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Quantifying the mass transport through marine sediments, and the geochemical 

response to such flow with numerical models has become a common and powerful 

approach for geochemical data interpretation. In this dissertation, I developed and 

applied transport-reaction models to unravel complex and interdependent reactions 

involving carbon, sulfur and silica transformations in shallow marine sediments, and 

the impact of physical (mass transport deposits) and depositional events  (volcanic 

ash input) on the overall geochemical state of the system. 

 

Carbon cycling in the gas hydrate bearing sediments of the Ulleung Basin was 

quantified using both box and kinetic modeling approaches. The box model balances 

mass, flux, and carbon isotopes of carbon (Chapter 2), and led to a better 

understanding of how methane is cycled in the marine sediments of this area. This 

effort demonstrates the significance of CO2 reduction, a previously overlooked 

reaction. The picture of reaction network derived from this work serves as the 

foundation for a transport-reaction model (Chapter 3). The kinetic model results 

revealed a very different biogeochemistry between two distinct fluid-flow 

environments. At sites where transport is predominantly diffusive (non-chimney 



 

 

environments), organic matter decomposition is the dominant process driving 

production of methane, dissolved inorganic carbon (DIC) and consumption of sulfate. 

In contrast, anaerobic oxidation of methane (AOM) drives both carbon and sulfur 

cycles in the advective settings characterized by acoustic chimneys indicative of gas 

transport. I show that methane produced within the model domain, through CO2 

reduction and methanogenesis, fuels AOM in the non-chimney sites while AOM is 

primarily induced by methane from external sources at the chimney sites. A 

simulation of the system evolution from a non-chimney to a chimney condition was 

developed by increasing the bottom methane supply to an originally diffusion-

controlled site. Results from this exercise show that the higher methane flux leads to a 

higher AOM activity, and enhanced organic matter decomposition through 

methanogenesis. 

 

Organic carbon cycling is also affected by changes in the depositional environment, 

as shown by application of the kinetic model to the sediments from the Krishna-

Godavary (K-G) basin along the eastern Indian margin (Chapter 4). Proximity to 

large rivers results in the widespread occurrence of mass transport deposits (MTD) 

throughout the basin. In this work, MTD is defined as a fluidized sediment block 

whose pore water composition is identical to sea water value to reflect the 

homogenization process during sediment transport. The pore water sulfate and 

ammonium profiles measured at seven sites drilled in the K-G Basin during the 

NGHP-01 expedition were simulated to provide a quantitative description of how 

MTDs can affect geochemistry profiles, not only for sulfate and ammonium but 

potentially all pore water species. This model provides reliable estimates of the 

MTDs thickness, the time elapsed after the most recent event, and the organoclastic 

sulfate reduction rate at these seven sites. 

 

A transport-reaction modeling approach was also applied to investigate the silica 

diagenetic reactions fueled by volcanic ash decomposition in Shikuko Basin, Nankai 

Trough (Chapter 5). The model developed for this setting reproduces a silica 

diagenetic boundary (SDB) at each site, which is defined by marked decreases in 



 

 

reactive volcanic ash, pore water silica and potassium. Volcanic ash alteration was 

constrained by modeling pore water 
87
Sr/

86
Sr profiles. Below the SDB, formation of 

clinoptilolite consumes potassium and regulates the extension of amorphous silica by 

consuming SiO2(aq). The observed low SiO2(aq) and dissolved potassium in these deep 

sequences require continuous precipitation of clinoptilolite; however in order to 

maintain oversaturation of this mineral at the low SiO2(aq) in sediments below the SDB, 

an increase in pH is required, consistent with pore water observations. Thermal 

history, rather than temperature alone, controls the inferred reaction network as 

shown by the convergence of the thermal maturity of sediments at the SDB from all 

studied sites and is consistent with other locations documented onshore Japan. These 

results are valuable as we move forward in understanding the mechanisms and 

consequences of ash alteration in convergent margins worldwide. 
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CHAPTER 1 General Introduction
 

Quantifying the mass transport of solutes and solid phases through marine sediments, 

and the geochemical response to such flow with numerical model approaches has 

become a common and powerful tool for geochemists to interpret their data. The root 

of such models can be traced back to as early as the 1960s, when Garrels and 

Thompson (1962) first applied chemical modeling to predict the distribution of 

species and equilibrium of minerals with ambient waters. About the same time, 

Helgeson (1968) presented the first geochemistry model that was able to run with 

computers. Led by this first generation computerized model, the knowledge of 

numerical modeling and its application rapidly advanced (e.g., Berner, 1971; 

Helgeson et al., 1974a; 1974b; 1976; 1981; Wolery, 1978). Wolery (1979) developed 

the first software package, EQ3/EQ6, that was made available to the broad 

geochemistry community. Since then, numerous studies have applied this approach to 

constrain a myriad of processes in marine sediments (e.g., Berner, 1980; Boudreau, 

1996; Bethke, 1996; 2008; Luff et al., 2000; Wallmann et al., 2006; Regnier et al., 

2011). 

The strength of this approach is clearly documented by Boudreau (1996). In particular, 

a mathematical description of diagenetic processes that is based on physical, chemical, 

and geological principles is critical to any robust assessment and hypothesis testing 

that involve complex geochemical systems. Any synthetic consideration that includes 

all the system components is usually impossible without quantification of all 

processes involved and a proper tool to evaluate different scenarios that can be 

constrained by data. In addition, numerical modeling can simulate the temporal 

evolution of a system and provide insights on how a system may respond to 

perturbations. It is not always possible to directly observe the temporal evolution or 

the response of a system to various forcing mechanisms (e.g., temperature changes, 

variations in flow, sediment slumping, volcanic eruptions). Lastly, numerical 

modeling can be used to evaluate laboratory observations, which very often disturb 

the system as the experiments are being performed. 
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Throughout this dissertation, I use a numerical transportreaction model to highlight 

two important phenomena: transport and reaction between fluid and solid. Different 

names have been given for the same type of modeling approach by different 

investigators. For example, Berner (1980) and Boudreau (1996) describe it as 

"diagenetic modeling" and focused on the ability of a model to simulate property 

changes in sediments or sedimentary rocks upon deposition from the water column. 

Bethke (1996; 2008) named it "geochemical modeling" to emphasize the ability to 

include thorough geochemical considerations. Here I stress the importance of both 

transport and reaction terms, based on the "reactive flow and transport model" 

approach by Dr. Carl Steefel (Steefel and Maher, 2009). I consider both components 

to be equally important as the transport of fluid and solids can initiate new reactions, 

which will then modify the physical properties of the system and consequently the 

transport behavior. 

This dissertation consists of four published or submitted papers that address three 

different topics, but all four aim to understand the interactions between fluid and solid 

transport with geochemical reactions. I made strong use of CrunchFlow (Steefel, 

2009), a FORTRANbased model routine developed by Dr. Carl Steefel from 

Lawrence Berkeley National Laboratory. In the following paragraphs I will introduce 

CrunchFlow and how the transport and reactions are formulated in the software. I will 

then briefly present the focus of each individual topic. The rationale and 

modifications to the model are fully described in each of the thesis chapters. 

Short introduction of CrunchFlow 

A description of CrunchFlow is detailed by Steefel (2009), here I only present a short 

introduction to the software. The governing equation in CrunchFlow is the 

conservation of solute mass (Steefel, 1992; Steefel and Lasaga, 1994): 

∂ 
( M U ) + ∇ • − D∇(ρ M U ) + uρ M U  = R (i = 1, 2,... N ) (1.1) φρ  

f H O i  f H O i f H O i  i tot 2 2 2∂t 

where Ui is the molal concentration of solute, MH2O is water mass fraction, ρf is fluid 

density, φ is porosity, D is diffusion coefficient, u is fluid advection rate, R is the sum 
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of all reactions that influence solute concentration, and Ntot is the number of solute 

species considered. The concept of total concentration (Reed, 1982; Lichtner, 1985; 

Kirkner and Reeves, 1988) was adapted in CrunchFlow to reduce the number of 

independent species that need to be solved, as follows: 

U = C + ∑ 
n

v C (1.2) i p sp s
 
s=1


Ui is the total concentration of an element in a solvent (e.g., total aluminum in a 

solvent). This total concentration can be partitioned into primary species (e.g., Al
+3 

with concentration of Cp) and secondary species (e.g., Al(OH)4

with concentration of 

Cs). The secondary is assumed to reach immediate equilibrium with primary species 

and the distribution is described with the equilibrium constants. vsp is the numbers of 

moles of primary species in the secondary species. With the assumption of chemical 

equilibrium, only the concentration of primary species needs to be solved by the 

model, since secondary species are linearly dependent on the primary species. The 

choice of primary species is, however, not unique, and I usually choose for my 

appliations the most abundant species in the pH range of interest. 

Two mathematical engines, GIMRT and OS3D, were used by CrunchFlow to solve 

Eq. (1.1) under different flow conditions. GIMRT, uses a global implicit approach and 

solves the transport and reaction terms simultaneously. It uses a first order accurate 

upwind scheme for spatial derivative and backward difference for temporal derivative. 

In contrast, the OS3D engine uses an operator splitting approach, which solves the 

transport and reaction terms separately. OS3D offers a real benefit when dealing with 

systems that have a dominant advection component since this engine has better 

numerical stability (i.e., less numerical dispersion). OS3D is, however, limited by the 

smaller temporal discretization required in order to achieve additional accuracy, a 

disadvantage that is more apparent when applying Crunch Flow to near steadystate 

conditions. Therefore, Steefel (2009) recommends the use of the GIMRT engine when 

the topic of interest spans geological time scales. 

Transport behavior of solid and liquid phases in marine sediments 
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The two transport processes considered within the scope of my dissertation are 

diffusion and the burial of solid and fluids. The difference in burial rate of sediment 

and pore fluid results in a weak Darcytype advective flow. 

Diffusion is formulated following Fick's 2
nd 

law. For a 1D problem, the following 

applies: 

∂C ∂2C
= − D φ (1.3) eff 2∂t ∂x 

where t and x are time and space, C is the concentration of species of interest, and Deff 

is the effective diffusion coefficient that is corrected for tortuosity effect following: 

D25 (1.4) Deff = 
F 

where D25 is molecular diffusion coefficient in water at 25 
o
C (default temperature in 

CrunchFlow), which can be found in the databases or calculated from Li and Gregory 

(1974) and Boudreau (1996). F, the formation factor, quantifies tortuosity in porous 

media. Based on the available information, I either assigned a formation factor value 

that makes the tortuosity correction independent to porosity, or alternatively a 

cementation exponent (m), which relates formation factor and porosity as: 

log(F ) 
m = − (1.5) 

φ 

By assigning a cementation exponent, the tortuosity correction will then be porosity

dependent. 

Diffusion coefficients at temperature other than 25 
o
C are calculated according to: 

Ea 
− 

D = (1.6) T D25 e 
RT 
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where Ea is activation energy, R is ideal gas constant, and T is temperature. 

CrunchFlow uses a default activation energy of 5 kcal/mol; however, the temperature 

dependency can be changed by assigning a different Ea value. When diffusion 

coefficients for different species are considered, CrunchFlow will include an explicit 

calculation of electrochemical migration using the NernstPlanck equation. 

Sediment grain and pore water are buried in different rates due to compaction of the 

solid matrix. Based on the available dating information and assuming steady state 

compaction, I calculated burial rates of solid and fluid according to Berner (1980): 

1−φ zω = ω (1.7) 
1−φ z 

φ
υ = z ω (1.8) 

φ z 

where ω and υ are burial rates of solid and fluid, respectively. φ is porosity, φz and ωz 

are porosity and solid burial rate at depth assuming there is no compaction or where 

porosity does not change with depth. 

The relative importance between diffusive and advective flow of water can be 

assessed by calculating the Péclet number: 

υL 
e (1.9) P = 

D 

4 5 
The range of υ considered in this dissertation is 10 to 10 m/yr whereas diffusion 

1 2 2
coefficients (D) for all the species considered are in the range of 10 to 10 m /yr. 

The length (L) considered ranges from 10
2 

to 10
1 

meters. The Péclet numbers 

calculated from this information range from 10
0 

to 10
3 

suggesting that, in most of the 

cases, diffusion is more important than advection for the dissolved species to transport. 

Biogeochemical reactions 
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The activity coefficients for different solutes are calculated by the extended Debye

Hückel formulation. The five types of reactions considered are: acidbase, gas 

dissolution, redox, mineral precipitation/dissolution, and ion exchange. Both acid

base and gas dissolution reactions are assumed to happen instantaneously in 

CrunchFlow. Therefore, the acidbase pairs and gas species are assigned as secondary 

species. The equilibrium between primary and secondary or gas species is described 

by the temperaturedependent equilibrium constants from CrunchFlow database. The 

information in the database is mostly inherited from predecessor models such as 

PHREEQC (Parkhurst and Appelo, 1999) or EQ3/EQ6 (Wolery, 1992). 

Microbialmediated redox reactions are formulated as Monodtype reactions in 

CrunchFlow: 

n m C  Q   K + C  
in − j j

Rredox = k max ∏ i  1− ∏  (1.10) 
    C + K K Ki=1  i half −i  eq  j=1  in − j  

where kmax is the theoretical maximum rate, Ci is the concentration of species involved 

in the Monod term, Khalfi is the half saturation constant, Q is ion activity product, and 

Keq is equilibrium constant. The last term in Eq. (1.10) is the inhibition term, where 

Kinj is the inhibition constant and Cj is the concentration of inhibitor. The Monod 

terms add additional dependency of the limiting species to the overall reaction rate. 

The overall rate decreases faster when the concentration (i.e., Ci) is lower than the 

half saturation constant, a dependency that is supported by empirical observations 

(Monod, 1949). The inhibition terms take a similar but reverse form as the Monod 

term. With the inhibition term, the overall reaction rate is suppressed until the 

concentration of inhibitor (i.e., Cj) drops below the level set by the inhibition constant. 

To describe formation or decomposition of solids (e.g., minerals and organic matter), 

two rate expressions are used. One is the tsttype, which is formulated as: 

−Ea n Q
R = A k exp[ ] a [1 − ] (1.11) min m m ∏ i

RT K eq 
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where Am are km are the surface area and kinetic constant. Πai
n 

is the activity product 

of solutes in the reaction with their stoichiometry (n) as exponents. This rate 

expression applies for most of the minerals. The other type of rate expression applies 

for microbialmediated reactions such as organic matter degradation. It has a similar 

rate expression as Eq. (1.11) but includes Monod and inhibition terms following. km in 

Eq. (1.11) is modified to include Monod term: 

 C  
ikm = ∑ 

n

k max   (1.12) 
C + Ki=1  i half −i  

and the inhibition term is formulated as: 

m  K + C  
in − j j

I = ∏  (1.13) 
Kj=1  in − j  

The last reaction type considered is ion exchange, which is the exchange of ions in the 

aqueous phase with ions adsorbed unto a mineral surface. CrunchFlow quantifies this 

reaction with an equilibrium constant that describes the partitioning between adsorbed 

and free ions. This requires knowledge of the concentration of sites on a mineral 

surface, which can be calculated with knowledge of mineral assemblage in the 

sediments. Detailed considerations of these reactions for each system studied are 

provided in the four dissertation chapters. 

Brief introduction of the three topics 

The first project is focused on understanding the carbon cycling around the sulfate

methanetransitionzone (SMTZ) in the sediments of Ulleung Basin. The complicated 

interactions among different species and reactions make it almost impossible to 

resolve without using a transportreaction model approach. I applied CrunchFlow to 

better quantify the reactions involved in generation and cycling of methane in 

environments controlled by purely diffusive fluxes (nonchimney environments) or in 

environments where methane advection constitutes a significant component (chimney 
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environments) of the methane budgets. I use pore water compositional and isotopic 

data collected from eight sites drilled during the second Ulleung Basin gas hydrate 

drilling expedition (UBGH2) in 2010 to constrain the model. Assessment of processes 

reveal the very different biogeochemistry between the two environments. Organic 

matter decomposition is an important process for production of methane, dissolved 

inorganic carbon (DIC) and consumption of sulfate in the nonchimney sites while 

anaerobic oxidation of methane (AOM) dominates in both carbon and sulfur cycles of 

the chimney environment. AOM is mediated by methane from different sources 

between the two settings. The internally produced methane, through CO2 reduction 

(CR) and methanogenesis, fuels AOM in the nonchimney sites while AOM is 

primarily induced by methane from external sources in the chimney sites. By 

conducting a simulation of system evolution from a nonchimney to a chimney 

condition by increasing the bottom methane supply, we showed that the higher CH4 

flux leads to a higher microbial activity of AOM, and more organic matter 

decomposition through methanogenesis. The higher rate ratios between AOM and CR 

and methanogenesis rates in the chimney sites are responsible for the isotopically 

lighter DIC and heavier methane in this environment relative to the nonchimney sites. 

With the full description of the biogeochemical reaction network established, I then 

extend this model to KrishnaGodavari (KG) Basin on the eastern Indian margin. The 

pore water profiles of sediments from seven sites cored during the 2006 Indian 

National Gas Hydrate Project (NGHP01) expedition show the influence of mass 

transport deposits (MTDs), which is defined as a fluidilized sediment block whose 

pore water composition is identical to sea water. The first 10 to 25 meters of pore 

water profiles at these sites are dominated by the signal from MTDs. Sulfate profiles, 

especially, show signs of consumption in the first few meters and then maintain 

constant levels until the depth where methane content starts to increase. By simulating 

the pore water sulfate and ammonium concentrations, I and coauthors provide a 

quantitative description of how the MTDs can affect the geochemistry profiles, not 

only for sulfate and ammonium but potentially all pore water species. Our model 

provides reliable estimates of the MTDs thickness, the time elapsed after the most 

recent event, and the organoclastic sulfate reduction rate (RSR) at these seven sites. I 

also estimated the time required for the system to reach a new steady state after the 
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MTD events. In addition, the results are highly relevant in that they illustrate the 

potential misinterpretations that can arise when using the pore water profiles to infer 

metabolic processes of sites experiencing significant MTDs. In particular, we question 

the postulated sulfatereducing ammonium oxidation pathway by Schrum et al. (2009), 

based on the low ammonium concentration observed within the first sulfate reduction 

zone at Site 14A. The model clearly shows that the aforementioned profiles instead 

reflect a nonsteady state condition triggered by MTD in this basin. 

In the last project, CrunchFlow is applied to investigate the critical reactions that 

control silica diagenesis in the incoming sediments to the Nankai Trough. I and the 

coauthors present a silica reaction network and validate our results against existing 

pore water and sediment geochemical data at four sites of different sedimentary and 

thermal conditions, drilled during ODP and IODP expeditions. Our model reproduces 

a silica diagenetic boundary (SDB) at each site, which is defined by marked decreases 

in reactive volcanic ash, pore water silica and potassium. Volcanic ash alteration, is 

estimated by modeling pore water 
87

Sr/
86

Sr profiles, and the derived reaction rate of 

12.13 11.75 2
10 to 10 mol of Si/m /sec provides the SiO2(aq) at rates required to form 

authigenic amorphous silica phase above the SDB. Below the SDB, formation of 

clinoptilolite consumes potassium and regulates the extension of amorphous silica by 

consuming SiO2(aq). The observed low SiO2(aq) and dissolved potassium in these deep 

sequences require continuous precipitation of clinoptilolite; however in order to 

maintain oversaturation of this mineral at the low SiO2(aq) in sediments below the SDB, 

an increase in pH is required, consistent with pore water observations. Thermal 

history, rather than temperature alone, controls the inferred reaction network as shown 

by the convergence of the thermal maturity of sediments at the SDB from all sites 

(ΣTTI ranges from 0.00530.0124), consistent with other locations documented 

onshore Japan. Our study results are valuable as we move forward in understanding 

the mechanisms and consequences of ash alteration in convergent margins worldwide. 
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2.1 Abstract 

The significance of the various carbon cycling pathways in driving the sharp sulfate 

methane transition (SMTZ) observed at many locations on continental margins is still 

a topic of debate. Unraveling these processes is important to our understanding of the 

carbon cycle in general and to evaluate whether the location of this front can be used 

to infer present and past methane fluxes from deep reservoirs (e.g., gas hydrate). Here 

we report the pore water data from the second Ulleung Basin Gas Hydrate Expedition 

(UBGH2) and on the results of a box model that balances solute fluxes among 

different carbon pools and satisfies the observed isotopic signatures. Our analysis 

identifies a secondary methanogenesis pathway within the SMTZ, whereby 25 to 35% 

of the dissolved inorganic carbon (DIC) produced by the anaerobic oxidation of 

methane (AOM) is consumed by CO2 reduction (CR). To balance this DIC 

consumption, a comparable rate of organic matter degradation becomes necessary, 

which in turn consumes a significant amount of sulfate. The fraction of sulfate 

consumed by AOM ranges from 70 to 90%. Whereas a simple mass balance would 

suggest a one to one relationship between sulfate and methane fluxes; our isotopic 

considerations show that methane flux estimates based solely on sulfate data may be 

in error by as much as 30%. Furthermore, the carbon cycling within the SMTZ is 

fueled by a significant contribution (1040%) of methane produced by organic matter 

degradation just below the SMTZ. Therefore AOM rates cannot necessarily be used to 

infer methane contributions from gas hydrate reservoirs that may lay tens to hundreds 

of meters below the SMTZ. 
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2.2 Introduction 

The sulfate methane transition zone (SMTZ) along continental margins, where sulfate 

is almost depleted and methane concentration starts to dramatically increase (Figure 

1), is usually no deeper than a few to tens of meters. We have a good first order 

understanding of the reactions driving this front; however, the various carbon cycle 

pathways involved, and the relative fraction of sulfate consumed by these reactions is 

still being debated. Using data from sediment cores taken off Namibia and assuming 

there was no organoclastic sulfate reduction at the sediment surface, Niewöhner et al. 

(1998) suggested that the sulfate flux in this region can be fully explained by 

anaerobic oxidation of methane (AOM). On the other hand, downcore sulfate 

reduction rate measurements were used by Fossing et al. (2000) to demonstrate that 

more than 60% of the sulfate reduction can occur within the first meter of the 

sediments due to fast organic matter degradation. For the Black Sea, Jørgensen et al. 

(2001) showed that sulfate profile remained unaffected by organoclastic sulfate 

reduction because in this area sulfate diffuses rapidly into surface sediments, whereas 

sulfate is replenished only very slowly at the SMTZ depth. These data suggest that in 

diffusive systems, sulfate profiles may be fully dictated by AOM and not by 

organoclastic sulfate reduction, even if there was a significant component of 

organoclastic sulfate reduction in the shallowest sediments. 

These results are significant because, if the depth of the SMTZ were to scale inversely 

with the strength of an upward diffusive methane flux, sulfate can be used as a proxy 

for the methane supply from the gas hydrate reservoirs, as postulated by several 

investigators (Borowski et al., 1996, 1999; Niewöhner et al., 1998; Dickens, 2001; 

Lin et al., 2006; Yang et al., 2008; Chuang et al., 2006, 2010). However, such 

inference is based on two simplified assumptions: 1) sulfate is dominantly consumed 

by methane through AOM and 2) all the methane consumed by AOM comes from gas 

hydrate dissociation. The first assumption may be undermined if there is a significant 

contribution of sulfate reduction fueled by organic matter degradation above or within 

the SMTZ. The second assumption may also be problematic, since a zone of methane 

generation by microbial activity has been shown to occur just below the SMTZ 

(Oremland et al., 1982; Claypool et al., 2006; Colwell et al., 2008). To account for 
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this shallow zone of methane generation, we incorporate it into our model, and 

designate our box as an expanded sulfate methane transition zone (ESMTZ) (Figure 

2-1). The upper boundary of this box is demarked by the sharp transition in the sulfate 

and methane profiles, and the lower boundary is conceptually defined to include the 

methanogenesis zone just below the depth where sulfate is exhausted.  

 

Here we report on pore water profiles for the upper 30 m at five sites drilled in the 

Ulleung Basin offshore Korea, and present a complete mass balance approach that 

includes concentrations, isotopes and fluxes of various metabolites from SMTZ or 

ESMTZ (Figure 2-1). Our primary conclusion is that, while AOM may consume 

much of the sulfate in this basin, other pathways that modify the DIC concentration –

namely, reduction of POC, and shallow methanogenesis- are important, and need to 

be quantified. We argue that the methane produced locally by converting DIC from 

AOM into methane (secondary methanogenesis) and from organic carbon diagenesis 

immediately below SMTZ need to be considered in order to achieve a carbon isotopic 

mass balance across the SMTZ. These shallow methane sources, both distinct in the 

isotopic composition of the substrate, need to be considered to fully characterize 

carbon cycle budgets and in the assessment of methane contribution from gas hydrate 

reservoirs based on sulfate gradients.  

 

2.3 Study area and sediment properties 

The Ulleung Basin, one of the three main basins in the East Sea, is bounded by the 

steep continental slope of the Korean Peninsula to the west and the Korean Plateau to 

the north (Figure 2-2A). This area harbors a thick (4 km) sediment section 

characterized by extensive turbidite and mass transport deposits, with moderate total 

organic matter content (~1-4%, Kim et al., 2007 and Table 2-1). Gas hydrates have 

been recovered from this margin, and hydrocarbon analyses point to a biogenic source 

for the methane in these deposits (Bahk et al., 2009; Chun et al., 2011; Kim et al., 

2011, 2012).  

 

Here we focus on five sites (UBGH2-1_1, 2-2_1, 2-5, 2-6, and 2-10) drilled during 

the second Ulleung Basin Gas Hydrate Expedition (UBGH2) in 2010 (Figure 2-2B). 

The depth penetrated by these sites ranges from 230 to 360 meters below seafloor 
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(mbsf). The depth of bottom simulating reflector (BSR), depth of gas hydrate first 

appearance, and average content of particulate organic carbon (POC) content, have 

been reported by the UBGH2 Scientists (2010), and are included in Table 2-1. The 

depth of the BSR is shallower than 190 meters at all sites. Gas hydrate in these sites 

was first observed at 71 to 153 mbsf. POC content ranges from less than 0.1% to 4%, 

with an average of ~1.5%.  

 

Onboard porosity measurements at these sites show that they follow the classic 

equation for depth-dependent porosity (Boudreau, 1997): 

 

0( ) ( )exp( )f fz zφ φ φ φ γ= + −   (2.1) 

 

where
fφ and 0φ are porosity at great depth and at the water-sediment interface, 

respectively. γ is an empirical constant, which can be obtained from data fitting and z 

is the depth in the sediments. The measured porosity (UBGH2 Scientists, 2010) and 

trends used to fit those measurements are shown in Figure 2-3. Parameters used to fit 

the observations according to Eq.(2.1) are listed in Table 2-2. These fitted trends will 

be used for porosity estimation in our box model.  

 

2.4 Analytical method and results 

2.4.1 Sample collection 

Pore water, gas, gas hydrate and sediment samples were collected from all the drilled 

sites following the protocols detailed in UBGH2 Scientists (2010). Pore water was 

extracted from whole round sediment samples (5-20 cm length) collected immediately 

after retrieval of the cores. Following extrusion from the core liner, the surface of the 

sediment sample was carefully scraped with a clean spatula or clean ceramic knife to 

avoid any contamination with drilling fluid (ambient surface seawater). Pore water 

was extracted from the clean sediments using titanium squeezer, modified after the 

stainless steel squeezer of Manheim and Sayles (1974), and a laboratory Carver 

hydraulic press (< 20 MPa). Pore water was filtered through a Whatman paper and a 

0.20 µm disposable polytetrafluoroethylene in-line filter, and collected in HCl 
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prewashed syringes. Aliquots were transferred into HCl prewashed high density 

polyethylene vials for shipboard analyses of major and minor ions. Subsamples for 

isotopic analyses of the dissolved inorganic carbon (DIC) were collected in 2 ml 

septum screw-lid glass vials and preserved with HgCl2. 

 

Void gases in the core were sampled by piercing the liner and allowing gas to expand 

into a 60 ml syringe connected to the penetration tool. The gas sample was then 

transferred to a 50 ml serum glass vial which was pre-filled with saturated NaCl 

solution. For headspace gas analyses, a 3 ml sediment sample was taken with a 5 ml 

cut-off plastic syringe from the freshly exposed end of each core section, and extruded 

into a 30 ml serum glass vial. Following the method described in Riedel et al. (2006), 

2 ml of saturated NaCl was added to each vial, which was then sealed with a 10 mm-

thick septum and a metal crimp cap to preserve the samples.  

 

2.4.2 Analytical approaches 

Sulfate and alkalinity were measured onboard. The first 5 ml of pore water was 

immediately subsampled for pH and alkalinity determinations using a pH electrode 

and a Gran titration with a Metrohm autotitrator. The precision of the alkalinity 

titrations was monitored by repeated analysis of International Association for the 

Physical Sciences of the Ocean (IAPSO) standard seawater, and was less than 2%. 

Sulfate was analyzed by ion chromatography (Dionex ICS-2100 IC) using 0.2 ml 

samples diluted with 5.8 ml of Milli-Q water. At the beginning and the end of each 

run, several different dilutions of IAPSO standard seawater were analyzed as a quality 

control and to determine accuracy. IAPSO standard seawater was analyzed after every 

seven samples as a check for instrumental drift and to calculate analytical precision. 

Precision for the sulfate analyses was better than 0.8%, and average accuracy was 

better than 1.5%.  

 

Immediately after samples were collected, concentration of methane, ethane, propane, 

and CO2 in the head space and void gas samples were measured onboard by gas 

chromatography (GC; Agilent 3000A Micro GC) with a thermal conductivity detector 

(TCD) and two independent columns: PLOT-U (8 m long and 0.32 mm inner 
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diameter) for C1-C4 hydrocarbons and MolSieve 5A Plot (10 m long and 0.32 mm 

inner diameter) for O2, N2, CO2 and CO. The temperature of the injector and the Plot-

U column is stabilized at 90 
o
C while the temperature for the MolSieve 5A Plot is 105

 

o
C. Helium is chosen as carrier gas and column flow rate is 2.2 ml/min. The accuracy 

of CH4 and CO2 analysis, determined by repeated measurements of 1% standard gas, 

is better than 4 % and 6%, respectively. Since both headspace gas and void gas 

samples suffered from severe degassing during core recovery, it is impossible to 

precisely determine the in-situ gas concentration.  

 

The isotopic composition of DIC in pore water was analyzed with a Finnigan 

DELTA-Plus mass spectrometer using a Gas-Bench II automated sampler at Oregon 

State University, as described in Torres et al. (2005). The precision and accuracy are 

better than ±0.15‰ and ±0.07‰, respectively, based on the multiple standard 

measurements. The stable carbon isotope of methane (δ13
CCH4) was measured using 

an isotope ratio-monitoring gas chromatography/mass spectrometer in Isotech, 

Champaign, IL. The reproducibility was ±0.1‰. The stable carbon isotope values for 

DIC and methane are reported in the conventional δ notation in permil (‰) relative to 

V-PDB. 

 

2.4.3 Analytical results 

The concentration profiles of the parameters required for our box model are illustrated 

in Figure 2-4 and listed in Table 2-3. Data and the detailed calculations can be found 

in the supplementary material online. The depth of the SMTZ was defined by the 

sulfate and methane profiles at each site. Since this study only examines the carbon 

cycling around the depth of the SMTZ, we only show data for the upper 30 mbsf. We 

did not differentiate among the various dissolved carbonate species (bicarbonate, 

carbonate, and CO2(g)) but treat them as a single DIC (dissolved inorganic carbon) 

pool. Alkalinity can reasonably represent DIC concentration within the pH range of 

our samples (7.3-7.8). Therefore, alkalinity is used as synonymous with DIC 

throughout this paper. The alkalinity and calcium profiles show a distinct change in 

their concentration gradient across the depth of the SMTZ, indicating that the 

bicarbonate produced by AOM increases alkalinity and consumes calcium through 
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authigenic carbonate precipitation. Abnormally high alkalinity around the SMTZ was 

explained by Kim et al. (2011) as an indication of DIC leaking from a deep 

methanogenesis zone; this observation suggests that organic matter degradation by 

methanogenesis is an important component of the carbon cycling in the Ulleung Basin. 

The carbon isotopic profiles of methane and DIC, display minimum values around the 

SMTZ, reflecting the carbon pathways between the methane and DIC pools through 

AOM and CR, as previously suggested by Borowski et al. (1997) for Blake Ridge 

sediments.  

 

2.5 Box model framework 

We constructed a model that encompasses the SMTZ and the methanogenesis zone 

immediately below the depth of sulfate depletion; in a zone we designate ESMTZ. It 

includes 2 solid phases (organic matter and authigenic carbonate) and 3 dissolved 

components (sulfate, methane, and alkalinity) (Figure 2-5). All symbols used are 

listed in the Appendix 1. For the three dissolved components in Figure 2-5, we 

constructed a mass balance between input and output rates and fluxes, which includes 

transport (grey arrows) and reaction terms (red, orange, blue, purple, and green 

arrows). All components are linked via five reactions with a different degree of 

isotopic fractionation, which is parameterized as: 

 

r

p

r

r
α =  (2.2) 

 

where rr and rp are the isotopic ratios (
13

C/
12

C) of the reactant and product. 

 

The five reactions under consideration are: 

POC sulfate reduction (POCSR): 

2

2 4 2 3

1 1

2 2
CH O SO H S HCO− −+ → +   δ13

CCH2O=-23‰, 1POCSRα ≅  (2.3) 

Calcium carbonate precipitation (CP): 

2 2

3 3Ca CO CaCO+ −+ →   δ13
CDIC=varies, 1CPα ≅  (2.4) 
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Anaerobic oxidation of methane (AOM): 

2

4 4 3CH SO HS HCO− − −+ → +   δ13
CCH4=varies, 1.004 1.03AOMα< <  (2.5) 

Secondary methanogenesis or CO2 reduction (CR) 

2 2 4 24 2CO H CH H O+ → +   δ13
CDIC,

 13
CCH4 =varies, 1.01 1.095CRα< <  (2.6) 

Methanogenesis (ME) 

2 4 2

1 1

2 2
CH O CH CO→ +

 
δ13

CDIC, 
13

CCH4 =varies, δ13
CCH2O=-23‰,  

1.01 1.095MEα< <   (2.7) 

 

The isotopic fractionation factors listed here are from Whiticar (1999). Organic matter 

degradation via sulfate (POCSR, Eq. (3)) usually occurs well above the SMTZ (e.g., 

in the first tens centimeters below sediment-water interface as shown in Fossing et al. 

(2000)). Although POCSR does not occur within the SMTZ, it consumes a portion of 

sulfate supply from the seafloor and, therefore, decreases the flux of sulfate into the 

SMTZ. POCSR is thus expressed as the portion of sulfate flux that does not enter the 

SMTZ in our box model. AOM (Eq. (5)) that consumes both sulfate and methane in 

the SMTZ produces DIC and induces precipitation of calcium carbonate (Eq. (4)), 

which consumes most of the calcium flux from seafloor.  

 

The first three reactions discussed above (Eqs. (3) to (5)) has been well accepted 

among literature (e.g., Kim et al., 2007 and Chatterjee et al., 2011). However, Eqs. 

(2.6) and (2.7) are typically not considered in carbon cycling studies around the 

SMTZ, even though there are several studies showing that the rate of microbial 

methanogenesis peaks immediately below the SMTZ (e.g., Oremland et al., 1982; 

Claypool et al., 2006; Colwell et al., 2008). Secondary methanogenesis or CR, is 

specified in our model as the reaction utilizes CO2 produced from AOM. For 

methanogenesis (ME), the primary substrate is organic carbon. Whereas this 

metabolic process involves several steps (e.g., production of CO2 and hydrogen gas; 

and carbonate reduction to methane), for the purpose of the model it is described by 

reaction (7). These two reactions that generate methane (CR and ME) are defined in 

terms of their carbon sources: the DIC produced by ME comes directly from organic 
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matter decomposition while the DIC utilized by CR is produced by AOM and it is not 

directly linked to organic matter degradation.  

 

Within the ESMTZ (defined to include the zone of methanogenesis below the SMTZ, 

Figure 2-1), the following three equations are used to describe the mass balance for 

sulfate, DIC, and methane: 

 

FSO4.in=FSO4.out+RPOCSR-S+RAOM (2.8) 

FDIC.in+RME-DIC+RPOCSR-C+RAOM=FDIC.out+RCR+RCP (2.9) 

FCH4.in+RCR+RME-CH4=FCH4.out+RAOM (2.10) 

 

where "F" denotes flux, "R" denotes reaction rate, and in and out indicate the flux 

direction relative to the ESMTZ. RPOCSR-S and RPOCSR-C are the rates of sulfate 

consumption and DIC production through POCSR. They relate to each other 

according to the stoichiometry in Eq. (2.3) (i.e., RPOCSR-C=2× RPOCSR-S). RME-DIC and 

RME-CH4 are rates of ME in terms of DIC and methane production. Both of these rates 

are half of the ME rate (i.e., RME=2× RME-DIC=2× RME-CH4) followed the stoichiometry 

in Eq. (2.7). These fluxes and rate terms are illustrated in Figure 2-4 and 2-5. In our 

following calculations and discussion, we assume that both sulfate and methane are 

fully consumed within the ESMTZ, so that the values for FSO4.out and FCH4.out are 

negligible and can be ignored in Eq.(2.8) and (2.10). FCH4.in denotes the flux of 

methane that comes from outside the box (Figure 2-1) and carries a distinct isotopic 

signature that is not related to any reaction considered in our model frame.  

 

2.5.1 Transport terms 

This study focuses on sites with diffusion-dominated concentration profiles (Figure 2-

4), and where no sign of advective flow was observed emerging from seafloor or in 

geophysical surveys (UBGH2 Scientists, 2010). By assuming a diffusion-dominated 

system under steady state, we can quantify the magnitude of the fluxes Fin and Fout 

with Fick’s law: 
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( )C
F D

z

φ∆
= −

∆
 (2.11) 

 

Porosity information is given in Figure 2-3 and Table 2-2. Tortuosity-corrected 

diffusion coefficients (D) for sulfate, calcium, and DIC are derived from the 

relationships in Boudreau (1997) assuming a constant temperature in the sediments of 

4
o
C. The concentration gradients (

( )C

z

φ∆
∆

) are calculated from individual profiles and 

are used to calculate Fin and Fout. Since most of the gradients in our sites are linear, we 

apply a simple 1
st
 order linear regression to calculate each gradient (Table 2-3).  

 

To satisfy isotopic mass balance considerations, it is necessary to calculate the 

transport of both the heavy and light carbon (i.e., 
13

C and 
12

C) by CH4 and DIC. In 

combination with measured isotopic ratios, this information is used to infer the 

concentration profiles for 
12

CDIC and 
13

CDIC as follows:  

 

12

13 12

(1 )

T
DIC

DIC

DIC T DIC

C
C

r

C C C

=
+

= −

   (2.12) 

 

where CT is the total concentration (i.e., alkalinity in Figure 2-4) and rDIC is the 

concentration ratio of heavy to light carbon (
13

C/
12

C) from its isotopic value: 

 

13

( 1)
1000

DIC
DIC std

C
r r

δ
= + ×    (2.13) 

 

where rstd is the ratio for V-PDB standard (0.0112372). 

 

A migration-induced isotopic fractionation is related to the mass ratio of the two 

isotopes (Zeebe and Wolf-Gladrow, 2001). However, since such fractionation is much 

smaller than the fractionation from other reactions (diffusion coefficients of 
13

CO2 is 
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only 0.7-0.87 ‰ smaller than it for 
12

CO2; O'Leary, 1984 and Jähne and Dietrich, 

1987), we have neglected it in our calculation.  

 

2.5.2 Reaction terms 

The isotopic fractionation for each of the five reactions considered here (Eqs. (2.3) to 

(2.7)), is fundamental to our understanding of processes occurring within the SMTZ. 

The isotopic effect (α) for a steady-state one-step reaction may be expressed in terms 

of the rate constant of the heavy (k
H
) and light (k

L
) isotopes (Rees, 1973): 

 

L

H

k

k
α =    (2.14) 

 

From Eqs. (2.2) and (2.14), we can then formulate the reaction rates for all light and 

heavy isotopes. For light carbon (i.e., 
12

C), reactions are formulated as follow: 

 

12
RPOCSR-S=

1
( )
2

OMfRφ     (2.15) 

12
RPOCSR-C= ( )OMfRφ     (2.16) 

12
RME-DIC=

1
(1 )

2
OMf Rφ −     (2.17) 

12
RME-CH4=

1
(1 )

2
OMf Rφ −     (2.18) 

12
RAOM= 4.

1

2
SO in OMF fRφ−     (2.19) 

12
RCP= FCa     (2.20) 

12
RCR= b

12
RAOM    (2.21) 

 

where ROM is the rate of organic matter degradation through both POCSR and ME 

(i.e., ROM=RME+RPOCSR-C), f is the fraction of organic matter being utilized by POCSR. 

Stoichiometric considerations are included by the 0.5 multiplier in Eq. (2.15) (i.e., 
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every mole of organic matter consumed by sulfate is equivalent to 0.5 moles of sulfate) 

and the 0.5 multiplier in Eq. (2.17) and (2.18) (i.e., every mole of organic matter 

consumed by methanogenesis produces 0.5 moles each of DIC and CH4). To describe 

the production of methane through CR from the pool of DIC generated by AOM 

(Borowski et al., 1997), we assume the rate of CR is proportional to AOM rate within 

the SMTZ (Eq. (2.21)). Based on this definition, b in Eq. (2.21) must range from 0 to 

1. 

 

For the heavy carbon (i.e., 
13

C), we apply the following reaction rate expressions  

 

13
RPOCSR-C= ( )OM OMfR rφ     (2.22) 

13
RME-DIC=

1
(1 )

2
OM DIC botf R rφ −−     (2.23) 

13
RME-CH4= 4

1
(1 )

2
OM CH botf R rφ −−     (2.24) 

13
RAOM= 4

4.

1
( )

2

CH SMTZ

SO in OM

AOM

r
F fRφ

α
−−     (2.25) 

13
RCP= FCa DIC SMTZr −×     (2.26) 

13
RCR= b

13
RAOM

1

CRα
×     (2.27) 

 

where r is the 
13

C to 
12

C ratio of organic matter ( OMr ), DIC, and CH4 at the SMTZ 

(
4CH SMTZr − and DIC SMTZr − ) or bottom of the core (

4CH botr − and DIC botr − ) which can be 

calculated from the isotopic signature listed in Table 2-3. αΑΟΜ is the fractionation 

factor of AOM, which we will calculate from the box model. αCR is the isotopic 

fractionation of CR and ME. This value is estimated from the isotopic signature of 

DIC and CH4 at the core bottom (αCR=1+(δ13
CDIC-bot-δ

13
CCH4-bot)× 1000) for each site 

(Table 2-3). Detail calculation of the box model can be found from the supplementary 

material.  
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2.5.3 Assessment of the error associated with flux estimates 

In our box model, reaction rates are always linked to the flux of dissolved species. 

Therefore, to estimate the errors in our model, we need to quantify the potential errors 

from our flux estimates; which fall within two general categories. The first include 

uncertainties associated with parameters such as porosity and tortuosity, which will 

have the same degree of influence on all fluxes at a given site. This type of error will 

only affect the absolute but not the relative magnitude of the fluxes, and since most of 

our discussion relies on the relative magnitude of the fluxes, these uncertainties do not 

directly impact our discussion.  

 

The second type of error, which arises during the calculation of gradient from each of 

the chemical species, will affect both the absolute and relative magnitude of the fluxes 

and hence directly affect our conclusions. The error on our flux estimates is the sum 

of the error associated with fitting the concentration and isotopic profiles to the data, 

plus the standard error of the regression slope. Fitting of concentration profiles for 

sulfate and calcium fluxes is not necessary, thus for these species the error of the flux 

estimates arises solely from the standard error of regression line, and is usually 

smaller than 5% (Table 2-4). Fitting of the concentration and isotopic profiles of DIC 

based on insufficient data, is responsible for most of the error associated with the DIC 

flux estimates, which range from 6.2 to 20.3% while, in most cases, around 10 to 15%. 

The error of flux estimation may potentially increase the uncertainties of our rate 

estimation. Errors of different fluxes at different sites are summarized in Table 2-4. 

Detailed calculation of the errors is given in the supplementary material. 

 

2.6 Model evaluation  

To best illustrate the relative significance of each reaction involving carbon cycling at 

the ESMTZ, we run our box model on 4 different scenarios, as described below. 

 

Case1: Anaerobic oxidation of methane (AOM) as the only reaction 

In this first scenario (Figure 2-5A), we assumed that AOM is the ONLY reaction 

responsible for sulfate consumption and all methane for AOM is supported by upward 

diffusion of methane from below the SMTZ (i.e., no reactions generate methane 
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within the SMTZ). Eq. (2.9) is modified and applied to both carbon isotopes, such that 

the relevant fluxes are estimated by: 

 

FSO4.in=RAOM    (2.28) 

12
FDIC.in+

12
RAOM=

12
FDIC.out +

12
RCP    (2.29) 

13
FDIC.in+

13
RAOM=

13
FDIC.out +

13
RCP    (2.30) 

 

and Eq. (2.19) and (2.25) are modified to fit our assumption that sulfate is fully 

consumed by AOM:  

 

12
RAOM= 4.SO inF    (2.31) 

13
RAOM= 4

4.

CH SMTZ

SO in

AOM

r
F

α
−×    (2.32) 

 

Eqs. (2.31) and (2.32) can be plugged into Eqs. (2.29) and (2.30), respectively. The 

AOMα is the only remaining unknown in this set of equations. Using this approach and 

the data available for Site UBGH2-1_1, the AOMα generated from this assumption is 

0.934. Similar values for α<1 were obtained for all sites (Figure 2-6). Both 

experimental and field data have shown that αAOM is always slightly larger than 1 and 

ranges from 1.004 to 1.030 (Whiticar, 1999) due to the preferential utilization of light 

carbon during this microbial-mediated reaction. The results of our Case 1 scenario 

demonstrate that AOM alone is not sufficient to explain the isotopic composition of 

DIC and methane observed at the SMTZ. 

 

Snyder et al. (2007) and Wehrmann et al. (2011) performed a similar calculation but 

did not include carbon isotopic considerations. Since they can fully satisfy Eq. (29) by 

their approaches, these authors concluded that AOM is the dominant reaction 

consuming sulfate. However, by including an isotopic mass balance we show the need 

to include other reactions, and argue that only balancing the fluxes of the total carbon 



 

 

26 

does not provide sufficient evidence to conclude that AOM is the only reaction that 

needs consideration.  

 

Case2: Anaerobic oxidation of methane (AOM) and particulate organic carbon 

sulfate reduction (POCSR)  

Here our box model is formulated as: 

 

FSO4.in=RPOCSR-S+RAOM    (2.33) 

12
FDIC.in+

12
RPOCSR-C+

12
RAOM=

12
FDIC.out+

12
RCP    (2.34) 

13
FDIC.in+

13
RPOCSR-C+

13
RAOM=

13
FDIC.out+

13
RCP    (2.35) 

 

In this scenario (Figure 2-5B), organic matter is allowed to react with sulfate only (i.e., 

f=1). 
12

RPOCSR-C and 
12

RAOM can be solved from Eqs. (2.33) and (2.34) (assuming 

12
RPOCSR-C= 2× RPOCSR-S and 

12
RAOM=RAOM). By plugging Eqs. (2.22) and (2.25) into 

Eq. (2.35), we can then estimate the isotopic fractionation for AOM (αAOM), which 

yields a value of 0.941 for Site UBGH2-1_1 (and similar values for other sites). 

Although this value is slightly larger than that by Case 1, it is still notably smaller 

than 1, demonstrating that the isotopic mass balance is not satisfied under the Case 2 

scenario (Figure 2-6). The small αAOM from Case 1 and 2 suggests that consumption 

of isotopically light DIC is required to fulfill the mass balance. Such sign suggests 

consumption of DIC through CR and leads us to the next case.  

 

Case3: Anaerobic oxidation of methane (AOM), particulate organic carbon sulfate 

reduction (POCSR) and secondary methanogenesis by CO2 reduction (CR). 

By including in our methane sources the recycling of the DIC generated by AOM via 

CO2 reduction (CR in Figure 2-5C), we now expand the conventional SMTZ to 

include the region of methanogenesis in our ESMTZ and have 4 unknowns: ROM, 

RAOM, 
12

RCR, and the fractionation factors of AOM (αAOM). In order to uniquely solve 

this set of equations, we need another constraint, which comes from the mass balance 

equations for methane. The equation set becomes: 
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FSO4.in=RPOCSR-S+RAOM    (2.36) 

12
FDIC.in+

12
RPOCSR-C+

12
RAOM=

12
FDIC.out+

12
RCR+

12
RCP    (2.37) 

13
FDIC.in+

13
RPOCSR-C+

13
RAOM=

13
FDIC.out+

13
RCR+

13
RCP    (2.38) 

12
FCH4.in+

12
RCR=

12
RAOM     (2.39) 

13
FCH4.in+

13
RCR=

13
RAOM     (2.40) 

 

Since more than 90% of the in situ methane is lost during core recovery (Wallace et 

al., 2000), it is very unlikely to accurately determine methane flux (i.e., 
12

FCH4.in and 

13
FCH4.in). A slightly different in the degree of degassing would result in huge 

difference in flux estimation from headspace methane concentration gradient. Besides, 

the depth of gas hydrate first appearance is also adapted by some studies, such as 

Malinverno and Pohlman (2011), to be the constraint of methane flux since such 

depth should theoretically correspond to where dissolved methane concentration 

exceeds its solubility. However, as Torres et al. (2008) pointed out, the distribution of 

gas hydrate is also highly dependent on lithology. Such lithology-dependent control 

on gas hydrate distribution was observed in Ulleung Basin (UBGH2 scientists, 2010). 

Therefore, it may not be a proper approach. Alternatively, we constrain methane flux 

from its isotopic signature in order to solve another unknown in our equations. We 

consider this as a better approach since we focus here the isotopic signature of 

methane entering our model frame.  

 

If we assume that methane concentration within the SMTZ (
13

CCH4-SMTZ and 
12

CCH4-

SMTZ) is much lower than the methane at depth (
13

CCH4-bot and 
12

CCH4-bot) (Figure 2-1), 

we are able to relate the flux ratio of methane ( 4

4

13

.

12

.

CH in

CH in

F

F
) to the concentration ratio of 

heavy to light methane carbon at the depth where δ13
CCH4 approaches a fixed value 

(
12/13

CCH4.bot in Figure 2-1). This assumption allows us to combine Eqs. (2.39) and 

(2.40) in the following way: 
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4 4

4 4

4

4 44 4

13 13

13 13 13 13
.

12 1212 12 12 12

.

CH bot CH SMTZ

CH in CH bot AOM CR
CH bot

CH bot CH SMTZCH in CH bot AOM CR

C C
F C R RL r

C CF C R R

L

− −

−
−

− − −

−
−

= ≅ = =
− −

 (2.41) 

 

where L is the depth between CCH4-SMTZ and CCH4-bot (Figure 2-1). From Eqs. (2.36), 

(2.37), (2.38), and (2.41), we can uniquely solve for the 4 unknowns (ROM, RAOM, b, 

and αAOM). Except for Site UBGH2-10, the resulting value for αAOM estimated with 

this approach (Figure 2-6) is higher than 1.03, which is out of the possible range 

suggested by Whiticar (1999). The unreasonably large αAOM for most sites suggests, 

under the assumption in Case 3, more isotopically light DIC has to be produced in 

order to satisfy the mass balance. ME, which produces isotopically heavier DIC than 

the signature at SMTZ, may not be a suitable reaction at first glance. However, ME 

also produces isotopically light CH4 which will be consumed and formed isotopically 

light DIC through AOM. Therefore, it is still logical to include this reaction.  

 

Case 4: Anaerobic oxidation of methane (AOM), particulate organic carbon sulfate 

reduction (POCSR), secondary methanogenesis by CO2 reduction (CR) and methane 

generation from organic carbon (ME) 

We thus include ME in the box mode (Figure 2-5D). Since we must account for a 

fraction of organic matter being converted to methane (Eq. (2.7)), the fraction of 

organic matter that is consumed by sulfate reduction (f values in Eqs. (2.15) and 

(2.17)) is no longer 1 as in Case 1 to 3, but a number smaller than 1. The equation set 

for this case can be expressed as (Figure 2-5D): 

 

FSO4.in=RPOCSR-S+RAOM    (2.42) 

12
FDIC.in+

12
RPOCSR-C+

12
RAOM+

12
RME-DIC =

12
FDIC.out+

12
RCR+

12
RCP    (2.43) 

13
FDIC.in+

13
RPOCSR-C+

13
RAOM+

13
RME-DIC =

13
FDIC.out+

13
RCR+

13
RCP    (2.44) 

4 4 4

4 4 4

13 13 13 13 13

.

12 12 12 12 12

.

CH in CH bot AOM CR ME CH

CH in CH bot AOM CR ME CH

F C R R R

F C R R R

− −

− −

− −
≅ =

− −
     (2.45) 
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In addition to the 4 unknowns detailed in Case 3, we now have one more unknown, f. 

Therefore, we are not able to uniquely constrain the system with the available data. 

Nonetheless, we are able to evaluate the equation sets by varying f from 0 to 1 to 

determine the ranges of f for which αAOM falls within a reasonable range, as illustrated 

by the data that lie within the dash lines in Figure 2-7A. We also calculated the 

possible fraction of DIC from AOM that is recycled through CR (i.e., b), as shown in 

Figure 2-7B.  

 

Our results suggest that:  

1) In order to satisfy the isotopic mass balance (as inferred by agreement with 

αAOM values from the literature), a significant fraction (>50% in 4 of the studied sites 

as the f is smaller than 0.5 in Figure 2-7A for these sites) of the organic matter is 

metabolized via methanogenesis (ME) rather than via sulfate reduction POCSR. Only 

at Site UBGH2-10 can we achieve isotopic compliance without ME; and 

2) ME alone is not able to satisfy the isotopic mass balance, but in all cases a 

significant fraction (28 to 45%) of the DIC produced from AOM (b in Figure 2-7B) 

has to be recycled to methane by CR. This, however, is not what Chatterjee et al. 

(2011) concluded from their kinetic model that aims at achieving a mass balance with 

a full consideration of methane and DIC isotopic signatures. Our approach differs in 

that we specifically separate CR from ME in order to describe the cycling of carbon 

between methane and DIC pools, which influence the model results and hence leads 

to different interpretations. Although Chatterjee et al. (2011) also included isotopic 

signature of methane into their model, they did not track its change. Therefore, we are 

not able to verify the mass balance of their model based on the results presented. 

 

2.7 Discussion 

2.7.1 Carbon cycling around the SMTZ in Ulleung Basin 

The relative contribution of the 5 individual reactions considered in ESMTZ to the 

overall DIC pool, has been estimated as the ratio of the reaction rates to the net DIC 

flux (∆FDIC = FDIC.in –FDIC.out). The results at each of the study sites are depicted in 

Figure 2-8, and Table 2-5 summarizes the depth-integrated rates for each reaction. 

Except for Site UBGH2-10, the contribution of each reaction to DIC production is 
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AOM>ME>POCSR. It is also apparent from these results that a fraction of the DIC 

produced by AOM is consumed by CR within the ESMTZ. To balance this DIC 

consumption, a similar rate of organic matter degradation becomes necessary, and as 

shown in Figure 2-8, the overall POCSR may be responsible for utilizing up to 30% 

of the total sulfate input from seafloor.  

 

We conducted a series of correlation tests between the site-specific parameters (Table 

2-1) and the model inputs (Table 2-3) and outputs (Table 2-5). Although correlation 

can not be used to infer consequential relationships, it is informative to identify the 

connected parameters. The results of this correlation test could be found in the 

supplementary material. It is interesting to note that the depth of the SMTZ depth is, 

as expected, inversely correlated with the sulfate flux (r
2
=0.89) and with DIC flux 

above the SMTZ (r
2
=0.92). It is, however, not distinctly correlated with any of the 

absolute reaction rates except for POCSR (r
2
=0.61), which suggests a connection 

between the SMTZ depth and organic matter degradation rate rather than with the 

AOM rate. The average POC content is inversely correlated with the organic matter 

degradation rate (r
2
=0.54) and with the methane carbon isotope at the SMTZ (r

2
=0.51).  

 

Bhatnagar et al. (2011) suggested that the depth of gas hydrate first occurrence is 

positively correlated with the SMTZ depth assuming fluid flow is the most dominant 

factor affecting both. However for the Ulleung Basin, neither the depths of BSR nor 

that of the gas hydrate first appearance shows any appreciable correlation with the 

SMTZ depth nor with the carbon or sulfate fluxes. Bhatnagar et al. (2011) shows that 

SMTZ depth and sulfate gradients may be used to infer the average gas hydrate 

saturation in the Cascadia margin system but only when all methane comes from a 

deep external reservoir (e.g., gas hydrate) and AOM is the only sink of sulfate. Our 

box model results indicate that neither of these assumptions is valid in the Ulleung 

Basin, since POCSR consumes a significant fraction of sulfate and there is an 

important methane source that originates just below the SMTZ also contributes to the 

overall carbon cycling within the SMTZ. There is also no correlation between the 

AOM rate and gas hydrate abundance indicators (i.e., depth of BSR and first gas 

hydrate appearance in Table 2-1), which suggests that the deep gas hydrate system 

(>70 mbsf) in these diffusion-dominated sites at Ulleung Basin is too remote to 
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effectively influence the shallow (< 30 mbsf) carbon cycles around the SMTZ. Thus, 

in the sites discussed here, the AOM rates cannot be used to quantify methane 

contributions from gas hydrate reservoirs that lay tens to hundreds of meters below 

the SMTZ. Nonetheless, we speculate that the advective systems that characterize 

acoustic chimney locations in the Ulleung Basin (Torres et al., 2011; Kim et al., 2011, 

2012) will indeed have a profound influence on the carbon cycling around the SMTZ. 

 

 

2.7.2 Evidence for coupling AOM and CR in natural and laboratory studies 

Carbon cycling through an AOM-CR coupled pathway at the SMTZ, was originally 

proposed by Borowski et al. (1997), based on observations of anomalously light 

carbon isotopic values of DIC and methane around the SMTZ in samples collected by 

Ocean Drilling Program at the Blake Ridge (Claypool and Threlkeld, 1983; Galimov 

and Kvenvolden, 1983). Since then, an anomalously light carbon isotopic signature of 

microbial biomass (House et al., 2009) and lipid biomarkers (Orcutt et al., 2005; 

Alperin and Hoehler, 2009) near the SMTZ, have been used as an important AOM-

CR coupling indicator, because the measured fractionations cannot be explained 

solely from organic carbon degradation, and require fractionation by methanogens 

(Alperin and Hoehler, 2009). 

 

Direct evidence for the existence of this AOM-CR coupling was presented by 

Zehnder and Brock (1979, 1980), who quantified both reactions simultaneously in 

culture experiments. Radiotracer experiments have also shown that the CR rate is not 

only of comparable magnitude to that of AOM, in some cases, these rates are shown 

to be proportional to each other (Pimenov et al., 1997; Orcutt et al., 2005; Seifert et al., 

2006; Knab et al., 2009) and maybe a function of the methane and sulfate availability 

(Orcutt et al., 2008). 

 

Hoehler et al. (1994) postulated that the methanogenic archaea, which mediate AOM, 

may be able to switch their metabolism between methanogenesis and methanotrophy 

depending on the fluid composition, and thus may thermodynamically favor one 

pathway over the other. In addition, metagenomic studies of communities collected 
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from the SMTZ indicate that methanotrophic archaea possess most of the genes that 

are typically required for methanogenesis thus supporting the hypothesis that these 

microbes are capable of carrying out "reverse methanogenesis" (Hallam et al. 2004). 

Whether methanogenic archaea can indeed switch their metabolic pathway is still 

debated. However, rDNA and rRNA maxima at and immediately below the SMTZ, 

were used by Lloyd et al. (2011) to reinforce the idea that ANME-1 may indeed be 

capable of consuming and producing methane, and that the dominant metabolic 

pathway does depend on the attendant geochemical environment. 

 

Of course, for CR to precede an additional source of H2 is needed. We do not know 

that the H2 source has been established; however, the aforementioned studies all show 

the coupling between AOM and CR to be highly prevalent. The actual metabolic 

pathways and the organisms involved are still being debated by the geomicrobiology 

community; however, it is becoming more and more apparent that the AOM and CR 

reaction rates are interdependent and are controlled by the methane and sulfate 

availability. These observations and the results of our box model indicate that it is 

necessary to take this important carbon cycling pathway into consideration in future 

studies aimed at unraveling processes at, and immediately below, the SMTZ. 

 

2.7.3 Future improvements  

We were not able to uniquely solve all 5 reactions involved in the cycling of carbon 

(Case 4), due to lack of additional data. Quantification of the 5 unknowns (ROM, RAOM, 

b, αAOM, and f) from field or experimental studies, would allow us to fully constrain 

the system. Alternatively, we can also use robust data on the in situ methane 

concentrations, which would allow us to confidently estimate the methane fluxes from 

beneath the ESMTZ (CCH4-bot or FCH4.in in Figure 2-4A). This in situ methane 

concentration may be obtained by sampling the sediments with a pressure core 

sampler (PCS) that maintains the in-situ conditions. Results from Case 3 and 4 also 

emphasize the need of incorporating the methane isotopic composition to fully 

constrain the carbon metabolic pathways in the SMTZ. These data have not been 

included in previous studies (Snyder et al., 2007) or its significance was not fully 

appreciated (Chatterjee et al., 2011; Malinverno and Pohlman, 2011). 
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2.8 Conclusion 

Sulfate gradients have been used as an important proxy to quantify the methane 

supply from deep reservoirs such as gas hydrate, which is critical to fully constrain 

carbon cycling in marine sediments. However, the commonly used assumption that 

sulfate gradients are fully coupled to the anaerobic oxidation of methane (AOM) is 

complicated by the sulfate consumption from organic matter degradation (POCSR), 

and carbon cycling between pools of methane and dissolved inorganic carbon (DIC) 

via and CO2 reduction (CR). 

 

We developed a box model, which incorporates stoichiometry, flux, and isotopic mass 

balances, to constrain the relative proportion of the five reactions involved the cycling 

of carbon within the SMTZ. We show that in the Ulleung Basin, more than half of the 

DIC input to the SMTZ is directly related to organic matter degradation (either via 

sulfate reduction, POCSR, or methanogenesis (ME), while AOM is responsible for 

the rest of DIC flux. The fraction of DIC that is reduced to methane via a secondary 

methanogenesis (i.e., CR) within the SMTZ ranges from 25 to 35%, and the methane 

produced by this reaction will further feed AOM.  

 

By including isotopic considerations in our model, the quantification of organic 

matter degradation and of the cycling of carbon between the DIC and methane pools 

(through AOM and CR) revealed that the rates of AOM and sulfate reduction are not 

necessary equal to each other, as would be suggested by mass fluxes alone. Instead, 

the fraction of sulfate consumed by AOM ranges from 70 to 90%. Therefore, whereas 

first order relative estimates of methane fluxes can be made based solely on sulfate 

data, such methane flux estimates may have errors that range from 10 to 30%. 

 

Isotopic data was also the key in documenting that AOM is not supported in its 

entirety by a methane flux into the SMTZ from deep sources, rather a significant 

contribution of this methane originates immediately below the SMTZ. Thus, at least 

in the Ulleung Basin, the SMTZ depth by itself cannot be used as a quantitative 

indicator of methane supplied from gas hydrate reservoirs, as it has been postulated 

for other gas hydrate bearing locations.  
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Figure 2-1 The definitions of SMTZ and ESMTZ considered in our model. ESMTZ 

stands for Expanded Sulfate Methane Transition Zone that includes the shollow 

methanogenic zone right below the SMTZ. 
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Figure 2-2 Map of the UBGH2 drill sites in the Ulleung Basin. (A) Regional map of 

the basin. (B) The five sites investigated in this study. 
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Figure 2-3 Porosity profiles of the study sites. Black dots are onboard measurements 

while black lines are fitted profile using the parameters listed in Table 2-2. 
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Figure 2-4 Pore water profiles of data available for the box model. Red arrows 

illustrate the flux terms used in our box model. rCH4.SMTZ, rDIC.SMTZ are 
12

C/
13

C of DIC 

or CH4 that are calculated from isotopic values. 

 

 



 

 

39 

Figure 2-5 Framework of our box model. (A) Illustration of box model for Case 1, 

which only considers AOM and CP with in the SMTZ. (B) POCSR is added into the 

box in addition to the reactions considered in Case 1. (C) CR is included in the box 

model in addition to the reactions considered in Case 2. (D) ME is included in Case 4 

which requires expanding the SMTZ (i.e., ESMTZ) in this case. 
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Figure 2-6 The isotopic fractionation factors for AOM (αAOM) calculated from our 

box model based on the 4 different settings. The green area indicates range of 

fractionation factors from the literature (1.004-1.03; Whitcar, 1999). In Case 1 and 2, 

the fractionation factors are notably lower than expected. For Case 3, only the value 

for the site UBGH2-10 falls in the reasonable range; the rest are distinctly higher than 

expected range of value. The fractionation factors for sites UBGH2-1_1 and UBGH2-

5 are much larger than 2; thus, they are not plotted in the figure. All the fractionation 

factors calculated from all sites in Case 4 agree well with the expected range 

indicating that isotopic mass balance is satisfied in this setting. 
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Figure 2-7 (A) Relationship between fraction of organic matter that is consumed by 

sulfate reduction (f) and isotopic fractionation of AOM (αAOM). The horizontal dash 

line marks the range of αAOM from literature (Whiticar, 1999). The vertical dash line 

marks the result of Case 3 which assumes all organic matter is consumed through 

POCSR. (B) Relationship between the fraction of organic matter that is consumed by 

sulfate reduction (f) and the fraction of DIC that is recycled by AOM (b) at each of 

the five sites. Only the f values that result in the literature αAOM values in (A) are 

plotted here. 
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Figure 2-8 The relative contribution of each reaction. In the left panel, the 

contribution from the five reactions studied are normalized with different DIC fluxes 

(∆FDIC=FDIC.in-FDIC.out). In the right panel, the fraction of sulfate that is consumed 

through AOM is plotted. The bars at the top of each column represent the range of 

contributions. 
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Table 2-1 Depth of the BSR, first appearance of gas hydrate and the SMTZ, as well as organic carbon content of the study sites 

 
POC (wt%) 

Site BSR (mbsf) 
First GH appearance 

depth (mbsf) 

Depth of  

the SMTZ  

(mbsf) Min. Average Max. 

UBGH2-1_1 165 93 7.7 0.62  1.93  4.03  

UBGH2-2_1 176 71 7.0 0.31  1.59  3.66  

UBGH2-5 189.5 153 8.0 0.16  1.30  3.91  

UBGH2-6 167 113 6.6 0.09  1.23  4.15  

UBGH2-10 171 77 6.2 0.21  1.40  3.44  
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Table 2-2 Parameters used to fit the porosity profiles shown in Figure 2-2 

Site 

Initial porosity at 

water-sediment 

interface    

φφφφ0 (%) 

Final porosity at 

depth    

φφφφf (%) 

empirical constant 

for data fitting    

γγγγ    

UBGH2-1_1 86.50 68.00 -0.05 

UBGH2-2_1 87.00 65.00 -0.03 

UBGH2-5 86.97 68.00 -0.05 

UBGH2-6 86.48 68.00 -0.05 

UBGH2-10 86.74 68.00 -0.05 
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Table 2-3 Fluxes (positive for upward flow) of various solutes across the SMTZ calculated from pore water profiles, DIC and CH4 

carbon isotopes at the SMTZ and at the core bottom for each of the 5 sites investigated in the Ulleung Basin. See text for the detailed 

definition of each term. 

 

Site 

12
FDIC.in 

(µµµµmol/cm2/yr) 

12
FDIC.out 

(µµµµmol/cm2/yr) 

13
FDIC.in                               

(10
-2
  

µµµµmol/cm2/yr) 

13
FDIC.out                                                   

(10
-2
  

µµµµmol/cm2/yr) 

FSO4.in   

(µµµµmol/cm2/yr) 

FCa   

(µµµµmol/cm2/yr) 

 13
CDIC-

SMTZ  

(‰)    

 13
CCH4-

SMTZ   

(‰)    

 13
CDIC-

bot 

(‰)    

 13
CCH4-

bot 

(‰)    

ααααCR    

UBGH2-1_1 1.92 7.44 2.23 8.28 -4.92 -0.59 -13.0 -88.8 17.0 -64.5 1.082 

UBGH2-2_1 0.28 7.97 0.37 8.84 -6.04 -0.57 -17.8 -90.0 22.0 -62.0 1.084 

UBGH2-5 0.63 7.25 0.76 8.03 -5.40 -0.84 -14.4 -87.4 18.5 -62.0 1.081 

UBGH2-6 0.41 9.35 0.51 10.31 -6.70 -0.65 -20.4 -85.9 17.0 -63.3 1.080 

UBGH2-10 0.57 9.53 0.76 10.49 -7.23 -0.55 -18.9 -86.6 20.0 -64.3 1.084 
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Table 2-4 Error of flux estimates for each of the dissolved species considered in our 

model 

 UBGH2-1_1 UBGH2-2_1 UBGH2-5 UBGH2-6 UBGH2-10 

FSO4 3.2% 3.2% 1.8% 3.3% 3.0% 

12
FDIC.in 6.2% 14.7% 20.3% 9.1% 12.6% 

12
FDIC.out 17.5% 16.7% 7.9% 11.2% 9.0% 

13
FDIC.in 6.3% 8.9% 20.2% 9.1% 11.8% 

13
FDIC.out 17.3% 14.5% 7.8% 11.2% 9.1% 

FCa 3.2% 4.9% 12.0% 4.4% 2.9% 
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Table 2-5 Range of the depth-integrated reaction rates (µmol/cm
2
/yr) derived from 

Case 4.  

 

 
RAOM 

µmol/cm
2
/yr    

RCR 

µmol/cm
2
/yr    

RCP 

µmol/cm
2
/yr    

ROM 

µmol/cm
2
/yr    

RME 

µmol/cm
2
/yr    

RPOCSR-C 

µmol/cm
2
/yr    

UBGH2-

1_1 
4.54±0.37 1.81±0.01 0.58 6.00±0.01 5.25±0.76 0.75±0.75 

UBGH2-

2_1 
5.30±0.74 1.96±0.05 0.56 8.34±0.11 6.86±1.37 1.48±1.48 

UBGH2-5 4.65±0.75 1.68±0.02 0.83 7.47±0.04 5.97±1.46 1.50±1.5 

UBGH2-6 5.53±1.17 1.83±0.01 0.64 9.41±0.01 7.06±2.36 2.35±2.35 

UBGH2-

10 
4.52±0.92 1.34±0.02 0.55 7.22±0.04 1.80±1.8 5.42±1.83 
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CHAPTER 3  

Towards quantifying the reaction network around the sulfate-methane-

transition-zone in the Ulleung Basin, East Sea, with a kinetic modeling approach 
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3.1 Abstract 

We present a kinetic model based upon pore water data collected from eight sites 

drilled during the second Ulleung Basin gas hydrate drilling expedition (UBGH2) in 

2010. Three sites were drilled at locations where acoustic chimneys were identified in 

seismic data, and the rest were drilled on non-chimney environments. We employ our 

model and include all necessary compositional and isotopic profiles to understand the 

difference between those two environments in terms of reactions around the sulfate-

methane-transition-zone (SMTZ). Our model assessment reveals very different 

biogeochemistry between the two environments. Organic matter decomposition is an 

important process for production of methane, dissolved inorganic carbon (DIC) and 

consumption of sulfate in the non-chimney sites, whereas anaerobic oxidation of 

methane (AOM) dominates both carbon and sulfur cycles in the chimney environment. 

Different sources of methane mediate AOM in the two settings. Internally produced 

methane through CO2 reduction (CR) and methanogenesis fuels AOM in the non-

chimney sites, whereas AOM is sustained by methane from external sources in the 

chimney sites. We also simulate the system evolution from non-chimney to chimney 

conditions by increasing the bottom methane supply to a non-chimney setting. We 

show that the higher CH4 flux leads to a higher microbial activity of AOM, and more 

organic matter decomposition through mehanogenesis. A higher methanogenesis rate 

and a smaller CR/AOM rate in the chimney sites are responsible for the isotopically 

lighter DIC and heavier methane in this environment relative to the non-chimney sites. 
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3.2 Introduction 

Anaerobic oxidation of methane (AOM) in marine sediments is the main reaction that 

prevents methane from leaking into the water column and potentially the atmosphere 

(Barnes and Goldberg, 1976; Heeschen et al., 2005; Chuang et al., 2006; Yang et al., 

2006; Reeburgh, 2007; Regnier et al., 2011). A thorough understanding of AOM is 

thus critical to assessing the role of deep-subseafloor methane (e.g., gas hydrate, 

gas/oil reservoirs, etc) on the carbon cycle under past, present or future environmental 

changes. The sulfate-methane-transition-zone (SMTZ) in marine sediments, where 

sulfate is exhausted and methane concentration starts to increase, is intuitively related 

to the strength of AOM (Borowski et al., 1996; Dickens, 2001; Chuang et al., 2010); 

though the actual reaction pathways can not be easily inferred solely from 

concentration profiles and may require consideration of carbon isotopic data 

(Borowski et al., 1997; Chatterjee et al., 2011; Hong et al., 2013).  

 

Previous studies have sketched a first-order picture of the many interdependent 

biogeochemical reactions around SMTZ (Borowski et al., 1996; Dale et al., 2006; 

Wallmann et al., 2006; Chatterjee et al., 2011; Regnier et al., 2011; Hong et al., 2013), 

and it is now widely accepted that the depth of SMTZ is controlled by the interaction 

of several reactions, such as organoclastic sulfate reduction (Fossing et al., 2000; 

Wallmann et al., 2006), CO2 reduction (Borowski et al., 1997; Pohlman et al., 2008; 

Hong et al., 2013), and methanogenesis (Chatterjee et al., 2011). To better understand 

the system, we need a more comprehensive and quantitative understanding of how the 

carbon and sulfur cycles are connected at the SMTZ. Hong et al. (2013) presented a 

box model calculation, based on the balances of mass, flux, and isotopes of carbon, 

which allows for first-order estimates of the relative weight of these different 

reactions based on the geochemical profiles in various diffusion-dominated locations. 

This calculation is, however, restricted to steady-state conditions and only applicable 

to environments where diffusion is the dominant mechanism supplying methane to the 

SMTZ. In the Ulleung Basin, there are many locations where acoustic chimneys have 

been identified in the seismic data (e.g., Haacke et al., 2009; Horozal et al., 2009; 

Torres et al., 2011; Yoo et al., 2013). These chimneys are known to act as advective 

methane gas conduits that fuel massive gas hydrate formation near the seafloor 

(Torres et al., 2011; Kim et al., 2012; Choi et al., 2013). 
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In this work, we present a kinetic model that simulates the concentration and isotopic 

profiles of pore water from eight sites drilled in Ulleung Basin, offshore Korea, 

during the second gas hydrate drilling expedition (UBGH2) (Figure 3-1). We build 

our kinetic model using data from the five sites that are apparently diffusion-

dominated, as they were drilled away from seismic blanking structures (non-chimney 

sites hereafter). These data were used by Hong et al. (2013) in their box model, and 

permit comparison between the steady state and kinetic model approaches. We also 

apply the kinetic model to three additional sites that were drilled at the acoustic 

blanking zone from the seismic profile to represent a high methane flux end member 

(Torres et al., 2011; Kim et al., 2012) (chimney sites hereafter). Such acoustic 

blanking zone is indicative to the upward migration of free gas, mostly methane, in 

the sediments, which lowers the acoustic velocity. Very shallow SMTZ (< 3mbsf) and 

the appearance of concentrated gas hydrate also infer the strong methane supply from 

below (KIGAM, 2011). We compare carbon and sulfur cycles in these two 

environments and study the biogeochemical response of the system to an increase of 

methane flux. 

 

3.3 Model architecture  

The model was implemented using CrunchFlow, a FORTRAN routine developed by 

Steefel (2009), and has been applied to many other studies (Maher et al., 2009; Yang 

et al., 2010; Hong et al., 2013). The model setup, including the geochemical database 

and input file, can be found in the Appendices 2 and 3. 

3.3.1 Fundamental parameters 

In CrunchFlow, a global implicit scheme (GIMRT; Steefel and Yabusaki, 1996), 

which solves the reaction and transport terms simultaneously in each step, is used for 

the diffusion dominated systems (i.e., systems with low Péclet number). An explicit, 

operator splitting numerical scheme (OS3D; Steefel and Yabusaki, 1996), which 

provides better numerical stability in the environments with high Péclet numbers, is 

adopted as solver. CrunchFlow chooses the type of scheme it uses automatically 

based on the transport behavior of the simulation.  
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We use a 20-m model frame for the non-chimney sites and a 5-m long frame for the 

chimney sites, such that it excludes free gas from the model regime. We ran the 

simulation for 400 and 100 kyr at the non-chimney and chimney sites, respectively. 

These time periods correspond to the time needed for the first sediment parcel to 

move through the model frame. Although steady state is not assumed, the simulation 

time is long enough for all dissolved and solid species to reach steady state. We chose 

15 primary species as the fundamental building blocks of the model. In addition, we 

selected ten secondary species, five gases, and five minerals, which can all be 

formulated exclusively by primary species. The full list of species considered is listed 

in Table 3-1. The porosity profiles at each site were obtained by fitting the observed 

profiles with the classic equation for depth-dependent porosity (Boudreau, 1997): 

 

0( ) ( ) exp( )f fz zφ φ φ φ γ= + −  (3.1) 

 

where fφ and 0φ are the asymptotic porosity and porosity at the water-sediment 

interface, respectively. γ is an empirical constant obtained from data-fitting. Values 

for these parameters are reported in Table 3-2. The seafloor temperature and 

geothermal gradient at each site (Ryu et al., 2012; Riedel et al., 2013) are also listed in 

Table 3-2. We used the formulations of Boudreau (1997) to calculate the molecular 

diffusion coefficients for all dissolved species at 25 
o
C in a pure media (e.g., water), 

and a diffusion activation energy of 4.5 kcal/mol is used to calculate diffusion 

coefficients at temperatures other than 25 
o
C (Appendix 2). In order to account for the 

effect of tortuosity on diffusion coefficients in porous media, we adopted the 

information of formation factor (FF) calculated by Riedel et al. (2013) from the 

electrical resistivity logging. We related the downcore formation factor profile with 

porosity through Archie equation:  

 

FF=φ-m    (3.2) 

 

the m value can then be fed to CrunchFlow to derive the effective diffusion coefficient 

in sediments. We adopt an average m of 1.9 for our simulation at all sites. Based on 

the age model derived from the micro-fossil records (Yi et al., 2012), we calculated 
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the sedimentation rates to be 54.6 10−× to 56.6 10−× m/yr. An average value 

of 55.6 10−× m/yr was chosen as solid burial rate for all sites. With a steady-state 

compaction assumption, Berner (1980) showed that the pore water burial rate can be 

related to solid burial rate through the porosity change with depth. Based on our 

porosity profiles, we estimated a pore water burial rate of 53.1 10−× m/yr (55% of solid 

burial rate). We chose Dirichlet type upper and lower boundary conditions and 

assigned them based on the measured concentrations. Bottom water composition for 

pore water was used as the initial condition at each site.   

 

3.3.2 Reaction network and carbon isotopes 

Our model includes 19 reactions which are listed in Table 3-3 with the corresponding 

abbreviations used in this study. The reaction network is illustrated in Figure 3-2, and 

comprises the carbon (upper middle in Figure 3-2) and sulfur (lower left in Figure 3-2) 

cycles, which are linked via AOM (Eq. 17). CO2 reduction (CR, Eq. 18), which we 

describe here as methane generated from the dissolved inorganic carbon (DIC) 

produced from both organic carbon degradation and AOM, has been commonly 

ignored in previous studies. Hong et al. (2013), however, showed the significance of 

this reaction to achieve an isotopic mass balance of carbon around the SMTZ. 

Particulate organic matter (POC) is consumed via either sulfate reduction (POCSR) 

(Eq. 20) or methanogenesis (ME) (Eq. 21). Authigenic carbonate (CP, Eq. 19) 

removes dissolved carbonate species from the pore water. Methane in our model can 

be generated in-situ through CR and ME or delivered to our modeled sediment layer 

by external fluid.  

 

Hydrogen sulfide is produced from both AOM and POCSR. Formation of pyrite (Eq. 

22) down to the depth of SMTZ has often been associated with these reactions (e.g., 

Wallmann et al., 2006; Lim et al., 2011), but the exact formation mechanism remains 

controversial (Burdige, 2006). For our modeling purposes we adopted a pyrite 

precipitation from the less crystalline mineral mackinawite, as inferred from both 

theoretical calculations and lab experiments (Rickard, 1997; Rickard and Luther, 1997, 

2007; Dale et al., 2009). This process fixes hydrogen sulfide from pore water and 

produces hydrogen gas, which supports CR. The most likely iron sources for 
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mackinawite formation are the labile Fe oxyhydroxides. Other minerals, such as 

hematite may also act as Fe sources, but these minerals are not included in the current 

model.  

 

To correctly account for the change of alkalinity and pH, we included all major 

cations and anions, as well as various acid-base pairs of carbon, sulfur, nitrogen, and 

phosphate species (Eq. 6 to 13). The acid-base pairs are treated as secondary species 

in CrunchFlow, and are assumed to reach immediate equilibrium. CH4 and CO2 gases 

are allowed to form (Eq. 14 and 15), but for simplicity in this current version of the 

model, the gas phase is pinned to the pore water and is not allowed to migrate as a 

separate phase and the fluid is considered to reach up to 100% saturation. Kim et al. 

(2012) presented evidence from carbon isotopic fractionation in support of a two-

phase transport (gas and liquid) at chimney sites. We acknowledge this process but 

have not included this two-phase transport in the current model. 

 

The carbon isotopic profiles were modeled by tracking 
12

C and 
13

C in all carbon 

species individually. Within our formulation, the measured isotopic variability can be 

explained by four different processes. First, a diffusion-induced fractionation has been 

quantified by Zeebe and Wolf-Gladrow (2001), who showed that the diffusion 

coefficients are inversely proportional to the square root of the reduced masses.  

Secondly, isotopic changes can result in mixing of carbon with different isotopic 

signatures and without any isotopic fractionation. For example, DIC released from 

POCSR (Eq. 20) has a constant carbon isotopic signature that is similar to the organic 

matter (values of -23 or -19 ‰ from Kim (2007) were used for non-chimney and 

chimney sites, respectively). ME (Eq. 21) releases methane and DIC with very 

different isotopic signatures (Table 3-4) that reflects the isotopic fractionation during 

this reaction. The authigenic carbonate also has a constant carbon isotopic signature 

of -38‰ (Nehza et al., 2012). Noticeable difference in carbon isotopes was not 

observed from the authigenic carbonates between chimney and non-chimney sites 

(Nehza et al., 2012). The third type of isotopic fractionation is the equilibrium 

reaction between the various carbonate species, which can be as large as 9‰ between 

CO2(aq) and HCO3
-
 (Mook, 1986; Zhang et al., 1995). This is accounted for in our 

model by including the 
12

C and 
13

C carbonate species. The last source of fractionation 
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comes from the kinetic effect of the non-equilibrium reactions such as AOM and CR. 

We estimated this fractionation effect by assigning different kinetic constants for each 

of these reactions as detailed in the next section. 

 

3.3.3 Reaction Formulation 

Reactions can be classified as either homogeneous or heterogeneous (Table 3-3). 

Homogenous reactions include acid-base, gas dissolution, and aquatic redox reactions 

(Table 3-3a). Acid-base reaction and gas dissolution are described by assigning 

appropriate equilibrium constants (i.e., Ka and KH) from either the CrunchFlow 

database or by theoretical estimates using the Zeebe and Wolf-Gladrow, (2001) 

approach (Appendix 3). Aquatic redox reactions (i.e., AOM and CR) were formulated 

as double-Monod-type kinetic reactions, which require inputs for equilibrium 

constants (Keq), half saturation constants (Khalf), maximum reaction rates (kmax), and 

inhibition constants (Kin). AOM rates for 
12

C and 
13

C were formulated as follow: 

 

12/13
4 4

12/13
4 4 44

12/13 12/13

max 12/13
1

SO CH

AOM

SO half SO half CH eqCH

CC Q
R k

C K C K K− −

    
 = −      + +    

   (3.3) 

 

where C is the concentration of electron donors or acceptors, Q is the ion activity 

product, 
4half SOK − and 

4

12

half CHK − were set to be 500 µM (Wegener and Boetius, 2009) 

and 5 mM (Nauhaus et al., 2002; Vavilin, 2013), respectively. 
12
kmax, 

13
kmax and 

4

13

half CHK − were obtained from fitting curves to our data and reported in Table 3-4. 

The equilibrium constant, Keq, was calculated from the standard molar Gibbs free 

energy (G
0

f) of each reaction at 25 
o
C (Table 3-5). The same Keq was applied for the 

reactions involving isotopically light and heavy methane. For the Monod type of 

reaction, isotopic fractionation of AOM (αAOM) was defined as (Maggi and Riley, 

2009):  

 

4

4

12 13

max

13 12

max

half CH

AOM

half CH

k K

k K
α −

−

=    (3.4) 
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A fractionation factor of 1.01 (Whiticar, 1999; Holler et al., 2009) was used for all the 

study sites.  

 

A similar formulation was used for CR, with an additional inhibition term that 

describes the suppression of the reaction by the presence of sulfate: 

 

12/13
2( ) 3

12/13
2( ) 2 33

12/13 12/13 4
max 12/13

1
aq

aq

H HCO in SO
CR

H half H half HCO eq inHCO

CC K CQ
R k

C K C K K K− −

     +
  = −     + +     

   (3.5) 

 

A 
2half HK − value of 1 µM was used (Jin and Bethke, 2005) and the other kinetic 

parameters in Eq. (3.5) are reported in Table 3-4. The isotopic fractionation of CR 

(αCR) was formulated as: 

3

3

12 13

max

13 12

max

half HCO

CR

half HCO

k K

k K
α

−

−

−

−

=  

 

A constant value 1.098 was used at all sites (Whiticar, 1999; Holler et al., 2009).  

 

Heterogeneous reactions, or water-rock interactions, include organic matter 

degradation, mineral precipitation/dissolution (calcite, pyrite, and mackinawite) and 

ammonium adsorption (Table 3-3b). Mineral precipitation/dissolution (i.e., Calcite, 

aragonite, pyrite, and mackinawite) were formulated using the default tst rate 

expression in CrunchFlow:  

 

exp[ ] [1 ]n

m m i

eq

Ea Q
R A k a

RT K

−
= −∏    (3.6) 

 

where Am (=1 for all minerals) are km (Table 3-4) are the surface area and kinetic 

constant. Ea, R, and T are the activation energy, ideal gas constant, and temperature. 

Πai
n
 is the activity product of solutes in the reaction with their stoichiometry (n) as 

exponents. 
eq

Q

K
 determines the direction of reaction where Q is the ion activity 

product and Keq is the equilibrium constant.  
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POCSR follows Eq.(24) (Table 3-3b) in the sulfate reduction zone while CH4 and 

CO2 are produced following Eq. (25) in the methanogenesis zone (ME). These two 

reactions were formulated in a similar fashion as Eq. (3.6) but different in a sense that 

additional Monod and inhibition terms are included. POCSR has one Monod term that 

is imbedded in km: 

 

4
max

4

SO
m

SO half

C
k k

C K

 
=   + 

   (3.7) 

 

where kmax is the theoretical maximum rate (Table 3-4), Khalf is the half saturation 

constant (=100 µM; Wegener and Boetius, 2009), and CSO4 is the concentration of 

sulfate. ME has no Monod term but is inhibited by sulfate, bicarbonate, and methane 

(Wallmann et al., 2006) by adding the inhibition terms in Eq. (3.6): 

 

. 4 4 . 4 4 . 3 3

. 4 . 4 . 3

( )( )( )in SO SO in CH CH in HCO HCO
in

in SO in CH in HCO

K C K C K C
I

K K K

+ + +
=    (3.8) 

 

where . 4in SOK , . 4in CHK , . 3in HCOK are the inhibition constant (1.6 mM, 15 mM, and 15 

mM, respectively), and C is the concentration of these inhibitors. Nutrients (NH4
+
 and 

HPO4
-2

) are released during organic matter degradation following the Redfield ratio 

(Park et al., 2005). Ammonium adsorption is formulated as an ion exchange reaction 

in CrunchFlow, adopting the Gaines-Thomas convention. The concentration of 

available exchange sites was expressed as the charge equivalent concentrations (CEC). 

The value of 41.5 10−× equivalents/g sediments was used for CEC concentration 

(Rosenfeld, 1979).  

 

3.3.4 Model-experiment setup 

To investigate how each reaction responds to an increase in methane flux, we let the 

model simulate the changes from the geochemical conditions of UBGH2-1_1 (a non-

chimney site) to the conditions observed in UBGH2-3 (a chimney site) by delivering 

more methane to the bottom of the model frame (17 times larger bottom methane 
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flux). In other words, we suddenly increase the methane concentration at the lower 

boundary condition.  

 

3.4 Pore water data and geochemical environment 

The available data allow us to constrain our model results including carbon isotopes 

of DIC and methane (Figure 3-3) as well as the concentration of sulfate, calcium, 

magnesium, ammonium, alkalinity, hydrogen sulfide (only available in 3 sites), and 

pH (Figure 3-4). All these data and their corresponding analytic procedures have been 

reported elsewhere (e.g., Ryu et al., 2012; Choi et al., 2013; Hong et al., 2013; Kim et 

al., 2013a).  

 

At the non-chimney sites, the depth of SMTZ ranges from 5 to 10 meters below 

seafloor (mbsf) (Table 3-2), and gas hydrates occurred disseminated within the 

sediment or concentrated within coarse layers at depths ranging from ~70-190 mbsf 

(Table 3-2), where it occupies 12 to 79% of the pore space (Bahk et al., 2013). In 

contrast, the shallow depths of the SMTZ (<2 mbsf) at the three chimney sites point to 

a higher methane flux, where it is thought to support formation of massive gas hydrate 

at shallow depths (<10 mbsf) (Table 3-2; Torres et al., 2011; Kim et al., 2013b).  

 

Distinct geochemical features can be observed from the isotopic profiles between the 

two groups. There is no significant difference in the isotopic signatures in the deep 

fluids and gas (>150 mbsf) among all sites (Figure 3-3 and Table 3-2). However, 

around the SMTZ, δ13
C-DIC is ~12-20 ‰ lighter at chimney sites relative to the non-

chimney sites while δ13
C-CH4 is enriched (~10-15 ‰) in chimney sites. These 

patterns indicate that reactions around the SMTZ, rather than variations in the fluid 

source, are responsible for these isotopic patterns.  

 

3.5 Results and Discussion 

By fitting our model results to the available data (Figure 3-4), we are able to derive 

reaction rate profiles. From these, we calculated the depth-integrated rates in terms of 

DIC, methane, and hydrogen sulfide production/consumption and reported them in 

Table 3-6 and Figure 3-5. The difference in reaction rates between the non-chimney 

and chimney sites is discussed in the following paragraphs.  
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3.5.1 DIC cycling around SMTZ 

At all sites, we calculated a ∆FDIC parameter (Figure 3-5a), defined as the difference 

between inflow and outflow of DIC, a negative value of this parameter represents a 

net outflux. For all of the non-chimney sites, the DIC production rates through 

organic matter degradation (POCSR+ME) within the model frame are at least 76% of 

the ∆FDIC, indicating that the DIC produced through organic matter degradation can 

account for most of the observed DIC outflux. At these sites, DIC production rate via 

AOM is always lower than that from organic matter decomposition and accounts for 

only ~25 to 46% of the total ∆FDIC. On the other hand, at chimney sites, organic 

matter degradation contributes only slightly to the overall rate, and AOM accounts for 

more than 85% of the total ∆FDIC.  

 

At non-chimney sites, the primary pathway for organic matter degradation is POCSR, 

which can account for up to 96% of total organic matter degradation. At chimney sites, 

however, POCSR within the shallow SMTZ becomes less important. In order to fit 

the isotopic data at the chimney sites, it is necessary to use higher kinetic constants for 

ME, which in turn result in higher ME rates in this setting. These results illustrate 

how the shallow sulfate reduction zone typical of chimney sites in the Ulleung Basin 

(and elsewhere), acts to deliver more labile organic matter to the methanogenesis zone, 

where high ME rates lead to enhanced methane generation.  

 

CR, the reaction via which methane is produced by reduction of in situ DIC plus that 

derived from AOM, is an important sink of DIC for all sites (7-8.3%). However, the 

ratio of CR to AOM, which represents the portion of self-supported AOM fueled by 

the cycling between AOM and CR, is remarkably different between the non-chimney 

and chimney sites. These ratios range from ~20 to ~30% at non-chimney sites, but are 

only ~10% at chimney sites. These differences indicate that CR is less important, 

proportionally but not quantitatively, when AOM is actively fueled by high methane 

flux. 
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3.5.2 CH4 cycling around SMTZ 

Methane produced by organic matter degradation (i.e., ME) within the model frame 

supports a fraction of the AOM at all sites (Figure 3-5b). At the non-chimney sites, up 

to 35% of methane consumed by AOM comes from ME, whereas a maximum 18% of 

AOM is supported by ME at chimney sites. The other internally-produced source of 

methane, CR, mediates about 19 to 33% of the AOM in the non-chimney sites and 

less than 10% in the chimney sites. This reaction describes the carbon cycling 

between AOM and CR, which helps stabilize the SMTZ when the methane flux is low 

(i.e., non-chimney sites) and becomes less important when methane flux is high (i.e., 

chimney sites). The methane that is delivered externally fuels only 37 to 57% of 

AOM in non-chimney sites but becomes much more important (fuels >74% of AOM) 

at chimney sites.  

 

If we compare the magnitude of the external methane flux with the SMTZ depth in 

our sites (Figure 3-6a), we can observe how the external methane flux increases 

exponentially as SMTZ depth shoals. Such non-linear relationship was already 

emphasized by the global dataset of AOM rate and SMTZ depth compiled by Regnier 

et al. (2011). If we were to use a linear extrapolation based on the depth of SMTZ at 

sites UBGH2-5 and UBGH2-7 and assume that AOM is totally fueled by external 

methane, we would predict the external methane flux at site UBGH2-7 to be only four 

times higher than that at site UBGH2-5. A better estimate, based on our model shows 

that the methane flux at site UBGH2-7 is ~10 times higher than that at site UBGH2-5.  

 

From Figure 3-6b, a loosely proportional relationship between external methane flux 

and the thickness of gas hydrate occurrence zone (GHOZ; BSR depth minus depth of 

first gas hydrate observed) suggests that the thickness of gas hydrate reservoir does 

influence the external methane flux, but factors such as lithology are also significant 

in controlling the abundance and the type of gas hydrate reservoir in Ulleung Basin 

(Bahk et a., 2013) and elsewhere (Torres et al., 2008). A universal relationship 

between geochemical- or geophysical-defined boundaries (e.g., SMTZ, BSR, or 

GHOZ) and external methane fluxes as proposed by Bhatnagar et al. (2008) maybe 

possible, but it will require more information.  
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The source of methane from outside the model frame cannot be directly investigated 

by our model. However, we can make educated inferences based on the assigned 

boundary conditions. At chimney sites, the carbon isotopic composition of the 

methane present at the lower boundary conditions is similar to that reported for the 

gas hydrate-bounded methane recovered from the Ulleung Basin (Choi et al., 2013; 

Kim et al., 2013b), and it is commonly heavier than that for the non-chimney sites 

(Table 3-4). However, at all sites this isotopic signature reflects a microbial source 

(Choi et al., 2013; Kim et al., 2013b), suggesting that a large portion of the methane is 

produced by ME at depths deeper than those defined by our model frames, as 

suggested by Kim et al. (2011, 2012). Furthermore, since the dimension of our 

simulation is intended to exclude the depth where free gas may form, it is also 

possible the migration of free gas phase is responsible for the high methane flux in 

chimney sites, as suggested by Kim et al. (2012).  

 

3.5.3 Sulfur cycling around SMTZ 

The entire sulfate flux from seafloor is converted to hydrogen sulfide by either 

POCSR or AOM within the model frame (Figure 3-5c). For the non-chimney sites, 

POCSR accounts for 40 to 65% of the total sulfate reduction but only less than 8% is 

consumed by POCSR in the chimney sites. Hydrogen sulfide was not measured at all 

sites but only at two non-chimney sites (UBGH2-1_1 and UBGH2-10) (Figure 3-4a) 

and one chimney site (UBGH2-7) (Figure 3-4b). In these limited sample sets, only 

trace amount of hydrogen sulfide was detected, suggesting a rapid turnover rate for 

this species. Our model can correctly reproduce the hydrogen sulfide profiles at these 

sites by the removal terms that define pyrite and mackinawite formation. Precipitation 

of pyrite in turn produces hydrogen gas, which is required for CR, thus linking the 

sulfur cycle back to the carbon cycle.  

 

In order to verify the rate of mackinawite and pyrite formation derived from our 

model, we estimated the solid Fe consumption rate in the shallow (<20 mbsf) 

sediments, using the Fe content in sediments in piston cored sediments recovered 

from the Ulleung Basin in 2003 (Kim, 2007). Assuming a sediment bulk density of 

sediments of 1.35 g/cm
3
 (Ryu et al., 2012) and a long-term sedimentation rate of 
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55.6 10−× m/yr (rate used in our model, Yi et al., 2012), the observed decrease of 1 

wt% iron measured in the solid phase is equivalent to a consumption rate of:  

 

6 3 5
21 (wt%)  1.35 10  (g/m )  5.6 10  (m/yr) 

0.014 (mol/m /yr)
55.8 ( / )g mol

−× × × ×
=  (3.9) 

 

or 1.4 µmol/cm
2
/yr of solid Fe consumption. This value is somewhat lower than the 

modeled mackinawite formation rate at the non-chimney sites, which ranges from 6.2 

to 8.8 µmol/cm
2
/yr (Table 3-6). Considering that the sedimentation rate used in this 

calculation represents a long-term average, which may underestimate the short-term 

rate (i.e., sedimentation rate for the 20 meters), a slightly lower Fe consumption rate 

such as that calculated in Eq. (3.9) is expected. Nonetheless, the rate is of the same 

order of magnitude as the mackinawite formation in the non-chimney sites derived 

from our model (Table 3-6). Such agreement not only suggests a reasonable rate 

estimation from our model, but also points that pyrite formation can be sustained with 

this newly-formed mackinawite. Although more studies are required to verify the 

pyrite formation process in Ulleung Basin, this rate is large enough to produce 

hydrogen gas and sustain the required CO2 reduction inferred from the carbon isotopic 

records.  

 

3.5.4 Kinetic model vs. box model approaches 

If we compare the reaction rate calculated by our previous box model (Hong et al., 

2013) with the rates estimated by the new kinetic modeling (Figure 3-7), we note that 

both models point to an approximately equal contribution of AOM in DIC production 

(Figure 3-7a). The largest difference in terms of the absolute AOM rate was noted at 

site UBGH2-2_1. The concave-downward shape of the chlorinity profile at this site 

(Kim et al., 2013a) suggests the presence of an advective component, such that the 

pure diffusion assumption used in the box model may not be valid for this site.  

 

The importance of the CR is apparent in both models, and the estimated CR rates are 

also similar in both models (Figure 3-7b). These agreements suggest that the simpler 

box model approach can indeed provide an adequate estimation of the CR rate and its 
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significance to the overall AOM. In the kinetic model approach, CR has a better 

theoretical formulation but it also requires more input parameters (e.g., kmax, Khalf, and 

Kin), which may not always be available. When information is limited, the box model 

approach can provide adequate rate estimates with only one parameter needed as input 

(parameter b in Eq. (21) from Hong et al., 2013).  

 

The rates of the total organic matter degradation (POCSR+ME) estimated by both 

models are pretty similar (Figure 3-7c). However, the two models suggest different 

modes of organic matter degradation. In the box model calculations, most of the 

organic matter is degraded through ME whereas our kinetic model suggests otherwise. 

Such differences likely arise from the fact that the ME contribution in the box model 

is calculated based on an asymptotic carbon isotopic signature of methane, which 

inevitably includes the entire methanogenesis zone (i.e., from within and outside the 

model frames). The excess ME estimated by the box model also leads to the 

conclusion that no or very little external methane source is required (i.e., RME+RCR is 

always greater than RAOM in Table 3-5 from Hong et al., 2013). This inference results 

from the fact that external methane flux is already included in the ME rate estimated 

by the box model, since it includes the entire methanogenesis zone. In contrast, only 

the 10-15m of the methanogenesis zone is considered by the kinetic model. Such 

overestimation of ME rate may be avoided by using isotopic signatures that include 

only the depth of interest, when available.   

 

In summary, the box model approach can provide satisfactory estimates of the 

aqueous redox reactions (AOM and CR), but underestimates the significance of 

organic matter degradation. Therefore, it provides only a semi-quantitative picture of 

the reaction network around the SMTZ. It is useful when a crude understanding is 

required or the available data is limited. Our kinetic model is more advanced in that it 

takes all the concentration profiles into consideration and provides more accurate 

estimation of the reaction rates, as well the location where reactions occur.   
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3.5.5 Model experiment result 

To develop an understanding of the change that a system experiences when subjected 

to an increase in bottom methane supply, we allowed the model to evolve from the 

current concentration and isotopic profiles of the non-chimney site UBGH2-1_1 to the 

conditions observed at the chimney site UBGH2-3. In addition to the forced increase 

in bottom methane supply that characterizes chimney locations (Figure 3-8a, 3-8b, 

and 3-8c), two other modifications are required to accurately account for the 

observations. First, the simulation necessitates a larger AOM kinetic constant, which 

indicates that at high methane flux sites there is a higher microbial activity. Second, 

when there is more methane delivered externally to the system, more organic matter is 

subject to the degradation through ME rather than POCSR, due to the shoaling of the 

SMTZ.  

 

If only the strength of external methane source is increased, the AOM rate calculated 

for the non-chimney sites is not able to keep up with the flux of methane from the 

bottom supply, and the model will yield an erroneous result of a high methane 

concentration in the sulfate reduction zone. With a higher AOM kinetic constant 

methane is now exhausted in the sulfate reduction zone faster and SMTZ becomes 

shallower. This 2-orders-of-magnitude higher AOM rate (Figure 3-8d and 3-8e) is in 

agreement with the higher concentration of methyl coenzyme M reductase (mcrA) 

observed at chimney sites relative to the non-chimney sites (KIGAM, 2011; Choi et 

al., 2013). Wegener and Boetius (2009), who studied the response of AOM strength to 

changes such as an increase of methane flux or fluid flow in a flow-through simulator, 

also observed the timely response in AOM rate to an increase of methane supply.  

 

If only a high AOM rate fueled by the high methane flux is considered, the pH and 

carbon isotopes resulting from this enhanced reaction rate will not match our 

observations. A good fit to the data is obtained by increasing the decomposition rate 

of organic matter through ME rather than POCSR (Figure 3-8f). This is consistent 

with the fact that a shallow sulfate reduction zone will limit the extent of POCSR, 

since the organic matter will not spend enough time in that redox zone before burial in 

sediments devoid of sulfate, where it is then available for ME. Collectively, these 

changes (lower CR to AOM ratios and higher ME rates), are responsible for the 
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isotopically lighter DIC and heavier methane observed in the SMTZ region of the 

chimney sites relative to the non-chimney sites (Figure 3-3). 

 

This shift in the organic matter degradation pathways (from POCSR to ME) 

intuitively suggest a positive feedback to the high methane flux systems. However, 

due to the difference in response time between the dissolved and solid phases, such 

positive feedback is limited. As the external methane flux is enhanced, driven by 

changes in state of the deep gas reservoirs (e.g., gas hydrate, pore pressure, seismicity 

etc), the SMTZ rapidly migrates upwards and adjusts itself to a new position, 

determined by the strength of the external methane flux. Such adjustment is complete 

in couple thousand years (2 kyr in our experiment), depending on the attendant 

sedimentation rate (i.e., less time required if sedimentation is higher). With the 

sedimentation rate ( 55.6 10−× m/yr) assigned in our model, only ~10 cm of sediments 

will be buried during this time. However, due to the shoaling of SMTZ, more 

sediment is now exposed to the attack by ME. The carbon isotopic data and pH will 

begin to reflect the increase in ME rate after 2 kyr. The depth of SMTZ also slightly 

decreases in this stage (~10 cm). Due to the lower ME rate relative to the AOM rate, 

it takes in the order of 10
4
 years (50 kyr in our experiment) for the system to reach 

steady state.  

 

3.6 Conclusions 

Our kinetic model can successfully reproduce the compositional and isotopic profiles 

observed at the eight UBGH2 drilled sites. Striking differences in the biogeochemical 

processes between the chimney and non-chimney environment were revealed and 

illustrated in Figure 3-9. As a result of the study, we conclude the following: 

 

1. Organic matter that is buried in a non-chimney environment is degraded in the 

6-8 m thick sulfate reduction zone through POCSR, and is responsible for the 

majority of the DIC production in the pore water. This process consumes 40-

65% of the sulfate inflow from the seafloor while the rest of sulfate reacts with 

the methane from beneath the SMTZ. 19-33% of the AOM is mediated by the 

methane produced internally through CO2 reduction which utilizes the hydrogen 

gas produced from pyrite formation. Methane produced by organic matter 
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degradation through ME can also account for 8.2-35% of the AOM rate. External 

methane pool contributes less than 65% of the total AOM rate in all non-

chimney sites.  

 

2. In contrast, the strong external methane inflow dominates the consumption of 

sulfate and production of DIC through AOM in the chimney sites. Organic 

matter degradation becomes less important. While most (67-95%) of the organic 

matter is degraded through POCSR in the non-chimney sites, more organic 

matter (56-~100%) is now degraded through ME at the chimney sites due to the 

shoaling of sulfate reduction zone (i.e., a thinner SMTZ). Our model experiment 

demonstrates a different response time between pore water and solid species. The 

depth of SMTZ rapidly responds to the increase of bottom methane flux, in the 

order of several thousand years, while the mode of organic matter degradation 

responds to such shift much slower, i.e., in the order of several tens of thousand 

years afterward. Such difference in response time precludes a positive feedback 

triggered by the increase in methane produced through ME in high methane flux 

settings. 

 

From this model assessment, we conclude that the observed difference in carbon 

isotopic signatures between high and low methane flux conditions around SMTZ 

(Figure 3-3 and 3-8) is the result of a lower CR to AOM rate ratio and a higher ME 

reactivity in sites experiencing a higher methane flux. 

 

Both a box model (Hong et al., 2013) and a kinetic model approach provide similar 

rate estimates for both the aqueous redox reactions (AOM and CR) and the total 

organic matter degradation (POCSR+ME), though the two models suggest different 

modes of organic matter degradation. The advantages of the current kinetic model are 

as follow: reactions can be better formulated based on thermodynamics and kinetic 

considerations; steady-state assumption is no longer necessary; and fluid advection 

can be better described. The kinetic model, however, requires more information than 

the box model, which is not always available.  
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Figure 3-1  (a) Map of the eight sites drilled during the 2010 Ulleung Basin gas 

hydrate drilling expedition (UBGH2) used in this study. The three sites drilled on 

acoustic chimneys (Torres et al., 2011) were plotted in red triangles. (b) Profiles 

illustrating seismic characteristics of non chimney (UBGH2-1_1) and acoustic 

chimney (UBGH2-3) sites. 
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Figure 3-2 : Reaction network considered in our kinetic model. Dissolved species are 

denoted by yellow boxes and solids are shown in grey. Grey lines and arrows show 

the input/output of DIC, sulfate, and methane from outside the model domain. The 

five principal reactions (AOM, CR, POCSR, ME, and CP) are labeled by arrows with 

different colors. These are the same reactions considered in Hong et al. (2013) and are 

listed in Table 3-3. 
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Figure 3-3 Carbon isotopic profiles of dissolved inorganic carbon (DIC) and methane. 

(a) DIC carbon isotopes from all eight sites investigated. Detailed DIC isotope 

profiles in the upper 25 meters are plotted in (b) and (c) for chimney and non-chimney 

sites, respectively. (d) Methane carbon isotopes in the void and headspace gas 

samples from all sites. (e) The methane carbon isotope for the first 25 m. These DIC 

and methane carbon isotopic profiles suggest that the fluid source (> 150 mbsf) is not 

noticeably different in terms of the carbon isotopic signature at all sites. It is the 

reactions around the SMTZ that cause the observed variation. 
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Figure 3-4 Model results for (a) the five non-chimney sites and (b) the three chimney 

sites, showing good fit to pore water composition and isotopic profiles.  

 

(a)  
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Figure 3-4 (Continued) 

 

(b) 
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Figure 3-5 Depth-integrated rates estimated from our kinetic model at all sites. Note 

the different scales between the non-chimney (upper 5 panels) and chimney (lower 3 

panels) sites. (a) Rates of the five DIC production/consumption reactions and their 

percentages relative to the ∆Fdic, defined as the flux difference of input and output 

DIC (negative values represent net outflux). (b) Rates of the three methane sources 

and their percentages relative to AOM rate. (c) Rates of the four hydrogen sulfide 

production/consumption reactions and their percentage relative to total hydrogen 

sulfide production rate (or total sulfate reduction rate, total sulfate influx from 

seafloor). The very different carbon and sulfur cycles between the chimney and non-

chimney sites are apparent from this comparison. See text for details. 

 

(a) 
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Figure 3-5 (Continued) 

 

(b) 

 



 

 

75 

Figure 3-5 (Continued) 

 

(c) 
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Figure 3-6 Correlations between external methane flux and (a) SMTZ depth and (b) 

thickness of gas hydrate occurrence zone (GHOZ). Thickness of GHOZ is calculated 

from the difference between depths of BSR and first gas hydrate occurrence listed in 

Table 3-2. S The non-linearity in both plots suggests that both the depth of the SMTZ 

and the thickness of the GHOZ are not solely dependant on the magnitude of an 

external methane flux. Other factors or processes are may be of the same importance. 
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Figure 3-7 Comparisons of reaction rates estimated by the box model (Hong et al., 

2013) and the current kinetic model. Error bars show the ranges of box model 

estimation (the range is smaller than the symbol size for CR and the total OM 

degradation rate). Both models provide similar estimates for the three rates. 
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Figure 3-8 Evolution of a system from a low methane flux (red: non-chimney site 

UHGH2-1_1) to one of high methane flux (blue: chimney site UBGH2-3). In 

response to an increase in bottom methane supply (17 times larger), the AOM and CR 

rates increase by two orders of magnitude (note change in x axis scale), but the 

fraction of AOM fueled by CR drops from 30% in the initial low flux condition to 

10% in the final high flux condition. POCSR is the primary organic matter 

degradation pathway in the initial low flux condition while more organic matter is 

degraded through ME in the final condition. This change in degradation pathways is 

related to the shoaling of SMTZ driven by an increase in bottom methane supply and 

it is an important consideration in estimates of methane-generation potential in marine 

sediments. 
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Figure 3-9 Cartoon illustrates the different modes of carbon cycling around SMTZ in 

the (a) non-chimney and (b) chimney environments in the Ulleung Basin. Size of the 

arrows represent the strength of fluxes or rates. See text for details. 
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Table 3-1 List of pore water and solid species considered in the model 

 

H
12

CO3
-
 H

13
CO3

-
 

12
CH4(aq) 

13
CH4(aq) NH4

+
 

HPO4
-2

 HS
-
 SO4

-2
 Fe

+2
 H

+
 

Primary 

species 
H2(aq) Cl

-
 Ca

+2
 Mg

+2
 Na

+
 

12
CO2(aq) 

13
CO2(aq) 

12
CO3

-2
 

13
CO3

-2
 NH3(aq) Secondary 

species H3PO3(aq) H2PO4
-
 PO4

-3
 H2S(aq) S

-2
 

Gases 
12

CO2(g) 
13

CO2(g) H2S(g) 
12

CH4(g) 
13

CH4(g) 

Minerals Calcite-Ca Calcite-Mg CH2O Pyrite Mackinawite 
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Table 3-2 Site-specific information 

 
BSR  

(mbsf) 

First GH 

appearance 

depth  

(mbsf) 

SMTZ 

depth 

(mbsf) 

POC 

min/ave/max 

(%) 

δ13
CDIC- 

SMTZ 

(‰) 

δ13
CDIC- 

BOT (‰) 

δ13
CCH4- 

SMTZ
a
 (‰) 

δ13
CCH4- 

BOT (‰) 

φ0 

(%) 

φf 

(%) 
γ 

Seafloor 

temperature 

(
o
C) 

Geothermal 

gradient 

(
o
C/m)

d
 

 

UBGH2-1_1 165 93 7.7 0.62/1.93/4.03 -13.0 17.0 -88.8 -64.5 86.5 68.0 -0.05 1.3 0.100 

UBGH2-2_1 176 71 7.0 0.31/1.59/3.66 -17.8 22.0 -90.0 -62.0 87.0 65.0 -0.03 1.3 0.108 

UBGH2-5 189.5 153 8.0 0.16/1.30/3.91 -14.4 18.5 -87.4 -62.0 87.0 68.0 -0.05 1.3 0.096 

UBGH2-6 167 113 6.6 0.09/1.23/4.15 -20.4 17.0 -85.9 -63.3 86.5 68.0 -0.05 1.4 0.112 

UBGH2-10 171 77 6.2 0.21/1.40/3.44 -18.9 20.0 -86.6 -64.3 86.7 68.0 -0.05 1.3 0.113 

UBGH2-3 131.6 6.2 1.3 
0.45/1.50 

/3.34 
-32.5 20.0 -77.3 -62.0 83.5 57.0 -0.01 3.3 0.095 

UBGH2-7 124 6 2.0 
0.61/1.56 

/3.71 
-25.0

b
 15.4 -67.4

c
 -62.0 80.0 62.5 -0.015 1.3 0.171 

UBGH2-11 159 7 1.2 
0.19/1.64 

/5.63 
-31.9

b
 19.5 -90.2 -62.0 83.0 65.0 -0.015 1.2 0.120 

 

a 
Carbon isotope measurements is extremely difficult for methane at SMTZ due to the low concentration. Therefore, the lightest value 

was chosen for approximation.  

b 
Good measurement around SMTZ was not possible for this site. An estimated value was provided.  

c 
This value is ~2 mbsf below the SMTZ which may not be representative to the value at SMTZ.  

d
 From Riedel et al. (2013) 
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Table 3-3 Full list of reactions considered in the model 

(a) Homogeneous reactions Abbreviation 

in Figs. 2-9 

Eq.# 

Acid-base H2O+
12/13

CO2→H
12/13

CO3
-
+H

+
  (10) 

 H
12/13

CO3
-
→

12/13
CO3

-2
+H

+
  (11) 

 NH4
+
→NH3(aq)+H

+
  (12) 

 H3PO4→ H2PO4
-
  (13) 

 H2PO4
-
→ HPO4

-2
  (14) 

 HPO4
-2

→PO4
-3

  (15) 

 H2S(aq)→ HS
-
+H

+
  (16) 

 HS
-
→S

-2
+H

+
  (17) 

Gas-dissolvent 
12/13

CH4(g) →
12/13

CH4(aq)  (18) 

 
12/13

CO2(g) →
12/13

CO2(aq)  (19) 

 H2S(g) → H2S(aq)  (20) 

Aquatic redox 
12/13

CH4(aq)+SO4
-2

→H
12/13

CO3
-
+HS

-
+H2O AOM (21) 

 H
12/13

CO3
-
+ H

+
+4H2(aq) →

12/13
CH4(aq)+3H2O CR (22) 

   

   

(b) Heterogeneous reactions    

Calcite (Ca ,Mg) CO3(s)+H
+
 →(Mg

+2
 ,Ca

+2
)+ (1-a)H

12
CO3

-
+ 

aH
13

CO3
-
 

CP (23) 

CH2O-SO4 (CH2O)106(NH3)16(H3PO4) + 53SO4
-2

 +14H
+
 → 53H2S + 

(106-b)H
12

CO3
-
 + bH

13
CO3

-
+ 16NH4

+
 + HPO4

-2
  

POCSR (24) 

CH2O-ME (CH2O)106(NH3)16(H3PO4) + 14H2O  

→(53-c)
12

CH4 + c
13

CH4 +(39-d)
12

CO2 +d
13

CO2 +(14-

e)H
12

CO3
-
 + eH

13
CO3

-
 +16NH4

+
 + HPO4

-2
 

ME (25) 

Pyrite (FeS2(s)) Pyrite + H2(aq) → Mackinawite + H2S(aq)   (26) 

Mackinawite 

(FeS(s)) 

Mackinawite + H
+
 � Fe

+2
 + HS

-
  (27) 

Ammonium 

adsorption 
4 4NH MX NH X M+ ++ +�   (28) 
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Table 3-4 Model input parameters  

 
UBGH2 

-1-1 

UBGH2 

-2-1 

UBGH2 

-5 

UBGH2 

-6 

UBGH2 

-10 

UBGH2 

-3 

UBGH2 

-7 

UBGH2 

-11 

12
kmax (AOM) 5.00E-5 1.05E-4 1.90E-4 1.00E-04 1.00E-4 2.00E-3 3.00E-4 9.00E-4 

13
kmax (AOM) 3.96E-7 7.92E-7 1.20E-6 7.92E-07 7.92E-7 1.97E-5 2.97E-6 8.91E-6 

13
Khalf-CH4 (AOM) 4.00E-5 3.81E-5 3.19E-5 4.00E-05 4.00E-5 4.97E-5 5.00E-5 5.00E-5 

12
kmax (CR) 2.35E-5 5.00E-5 5.00E-5 5.00E-05 5.00E-5 2.00E-3 5.00E-2 5.00E-2 

13
kmax (CR) 2.00E-7 2.73E-7 4.10E-7 3.60E-07 4.00E-7 1.28E-5 1.82E-4 5.00E-5 

12
Khalf-HCO3 (CR) 1.00E-2 1.00E-2 1.00E-2 1.00E-02 1.00E-2 1.00E-2 1.00E-2 1.00E-2 

13
Khalf-HCO3 (CR) 9.34E-5 6.00E-5 9.00E-5 7.91E-05 8.78E-5 7.00E-5 4.00E-5 1.10E-5 

Kin (CR) 1.00E-4 5.00E-5 1.00E-5 5.00E-05 5.00E-5 1.00E-5 2.00E-5 1.00E-5 

kCH2O-SO4 1E-9.6 1E -9.6 1E -9.6 1E -9.7 1E -9.4 1E -11 1E -9.6 1E -9.4 

kCH2O-ME 1E -9.8 1E -9.1 1E -9.8 1E -9.5 1E -9.6 1E -8.1 1E -8.7 1E -8.3 

kCalcite-Ca 1E -9.7 1E -9.6 1E -9.7 1E -9.7 1E -9.2 1E -9.4 1E -9.4 1E -9.4 

kCalcite-Mg 1E -10.7 1E -10.3 1E -10.3 1E -10.9 1E -10.4 1E -10.4 1E -10.4 1E -10.4 

kPyrite 1E -14.8 1E -14.8 1E -14.8 1E -14.8 1E -14.8 1E -15 1E -18 1E -18 

kMackinawite 1E -8.9 1E -8.9 1E -8.9 1E -8.9 1E -8.9 1E -8.9 1E -8.9 1E -8.9 

δ13
C of 

methanogenic 

CH4 

-75 -75 -75 -75 -75 -55 -55 -55 

δ13
C of 

methanogenic 

DIC 

30 30 30 30 30 50 50 50 

δ13
COM -23 -23 -23 -23 -23 -19 -19 -19 

OM content 4 4.5 4 4 5 5.5 5 5 

δ13
CCH4 

lower boundary 

condition 

-77 -70 -77 -78.6 -71.5 -67.9 -65.8 -70.3 

δ13
CDIC 

lower boundary 

condition 

7.6 10.0 7.6 5.0 7.5 -8.0 -8.5 -8.5 

Units are as follow: kmax in mol/kg water/yr, Khalf in mol/kg water, Kin in mol/kg water, 

k in mol/m
2
/sec, isotopic values in ‰, and OM content in %.
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Table 3-5 Values of Gibbs free energy used to calculate the equilibrium constants of 

AOM and CO2 reduction (source: Benjamin, 2002). 

Species 0

fG  (kJ/mol) 

CH4(aq) -34.39 

HCO3
-
 -586.8 

H2(aq) 17.57 

H
+
 0 

H2O(l) -237.18 

HS
-
 12.05 

SO4
-2

 -744.6 
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Table 3-6 Depth integrated rates for all study sites 

(Α) µmol DIC/cm
2
 porous medium/yr 

 
UBGH2-

1_1 

UBGH2-

2_1 

UBGH2-

5 

UBGH2-

6 

UBGH2-

10 

UBGH2-

3 

UBGH2-

7 

UBGH2-

11 

Cal-Ca -0.9 -0.9 -0.6 -0.7 -1.6 -0.3 -0.2 -0.5 

Cal-Mg -1.0 -1.5 -1.3 -0.4 -1.0 -0.3 -0.2 -0.4 

POCSR 14.9 11.9 14.8 11.1 18.5 0.1 5.2 4.6 

ME 0.3 2.9 0.4 2.2 0.5 10.7 2.9 6.0 

AOM 4.0 9.0 4.0 6.4 5.5 58.8 28.3 58.9 

CR -1.3 -1.7 -1.1 -1.4 -1.6 -4.9 -2.7 -4.1 

DIC flux -16.1 -19.6 -16.3 -17.2 -20.3 -64.1 -33.4 -64.5 

 

(Β) µmol CH4/cm
2
 porous medium/yr 

 
UBGH2-

1_1 

UBGH2-

2_1 

UBGH2-

5 

UBGH2-

6 

UBGH2-

10 

UBGH2-

3 

UBGH2-

7 

UBGH2-

11 

ME 0.3 2.9 0.4 2.2 0.5 10.7 2.9 6.0 

AOM -4.0 -9.0 -4.0 -6.4 -5.5 -58.8 -28.3 -58.9 

CR 1.3 1.7 1.1 1.4 1.6 4.9 2.7 4.1 

CH4 flux 2.4 4.3 2.5 2.8 3.4 43.2 22.7 48.7 

 

(C) µmol HS
-
/cm

2
 porous medium/yr 

 
UBGH2

-1_1 

UBGH2

-2_1 

UBGH2

-5 

UBGH2

-6 

UBGH2

-10 

UBGH2

-3 

UBGH2

-7 

UBGH2

-11 

Pyrite -4.9 -6.1 -5.2 -5.0 -6.5 -37.9 -20.1 -44.6 

Mack -7.4 -8.8 -6.2 -7.0 -8.3 -20.9 -10.8 -16.6 

POCSR 7.5 5.9 7.4 5.6 9.3 0.1 2.6 2.3 

AOM 4.0 9.0 4.0 6.4 5.5 58.8 28.3 58.9 

Tot SO4 

reduction 
11.5 14.9 11.4 12.0 14.7 58.9 31.0 61.2 
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CHAPTER 4  

A kinetic-model approach to quantify the effect of mass transport deposits on pore 

water profiles in the Krishna-Godavari Basin, Bay of Bengal 
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4.1 Abstract 

Mass transport deposits (MTDs) in the Krishna-Godavari Basin from the eastern Indian 

margin are common sedimentary features over the modern continental slope. Quantitative 

understanding of the scale and age of these MTDs is relevant to understanding their 

triggering mechanisms and environmental feedbacks, as well as for interpreting pore 

water chemical profiles. Pore water profiles in sediments recovered during the 2006 

Indian National Gas Hydrate Project (NGHP-01) expedition suggest that MTDs are 

present at seven of the ten sites cored in the Krishna-Godavari Basin. Kinetic modeling of 

the S-shaped pore water sulfate and ammonium profiles from these sites provides 

quantitative estimates of the individual MTDs thickness, time elapsed after the event, rate 

of organic matter-fueled sulfate reduction, and time required to reach a new steady state. 

Model results suggest that the MTDs at the seven study sites are 8 to 25 meters thick and 

are 300 to 1600 years old. Within the MTD sections, the organic matter-fueled sulfate 

reduction rates are 130 to 1200 mmol/m
2
/yr and the time needed to reach a new steady 

state ranges from 2000 to 3800 years. In comparison to depth-integrated sulfate reduction 

rates estimated in other regions, our estimates are relatively high reflecting a much 

thicker sulfate reduction zone that results from the MTDs. A positive correlation is 

observed between water depth and the sedimentation rate in the MTD sections (i.e., 

thickness of MTD divided by its age), which agrees with previous studies of MTDs in 

this region. Our results confirm the remarkable influence of transient MTDs on pore 

water profiles. Any inference of metabolic processes and quantification of their steady-

state reaction rates should take such effect into consideration.  
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4.2 Introduction 

The Krishna-Godavari (K-G) Basin on the eastern Indian margin is characterized by 

extensive mass-transport deposits (MTDs) formed by sliding/slumping of river-delivered 

sediments (Forsberg et al., 2007; Ramana et al., 2009: Shanmugam et al., 2009; 

Ramprasad et al., 2011). MTDs in the K-G Basin may be related to variations in regional 

climate and changes in sediment discharge from the Krishna and Godavari rivers 

(Forsberg et al., 2007; Ramana et al., 2009; Ramprasad et al., 2011). However, the 

regional variability, magnitude, and age of the individual events are poorly constrained. 

Furthermore, sediments deposited by these abrupt events likely alter the pore water 

geochemical records in the shallow sediments, and hinder development of quantitative 

models for early diagenetic processes in this margin.  

 

Pore water composition is very sensitive to localized and recent slumping events, as 

previously shown by Hensen et al. (2003) and Holsein and Wirtz (2010). The pore water 

profiles sampled during the recent Indian National Gas Hydrate Project (NGHP-01) 

expedition (Figure 4-1) provide a unique opportunity to quantify the timing and 

magnitude of these deposits. In this study, we apply a transport-reaction model to pore 

water data from seven sites drilled in the K-G basin (Table 4-1) to quantify the thickness 

of the deposits and the time elapsed after each event. This information is potentially 

important for future studies focusing on the control and/or feedback mechanisms of these 

episodic sediment transport events. Our work also highlights the importance of these 

events on the shape of pore water solute profiles and on their interpretation. 

 

4.3 Study region 

The modern K-G Basin in the eastern passive margin basin of India receives large 

sediment inputs from the Krishna and Godavari Rivers. The delta fronts exhibit MTDs, 

scars and irregular topography over the modern upper continental slope formed by 

sliding/slumping (Forsberg et al., 2007; Ramana et al., 2009; Ramprasad et al., 2011). 

Sediments transported through large canyons also contribute to the total sediment 

accumulations (Kotha, 2002; Bastia, 2004; Murthy, 1999). Recent seismic and 



 

 

89 

bathymetric surveys in this area imaged widespread MTDs (Solheim et al., 2007; 

Forsberg et al., 2007; Shanmugam et al., 2009; Ramprasad et al., 2011), and were used to 

guide drilling during the NGHP-01 expedition in 2006.  

 

Sediment thickness in the K-G basin varies from 3 to 5 km and may exceed 8 km in the 

offshore region (Prabhakar and Zutshi, 1993). Drilling during NGHP-01 sampled the 

upper 200-300 meters at 10 sites, aimed at characterizing the gas hydrate potential of this 

region (Figure 4-1). In this study, we focus only on the first 40-60 meters of the sediment 

column (Table 4-2), in an effort to unravel the relative magnitude and age of MTD events, 

as their effect on pore water profiles impact ongoing efforts to quantify organic carbon 

cycling and methane dynamics in this passive margin (Solomon et al., 2014). The 

sediments studied all correspond to the same Quaternary lithostratigraphic unit primarily 

composed of clay with variable amounts of carbonates (4-60%), and trace amounts of 

quartz, feldspar, mica, and iron sulfide (Collett et al., 2008). Frequent silt/sand beds are 

observed at each site (Collett et al., 2008). The distribution of authigenic carbonate is not 

necessarily correlated with the current sulfate-methane-transition-zone (SMTZ), defined 

by the pore water sulfate and methane profiles, suggesting migration of the SMTZ in the 

past (Collett et al., 2008) or simply burial of authigenic carbonates produced at the SMTZ 

through time, perhaps punctuated by sediment slumping. 

  

4.4 Effect of MTDs on the pore water data 

Shipboard pore water analyses, including sulfate concentration, were reported in Collett 

et al. (2008). Shorebased pore water ammonium analyses were reported in Solomon et al. 

(2014). Pore water profiles in seven of the 15 sites drilled in the K-G Basin suggest a 

non-steady-state condition (Figure 4-2). The concentration of all pore water species, 

especially sulfate, at these seven sites changes rapidly over relatively short depth 

intervals, indicating the importance of non-diffusional processes. A rapid drop in sulfate 

content and the concordant increases of both ammonium and dissolved inorganic carbon 

(DIC) concentrations at the first ~5 meters in the sediments (Collett et al., 2008; Solomon 

et al., 2014) are indicative of sulfate consumption due to organic matter degradation 
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(abbreviated as POCSR, particulate organic carbon sulfate reduction, hereafter). As no 

methane is present in this interval, POCSR should be the only reaction consuming sulfate. 

Between 15 to 25 meters below seafloor (mbsf), sulfate content remains constant until it 

is again consumed by methane through anaerobic oxidation of methane (AOM) and 

POCSR at greater depths (Figure 4-2). We hypothesize that these sulfate profiles reflect 

recent mass transfer events at each site, and that the MTD too recent for diffusion to 

smooth the dissolved sulfate distribution between the two sulfate reduction zones.  

 

In this work, we define MTD as a fluidized sediment block whose pore water is well 

mixed with sea water during sediment transport. The pore water composition in the MTD 

section is set to be sea water value to reflect the homogenization process. Before a MTD 

event, sulfate supplied by diffusion from overlying seawater is consumed by both 

POCSR and AOM, which forms a distinct SMTZ (Figure 4-2A). In environments devoid 

of MTD these processes act together to generate a smooth decrease in dissolved sulfate 

with depth (e.g., Claypool and Kaplan, 1974; Froelich et al., 1979; Borowski et al., 1999; 

Hong et al., 2013; Figure 4-2A). If then a layer of MTD with fresh organic matter tops 

the original sediment surface (Figure 4-2B), the SMTZ is buried deeper while the reactive 

organic matter in the newly deposited sediments also consumes sulfate, leading to the 

shallow-most drop in sulfate content and effectively separating both sulfate consuming 

processes (Figure 4-2C). This produces the S-shaped profiles observed and clearly 

indicates that the system is out of steady state. Eventually, the persistent bottom methane 

supply will move the SMTZ upward until a new steady state is reached (Figure 4-2D). 

We use a kinetic modeling approach to explore the conditions leading to the S-shape of 

sulfate profiles from these seven sites to unravel the effects of MTDs on pore water 

geochemistry. 

 

4.5 Model architecture  

4.5.1 Reaction formulation 

In these simulations we use the FORTRAN routine CrunchFlow, as described in Steefel 

(2009). Hong et al. (2013; 2014) has listed the various reactions involved around the 
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SMTZ, among which we focus only on POCSR and AOM. Above the SMTZ, where 

there is no methane present, POCSR is responsible for all of the sulfate consumption; 

AOM becomes more significant closer to the SMTZ. These two reactions can be 

summarized as: 

 

2

2 3 1 4

106 106

( )( ) ( 3 4) 0.5 (0.01886 )
106

x

x
CH O NH H PO SO H− ++ + −  

2

2 3 4 4
0.5 0.00943

106

x
H S HCO NH HPO− + −→ + + +   (4.1) 

 

2

4 4 3 2CH SO HS HCO H O
− − −+ → + +

                              (4.2)
 

 

where x is the stoichiometry of nitrogen in the organic matter and was calculated from 

the C/N ratio at each site (Table 4-3; data from Phillips and Johnson, 2014). We are 

aware that such a calculation maybe an oversimplification, as the amount of ammonium 

released from organic matter degradation depends on the C/N ratio in the pool of reactive 

carbon instead of the bulk organic matter. However, the good agreement with the NH4 

data, as we will show later, indicates that this is still a reasonable approximation.  

 

In order to constrain the rate of organic matter degradation in the first sulfate reduction 

zone (Figure 4-2C), we simulate pore water ammonium, which can be described as a 

function of both organic matter degradation and ion exchange on mineral surfaces (Von 

Breymann et al., 1988a, 1988b, 1990; Wallmann et al., 2006; 2008). To formulate ion 

exchange with CrunchFlow, we chose the Gaines-Thomas activity convention and 

specify a cation exchange capacity for the bulk sediment. Solid density is calculated 

based on the sum of mineral volume fractions. In the K-G Basin, ~80-90% of the 

sediment is composed of clay minerals (Collett et al., 2008), ~50-80% of which is 

smectite (Venkatarathnam and Biscaye, 1973; Pattan et al., 2008; Underwood, pers. 

comm.). Using a CEC for smectite of 80-150 meq/100 g of sediment (Hang and Brindley, 

1970; Jaynes and Bigham, 1986), we estimated the CEC of K-G Basin sediments to range 
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from 32 to 80 meq/100 g of sediment. The values used at each site were further 

constrained by data fitting using pore water measurements, and are specified for each site 

in Table 4-2.  

 

POCSR was formulated as a Monod-type reaction with one Monod term (half saturation 

constant of 100 µM for sulfate was adopted; Wegener and Boetius, 2009). AOM was 

formulated as a double-Monod-type kinetic reaction with (half-saturation constants of 

500 µM were used, Wegener and Boetius, 2009). Detailed formulation for the reactions is 

given in Hong et al. (2014). The Dirichlet-type boundary conditions were used for all 

species, including methane. A fixed concentration of methane was assigned at the bottom 

of the simulation frame at each site (L in Figure 4-2 and Table 4-2). This concentration is 

constrained by the observed methane and sulfate profiles as this bottom supply of 

methane induces AOM at a rate, together with POCSR, that leads to the observed 

methane and sulfate profiles. It is important to notice that the observed methane 

concentration can only partly constrain (i.e., as minimum constraint) the model, as the 

shipboard measurements of gas concentrations are impacted by degassing during core 

recovery.       

 

4.5.2 Model logistics 

The sediment depth modeled (L in Figure 4-2) varies from site to site and was determined 

based on its dissolved sulfate profile (Table 4-2). In order to constrain the thickness of 

each MTD (∆x in Figure 4-2B) and the time elapsed since deposition (∆t1 in Figure 4-2C), 

we evolved the model simulation in two steps. In the first step (Figure 4-2A), we used 

bottom seawater composition as the initial condition. We used a sediment deposition rate 

at all sites of 0.15 meter per thousand years, based on estimates listed in Collett et al., 

(2008) and Mazmudar et al. (2009). Giosan (pers. comm., 2009) has reported variations 

in sedimentation rates among the different sites ranging from 0.15 m/kyr at Site 10 to 

0.85 m/kyr at Site 5. A range of sedimentation rates was therefore used to test its 

influence on the model results. We observed no significant effect when varying 

sedimentation rates from 0.15 to 0.85 m/kyr, which is not surprising since the time scale 
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considered in this study is only on the order of several thousand years. The time length 

for the first step was calculated by dividing the modeled depth of each sediment column, 

L, by the sedimentation rate of 0.15 m/kyr. The resulting time spans (200 to 400 kyrs) are 

long enough for sulfate profiles to reach steady state. The assigned reactivity for organic 

matter and minerals (e.g., calcite and pyrite) were kept constant among all sites. We 

adjusted bottom methane flux to match the observed sulfate and methane gradients at the 

lower sections of the profiles. After this time span, when the system has reached steady 

state, we add an instantaneous sediment layer with a thickness denoted as ∆x (Figure 4-

2B). 

 

The second step of model was initiated from the steady state conditions and SMTZ 

depths established during the first step with a new instantly deposited layer of sediments 

(i.e., the MTD) bearing fresh and reactive organic matter and sea water sulfate content of 

28 mM (Figure 4-2B). From these initial conditions, we let the model evolve until it fits 

the observed pore water profiles. The thickness of this organic matter-rich layer (∆x in 

Figure 4-2B) can be estimated by simulating the pore water sulfate profiles. The amount 

of time required to reach the current observed profile (∆t1 in Figure 4-2C) provides an 

indication of the time spanned since the MTD at each site. The assigned bottom methane 

supply was kept constant between the two steps. 

 

4.5.3 Porosity, formation factor, and formation temperature 

Diffusion rates of sulfate and ammonium are the most important parameters in this model 

assessment. To provide a realistic estimate of the diffusion rates, the porosity, tortuosity 

and the in-situ temperature of sediments need to be thoroughly considered. The porosity 

profile at each site was obtained by fitting the observed profiles (Collett et al., 2008) with 

the equation for depth-dependent porosity (Boudreau, 1997):  

 

0( ) ( ) exp( )f fz zφ φ φ φ γ= + −    (4.3) 
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where
fφ and

0φ are the asymptotic porosity and porosity at the water-sediment interface, 

respectively. γ is an empirical constant obtained from data-fitting of the depth interval 

that covers the modeled depth (i.e., L in Figure 4-2). The best fitted parameters are 

reported in Table 4-2. 

 

In order to account for the different diffusivities of solutes in pure fluid and porous media, 

a tortuosity value is required to adjust the diffusion coefficients in non-porous medium. 

One way to quantify the effect of tortuosity is by calculating the formation factor (FF) 

from a resistivity log data. Logging of the electrical resistivity tracks the electrical current, 

which is assumed to be analogous to fluid transport, in the porous medium. In 

CrunchFlow, this can be included by providing a parameter named cementation factor 

(m). This value can be calculated using the FF data calculated from resistivity logs 

obtained from logging while drilling (LWD) and shipboard laboratory measurements 

with a four-pin Wenner array and a temperature probe (Collett et al., 2008). The m values 

calculated for each site through Archie’s law (Steefel, 2009):  

 

( ) mFF zφ −=    (4.4) 

 

and are listed in Table 4-2.  

 

In-situ temperatures were measured at each site during coring operations with the APCT-

3 (advanced piston corer temperature tool 3) (Collett et al., 2008). Several temperature 

measurements, which include seafloor temperature, were made at each site to determine 

the geothermal gradient. This information is also included in Table 4-2. 

 

4.5.4 Sensitivity tests 

We performed a sensitivity test to constrain the variability of ∆x, ∆t1 and kOM using data 

from Site 5C. ∆x and ∆t1 are primarily estimated with the sulfate profile whereas kOM was 

estimated with both sulfate and ammonium profiles. In this exercise we used the best fit 
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values for ∆x, ∆t1 and kOM, which are 13m, 1600 years and 10-9.3 mol/m2/sec (blue lines 

in Figure 4-3), and run the model by varying these parameters from 8 to 18m (Figure 4-

3A), 1300 to 1900 years (Figure 4-3B) and from 10
-9.5

 to10
-9.1

 mol/m
2
/sec (Figure 4-3C). 

The results of this exercise indicate that our model is able to estimate the three 

parameters with good sensitivity and therefore provide a reliable quantification of the 

magnitude and timing of the most recent MTDs, as well as provide information on the 

kOM in KG basin sediments.  

  

 

4.6 Results and discussion 

4.6.1 Model-estimated MTD scale and age 

Our model assessment, in light of the geological background of this area, confirms our 

hypothesis that the S-shape sulfate profiles result from organic matter degradation driven 

by a rapid and recent input of fresh organic matter associated with MTDs. Our model 

reproduces the observed sulfate and ammonium profiles at the seven sites where sulfate 

profiles indicate that the system is out of steady-state (Figure 4-4). The MTD thickness 

(∆x) and the time elapsed (∆t1) since the mass transfer event are summarized in Table 4-3. 

We also ran the model until it reached a new steady state after the MTD event (Figure 4-

2D) to estimate the maximum time the anomalous sulfate profiles can survive (∆t2). 

These values were listed in Table 4-3 as well.  

 

The thickness of the MTDs estimated from the model ranges from 8 to 25 meters. 

Seismic profiles at Sites 10 and 12 image a shallow debris flow (Collett et al., 2008), 

which supports our results, although the resolution is different from what we infer here 

(<25 m). High resolution multibeam bathymetry profiles also document prevalent and 

widespread distribution of mass transfer deposits in the upper and midslope areas of the 

K-G basin (Ramprasad et al., 2011) with a thickness similar in magnitude to what we 

estimated with our model. Frequent observations of silt/sand laminae in the cores were 

also attributed to the influence of MTDs in the basin (Collett et al., 2008). However, our 
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results show no correlation between the magnitude of the model-derived ∆x and the 

frequency of laminae (Figure 4-4), suggesting processes other than MTD may have led to 

the formation of these laminae.  

 

Using 
14

C dating, Ramprasad et al. (2011) estimated the sediment deposition rate in one 

MTD to be 40 m/kyr, which is much faster than the sedimentation rate for the other 

hemipelagic sequence in their study (2.1 m/kyr). 
14

C dating from Mazumdar et al. (2012) 

also revealed a dramatic change in sedimentation rate between two deposition modes (i.e., 

hemipelagic sediment rain vs. MTDs). We can estimate an average deposition rate for 

each mass transfer event by dividing the thickness of the MTD by the time elapsed since 

deposition (∆x/∆t1) (Table 4-3). Our values are similar to those of Ramprasad et al. (2011) 

and similar or higher than those of Mazumdar et al. (2012). We also observe a positive 

correlation between the average deposition rate of each mass transfer event with water 

depth (Figure 4-5), if we excluded Site 15A. This correlation suggests that sites in deeper 

water receive more sediments than those on shallower sections of the slope, which agrees 

with the previous observations in this region (Ramprasad et al., 2011). 

 

4.6.2 Sulfate reduction dynamics in the MTD sections 

At all sites except for Site 15A, the model is able to reproduce the observed ammonium 

and sulfate profiles using kOM values ranging from 10
-9.1

 to 10
-9.5

 moles /m
2
/sec. These 

values result in a depth-integrated POCSR rate (RPOCSR), which equals to the total sulfate 

reduction rate in the MTD section, of 149 to 623 mmol SO4
-2

/m
2
/yr (Table 4-3). POC 

(particulate organic matter) degradation rates estimated by Wallmann et al. (2006) from 

the sediments of the Sea of Okhotsk and Blake Ridge range from 2.8 to 122 mmol SO4
-

2
/m

2
/yr. Dale et al. (2008) estimated the organoclastic sulfate reduction rate from the 

coast of Denmark to be as high as 1150 mmol SO4
-2

/m
2
/yr. Chuang et al. (2013) recently 

estimated the contribution of sulfate reduction from organic matter degradation to be 4.2 

to 47 mmol SO4
-2/m2/yr in southwestern offshore Taiwan. Hong et al. (2014) estimated 

the rates of POCSR in the sediments of Ulleung Basin to be in the range of 0.5 to 74.7 

mmol SO4
-2

/m
2
/yr. The rates we estimated for the K-G basin are on the high end of these 
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estimates, which may be due to the fact that we estimated the RSR by integrating over the 

8 to 25 m-thick MTD sections. These depth sections are two to five times thicker than the 

typical thickness of the sulfate reduction zone, which are only a couple meters at these 

other sites.  

 

The sulfate profile from Site 15A is distinctly different from the other six sites in two 

ways. First, the first measurement at 1.4 mbsf yielded only 8.27 mM of sulfate (Figure 4-

4), which is significantly lower than the bottom seawater value (28 mM). Such low 

sulfate content together with the low initial porosity measurement (69.75% at 0.78 mbsf, 

Figure 4-6A) suggests that the top of the sediment column at this site may have been 

removed by a recent erosional event. Second, the drop of sulfate concentration in the 

upper 9 m of the hole is more dramatic compared to other sites (Figure 4-4). In order to 

match the observed, unique sulfate and ammonium profiles at Site 15A, we have to 

assign a distinctly higher kOM that results in a higher RPOCSR (1215 mmol SO4
-2

/m
2
/yr; 

Table 4-3) at this site. This difference may suggest that the organic matter at this site is 

more labile than other sites; however, the characterization of organic matter composition 

and provenance (Phillips and Johnson, 2014) at this site does not support this inference.  

 

Another explanation for the higher RPOCSR is that the initial sulfate concentration when 

MTD deposited at Site 15A was not sea water value as what we assigned in the model 

(Figure 4-2B). Therefore, a RPOCSR similar to other sites and lower initial sulfate content 

can result in the current pore water profile observed at Site 15A. We hypothesized that 

the pore water composition of the MTD was unaltered while the sediment deposited at 

Site 15A. The upper portion of this MTD may continue the down slope transport during 

the same event or was later removed by another erosion event. The removal of this part of 

sediments result in the lower porosity currently observed (Figure 4-6A). The remaining 

sulfate in the intact part of the MTD was consumed by POCSR at a rate similar to other 

sites (Figure 4-6B). These combined processes result in the different sulfate profile 

observed at Site 15A (Figure 4-6C). This inference, however, assumes unchanged pore 

water profiles during mass transport, which does not seem to be very realistic. Although 
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no satisfactory conclusion is arrived at this point, the combined data reveal the very 

dynamic conditions at Site 15A.  

 

4.6.3 Influence of MTDs on pore water profiles 

Although only sulfate and ammonium profiles are modeled in this study, we expect 

MTDs to influence the distribution of all pore water species as the entire system is still in 

a transient state. Therefore, any inferred reaction that assumes a steady state condition 

will result in erroneous conclusions and rate estimates. For example, our model results 

question the postulated new metabolic pathway by Schrum et al. (2009). These authors 

explain the low ammonium concentration observed within the first sulfate reduction zone 

at Site 14A as indicative of a sulfate-reducing ammonium oxidation reaction. Although 

their estimates of Gibbs energies for the reaction support the potential role of this 

metabolic process, our model clearly demonstrates that the sulfate and ammonium 

profiles of the K-G basin can be well explained by rapid deposition of sediment (Figure 

4-2B), and do not necessarily require a sulfate-reducing ammonium oxidation reaction.  

 

S-shape sulfate profiles have been reported by Hensen et al. (2003) in the west Argentine 

Basin. They explained such profiles as resulting from two independent slides, each of 

which brought a sediment package with distinct pore water compositions. The different 

pore water compositions from these two sediment packages, which are also different 

from the bottom water composition, reflect the different origins of the sediment sections. 

By numerically simulating this scenario, Hensen et al. (2003) concluded that the 

sedimentary process leading to the observed sulfate profile must have happened very 

recently (i.e., several tens of years). Holstein and Wirtz (2010) observed similar sulfate 

profiles on a tidal sand flat sediment along the northern Germany coast. They explained 

this observation as resulting from a rapid organoclastic sulfate reduction fueled by a 

downward transport of labile organic matter during flat progression. In both cases, the 

authors agreed upon the transient nature of the observed S-shape profiles, and propose 

episodic sediment pulses as their causal mechanisms. The fast sedimentation in the 

shallow part of sediment column rapidly buries sulfate before it diffuses out or it is 
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entirely consumed. Such sulfate burial results in a section with almost constant sulfate 

concentration. If this is the only process altering sulfate profile, then “kink type” profiles 

of sulfate (Zabel and Schulz, 2001; Hensen et al., 2003) may be expected. Consumption 

of sulfate through POCSR in the section with rapid sedimentation is required for the s-

shape profiles, as were observed in the K-G Basin, Argentine Basin, northern Germany 

coast, and potentially elsewhere along continental margins worldwide. 

 

The MTDs inferred from our analyses of pore water data from the K-G basin are much 

larger in scale and significantly older than those discussed previously, which span only 2-

8 meters in thickness and are thought to reflect events that occurred several tens of years 

before sampling (Hensen et al., 2003 and Holstein and Wirtz, 2010). By simulating the 

profiles until they reach a new steady state (Figure 4-2D), we estimated the maximum 

amount of time (∆t2) that these anomalous sulfate profiles can survive to range from 2000 

to 3800 years (Table 4-3). Mazumdar et al. (2009) observed the similar s-shape sulfate 

profile from a site close to the Site 10D in our study. The rapid sedimentation for the first 

6 meters of their sediment core suggests influence from MTDs which were dated as ~5 

kyr old. Collectively, our results and the dating from Mazumdar et al. (2009) suggest that 

such S-shape sulfate profiles may survive longer than previously assumed, if MTDs are 

large enough in scale. The fact that we observed the influence of MTDs from the seven 

sites over 90 km in the basin is consistent with the observations of the widespread 

occurrence of MTDs in the K-G Basin. However, our modeling approach identified the 

influence of MTDs at some sites that were not recognized by geophysical or core 

observations, and points to the value of this technique in identifying MTDs and 

quantifying their magnitude and age. 

 

4.7 Conclusions 

By simulating the pore water sulfate and ammonium concentrations measured at seven 

sites drilled in the K-G Basin during the NGHP-01 expedition, we provide a quantitative 

description of how the MTDs can affect the geochemistry profiles. Our model provides 

reliable estimates of the MTDs thickness (∆x=8-25 meters), the time elapsed after the 
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most recent event (∆t1=450 to 1600 years), and the organoclastic sulfate reduction rate 

(RPOCSR=126 to 1215 mmol SO4
-2

/m
2
/yr) at these seven sites. We also estimated the time 

required for the system to reach a new steady state after the MTD events (∆t2=2000 to 

3800 years).  

 

If we exclude site 15A, we observe a positive correlation between water depth and the 

average depositional rate (∆x/∆t1), in agreement with the previous observations of mass 

transport processes in this basin. The depth-integrated sulfate reduction rates estimated 

here are higher than published values from other sites. This is because the rates in the K-

G basin were estimated by integrating over sediment depths that correspond to the 

thickness of the MTDs, and are two to five times thicker than the sulfate reduction zone 

in other studies. Site 15A is anomalous in its sulfate and porosity data which suggest that 

sediment deposition at this site may be more dynamic than the other study sites.  

 

We caution against using the pore water profiles of sites experiencing significant MTDs 

to infer metabolic processes before considering the role that sediment transport can have 

on the pore water distributions. In particular, we question the postulated sulfate-reducing 

ammonium oxidation pathway by Schrum et al. (2009), based on the low ammonium 

concentration observed within the first sulfate reduction zone at Site 14A. The results 

from our model show that the data at Site 14A reflects a non-steady state condition 

triggered by a MTD in this basin. 
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Figure 4-1 map of the study area 
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Figure 4-2 Schematic diagram showing the steps involved in the transport-reaction model 

to simulate the effect of MTDs on pore water sulfate profiles. (A) The pre-MTD pore 

water profiles (step 1) were set by simulating a L-meter long sediment column to steady 

state using sea water composition as the initial condition. Methane flux assigned here is 

constrained by the both sulfate and methane profiles (i.e., the assigned methane flux has 

to be at least higher than the observed flux). (B) The MTD (the grey rectangle) with fresh 

labile organic matter is deposited instantaneously onto the sediment column and buries 

the SMTZ to a greater depth. (C) In step 2, the pore water profiles and methane flux 

resulting from step 1 are used as the initial condition. Due to the addition of reactive 

labile organic matter in the MTD, sulfate is consumed at shallow depth through POCSR 

only (the first sulfate reduction zone) whereas methane exhausts sulfate from below by 

AOM and POCSR (the second sulfate reduction zone). The SMTZ in (B) and (C) 

illustrate this non-steady-state condition, which is observed at seven KG basin sites. The 

∆x (thickness of MTD) and ∆t1 (time required to reach present observed profile) are 

estimated by fitting data at each site and are reported in Table 4-3. (D) The system is 

expected to reach another new steady state condition after ∆t2 years (Table 4-3).  

 



 

 

103 

Figure 4-3 Simulation conducted at Site 5C to test the sensitivity of the model to the ∆x, 

∆t and kOM parameters. Blue lines in each panel indicate the best fit to the data, and red 

lines show changes that would result from small variations in the values assigned to these 

parameters As the results indicate, the three parameters can be well constrained by fitting 

the observed sulfate and ammonium profiles.  
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Figure 4-4 Model results and the observed sulfate (blue lines and circles), methane (red 

lines and squares), and ammonium (pink lines and diamonds) profiles at the seven study 

sites. The depths where thin silt laminae and beds (grey lines) were observed at each site 

were also plotted for comparison although no apparent correlation was observed between 

the frequency of laminae and the thickness of MTDs (∆x, Green lines). 
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Figure 4-4 (Continued) 
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Figure 4-5 Correlation between water depth and the average depositional rate (∆x/∆t). 

The positive correlation, if Site 15A is excluded, suggests that sites at greater water depth 

receive more sediments than those located in shallower water which agrees with previous 

observation in this region (Ramprasad et al., 2011). In order to fit the sulfate profile in 

Site 15A, a higher kOM is required which may suggest more dynamic conditions at this 

site as described in the text. 
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Figure 4-6 Conceptual model to exaplain the sulfate profile at Site 15A. (A) Comparison 

of porosity profiles between Site 14A and 15A, the two adjacent sites. The first 

measurement at Site 15A is ~5% lower than that at Site 14A suggesting that the MTD 

section in Site 15A may have undergone recent erosion. The two red lines mark our 

estimated thickness of MTD at Site 15A. In contrast to the initial homogenous sulfate 

content in the MTD sections at all other sites (Figure 2B), the intial sulfate profile in the 

MTD section at Site 15B may already be low in sulfate and the total depletion of sulfate 

within the MTD suggests that this sediment column had experienced POCSR for a period 

of time before the emplacement at Site 15A. Such that immediately after emplacement, 

the system had a sulfate distribution as shwon in (B) The continuous consumption of 

sulfate by POCSR in the MTD section after depositing result in the present observed 

sulfate profile at Site 15A, as shown in (C)  
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Table 4-1 Water depth and the location of the seven study sites. 

 Water Depth (m) latitude longitude 

Site 5C 945 16
o 
01.722N 82

o 
02.677E 

Site 7B 1285 16
o 
31.2785N 82

o 
40.8672E 

Site 10D 1038 15
o 
51.8609N 81

o 
59.0749E 

Site 12A 1038 15
o 
51.8609N 81

o 
59.0749E 

Site 14A 895 16
o 
03.5577N 82

o 
05.6218E 

Site 15A 926 16
o 
05.6983N 82

o 
09.7467E 

Site 20A 1146 15
o 
48.5671N 81

o 
50.5760E 
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Table 4-2 Input parameters for model simulations. 

 L (m) 

Sea floor  

Temperature 

(
o
C) 

Geothermal 

gradient  

(
o
C/m) 

m φ0
b 
(%) 

φf
 b
 

(%) 
γb C/N 

CEC
c 

(
meq per 

100 g sed.) 

Site 5C 50 7.1 0.044 2.75 77.5 57.5 -0.04 13 80 

Site 7B 60 5.3 0.052 2.75 77.5 52.5 -0.04 8.5 80 

Site 10D 40 6.5 0.045 3.5 77.5 63 -0.1 8.5 80 

Site 12A 40 6.5
a
 0.045

a
 3.5

a
 80 60 -0.07 12 80 

Site 14A 40 7.9 0.038 2.5 77 50 -0.03 13 80 

Site 15A 60 7.7 0.04 2.5 70 57.5 -0.05 14 50 

Site 20A 50 5.5 0.049 2.25 80 55 -0.12 10 70 

a 
Assuming the same as Site 10.  

b
 These parameters were estimated from the first 40 to 60 meter of the core sediments 

c cation exchange capacity 
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Table 4-3 Model-derived results (∆x: thickness of MTD; ∆t1: time elapsed after the MTD 

event; ∆t2: times requires to reach a new steady state; kOM: kinetic constant for POCSR; 

RSR: depth-integrated sulfate reduction rate) 

 ∆x (m) ∆t1 (yr) ∆t2 (yr) 
kOM  

(10
x
 moles/m

2
/sec) 

∆x/∆t1  

(m/kyr) 

RPOCSR in ∆x 

(mmol SO4
-2

/m
2
/yr) 

Site 5C 13 1600 3350 -9.3 8.1 200 

Site 7B 25 450 2200 -9.1 55.6 620 

Site 10D 11 800 3800 -9.3 13.8 170 

Site 12A 15 1050 2100 -9.5 14.3 150 

Site 14A 13 1400 3800 -9.3 9.3 20 

Site 15A 18 525 2000 -8.65 34.29 1220 

Site 20A 8 300 3800 -9.3 26.67 130 
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CHAPTER 5  

Diagenetic formation and dissolution of silica in sediments approaching the Nankai 

margin subduction zone 
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5.1 Abstract 

We develop a transport-reaction model to investigate the critical reactions that control the 

silica diagenesis in the incoming sediments to the Nankai Trough. We present a silica 

reaction network and validate our results with existing pore water and sediment 

geochemical data at four sites of different sedimentary and thermal conditions, drilled 

during ODP and IODP expeditions. Our model reproduces a silica diagenetic boundary 

(SDB) at each site, which is defined by marked decreases in reactive volcanic ash, pore 

water silica and potassium. Volcanic ash alteration, was constrained by modeling pore 

water 
87

Sr/
86

Sr profiles, and the derived reaction rate of 10
-12.13

 to 10
-11.75

 mol of 

Si/m
2
/sec provides the SiO2(aq) at rates required to form authigenic amorphous silica 

phase above the SDB. Below the SDB, formation of clinoptilolite consumes potassium 

and regulates the extension of amorphous silica by consuming SiO2(aq). The observed low 

SiO2(aq) and dissolved potassium in these deep sequences require continuous precipitation 

of clinoptilolite; however in order to maintain oversaturation of this mineral at the low 

SiO2(aq) in sediments below the SDB, an increase in pH is required, consistent with pore 

water observations. Thermal history, rather than temperature alone, controls the inferred 

reaction network as shown by the convergence of the thermal maturity of sediments at the 

SDB from all sites (ΣTTI ranges from 0.0053-0.0124), consistent with other locations 

documented onshore Japan. Our study results are valuable as we move forward in 

understanding the mechanisms and consequences of ash alteration in convergent margins 

worldwide. 
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5.2 Introduction 

A series of diagenetic processes involving silica phases modify the composition of 

sediment pore water (Kastner, 1981) and have been shown to induce local precipitation of 

silica and calcium carbonate cements, which in turn can alter sediment elastic properties 

(e.g., sonic velocity) (Eberli et al., 2003; Spinelli et al., 2007; Saberi et al., 2009). 

Additionally, cementation may influence the mechanical and hydrogeologic behavior of 

the sediment in ways that may affect the distribution of seismicity (Kameda et al., 2012), 

development of fault systems (Cartwright, 2011), and stability of sediments prior to or 

during subduction (Spinelli et al., 2007; White et al., 2011).  

 

Due to the proximity of volcanic sources, sediments accumulating near active continental 

margins commonly contain volcanic ash. The ash may be disseminated throughout the 

sediment and/or be present in discrete layers (e.g., Peters et al., 2000; Scudder et al., 

2009). The reactions involving volcanic ash drive many silica diagenetic processes in 

hemipelagic sediment sections (Kastner, 1981; Wallmann et al., 2008; Schulz and Zabel 

2006). There is an increasing awareness of the fundamental role that the silica, calcium 

and bicarbonate ions released during volcanic ash weathering plays in facilitating 

authigenic mineral precipitation (Huggett, 1993; Jeans et al., 2000; Mork et al., 2001).  

Ash alteration can increase the dissolved Si concentration in pore fluids, leading to the 

formation of amorphous silica cements and may drive subsequent formation of clays and 

zeolites (Kastner, 1981). The increase in calcium and bicarbonate that result from ash 

alteration reactions can induce carbonate precipitation, and may play a role in global CO2 

budgets (Wallmann et al., 2008). 

 

The processes summarized above have been predicted to occur along the Nankai margin 

based on pore water profiles; however the reaction network involved has not been 

defined. Offshore of the Nankai margin, Deep Sea Drilling Project (DSDP) Site 297 and 

Ocean Drilling Program (ODP) Site 1173 and 1177 recovered small amounts of glass 

disseminated throughout hemipelagic sediment which was converted to an amorphous 

silica phase upon burial (Spinelli et al., 2007). The resulting amorphous silica can form 
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grain-coating cements, and may be responsible for changes in porosity, seismic velocity, 

and shear rigidity of sediments across the upper and lower Shikoku Basin facies (Moore 

et al., 2001; Spinelli et al., 2007). Sample et al. (2013) have shown that while carbonate 

cements begin to form very early in the burial history, calcite also forms deep within the 

Shikoku Basin sediments, and postulate that these reactions are driven by alteration of 

volcaniclastic material within the sediment and ocean crust. Ash-derived authigenic 

carbonates can be significant in the global carbon isotopic mass balance, and in global 

CO2 budgets (Schrag et al., 2013; Wallmann et al., 2008), as well as impact the 

mechanical properties of the sediment prior to subduction. 

 

We take advantage of pore water strontium isotope data to estimate the ash alteration 

rates and use these results to develop a transport-reaction model to simulate the reactions 

that control the location and extent of the amorphous silica zone in the Shikoku Basin. 

Our multicomponent reactive transport simulation includes key pore water species and 

mineral phases, for sediments typical of Shikoku Basin and elsewhere. We evaluate our 

simulations against pore water data from four sites drilled in the incoming sediments to 

the Nankai subduction zone, which are characterized by a range of sediment 

accumulation rates and thermal histories. Because ash alteration is prevalent in active 

margins, our results not only provide insights on the Nankai margin system but may be 

extended to understand the systematic and progressive changes in sediment composition 

and physical properties prior to subduction in convergent margins worldwide.   

 

5.3 Background and Hypothesis 

Nankai Trough is a convergent plate boundary that formed during the northwest 

subduction of Philippine Sea plate beneath the Euroasian plate. This seismically active 

area has been intensively sampled by ODP and IODP expeditions (Figure 5-1). The 

incoming sediments of the Shikoku Basin have been cored along three transects 

perpendicular to Nankai Trough to characterize the sediment inputs prior to subduction 

(Underwood et al., 2010). Sediment within the Shikoku Basin varies in thickness and 

deposition rate, and the facies architecture is controlled largely by variations in basement 
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topography (Underwood, 2007; Ike et al., 2008). In the simplest view, the strata can be 

grouped into two units, upper and lower Shikoku Basin facies, which are overlain by 

Quaternary turbidites of the Nankai trench wedge.  

 

There is a long history of ash accumulation, burial, and alteration within the sediments of 

the Shikoku Basin. The relative ash content of the sediment sequences in the incoming 

plate likely reflect the regional and time-dependent volcanic activity of the surrounding 

arcs (e.g., Kennett et al., 1977; Ledbetter and Sparks, 1979; Cambray et al., 1995); 

therefore, ash content may be used to define lithologic boundaries. In some cases, 

lithologic and diagenetic boundaries within the Shikoku Basin sediments coincide.  As 

originally defined, one of the key distinctions between the upper and lower Shikoku 

Basin facies is the presence or absence of unaltered volcanic glass (Shipboard Scientific 

Party, 1991). However, facies boundaries in the Shikoku Basin are time-transgressive, 

and some units/subunits do not extend across the entire basin (e.g., Moore et al., 2001; 

Underwood et al., 2010). Thus, we focus on the factors controlling silica diagenesis, 

regardless of whether or not the resulting diagenetic boundaries coincide with broader 

lithologic boundaries. Evidence from Sr isotopic data (Joseph et al., 2013), detailed X-ray 

diffraction analyses (Masuda et al., 1996), backscatter electron and scanning electron 

microscope images (White et al., 2011) and thin section observations (Expedition 333 

Scientists, 2012b, 2012c) all document intensive alteration of disseminated ash within the 

Shikoku Basin sediments. We refer to the zone that separates unaltered from significantly 

altered ash as the silica diagenetic boundary (SDB). At Sites 1173 and 1177, the SDB 

coincides with the lithologically-defined boundary between upper and lower Shikoku 

Basin facies (Shipboard Scientific Party, 2001). At Sites C0011 and C0012 the SDB 

occurs within the upper Shikoku Basin facies (Underwood et al., 2010; Expedition 333 

Scientists, 2012a). By defining the boundary in terms of diagenetic changes, we believe 

our observations may be generally applicable to subduction zones where ash alteration 

reactions control sediment geochemical properties. 
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We examine key pore water species in the incoming Shikuko Basin in the context of the 

reaction sequence proposed by Masuda et al. (1993, 1996), whose observations provide 

an important foundation for the aluminosilicate mineral diagenesis in Nankai Trough area. 

From studies of mineral assemblages and the composition of aluminosilicate minerals 

(Masuda et al., 1993; 1996) at ODP Site 808, these authors concluded that ash alteration, 

smectite, clinoptilolite, illite, and analcite formation control the abundance of SiO2(aq) and 

K, in the pore water (Figure 5- 2).  

 

Among all reactions, ash alteration is the engine driving the reaction network as reflected 

by the pore water Sr isotopic profiles (Figure 5- 3). Ash alteration releases enough SiO2(aq) 

to sustain formation of amorphous silica above the SDB, which have been documented 

by SEM analyses (White et al., 2011). The excess SiO2(aq) released should also trigger the 

precipitation of aluminosilicate minerals that sequester pore water K, as observed by 

Masuda et al. (1993). The precipitation of aluminosilicate minerals regulates the growth 

of the amorphous silica and eventually leads to its dissolution. To quantify these 

processes and elucidate their roles in controlling the pore water profiles across the SDB, 

we examined the most likely aluminosilicate sinks (clinoptilolite, smectite, and illite) and 

implemented a kinetic model that tracks the progressive diagenetic changes of various 

silica phases and the key controlling parameters such as sedimentation rates and 

geothermal gradients. We then verified the model outputs against sediment and pore 

water geochemical measurements available from four drilled sites in the incoming plate 

sediments. 

 

5.4 Methods 

5.4.1 Modeling Scheme 

For our simulations we adapted CrunchFlow (Steefel and Maher, 2009), a numerical code 

that uses a global implicit scheme (Steefel and Yabusaki, 1996) to solve reaction-

transport equations. This code allows us to simulate the chemical profiles by 

incorporating transport parameters of solid phases and dissolved species, as well as the 
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thermodynamics and kinetics of the sediment-water interactions (e.g., mineral 

precipitation/dissolution). 

 

CrunchFlow was previously used to estimate fluid seepage rates and reactions in the 

hemipelagic sediment on the flank of Juan de Fuca Ridge (Giambalvo et al., 2002). We 

modified their approach to describe the sedimentary context of a heterogeneous domain 

(i.e., sediment plus basement). The model simulates changes in a sediment column that 

overlies a basement aquifer with a distinct pore fluid chemical composition that is 

independent of the chemistry of the sedimentary system but is in diffusive 

communication with the bottom sediment. In our approach, the sediment column is 

allowed to grow with time so that the contact between sediment and basement is 

progressively buried; this burial occurs by discrete sediment inputs in a stepwise fashion. 

In the first time-step, a five-meter thick sediment package is allowed to evolve 

chemically for a time period equivalent to that needed for the sediment to accumulate (i.e., 

5 m divided by the sedimentation rate). Distinct initial chemical conditions are defined to 

represent the composition over (i.e., bottom seawater composition), and under (i.e., 

composition in the uppermost basement aquifer) the 5-m sediment column. Because of 

the challenges associated with measuring pore fluid composition of a permeable 

basement, there is no data available for the composition of fluids in the upper igneous 

Phillippine Sea crust. Therefore, we used the deepest pore water measurements to 

represent the composition of the fluid in the underlying oceanic lithosphere (Table 1). In 

time-step two, an additional five-meter thick sediment package is added to the top, and 

the entire sediment column is allowed to evolve chemically for the period of time it took 

to accumulate that second package. We use the output from time-step one to set up the 

initial conditions for the following time-step two. Sequential sediment packages are 

added using this stepwise approach, until the full sediment column is accumulated. See 

Figure S1 in supporting information for the graphical presentation of this stepwise 

approach.   
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The chemical and properties of the basement fluid as well as the physical properties of 

basement are assumed to remain constant throughout the entire simulation. We 

acknowledge the simplification inherent in this assumption, but, since there are no direct 

data on the present or past fluid composition of this aquifer, more elaborated assumptions 

are not warranted without further constraints on the evolution of basement fluid 

composition. However, to test the effect of our constant boundary condition assumption, 

we ran two simulations to determine the sensitivity of the pore water Sr isotopic profiles 

to the lower boundary condition chosen, as our Sr isotopic profiles reflect mixing among 

fluids from bottom seawater, volcanic ash, and volcanic basement. In one simulation, the 

lower boundary condition was set to evolve from the composition of ocean bottom water 

to the volcanic basement fluid as the sediment column grows (Table S1). In a second 

simulation, the lower boundary condition is fixed to basement fluid composition 

throughout the simulation (Table S1). Because chemical diffusion is fast relative to 

sedimentation throughout most of the history of these sites, the composition of sediment 

pore water rapidly responds to an evolving lower boundary condition. The Sr isotopic 

profiles at the end of simulation for both cases are almost identical (Figure S2) as well as 

the ash alteration rates. The ash alteration rate result from a evolving lower boundary 

condition is only 3.6% higher than the rate determined with a fixed basement fluid 

composition. Based on this sensitivity analyses, we are satisfied that a constant 

composition for the basement aquifer is a proper assumption. 

5.4.2 Temperature and porosity 

Temperature and porosity gradients at the four sites were estimated from shipboard 

measurements (Shipboard Scientific Party, 2001; Expedition 333 Scientists, 2012a). The 

bottom water temperature and geothermal gradients are listed in Table 1. The porosity 

profile is described by an exponential function:   

 

( ) zz Aeγφ =  (5.1) 
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where φ is porosity, z is depth (m) below seafloor, and A and γ are parameters used to fit 

the porosity profiles to the available data (Table 1).  

 

5.4.3 Chemical transport parameters 

Diffusion coefficients of all primary species at 25
o
C are from Li and Gregory (1974) and 

Boudreau (1997) and were adjusted for temperature and for tortuosity by specifying a 

"cementation-exponent" parameter that calculates the porosity-dependent tortuosity. This 

parameter is derived from the borehole logging measurements and the correlation 

between formation factor and porosity (Tudge et al., 2013). Burial rates for the solids 

were estimated from the reduction of porosity assuming steady state compaction (Berner, 

1980). We used a constant value for fluid burial rate, assumed to be 75% of the solid 

burial rate at the sediment/basement interface. 

 

5.4.4 Chemical species 

We included 12 primary dissolved species (Table 1) and no secondary or gas species. The 

initial and boundary conditions for each of the dissolved species as well as the kinetic 

constants used for each of the solid phases are listed in Table 1. We used the 

thermodynamic parameters for each reaction given in the CrunchFlow database, adjusted 

with SUPCRT (Johnson et al., 1992) to account for pressure effects. The kinetic constant 

for ash decomposition is constrained by dissolved Sr isotopic profiles, as detailed in the 

following paragraphs. The kinetic constants for other minerals are either from the default 

CrunchFlow database or constrained from data-fitting, as indicated in Table 1.  

 

5.5 Results and discussion 

5.5.1 Silica release above the SDB: Amorphous silicate precipitation and ash 

decomposition rate 

White et al. (2011) showed a genetic relationship between volcanic ash and silicate 

cement in sediments from DSDP Site 297, where the amorphous silica profile is similar 
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to that observed at our four sites. We therefore include both amorphous silica and 

volcanic ash in the model to quantify their interaction. Precipitation/dissolution of 

amorphous silicate is described by:  

 

SiO2(am) → SiO2(aq)                (5.2) 

 

This is a well-defined reaction in CrunchFlow with all the required thermodynamic 

properties in its database.  

 

Ash alteration is implemented by using the following stoichiometry: 

 

Ash + 0.9686 H
+
 + 0.91146 H2O  → 1 SiO2(aq) + 0.2681 Al

+3
 + 0.0722 Ca

+2
  

                                                            + 0.0188 Mg+2 + 0.1023 Na+ + 0.12 HCO3
-       (5.3) 

 

This stoichiometry comes from chemical analysis of volcanic glass shards disseminated 

in the hemipelagic sediments in the Shikoku Basin (White et al., 2011). We derived the 

ash stoichiometry by dividing the weight percentages of oxides (SiO2, Al2O3, Fe2O3, CaO, 

MgO, Na2O, and H2O) measured in glass shards (White et al., 2011) by their molecular 

weights. Bicarbonate is a product of reactive silicate weathering (Wallmann et al., 2008), 

but it is not possible to constrain the carbon content of the Shikoku Basin glass shards 

with the analytical techniques used by White et al. (2011). Following the general 

consideration of reactive silicate weathering (e.g., Wallmann et al., 2008), we allow 

bicarbonate to be released during ash dissolution; its stoichiometry was arbitrarily set to 

best fit the pore water profiles. Consumption of CO2 during ash dissolution is ignored in 

our expression to avoid further complication, although we do acknowledge the 

significance of this reaction to overall carbon cycling (e.g., Scholz et al., 2013). 

 

We estimated the rate of ash decomposition using pore water Sr isotopic profiles 

available for Sites C0011 and C0012 (Figure 5- 3, data from Joseph et al., 2013). The Sr 

systematics in the upper sediments at these sites reveal a two end-member system 
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characterized by mixing of seawater with a fluid that has interacted with an 
87

Sr depleted 

volcanic ash layer (
87

Sr/
86

Sr ratio for ash ~0.7063; Joseph et al., 2013), consistent with 

major ion distributions (Underwood et al., 2010; Expedition 333 Scientists, 2012a). At 

both sites the foci of ash alteration inferred from the dissolved Sr isotopic profiles match 

the observations made by ship-based sedimentologists based on smear-slide analyses 

(Figure 5- 3; Expedition 333 Scientists, 2012c). 

 

Drilling at Site C0011 terminated before reaching basement due to technical difficulties 

(Underwood et al., 2010), so at this site there is no data to estimate the effect of basement 

aquifer on sediment pore fluid (Torres et al., in review). In the sediments below 450 mbsf 

at Site C0012, pore-water 
87

 Sr
 /86

Sr data show a decrease to a more depleted value of 

0.70436, indicating fluid interaction with a basaltic end-member (
87

 Sr
 /86

Sr  ~ 0.703 to 

0.705; Staudigel et al., 1981) (Figure 5- 3). Boundary conditions were set based on total 

Sr concentration in pore fluid data from the shallowest and deepest sediments recovered. 

86
Sr was assumed to be 9.86% of the total Sr content (mole fraction) in the fluid (De 

Laeter et al., 2003), and the 
87

Sr was calculated from the estimated 
86

Sr and the measured 

Sr isotopic ratios. The ash alteration rates obtained from Sr isotopic profiles for Sites 

C0011 and C0012 were further constrained by comparison with the amorphous Si. For 

Site 1173 and 1177, where pore water Sr isotopic data were not available, ash alteration 

rates were solely constrained by their volcanic ash content.  

 

The reactiveness of ash is controlled by its surface area. For the surface boundary 

condition we chose a value of 0.2 m2 per m3 of porous media, based on Giambalvo et al. 

(2002), and 0 m
2
 per m

3
 of porous media at the basement boundary. The Sr to SiO2 ratio 

in ash was determined from the pore water profiles between 200 to 450 mbsf where the 

Sr isotopic profile indicates ash dissolution to be most significant. The ratio 0.0075 was 

chosen to roughly match the observed SiO2(aq) and Sr profiles. The thermodynamic and 

kinetic properties of the ash were defined to satisfy the depths of maximum ash 

dissolution and strontium isotope data. Because the sediments at Site C0012 have 
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undergone significant recent erosion, we modeled the profile only until the onset of 

erosion, which started ~1 Myr before present (Expedition 333 Scientists, 2012a).  

 

The good agreement between the model results and observations gives credence to this 

approach (Figure 5- 3). We also conducted sensitivity tests using ash alteration rates 

arbitrarily set to be higher and lower than the model-predicted rates by a factor of two 

(Figure S3). Results of such test show that both Sr isotopes and volcanic ash profiles are 

very sensitive to the chosen ash alteration rate and therefore these data provide good 

constraints on reaction rates. The kinetic rate constant for ash decomposition at 25 
o
C 

derived from this approach ranges from 10
-12.13

 to 10
-11.75

 mol of Si/m
2
/sec (Table 2).  Our 

estimates are at the low end of a wide range of previously published rates. For example, 

estimates for the dissolution rate of ash in the Mt. Fuji area at ~12 
o
C and neutral pH 

range from 10-9.0 to 10-8.8 mol of Si/m2/sec (Shikazono et al., 2005). Valle et al. (2010) 

reports an experimentally determined dissolution rate of 10
-7.3

 mol of Si/m
2
/sec, at 90 

o
C 

and pH=8.3-7.8, whereas the estimated of Declercq et al. (2013) range from 10
-9.28

 to 10
-

9.73
 mol of Si/m

2
/sec, using 80 

o
C and a more basic environment (pH=8.8-10.1). 

Yokoyama and Banfield (2002) performed experiments at 20 
o
C and pH=6-7 using 

rhyolite samples collected from Kozushima (offshore Japan), and estimated the 

dissolution rate to range 10
-12.3

 to 10
-14.2

 mol of Si/m
2
/sec. The wide range of values 

reflects the complex nature of ash decomposition. Nonetheless the approach proposed 

here highlights the importance of quantifying ash alteration at the particular sites of 

interest, and documents the feasibility of using geochemical data to arrive at good in situ 

rates. 

 

5.5.2 Dissolved silica uptake below SDB: Role of aluminosilicate minerals 

Pore water profiles indicate the need for reactions that consume SiO2(aq) below the SDB 

(Figure 5- 2). Under the mineral assemblage observed by Masuda et al. (1993), we 

examine the solubility of several key aluminosilicate minerals to determine the most 

likely mineral(s) that serve as the sink of pore water potassium and SiO2(aq) and regulate 

the growth of amorphous silica. In Figure 5- 4 we show the solubility (Keq) of the 3 target 
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aluminosilicate minerals (illite, smectite, and clinoptilolite) and the pore water activity 

products (Q) as a function of temperature. The stoichiometry of these minerals was taken 

from the default CrunchFlow database, and the solute activity was calculated by 

CrunchFlow, using extended Debye-Huckel model for activity coefficients (Steefel, 

2009).  

 

The Q of these minerals is controlled by the activities of pore water constituents 

including SiO2(aq), Na+, Ca+2, Mg+2, K+, Al+3 or Fe+2 and H+. Whereas we have access to 

major ions, the trace metals (Fe
+2

 and Al
+3

) are not commonly measured in pore fluids.  

The concentration of Al
+3

 was set to 0.1 µM (Brumsack and Gieskes, 1983; Mackin and 

Aller, 1984); for Fe
+2

 we chose a concentration of 1 µM, based on measurements at Site 

C0011 and C0012. The fixed activities assigned ensure that the changes in Q reflect the 

fluctuation of other pore water constituents that are well-constrained by pore water data. 

Our solubility analysis shows that all minerals except clinoptilolite are highly 

oversaturated at all depths with respect to the current pore water composition, even when 

both pore water SiO2(aq) and potassium content are low. Such exceedingly high 

oversaturation values for smectite and illite will suppress the formation of amorphous 

silica which is in contradiction to the observations by White et al. (2011). We therefore 

excluded these two minerals from our reaction network. This conclusion is valid even 

when we vary the Al
+3

 and Fe
+2

 activities by two orders of magnitude.  

 

Based on the observation of a SDB that coincides with a decrease in dissolved Si and K 

at Site 808 (Figure 5- 2), and guided by our mineral saturation analyses, we selected the 

dehydrated K-bearing clinoptilolite (clinoptilolite-dehy-K) as the authigenic mineral 

controlling the SiO2(aq) and K distributions, using stoichiometry from the CrunchFlow 

database such that:  

 

Clinoptilolite + 13.868 H
+
 →0.017 Fe

+3
 + 3.45 Al

+3
   

                                                 + 3.467 K
+
 + 6.934 H2O + 16.633 SiO2(aq)      (5.4) 
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We noted that the high dependency on potassium activities matches the observation that 

these solutes are depleted at the depths where smear slide observations indicate that 

significant ash alteration has occurred (Figure 5- 3). Furthermore, the presence of zeolite 

minerals, including clinoptilolite and analcime, was confirmed through XRD 

observations in the lower Shikoku Basin at Site C0011 (Expedition 322 Scientists, 2010) 

and Site 808 (Masuda et al., 1993). The presence of clinoptilolite coincides with the 

marked decrease in silica and potassium content of the pore fluids at that site (Figure 5- 

2). 

 

5.5.3 Carbonate and pH control 

Alteration of ash releases enough Ca and consumes enough protons to drive carbonate 

formation, as evidenced by calcite equilibrium models (Wallmann et al., 2008; Sample et 

al., in review). Carbonate is commonly observed in the input sediment sections to the 

Nankai Trough (Underwood et al., 2010; Expedition 333 Scientists, 2012a; Sample et al., 

in review) and serves as an important regulator on both alkalinity and pH in the pore 

water. This reaction is formulated in CrunchFlow as: 

 

Calcite + H
+
 →Ca

+2
 + HCO3

-
           (5.5) 

 

The required kinetic and thermodynamic parameters can be found from CrunchFlow 

database.  

 

We observed a noticeable increase in pH (7.5 to ~8.5) from all sites across the SDB, 

which equates to a drop in proton activity from 10-7.5 to 10-8.5. The absolute magnitude of 

such change is uncertain due to the inherent poor quality of pH measurements. As pH is 

usually measured hours after pore water is separated from the cored sediments, the 

alteration of in-situ conditions, such as temperature and pressure, as well as the exposure 

to the atmospheric air all contribute to the uncertainty to this measurement. However, the 

large magnitude of the change in proton activity and the concordant change at all sites 

(Figure 5- 5) lead us to suspect the involvement of pore water pH in the reaction network.  
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The phase equilibrium of several aluminosilicate minerals calculated by Hess (1966) 

suggested that high pH environment favors zeolite precipitation, which is in agreement 

with our solubility tests. This pH dependence has been documented by Alt and Honnorez 

(1984) and Alt (2004) as a controlling factor of secondary zeolite formation in basaltic 

rocks. It is possible that clay mineral formation through hydrolysis may dominate the pH 

change at our study sites, especially in the last reaction zone where more basic pore water 

is observed. However because of lack of evidence for this reaction, we did not explicitly 

include clay hydrolysis in our model but simply added a proton sink and a resulting 

alkalinity source to account for the observed pH variation.  

 

If alternatively, we do not include such a hydrogen sink, and allow the model to proceed 

without a pH constraint, the resulting simulations call for continuous dissolution of 

clinoptilolite, with the concomitant release of SiO2(aq) and potassium, contrary to the 

observed low pore water potassium and SiO2(aq). It is possible that other zeolite phases 

such as analcite, the Na-containing zeolite (Masuda et al., 1993; 1996), or heulandite, the 

Ba-containing zeolite (Nahr and Bohrmann, 1999), outcompete clinoptilolite,  regulating 

the level of pore water SiO2(aq) and potassium in the last reaction zone. 

 

5.5.4 Reaction network controlling the kinetics of amorphous silica 

Here we present our reaction network model results and compare them with the 

observations of pore water and sediment chemistry from four sites in the Shikoku Basin 

(Figure 5- 1). Pore water composition is from Shipboard Scientific Party (2001) and 

Expedition 333 Scientists (2012a), and are listed in the ODP and IODP databases 

(http://www-odp.tamu.edu/database/). Concentration of dissolved SiO2(aq) and K 

consistently decrease across the SDB at the four study sites (Figure 5- 5). Ca and Na 

concentrations change monotonically with depth. These elements are apparently not 

involved in reactions at the SDB, rather their concentration profiles are largely controlled 

by diffusion exchange with altered fluids in the upper oceanic crust (Torres et al., in 

review). Amorphous silica concentration is from White et al. (2011) and Spinelli and 
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Hutton (2013). As the primary purpose of this study is to investigate the reaction network 

that determines the distribution of amorphous silica, it should be emphasized that the 

exact match between simulations and observations should not be expected since we did 

not consider the full set of geochemical processes.   

 

By reproducing the observed pore water profiles with our model and the proposed 

reaction network, we define four reaction zones based on the profiles of reaction rates 

(Figures 5-5 and 5-6). The estimated reaction rates for each of the reaction in different 

zones were reported in Table 2. By defining the reaction zones this way, they will 

correspond to the locations where minerals actively precipitate or dissolve. This is 

different from the definition based on mineral assemblage observations (e.g., Masuda et 

al., 1993) as the highest mineral abundance reflects precipitation-dissolution changes but 

not necessary where the rate is highest. The reaction zones defined by these two 

approaches may not completely correlate, but it is instructive to compare one with the 

other as we will elaborate in later paragraphs.   

 

In the shallowest sediments, where ash is still abundant, the SiO2(aq) released from ash 

dissolution (Eq. (5.3)) is consumed by precipitation of both amorphous silica and 

clinoptilolite (Figure 5- 6A). Amorphous silica rapidly precipitates in the upper half of 

this zone but begins to dissolve in the lower half of this zone due to the competition with 

clinoptilolite formation (Figure 5- 6B), which also consumes pore water potassium. In the 

second reaction zone, the SDB, (Figure 5- 6C) where the amorphous silica is exhausted, 

some amount of volcanic ash still survives but gradually dissolves whereas clinoptilolite 

regulates the pore water SiO2(aq) content. The rate of clinoptilolite formation drops 

accordingly, but it continues to precipitate. Our model suggests that about 4-7 vol% of 

clinoptilolite should precipitate in the first two reaction zones to sequester pore water 

SiO2(aq) and K. In the last reaction zone (Figure 5- 6D), the reactive volcanic ash is totally 

exhausted and the rate of clinoptilolite formation decreases to a very low level (Table 2), 

but clinoptilolite remains oversaturated with respect to the pore water at the elevated pH 

values observed (Figure 5- 5). Such saturation states are needed to prevent the release of 
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SiO2(aq) and potassium from the mineral clinoptilolite to the pore water phase, and 

maintain the pore water profiles observed.  

 

The first reaction zones defined in this study correspond to the sediment interval where 

Masuda et al. (1996) observed formation of diagenetic smectite at Site 808 (Figure 5- 2). 

We ran a simulation including smectite to test the response in pore water profiles. This 

reaction is formulated in CrunchFlow as:  

 

Smectite + 6.64 H
+
 � 0.02 Ca

+2
 + 0.15 Na

+
 + 0.1 Fe

+3
 + 0.2 K

+
  

+ 0.2 Fe
+2

 + 0.9 Mg
+2

 + 1.25 Al
+3

 + 3.75 SiO2(aq)   (5.6) 

 

As expected, smectite formation rapidly sequesters the pore water SiO2(aq) in the shallow 

sediments, thus hindering formation of amorphous silica and clinoptilolite. Only when 

smectite precipitation is suppressed, (e.g. by regulating the amount of available Fe
+2

), is 

SiO2(aq) released from ash dissolution available for amorphous silica and clinoptilolite 

precipitation. In addition, formation of smectite alone does not explain the observed 

potassium profiles. The K to SiO2(aq) stoichiometric ratio for clinoptilolite formation (Eq. 

(5.4)) is four times higher than that needed for smectite (Eq. (5.6)), so that clinoptilolite 

sequesters four times more potassium per mole of mineral precipitated than smectite does. 

These results suggest that, although authigenic smectite is important for the overall silica 

budget, it is probably not the main control in our study sites given our observations of 

amorphous silica and pore water potassium profiles.   

 

5.5.5 Role of sediment thermal history 

A plot of SiO2(aq) content versus temperature at each of our study sites reveals that the 

SDB depth is not a simple function of temperature (Figure 5- 7A), as previously 

suggested by Masuda et al. (1996). To further explore the temperature dependence of 

silica diagenesis we apply the concept of thermal maturity traditionally used to estimate 

organic matter maturation (e.g., Waples, 1980; Hunt et al., 1991) to the sediment columns 

at Sites 808, 1173, 1177, C0011, and C0012.  For each site, we calculate the temperature 
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history of a thickening sediment column using a 1-D thermal model that accounts for heat 

conduction, sediment accumulation, consolidation, and dewatering between a constant 

temperature boundary at the seafloor (2 ˚C) and a time-dependent basal heat input (f) 

from the underlying basement rock (e.g., Hutnak and Fisher, 2007; Spinelli et al., 2007).  

We use site-specific porosity-depth trends and sedimentation rate histories from drilling 

results (Table 3) (Shipboard Scientific Party, 2001; Underwood et al., 2010; Expedition 

333 Scientists, 2012a). For most of the history of these sites, we assume the basal heat 

input (f) decreases with lithospheric age (t) as expected for conductively cooling oceanic 

lithosphere, such that: 

 

f =
C

t
    (5.7) 

 

where C is commonly ~500 mW m-2 Ma1/2 (e.g., Davis and Lister, 1974; Parsons and 

Sclater, 1977; Stein and Stein, 1994; Harris and Chapman, 2001). Heat input to the base 

of the sediment column may deviate from the expected values from conductive cooling 

due to the redistribution of heat in the basement by fluid circulation (e.g., Lister, 1972; 

Davis et al., 1999; Spinelli and Wang, 2008; Spinelli, in review) and/or post-spreading 

volcanism (e.g., Yamano et al., 2003). Clay mineral alteration trends at Site 1173 are 

most consistent with heat flux through the sediments that deviates <100 mW m
-2

 from 

conductive predictions; additionally, the currently observed ~50 mW m
-2

 anomaly at Site 

1173 may be a recent (<5 Ma) phenomenon (Spinelli and Underwood, 2005). This is 

consistent with observations along the entire Nankai margin that heat flux within 30 km 

of the deformation front averages 20% above the expected values for conductively cooled 

lithosphere (Harris et al., 2013). This regional anomaly is thought to result from 

hydrothermal circulation mining heat from the subducted crust and delivering it to the 

incoming plate (Spinelli and Wang, 2008; Harris et al., 2013). Finally, Spinelli (in review) 

shows that the observed low heat flux at C0011 and high heat flux at C0012 and are 

consistent with the redistribution of heat by hydrothermal circulation in the upper 

basement. Where observations indicate anomalous heat flux through the sediment column 

relative to conductively cooling lithosphere (i.e. Sites C0011, C0012, and 1173), we have 
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the basal heat input to follow the conductive cooling curve until the most recent 2 Ma, at 

which point the basal heat flux is set to the observed value (Table 3). 

 

Using the thermal histories for each site, we calculate a thermal maturity index (TTI) of 

each 2-meter-thick sediment element. At every time-step (∆t [Ma]), the TTI of a given 

sediment packet is increased by: 

 

2
T

10
−10.5

∆t      (5.8) 

 

where T is temperature (˚C). This formulation provides a smooth increase in the 

exponential term, rather than the incremental increases at 10 ˚C intervals classically 

calculated (e.g., Waples, 1980). The thermal maturity of one particular sediment package 

then can be quantified by integrating TTI with time. By comparing thermal maturity 

estimates (ΣTTI; e.g., Waples, 1980) (Figure 5- 7B) with the depth of the SDB at each 

site, there is a convergence of SDB at all four sites at a ΣTTI of 0.012 +/- 0.005, despite 

the wide range in temperatures currently present at the diagenetic boundary among all the 

sites (13-69 ˚C). For example, the temperatures at the SDB at Sites 1173 and C0011 are 

~51 ˚C and ~22 ˚C, respectively (Table 4).  However, the ages of sediment at the SDB at 

Sites 1173 and C0011 are ~3.2 Ma and ~5.7 Ma, respectively. The shorter time to achieve 

higher temperature at Site 1173 and the longer time at lower temperature at Site C0011 

both yield a ΣTTI at the SDB of ~0.012.   

 

Based on the age and temperature relationships in sediments from the onland wells 

located from Akita to Niigata Prefectures along east coast of Japan, Sasaki (1986) 

showed that the ash-clinoptilolite-analcite transition boundaries were controlled by a 

geological reaction time, a concept that is similar to the thermal history of sediments used 

here. Although the geological settings are different, the abundant pyroclastic materials 

from volcanic activity were also proposed to drive the reaction sequence onland (Sasaki, 

1986). The Neogene marine sediment columns were classified into four reaction zones 

where volcanic glass only appears in zone one and replaced by clinoptilolite in zone two. 
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Clinoptilolite was replaced by another zeolite mineral, analcime, in zone three and 

sequentially transformed to albite in zone four. We thus consider this as an analogue that 

supports our inference that the silica reaction network is fundamentally controlled by 

sedimentary thermal maturity and can be parameterized with the ΣTTI approach.  

 

We calculated the ΣTTI for all the seven onland wells investigated by Sasaki (1986). The 

ΣTTI values at the top of clinoptilolite zone ranges from 0.008 to 0.051 (the grey area in 

Figure 5- 7b), which also cover the values for the five sites drilled in the incoming 

sediments to the Nankai Trough. The sedimentation rate histories for these terrestrial sites 

are not as well constrained as for the ODP and IODP Sites, thus increasing uncertainty in 

the thermal maturity estimates. Nevertheless, these good agreements obtained here give 

further credence to our conclusion that thermal maturity plays a major role in controlling 

the transition from volcanic ash to zeolite phases in Nankai area.  

 

5.6 Implications 

The prevailing ash alteration in the Nankai sediments is likely to play an important role in 

the overall carbon budget in the sediments along convergent margins. As Wallmann et al. 

(2008) demonstrated, reactive silicate weathering is an important CO2 sink that can 

totally neutralize the CO2 produced during methanogenesis and carbonate precipitation. 

Furthermore, the alkalinity produced during ash alteration contributes significantly to the 

precipitation of carbonate minerals as observed by Sample et al. (in review) at Sites 

C0011 and C0012. The mass balance and cycling of carbon driven by silica alteration 

reactions is worthy of further study to fully quantify their global significance.  

 

We also note the observation of Spinelli et al. (2007) that the sediments above the SDB 

have anomalously constant porosity, which displays a marked drop beneath this 

diagenetic boundary. Based on additional studies (e.g. White et al., 2011), they concluded 

that alteration of disseminated glass to an amorphous silica phase that coats grains, 

effectively inhibits sediment consolidation (Spinelli et al., 2007). In addition to 

anomalous porosity, the cemented sediment also has anomalous seismic velocity, and 
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rigidity (Spinelli et al., 2007). Cement dissolution leads to dramatic reduction in rigidity 

and a collapse of the sediment framework (i.e. porosity loss). Although the actual 

consequential relationship between silica diagenesis and physical properties of the 

Shikoku Basin sediments is not fully confirmed, the observed profiles suggest a 

connection, that if it is confirmed, will impact our understanding of the distribution and 

activity of faults over time and  seismogenic processes, not only in the Nankai area but 

also along subduction zones worldwide.   

 

5.7 Conclusions 

We investigated the reactions, rates and controlling parameters of early silica diageneisis 

at four sites drilled on the incoming sediments to the Nankai Trough. Our transport- 

reaction model approach, validated against pore water and sediment geochemical data, 

identified the following factors controlling the growth of amorphous silica, and 

emphasized the significance of ash alteration in the Nankai area:  

 

1. A marked decrease in dissolved silica concentration at all studied sites defines a 

silica diagenetic boundary (SDB) at the depth where volcanic ash content and 

pore water SiO2(aq) and K are dramatically reduced. 

2. Volcanic ash alteration can be constrained by modeling pore water Sr isotope and 

amorphous silica profiles, and we show how this reaction serves as the dissolved 

silica source necessary for amorphous silica to precipitate. The formation of the 

amorphous silica coincides with a zone of constant porosity, and thus such 

amorphous silica phase has been put forward as a coating that solidifies sediment 

texture (Spinelli et al., 2007).  Such silica coatings are suspected to influence 

geomechanical behavior of these sediments (Spinelli et al., 2007).  Ash alteration 

may also contribute to enhanced carbonate formation in these sediments, as 

postulated by Sample et al., (in review). 

3. Potassium-rich clinoptilolite competes for dissolved silica with the amorphous 

silica and forces amorphous silica to dissolve at the SDB, where the ash supply is 

depleted. Our model shows that a pH control on clinoptilolite stability, which may 
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originate from hydrolysis reactions during clay mineral formation, is essential in 

maintaining dissolution of silica cement below the diagenetic boundary. 

4. We also demonstrate the importance of thermal maturity of the sediments, in 

controlling silica diagenesis, as indicated by the development of the SDB at 

approximately the same ΣTTI at all four study sites, which have significantly 

different thermal gradients. 
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Figure 5-1Map showing the 4 sites investigated in this study (Sites 1173, 1177, C0011, 

and C0012) and three additional sites discussed (Site 297, 808, and 1174).  
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Figure 5-2 Pore water Si and K from site 808 and the predominated mineral assemblages 

identified by XRD in Masuda et al. (1993). (Clino. stands for clinoptilolite) 
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Figure 5-3 Strontium isotopic profiles at (A&B) Sites C0011 and (C&D) C0012 (Joseph 

et al., 2013). By simulating the observed profiles (black lines in (B) and (D)), our model 

helps constraining the rate of volcanic ash decomposition. Thin section observations from 

Site C0012 (E) (Expedition 333 Scientists, 2012c) demonstrate different degrees of 

volcanic ash alteration which correlates well with the Sr isotopic profile. 
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Figure 5-4 Illite, smectite, and clinoptilolite solubility at the current pore water 

composition in our four study sites. The activity product, Q, was calculated by 

CrunchFlow uses an extended Debye-Huckel model (Steefel, 2009). Solubility, Keq, of 

each mineral was from CrunchFlow database. Among these minerals, only clinoptilolite 

is barely oversaturated, we thus chose it in the model so that by controlling pore water 

SiO2(aq) content clinoptilolite formation can regulate but not completely suppress the 

growth of amorphous silica. 

 

 



 

 

137 

Figure 5-5 Observed (closed dots) and modeled (blue lines) profiles of key pore water 

species and volcanic ash for the four study sites. Modeled amorphous silica content is 

shown as red lines. Three reaction zones were defined from the reaction rates estimated 

by the model.  
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Figure 5-5 (Continued) 
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Figure 5-6 Reaction network proposed in the three reaction zones (see Figure 5-5 for the 

boundaries of these zones). Size of the arrows roughly depicts the relative magnitude of 

each reaction.  
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Figure 5-7 Temperature and thermal maturity dependency of SDB at the four study sites 

and includes data from Site 808 (Figure 1). (A) The SDB (clearly delineated by a drop in 

dissolved silica concentration in the pore water) occurs at temperatures ranging from ~13 

˚C (Site C0012) to ~69 ˚C (Site 808). (B) Despite the difference in temperatures at the 

SDB between sites, the diagenetic boundary occurs within a narrow range of sediment 

thermal maturity. The gray band indicates the range of thermal maturity at the SDB for 

onland wells documented by Sasaki (1986).  
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Table 5-1 Initial and boundary conditions of all sites 

Surface condition/basement condition Primary Species 

1173 1177 C0011 C0012 

SiO2(aq) (µM) 618/228  190/230 465/67.7 465/180.9 

Cl (mM) 554.5/517.5  550/550 550/550 549/608 

pH 8/7.94 7.5/7.99 7.5/8.53 7.7/7.89 

Na
+
 Charge balance species 

SO4
-2

 (mM) 28/10 28/0 28/5 28/8 

K
+ 

(mM) 11.57/1.47  12.7/8 12.6/0.39 12/1.4 

Mg
++

 (mM) 48.8/6.15 50/20 52.3/4.34 49.98/7.2 

Ca
++

 (mM) 8.86/86.6 10.5/17 10.8/82.7 10.5/177 

Al
+++

 (µM) 1/1 1/1 1/1 1.1 

HCO3
-
 (mM) 4.71/12.23 5/6 2.9/0.99 2.58/0.26 

H2O (M) 53.6/53.6 53.6/53.6 53.6/53.6 53.6/53.6 

Fe
+++

 (µM) 1/1 1/1 1/1 1/1 

 Solid phase kinetic constants (10
x
) 

Volcanic ash -11.8 -12.13 -11.75 -11.85 

SiO2(am) -11.8 -11.8 -11.8 -11.8 

Clinoptilolite -13 -13 -14 -12 

Calcite -11 -9 -8 -8 

 Temperature, sedimentation rate, and porosity 

Length of 

sediment column 

(m) 

725 830 800 620 

Average burial 

rate (m/Myr) 

48.3 41.6 60 30.9 

Bottom water 

temperature (
o
C) 

1.78 1.78 1.72 1.89 

Geothermal 

gradient (
o
C/m) 

0.183 0.054 0.076 0.140 

Porosity 

parameter (A) 

0.635 0.635 0.662 0.696 

Porosity 

parameter (γ) 

-0.0013 -0.0013 -0.0007 -0.0013 
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Table 5-2 Reaction rates (mmol Si/ m
2
 sediments /yr) in each zone (“+” gain Si, “-“ lost 

Si) 

 

 Volcanic ash Amorphous Si Clinoptilolite Diffusive flux 

Site 1173 

Zone IA 0.97 -0.18 -0.86 0.07 

Zone IB 1.56 0.17 -0.10 -1.63 

Zone II 1.09 <0.01 -0.07 -1.03 

Zone III 0 0 -0.01 0.01 

Site 1177 

Zone IA 0.66 -0.20 -0.24 -0.22 

Zone IB 1.24 0.20 -0.09 -1.35 

Zone II 1.28 <0.01 -0.08 -1.20 

Zone III 0 0 -0.01 0.01 

Site C0011 

Zone IA 1.45 -0.10 -1.29 -0.04 

Zone IB 2.41 0.10 -0.15 -2.36 

Zone II 3.71 <0.01 -0.22 -3.48 

Zone III 0 0 -0.01 0.01 

Site C0012 

Zone IA 0.43 -0.04 -0.02 -0.36 

Zone IB 0.82 0.06 -0.05 -083 

Zone II 2.23 <0.01 -0.14 -2.09 

Zone III 0 0 -0.01 0.01 
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Table 5-3 Histories of sedimentation rate and basal heat input 

1173 
time interval 

(Ma) 
0-11.4 11.4-13 13-14.7 14.7-15     

 

sediment 

accumulation 

rate (mm/yr) 

0.0306 0.0785 0.0785 0.39     

 

Basal heat 

input 

(mW/m2) 

500

age
 

500

age
 180 180     

 

1177 
time interval 

(Ma) 
0-16.7 

16.7-

17.9 
17.9-20      

 

sediment 

accumulation 

rate (mm/yr) 

0.0276 0.0583 0.143      

 

Basal heat 

input 

(mW/m2) 

500

age
 

500

age
 

500

age
      

 

808 
time interval 

(Ma) 
0-1.4 1.4-12.4 

12.4-

14.5 

14.5-

14.7 

14.7-

14.9 
14.9-15   

 

sediment 

accumulation 

rate (mm/yr) 

0.0336 0.03826 0.0913 2.183 0.789 0.9   

 
q_base 

(mW/m2) 

500

age
 

500

age
 

500

age
 

500

age
 

500

age
 

500

age
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Table 5-3 (Continued) 

C0011 
time interval 

(Ma) 
0-5.9 5.9-9 9-10.9 

10.9-

12.4 

12.4-

15.5 

15.5-

16.9 
16.9-18 18-20 

 

sediment 

accumulation 

rate (mm/yr) 

0.056 0.1 0.037 0.093 0.043 0.084 0.1 0.1 

 

Basal heat 

input 

(mW/m2) 

500

age
 

500

age
 

500

age
 

500

age
 

500

age
 

500

age
 

500

age
 90 

 

C0012 
time interval 

(Ma) 
0-5 5-9 9-14 14-16.6 16.6-18 18-20   

 

sediment 

accumulation 

rate (mm/yr) 

0.0056 0.07 0.0275 0.0154 0.0441 0.0441   

 

Basal heat 

input 

(mW/m2) 

500

age
 

500

age
 

500

age
 

500

age
 

500

age
 140   
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Table 5-4 Temperature and sum of TTI at SDB of each site 

Site depth at SDB (mbsf) T at SDB (˚C) ΣTTI at SDB 

C0011 238 22.4 0.0124 

C0012 64 11.0 0.0067 

1173 337 50.8 0.0119 

1177 381 36.0 0.0107 

808 602 53.9* 0.0053 

* Temperature at Site 808 was calculated using 2 
o
C as bottom water temperature and 

0.086 
o
C/m as geothermal gradient. 
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CHAPTER 6  

General Conclusion 

 

The work included in this dissertation demonstrates the power of a transport-reaction 

modeling approach to explore the different aspects of geochemical data. As I have shown, 

transport-reaction models are able to assess different hypotheses in complex and 

multivariable geochemical systems based on a thorough examination of all available 

information, including field and laboratory observations. In the same fashion, this 

modeling approach can also help validate the conclusions derived from laboratory 

experiments. The models I developed for Ulleung Basin (Chapter 2&3) and Shikoku 

Basin (Chapter 5) unraveled the most critical reactions at play in these environments, 

through a comprehensive consideration of pore water and sediment geochemistry, as well 

as physical properties of sediments and other pertinent geological information. 

Diffusional transport of solute and the different burial rates of solute and solids for each 

specific environment were considered. Reactions were expressed based on the 

formulation derived from laboratory works. The significance of these models lies in their 

power to connect the knowledge derived theoretically or experimentally with the field 

observations.  

 

Another powerful application of the transport-reaction modeling approach is to resolve 

the temporal changes of a system. As I have demonstrated in the simulation of K-G Basin 

(Chapter 4) and the simulation experiment in Ulleung Basin (Chapter 3), the temporal 

evolution of the pore water profiles can be investigated based on principles of chemistry 

and physics and reasonable assumptions of the initial conditions. Such reconstruction is 

informative to quantify the geological events in the past (e.g., mass transfer in K-G Basin) 

and to investigate the consequences when a geochemical equilibrium in the pore water is 

disturbed by an enhanced flux (e.g., model experiment in Ulleung Basin). With field 

observations, transport-reaction modeling opens a new window for geochemists to track a 

process that occurred in the past, and predict system response to future perturbations.  
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Appendices  

Appendix 1 Table of parameters used in the box model in Chapter 2. 

Variables Symbol Value or Explanation 

Degree of isotopic fractionation 

αPOCSR 1 

αCP 1 

αAMO 1.004-1.03 

αME 1.055-1.095 

α 

αCR 1.055-1.095 

b Proportion of AMO that is being recycled through CR 

( )C

z

φ∆
∆

 
Concentration gradient (porosity corrected) 

Concentration of carbon 12 or carbon 13 
12/13

CCH4-SMTZ Concentration of carbon 12 or 13 of CH4 at SMTZ 
12/13

CCH4-bot Concentration of carbon 12 or 13 of CH4 at the same depth as rCH4-bot 

12/13
C 

12/13
CDIC Concentration of carbon 12 or 13 of DIC 

δ13
CCH2O Carbon isotope of organic matter 

δ13
CCH4-bot Carbon isotope of CH4 at core bottom 

δ13
CCH4-SMTZ Carbon isotope of CH4 at the SMTZ 

δ13
CDIC-bot Carbon isotope of DIC at core bottom 

δ13
C 

δ13
CDIC-SMTZ Carbon isotope of DIC at the SMTZ 

CT Total concentration of carbon (i.e., 
12

C+
13

C) 

D Diffusion coefficient 

f Fraction of organic matter being utilized by POCSR 

Porosity 

φ0 Porosity at water-sediment interface 
φ 

φf Porosity at great depth 

Flux into SMTZ 

FSO4.in  

FDIC.in  

FCH4.in  

Fin 

FCa  

Flux out from SMTZ 

FSO4.out  

FDIC.out  

Fout 

FCH4.out  

γ Empirical constant for porosity fitting 

Rate constant 

k
L
 Rate constant for light isotope 

k 

k
H
 Rate constant for heavy isotope 

13
C/

12
C ratio 

rr 
13

C/
12

C ratio of reactant 

rp 
13

C/
12

C ratio of product 

rstd 
13

C/
12

C ratio of PDB standard (0.0112372) 

rOM 
13

C/
12

C ratio of organic matter 

rDIC 
13

C/
12

C ratio of DIC 

rDIC-SMTZ 
13

C/
12

C ratio of DIC at SMTZ 

rCH4-SMTZ 
13

C/
12

C ratio of CH4 at SMTZ 

r 

rDIC-bot 
13

C/
12

C ratio of CH4 at the depth where isotopic value approaching a 
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fixed value 

rCH4-bot 
13

C/
12

C ratio of CH4 at the depth where isotopic value approaching a 

fixed value 

Reaction rate for carbon 12 or 13 
12/13

ROM Gross organic matter degradation rate 
12/13

RPOCSR-S Rate of POC sulfate reduction in terms of sulfate consumption 
12/13

RPOCSR-C Rate of POC sulfate reduction in terms of DIC production 
12/13

RCP Rate of carbonate precipitation 
12/13

RAOM Rate of anaerobic oxidation of methane 
12/13

RME-CH4 Rate methane production from methanogenesis  
12/13

RME-DIC
 

Rate DIC production from methanogenesis 

12/13
R 

12/13
RCR Rate of CO2 reduction 

z Depth in the sediments 
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Appendix 2 The CrunchFlow input file for the transport-reaction model in Chapter 3 

TITLE 

UBGH2-1-1 

END 

 

RUNTIME 

time_units         years 

timestep_max       500.0 

timestep_init      1.E-12 

time_tolerance     0.1 

hindmarsh          true 

correction_max     2.0 

debye-huckel       true 

database_sweep     false 

speciate_only      false 

gimrt              true 

graphics           kaleidagraph 

fix_saturation     1.0 

database           carbon_cycle.dbs 

screen_output      50 

Steady_state       false 

END 

 

OUTPUT 

time_units           years 

Spatial_profile      400000 

END 

 

PRIMARY_SPECIES 

HCO3- 

H13CO3- 

CH4(aq) 

13CH4(aq) 

NH4+ 

HPO4-- 

HS- 

SO4-- 

Fe++ 

H+ 

H2(aq) 

Cl- 

Ca++ 

Na+ 

Mg++ 

END 

 

SECONDARY_SPECIES 

CO2(aq) 

13CO2(aq) 

CO3-- 

13CO3-- 

NH3(aq) 

H3PO4(aq) 

H2PO4- 
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PO4--- 

H2S(aq) 

S-- 

END 

 

GASES 

CO2(g) 

13CO2(g) 

H2S(g) 

CH4(g) 

13CH4(g) 

END 

 

MINERALS  

Calcite-Ca -rate -9.7 

Calcite-Mg -rate -10.7 

CH2O_SO4 -rate -9.6 

CH2O_ME -associate CH2O_SO4 -rate -9.8 

Pyrite_FeS -rate -14.8 

Mackinawite  

END 

 

AQUEOUS_KINETICS 

AOM 

13AOM 

CO2_reduction 

13CO2_reduction 

END 

  

TRANSPORT 

distance_units centimeters 

time_units  seconds 

fix_diffusion          1.000e-5 

D_25  Cl-              2.055e-5 

D_25  Na+              1.349e-5 

D_25  H+               9.328e-5 

D_25  Mg++             7.040e-6 

D_25  Ca++             8.075e-6 

D_25  Fe++             7.060e-6  

D_25  HCO3-            1.194e-5 

D_25  H13CO3-          1.191e-5 

D_25  CH4(aq)          1.850e-5 

D_25  13CH4(aq)        1.821e-5 

D_25  NH3(aq)          2.280e-5 

D_25  HPO4--           7.685e-6 

D_25  HS-              1.726e-5 

D_25  SO4--            1.068e-5 

D_25  H2(aq)           5.126e-5 

D_25  CO2(aq)          1.916e-5 

D_25  13CO2(aq)        1.910e-5 

D_25  CO3--            9.305e-6 

D_25  13CO3--          9.287e-6 

D_25  NH4+             1.983e-5 

D_25  H3PO4(aq)        9.595e-6 

D_25  H2PO4-           9.595e-6 
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D_25  PO4---           6.195e-6 

D_25  H2S(aq)          2.100e-5 

D_25  S--              1.068e-5 

diffusion_activation  4.539 

cementation_exponent   1.9 

END 

 

BOUNDARY_CONDITIONS 

x_begin   surface    Dirichlet 

x_end     bottom     Dirichlet 

END 

 

INITIAL_CONDITIONS 

surface 1-200 

END 

 

ION_EXCHANGE 

exchange   X- 

convention Gaines-Thomas 

END 

 

Condition surface 

units            mol/kg 

pH               7.8 

set_porosity     0.8 

HCO3-            2.2e-3 

H13CO3-          0.02472184E-3 

CH4(aq)          1e-9 

13CH4(aq)        0.010731526e-9 

NH4+          1e-4 

HPO4--           1e-5 

HS-              1e-9 

SO4--            28e-3 

Fe++             0.2e-2    

H2(aq)           1e-9 

Cl-              0.55 

Ca++             0.01 

Na+              charge 

Mg++             0.05 

Calcite-Ca          2e-2 1 

Calcite-Mg          2e-2 1 

CH2O_SO4         0.04 1 

CH2O_ME          0.04 1 

Pyrite_FeS       0.01 1 

Mackinawite      0.01 1 

X- -cec 1.5e-4 

SolidDensity CalculateFromMinerals 

END 

 

Condition bottom 

units            mol/kg 

set_porosity     0.486 

pH               7.6 

HCO3-            70e-3 

H13CO3-          0.79258219E-3 
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CH4(aq)          10e-3 

13CH4(aq)        0.103719356e-3 

NH4+             5e-3 

HPO4--           1e-5 

HS-              0 

SO4--            0 

Fe++             0.7e-2        

H2(aq)           1e-9 

Cl-              0.55 

Ca++             0.0045 

Na+              charge 

Mg++             0.05 

Calcite-Ca          2e-2 1 

Calcite-Mg          2e-2 1 

CH2O_SO4         0.04 1 

CH2O_ME          0.04 1 

Pyrite_FeS       0.01 1 

Mackinawite      0.01 1 

X- -cec 1.5e-4 

SolidDensity CalculateFromMinerals 

END 

 

POROSITY 

read_PorosityFile  UBGH2-1-1_porosity.txt 

END 

 

TEMPERATURE 

set_temperature       1.3 

temperature_gradient  0.1 

END 

 

DISCRETIZATION 

xzones 200 0.1 

distance_units meters 

END 

 

EROSION/BURIAL 

time_units     years 

distance_units meters 

read_burialfile alkalinity_burial.dat FullForm 

END 
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Appendix 3 CrunchFlow database used for the transport-reaction model in Chapter 3 

'temperature points' 8   0.  25.  60. 100. 150. 200. 250. 300. 

'Debye-Huckel adh'   0.4939  0.5114 0.5465 0.5995 0.6855 0.7994 0.9593 1.2180 

'Debye-Huckel bdh'   0.3253  0.3288 0.3346 0.3421 0.3525 0.3639 0.3766 0.3925 

'Debye-Huckel bdt'   0.0374  0.0410 0.0440 0.0460 0.0470 0.0470 0.0340 0.0000 

 

'HCO3-' 4.0 -1.0    61.0171 

'H13CO3-' 4.0 -1.0    62.0171 

'CH4(aq)' 3.0 0.0 16.00 

'13CH4(aq)' 3.0 0.0 17.00 

'H2O' 3.0  0.0    18.0153 

'Ca++' 6.0  2.0    40.0780 

 

'Cl-' 3.0 -1.0    35.4527 

'Fe++' 6.0  2.0    55.8470 

'Fe+++' 9.0  3.0    55.8470 

'H+' 9.0  1.0     1.0079 

'H2(aq)' 9.0 0.0 1.0079 

'HPO4--' 4.0 -2.0    95.9793 

'HS-'   3.0 -1.0 33.08 

'K+' 3.0  1.0    39.0983 

'Mg++' 8.0  2.0    24.3050 

'NH4+' 3.0 1.0    18.0306 

'Na+' 4.0  1.0    22.9898 

'SO4--' 4.0 -2.0    96.0636 

'H2(aq)' 3.0 0.0 2.0159 

'End of primary'  0.0  0.0  0.0 

 

'CO2(aq)' 3   -1.0000 'H2O'    1.0000 'H+'    1.0000 'HCO3-'   -6.5804    -6.3447    -6.2684    -6.3882    -

6.7235    -7.1969    -7.7868    -8.5280  3.0  0.0    44.0098 

'CO3--' 2   -1.0000 'H+'    1.0000 'HCO3-'   10.6241    10.3288    10.1304    10.0836    10.2003    10.4648    

10.8707    11.4638  4.5 -2.0    60.0092 

'13CO2(aq)' 3   -1.0000 'H2O'    1.0000 'H+'    1.0000 'H13CO3-'   -6.575157231 -6.340786483 -

6.266007282 -6.387191367 -6.723849202 -7.198317074 -7.789078905 -8.530989082  3.0  0.0    

44.0098 

'13CO3--' 2   -1.0000 'H+'    1.0000 'H13CO3-'   10.62438416 10.32896851 10.1304358 10.08351465 

10.20009546 10.46450148 10.87032548 11.46336275  4.5 -2.0    60.0092 

 

'NH3(aq)' 2    -1.0000 'H+'    1.0000 'NH4+'  10.0691    9.2410    8.2847    7.4010    6.5156    5.7992    

5.1995    4.6767  2.5  0.0    18.0385 

'H2PO4-' 2    1.0000 'H+'    1.0000 'HPO4--'   -7.3231    -7.2054    -7.1888    -7.2876    -7.5259    -7.8671    -

8.3189    -8.9357  4.0 -1.0    96.9872 

'H3PO4(aq)' 2    1.0000 'HPO4--'    2.0000 'H+'   -9.3933    -9.3751    -9.5434    -9.8805   -10.4425   -

11.1429   -12.0169   -13.1928  3.0  0.0    97.9952 

'PO4---' 2   -1.0000 'H+'    1.0000 'HPO4--'   12.6048    12.3218    12.1275    12.0760    12.1809    12.4313    

12.8214    13.3896  4.0 -3.0    94.9714 

'H2S(aq)' 2    1.0000 'H+'    1.0000 'HS-'   -7.4159    -6.9877    -6.6467    -6.4827    -6.4960    -6.6831    -

7.0225    -7.5536  3.0  0.0    34.0819 

'S--' 2   -1.0000 'H+'    1.0000 'HS-'   13.7100    12.9351    12.0082    11.1018    10.1202     9.2545     8.4250     

7.5568  5.0 -2.0    32.0660 

'FeS(aq)' 3 -1.00 'H+' 1.00 'Fe++' 1.00 'HS-' -4.6480 -4.6480 -4.6480 -4.6480 -4.6480 -4.6480 -4.6480 -

4.6480 3.0 0.0 87.9110  

'End of secondary' 1 0. '0' 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 

 



 

 

170 

'CO2(g)'    0.0000  1   1.0000 'CO2(aq)' -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 44.0098 

'13CO2(g)'    0.0000  1   1.0000 '13CO2(aq)' -0.400510835 -0.400461052 -0.400403915 -0.400351746 -

0.400300412 -0.400259931 -0.40022719 -0.400200164  44.0098 

'CH4(g)'    0.0000  1    1.0000 'CH4(aq)'   -2.5846    -2.8502    -3.0228    -3.0582    -2.9646    -2.7795    -

2.5344    -2.2310    16.0428 

'13CH4(g)'    0.0000  1    1.0000 '13CH4(aq)'   -2.584947575 -2.850547575 -3.023147575 -3.058547575 -

2.964947575 -2.779847575 -2.534747575 -2.231347575   16.0428 

 

'H2S(g)'    0.0000  2    1.0000 'H+'    1.0000 'HS-'   -8.0781    -7.9759    -7.9295    -7.9572    -8.0759    -

8.2750    -8.5671    -9.0074    34.0819 

'End of gases' 0. 1 1. '0' 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 

 

'Calcite-Ca'   36.9340  4   -1.0000 'H+'    1.0000 'Ca++'    0.989305424 'HCO3-' 0.010694576 'H13CO3-' 

2.2257     1.8487     1.3330     0.7743     0.0999    -0.5838    -1.3262    -2.2154   100.0872 

'Calcite-Mg'   36.9340  4   -1.0000 'H+'    1.0000 'Mg++'    0.989305424 'HCO3-' 0.010694576 'H13CO3-' 

2.2257     1.8487     1.3330     0.7743     0.0999    -0.5838    -1.3262    -2.2154   84.21413 

'Pyrite_FeS' 23.94 3 -1.00 'H2(aq)' 1.00 'H2S(aq)' 1.00 'Mackinawite'  -6.5285  -5.9811  -5.3527  -4.7789  -

4.2142  -3.7689  -3.4087  -3.1113 119.9790 

'CH2O_SO4' 28.81 7 -1 'SO4--' -0.264 'H+' 1.0 'H2S(aq)' 1.978281341 'HCO3-' 0.021718659 'H13CO3-' 

0.302 'NH4+' 0.019 'HPO4--' 4 4 4 4 4 4 4 4 67.037 

'CH2O_ME' 28.81 9 -0.264 'H2O' 0.989712522 'CH4(aq)' 0.010287478 '13CH4(aq)' 0.727578763 

'CO2(aq)' 0.008421237 '13CO2(aq)' 0.260979678 'HCO3-' 0.003020322 'H13CO3-' 0.302 'NH4+' 

0.019 'HPO4--' 4 4 4 4 4 4 4 4 67.037 

'Mackinawite' 23.94 3 -1.0 'H+' 1.0   'Fe++'  1.0 'HS-' -4.648 -4.648 -4.648 -4.648 -4.648 -4.648 -4.648 -

4.648 87.911 

'End of minerals' 0. 1 0. '0' 0. 0. 0. 0. 0. 0. 0. 0. 0. 

 

Begin aqueous kinetics 

AOM 1 'monod' 5  -1.0 'SO4--'  -1 'CH4(aq)' 1 'HCO3-' 1.0 'HS-' 1.0 'H2O' 5.8 

   0.5e-4    2 'SO4--' 5e-4  'CH4(aq)' 5e-3 

   'Inhibition' 0 

13AOM 1 'monod' 5  -1.0 'SO4--'  -1.0 '13CH4(aq)' 1.0 'H13CO3-' 1.0 'HS-' 1.0 'H2O' 5.8 

   0.3960396e-6   2 'SO4--' 5e-4 '13CH4(aq)' 4e-5 

   'Inhibition' 0 

CO2_reduction 1 'monod' 5  -4.0 'H2(aq)'  -1.0 'HCO3-' -1.0 'H+' 1.0 'CH4(aq)' 3.0 'H2O' 40.25 

   2.35e-5  2 'H2(aq)' 1e-6  'HCO3-' 1e-2 

   'Inhibition' 1 'SO4--'  1e-4 

 

13CO2_reduction 1 'monod' 5  -4.0 'H2(aq)'  -1.0 'H13CO3-' -1.0 'H+' 1.0 '13CH4(aq)' 3.0 'H2O' 40.25 

    1.9E-07       2 'H2(aq)' 1e-6  'H13CO3-' 8.8730E-05 

   'Inhibition' 1 'SO4--'  1e-4 

 

End of aqueous kinetic 

 

Begin mineral kinetics 

+--------------------------------------------------- 

CH2O_SO4 

  label = default 

  type  = monod 

  rate(25C) = -12.40 

  activation = 0.0  (kcal/mole) 

  monod_terms :  SO4--  100e-06 

  inhibition :  

  1 ch2o_so4 + 14 h+ + 53 so4-2 --> 53 h2s(aq) +  1 hpo4-2 + 16 nh4+ + 106 hco3- 

+--------------------------------------------------- 
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CH2O_ME 

  label = default 

  type  = monod 

  rate(25C) = -12.40 

  activation = 0.0  (kcal/mole) 

  monod_terms :   

  inhibition : SO4--  1600.0e-06 HCO3- 15e-3 CH4(aq) 15e-3  

  1 ch2o_so4 + 14 h+ + 53 so4-2 --> 53 h2s(aq) +  1 hpo4-2 + 16 nh4+ + 106 hco3- 

+--------------------------------------------------- 

Calcite-Ca 

  label = default 

  type  = tst 

  rate(25C) = -6.19 

  activation = 15.0  (kcal/mole) 

  dependence : HCO3- 1.0 

  1.0 Calcite + 1.0 H+ =  1.0 Ca+2 + 1.0 HCO3- 

+--------------------------------------------------- 

Calcite-Mg 

  label = default 

  type  = tst 

  rate(25C) = -6.19 

  activation = 15.0  (kcal/mole) 

  dependence : HCO3- 1.0 

  1.0 Calcite + 1.0 H+ =  1.0 Ca+2 + 1.0 HCO3- 

+--------------------------------------------------- 

Pyrite_FeS 

  label = default 

  type  = tst 

  rate(25C) = -8 

  activation = 15.0  (kcal/mole) 

  dependence :  

+--------------------------------------------------- 

Mackinawite 

  label = default 

  type  = tst 

  rate(25C) = -8.90 

  activation = 0.0  (kcal/mole) 

  dependence : 

  1.0 FeS(am) + 1.0 H+ =  1.0 Fe+2 + 1.0 HS- 

+--------------------------------------------------- 

End of mineral kinetics 

Begin exchange 

'NaX'   2 1.0 'Na+'  1.0 'X-'   0.00  0.000 

'KX'    2 1.0 'K+'   1.0 'X-'  -0.48  0.000 

'CaX2'  2 1.0 'Ca++' 2.0 'X-'  -0.99  0.000 

'MgX2'  2 1.0 'Mg++' 2.0 'X-'  -0.86  0.000 

'NH4X'  2 1.0 'NH4+' 1.0 'X-'  -0.48  0.000 

'NaXhan_zach1' 2  1.0 'Na+' 1.0 'Xhan_zach1-'             6.76  0.000 

'NaXhan_zach2' 2  1.0 'Na+' 1.0 'Xhan_zach2-'             2.20  0.000 

'CsXhan_zach1' 2  1.0 'Cs+' 1.0 'Xhan_zach1-'             0.00  0.000 

'CsXhan_zach2' 2  1.0 'Cs+' 1.0 'Xhan_zach2-'             0.00  0.000 

'NaXhan1' 2  1.0 'Na+' 1.0 'Xhan_col1-'                   6.99  0.000   

'NaXhan2' 2  1.0 'Na+' 1.0 'Xhan_col2-'                   2.52  0.000 

'CsXhan1' 2  1.0 'Cs+' 1.0 'Xhan_col1-'                   0.00  0.000 

'CsXhan2' 2  1.0 'Cs+' 1.0 'Xhan_col2-'                   0.00  0.000 
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'NaXhan1' 2  1.0 'Na+' 1.0 'Xhan1-'             7.388  0.000   

'NaXhan2' 2  1.0 'Na+' 1.0 'Xhan2-'             4.301  0.000 

'NaXhan3' 2  1.0 'Na+' 1.0 'Xhan3-'             1.906  0.000     

'KXhan1' 2  1.0 'K+' 1.0 'Xhan1-'               5.034  0.000  

'KXhan2' 2  1.0 'K+' 1.0 'Xhan2-'               2.287  0.000 

'KXhan3' 2  1.0 'K+' 1.0 'Xhan3-'               1.050  0.000 

'Ca0.5Xhan1' 2  0.5 'Ca++' 1.0 'Xhan1-'         7.906  0.000 

'Ca0.5Xhan2' 2  0.5 'Ca++' 1.0 'Xhan2-'         5.202  0.000 

'Ca0.5Xhan3' 2  0.5 'Ca++' 1.0 'Xhan3-'         1.764  0.000 

'CsXhan1' 2  1.0 'Cs+' 1.0 'Xhan1-'             0.00  0.000 

'CsXhan2' 2  1.0 'Cs+' 1.0 'Xhan2-'             0.00  0.000 

'CsXhan3' 2  1.0 'Cs+' 1.0 'Xhan3-'             0.00  0.000 

'NaXhan1' 2  1.0 'Na+' 1.0 'Xhan1a-'             6.99  0.000   

'NaXhan2' 2  1.0 'Na+' 1.0 'Xhan2a-'             2.34  0.000     

'CsXhan1' 2  1.0 'Cs+' 1.0 'Xhan1a-'             0.00  0.000 

'CsXhan2' 2  1.0 'Cs+' 1.0 'Xhan2a-'             0.00  0.000 

End of exchange 
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Appendix 4 Graphic presentation of the model scheme in Chapter 5. For each time step, a 

5-meter sediment layer was added then the sediment column was allowed to evolve 

chemically for a time period equivalent to that needed for the 5-meter sediment to 

accumulate (i.e., 5 m divided by the sedimentation rate). The initial condition for each 

step was the output of the previous step. Upper boundary condition was set to be bottom 

seawater composition whereas the lower boundary condition was always the composition 

of the volcanic basement, which was inferred from the deepest pore water measurements. 

In the sediment column, porosity was assigned following the observed profiles; reaction 

and the chemistry were allowed to evolve with time. In contrast, in the basement aquifer, 

porosity was fixed to be a constant value and reactions were set to be inactive.    
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Appendix 5 Test of different lower boundary conditions in Chpater 5. In one simulation 

(solid blue line), the lower boundary condition was set to evolve from the composition of 

bottom seawater to the volcanic basement aquifer. In the other simulation (dash blue 

line), the boundary condition was always fixed as the basement aquifer composition. Due 

to the faster rate of diffusion than of sedimentation, pore water composition rapidly 

responds to the changes in the lower boundary condition. The resulting profile at 20 Myr 

is similar between the two trials. The resulting ash alteration rates estimated by these two 

trials are only 3.6% different. As we have no direct data on how the basement aquifer 

composition evolved with time, we adopted the fixed lower boundary condition in this 

study.  
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Appendix 6 Sensitivity tests on ash alteration rate using Sr isotopes and volcanic ash 

content in Chapter 5. Results of such test show that both Sr isotopes and volcanic ash 

profiles are very sensitive to the chosen ash alteration rate and therefore these data 

provide good constraints on reaction rates. 
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Appendix 7 Model setup for the tests of different lower boundary conditions in Chapter 

5.  

 Evolving bottom boundary 

condition 

Constant bottom boundary 

condition 

Bottom water condition Volcanic ash input, 
87

Sr/
86

Sr=0.7095 

Volcanic basement 

condition 

No ash, 
87

Sr/
86

Sr=0.7040 

Upper boundary condition Bottom water condition 

Initial lower boundary 

condition 

Bottom water condition 

Final lower boundary 

condition 

Volcanic basement 

condition 

Volcanic basement 

condition 

 

 

 

 


