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Chapter-1: Mineral nitrogen isotope signature in clay minerals formed under high 

ammonium environment conditions in sediment associated with ammonium-rich 

sediment-hosted hydrothermal system 

 

 

Abstract 

Nitrogen is supplied from deep mantle to Earth’s surface, hydrosphere and 

atmosphere, mostly through volcanic activities. The deep source nitrogen is 

considered to migrate as dinitrogen or ammonia gases depending on 

physicochemical conditions. Nevertheless, the detailed mechanisms concerning the 

interaction between nitrogen in the ascending fluid and rock in the lithosphere are 

not fully understood. In this study, to clarify the behavior of ammonium dissolved 

in hydrothermal fluid, we examined occurrence of ammonium-bearing clay 

minerals formed under hydrothermal condition and nitrogen isotope fractionations 

during fixation in the interlayer of clay minerals. 

The shallow-seafloor Wakamiko hydrothermal field in Kagoshima Bay, Japan, 

has been characterized by high ammonium, methane and dissolved organic carbon 

contents in the discharging fluid. The occurrence of smectite, illite, and mica in the 

field associated with hydrothermal activity has been reported. Those 2:1 clay 

minerals can contain ammonium in their interlayers. Extracted clay fractions from 

the sediment core samples obtained from the field were mainly composed of 

smectite. They contained small amount of mineral nitrogen. Their nitrogen isotopic 

ratios vary depending on the pore fluid chemistry. The isotopic ratios of mineral 

nitrogen in the samples with high concentration of ammonium in the pore fluids 

were similar to those of dissolved ammonium in the fluid samples or slightly 

depleted in 15N, while in the low ammonium environment the mineral nitrogen was 
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enriched in 15N. It possibly suggests that ammonium-bearing clay minerals form in 

situ and assimilate ambient ammonium in the pore fluids.  
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Chapter-2: Synthesis of ammonium containing 2:1 clay minerals under the 

hydrothermal conditions at 200 ºC and saturated vapor pressure 

 

 

Abstract 

Ammonium containing 2:1 clay minerals were synthesized using various starting 

materials under the hydrothermal conditions at 200 ºC and saturated vapor pressure. 

Most of synthesized minerals have interlayer structure related to the 001 peak 

reflections ranging from 12.5 to 14.0 Å. In addition, interlayer expansion is 

observed after ethylene-glycol treatments ranging from 16.7 to 17.3 Å except for 

the sample with an iron in the starting materials (i.e. 14.3 Å ). The 001 peak 

reflections after treatment with NH4Cl solution range from 11.9 to 12.3  Å. IR 

absorption is detected around at 1445 cm-1 within NH4-bend region after treatment 

with NH4Cl solution for synthesized 2:1 clay mineral without nitrogen in starting 

material. Furthermore, in the case of the synthesized 2:1 clay mineral with a 

nitrogen in starting material, absorption by ammonium is detected nearly in the 

same intensity before and after treatment with MgCl2 solution. This synthesized 

sample is also considered to be able to incorporate ammonium as an exchangeable 

cation, because the intensity of ammonium absorption increased after treatment 

with NH4Cl solution. It suggests a fixed ammonium exists in interlayer structure of 

synthesized 2:1 clay mineral.  
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1. Introduction 

Nitrogen cycle among atmosphere, hydrosphere, and geosphere suggests that 

volcanism and subduction play important roles as source and sink (Elkins et al., 

2006; Fischer, 2005; Fischer et al., 2002; Javoy, 1997; Sano et al., 2001). Nitrogen 

recharge from the Earth’s surface into the deep mantle has been accepted to occur 

through subduction of ammonium-bearing sediments, since NH4
+ (1.43 Å) and K+ 

(1.33 Å ) often substitutes in the interlayer of the potassium-bearing minerals 

because of the similarity of ionic charge and radius (Barshad, 1954; Busigny et al., 

2011; Frost et al., 2006; Hall, 1993; Hall, 1999; Higashi, 2000; Juand et al., 2001; 

Lindgreen, 1994; Nömmik, 1957; Nieder et al., 2011; Scherer et al., 2014; Sterne 

et al., 1982; Šucha and Siranova, 1991; Šucha et al., 1998; Watenphul et al., 2010; 

Williams et al., 1989). Simultaneously, similar amount of nitrogen released to the 

Earth’s surface (i.e. atmosphere and hydrosphere) via volcanic or metamorphic 

process by the gaseous form from deep Earth system (Cartigny and Marty, 2013; 

Marty and Dauphas, 2003; Mikhail and Sverjensky, 2014). The chemical form of 

nitrogen, i.e., dinitrogen and ammonia is constrained by physico-chemical 

condition through geological time scale (Brandes et al., 2008; Busigny et al., 2011; 

Cartigny and Marty, 2013; Li et al., 2009; Li et al., 2012; Singireddy et al., 2012; 

Smirnov et al., 2008; Watenphul et al., 2010). In addition, stable nitrogen isotopic 

ratios have been proven to be significant tracer in different geochemical 

environments (Ader et al., 2016; Busigny and Bebout, 2013; Freudenthal et al., 

2001; Holmes et al., 1999; Lehmann et al., 2007; Li et al., 2007; Melchiorre and 

Talyn, 2014; Philippot et al., 2007; Robinson, 2001; Robinson et al., 2012; Tesdal 

et al., 2013). 

Many of studies about nitrogen isotopic ratios of nitrogen-bearing diamond in 

mantle derived materials has shown a wide range of δ15N values from -25 up to 

+15 ‰, while the δ15N values of nitrogen in globally well-homogenized upper 
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mantle have been considered to be around -5 ‰ since at least the Proterozoic 

(Cartigny et al., 1997; Cartigny et al., 1998a; Cartigny et al., 1998b; Cartigny and 

Marty, 2013). On the other hand, δ15N value of atmospheric dinitrogen is 0 ‰ by 

definition and those in crust and sedimentary rocks show positive values. For 

example, nitrogen in the ultrahigh-pressure metasediments at subduction zones 

ranges from +1 to +15 ‰ (Bebout et al., 2013; Halama et al., 2016; Honma, 1996; 

Philippot et al., 2007; van Zuilen et al., 2005). And the mean δ15N values of 

terrestrial organic matter and non-hydrolysable soil organic matter are usually 

accepted as near -3 to 4 ‰ (Boudou et al., 1984; Carpenter et al., 1999; Mariotti, 

1984; Mariotti et al., 1982; Montoya et al., 2002; Wada and Hattori, 1976). 

Likewise, under the influence of sedimentation, diagenesis, metamorphism and 

magmatism within continental crust, δ15N values of organic nitrogen range from 0 

to +10 ‰ with an average value of about +5 ‰ (Freudenthal et al., 2001; Lehmann 

et al., 2007; Sigman et al., 1999). Such 15N-enriched nitrogen at the Earth’s surface 

relative to the mantle is fixed in some mineral mainly as form of ammonium as a 

result of mineralization of the organic matter and returned into mantle by 

subduction. The cause of those isotopic unbalance between mantle (av. -5 ‰) and 

Earth’s surface (av. +5 ‰) has not been well understood yet. 

Smectite group is known as expandable 2:1 clay minerals and is considered to 

contain variable amounts of interlayer cations and H2O molecules. The net charge 

imbalance can occur on a 2:1 layer. In that case, the charge is balanced by larger 

cations such as Ca2+, Mg2+, Fe2+, K+, etc. which coordinate to the basal surface of 

the tetrahedral sheets from adjacent layers (Eberl and Whitney, 1978; Kloprogge et 

al., 1999). Those cations are located in the interlayer of 2:1 phyllosilicates 

(Kloprogge et al., 1999; Perry and Hower, 1970; Šucha et al., 1998; Šucha et al., 

2007). Ammonium cation can also replace with those exchangeable cations in the 

interlayer of dioctahedral or trioctahedral sheets (Aranda and Ruiz-Hitzky, 1999; 

Higashi, 2000; Šucha and Siranova, 1991; Vogels et al., 1997). Several empirical 
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results about synthesis of ammonium-smectite have been reported (Aranda and 

Ruiz-Hitzky, 1999; Gautier et al., 2017; Gautier et al., 2010; Kloprogge et al., 1993; 

Kloprogge, 1994; Kowalenko and Cameron, 1976; Vogels et al., 1997). In addition 

to those smectite group, illite and mica can fix ammonium in their interlayers 

(Lindgreen, 1994; Šucha et al., 1994; Šucha et al., 1998; Šucha et al., 2007; 

Williams et al., 1989). Tobelite is one of the typical ammonium-bearing mica 

mineral and it can be formed under hydrothermal condition (Drits et al., 2002; 

Higashi, 1982).  

The fixed ammonium in the minerals (i.e. MN) has been evaluated as a residue 

after the removal of nitrate, nitrite, organic nitrogen compounds and exchangeable 

ammonium through KOBr-KCl treatment (Silva and Bremner, 1966; Liang et al., 

1999; Zheng et al., 2015). This method has commonly been applied to the study of 

MN in soil and aqueous sediment (Doram and Evans, 1983; Freudenthal et al., 

2001; Li and Jia, 2011). For example, some marine sediments which have a 

significantly low organic carbon (OC) to nitrogen ratio (OC/N ≤ 4) are attributed to 

the high contribution of ammonium fixed in clay minerals during early diagenesis 

in marine surface sediment (Müller, 1977). Even in that case, the contribution of 

exchangeable ammonium in the marine sediment is considered very limited (Müller, 

1977). 

Ammonium ion which substitutes for K+ is present in the interlayer exchange 

sites of illite (Hall, 1999; Nömmik and Vahtras, 1982; Scheffer and 

Schachtschnabel, 1984). Once incorporated in the illite structure, ammonium ions 

(NH4
+) will be released only if the concentrations of NH4

+ and K+ in the ambient 

environments become extremely low (e.g. if there is active uptake of ammonium 

by plants). If ammonium loss in the environment occurs, NH4
+ release takes place 

only at positions on the planar sites and edge of the mineral. Therefore, NH4
+ 

included in the inner part of an illite crystal is not affected by this process (Nömmik 

and Vahtras, 1982; Scheffer and Schachtschnabel, 1984; Won et al., 2007). 
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However, as potassium always occurs in relatively high concentrations in pore 

fluids of marine sediment, so that there is no chemical gradient forcing the NH4
+ or 

K+ out of the illite. It seems reasonable to assume, therefore, that once ammonium 

is bound in illite, there will be no release of this ion out of the mineral. Thus, the 

δ15N signal of fixed inorganic nitrogen is expected to reflect that of the ambient 

ammonium when it is formed. 

Smectite and illite have been often reported from ore bodies of seafloor 

hydrothermal mineral deposit types such as Kuroko mine (Inoue, 1983; Inoue, 

1995). Seafloor hydrothermal vent systems which are covered by thick sediments 

emit ammonium rich hydrothermal fluid (Ishibashi and Urabe, 1995). The abundant 

ammonium in fluids is considered to be mainly derived from organic matter and/or 

ammonium bearing minerals in the sediment as a result of interaction with 

hydrothermal fluid and sediment (Seewald et al., 1990). The 2:1 clay minerals, 

smectite and illite can occur in those environments as a result of hydrothermal 

alteration of volcaniclastic material (Carranza and Tomita, 1994; Li et al., 2012; 

Nedachi et al., 1991; Šucha et al., 2007; Svensen et al., 2008; Tomita and Onishi, 

1976; Tomita and Yamane, 1993). Therefore, such ammonium abundant 

environment possibly forms ammonium-bearing clay minerals. 

The central objective of this study is understanding the relationship between δ15N 

values of MN in the clay minerals and that of associated pore fluid ammonium 

under the seafloor hydrothermal environment. It may bring us new insight into the 

nitrogen cycle from the lithosphere to the Earth’s surface, especially nitrogen 

isotope distribution on the Earth surface. So, we carried out an analysis of the 

concentrations and nitrogen isotopic ratios of ammonium in the venting 

hydrothermal fluids and squeezed pore fluids and MN in the clay minerals in 

hydrothermally altered sediments at the ammonium-rich sediment-covered 

hydrothermal system in Kagoshima Bay, southern Kyushu, Japan. 
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2. Geological background of study area 

 

Fig.1 The geological map of southern Kyushu. Geologic shaded-relief map of Kagoshima 

area (The map extracted from Seamless Digital Geological Map of Japan 1:200,000, 

Geological Survey of Japan, and revised from Aramaki, 1984). 

 

In the southern part of Kyushu, five major geological units are distributed. 

Among them, the Mesozoic and Paleogene sedimentary rocks are called Shimanto 

group and Nichinan group, and they constitute the basement of the area (Hayasaka, 

1987; Oki and Hayasaka, 1978). Several quaternary volcanic rocks and pyroclastic 

flow deposits were occurred as a result of several caldera formations, and they are 

alternated with marine strata (Aramaki, 1984). 
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Kagoshima Bay is a deep bay that contains submerged calderas (i.e. Aira and 

Ata) and four active volcanoes (i.e. Wakamiko, Sakurajima, Ikeda-Yamakawa, and 

Kaimondake; Fig. 1). The configuration of the narrow, deep bay is thought to be 

related to development of the Kagoshima graben (Tsuyuki, 1969; Hayasaka, 1987). 

Sakurajima is located on the southern rim of the Aira Caldera and divides the bay 

into two parts, a northern bay head area and a southern area. The bay head area 

corresponds to the Aira Caldera, which formed during the Ito eruption around 

29,000 yrs BP (Aramaki, 1984; Machida and Arai, 1976).  

The submarine volcano, Wakamiko, is located in the submerged Aira Caldera, 

which formed during the late Pleistocene (ca. 29 ka) resulting from the huge 

eruption of the Ito pyroclastic flow (Aramaki, 1984), and those materials mainly 

consist of pumice lumps, ash, and xenoliths derived from the walls of the conduit 

and magma reservoir, and transparent glass contains phenocrysts of plagioclase, 

quartz, hypersthene, and magnetite (Aramaki, 1971). The caldera was formed on 

the sedimentary rock layer of Kokubu Formation (ca. 100 ka), which covered the 

Shimanto group that is mainly composed of highly deformed Mesozoic to 

Paleogene sedimentary rocks such as shale, sandstone, conglomerate and minor 

pillow lavas (Aramaki, 1969; Aramaki, 1984).  
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3. Material and Methods 

3.1 Sampling sites 

 

Fig. 2 Bathymetric map of Wakamiko Crater in Kagoshima Bay, south Kyushu, 

Japan. The sampling positions of cores are represented by symbols of different 

colors; #1097MR (puple color) and #1100 Rocs (white) were collected in the 

hydrothermal venting site, named WHV site. SES site (#1091MB; red, #1093MG; 

orange, #WLC-P3; brown) and SWS site (#1094MR; green, #1094MY; blue) were 

collected in shimmering sites. 
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The Wakamiko Crater is a small depression about 5 km in diameter at 200 m 

depth (Ishibashi et al., 2008), and is covered by thick layer of recent unconsolidated 

silty sediments up to 80 m thick (Hayasaka, 1987; Hayasaka et al., 1976). 

Several hydrothermal discharging areas have been found (Yamanaka et al., 2013). 

One active venting site (i.e. WHV site) with three active chimneys and three major 

shimmering sites (i.e. SES, SWS and NES) were identified as shown in Figure 2. 

The temperature of venting fluid from the chimneys were reported up to 200 ºC 

nearly close to the boiling point (i.e. 210 ºC) at the depth, and those of shimmering 

fluid were reached 150 ºC (Ishibashi et al., 2008). The maximum heat flow on the 

seafloor in the crater has been reported more than 104 mW/m2
 (Fujino et al., 2015). 

Those sites are not only emitting hydrothermal fluid but also volcanic gas, whose 

composition is CO2 (71-93 %), CH4 (5-20 %), N2 (1.7-7.4 %) and H2S (0.02-1.4 %) 

(Ossaka et al., 1992). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Material and Methods                               Chapter-1 

 

 

9 

3.2 Sampling and processing of core sediments 

Sediment and fluid samples used in this study were collected from the WHV, 

SES, and SWS sites and the surrounding area (Fig. 2) during three scientific cruises 

in 2008, 2010, and 2012. Sediment core samples were collected using a piston corer 

(12 m length) by No.18 Seiei-maru in September 2012 and a push corer (40 cm 

length) operated by a manipulator of ROV (Remotely Operated Vehicle) 

HyperDolphin during NT10-05 cruise of R/V Natsusima in March 2010. 

Hydrothermal fluids emitted from chimneys were sampled using multi-cylinder 

polycarbonate sample bottles with a ROCS (ROtary Clean-seawater Sampler) by 

ROV during the NT 12-08 cruise in April 2012. A titanium sample inlet equipped 

a temperature probe was used for sampling of venting fluid. The details of samples 

are summarized in Table 1.  

 

Table 1 List of core and fluids used this study 

 
 

The sediment core samples were subsampled at 2 ~ 3 cm intervals immediately 

on board. Pore fluids were squeezed according to the procedure described by 

Nakaseama et al. (2008) using a plastic syringe and a vise within 24 h. The 

hydrothermal fluid samples were filtered immediately after recovery on board using 

membrane filter (pore size = 0.45 µm). Those fluid samples were provided for on 
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board and on shore chemical analyses. The remaining core samples were stored in 

a freezer (≤ -20 ºC) until on shore analyses. 
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3.3 The process of pretreatment for each core subsample 

The process of pre-treatment for each core subsample before analyses and their 

analytical methods are shown in Figure 3. 

 

Fig. 3 Schematic image of analytical processes in this study and nitrogen fractions 

in marine sediments (right; modified from Freudenthal et al., 2001).  

 

  The clay fraction under 2 µm was separated from each core subsample by gravity 

sedimentation. The carbonate in each sample was removed with 1N HCl. The 

recovered fractions were treated at least four times with c. 30 % warm hydrogen 

peroxide solution and then with alkaline potassium hypobromite (KOBr) and KCl 

solutions to remove organic matter and exchangeable ammonium in the fractions 

(Black et al., 1965; Silva, 1964). The KOBr-KCl solution is a useful reagent for 

elimination of organic nitrogen compounds because it does not affect mineral 
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nitrogen (MN) in clay mineral during the removal of organic nitrogen compounds 

(Black et al., 1965).  
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3.4 Chemical and isotopic analyses of the fluid samples 

Fig. 4 The schematic of steam distillation apparatus for ammonium (sky-blue and 

blue arrows indicate steam line and water cooling line, respectively). 

 

Ammonium and silica concentrations in the pore and venting hydrothermal fluid 

samples were measured on board using colorimetric methods, as described by 

Gieskes et al. (1991). Ammonium-rich fluid samples were brought back to the 

onshore laboratory for nitrogen isotopic ratio analysis.  
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Ammonium in the fluid samples was recovered by the steam distillation 

technique using a gas-tight container (Fig. 4) and finally converted into ammonium 

sulfate (Mizota et al., 2007). The ammonium sulfate solution was concentrated by 

gentle heating on a hot plate (~75 ˚C), and then the solution was soaked into a small 

piece of glass fiber filter and dried in an oven at 60 ˚C, and finally the pieces of the 

filter were installed into EA/IRMS for nitrogen isotopic ratio analysis. 
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3.5 X-Ray Diffraction (XRD) 

X-ray diffraction technique is significantly useful for analysis of the atomic and 

molecular structure of a crystal. In this study, minerals in the sediment samples 

were identified by X-ray diffractometer (XRD), Rigaku RINT-TTR III, at the 

Department of Instrumental analysis & Cryogenics, Okayama University. The 

XRD measurements were conducted at 50 kV and 250 mA using Ni-filtered Cu-Kα 

(λ = 1.5418 Å) radiation. Step-scan XRD data (2–70° 2θ, 0.02° 2θ step width, 10 

s/step) was collected for bulk sediment samples. Step-scan XRD data (2–40° 2θ, 

0.02° 2θ step width, 10 s/step) was collected for the clay fraction (≤ 2 μm) samples 

oriented on glass slides in the following two conditions; air-dried Mg-saturated 

condition after treatment of 1M MgCl2 solutions and ethylene glycol-saturated 

conditions. For determining the peak top positions, the XRD raw data were 

converted into ASCII format, and were analyzed using a scientific graphical 

analysis program XRD MacDiff on an Apple Power Macintosh computer 

(Petschick, 2000).  
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3.6 Fourier Transform Infrared Spectroscopy (FT-IR) 

All of organic and inorganic compounds have specific spectrum within a range 

of infrared light by absorbing of light. Particularly, Fourier Transform Infrared 

Spectroscopy (FT-IR) is one of a useful technique to obtain an infrared absorption 

spectrum of materials. The advantage of FT-IR analysis is that informations of all 

wavelengths is collected simultaneously. As a result, it can bring a high signal to 

noise ratio for a given scan time as well as high resolution. FT-IR analysis was 

conducted for the clay fraction samples after removal of organic matters by 

treatment with hydrogen peroxide and KOBr-KCl solutions. Spectra were taken 

using powder samples in the region from 4000 to 400 cm-1 with a resolution of 4 

cm-1, and averaged over 32 scans by JASCO FT/IR-460Plus at the Department of 

Chemistry, Okayama University.  
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3.7 Scanning Electron Microscopy and Energy Dispersive X-ray Spectrometer 

(SEM-EDX) 

Chemical composition of clay fraction samples were analyzed by SEM-EDX. 

The principle of qualitative analysis by SEM-EDX is as follows: 1) To stimulate 

the emission of characteristic X-rays from a specimen, a high-energy beam of 

charged particles such as electrons or a beam of X-rays, is focused into the sample. 

2) The incident beam may excite an electron in an inner shell, ejecting it from the 

shell while creating an electron hole where the electron was. 3) An electron from 

an outer, higher-energy shell then fills the hole, and the difference in energy 

between the higher-energy shell and the lower energy shell may be released in the 

form of an X-ray. 4) The number and energy of the X-rays emitted from a specimen 

can be measured by an energy-dispersive spectrometer. As the energies of the X-

rays are characteristic of the difference in energy between the two shells and of the 

atomic structure of the emitting element, EDX allows the elemental composition of 

the specimen to be measured (Goldstein et al., 2003). 

In this study, samples washed with acetone and dried at 90 ºC for 24 hours before 

analysis and mount on conducting carbon tape. Morphologies and qualitative 

analyses were examined by Scanning Electron Microscopy with Energy Dispersive 

X-ray spectroscope (EDAX, VE9800) at an accelerating voltages of 10-20 kV, at 

the department of physics, Okayama University.  
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3.8 Elemental Analyzer-Isotope Ratio Mass Spectrometry (EA/IRMS) 

Isotopic ratios in samples containing only slight 15N or 14N enrichments relative 

to natural abundance are reported on the δ notation as following equation 1 (Coplen 

et al., 2002; Robinson, 2001). 

 

δ15N= 1000 ( 
Rsample− Rstandard

Rstandard
 )  ······································· Equation 1 

Where R= (15N/14N). The standard is atmospheric N2 (R= 0.0036765). For nitrogen 

isotope analysis by mass spectrometry, all of forms for N in sample must be 

converted into N2 form. N2 is very suitable due to its low molecular weight as well 

as simple structure (in terms of both molecular and isotopic composition). 

Moreover, it can be readily generated from various organic and inorganic 

compounds, and is chemically inert and can be readily pumped from the mass 

spectrometer (Knowles and Blackburn, 1993; Rosman and Taylor, 1998). 

Sample wrapped by tin foil is dropped into the oxidation tube at 1030 ºC with a 

ultrapure oxygen (Fig. 5; left). At that time, sample is combusted, in which gases 

are converted into CO2, NxOy and H2O with chromium oxide (Cr2O3), and halogen 

elements in samples are removed by silvered cobalt oxide (Co3O4/Ag). And then 

oxidation products are swept into the reduction tube by He gas flow, and nitrogen 

oxides are converted into N2 with a metallic copper (Cu), and excess oxygen gas 

also is removed. Residual H2O is trapped by magnesium perchlorate (Mg(ClO4)2). 

Whenever we measured the nitrogen isotope ratio for mineral nitrogen after KOBr-

KCl treatment, all of residual CO2 gas in sealed samples were removed by CO2 trap 

(i.e. it is composed of soda lime and magnesium perchlorate). The evolved gases 

are introduced into the ion sources of the mass spectrometer via the open split 

interface with a reference gas of N2. 
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The introduced gas molecules are ionized through impact of the electron beam (i.e. 

electron impact ionization, EI). The produced ions are focused and accelerated 

through a high voltage before leaving the ion source section. Subsequently, the ions 

pass through the magnetic field for a mass separation, which are reached the 

Faraday cup detectors (Fig.5; right). The multiple collectors allows the 

measurement of ion intensity ratios, simultaneously. For nitrogen isotope ratio 

measurement, the two collectors are used to collect m/z 28 and 29. Each cup is 

connected to its own amplifier whose gain is defined by a precise high ohmic 

resistor. The signals from each amplifier are recorded simultaneously by the IRMS 

data system. A chromatograms are made for a given m/z of ions, and the peak area 

is proportional to the number of detected ions (Crater and Barwick, 2011). A double 

collector mass spectrometer can measure both 15N14N and 14N2, simultaneously. 

Two isotopes are randomly distributed that 15N values can be calculated from the 

measured values of 15N14N/14N2 of the sample and standard gas.  

In this study, total nitrogen contents and their nitrogen isotopic ratios of the clay 

fraction samples were determined by an EA/IRMS (IsoPrime EA, GV Instruments). 

Analytical reproducibility was estimated to be ± 0.5 % for quantitative analysis and 

better than ± 0.3 ‰ for isotopic ratio analysis. Particularly, in case of the MN 

isotope analysis, it need about 100-150 mg for each sample to obtain the reliable 

nitrogen isotopic ratio due to their low nitrogen contents. Because there is a 

considerable amount of residual carbon in the samples after the treatment, it may 

possibly affect nitrogen isotopic ratios by 12C16O+ fragment ion produced at the ion 

source by electron beam. Therefore, CO2-trap (soda lime) is necessary after the 

reduction furnace. 
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4. Results  

4.1 Mineral identification of clay fractions 

The mineral assemblages of sediment core samples determined by XRD analysis 

were summarized in Table 2.  

 

Table 2. Mineral assemblage of samples determined by XRD analysis  

 

As shown in the table, the sediment core samples contains a significant amount of 

clay minerals. The 001 and the 02-11reflections from 13.9 to 14.9 Å and nearby 

4.5 Å were found in XRD spectra, respectively. And all of clay minerals were 

suggested to have di-octahedral sheet by 060 reflections near 1.49 Å (Fig. 6). A 

broad peak observed at around 2θ = 20–30° in Figure 6a-e implies the presence of 

amorphous materials such as volcanic glass as shown in Figure 6f, which was 

obtained from volcaniclastic material. For clay fraction samples, the 001 reflection 

of Mg-saturated clay minerals ranged from 15.2 to 1.53 Å, and it swelled to 17.3Å 

after Ethylene-glycol treatment (Fig. 7). The 001 reflection of tobelite (ammonium-

dominant dioctahedral mica) measured in this study is at 10.5 Å as shown Figure 

7f, that is almost same with the reported value (e.g. 10.45 Å) for original tobelite 

(Higashi, 1982).
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Fig. 6 Representative XRD patterns of bulk samples a) 11-14 cmbsf in the 1097MR core, b) 

17–19 cmbsf in the 1094MR core, c) 14–16 cmbsf in the 1093MG core, d) 4-7 cmbsf in the 

1101MY core, e) 18-19 cmbsf in the 1094MY core, and f) volcanic glass samples obtained 

from an outcrop near the bay. In panels a–d, a broad peak at around 2θ = 20–30° indicates the 

presence of volcanic glass as shown in the panel f. 
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Fig. 7 Representative XRD patterns of clay fraction samples; a) 17–19 cmbsf in the 1094MR 

core, b) 13–15 cmbsf in the 1094MY core, c) 14–16 cmbsf in the 1093MG core, d) 4–7 cmbsf 

in the 1101MY core, e) clay fraction treated with H2O2 and KOBr-KCl solutions of volcanic 

glass samples obtained from an outcrop near the bay, and f) tobelite. A small boxes in a–d 

panels indicate XRD analyses of ethylene glycol saturated samples. 
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4.2 FT-IR analysis 

FT-IR spectra for the selected clay fraction samples after removal of organic 

matter by KOBr-KCl treatment are shown in Figure 8. All spectrums were 

measured under the absorbance mode, and normalized for peak maxima, by using 

Spectragryph ver.1.2.6 software. The weak absorption of NH4
+ was detected at 

around 1400-1500 cm-1 within NH4-bend region in all of samples (Petit et al., 2006; 

Stuart, 2004). Also the very tiny to weak N-H stretching absorption was detected 

within 3100-3350 cm-1 (Petit et al., 1999; Petit et al., 2006; Pironon et al., 2003; 

Stuart, 2004). Significant absorptions at 1427 cm-1 within NH4-bend region, and at 

2832, 3040, 3321 cm-1 within N-H stretch region were also recognized for tobelite 

(Fig. 8). The clay fraction samples contained only small amounts of MN in the 

interlayers, as mentioned above. However, trace levels of absorption within the 

NH4-region suggest that the MN in the clay fraction is possibly ammonium fixed in 

the interlayers of clay mineral. The other major absorption such as around 3600-

3650 cm-1 were considered to be attributed to O-H stretching, associated with the 

hydroxyl group in clay minerals. The O-H stretching region of clay minerals has 

been reported to have a wide range, from 3800 to 3400 cm-1, and there are a number 

of bands observed (Stuart, 2004). The differences of wave number of O-H 

stretching are often seen in clay minerals containing Mg (II) or Fe (II) in the 

octahedral sheet (Stuart, 2004; Vaculíková and Pelevová, 2005; Wang et al., 2017) 

and are also affected by crystallinity (Decarreau et al., 2008; Vedder, 1964). 

Meanwhile, 3645 cm-1 within O-H stretching region is seen in tobelite, which 

means that Al3+ is bound to –OH- in tetrahedral and/or octahedral sheets (Mesto et 

al., 2012).  
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Fig. 8. Representative FT-IR spectra of the clay fraction samples together with tobelite after 

KOBr-KCl treatment. a) 10-12 cmbsf in the 1093MG core, b) 12-14 cmbsf in the 1094MY core, 

c) 8-10 cmbsf in the 1094MY core, d) 16-18 cmbsf in the 1091MB core, e) 13-15 cmbsf in the 

1094MR core, f) Tobelite. 
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4.3 Fluid chemistry 

Ammonium and silica concentrations in the pore and venting fluids were 

summarized in Table 3. The endmember compositions of venting and shimmering 

fluids have been reported by Yamanaka et al. (2013), suggesting that a high purity 

(≥ 70 %) hydrothermal fluid was collected from the vent of a White cone chimney 

(i.e. 1363RC1 and 1363RC5 samples). The relationship of ammonium and silica 

concentrations in the fluid samples was shown in Fig. 9. This plot indicates that 

many fluid samples were a mixture of hydrothermal fluid and ambient seawater 

because they were plotted on a mixing line of the hydrothermal fluid and ambient 

seawater (i.e. the dotted line in Fig. 9), but the other samples (e.g. 1094MY and 

1094MR) were significantly enriched only in ammonium. The pH of the pore fluid 

samples in the cores obtained from the hydrothermal discharge area ranges from 5 

to 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results                                          Chapter-1 

 

28 

Table 3 Chemistry of the venting hydrothermal fluids and squeezed pore fluids from 

sediment core samples. 
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Fig. 9 Relationship of the silica and ammonium concentrations in the hydrothermal and 

pore fluid samples (Data is shown in Table 3). Dotted line indicates a mixing line of the 

hydrothermal fluid and seawater (SW). Areas circled by broken line (Types 1 – 3) indicate 

fluid types (see text). 
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4.4 SEM-EDX analysis  

The morphology and qualitative chemical analysis for representative clay 

fractions were examined after KOBr-KCl treatment. The observed morphology 

looks like an overlapped numerous thin layers (Fig. 10). From the qualitative 

analysis, O, Si, Al, Mg and Fe are major components of clay components. In 

particular, the presence of K may imply the non-exchangeable cation in interlayers 

of 2:1 clay mineral.  
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Fig. 10 Morphology and qualitative analysis for representative samples in study area. All 

of samples were analysed after KOBr-KCl treatment. a-b: 13-15 cmbsf in the 1094MR core 

at SWS site, c-d: 14-16 cmbsf in the 1093MG core at SES site. 
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4.5 Nitrogen contents and their nitrogen isotopic ratios of clay fractions  

TNC.F contents and their δ15NC.F. values of the clay fraction samples without 

treatment with H2O2 and KOBr-KCl solutions are shown in Figure 11 and Table 4. 

The TNC.F contents of core samples vary widely as shown in Fig. 11a. The 1101MY 

core obtained from the SES site shows a lower δ15N values than the other cores, 

ranging from -6.2 to -4.8 ‰ (av. -5.5 ‰, n= 5).  

 

Fig. 11 Relationship of a) the contents of TNC.F and their δ15NC.F. values and b) the contents 

of MN and their δ15NMN values of the clay fractions extracted from core samples. 

 

The MN contents and their δ15N values in the clay fraction samples after the 

treatment are shown in Fig. 11b and Table 4 together with the contents of OC before 

the treatment and residual organic carbon (OC-res.) after the treatment. Nitrogen 

and carbon contents were dramatically decreased by the treatment, while some of 

those δ15N values were not changed significantly, especially 1094MR, 1094MY, 

and 1097MR cores (Fig. 11). The δ15N variation of MN (-1.7 ~ +4.8 ‰) was smaller 

than those of δ15NC.F (-6.2 ~ +4.6 ‰) in those samples. Some TNC.F contained a 

significant proportion of MN (e.g. it is up to 20 %; Appendix Fig.1). The δ15N value 
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of TNAd was calculated by mass balance using δ15N values of TNC.F and MN with 

their content, as shown in Table 4. TNAd was considered to be composed mainly of 

organic nitrogen, because it was removed by KOBr-KCl treatment. 

To evaluate the effect of KOBr-KCl treatment on the nitrogen isotopic 

composition of MN, we measured tobelite, a typical ammonium containing mica. 

The nitrogen contents of tobelite were decreased from 7.7 to 6.5 mg N/g due to the 

treatment with H2O2 and KOBr-KCl solutions, while their δ15N values were not 

significantly changed (i.e. from 0.3 to 0.5 ‰) during the treatment (Supplementary 

Table 1). It suggests that the treatment removes ammonium distributed planar sites 

and edge on the powdered tobelite samples, as suggested by Bolt et al. (1963), van 

Schouwenburg and Schuffelen (1963), Wilson, (2013). 
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Table 4 Contents and isotopic compositions of nitrogen and carbon in the clay fractions 

before and after treatment 
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4.6 Nitrogen isotopic ratios of ammonium in the pore and hydrothermal fluids 

The δ15N values of ammonium dissolved in the pore and hydrothermal fluids 

were shown in Table 3. The δ15N values in the pore and hydrothermal fluids range 

from -1.6 to +1.7 ‰ (av. -0.2 ‰, n= 4) and from +2.4 to +2.9 ‰ (av. +2.7 ‰, n= 

3), respectively. The δ15N values of ammonium dissolved in pore fluids tend to be 

relatively heavier than those of the hydrothermal fluid. 
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5. Discussion 

5.1 The properties of ammonium-bearing clay mineral in the study area 

The clay fractions obtained from the study area are mainly composed of 

dioctahedral smectite (i.e. montmorillonite) based on 060 reflection around 1.49 Å. 

Miyoshi et al. (2013) reported that montmorillonite occurred as a major smectite 

and that the formation temperature was ranging from 130 to 160 ˚C based on oxygen 

isotope geothermometry. According to Nakaseama et al. (2008), the occurrence of 

illite/smectite mixed mineral reflects the interaction between fluids and sediments 

at around 150 ˚C, which is related to the composition in the pore fluid chemistry. 

Although illite was not recognized in the present samples based on XRD analysis, 

the clay fractions contained a small amount of MN based on a trace level of 

absorption around 1400 ~ 1500 cm-1 attributed to N-H bending. It means that fixed 

ammonium are partly contained in interlayers of clay mineral.  

Smectite is known to be converted to illite and mica with increasing of 

temperature and time (Inoue, 1995; Whitney, 1990; Whitney and Velde, 1993). The 

reaction process is affected by the porosity and permeability and, in particular, 

water play an important role in the dissolution of smectite and the crystallization of 

illite (Whitney, 1990). The magnitude of layer charge is considered as the index for 

determining the bond strength in the basal plane. For instance, in minerals with a 

weak interlayer bond like montmorillonite, cations percolate into the basal place 

together with H2O molecules and the interlayers swell (Lantenois et al., 2008; 

Nömmik and Vahtras, 1982). On the other hand, the minerals with a high layer 

charge, such as micas have a strong bond energy, in which polar molecules can not 

enter the basal plane. Therefore, the cations are not exchangeable, and also the 

layers does not expand (Nömmik and Vahtras, 1982; Inoue, 1983). 
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5.2 Origins of dissolved ammonium in fluids based on chemistry and its nitrogen 

isotopic ratios 

Bourbonnais et al. (2012) demonstrated several sources of the ammonium 

dissolved in hydrothermal fluids obtained from the Juan de Fuca Ridge. On the 

basis of the ammonium concentrations and their nitrogen isotopic compositions, 

they found that the main sources of dissolved ammonium in hot venting fluid were 

abiotic reduction of deep seawater nitrate and mineralization of sedimentary 

organic matter below the seafloor. 

In this study area, the ammonium concentrations of hot fluid (i.e. 17 mM in 

hydrothermal endmember: Yamanaka et al., 2013) was significantly higher than 

that of ambient bottom seawater nitrate (i.e. 20 µM : Okamura unpublished data). It 

means that a reduction of nitrate in the recharged seawater are negligible. In 

addition, since the nitrogen contents of an outcrop of tuff are very small (i.e. ≤ 0.013 

mg N/g), it is considered that the contribution of dissolution of N2 gas from volcanic 

glass under the high temperature of hydrothermal conditions could be ignored.  

Yamanaka et al. (2013) suggested that ammonium in the hot fluids venting from 

the chimneys was a thermogenic origin of sedimentary organic matter, because the 

hydrothermal reservoir of the Wakamiko hydrothermal system have been 

considered to be developed in the Kokubu formation deposited under coastal marine 

conditions in the Pleistocene period (Yamanaka et al., 2013). The venting fluid is 

also characterized by high thermogenic methane and dissolved organic carbon 

concentrations (Yamanaka et al., 2013). Therefore, as with the Endeavour segment 

of the Juan de Fuca Ridge region (Bourbonnais et al., 2012; Lilley et al., 1993), the 

organic matter in the host rock interacting with hydrothermal fluid is a plausible 

source of ammonium. 

Ammonium in the venting fluids from the White cone chimney (av. +1 ‰) was 

enriched in 15N than that of the Daifukuyama chimney (av. -1 ‰). The former fluids 
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was relatively hot (i.e. recorded maximum temperature during fluid sampling was 

195 ˚C). On the other hand, the latter fluid emission (i.e. recorded maximum 

temperature during fluid sampling was 95.5 ˚C) was not a vigorous and was like a 

diffuse flow. Bourbonnais et al. (2012) demonstrated that dissolved ammonium in 

the low temperature diffuse flow (e.g. ~50 ˚C) at Juan de Fuca Ridge could contain 

a significant amount of biologically fixed nitrogen from dissolved nitrogen, whose 

δ15N value was close to 0 ‰. In addition, microbial nitrogen fixation have been 

known to occur close to the limit of life, up to 92 ˚C (Mehta and Bars, 2006). 

Therefore, in the conduit of the Daifukuyama chimney, biological production of 

ammonium can be expected.  

In addition, it is expected that ammonium liberated during the mineralization of 

organic matter in the covering sediment will gradually become 15N-enriched than 

venting fluid by the volatilization of 15N-depleted ammonia gas (Holloway et al., 

2011). Actually, the mixing of 15N enriched ammonium with hydrothermal fluid 

has plausibly occurred below the seafloor. It is considered as a cause of the variation 

in the δ15N values of ammonium in hot venting fluids. The δ15N values of 

ammonium in hot venting fluids and squeezed pore fluids are clearly different 

(Table 3). Ammonium dissolved in the pore fluids showed slightly high δ15N values 

(i.e. +2.5 ~ +2.9 ‰; Table 3) relative to those of the venting fluids (av. 0 ‰; Table 

3). And the δ15N values of TNB.S in the study area ranged from -0.5 to +6.9 ‰ (i.e. 

+3.8 ± 1.6 ‰, n = 58; Supplementary Table 2). In addition, during the mineralization 

of organic matter, isotope fractionation between organic nitrogen and resulting 

ammonium have been known to be very small (Miyake and Wada, 1967; Wada et 

al., 1975). Therefore, the δ15N value of the resulting ammonium in the pore fluids 

is assumed to be close to the ammonium in the surrounding bulk sediments. 

From the silica and ammonium concentrations in pore fluid samples, the pore 

fluid chemistry was divided into three types as shown in Fig. 9; Type 1) fluid rich 

both in ammonium and silica, which can be plotted on the mixing line of seawater 
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and hydrothermal fluid endmember, Type 2) high ammonium and low silica fluids, 

Type 3) low ammonium (< 4 mM) and low silica fluids. Types 1 and 3 pore fluid 

suggests the contribution of hydrothermal fluid. The Type 1 fluid is rich in 

hydrothermal fluid (almost half portion), while the Type 3 fluid is composed mainly 

of seawater (80 ~ 90 %), because their fluid chemistries are plotted on the mixing 

line between seawater and hydrothermal fluid end-member (R2 = 0.86), as shown 

in Figure 9. Thus, δ15N values of ammonium in Type 3 fluids is expected to be the 

same as that of the venting fluid, because ambient bottom seawater does not contain 

ammonium (i.e. 0.16 mM, Table 3). However, the measured δ15N values of 

ammonium in Type 3 fluids are enriched in 15N (e.g. WLC-P3 core samples in Table 

3) relative to the venting fluids. It suggests that contribution of 15N-enriched 

ammonium derived from the mineralization of organic matter. Type 2 pore fluid is 

plausibly associated with the mineralization of organic matter in the covering 

sediment under high heat flow conditions (Fujino et al., 2015), but contribution of 

hydrothermal fluid is relatively limited based on silica concentrations.  
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Fig. 12 The δ15N values of adsorbed (TNAd) and mineral nitrogen (MN) in the clay fraction 

samples from each core sample together with dissolved ammonium in the hydrothermal 

venting fluids and pore fluids squeezed from the core sediments and TN in bulk sediment 

samples (TNB.S). Narrow horizontal lines indicate the mean δ15N values of each sample. 
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5.3 The δ15N values of MN in the clay fractions and relationship with pore fluid 

types 

The δ15N values of MN and TNAd in each core sample were summarized in Figure 

12. The δ15N values of MN in four (i.e. 1091MB, 1094MY, 1094MR, and 1097MR) 

of the six core samples were similar with those of the associated TNAd. It is 

considered that the clay minerals in the four cores incorporate ammonium derived 

from the adsorbed organic matter. However, where two types of fluids are mixed, 

such as 1093MG (i.e. Type 1 and 2) and 1101MY (i.e. Type 2 and 3), the δ15N 

values between TNAd and MN showed a large difference. It may suggest that 

nitrogen isotope fractionation occurs in these conditions.  

All of the δ15N values of MN except for 1097MR core can be plotted in the range 

of those of ammonium in the pore fluids (i.e. 0 ~ +3 ‰). The pore fluids of those 

five cores were categorized as Types 1 and 2, so they were rich in ammonium. 

Therefore, it is considered that the ammonium in the clay mineral formed in 

ammonium-rich fluid environment (i.e. > 4 mM, Types 1 and 2 fluids) reflects the 

properties of dissolved ammonium in fluids.  

On the other hand, the pore fluid of 1097MR core was categorized as Type 3, 

and the ammonium concentrations of the pore fluids were significantly lower (i.e. 

< 4 mM) compared to the other cores. The δ15N values of TNAd and MN of 1097MR 

core were similar, and it corresponded to the range of TNB.S (i.e. +3.8 ± 1.3 ‰, Fig. 

12 and Supplementary Table 2). In this case, the adsorbed organic materials are 

considered as to be the major source of the MN. 

 

 

 

 

 

 

 



Discussion                                       Chapter-1 

 

42 

5.4 The mineral nitrogen in clay mineral and its role in the nitrogen cycle on the 

Earth’s surface 

In this study, the MN contents in the clay fractions of sediment samples have a 

wide variation (e.g. 0.02 ~ 0.1 mg N/g in dry clay fraction, Fig. 11 and Table 4), 

and the contents are not correlate with the pore fluid types. Although we did not 

have quantitative data on the proportion of clay fraction to bulk sediment, it is 

expected that the MN content in the bulk sediment is much higher at the active 

hydrothermal area than the non-hydrothermal area, because a large amount of 

smectite was detected in the core sediments obtained from the active discharge 

areas, WHV and SWS sites (Miyoshi et al., 2013). In addition, it has been known 

that some clay minerals are formed in this region through the interaction with 

hydrothermal fluids and sediments (Nakaseama et al., 2008, Miyoshi et al., 2013). 

Therefore, the MN in the sediment-covered hydrothermal area could be an 

important reservoir (or sink) of nitrogen at the interface between geosphere and 

hydrosphere. 

Figure 13 is a schematic model of nitrogen behavior in a sediment-hosted 

seafloor hydrothermal system. It is likely that 2:1 clay minerals such as NH4-

smectite could be formed under the high temperature and high concentrations of 

dissolved ammonium conditions around the hydrothermal discharge area. In 

addition, the ammonium in mineral is supplied from the ambient pore fluid. 

Subsequently, the smectite can be converted to illite and mica by continuous heating 

in the hydrothermal environment. As the result, some part of the ammonium is fixed 

in interlayers. During these processes, significant isotope fractionation of nitrogen 

was not observed in this study. Therefore, δ15N value of MN could be used as an 

indicator for the source of ammonium in the environment. Further synthetic study 

of ammonium-bearing clay mineral will provide a clue to the understanding of 

nitrogen isotope fractionation between solid and fluid phases under hydrothermal 

conditions. 
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Fig. 13. The schematic model of nitrogen variety and its δ15N value distribution in the 

sediment-hosted shallow seafloor hydrothermal system. Roman numerals (I, II, III) in the 

figure indicate the pore fluid types. Hatched area indicates the zone rich in clay minerals 

formed under hydrothermal conditions. 
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6. Conclusion 

In this study, the δ15N values of ammonium in clay mineral as well as dissolved 

ammonium associated with hydrothermal and pore fluids were examined. Those 

data suggest that the dissolved ammonium was occurred primarily associated with 

mineralization of organic matter in sediments, and at the ammonium rich 

environments, the δ15N values of MN in the clay minerals reflect the properties of 

ambient fluids. 
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Supplementary Table 1. Nitrogen contents and nitrogen isotopic values of tobelite 

before and after treatment.  
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Supplementary Table 2. TOC and TN contents and δ15N values of TN in the bulk sediments 

obtained by a piston corer in the Wakamiko Crater. 
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Appendix Fig. 1. The proportion of mineral nitrogen (MN) and adsorbed nitrogen (TNAd) 

contents for total nitrogen of clay fraction (TNC.F) at sampling site. a) 2-26 cmbsf in the 

1091MB core, b) 10-22 cmbsf in the 1093MG core, c) 5-19 cmbsf in the 1094MR core, d) 

0-19 cmbsf in the 1094MY core, e) 0-24 cmbsf in the 1097MR core, f) 0-7 cmbsf in the 

1101MY core. 
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Chapter-2: Synthesis of ammonium containing 2:1 clay minerals under the 

hydrothermal conditions at 200 ºC and saturated vapor pressure 

 

 

1. Introduction 

The synthesis of ammonium-bearing clay mineral under hydrothermal conditions 

have been reported by many researchers (Chourabi and Fripiat, 1981; Gautier et al., 

2010; Kloprogge et al., 1993; Kloprogge, 1994; Kloprogge et al., 2006; Kloprogge 

et al., 1999; Petit et al., 2006; Petit et al., 1999; Petit et al., 1998; Šucha et al., 1998; 

Vogels et al., 1997; Zhang et al., 2010). Ammonium has been known to present as 

an exchangeable cation in interlayers of 2:1 clay mineral (Aranda and Ruiz-Hitzky, 

1999; Gautier et al., 2010; Vogels et al., 1997).  

Negatively charged 2:1 layers could be neutralized by several ways as follows: 

1) replacement of Al3+ for Si4+ in the tetrahedral layers, 2) replacement of Mg2+ for 

Al3+ in the octahedral layers (Kloprogge and Kaomarneni, 1999; Perry and Hower, 

1970). An exchangeable cations, including ammonium, coexist with nH2O 

molecules in interlayers of 2:1 clay mineral, which play a role of neutralization for 

imbalanced ionic charge in the layers (Hendricks et al., 1940; Aranda and Ruiz-

Hitzky, 1999; Gautier et al., 2010; Hendricks et al., 1940).  

In order for cation to fix in the interlayer, the electrostatic attraction between the 

cation and interlayer surface must exceed the energy of hydration so that water 

molecules can be excluded from the interlayer space (Hurst and Jordine, 1964; 

Kittrick, 1966). In other words, if the electrostatic attraction between negatively 

charged 2:1 layers and exchangeable cations become stronger than those between 

cations and the shell of hydrating water molecules, smectite could be converted to 

a mica-like layer (Perry and Hower, 1970). For example, ammonium cation can 

coexist as exchangeable and fixed form in interlayers of 2:1 clay mineral (Hall,
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1999; Matsuoka and Moritsuka, 2011; Williams et al., 1989), it can be detected by 

FT-IR analysis based on the absorptions of N–H-bending and N–H-stretching 

(Aranda and Ruiz-Hitzky, 1999; Petit et al., 1999; Petit et al., 1998; Pironon et al., 

2003; Russell and White, 1966).  

Under these background, the main purpose of this study is the synthesis of 

ammonium containing 2:1 clay mineral from various starting materials under the 

hydrothermal conditions at 200 ºC and saturated vapor pressure. In addition, it is to 

observe the incorporation of ammonium in interlayers of 2:1 clay mineral after 

saturation with high concentrations of ammonium solution. This study will give us 

an important information about ammonium distribution in 2:1 clay mineral formed 

under the high concentrations of dissolved ammonium conditions. 
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2. Methods  

2.1 Synthesis of ammonium containing 2:1 clay mineral 

The mineral was synthesized by using a teflon-lined Morey-type container under 

the hydrothermal conditions at 200 ºC and saturated vapor pressure. The starting 

materials are summarized in Table 1. 

 

Table 1. Starting materials and conditions for synthesis. 

 

The reagents used in the synthesis experiments were prepared as described below. 

Each solution of Na2SiO3 and AlCl3H12O6 were checked their purity by ICP-MS 

analysis. Solid regents of special grade, such as MgCl2·6H2O (minimum purity is 

98 wt %, M.W= 203.30, Lot No.= WDN5259, Wako Pure Chemical Industries Ltd.), 

KOH (minimum purity is 85 wt %, M.W= 56.11, Lot No.= CDL2909, Wako Pure 

Chemical Industries Ltd.), (NH4)2SO4 (minimum purity is 99.5 wt %, M.W= 132.14, 

Lot No.= WEN2243, Wako Pure Chemical Industries Ltd.), FeSO4· 7H2O 

(minimum purity is 99.0 wt %, M.W= 278.01, Lot No.= JPH7674, Wako Pure 

Chemical Industries Ltd.) were used. 

All of samples except for 24-4 sample contained ammonium sulfate in the 

starting material. The synthesis was carried out under conditions nearly the closed 

system for 120 hours. The pH values of solution before and after synthesis were 

measured. The products after experiments were separated by centrifuge at 3000 rpm 
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for 10 min. Then, recovered products were washed three times with ultrapure water. 

Finally, they were dried in oven at 70 ºC for 3 days.  

 

 

 

2.2 Pretreatment  

About 200 mg of the recovered product was mixed with 1M MgCl2 solution in a 

50 ml centrifuge tube and shaked at 80 rpm for 9 hours. Excess magnesium chloride 

was removed by the centrifugal washing twice with ultrapure water. Then the 

recovered product was dried in oven at 70 ºC for 48 hours. Subsequently, half of the 

recovered product after the above processes was treated with 2M NH4Cl solution. 

It was washed and dried in a similar way. The ethylene glycol solvation was carried 

out at 60 ºC for 24 h with exposure to the vapors of ethylene glycol. 

 

 

2.3 Element analysis for nitrogen 

The nitrogen contents of recovered synthetic products were determined by 

Element analyzer (IsoPrime EA, GV Instruments). Analytical reproducibility was 

estimated to be ± 0.5 % for quantitative analysis. 

 

 

2.4 XRD analysis 

The XRD analysis for all of the samples were conducted using a Rigaku RINT-

TTR-III equipment at the Department of Physics, Okayama University. The XRD 

patterns were obtained using Ni-filtered Cu-Kα (λ = 1.5418 Å) radiation at 50 kV 

and 250 mA. Step scan XRD data (2–70° 2θ, 0.02° 2θ step width, 10 s/step) was 
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collected. The treated samples were oriented on glass slides. The analysis under 

ethylene glycol-saturated condition was carried out to confirm the properties of the 

interlayer expansion within 30 minutes after withdrawing from the desiccator in 

order to minimize evaporation of ethylene glycol. The output raw data sets were 

interpreted by using PDXL software. 

 

 

 

2.5 SEM-EDX analysis 

The morphological, quantitative and qualitative analyses were performed by a 

Scanning Electron Microscope with Energy Dispersive X-ray spectroscope (EDAX, 

VE9800) at an accelerating voltages of 10-20 kV, at the Department of Physics, 

Okayama University. Before the analysis, samples were washed with acetone and 

dried at 90 ºC for 24 hours. Samples were mounted on conducting carbon tape.  

 

 

 

2.6 FT-IR analysis 

The spectra were taken using powder samples in the region from 4000 to 1200 

cm-1 with a resolution of 4 cm-1, and averaged over 64 scans in absorption mode by 

using a JASCO FT/IR-460Plus at room temperature without any baseline correction. 

The output spectrum data was interpreted by using optical spectroscopy software, 

Spectragryph ver. 1.2.6. 
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3. Results 

3.1 Nitrogen contents of synthesized samples 

The nitrogen contents after synthesis in each sample are shown as Table 2. All 

of samples with nitrogen in starting material contained various nitrogen contents. 

The loss of nitrogen before and after the reaction was observed. Considering that 

the synthetic reaction occur nearly in the closed system, it is presumably due to 

nitrogen loss from dissolved ammonium to ammonia gas during the processes of 

mixing and recovery of compounds (Table 2).   

 

Table 2. Nitrogen contents of synthesized products. 
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3.2 XRD analysis 

For mineral identification, the random-oriented samples of synthesized products 

were measured by XRD analysis. Subsequently, each of samples saturated with 

MgCl2 and NH4Cl solution, and Ethylene-glycol solvation samples were measured 

under the oriented mode. 

 

Table 3. Results of XRD analysis for synthesized products and after treatment. 

 

The 001 reflections of the random-oriented samples ranging from 12.04 to 13.96 

Å, and 02-11 and 060 reflections at near 4.59 and 1.53 Å suggest that synthesized 

products are mainly composed of a tri-octahedral sheets (Fig.1 and Table 3). After 

solvation with ethylene-glycol, all of synthesized products swelled from 16.67 to 

17.29 Å except for 25-5 and 25-6 with iron in starting material (i.e. 14.3 Å). 

Similarly, after saturation with MgCl2 solution, all of synthesized products swelled 

about 1.9 ~ 2.6 Å compared to original 001 reflection, whereas iron containing 

products showed a swelling of approximately 0.6 ~ 0.7 Å. Furthermore, the 001 

reflections after saturation with NH4Cl solution shrinked near 11.9 Å with 

weakening intensity, and increasing intensity of amorphous materials within 20-30º 

in XRD scans. In particular, the decrease of 001 reflection intensity was apparent 

in 25-series (Fig. 2). 
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Fig.1. XRD pattern of synthesized products. a) 24-4; synthesized product without nitrogen 

in starting material. b) 24-5, c) 24-6, d) 25-1, e) 25-2, f) 25-5, g) 25-6. b-g) synthesized 

product with a nitrogen in starting material. 
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Fig.2. Results of XRD analysis for synthesized products after saturation with MgCl2 and 

NH4Cl solution, respectively. The reflection after ethylene-glycol treatment is shown in the 

right box. a) synthesized product without nitrogen in starting material, a) 24-4; synthesized 

product without nitrogen in starting material. b) 24-5, c) 24-6, d) 25-1, e) 25-2, f) 25-5, g) 

25-6. b-g) synthesized product with nitrogen in starting material. 
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3.3 SEM-EDX analysis 

Although each synthesized product showed a different expansibility at 001 

reflection, all of samples were structurally recognized as 2:1 mineral like smectite. 

Elemental compositions of each representative sample determined by EDX-SEM 

are shown in Table 4. Elemental compositions of the synthesized 2:1 clay minerals 

mostly reflect starting materials (Fig. 3). In the 24-4 sample without nitrogen in 

starting material has the highest Na+ content among samples. On the other hand, in 

the 24-6 sample with a small amount of nitrogen in starting material, Na+ content 

is significantly low. Furthermore, after saturation with high concentrations of 

ammonium solution, the Na+ and K+ were not detected in 24-6 sample suggesting 

that they were replaced by NH4
+ in interlayer structure.  
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Table 4 Elemental compositions of synthesized products 
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Fig.3. Morphology and qualitative analysis of the representative samples. a) 24-4, b) 24-6, 

c) 25-1, d) 25-5). 
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3.4 FT-IR spectra  

To examine the ammonium incorporation in interlayer structure of synthesized 

2:1 mineral, which has no nitrogen in starting material FT-IR analysis was done for 

24-4 sample after treatment with high concentrations of ammonium solution (Fig.4). 

The ammonium absorption is detected at 1445 cm-1 within NH4-bend region, it 

suggests that exchangeable cations are replaced by ammonium cation in interlayer 

structure. 

 
Fig.4. FT-IR chart of 24-4 sample which has no nitrogen in starting material after 

treatment with NH4Cl solution. 
 

The absorption of ammonium was observed at near 1450 cm-1 within NH4-bend 

region for representative synthesized 2:1 mineral with a nitrogen in starting material 

(Fig. 5). In 25-1 and 25-2 samples, the similar intensity of ammonium absorption 

was observed at near 1444 cm-1 both before and after saturation with MgCl2 solution 

(Fig. 5; a and b). These observations suggest presence of non-exchangeable 

ammonium in interlayers of 2:1 mineral.  
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On the other hand, in 25-5 and 25-6 samples with iron in starting material, the 

intensity of ammonium absorption decreased after saturation with MgCl2 solution 

(Fig. 5; c and d).  

 
 



Results                                          Chapter-2 

 

75 

 
Fig.5. FT-IR analysis for synthesized 2:1 clay mineral with a nitrogen in starting 

material after treatment with MgCl2 and NH4Cl solution. a) 25-1 series, b) 25-2 

series, c) 25-5 series, d) 25-6 series. Yellow line: No-treatment synthesized sample, 

Blue line: after treatment with MgCl2 solution. Red line: after treatment with NH4Cl 

solution. 
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This observation is probably due to substitution of exchangeable ammonium by 

magnesium cation in interlayer structure and/ or edge of mineral lattice (Williams 

et al., 1989). Although partial destruction of interlayer structure occurred during the 

pretreatment, a significant amount of ammonium supply into mineral was observed 

after the saturation with NH4Cl solution.  
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4. Discussion 

4.1 The properties of exchangeable cations based on XRD analysis in interlayers 

of 2:1 clay mineral  

In this study, ammonium containing 2:1 clay minerals were synthesized using 

various starting materials. Several cations (i.e. Na+, K+, Fe, etc.) in the starting 

materials also existed in interlayers of clay mineral. These cations were replaced 

through treatments with NH4Cl and MgCl2 solution. Generally, in about 32-79 % 

relative humidity (RH) conditions, single layer of water in interlayers yields a basal 

spacing of ~12.5 Å, and double layers of water yields a basal spacing of ~15 Å 

(MacEwan and Wilson, 1980; Wilson and Wilson, 2014). The Mg2+ and Ca2+ 

cations could be contained together with double layers of water in interlayer space, 

whereas K+ and NH4
+ cations mostly single layer water (Gautier et al., 2017; 

Gautier et al., 2010; MacEwan and Wilson, 1980). The results of the 001 reflections 

after MgCl2 and NH4Cl treatment in this study were similar to those reports (i.e. 

NH4-saturated; ~11.9 Å, Mg-saturated; ~15.9 Å). In addition, it is considered that 

a slight difference of 001 reflection in each samples reflected the difference of basal 

spacing by substitution of cations at tetrahedral and/ or octahedral sheets.  

On the other hand, the synthesized 2:1 products with an iron in starting material 

showed a very low interlayer expansion compared to the other synthesized 2:1 clay 

minerals. The 001 reflection intensity of several synthesized 2:1 clay minerals also 

decreased significantly after saturation with acidic solution (i.e. NH4Cl solution, pH 

4.8 at 25 ºC). Probably, the reason is that interlayer structure was partially destroyed 

during the saturation with acidic solution, because the exchangeable hydrogen ions 

can weaken the bonding strength of interlayer during the treatment (Nömmik and 

Vahtras, 1982). By the acid treatment, interlayer cations could be substituted by H+ 

ions, and subsequently, a partial dissolution of octahedral and/or tetrahedral sheets 

can occur (Amram and Ganor, 2005; Čičel and Komadel, 1994). 
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4.2 Ammonium incorporation into interlayers of 2:1 clay mineral 

The adsorption within NH4-bend region have been used as quantification of the 

amount of ammonium absorbed by minerals for the balance of their charge (Boyd, 

1997; Busigny et al., 2003; Busigny et al., 2004; Chourabi and Fripiat, 1981; 

Lindgreen, 1994; Petit et al., 1999; Petit et al., 1998; Pironon et al., 2003; Šucha et 

al., 1998). The hydrogen bonded NH4
+ absorptions are typically detected within 

3200-2800 cm-1 as N-H stretch, and 1450-1400 cm-1 as NH4-bend, respectively 

(Petit et al., 1998; Pironon et al., 2003; Russell and White, 1966). Their shift of 

wave numbers within range, are related to more freely rotating ammonium ions 

when interlayer water is removed from the mineral (Farmer and Russell, 1964; 

Russell and White, 1966). Moreover, N-H stretch region could partly overlap with 

O-H stretch region through vibrations of water (Petit et al., 2006; Petit et al., 1999). 

Meanwhile, the region of N-H stretch would be affected by NH4-bend region (Petit 

et al., 1999; Petit et al., 1998; Russell and White, 1966). According to Petit et al 

(1999), in NH4-smectite, when the absorption of NH4
+ bend was at 1400 cm-1, the 

N-H stretch were located lower than 3150 cm-1. On the other hand, when it was at 

1440 cm-1, the N-H stretch ranged from 3250 - 3300 cm-1 (Petit et al., 2006; Petit et 

al., 1999). Those shifts of wavenumber within NH4-bend region are controlled by 

water pressure (P/P0) in mineral (Pironon et al., 2003). For instance, when the P/P0 

= 0, the peak wavenumber was at 1425 cm-1. On the other hand, in accordance with 

increasing of water pressure, it became asymmetrical with shift of peak towards 

1450 cm-1 (Pironon et al., 2003).   

In this study, the NH4-bending wavenumbers for representative sample was 

detected around 1450 cm-1, and N-H stretching ranged of about 3100 cm-1 or more. 

It imply that the contribution of water molecules in interlayers of synthesized 2:1 

clay mineral. In order to investigate the incorporation of ammonium cations into 

mineral, the synthesized 2:1 clay minerals without nitrogen in starting material were 
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treated with high concentrations of ammonium solution. The significant ammonium 

absorption were identified at 1445 cm-1 after treatment. Therefore, it is considered 

that ammonium substitution for preexisted exchangeable cations could be occurred 

in interlayer structure.  

On the other hand, in the case of samples synthesized with ammonium in the 

starting material, a similar intensity of ammonium absorption were detected before 

and after saturation with MgCl2 solution. It implies that presence of non-

exchangeable ammonium in interlayers of this sample. After saturation with NH4Cl 

solution of previously MgCl2-treated sample the intensity of ammonium absorption 

significantly increased (Fig. 5). Although partial destruction of the interlayer 

structure was recognized during above processes, ammonium was added in mineral. 

It imply that ammonium is supplied not only interlayer structure but also the other 

position such as edge of mineral lattice or outer surface of mineral.  

Those results suggests that exchangeable ammonium and fixed ammonium can 

coexist in synthesized 2:1 clay mineral under the hydrothermal conditions at 200 

ºC and saturated vapor pressure, and that the exchangeable ammonium in mineral 

could be supplied from dissolved ammonium in surrounding fluids.  
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5. Conclusion   

The synthesized 2:1 clay minerals using various starting materials under the 

hydrothermal conditions at 200 ºC and saturated vapor pressure. The clay mineral 

synthesized at hydrothermal condition contained exchangeable ammonium as well 

as fixed ammonium. Treatment of synthesized 2:1 clay mineral with NH4Cl 

solution revealed exchangeable ammonium could be supplied from dissolved 

ammonium in the surrounding fluid.  
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