mg-nature of olivine, the data illustrate that the investigated 
peridotites fall in the forearc area on the olivine-spinel mantle array (OSMA) diagram with moderate to high 
degree of melt (Figure 8g; e.g., Khalil & Azer, 2008; Üner, 2021).

Taking into account that the investigated serpentine mud samples have retained their high MgO contents and, 
thus, have not been largely affected by seafloor weathering, the obtained whole-rock data indicate no significant 
changes in the original bulk chemistry. Moreover, it is in very good agreement with the mineral composition data 
from the lithic serpentinite clasts. In particular, Al2O3, CaO and MnO show a negative correlation with MgO 
(Figures 9b and 10), which suggests that they are preferentially enriched in a melt generated after partial melting 
of the mantle. On the other hand, Ni concentrations are positively correlated with MgO (Figure 10), which is 
related to its compatible behavior in olivine during mantle melting (e.g., De Hoog et al., 2010; Sato, 1977).

Summarily, according to their petrography and mineral composition, the 
clinopyroxene-bearing ultramafics show depleted signatures, indicating that 
they are residues after moderate to high degrees of partial melting. Their 
degree of depletion is particularly attested by (a) the generally low modal 
amount of clinopyroxene, (b) the low Al2O3 and Cr2O3 contents in pyroxenes, 
(c) the high Fo values in olivine, and (d) the relatively high Cr# in Cr-spinels.

5.2. Serpentinization

The complex metamorphic evolution of oceanic serpentinites and associated 
gabbros from various settings has been investigated by numerous studies (e.g., 
Agrinier & Cannat, 1997; Agrinier et al., 1995; Bideau et al., 1991; Dilek 
et al., 1997; Hébert et al., 1990; Mével et al., 1991; Prichard, 1979; Schroeder 
et al., 2002). It includes high-temperature (>300°–400°C) serpentinization 
and rodingitization (Figure 13a) as well as multiple lower-temperature over-
prints related to exhumation and exposure of the mantle at the seafloor. 
Generally, serpentinites have remarkably uniform composition, consisting of 

Figure 11. Whole rock major element ratios of MgO/SiO2 versus Al2O3/
SiO2 for serpentinite mud samples from the Asùt Tesoru seamount. Samples 
are plotted with compiled shipboard data for serpentine muds from Yinazao, 
Asùt Tesoru and Fantangisña (Tables T3 and T4 in Fryer et al., 2017). 
“Mantle fractionation array” line after Hart and Zindler (1986) and Jagoutz 
et al. (1979).

Figure 12. Box plot of the calculated temperatures of chlorites from the 
reaction zone (white boxes), rodingite (gray boxes) and serpentinized 
ultramafic rock from Fantangisña (black boxes), based on the geothermometers 
of Cathelineau and Nieva (1985), Cathelineau (1988) and Jowett (1991).
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serpentinite polytypes and magnetite, and eventually brucite, talc and/or tremolite (e.g., Mével, 2003). Addi-
tionally, their metamorphic stability field is large (e.g., Evans, 2004). Thus, the temperature-pressure stabilities 
of serpentine phases are not well constrained. According to thermodynamic calculations antigorite is the stable 
serpentine phase above 200–300°C and pressures below 2 kbar and chrysotile and lizardite form from antigorite 
during low-temperature recrystallization (e.g., Evans, 1977). However, more recent field studies (e.g., O’Hanley 
& Wicks, 1995), hydrothermal experiments (e.g., Allen & Seyfried, 2003; Janecky & Seyfried, 1986; Normand 
et al., 2002) as well as stable isotope studies (e.g., Agrinier & Cannat, 1997; Agrinier et al., 1995; Früh-Green 
et al., 1996) revealed that lizardite and chrysotile may form directly from olivine at temperatures above 300°C.

In the greenschist and low-temperature blueschist facies (from <300° to 360°C), lizardite and locally chrysotile 
are the dominant types in the mesh texture (Andreani et al., 2007; Evans, 2004; Schwartz et al., 2013). In the 
middle-temperature blueschist facies, between 320° and 390°C, lizardite is progressively replaced by antigorite in 
the cores of the lizardite mesh, but also at the grain boundaries via dissolution–precipitation processes in the pres-
ence of free, SiO2 enriched fluids (Lafay et al., 2012; Putnis, 2009). In the high-temperature blueschist and eclog-
ite facies (T > 380°C), antigorite ultimately becomes the sole serpentine type. Chrysotile is usually observed in 
high-pressure serpentinite samples, filling in the late cracks or micro-fractures related to final exhumation at the 
ductile/brittle transition (Schwartz et al., 2013).

Within the investigated serpentinites, lizardite is the dominant phase and antigorite is virtually absent, which 
suggests sub-greenschist facies metamorphic conditions at P < 4 kbar and T ∼200°–300°C. However, Raman 
spectroscopy reveals mixed lizardite/antigorite spectra (Figure  5), suggesting the association of lizardite and 
antigorite at the micron-scale. According to Putnis (2009), a mixed spectrum of these two phases occurs during 
the partial replacement of one phase by another during dissolution—re-precipitation processes. The crystalliza-
tion of antigorite at the expense of lizardite takes place between 340° and 380°C at 4 kbar (Schwartz et al., 2013) 
following the H2O-conserved reaction of Evans (2004):

17Mg3Si2O5(𝑂𝑂𝑂𝑂)4 (lz∕ctl) = Mg3Si2O5(𝑂𝑂𝑂𝑂)4 (atg) + 3Mg(𝑂𝑂𝑂𝑂)2 (brc) (1)

The presence of incompletely serpentinized ultramafic rocks (i.e., meta-ultramafics; Figure  13a) provides 
additional insight into the reaction pathways during serpentinization processes. According to previous studies, 
serpentinization at low to moderate temperature (<250°C) is a nonequilibrium process, during which olivine 
reacts faster than pyroxene and the precipitation rates of talc are very low (e.g., Bach et al., 2004; Martin & 
Fyfe, 1970; Nesbitt & Brickner, 1978). Under these conditions, olivine would break down to form serpentine, 
magnetite and brucite. This reaction, which is widely observed in the investigated samples from Fantangisña 

Figure 13. Tectonic sketch illustrating the Mariana subduction zone. Not to scale: (a) cartoon showing the subduction 
channel below the Mariana forearc, where metasomatic reactions (yellow areas) between serpentinite and lithologies 
derived from the subducting slab as well as from the forearc mantle are taking place. These are associated with aqueous 
fluids from different sources (black arrows), including fluids released by dehydrating of the subducted slab or during 
metamorphic reactions; (b) cartoon illustrating the sequence of hydration and carbonation processes leading to the formation 
of ophicarbonate (modified after Cannaò et al., 2020). A fresh mantle peridotite is sketched at t0. Hydration and alteration of 
pyroxene and olivine (t1) takes place after interaction with aqueous fluid, leading to their complete hydration (t2). Carbonation 
of the hydrated mantle minerals (t3) may occur after change of the redox conditions and interaction with CO2-enriched fluids. 
The three boxes in the mud volcano conduits indicate that these processes may take place in any of them.
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Seamount, will be ongoing in the presence of moderate-temperature subduction-channel fluid. The effect of 
pyroxene on the solution chemistry, that is, its replacement by talc and tremolite and the formation of serpen-
tine, takes place at temperatures above 350°C (e.g., Allen & Seyfried, 2003; Janecky & Seyfried, 1986; Martin 
& Fyfe, 1970). In this case the high-temperature slab-derived fluid that is required for these reactions needs to 
be pyroxene saturated, has low pH and the silica activity is high (e.g., Allen & Seyfried, 2003). Additionally, 
it is enriched in Ca, Si, H2 and acidity so it may cause rodingitization in adjacent basic magmatic bodies (Bach 
et al., 2004). Furthermore, the presence of relatively fresh to slightly altered orthopyroxenes in the harzbur-
gites and dunites from Asùt Tesoru Seamount suggests that these rocks reacted with a rather high-temperature 
slab-derived fluid (>300°C), since orthopyroxene would react faster than olivine under these conditions (e.g., 
Bach et al., 2004).

However, many completely serpentinized peridotites lack talc and/or brucite because after pyroxenes are exhausted, 
the system moves toward lower silica activities so that talc reacts to form serpentine. This is supported by the occur-
rence of hydrogarnet (andradite) in the investigated samples together with serpentine + magnetite ± brucite ± F
e-Ni alloys. Andradite is highly sensitive to the silica activity and may form from diopside by the following 
reactions:

3 Fe3O4 (mag) + 12CaMgSi2O6 (di) + 12H2O (f luid) = 4Ca3Fe2Si3O12 (adr)

+ 12Mg(��)2 (brc) + Fe (alloy) + 12 SiO2 (f luid)
 (2)

3 Fe3O4 (mag) + 12CaMgSi2O6 (di) + 8H2O (f luid) = 4Ca3Fe2Si3O12 (adr)

+ 4Mg3Si2O5(��)4 (srp) + Fe (alloy) + 4 SiO2 (f luid)
 (3)

3 Fe3O4 (mag) + 12CaMgSi2O6 (di) + 6Mg(��)2 (brc) + 6H2O (f luid)

= 4Ca3Fe2Si3O12 (adr) + 6Mg3Si2O5(��)4 (srp) + Fe (alloy)
 (4)

Reaction 4 marks the point where the system is buffered by the assemblage serpentine—brucite—diopside—
magnetite, and andradite becomes the stable Ca phase in the serpentinite. The temperature of this intersec-
tion is dependent on the Ca content and pH of the ambient fluid, but for the most fluid compositions, it lies 
between 200 and 230°C (Frost & Beard,  2008). In the investigated samples, the assemblage serpentine—
brucite—andradite—magnetite—alloy prevails, which suggests that Reaction  4 controls the occurrence of 
hydrogarnet in the rocks.

The occurrence of the brucite-serpentine assemblage in the investigated samples indicates low formation temper-
atures in the absence of pyroxene. It also suggests that the circulating fluids had relatively high pH and the silica 
activity was low. Hence, the formation of brucite may be expressed by the following reaction:

2Mg2SiO4 (ol) + 3H2O (f luid) = Mg3Si2O5(𝑂𝑂𝑂𝑂)4 (srp) + Mg(𝑂𝑂𝑂𝑂)2 (brc) (5)

Thus, the presence of both brucite and partially serpentinized pyroxene in some samples suggests local disequi-
libria during the main stage of serpentinization. Alternatively, the formation of the assemblage serpentine-brucite 
after olivine may have taken place at a later stage, when olivine is exhausted from the system and the hydration 
of serpentine to brucite drives the silica activity to higher values.

Formation of magnetite is suggested to represent the culmination of serpentinization and, thus, the assemblage 
serpentine-magnetite is common in rocks that lack or contain very little brucite, or rather rocks that have expe-
rienced a significant amount of hydration (Bach et al., 2006; Hostetler et al., 1966). Magnetite is abundant in 
the completely serpentinized peridotites from the Fantangisña Seamount, but it's rather rare in the incompletely 
serpentinized rocks from Asùt Tesoru Seamount, suggesting that its formation does not begin until very high 
levels of alteration of the primary rock are reached. Additionally, the amount of magnetite formed is controlled 
by the degree of Fe-incorporation to secondary phases (Bach et al., 2004; Frost & Beard, 2008), which means that 
it may not form at all if Fe-rich brucite and serpentine are formed, as observed in the serpentinized ultramafics 
from Asùt Tesoru Seamount (Figure  13b). Furthermore, the presence of hematite and iowaite indicates that 
seawater-rock interaction continued under fairly oxidizing conditions after serpentinization was largely completed.

Iowaite has already been described in ODP drill cores of serpentinite mud volcanoes in the Izu-Bonin forearc 
(Heling & Schwarz, 1992). It is thought to have formed from Fe-bearing brucite, when Fe 2+ is oxidized to Fe 3+ 
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and the generated charge imbalance is compensated by Cl − from the seawater. It has been proposed that this 
reaction takes place immediately below the seafloor due to infiltration of seawater, which might explain the 
decreasing presence of iowaite in the investigated mud samples from the flank of Asùt Tesoru Seamount with 
sampling depth.

In sum, incompletely serpentinized ultramafic rocks (Figure 13a) provide information on the metamorphic over-
print at comparably higher grade, potentially within the subduction channel pathways during serpentinization 
processes. The secondary mineral paragenesis of the serpentinites, including mainly lizardite and chrysotile 
serpentine group minerals, along with brucite as well as andradite, and the apparent absence of high-temperature 
phases such as antigorite and anthophyllite, tentatively constrains an upper temperature limit of 200°–300°C 
(e.g., Evans, 2004; Frost & Beard, 2008). However, as a fine-grained matrix of antigorite associated with lizard-
ite can still be observed, suggesting a metamorphic temperature of at least 340°C. Altogether, these secondary 
assemblages seem to reveal the reaction processes during the ascend to the seafloor, that is, from higher to lower 
grade conditions, along the fault-related fractures within the forearc lithosphere acting as feeders for several 
serpentinite mud volcanoes (Figure 13b).

5.3. Rodingitization

Rodingitization is a metasomatic process involving CaO-rich, but SiO2 −, Na2O −, and K2O-poor rocks and, thus, 
it is often regarded as Ca-metasomatism (Coleman, 1967). It is usually associated with mafic rocks, including 
gabbros (e.g., Honnorez & Kirst, 1975; Kobayashi & Kaneda, 2010; O’Brien & Rodgers, 1973), basalts (e.g., 
Coleman, 1967; Evans, 1977) and diorites (Hatzipanagiotou & Tsikouras, 2001). The process occurs when the 
mafic and ultramafic rocks undergo the same metamorphic history, in which the Ca-rich fluids generated during 
serpentinization metasomatize the gabbros or basalts replacing pyroxene and plagioclase by Ca-Al and Ca-Mg 
silicates, such as diopside, tremolite, zoisite, prehnite and grossular/hydrogrossular (e.g., Bach & Klein, 2009; 
O'Hanley, 1996; Schandl et al., 1989). Other phases are usually vesuvianite and chlorite. During rodingitization, 
the interacting fluids become alkaline, with high-Ca and low-Si compositions (Frost & Beard, 2008; Janecky 
& Seyfried, 1986; Seyfried & Dibble, 1980; Seyfried et al., 2007). Under these conditions diopside and garnet 
increase their stability and rodingites act as Ca traps (Bach & Klein, 2009). Hence, they occur in a range of 
tectonic settings, mostly from the seafloor (e.g., Austrheim & Prestvik, 2008; Frost et al., 2008; Honnorez & 
Kirst, 1975; Li et al., 2007; Schandl et al., 1989).

In many cases, rodingites undergo several stages of metamorphism and metasomatism as well as secondary 
metamorphic overprint (e.g., Frost, 1975; Li et al., 2004; O'Hanley et al., 1992; Schandl et al., 1989). Addition-
ally, during later stages they might actually lose Ca due to a reverse mass transfer, which makes it difficult to 
discern their pressure and temperature stabilities, especially in terms of specific mineral-fluid equilibria. Differ-
ent studies suggest that this metasomatic event may occur at pressures between 0.25 and 3 kbar (Mittwede & 
Schandl, 1992; O'Hanley et al., 1992; Schandl et al., 1989). According to Bach and Klein (2009), the formation 
of the typical rodingite assemblage of grossular + diopside ± chlorite tales place at 200° and 300°C, but only in 
areas where the composition of the fluid is controlled by serpentinization reactions.

The synchronous rodingitization with serpentinization can be expressed by a hydrolysis reaction of diopside in 
serpentinite:

CaMgSi2O6 (di) + 12H+ = Ca2+ + Mg2+ + 2 Si4+ + 6H2O (6)

This reaction will evolve the Ca 2+ necessary for rodingitization of the mafic rocks, where the pyroxene and plagi-
oclase are replaced by their hydrated chemical equivalents, that is, hydrogarnet, zoisite, wollastonite, chlorite, 
and amphibole. The presence of serpentine minerals in the fine-grained matrix suggests that the protolith may 
have contained olivine.

The common garnet phase in rodingites is hydrogarnet, in which [(OH)4] 4− substituted for [SiO4] 4−. Typically, it 
contains up to 3 wt% of H2O (Honnorez & Kirst, 1975; O'Hanley et al., 1992; Schandl et al., 1989), which is also 
what we observed in the course of this study. However, the H2O content can go up to c. 7 wt% in the investigated 
Ti-rich garnets from the reaction zone (Figures 3b and 7b; Table 3). Interestingly, some of these garnets exhibit a 
chemical zonation that resembles oscillatory zoning. This is commonly observed in metasomatic garnets where 
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the infiltrated fluid phase is in disequilibrium with the existing assemblage (e.g., Ortoleva et al., 1987; Yardley 
et  al.,  1991). According to Jamtveit et  al.  (1995) the differences in aqueous complexation behavior between 
Al and Fe in an aqueous solution increases the sensitivity of grandite (grossular + andradite) compositions to 
variations in temperature, pH, fO2 and to a lesser extent pressure. Assuming that the Fe haven't been substantially 
mobilized during rodingitization, most of the Fe 2+ would have been rather oxidized to Fe 3+, which is compatible 
with the relatively high Fe 3+ contents not only in garnets but in the bulk chemistry of the rodingite and reaction 
zone as well (Hatzipanagiotou & Tsikouras, 2001).

According to the thermodynamic reaction path models of Bach and Klein  (2009) the mineral 
assemblage sequence at 200°C is clinopyroxene  +  garnet ->  clinopyroxene  +  garnet  +  chlorite 
->  clinopyroxene  +  garnet  +  chlorite  +  prehnite ->  clinopyroxene  +  prehnite  +  chlorite  +  tremolite. With 
increasing reaction progress, the initial Si concentrations as well as Ca in garnet increase, chlorite becomes more 
ferroan as visible in the chlorites from the reaction zone (Figure 6c), whereas clinopyroxene and tremolite retain 
their initial Mg content. At 300°C, the calculated mineralogical transitions proceed according to the following 
path: clinopyroxene (+garnet) -> garnet (+clinopyroxene, +chlorite) -> clinopyroxene + epidote/zoisite (+chlo-
rite, +garnet). Garnet shows a large increase in XAl, while clinopyroxene and tremolite are magnesian throughout. 
At ≥400°C, the assemblage is dominated by chlorite and garnet is not predicted to form at all. The applied chlo-
rite geothermometry in our study on samples from the rodingite and reaction zone derived a chlorite formation 
temperature of max. 270°C in the presence of garnet and clinopyroxene, which confirms the results of Bach and 
Klein (2009).

Working on the assumption that rodingitization and serpentinization take place contemporaneously during 
progressive burial within the subduction channel (Figures  13a) and Frost and Beard  (2008) highlighted the 
crucial role of silica activity in the process of rodingitization. According to their study, the silica activity of the 
brucite-serpentine equilibrium provides the drive for the reaction transforming anorthite and diopside to gros-
sular and chlorite. At a pressure of 0.5 kbar, rodingitization takes place at temperatures around 200°–300°C in 
the presence of serpentinization fluids controlled by the brucite-serpentine-diopside equilibrium. At 400°C and 
above, brucite is absent, the fluids are buffered by serpentine-tremolite-talc and the silica activity is too high to 
allow rodingitization reactions to take place (Bach & Klein, 2009). In the study area, only the subduction channel 
environment can provide the described conditions since the pressures in the mud volcano conduits are not suffi-
cient for the process to take place. Thus, we interpret the rodingitization to be related to progressive burial during 
subduction, as indicated in Figure 13a.

The mineral assemblages at the contact between mafic and ultramafic rock appear to have been largely affected by 
temperature. Monomineralic lithologies at the contact and within veins in rodingites are common (e.g., Honnorez 
& Kirst, 1975; Python et al., 2007; Schandl et al., 1989), where only the phase with the highest degree of super-
saturation will precipitate (Korzhinskii, 1968). This is in line with the observations within the studied samples, 
which exhibit a garnet-rich reaction zone around a rodingite containing diopside-rich veins (Figures 7b and 7d). 
Furthermore, Schmitt et al. (2019) discussed the formation of titanian andradite in rodingite and recognized that 
it partly replaces perovskite and ilmenite under oxidizing conditions. The absence of any TiO2-bearing minerals 
in association with garnet in our samples suggests a rather advanced stage of rodingitization, where the protolith 
has been completely overprinted by rodingite assemblages.

Finally, the textural and mineral observations in the investigated samples, including the progressive occurrence 
of antigorite, which is rare in oceanic serpentinites (Bach & Klein, 2009), as well as the transition of lizard-
ite to antigorite, suggest that the main serpentinization event together with rodingitization took place during 
subduction, when fragments of the upper plate forearc mantle were incorporated within the subduction channel 
(Figure 13a). During their ascent within the mud volcanoes, some of the investigated samples were subjected to 
secondary alteration processes, leading to the formation of secondary serpentine veins in the serpentinites as well 
as clay minerals in the rodingites.

5.4. Ophicarbonates

Ophicarbonates, also referred to as carbonated ultramafic rocks, form when calcite recrystallization and 
carbonation of serpentinite clasts occur. Often the process takes place at the sea floor, causing low-to moderate 
temperature serpentinization of peridotites (e.g., Mével, 2003; O’Hanley, 1996) and the carbonation is powered 
by mixed seawater and alkaline hydrothermal fluids (e.g., Früh-Green et  al.,  2004; Ludwig et  al.,  2006). 
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However, ophicarbonates may also form within subduction channels, where (meta-)serpentinite is interacting 
with carbonic fluids. In this case, two processes are developing: (a) carbonation of the rock-forming silicates, 
and (b) C sequestration into the oceanic slab as well as the supra-subduction mantle (Piccoli et  al.,  2016; 
Scambelluri et al., 2016). According to experimental and thermodynamic modeling C in subducting oceanic 
crustal rocks remains relative immobile up to high pressure and temperature conditions, unless the rocks are 
infiltrated by externally derived hydrous fluids (e.g., Collins et  al.,  2015; Epstein et  al.,  2020; Molina & 
Poli, 2000; Poli et al., 2009). A convenient source is serpentinite, which supplies H2O to adjacent carbonate 
rocks as a result of antigorite dehydration, and potentially leads to destabilization and dissolution of carbonates 
(e.g., Scambelluri et al., 2019). Furthermore, serpentinite is reactive to C-O-H fluids and is able to sequester 
CO2 from the fluid via carbonation of its own silicate minerals (Scambelluri et al., 2016).

The ophicarbonate clast studied here displays a brecciated texture consisting of serpentinite clasts with different sizes 
in a coarse-grained aragonite matrix (Figure 7f). It is embedded within fine-grained serpentinite mud, which contains 
elongated and fibrous serpentine minerals, mesh and bastite as well as abundant magnetite, sometimes chromite 
and hydrogarnet. An ultramafic clast containing a well-preserved assemblage of olivine, ortho- and  clinopyroxene, 
chromite and magnetite represents the ultramafic protolith of the investigated ophicarbonate (t0 to t2 in Figure 13b).

Whether or not the mantle protolith was serpentinized prior to carbonation is challenging to determine from 
a single clast. However, the presence of already serpentinized clasts within a carbonate matrix suggests that 
aragonite formation took place after the production of the mesh and bastite textures (t3 in Figure 13b). In this 
case the input of Ca and CO2 happens in an open system, where also Si, Mg and water (as hydroxyl molecules—
OH −) are released into the slab-derived fluid. According to thermodynamic modeling conducted by Klein and 
Garrido (2011), the serpentine replacement by carbonates occurs at 100°C and 0.5 kbar at a high CO2 activity. 
This was confirmed by an experimental study by Grozeva et al. (2017), which showed that the formation of Ca- 
or Mg-rich carbonates after serpentinization of peridotite is related to the activity of Mg 2+ in the fluid as well as 
to the presence of relict mantle minerals. In this case, the absence of Mg-rich carbonates such as magnesite and 
dolomite in the investigated ophicarbonate clast indicates that the slab-derived fluids reached Mg 2+ saturation 
only after full consumption of the aqueous CO2. These conditions indicate a different tectonic setting for the 
formation of the ophicarbonate compared to serpentinites that are associated with rodingite, that is, on the exhu-
mation path within the serpentinite mud flow (Figure 13b).

As already established, hydrogarnet is a common secondary hydrothermal mineral phase in the studied samples 
and it defines a serpentinization temperature of c. 230°C (Frost & Beard, 2008). Garnet crystals with subhe-
dral habit and almost pure andraditic composition are found within the carbonate matrix (Table 3). However, 
Cr-rich garnets are also common within the serpentinite clasts (Figures 7f and Table 3). They are subhedral 
to anhedral and contain chromite inclusions with similar composition to the unaltered chromites in the same 
sample. These textural observations suggest a secondary origin for the Cr-rich garnets as well, most probably 
related to subduction-channel fluids that infiltrated the ultramafic protolith. The formation of Cr-rich garnet after 
Cr-rich spinel is usually associated with hydrothermal or metasomatic reactions, although the precise mechanism 
of formation remains unclear (Arai et  al., 1999; Ghosh & Morishita, 2011; Proenza et  al., 1999). According 
to the studies of Ganguly  (1976) and Melcher et  al.  (1997) Cr-rich hydrogarnets in serpentinites crystallize 
below 400°C, which is in line with the estimated metamorphic conditions and indicate an overall evolution of a 
subduction-channel fluid from c. 350°C (antigorite in serpentinites) to c. 100°C and below (chlorite in rodingite).

The identified trend of decreasing serpentinization temperature and increasing alteration degree with increasing 
proximity to the trench, that is, from Asùt Tesoru to Fantangisña, may be related to the enhanced fluid release 
during metamorphic reactions (e.g., the transition from lizardite to antigorite) as well as the long residence time 
of fluids within the shallower parts of the subduction zone. Additionally, the high degree of hydrothermal circu-
lation in this zone contributes to the element cycling and, thus, the complete consumption of the primary mineral 
assemblages.

6. Summary and Conclusions
A variety of rock samples were recovered during IODP Expedition 366 along the Mariana Trench, where three 
serpentinite mud volcanoes at increasing distances from the trench (Yinazao, Fantangisña and Asùt Tesoru) were 
drilled. Most of the material consists of serpentinite mud containing lithic clasts from the underlying forearc crust 
and mantle as well as from the subducting Pacific Plate. Pelagic sediments and volcanic ash deposits underlying 
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the mud volcanoes were also recovered. In this study, serpentinite mud samples and ultramafic rocks with various 
degrees of alteration and serpentinization were investigated in order to provide a detailed characterization of 
the fluid's composition and transport as well as the tectonic and metamorphic history of the rocks themselves. 
Accordingly, the following conclusions were obtained:

•  Fluid-rock interaction related to basically two different tectonic processes was identified, that is, serpentiniza-
tion and rodingitization of upper plate forearc mantle fragments incorporated within the subduction channel 
during burial, carbonation of the already formed serpentinites and formation of secondary serpentine together 
with other secondary minerals (garnet hematite, magnetite) during their ascent to the seafloor within serpen-
tinite mudflows;

•  The formation of serpentine mud is generally localized along fracture zones underneath the serpentine 
mud seamounts as fault-related fracturing of forearc mantle lithosphere results in an extensive increase 
of the total rock fragment surface, facilitating the massive reaction of slab-derived fluids with the mantle 
fragments;

•  Several alteration processes are in line with an overall evolution of a subduction-related fluid from c. 350°C 
(antigorite in serpentinites) to c. 100°C and below (chlorite in rodingite);

•  Serpentinization degree increases with proximity to the trench, probably due to enhanced fluid-rock interac-
tion within the shallower parts of the subduction zone;

•  The investigated ultramafics show forearc peridotite signature;
•  Cpx-bearing harzburgites show depleted signatures, indicating that they are residues after moderate to high 

degrees of partial melting;
•  The serpentinites consist of lizardite and chrysotile as well as brucite and andradite, which constrains an upper 

temperature limit for the serpentinization processes of 200°–300°C. However, the presence of a fine-grained 
matrix containing antigorite together with lizardite suggests metamorphic temperatures of at least 340°C;

•  Rodingitization took place simultaneously with serpentinization at temperature conditions of at least 228°C 
as inferred by chlorite geo-thermometry;

•  The temperature of carbonation of the already formed serpentinites could be constrained by the presence of 
Cr-rich garnets, which crystallize below 400°C.

Data Availability Statement
This research used samples provided by the International Ocean Discovery Program (IODP). Information on 
IODP Expedition 366 data and samples is available at: https://iodp.tamu.edu/scienceops/expeditions/mariana_
convergent_margin.html. All data discussed in this contribution are available within the paper as well as in Tables 
T3 and T4 in Fryer et al. (2017).
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