
 

 



1 
 

Abstract 
 
The Mariana convergent plate margin is a non- accretionary subduction system in the western 
Pacific Ocean. Subduction of the Pacific plate causes dissolution of carbonate minerals 
releasing inorganic carbon, and causes dehydration of hydrous minerals in the subducted slab, 
generating hydrous fluids. The hydrous fluids infiltrate the overriding plate and induce 
serpentinization of mantle peridotite. Serpentinized material is transported by the rising fluids, 
which are channeled along fractures and faults in the forearc region, consequently erupting at 
the seafloor forming serpentine seamounts. Manganese (IV) oxides that commonly occur in 
fractures near convergent plate margins are naturally occurring oxidants for chromite 
((Al,Mg,Fe)Cr2O4), which is an accessory mineral in mantle peridotite. Chromite is known to 
be an efficient catalyst in Fischer- Tropsch type (FTT) reactions where molecular hydrogen 
produced by serpentinization reacts with dissolved inorganic carbon, producing organic 
hydrocarbons.  
 
Samples were collected from two serpentine seamounts in the Mariana forearc during Ocean 
Drilling Program, Leg 125 and Leg 195. The aim of this study is to relate organic content in 
fluid inclusions to minerals that are known to be efficient catalysts in FTT- reactions. The 
results show that chromites have been altered, with hematite (Fe2O3) precipitated at the 
margins of the chromites. This is inferred to be caused by an oxidation reaction where 
manganese (IV) oxides acted as oxidants, oxidizing Fe (II) in chromites to Fe (III) which 
precipitated as hematite. No fluid inclusions were found in the samples. However, elemental 
carbon was detected in fractures of the chromites, suggesting that FTT- reactions has occurred 
where chromite probably acted as a catalyst.  
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Sammanfattning 
 
I västra Stilla havet ligger Marianergraven som är en del av en konvergerande plattgräns. Det 
är ett subduktionssystem där sediment saknas på den överliggande oceanskorpan. 
Subduktionen av stillhavsplattan leder till att karbonatrika mineral löses upp och frigör 
oorganiskt kol. Dehydrering av hydrerade mineral i den subducerande plattan genererar 
vattenhaltiga fluider, när dessa fluider infiltrerar den överliggande plattan orsakar de 
serpentinisering av mantelperidotit. Det serpentiniserade material som bildats, transporteras 
av fluiderna längs sprickor och förkastningar i området kring den vulkaniska öbågen. När 
fluiderna och det serpentiniserade materialet erupterar vid havsbotten bildas vulkanliknande 
djuphavsberg. Mangan (IV) oxider som förekommer i sprickor är naturliga oxidationsmedel 
för kromit ((Al,Mg,Fe)Cr2O4), som är ett accessoriskt mineral i mantelperidotit. Kromit är ett 
mineral som är en effektiv katalysator i Fischer- Tropsch (FTT) reaktioner, en reaktion där 
molekylärt väte, som är en produkt från serpentinisering, reagerar med frigjort oorganiskt kol 
och bildar organiska kolväten. 
 
Prover togs på två av Marianergravens djuphavsberg under Ocean Drilling Program, Leg 125 
och Leg 195. Syftet med denna studie var att relatera organiskt innehåll i vätskeinneslutningar 
till mineral som är kända katalysatorer i FTT- reaktioner. Resultaten visade att kromiterna är 
omvandlade med hematite (Fe2O3) utfällt på kanten av kromiterna. Detta antas därmed vara 
en redoxreaktion där mangan (IV) oxider agerat som oxidationsmedel. Fe (II) i kromiterna 
oxiderade till Fe (III) och fälldes ut som hematite. Inga vätskeinneslutningar hittades i 
proverna, men elementärt kol hittades i sprickor i kromiterna. Förekomsten av kol antyder att 
Fischer- Tropsch- reaktioner har skett med kromiterna agerandes som katalysatorer.  
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Figure 1. Map of the western Pacific Ocean and the location 
of the Mariana trench (Modified from: GEBCO World Map 
Cartographic Editorial Board, 2004, General bathymetric 
chart of the oceans).  

 

1. Introduction 
 
The Mariana trench in the western Pacific Ocean (Fig.1) is known to be the deepest part in the 
world oceans with a depth of 10,898 m (Pathom-aree et al., 2006). The trench is a part of the 
Izu-Bonin-Mariana plate convergent system where the Pacific plate subducts beneath the 
Philippine plate. The Mariana is a non-accretionary subduction system; it has little or no 
sediment accumulating on the overriding plate during subduction (D’Antonio & Kristensen, 
2004). At all convergent margins, fluids are produced by dehydration of the subducting slab. 
These fluids can facilitate regional metamorphism and influence other tectonic processes. In 
accretionary convergent margins, these fluids are interacting with the accretionary prism, 
which alters the composition of the fluids, making it difficult to study chemical mass balances 
in subduction processes. The lack of an accretionary prism makes the Mariana subduction 
system an excellent site for in situ studies of tectonic and geochemical processes (Fryer, 
1996). 
 
The forearc between the trench and the arc in the Mariana system is faulted and contains 
numerous serpentine mud volcanoes, i.e. serpentine seamounts. These seamounts are ~2km 
high and ~30 km in diameter and occur on an area within 100 km from the trench axis 
(D’Antonio & Kristensen, 2004). Fluids that derive from dehydration of the subducting slab 
induce serpentinization of mantle peridotite (ultramafic rocks) in the overriding plate. The 
slab derived fluids and the serpentinized material are then channeled along the fault zones to 
the seafloor where this material erupts as serpentine mud volcanoes (Fryer, 1996). 
 
Mantle peridotite is composed of primary olivine and pyroxene, and the accessory mineral 
chromite. Serpentinization of peridotite results in the formation of the secondary minerals; 
serpentine, brucite and magnetite. This reaction also leads to the formation of molecular 
hydrogen and produces an alkaline 
environment (Janecky & Seyfried, 
1986; Winter, 2001, p. 21-22).  
 
Chromite ((Al,Mg,Fe)Cr2O4) and 
magnetite (Fe(III)2Fe(II)O4) are known 
to be efficient catalysts in Fischer-
Tropsch type reactions where 
molecular hydrogen (formed by 
serpentinization) reacts with dissolved 
inorganic carbon (CO, CO2), leading to 
the abiotic formation of hydrocarbons 
and other organic compounds 
(Foustoukos & Seyfried, 2004).  
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Manganese (IV) oxides are naturally occurring oxidants for chromium bearing minerals (i.e. 
chromite). Manganese (IV) oxides occur on the seafloor and near convergent plate margins in 
fractures where they could act as oxidants for chromite, oxidizing Cr (III) to the more soluble 
Cr (VI) (Oze et al., 2006). 
  
Two of the Mariana forearc seamounts are Conical Seamount and South Chamorro Seamount. 
Fluids collected from these seamounts contain light hydrocarbons (methane) and organic 
acids (Haggerty & Fisher, 1992). These hydrocarbons are thought to have been produced by 
abiotic reactions due to the serpentinization reactions in the forearc region (Haggerty & 
Fisher, 1992). Previous studies by Haggerty (1989) on samples taken from chimney structures 
at Conical Seamount show that fluid inclusions contain organic compounds.  The organic 
content in fluid inclusions can be analysed and related to minerals that could have acted as 
catalysts in Fischer- Tropsch type reactions and the subsequent abiotic formation of organic 
compounds.  
 

1.1 Aim of study 
 
Convergent plate margins where serpentinization of ultramafic rocks occurs are important 
biotic environments due to the formation of molecular hydrogen, which is a reactant in 
Fischer-Tropsch type (FTT) reactions. The aim of this study is to relate organic content in 
fluid inclusions to catalytic minerals and relate this to serpentinization and FTT- reactions. 
This is done by studying primary and secondary minerals that are known to be efficient 
catalysts in FTT- reactions and by identifying fluid inclusions and studying their organic 
content.  
 

2. Theoretical background 

2.1 Regional background 
 
The Mariana convergent plate margin is a part of the Izu-Bonin-Mariana subduction system in 
the western Pacific Ocean. The subduction of the Pacific oceanic plate beneath the Philippine 
oceanic plate in the Izu-Bonin-Mariana subduction system began in the early Eocene (50Ma) 
(Fryer, 1996). The Mariana subduction system is a non-accretionary convergent plate margin; 
it has no accretionary prism (sediment wedge) due to the low influx of continental sediment 
(Fryer, 1996). Since there is no or little sediment accumulated on the overriding plate during 
the subduction, the lower crust and the upper mantle may be exposed in the forearc region in 
the Mariana (Fryer & Salisbury, 2005). 
 
Convergent plate margins commonly have thick accumulations of sediment overlying the 
overriding plate. This sediment wedge typically alters fluid compositions of the slab derived 
fluids as they interact with the sediments. This makes it difficult to study geochemical 
variations caused by fluid-rock interactions between seawater/fluid and crust/upper mantle 
(Fryer, 1996).  
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Figure 2. Schematic 
cross-section of Mariana 
convergent plate margin 
showing the location of 
serpentine mud volcanoes 
in the forearc region 
(Modified from: 
Proceedings of the Ocean 
Drilling Program, Initial 
Reports, volume 195, 
2001).  

A schematic figure over the Mariana convergent margin can be seen in figure 2.  
 
 
 
 
 
 

Fault and fracture zones in the forearc form during the subduction of the oceanic Pacific plate. 
Dehydration reactions within the subducted slab generate fluids that are channeled along the 
faults and fractures zone and are expelled at the seafloor (Mottl, 1992). Prior to being expelled 
at the seafloor, these fluids from the subducted slab will hydrate the mantle peridotite (the 
ultramafic rocks) in the lower crust of the forearc wedge and the upper mantle of the 
overriding plate. The hydration reactions cause serpentinization of the ultramafic rocks, when 
primary olivine and pyroxene react with a hydrous fluid forming serpentine (Janecky & 
Seyfried, 1986).  
 
Serpentinization can also occur during hydrothermal circulation, when seawater passes 
through faults and fracture zones interacting with the ultramafic rocks. Analyses of pore fluid 
composition show that the ultramafic rocks of the overriding plate in the Mariana system 
reacted with a fluid derived from dehydration of the subducted slab, and not from seawater 
(Fryer et al., 1990). If hydrothermal circulation was the source for the fluids, there would be 
no difference in composition when compared with serpentinization in other hydrothermal 
subduction systems (Mottl, 1992). As there is no or little sediment accumulating onto the 
overriding plate during the subduction, the interaction between the slab derived fluids and a 
sediment wedge is minimal, limiting the alteration of the fluid composition.  
 
The serpentinized material that is formed during serpentinization has a lower density than the 
ultramafic mantle rocks. The low density of the serpentinized material allows it to be 
transported to the seafloor by the slab derived fluids along fractures and faults in the forearc. 
The serpentinized material comprises clay to silt sized serpentinite fragments as well as clasts 
of mantle rock, forming an unconsolidated serpentine mud. When it erupts at the seafloor it 
forms a serpentine mud volcano, i.e. serpentine seamount (Fryer, 1996; Fryer et al., 1999; 
D’Antonio & Kristensen, 2004).  
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Figure 3. Bathymetric map of Mariana forearc 
showing the location of seamounts (Modified from: 
Proceedings of the Ocean Drilling program, Initial 
Reports, volume 195, 2001). 

The Mariana forearc comprise numerous seamounts formed by mud volcanism. The 
seamounts occur in an area on the outer half of the forearc that is located ~15 - 90 km from 
the trench axis (Fryer & Salisbury, 2005).  The seamounts which are ~2 km high and ~30 km 
in diameter (D’Antonio & Kristensen, 2004) occur close to fault and fracture zones in the 
forearc (Fig. 2 & 3). Two of the seamounts are Conical Seamount and South Chamorro 
Seamount (Fig. 3).  
 
Conical Seamount is located in the northern 
part of the forearc, ~90 km from the trench 
axis (Fryer & Salisbury, 2006). Fluids 
collected from the chimney structures on 
Conical Seamount have a high pH (~12) and 
are enriched in methane (Mottl, 2009). 
Production of methane in deep sea 
sediments is commonly related to anaerobic 
oxidation of organic material (Schulz & 
Zabel, 2006, p. 278).  
However, the biogenic content in these 
sediments is too low (0.01–0.1 wt. % 
organic carbon) (Mottl et al., 2003) to 
produce the methane observed in the 
sampled fluids. This is related to the low 
sedimentation rate of pelagic material in this 
area (Fryer, 1996), thus the influence of 
biogenic material and biological processes 
is small in these seamounts. Methane is 
inferred to be produced by dissolved 
inorganic carbon (from the dissolution of 
carbonate minerals in the subducting plate) 
that reacts with molecular hydrogen (produced by serpentinization), leading to the formation 
of methane (Mottl, 2009). The high alkalinity is explained by the serpentinization reactions 
(causing pH to increase) and by dissolution of carbonate minerals in the subducting plate 
(Mottl, 2009).  
 
South Chamorro Seamount is located in the southern part of the forearc, ~85 km from the 
trench axis (Fryer & Salisbury, 2005). The composition of fluids collected from the chimney 
structures at South Chamorro is similar to the ones collected at Conical Seamount (Mottl, 
1992; Mottl, 2009). Conical Seamount and South Chamorro Seamount are located on a 
similar distance from the trench axis.  
 
 
 

South Chamorro 
Seamount 

Conical 
Seamount 
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2.2 Serpentinization and Fischer- Tropsch reactions 
 
Serpentinization is a metamorphic reaction where ferromagnesian minerals in ultramafic 
rocks react with a hydrous fluid. This reaction leads to the formation of serpentine, brucite, 
magnetite and molecular hydrogen (McCollom & Bach, 2008).  
 
Serpentinization is a complex reaction and is comprised of several different reactions.  
Generalized reactions are described by reaction 1- 3 (Janecky & Seyfried, 1986; Bach et al., 
2006; Holm & Neubeck, 2009).  
 
 

2Mg1,8Fe0,2SiO4 + 3H2O          Mg2,85 Fe0,15Si2O5(OH)4                 (1) 
   Olivine           Serpentine 

+ Mg0,75Fe0,25(OH)2  
                                 Ferrobrucite 

 
12Mg0,75Fe0,25(OH)2               Fe3O4 + 9Mg(OH)2 + H2 + 2H2O                 (2) 
   Ferrobrucite                    Magnetite       Brucite  

 
 

3MgSiO3 + 2H2O                 Mg3Si2O5(OH)4 + SiO2 (aq)                                     (3) 
   Enstatite (Px)                             Serpentine 

 
  
A summarising reaction for serpentinization is described by reaction 4. 
 
Olivine ± Pyroxene + H2O                          Serpentine ± Brucite ± Magnetite + H2               (4) 
 
 
Ferrous iron (Fe (II)) released during serpentinization of olivine will at temperatures < 200°C 
be incorporated into ferrobrucite (see reaction 1) rather than oxidize to ferric iron (Fe (III)) 
which is incorporated into magnetite. However, at higher temperatures, Fe (II) oxidizes to  
Fe (III) which is incorporated into magnetite, with simultaneous formation of brucite (see 
reaction 2). The molecular hydrogen is formed from the reduction of the hydrous fluid (H2O) 
(McCollom & Bach, 2008).  
 
The dissolved molecular hydrogen that forms during serpentinization may be used as an 
electron donor in the reduction of inorganic carbon to organic compounds (Mottl, 2009).   
These reactions are called Fischer- Tropsch type reactions and they are chemical reactions 
where oxidized forms of dissolved inorganic carbon (CO, CO2) are reduced to organic 
compounds in the presence of molecular hydrogen. A generalized reaction of Fischer- 
Tropsch type (FTT) reactions is described by reaction 5 (Konn et al., 2008).  
 
 

(3n +1)H2  + nCO2             CnH2n+2  + 2nH2O                  (5) 
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Dissolved inorganic carbon and molecular hydrogen can coexist at higher temperatures and 
pressures, but not in the presence of catalytic minerals such as magnetite and chromite. 
Magnetite and chromite are known to be efficient catalysts in FTT- reactions (Foustoukos & 
Seyfried, 2004). In this type of abiotic formation of hydrocarbons, the chemical and physical 
properties of the catalytic mineral will affect what type of hydrocarbon that can form. Iron-
bearing minerals have been shown to be catalysts of short chain hydrocarbons such as 
methane. Chromium-bearing minerals have been shown to be catalysts of longer chain 
hydrocarbons (Foustoukos & Seyfried Jr, 2004).  
 
Produced hydrocarbons can be enclosed in fluid inclusions. Inclusions are enclosures of a 
fluid, gas or a solid material in a mineral. When the surrounding mineral around the fluid 
inclusions is crystallized, a fluid can be trapped in the crystal structure and thus forming fluid 
inclusions. Fluid inclusions may give information of the composition, temperature and 
pressure that were prevalent during the time of formation of the mineral they are enclosed in 
(Winter, 2001, p. 120, 416, 606).  
 

2.3 Major elements in Earth’s crust (Mn and Fe) 
 
Manganese and iron are two elements that are abundant in Earth’s crust. They occur in two 
valency states in natural environments (Schulz & Zabel, 2006, p. 371). They tend to migrate 
from less to more oxidizing environments and fractionate along redox gradients (Schulz & 
Zabel, 2006, p. 371). Manganese is more mobile than iron and tends more to migrate while 
iron tends to precipitate (Schulz & Zabel, 2006, p. 371). Manganese oxides occur on the 
seafloor and in fractures near convergent plate margins (Oze et al., 2006). Along with iron 
oxides they have high adsorption capacities (Schulz & Zabel, 2006, p. 371). 
 
Manganese (IV) oxides are the only known oxidants for chromium bearing minerals 
(chromite) (Chung & Sa, 2001; Oze et al., 2007; Ndung’u et al., 2009). Chromite is a mineral 
that has a low solubility and is resistant to dissolution, weathering and low grade 
metamorphism (Oze et al., 2007). However, in the presence of manganese (IV) oxides, Cr 
(III) in chromite will oxidize to Cr (VI) resulting in a decrease in Cr (III) when Cr (VI) is 
generated. The resulting product Cr(VI)O4

2-
(aq) is more soluble than chromite (Oze et al., 

2007) and is subsequently removed by the external fluids.  
 
The production of Cr (VI) is controlled by the dissolution rate of chromite, pH and the amount 
of Mn- oxides present. Previous studies by Oze et al. (2007) showed that Cr (VI) production 
increases with decreasing pH and that the production rate of Cr (VI) is limited in alkaline 
environments. However, the dissolution and weathering of Cr (III)- bearing silicates is 
favoured by an alkaline environment, thus giving a higher production rate of Cr (VI) (Oze et 
al., 2007). Organic material limits the production of Cr (VI) because of the reduction of Cr 
(VI) to Cr (III) in the presence of organic material (Chung & Sa, 2001).  
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Reduction of Mn- and Fe- oxides lead to the formation of Mn (II) and Fe (II), which can 
mobilize, where iron tends more to precipitate when reacting with (e.g.) dissolved sulphide, 
forming iron sulphides (Schulz & Zabel, 2006, p. 371). 
 

3. Methods 

3.1 Sampling 
 
Samples were collected from cores drilled at South Chamorro Seamount and Conical 
Seamount during  Ocean Drilling Program (ODP) Leg 195,  Site 1200 (Holes A and B) and 
Leg 125, Site 779 (Hole A), respectively.  For detailed information on sampling technique and 
core data, see Proceedings of the Ocean Drilling Program, Initial Reports, Volumes 195 and 
125. For a summary of core data and the location of drilled Sites, see appendix 1, table 1-3 
and figures 7 & 8.  
 

3.2 Analytical methods 

3.2.1 Microscopy 
 
Doubly-polished 150-200 µm thick thin sections were prepared from the core samples by 
Minoprep AB.  
 
The sample preparation includes the following steps: 
  

1. Impregnating with epoxy to prevent the samples from breaking. 
2. Achieving a plane surface with a diamond cup. 
3. Using silica carbide (SiC) to remove traces from the diamond cup. 
4. Polish the samples with diamond paste. 

 
There is potential for contamination during the sample preparation. However, between every 
step the samples were flushed with water to remove any traces of the material used during 
previous steps. Any traces of epoxy left in the samples can be seen as small bubbles in the 
thin sections and can easily be distinguished using optical microscopy.  
 
Mineralogical and textural analyses were performed using a standard optical microscope 
(Leica DMLM/P 111/97) at the Department of Geological Sciences, Stockholm University. 
Reflected light was used for observation of opaque minerals.  
 
Observation for fluid inclusions was performed using a fluorescence microscope (Leitz 
DMRBE) at the Department of Applied Environmental Science, Stockholm University.  
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Elemental analysis of opaque minerals that were observed with optical microscopy was 
performed using the Environmental Scanning Electron Microscope (ESEM) at the 
Department of Geological Sciences, Stockholm University. The analyses were performed 
using a XL 30 ESEM- FEG which is a field emission microscope and a BSE (Back Scatter 
Electron) detector. The accelerating voltage used was 20kV. The analyses were not performed 
near or close to traces of the epoxy used.  

3.2.2 Raman spectroscopy  
 
Identification of opaque minerals was carried out using Raman spectroscopy at the 
Department of Geosciences, University of Bergen, Norway. A laser beam at 514, 5 nm (green 
laser) with a precision of 1 µm was used with the spectrometer Horiba Jobin Yvon LabRAM 
HR. An optical microscope (Olympus BX41) with a 100x objective was used to focus the 
light on the samples.  Detection was accumulated 10-20 times with measuring times ranging 
between 10-20 seconds.  
 

4. Results  
 
The cores from Site 1200 (Hole A and B) and Site 779 (Hole A) contain silt to clay sized 
serpentine mud with < 2 mm sized clasts of ultramafic rocks embedded in the serpentine mud 
(Proceedings of the Ocean Drilling Program, Initials Reports, Volumes 195 and 125). For 
detailed description of core lithology, see Proceedings of the Ocean Drilling Program, Initial 
Reports, Volumes 195 and 125.  
 

4.1 Microscopy 
 
4.1.1 Optical microscopy 
 
Thin section observations show a mineralogy consisting mainly of serpentine, olivine, 
pyroxene and opaque minerals.  Textures observed include mesh texture, where olivine grains 
show an unreacted interior and a serpentinized margin (Fig. 4a), and probable bastitic texture, 
where pyroxene is replaced by serpentine (Fig. 4b). Primary olivine and pyroxene are variably 
replaced by serpentine (Fig. 4a & b).  Single and crosscutting serpentine veins are common 
throughout the samples (Fig. 4c). Minor talc veins were observed in the samples.  
 
Opaque minerals occur as separate grains in the matrix and as clusters in veins (Fig. 4d & 5a). 
In reflected light the opaque minerals that occur as separate grains show white alterations 
around the grain margin and/or in fractures in the grain (Fig. 4d-f). 
  
The fluorescence microscope revealed only minor amounts of fluid inclusions of which all 
were too small for successful analysis of organic content.  
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4.1.2 Environmental scanning electron microscope (ESEM) 
 
The opaque minerals that were observed under reflected light with an optical microscope were 
analysed for their elemental composition with an environmental scanning electron microscope 
(ESEM).  
 
 
Site 1200 (Hole A) 
 
At Site 1200 (Hole A); 1200A, South Chamorro Seamount, the ESEM analyses show that the 
opaque minerals that form clusters in the serpentine veins are iron oxides (Fig. 5a). These iron 
oxides contain small amounts of carbon (~1,25 wt. %). Opaque minerals that occur as 
separate grains consist of chromium, aluminium, magnesium and iron, with a chromium 
content ranging between 19-32 wt. %. The Cr/(Cr+(Al,Mg,Fe))-ratios (see appendix 2, table 
4) suggest that these opaque minerals are chromium oxides, i.e. chromite.  
 
The interior of the chromites show high aluminium and chromium contents compared to iron. 
Aluminium, chromium and magnesium contents decrease from the interior towards the 
margin, whereas the iron content increases towards the margin. This trend is present in all 
inferred chromites.  
 
The chromites exhibit variable degrees of alteration in the margins and/or in fractures. This 
alteration is distinguished by a typical white color observed in ESEM images and in optical 
microscopy. Un-altered chromite is grey in ESEM images (Fig. 5b-d).  
 
There are two distinctive types of chromites present in the samples. These are distinguished 
by the degree of alteration of the grain margins and fractures, where the first type shows sharp 
margins (Fig. 5b & c) and the second shows diffuse margins (Fig. 5d). 
 
The first type of chromite (Type I) has sharp margins with altered areas that consist entirely of 
iron oxide (Fig. 5b & c). Aluminium and magnesium are always absent in the altered margins. 
A few grains of Type I chromites contain small amounts of chromium in the iron oxide- rich 
margin. Carbon is present in the interior of the chromite grains and in the iron oxides at the 
margins and in fractures.  The carbon content in the interior varies between different chromite 
grains, from 0 wt. % to ~1-1,5 wt. %. The carbon content in the iron oxides at the margins and 
in fractures of the chromites is ~2 wt. %. The serpentine matrix surrounding the chromites 
contains ~3 wt. % carbon. 
 
The second type of chromite (Type II) with diffuse, partially altered margins (Fig. 5d) 
comprises iron oxides and aluminium, chromium and magnesium. Iron content within the 
diffuse margins is higher compared to the chromite interior. Aluminium, chromium and 
magnesium contents are lower compared to the chromite interior. The diffuse margins also 
contain manganese (~1,5 wt. %).  Carbon is present in the chromites (~1 wt. %) and in the 
diffuse margins (~2 wt. %). 
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Site 1200 (Hole B) 
 
The ESEM analyses of the chromites in samples from Site 1200 (Hole B); 1200B, South 
Chamorro Seamount, display the same type of alteration in the margins and in fractures of 
chromites that is found at Site 1200A. 
 
The chromites at Site 1200B are both Type I, with altered areas consisting entirely of iron 
oxide, and Type II where the alteration is diffuse. These chromites show the same trends in 
aluminium, chromium, magnesium and iron content as the chromites at Site 1200A. 
 
Apart from constituting the altered margins of the chromites, iron oxide also occur as separate 
grains in serpentine veins.  
 
The significant difference between Site 1200A and Site 1200B is that 1200B also comprise 
chromites that are neither Type I nor Type II. They show minimal alteration of the margins 
and/or in fractures. These chromites with unaltered margins do however still show higher 
aluminium, chromium and magnesium content in the interior compared to the margin, 
whereas the iron content increases from the interior towards the margin.  The carbon content 
of these chromites does not show any distinctive trends. Some chromites with unaltered 
margins show an increasing carbon content towards the margin, and other have no carbon 
content.  
 
 
Site 779 (Hole A) 
 
The ESEM analyses of samples from Site 779 (Hole A); 779A, Conical Seamount display the 
same type of alteration in the margins and in fractures of chromites that is found at sites 
1200A and 1200B.   
 
The chromites at Site 779A are both Type I and Type II. The Type I chromites have a carbon 
content that varies from 0 wt. % to 4 wt. % in the iron oxides at the margins.  
 
The Type II chromites contain both carbon and manganese in both the interior of the 
chromites and in the iron oxides at the margins and/or fractures of the chromites. Some of 
these Type II chromites show a higher carbon (~3 wt. %) and manganese (~1 wt. %) contents 
in the iron oxides at the margins compared to the interior (carbon ~1 wt. %, manganese ~0,2 
wt. %). Other Type II chromites have a carbon (~0- 6 wt. %) and manganese (~0,2-1,2 wt. %) 
content that varies and shows no trend.  
 
Serpentine veins in the samples comprise iron sulphides and iron oxides that occur as separate 
grains.  
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Figure 4.  Microphotographs obtained with cross-polarized light microscopy in A, B and C. (A) Mesh texture 
and the replacement of olivine by serpentine. (B) Serpentine replacing pyroxene. (C) Crosscutting serpentine 
veins. Microphotographs obtained with reflected light microscopy in D, E, and F showing opaque minerals 
with white alterations at the margins and/or in fractures of the grains.  
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4.2 Spectroscopy 

4.2.1 Raman spectroscopy 
 
The spectra acquired with the Raman spectroscopy method are shown in figure 6. The 
acquired measured spectra are shown in black and reference spectra are shown in red.  The 
reference spectra can be found in a database called the RRUFF project (Downs, 2006). As the 
measured intensities are obtained at lower counts compared to the reference intensities, 
relative intensities are plotted. 
 
Mineral identification is performed by comparing the measured spectra with the reference 
spectra. If peaks in the measured spectra are positioned at the same wave number (Raman 
shift cm-1) as the peaks in the reference spectra, the mineral is identified.  
 
 

Figure 5.  Microphotographs obtained with an environmental scanning electron microscope showing (A) 
iron oxides in vein, (B) (C) chromite (in gray) with a sharp margin to iron oxide (in white) and (D) chromite 
(in gray) with diffuse margin to iron oxide (in white).  
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The spectra for chromite and disordered graphite (carbon) can be seen in figure 6a & b.  The 
two peaks in the measured spectrum in figure 6a correspond to the reference spectrum of 
chromite. The spectrum in figure 6b shows one peak in the measured spectrum that 
corresponds to the same peak in the reference spectrum of disordered graphite (carbon).  The 
identified graphite is positioned in a fracture in a chromite.  
 
The spectrum in figure 6c show hematite (Fe2O3), which is positioned at the margin of a 
chromite. Due to the crystal orientation of the hematite, the intensities vary in the measured 
spectrum.  The spectrum in figure 6d shows that brucite is present in the samples.  
 
The measured spectra of the minerals magnetite, serpentine, forsterite, enstatite, augite and 
diopside are shown in appendix 3. Spectrum of hematite as separate grains is also shown in 
appendix 3.  
 
 
 

 
 

 
 

 

 

Figure 6. Raman spectra showing measured spectra in black and reference spectra in red. (A) Chromite. (B) 
Graphite (carbon). (C) Hematite positioned at the margin of a chromite, due to the crystal orientation of the 
hematite, the intensities vary in the measured spectrum. (D) Brucite. 
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5. Discussion 
 
The serpentinized samples from the cores of Sites 1200 and 779 show a mineralogy 
comprising residual primary olivine and pyroxene, and the accessory mineral chromite which 
is indicative of an ultramafic protolith (Winter, 2001, p. 21-22). Infiltration of slab derived 
fluids caused serpentinization of the ultramafic protolith. The secondary phases typical to 
serpentinization that were observed in the samples were serpentine, minor magnetite, brucite 
and minor talc. Serpentinization textures observed in the samples are mesh and probable 
bastitic textures. Serpentinization is inferred to be incomplete due to the almost complete 
absence of magnetite, presence of primary olivine in the core of the mesh textures and the 
presence of primary pyroxene. Crosscutting serpentine veins indicates that serpentinization 
and the following deformation allowed a positive feedback of serpentinization, forming 
serpentine veins in cracks and fractures (D’Antonio & Kristensen, 2004). Serpentine veins 
and minor talc veins show that the fluid was enriched in magnesium, iron and silica.  
 
The crosscutting serpentine veins have in previous studies of samples from Mariana 
seamounts shown to be the two polymorphs of serpentine; lizardite and chrysotile (D’Antonio 
& Kristensen, 2004). These two polymorphs are known to be stable at low temperatures  
(< 300°C) (Moody, 1976). Magnetite can form at both low and high temperatures. However, 
with decreasing temperature (< 200°C), the incorporation of Fe (II) in magnetite will 
decrease, and the Fe (II) will be incorporated in brucite (McCollom & Bach, 2008). 
D’Antonio & Kristensen (2004) showed that brucite at South Chamorro Seamount always 
contains small amounts of Fe (II) and does not completely consist of the magnesium end 
member Mg(OH)2. The presence of brucite, the small amounts of magnetite observed and the 
known stability of lizardite/chrysotile at low temperatures suggest that serpentinization of the 
material constituting the Conical and South Chamorro Seamounts probably occurred at a low 
temperature (< 300°C). This is supported by previous studies by Maekawa et al. (1993) and 
by Mottl et al. (2003) of mineral assemblages and pore fluid composition on samples from 
both Conical Seamount and South Chamorro Seamount, estimating the serpentinization 
temperature to 150-250°C.  
 
Minor to none fluid inclusions were found in the samples of this study. Fluid inclusions are 
primarily found in secondary phases where they are incorporated into the matrix of the 
mineral. The absence of fluid inclusions in serpentine minerals or serpentinized parts of 
primary minerals can be attributed to the physical properties of serpentine (i.e. fibrous) which 
prohibits the inclusion of a separate fluid phase.  
 
The chromites exhibit variable degrees of alteration of the margins, causing a zonation. This 
zonation is expressed by lower to completely depleted levels of Cr (III) and higher levels of 
Fe (III) at the margins compared to the interiors.  
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The two types of chromites observed were; 
 
Type I - sharp altered margin that is completely depleted in Cr (III), enriched in Fe (III). 
 
Type II - diffuse altered margin with trace amounts of Mn (IV) and Cr (III), enriched in  
Fe (III).   
 
This alteration of the chromites is observed in all samples at all Sites and is not depth 
dependent. The Type II chromites that have low levels of Cr (III) at the margins also contain 
traces of manganese. Manganese is not a primary constituent in chromites in ultramafic rocks 
(Oze et al., 2007). The traces of manganese (Mn (IV)) at the chromites surface at Sites 1200 
and 779 are therefore probably secondary. Given that the only known oxidant for chromite are 
manganese (IV) oxides (Ndung’u et al., 2009), the observed variations in Cr (III), Fe (III) and 
Mn (IV) at the margins of the chromites is thereby inferred to be caused by an oxidation 
reaction where manganese (IV) oxide acted as an oxidant.   
 
The oxidation reaction of the chromites (Cr (III) to Cr (VI)) leads to the removal of Cr (III) 
and the subsequent generation of soluble Cr (VI) which is removed by external fluids. Fully 
oxidized chromites contain no Mn (IV) or Cr (III) at the margins which only comprise 
hematite (Fe2O3). Type I chromites that have sharp margins with no traces of Cr (III) or Mn 
(IV), are completely oxidized with margins containing only hematite. The Type II chromites, 
which have traces of Cr (III) and Mn (IV) in the hematite at the margins, are not fully 
oxidized. 
 
Depletion of the elements Al and Mg from the interior towards the margins in the chromites is 
explained by the oxidation of Cr (III), which released Al (III) and Mg (III) that were removed 
by the external fluids.  The hematite (Fe2O3) at the margins and/or in fractures of the 
chromites is also produced from the oxidation of the chromites by manganese (IV) oxides. Fe 
(II) in the chromites oxidized to Fe (III) which precipitated as hematite at the margins and/or 
in fractures. This can be seen as the iron content is increasing from the interior to the margins. 
Manganese (IV) oxides were reduced to Mn (II) which is the reduced form of manganese. The 
formed cation Mn (II) is soluble and was removed together with Al (III), Mg (III) and Cr (VI) 
by the external fluids.  
   
The oxidation of the chromites was probably syn-metamorphic, i.e. occurred simultaneously 
as serpentinization of the ultramafic mantle rocks. Serpentinization produced an alkaline 
environment, and although the production rate of Cr (VI) increases with decreasing pH, the 
dissolution of Cr- bearing (III) silicates is favoured by an alkaline environment (Oze et al., 
2007), promoting higher production rate of Cr (VI).  
 
Raman spectra and ESEM analyses showed that most chromites contain trace amounts of 
carbon. Graphite in fractures of the chromites was identified by RAMAN spectra. ESEM 
analyses show an increase in carbon content from the interior of the chromites towards the 
margins.  
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The low temperatures at which serpentinization occurred, as shown by (e.g.) the presence of 
brucite and absence of magnetite, are consistent with temperatures at which organic 
compounds are stable (Shock, 1990). This may indicate that molecular hydrogen that was 
formed during serpentinization reacted with dissolved inorganic carbon by Fischer-Tropsch 
type reactions and formed organic compounds. The general increase in carbon concentration 
from the interior towards the margin of the chromites could be related to the observed 
increase in Fe (III) concentration given the adsorption capacity of Fe (III) to organic 
compounds (Holm et al., 1993).   
 
Chromite which is a catalytic mineral in Fischer- Tropsch type reactions (Foustoukos & 
Seyfried Jr, 2004) did probably catalyse FTT- reactions in the Mariana forearc region, 
whereby organic compounds were formed as indicated by the observation of elemental 
carbon. The type of organic material that was formed could not be analysed and determined in 
these samples.  

 
6. Conclusions 
 
South Chamorro Seamount and Conical Seamount are located on a similar distance from the 
trench axis. At both seamounts, the serpentinized material shows a similar lithology and 
mineralogy. Previous studies by Haggerty (1991) show that the composition of pore fluids 
collected from chimney structures at both seamounts have a similar composition.  
 
Three distinctive reactions can be inferred from the results of the samples collected at the two 
seamounts;  
 

(1) Serpentinization  
(2) Oxidation of chromites 
(3) Fischer- Tropsch type reactions 

 
• Oxidation of chromites was probably syn-metamorphic (simultaneously as 

serpentinization) and caused by reduction of manganese (IV) oxides. 
 

• Chromites containing trace amounts of manganese are not fully oxidized. 
 

• Oxidation of chromites generated Cr (VI) by oxidation of Cr (III). Cr (VI) was 
subsequently removed by the external fluids as it is soluble.  

 
• Fe (II) in chromite is oxidized to Fe (III) leading to the precipitation of hematite at the 

margins and/or in fractures of chromites.  
 

• Serpentinization of the ultramafic rocks produced an alkaline environment which 
favoured the oxidation of the chromites.  
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• Molecular hydrogen that was formed during serpentinization reacted with inorganic 
carbon which was formed by the dissolution of carbonate minerals in the subducting 
plate. This reaction may have produced organic compounds by Fischer- Tropsch type 
reactions, which is supported by the observation of elemental carbon. 

 
• Serpentinization did probably occur at low temperatures (< 300°C), consistent with 

temperatures at which organic compounds are stable.   
 

• Chromites did probably act as catalysts in Fischer- Tropsch type reactions. 
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Appendices  
 
Appendix 1 

Core summary 

 
Conical Seamount Leg 125, Site 779A 
 
Water depth (drill-pipe measurement from sea level): 3947.2 m 
Position: 19°30.75'N, 146°41.75'E 
Age: Lower Pleistocene to lower Pliocene or upper Miocene 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1 
 

Core number 
 
 

Depth  
(mbsf) 

Length cored 
(m) 

Length recovered  
(m) 

    
   125- 779A-9R 68,1-77,7 9,6 1,68 

125- 779A-13R 106,6-116,2 9,6 2,66 
125- 779A-14R 116,2-125,9 9,7 2,67 
125- 779A-18R 154,9-159,4 4,5 3,08 
125- 779A-26R 206,5-216,2 9,7 2,98 
125- 779A-33R 274,0-283,7 9,7 1,8 

 
 
 

Figure 7. Location map of Sites 
drilled during Leg 125. Site 779 
drilled at the flank of Conical 
Seamount (Proceedings of the Ocean 
Drilling Program, Initial Reports, 
volume 125, 1990). 
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South Chamorro Leg 195, Site 1200A 
 
 

Water depth (drill-pipe measurement from sea level): 2910.3 m 
Position: 13°47.0053'N, 146°0.1854'E 
 
Table 2 
 

Core number Depth  
(mbsf) 

Length cored  
(m) 

Length recovered 
(m) 

 
    

12000- 006R-02 41,4-51,1 9,7 1,86 
1200A-007R-01 51,1-60,7 9,6 2,01 
1200A-013R-02 108,7-118-3 9,6 1,37 

Figure 8. Location map of Sites drilled 
during Leg 195 (top), showing the 
location of Sites 1200 (this study, east of 
the island of Guam), 1201 and 1202.  
 
Site 1200, Hole A and B drilled at the 
knoll of South Chamorro Seamount (left) 
(Proceedings of the Ocean Drilling 
Program, Initial Reports, volume 195, 
2001). 
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South Chamorro Leg 195, Site 1200B 
 
Water depth (drill-pipe measurement from sea level): 2911.3 m 
Position: 13°47.0039'N, 146°0.1981'E 
 
Two wash cores were taken between 0,0 and 98,0 mbsf.  
 
Table 3 
 

Core number Depth 
(mbsf) 

Length cored 
(m) 

Length recovered 
(m) 

    
195-1200B-1W-1 0-30,70 30,7 0,94 
195-1200B-2W-1 30,70-98,0 67,3 2,42 
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Appendix 2 
 
Cr/ Cr + (Al, Mg, Fe) - ratios 
 
ESEM analyses of four chromites 
 
Table 4 
 

 
 

Element Core 1 
(wt. %) 

Margin 1 
(wt. %) 

Core 2 
(wt. %) 

Margin 2 
(wt. %) 

Core 3 
(wt. %) 

Margin 3 
(wt. %) 

Core 4 
(wt. %) 

Margin 4 
(wt. %) 

 
         

C 0,00 2,00 0,00 1,77 0,00 1,22 1,61 2,19 

O 40,55 45,38 33,61 26,15 33,67 26,77 40,40 30,91 

Mg 6,46 1,01 6,17 0,00 5,31 0,00 7,05 1,69 

Al 12,24 0,00 10,83 0,00 7,58 0,00 13,01 0,00 

Cr 19,29 1,04 25,05 1,36 31,72 2,16 24,72 1,16 

Fe 9,98 47,42 12,53 61,54 13,06 60,12 12,06 62,02 

Total 88,52 96,85 88,18 90,82 90,34 90,27 98,85 97,97 
 

 
Cr/(Cr + Al) 

 

 
0,61 

  
0,70 

  
0,81 

  
0,66 

 

Cr/(Cr+ Mg) 
 

0,75  0,80  0,86  0,78  

Cr/(Cr+ Fe) 
 

0,66  0,67  0,71  0,67  
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Appendix 3 

Raman spectra 
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