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Abstract. A simple prognostic tool for gas hydrate (GH) 1 Introduction

quantification in marine sediments is presented based on a di-

agenetic transport-reaction model approach. One of the mostubmarine gas hydrates (GH) are assumed to be abundant
crucial factors for the application of diagenetic models is thein continental margin sediments worldwide. They have at-
accurate formulation of microbial degradation rates of par-tracted increasing interest in marine geosciences for various
ticulate organic carbon (POC) and the coupled formation offeasons: (i) the use of GH as additional energy source (e.g.
biogenic methane. Wallmann et al. (2006) suggested a kiBohannon, 2008; Hester and Brewer, 2009), (ii) the climate
netic formulation considering the ageing effects of POC andeffect of melting GH and Clt release into sea water and
accumulation of reaction products (GJ'COZ) in the pore the atmosphere induced by seafloor Warming (eg Dickens
water. This model is applied to data sets of several ODP site§t al., 1995; Kennett et al., 2003; Milkov, 2004; Reagan and
in order to test its general validity. Based on a thorough pa-Moridis, 2009), and (iii) the potential of dissociating GH trig-
rameter analysis considering a wide range of environmenta@ering slope failure events (Xu and Germanovich, 2006).
conditions, the POC accumulation rate (POCar in%gym) Various geochemical and geophysical methods have been
and the thickness of the gas hydrate stability zone (GHSZdeveloped and applied to quantify GH-inventories on var-
in m) were identified as the most important and independentous scales, however, global predictions made since the
controls for biogenic GH formation. Hence, depth-integratedearly 1980’s vary extremely by several orders of magnitude
GH inventories in marine sediments (GHI in g of ¢Her  (5.5x 10?* g of CHy, Dobrynin et al., 1981; 1.4 10" g

cn? seafloor area) can be estimated as: of CHy, Soloviev, 2002). At present, an inventory between
6.7 x 10" and 3.3x 10'® g of CH,; (500-2,500 Gt of C) as
GHI=a-POCar GHSZ - exp(—GHSZ /PO d) + ¢ estimated by Milkov (2004) still seems to be the most real-
) istic (c.f. Archer et al., 2008). In general two different main
with a = 0.00214 b = 1.234 ¢ = —3.339 types of marine GH occurrences are distinguished: high gas

flux systems (HGF) and low gas flux systems (LGF) (Milkov,
2005). HGF are usually characterized by higher amounts of
The transfer function gives a realistic first order approxi- GH: generally focused in permeable layers and along frac-
mation of the minimum GH inventory in low gas flux (LGF) tures: Kastner et aI: (200$a) estimated up tq 67 vol.% of pore
systems. The overall advantage of the presented function i§P2ce filled by GH in sediments at the continental margin of

its simplicity compared to the application of complex numer- India. Even higher concentrations of up to 90 vol.% pore

ical models, because only two easily accessible parameter%aturation are reported for sediments in the Nankai Trough
need to be determined. (Uchida et al., 2004). Such high concentrations are the re-

sult of upward migrating fluids and gases from greater sed-
iment depth which are often enriched in thermogenic,CH
(Sassen et al., 2001; Liu and Flemmings, 2007). In con-
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of biogenic CH, which is produced within and below the tion the reader is referred to the original publication by Wall-
GHSZ. LGF encompass by far the largest area of active ananann et al. (2006).
passive continental margins with estimated average concen- The model considers steady state compaction of the sed-
trations of about 2 vol.% (Milkov, 2005). However, a still iment, diffusive and advective transport of dissolved con-
outstanding issue is how to explain and to predict the amounstituents, input and degradation of POC and particulate or-
and distribution at a given location. ganic nitrogen (PON) via sulphate reduction and methano-

Since about a decade, numerical transport-reaction modgenesis, anaerobic oxidation of methane (AOM), as well as
elling has increasingly been used to constrain rates of GHhe formation of NH, dissolved inorganic carbon (DIC) and
formation and to predict GH inventories at ODP drilled sites CH4. The model calculates the solubility of Glh pore wa-
and on global scales (e.g. Davie and Buffett, 2003; Torregter with respect to the stability field of GH and considers the
et al., 2004; Buffett and Archer, 2004; Hensen and Wall-formation and dissociation of GH as well as the formation
mann, 2005; Klauda and Sandler, 2005; Wallmann et al.and dissolution of free Cldgas (FG) in pore water.
2006; Archer et al., 2008). A striking advantage of transport- The POC-degradation rate is calculated as a function of
reaction models is that rates of GH formation can be con-POC input. The rate and reactivity of POC decrease with
strained by control parameters such as the particulate organidepth due to age-dependent alteration and inhibition by the
carbon (POC) input, POC degradation, sedimentation rateaccumulation of degradation products (i.e. DIC and,Tid
pore water diffusion and advection, heat flow, etc., which canthe pore water:
be calibrated against measured pore water and solid phase
data. However, the majority of the available models are gpnc= Ke .
highly complex and depend on the knowledge of numerous C(CHy+C(DIC)+Kc
site specific data. Hence, it is desirable to develop simpler(o,lﬁ. (agenit+ag%ed)‘0-95).C(pog,
approaches, which only require the availability of a few key
parameters. The input and degradation of POC are criticajvhereRpocis the degradation rat&;c is the inhibition coef-
parameters in this regard as they are the driving force fof CH ficient for POC degradatiorg; (CH,), C(DIC), andC(POC)
formation (Davie and Buffett, 2001). Bhatnagar et al. (2007) are the concentrations of the dissolved and solid species.
performed a rigorous numerical model study of LGF sys-The central term is an age-dependent term after Middel-
tems and found out that GH formation mainly depends onpurg (1989) with agg;: as the initial age of the POC, and
(i) the thickness of the GH stability zone (GHSZ), (ii) the ageeqas the alteration time of POC since entering the sed-
Damkohler number, representing the ratio of methane proiment column. Specifically the predetermined parameters
duction to methane diffusion, and (iii) the first Peclet number, . and agg are crucial for limiting POC degradation at
representing the ratio of fluid advection to methane diffusion.higher concentrations of G+hnd DIC. Based on results from
While the GHSZ can be easily calculated, specifically the esthe Sea of Okhotsk and ODP Site 997 (Blake Ridge) Wall-
timation of the rate of methane production is problematic, mann et al. (2006) could show that tke value seems to be
which makes the result of Bhatnagar et al. (2007) difficult to fairly constant (30 to 40 mM) while agg is quite variable
use without applying models of the same complexity. (see Sect. 3). All other required parameterssgg€ (CHy),

In order to address this problem comprehensively, system¢ (DIC), andC(POC) are generated as model outputs.
atic investigations are required that relate the amount of GH Dissolved methane concentrations in pore water are
formed in the sediments to generally available key parametargely determined by its solubility with respect to gas hy-
ters. In the present study, we test the validity of a numericaldrate and free gas. Methane-seawater equilibrium curves in
model which uses a second order rate law for POC degradasediment are calculated after Tishchenko et al. (2005) us-
tion (Wallmann et al., 2006) by using geochemical pore watefing ambient pressure, temperature, and salinity information.
and solid phase data from a number of ODP drill sites. Based\shen methane concentrations exceed the solubility condi-
on this, we conducted systematic numerical model runs covtions for GH or FG, GH is precipitated or FG accumulates
ering a broad range of environmental conditions and geologin the pore volume. GH dissociates when it is buried below
ical settings in order to derive a simplified approach for thethe three-phase equilibrium curve. The upward transport of

@)

prediction of sub-seafloor GH inventories. the gas phase is not considered in the model. All general
equations, parameterizations and boundary conditions of the

2 Numerical modelling model are provided in the appendix (Tables A1-A4).

2.1 Model description 2.2 Validation of the numerical model

The transport-reaction model developed by Wallmann etThe major purpose of applying the model to data from var-
al. (2006) is based on a one-dimensional, numerical approactous ODP sites is to prove if a generalised parameterisation
implemented in Wolfram Mathematica. Here, only a short of POC kinetics is feasible to receive good fits to data from
summary of the model is presented; for an extensive descripdiverse geological environments. Therefore, the model was
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Table 1. Parameters, constants and coefficients of the modelled ODP Sites 1041 (Costa Rica), 685 and 1230 (Peru), 1233 (Chile), 1014
(California), 995 (Blake Ridge), and 1084 (Namibia). The values for the different model runs (constant POC input, varying POC input and
fluid flow) are listed as a, b, and c. The porosity is calculated after Berner (1980) with the porosity at the Sjfaaethe lower boundary

(@ #), and the coefficient for the decrease of porosity (px).

Region Costa Rica Peru Chile California Blake Ridge Namibia
ODP Site 1041 1230 685 1233 1014 995 1084
Water depth [m] 3305 5086 5070 838 1165 2779 1992
Seafloor temperaturéC] 19 1.7 14 5 4.1 3.6 35
Thermal gradientYkm] 21.6 34.3 42 45 58 36.9 48
Sedimentation rateJsg) [cm/kyr] 13.1 100 14.7 110 79 40 24
Sediment thickness [m] 750 270 620 120 500 900 620
N:C ratio of organic matter 16/160 16/106  16/106 16/145 16/170 16/140 16/170
NH4 adsorption coefficient (Kps) a/b/c 1.3/1.9/- 0.1/-/- 0.1/-/0.1 0.8/0.7/0.1 0.01/-/— 0.3/0.6/— 0.1/-/0.1
[cm3 pore water/g solids]
POC [wt.%)] a/blc 1.6/1.2-3%0- 2.8/-- 3.2/-/3.2 1.2/1.1-20.9-2.1 5/—/— 1.6/0.25-1%8- 8/-/18
Initial age of POC (aggit) [kyr] a/blc 100/100/— 40/-/I-  45/-120 0.8/1.5/3 50/—/— 180/25/— 43/-/43
POC inhibition constant (k) [mmol/l]  a/b/c 43/44/- 45/-/-  43/-/45 50/45/45 25/-1- 45/45/— 45/-/45
Fluid Flow [mm/yr] c - - 0.16 1.1 - - 0.18
Porosity ®g 0.7 0.76 0.76 0.77 0.8 0.76 0.85
P @ 0.52 0.65 0.56 0.62 0.6 0.52 0.7
1/px 20000 5000 17000 1800 4000 17000 4000

* Scenarios for variable POC input over time were calculated at the Costa Rica, Chile, and Blake Ridge sites using the equations below:
POC (th41= 1.55+1.55xp[-(t-0.81tmax)2/20 000/fnax]-0.45 exp[-(t-0.8 7tmax)2/60 000/tnax]

POC (t) 235 1+1.3exp[-(t-1.05tmax)2/2000/nax]

POC (thgs= 1.7+0.9exp]-(t-0.97tmax)2/300 000/iax]-2.9-exp[-(t-1.:tmax) 2/200 000/nax]

reports (D’Hondt et al., 2003; Kimura et al., 1997; Lyle et al.,
1997; Mix et al., 2003; Paull et al., 1996; Suess et al., 1988;
Wefer et al., 1998) and is summarised in Table 1. Overall,
GH-containing sedimentary strata with varying thicknesses
of 200 to 800 m were recovered from these sites. At Site
1041 the bottom of the stability zone (BSZ) is not reached
within the sedimentary deposits. In general, the overall POC
concentrations are high-0.5 wt.%) and the S@penetration
depth is low and accompanied by a strong increase of sub-
surface NH- and CH;-levels.

Each of the standard models was run into steady state by
fitting the model to concentration-depth profiles of the dis-
solved species S£and NH; and the solid species POC and
PON assuming that, in general, the present day pore water
profiles are representative for the sedimentary history of the
Fig. 1. Location of the ODP Sites used for the validation test System. Standard runs consider constant POC input over
of the numerical model: Blake Ridge (Site 995), Califormia (Site time as well as sediment burial and molecular diffusion as
1014), Costa Rica (Site 1041), Namibia (Site 1084), Peru (Sitesthe only transport processes (a-model runs). Additional runs
685, 1230), and Chile (Site 1233). with variable POC input (b-model runs) and fluid advection
(c-model runs) were performed as specified below (Table 1)
in order to comply with site-specific conditions.

applied to data from various ODP Sites (Fig. 1): 1041 (Costa All model results (including predicted GH volumes) and
Rica), 685 and 1230 (Peru), 1233 (Chile), 1014 (California), measured concentrations of SONH4, POC, and PON (if
995 (Blake Ridge), and 1084 (Namibia). GH were previously available) are shown in Figs. 2—7. The boundary condi-
recovered and/or confirmed at ODP Sites 1041, 685, 123@ions used in this study are listed in Table A4 of the Ap-
and 995. All required environmental information comprising pendix. For all models the concentrations at the upper
for example water depth (hydrostatic pressure), geothermaboundary of the dissolved species £Q@H; and NH, have
properties (heat flow), seafloor temperature and sedimentabeen prescribed to fixed values corresponding to the standard
tion rate for each site was obtained from the respective ODRseawater composition (Dirichlet conditions). At the lower
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ODP Site 1041
SO,/ CH, [mmol/1] POC [wt.%)] PON [wt.%] NH, [mmol/l] GH [vol.%]

0 40 80 120 160 0 1 2 3 0 01 02 03 0 4 8 12 0 025 05 075 1
a) - const. POC
- no fluid flow

0

GH =0.21v0l.%
GH GHI =62 g CH,cm?

200 +CH,

Depth [m]
B
8

600

800

0 40 80 120 160
0

0 025 05 075 1
b) - var. POC
- no fluid flow

GH =0.24 vol.%

GHI = 7.3 ¢ CH,Jom?
200 +CH,

Depth [m]
B
8

600
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Fig. 2. Model results for ODP Site 1041 off Costa Rica for two different model runs: a) constant POC input, and b) varying POC input over
time. Average GH concentrations (GH) are provided in vol.% of pore space, and as depth-integrated mass per area seafloor (GHI in g of
CH4/sz).

boundary zero-gradient conditions are chosen for the a- andite is characterised by relatively low sedimentation rates of
b-models (Neumann conditions). For the c-models, whichabout 13 cm/kyr (Kimura et al., 1997). Measured data at
consider advective fluid flow from below, the concentrationsthis location are largely represented by the standard model
of the dissolved species have been determined as Dirichlefig. 2). However, POC and PON data indicate consider-
conditions. Therefore, the SOconcentration at the lower able variations in the input of organic material over time. In
boundary was set to zero, Nkoncentration was taken from order to evaluate to which extent such variations may affect
the respective ODP data, and gkEbncentration was taken GH inventories a second run was performed where the POC
from the output of the respective a-model. The input of input at the sediment surface was varied over time (see Ta-
POC at the upper boundary is given by a fixed concentrationble 1). The result is a better fit of POC and PON data than
which is modulated into a time-dependent function consid-in the a-model, which, however, only affects estimated GH
ering variations in the POC input over time for the b-models concentrations by about 20 % of the total GH amount. Slight
(Table 1): deviations from the measured Nidrofile in both runs may
be explained by lateral advection of fluids (Hensen and Wall-

POQx =0)=f(©) 2) mann, 2005), which may explain local GH enrichments be-
The PON input was determined by fitting the N:C ratio of or- tween 115 and 165 mbsf at this site (Kimura et al., 1997).
ganic material to the respective POC-PON-data at each siteHowever, because this process is probably of minor impor-

Pore water S@and NH, are the most important parame- tance and also very difficult to constrain, it will not be further
ters for fitting the model. POC and PON usually show moreaddressed in this study.
natural variability, and hence are more difficult to constrain.
At the depth where Clsaturation with respect to methane pgry
hydrate is reached GH starts to precipitate. Average GH con-

centrations without c0n5|der|pg fluid flow are generally. be- The ODP Sites 1230 and 685 are located on the lower slope
low 1 % of the pore volume (Figs. 2-7). These comparatively

. . X . ?f the Peru margin at about 5100 m water depth (D’Hondt et
low concentrations are in agreement with recent studies a

: . . . al., 2003). Both sedimentary sequences are part of the ac-
locations which are not affected by intense fluid or gas ﬂowcretionary wedge that forms due to subduction of the Nazca
(Milkov, 2005; Trehu et al., 2004).

plate. The sedimentation rates are about 100 cm/kyr and

2.2.1 Site-specific results 14.7 cm/kyr, respectively (D’'Hondt et al., 2003; Suess et al.,
1988). GH was reported at site 685 in discrete layers at 99
Costa Rica and 165 mbsf (Suess et al., 1988) and at site 1230 between

82 and 148 mbsf (D’Hondt et al., 2003). At Site 1230,,S50
ODP Site 1041 is located at the active, erosive continentabnd NH;, profiles are well reproduced by the standard model
margin of Costa Rica at a water depth of about 3300 m. ThgFig. 3). An average of the measured POC concentrations
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ODP Site 1230

SO,/ CH, [mmol/l] POC [wt.%)] PON [Wt.%] NH, [mmol/I] GH [vol.%]
0 20 40 60 80 100 0123456 0 02 04 06 0 20 40 60 0 025 05 075 1
a) - const. POC N ] ] ]
- no fluid flow K - . B . GH = 0.64 vol.%
E 7 7 7 . X X
] CH, ] ] ] Xe HI =10.0 g CH,/cm?
] GH ] ] ]
T 100 * — — - Ne,
£ 1 ] ] ] %
5 . ] ] ] .
= 1 CH; ] ] ]
A 200 — — - .o
300 J J J
ODP Site 685
SO,/ CH, [mmol/l] POC [wt.%)] PON [wt.%)] NH, [mmol/l] GH [vol.%]
0 50 100 150 200 250 01 2 3 45 0 02 04 06 0 20 40 60 01 2 3 45
a) - const. POC N ]
- no fluid flow E 3 GH =082 vol.%
3 \GHI = 26.4 g CH,Jem?
E 200 = 3
£ E GH +CH, =
3 400 =
[a] E =
= CH, 3
E BSZ 3
600 FG +CH, 3
0 50 100 150 200 250 01 2 3 45 01 2 3 4 5
c) - const. POC
-fluid flow  © 3 Aen
3 4 GH =216vol.%
= —F\GHI =66.0g CH,/cm?
E 200 E 2
= 3 GH +CH, 3
b= 3 E
3 400 3
[a) = 3
= 3
600 3 BSZ 3
E E BSZ

FG +CH,

Fig. 3. Model results for ODP Sites 1230 and 685 off Peru for two different model (aysonstant POC input, an(d@) constant POC input
with advective fluid flow.

was used as the POC input value in order to comply withSouthern Chile

the considerable scatter observed in the depth profile. The

GH content is 0.64 vol.% on average and extends from abou®ite 1233 is located in a small forearc basin on the upper
60 to 260 mbsf, which excellently matches with the depthcontinental margin (840 mbsf) offshore southern Chile, be-
interval reported for GH findings (D’Hondt et al., 2003). longing to the southern end of the Nazca subduction system.
However, the sedimentary sequence recovered at the nearthhe area is characterised by very high sedimentation rates
Site 685 is considerably thicker (620 m) and indicates thatof about 100 cm/kyr. Although the pore water chloride pro-
NH, decreases with depth (Fig. 3). A model run without fluid file may indicate the presence of GH in the sediment no GH
flow results in a NH-profile which is not supported by the findings are reported (Mix et al., 2003). The standard model
data, but reveals GH concentrations purely based on in sitgloes not produce a good fit to the POC, PON and;dEita
degradation rates (Fig. 3). Average GH inventories in the no-2nd does not predict any formation of GH (Fig. 4). The mis-
flow scenarios are approximately the same at both locationgnatch is obviously caused by changes in the POC input over
and hence give an approximation of minimum GH invento- time and, considering the down-core decrease of Nhbst
ries. Based on drilling results (D’Hondt et al., 2003) and sim- likely fluid advection. Increasing the POC input over the past
ilar to findings offshore Costa Rica (Hensen and Wallmann,20 000 years (derived from the POC-data and the sedimenta-
2005)' upward advection of deep-seatedzlm-épbted fluids tion rate), however, improved the fit to the data, but did not
is a likely explanation for the observed decrease inuNH change the result with respect to GH accumulation. Addi-
a second model run, we app“ed an upward advection rate oqional consideration of fluid flow results in a gOOd fit to the
0.16 mm/yr and varied the model parameterisation accorddata (c-model in Fig. 4) and predicts the presence of minor
ingly in order to fit the model to the NfHdata (Table 1). In  amounts of GH between 60 and 80 mbsf. Allin all, the in situ
agreement with previous studies (Buffett and Archer, 2004;production of CH is most likely not sufficient to produce GH
Hensen and Wallmann, 2005) GH inventories in this sce-at this site, which is in agreement with field observations.
nario increase significantly from 26 g of Gln? (a-model)

to 66 g of CH/cnm? (c-model) considering fluid flow.

www.biogeosciences.net/7/2925/2010/ Biogeosciences, 7, 29232010
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ODP Site 1233
SO, / CH, [mmol/I] POC [wt.%] PON [wt.%] NH, [mmol/I] GH [vol.%]
0 20 40 60 80 100 0 1 2 3 0 01 02 03 0 3 6 9 12 15 0 025 05 075 1
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-fluid flow  °
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GH =0.08v0l.%

40 GHI =0.12 g CH,/cm?

60

Depth [m]
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100
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Fig. 4. Model results for ODP Sites 1233 off Chile for three different model rfagsconstant POC inpu(p) varying POC input, an¢c)
varying POC input combined with advective fluid flow.

California and a constant POC and PON input in the basic a-model run
does not comply with the measured data and did not predict
Site 1014 was drilled in a water depth of 1165 m in the Tan-any GH formation (F|g 6) In addition, a very h|gh initial
ner Basin, which belongs to the band of California Border- sediment age of 180 kyr had to be used in order to achieve
land basins and is characterised by high organic matter inPOC degradation rates that enable a good fit to the measured
put, a high sedimentation rate of 79 cm/kyr, and an extendegyH, profile. Using a reduced POC/PON input for the Late
oxygen minimum zone between 500 and 1500 m water deptiQuaternary (Paull et al., 2000) required higher overall degra-
(Lyle et al., 1997). The standard model revealed a good fitdation rates in order to fit the NHdata and predicted GH
to the measured data (Fig. 5). However, the scatter in th@ormation in the depth range reported previously (Paull et
POC input over time was not resolved in the a-run. An av-g|., 1996). Moreover, Wallmann et al. (2006) used the same
erage input value of 5wt.% of POC produced an excellentmodel approach as in the present study and predicted roughly
fit to the measured Niiprofile, and hence is obviously a the same amount of in situ formed GH for the nearby ODP
good approximation of the overall POC degradation. In spitesjte 997 (on average 0.3 vol245.1 g of CH/cnm?). How-
of the hlgh POC accumulation, GH are not reported for thiSever, overall GH inventories may be much h|gher (up to sev-
site. Most likely this is due to the high geothermal gradi- eral 8 vol.%= 137 g of CH/cm?; Paull et al., 2000) due to
ent of 58/km resulting in a thin GHSZ (175m). The model |ocal enrichments caused by upward migration of free gas
predicts minor amounts of GH above the BSZ. formed below the BSZ (Wallmann et al., 2006).

Blake Ridge Namibia
The Blake Ridge ODP Site 995, which was drilled into a

large drift deposit located at the passive continental margirSite 1084 is located on the upper continental margin off
of the south-eastern United States at a water depth of 2779 niamibia, a region which is characterised by intense up-
has been studied in detail with respect to GH in the past (e.gwelling and enhanced POC deposition. Likewise, average
Dickens et al., 1997; Egeberg and Dickens, 1999). Using arPOC concentrations of5 wt.% are observed throughout the
average sedimentation rate of 40 cm/kyr (Paull et al., 1996)kntire core, resulting in high degradation and GH formation

Biogeosciences, 7, 2928941, 2010 www.biogeosciences.net/7/2925/2010/
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ODP Site 1014

S0, / CH, [mmol/l] POC [wt. %] PON [wt.%] NH, [mmol/I] GH / FG [vol.%]
0 40 80 120 160 0 2 4 6 8 10 0 02 04 06 08 0 20 40 60 0 025 05 075 1
a) - const. POC ]
- no fluid flow JGH =0.10vol.%
100 g:GHl =0.55 g CH,fcm?
£ 200 9~ BSZ
£ 3 N
§- 300 3 \
3 \
400 3 \FG
500 3 \

Fig. 5. Model results for ODP Site 1014 off California wifa) constant POC input. The dotted line indicates the free gas (FG) contents
below the base of the GHSZ (BSZ) in % of the pore space.

ODP Site 995

SO,/ CH, [mmol/l] POC [wt.%)] PON [wt.%] NH, [mmol/] GH / FG [vol.%)]
0 40 80 120 160 200 o 1 2 3 0 01 02 03 0 5 10 15 20 25 0 02505 075 1
a) - const. POC 0 N ] ]
- no fluid flow 3 3 3 E
200 3 3 3 =
= = = = = no hydrate
< o 3 3 3 3
a = = = = BSZ
2 E E E E
600 = = 3 E
e E E E 3
800 = = = =
3 3 = =
0 40 80 120 160 200 o 1 2 3 0 01 02 03 0 5 10 15 20 25 0 02505075 1
b) - var. POC 0 N N N
- no fluid flow E 3 E = GH =0.29vol.%
200 é é é é GHI =3.0g CH,/cm?
E E E E E
g = E E E
g E E E E Bsz
Q 600 3 3 3 3
800 = = = EARE
3 3 3 =Y

Fig. 6. Model results for ODP Site 995 at Blake Ridge for two different model ryayconstant POC input, angh) time varying POC
input.

rates. The sedimentation rate at this site is 24 cm/kyr (Wefethough very significant in terms of GH formation, fluid flow

et al., 1998). Similar to Sites 685 and 1233 (Figs. 3 and 4)is very difficult to constrain and predict on regional to global
the NH; profile indicates upward fluid advection at this lo- scales, and hence was neglected in the following systematic
cation. Indeed, during the drilling no findings of gas hydrate analysis. Consequently, all results presented here have to be
have been reported. Applying fluid advection to the modelregarded as minimum estimates, which only reflect pure bio-
leads to a better fit of the Ntprofile and predicts about 60% genic methane and GH formation within the GHSZ.

higher GH amounts (Fig. 7).

The results above clearly demonstrate the general validityd ~Sensitivity analysis of the standardised numerical
of the kinetic model. The model is able to reproduce the con-  model
centrations of solid and dissolved species of the ODP Sites in
a generalised way, while all parameters of the kinetic rate lanin order to identify the most important parameters, which
(Eq. 1, Table 1) are kept almost constant. Hence, the modedignificantly control the formation of GH, a sensitivity analy-
serves as a useful basis for a systematic analysis of biogenigis was performed with parameter variations covering a wide
GH formation and the derivation of an analytical transfer range of natural environments. This analysis is based on a
function to predict submarine GH inventories. Overall, GH standardised model set up (Table 2), which is defined by the
concentrations resulting from all model runs at the ODP Sitesaverage values of the environmental and chemical conditions
without fluid flow vary between 0 and 26 g of Gk (0 to (i.e. water depth, thermal conditions, POC concentration,
1.6 vol.%). In some cases, fitting the Nigrofiles required  POC initial age (aggt), porosity, sedimentation rate, inhibi-
the implementation of upward fluid flow, which increases thetion constant of POC degradatiok {)) of the ODP models
GH amount up to 66 g of Cilcm? (~2.2 vol.%; Fig. 3). Al-  (Table 1). Critical parameters for generalization purposes are
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ODP Site 1084
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Fig. 7. Model results for ODP Site 1084 off Namibia for two different model ru¢a: constant POC input, an@) constant POC input
combined with advective fluid flow.

Table 2. Input parameters and boundary conditions for the standard model using average values of all specific ODP models. The range of
parameter values used for the sensitivity analysis are also shown.

Standard model Sensitivity
(average of ODP models) analysis
Water depth [m] 2516 500-5500
Seafloor temperaturé ] 3.1 1-6.5
Thermal gradientJ/km] 44.2 10-65
GHSZ [m] 450 50-2000
POC accumulation rate [gﬁfyr] 4.3 0.7-40
—POC input [wt.%] 2.3 0.5-5.5
— Sedimentation rateg [cm/kyr] 32 9.5-200
Initial age of POC (aggit) [kyr] 43.7 43.7
Porosity® (g, ® 7, 1/pX) 0.75, 0.59, 5000 0.75, 0.59, 5000
NH4 adsorption coefficient (Kps) [cm3/g] 0.52 0.52
POC Inhibition constant (k) [mmol/I] 43.7 43.7

the ag@i: andK ¢ since they may have a substantial effect on value in the ODP model runs is 43.7 mM with a quite narrow

GH formation rates. In general, highe and low agg;; val- range of 25 to 50 mM, which is in agreement with results of
ues favour higher degradation rates of organic matter, goingVallmann et al. (2006).
along with enhanced formation of NHCH,, GH, a shal- Subsequently, the effect on the GH formation was anal-

low sulphate penetration depth, and vice versa. A sensitivityysed by varying water depth, thermal conditions, sedimen-
analysis of agg;: confirms that the accumulation of GH gen- tation rate, and POC concentration of the standard model.
erally increases with decreasing initial POC ages (Fig. 8).In these scenarios, the thermal gradient ranges from 10 to
The effects are strong at high sedimentation rates and cont5°/km, the seafloor temperature from 1 to 8@, and the
parably small in slowly accumulating sediments. Most of water depth from 500 to 5500 m. The total sediment thick-
the aggit values applied in the ODP models are about 40—-ness was always chosen to be thick enough to include the
50 kyr, with a few exceptions to higher (a- and b-model of entire GHSZ. The POC input concentration has been varied
Site 1041 and a-model of Site 995) and lower initial agesfrom 0.5 to 5.5wt.%. The sedimentation rate ranges from 9.5
(Site 1233), and hence an average value of all ODP modelso 200 cm/kyr. All parameter variations are listed in Table 2.
(43.7 kyr) was used in the standard model. The avekge
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Fig. 8. Effect of the POC initial age (agf) on the accumulation

of gas hydrates in marine sediments at two different sedimentatior-ig- 9- Sensitivity analysis of the standard model: For each model
rates 6). run (red dots) only one input parameter was varied. Additionally,

the output parameter SACH,-transition depth (SMT) as a result
of increasing the POCar is shown.

In Figure 9 the relation between the tested parameters and

:Eﬁeﬁ?(l)?;li]tce;aseEygg?;snzésHT??;ni;lség mz1;hi§ ?;Tgl:"_nt o{ings. This is in line with results of Kastner et al. (2008b)
lated by integrating the hydrate concentrations in each Iaye?nd Dickens and Snyder (2009). The latter authors, however,

over the entire model column. The seafloor temperaturéDOInted out that pore water chemlstr_y data may help to un-
. . . . derstand the formation of the underlying gas hydrate system,
and the thermal gradient show a negative correlation with

GHI because higher temperatures reduce the extension obet generally not as a proxy for the amount and distribution

the GH stability field. Similarly, the GHSZ thickens with ©' 925 hydrate. . .
. . . . . The other tested parameters display clear functional rela-
increasing water depth because of increasing environmen-

tal pressure. Overall, a thick GHSZ causes a longer resi-t'sanhf'prstLO tgeric\:/altci:ulr?tid G:—:nc?nc?]rétratlc;n I(t':rlgﬁ ?‘)'r?or:/v-
dence time of POC, and hence favours the formation of bio—e ef, for the derivalion ot a Simple and useful transter func-

genic CH, within it. The sole effect of the sedimentation rate tonitis crucial to limit the set of parameters to those Wh'Ch
L . . have (i) a strong effect on the formation of GH and (ii) are
on the GH formation is comparatively low. For sedimenta-

. . o . ... widely available and easy to determine. Moreover, the sen-
tion rates up to 75 cm/kyr there is a positive correlation with sitivity analysis above suffers from a lack of systematics; for
GHI (upto 2.6 g of Cl/en¥) because of increasing burial of examy le PéC concentration and sedimentati)én rate or \,/vater
POC. However, as discovered previously by Davie and Buf- P

fett (2001), further increasing sedimentation rates (withoutOlepth and bottom water temperature have been treated as in-

increasing POC input at the sediment surface) lead to Ole(_Jlependent parameters although they are correlated. Hence,

i . e o . in order to perform a refined and more robust analysis, we
creasing GH inventories; this transition into a negative trendSummarise d the parameters defining the temperature and
when reaching a critical maximum at about 60 cm/kyr is due P g P

to the reduced residence time of the degradable POC withifp' SSure conditions (water depth, thermal gradient and sed-

S ) iment surface temperature) into one parameter which then
th(_a”?eH?jbig?eh;liﬁggt;;ii?igﬁczgnnint(gﬁii |\_/vLs nOdefines the thickness of the GHSZ (in the following just
clear and useful relationship to GH formation (Fig. 9). Bhat- GHSZ). In addition, the general correlation between POC

nagar et al. (2008) showed for advective systems (HGF) tha oncentration and sedimentation rate (Henrichs 1992; Tromp

: tal., 1995; Burdige, 2007) was accounted for by combining
there should be a link between present-day, @kkes across these parameters into the POC accumulation rate (POCar).

®Eince all other parameters are either intrinsically considered

subsurface, if certain envwonm_ental conditions governing t_he because they are not independent), such as the SMT, or may
gas hydrate system have remained constant over long periogs

. . ave only a minor additional effect on GH formation, such
oftime. The SMTis aﬁegted by the. me.thane flux from below_as the porosity, they have been excluded from the subsequent
and the sulphate reduction occurring in the uppermost sedi- nalysis
ment layers. Hence, high rates of POC degradation at shae '
low depth will consume much of the sulphate, but simulta-
neously reduce the potential of methane formation at greatey Derivation of the transfer function
depth. The results presented in Fig. 9 indicate that the SMT
decreases with increasing sedimentation rate up to a certaim a second and more detailed parameter analysis the ef-
threshold value~7.5m) and increases, if this value is ex- fect of POCar and GHSZ was analysed in a number of runs
ceeded (see above). This may suggest an inefficient use aff the standardised numerical model by covering a wider
POC by sulphate reduction at very high sedimentation ratestange of natural variations of these parameters than in typ-
Essentially, our results indicate that the SMT is not a simpleical continental margin environments: GHSZ from 100 to
measure for the abundance of GH; at least not in LGF set2000 m (Dickens, 2001) and POCar from 0.8 to 37.4%ym
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Fig. 10. POC concentrations vs. sedimentation rates after Seiter
et al. (2004) (blue dots), Colman and Holland (2000) (yellow dots),
and the ODP Sites used in this study (red dots) (references are listed
in the text). The black line indicates the function derived for the

sensitivity analysis of the numerical model. 1

80

Jcm?]

(Seiter et al., 2005). The GHSZ was varied by changing the &
thermal gradient from 10 to 63km, the seafloor temperature
from 1 to 6°C, and the water depth from 500 to 6000 m. In
order to identify possible interdependencies between POCar

60

GHI [g CH

Thickness of GHSZ
[m]

. 250

and GHSZ, crosswise variations were calculated. Because . 376
the POCar is defined by the POC concentration and the sed- 593
‘% . . 1353

imentation rate, the input concentration of POC was derived o et dee—r=r—ptr—rtr—pr—r—

by an analytical function of the sedimentation rate based on 0 10 20 2 10

data from Seiter et al. (2004) and Colman and Holland (2000) i wiirvrialid

(Fig. 10). Although the plot reflects a large range of natural

variations of POC concentrations at the sediment surface (aveig. 11. Parameter analysis of the two key control parameters
erage of the upper 10.cm), POC shows a general correlatiorOCar and GHSZa) relation of GHSZ and GH accumulation for
with the sedimentation rate, which can be expressed by:  varying POCar;(b) relation of POCar and GH accumulation for

varying GHSZ.
POC= —2.8-exp(—44.5-w) +3.0 3)

where POC is in wt.% and is the sedimentation rate in
cm/yr. Equation (3) was applied for sedimentation rates be- The functional relationship between the GHSZ and GHI is
tween 10 and 200 cm/kyr, which corresponds to POC con-shown in Fig. 11a. Generally, the plot shows that at constant
tents between 1.2 and 3.1wt.% and POCar variations bePOCar the amount of GH increases with the thickening of the
tween 0.8 and 37.4gAfyr. The great advantage of this GHSZ, because of the longer residence time of the degrad-
approach is that POC data are ubiquitously available fromable material within a thicker GHSZ. Higher POCar causes
global compilations (e.g. Premuzic et al., 1982; Seiter et al. more GH being formed in the sediment and the gradient in-
2004; Romankevic et al., 2009), which enable a reasonablereases for higher POCar. It is remarkable, however, that
estimate of the sedimentation rate, and hence of POCar at aGHI increases only for POCar up to 10-15 g/ym. The gra-
most any location of the seafloor. However, it must be noteddient decreases again for POGat5 g/nt/yr (dark blue and
that the POC concentration at the sediment surface does néack lines in Fig. 11a), most likely because for such high
always reflect the long-term average, which is at least deterPOCar (sedimentation rates70—100 cm/kyr) the residence
mining the formation potential of GH. Nevertheless, at thetime of organic matter within the GHSZ decreases signifi-
Chile margin and Blake Ridge sites (Figs. 4 and 6), whichcantly. Overall, this effect is in agreement with results of
show a significant change of POC input over time, the over-Davie and Buffet (2001) and Bhatnagar et al. (2007).
all effect on the formed GH quantities is Comparatively low, In generaL h|gher POCar leads to a h|gher POC degrada_
which indicates that the estimation of POCar from recent val-tion rate and therefore to enhanced formation and saturation
ues will give a reasonable approximation. of CHg4 in the pore water (Fig. 11b), which has been observed
in numerous studies before (e.g. Wallmann et al., 2006;
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200

reduction, and hence only little or no GH can form. Fig-
ure 11b shows that a POCar-eD.8 g/nt/yr (corresponding

to a SR of 10cm/kyr and an initial POC concentration of
1.2 wt.%) is a threshold value, below which ¢Elan not be
sufficiently accumulate in most continental margins (GHSZ
thinner than 1200 m).

Each of the model series indicated in Fig. 11 can be fitted
by the following two types of equations: the GHSZ-GH re-
lation (Fig. 11a) is best expressed by a potential function of
the general form:

=
D
o

120

80

GHI - transfer function [g CH,/cm?]

0 g A - o0 GHI = (s-GHSZ"), (4)
.~ o =85 g CH,/cm? where GHI is the depth-integrated inventory of GH [g of
- CHa/cm?]. GHSZ is in [m]. The POCar-GHI relation
0 L I A O I I A B | (Fig. 11b) is approximated by a Maxwell-type equation of
0 40 80 120 160 200 the form:
GHI - numerical model [g CH,/cm?] GHI =v-POCar exp(—w*/POCa7yy 1 - (5)

Fig. 12. Crossplot of the depth integrated GH masses estimatedl he differences between the fit-functions in both series of

by the transfer function and the numerical models (sensitivity- andruns are caused by variation of the coefficients, v, w, x,

parameter analyses). The solid line shows the 1:1 correlation, the; andz. The choice of coefficients depends on POCar (Eq. 4,

dotted lines the 50% deviation interval. The standard deviation Fig. 11a) and GHSZ (Eq. 5, Fig. 11b).

and the correlation coefficient r are indicated. For the derivation of a general transfer function of POCar
and GHSZ, Eq. (4) and Eg. (5) were combined by including

Malinverno et al., 2008). Similar to the test of the sedimen-the GHSZ-term (Eq. 4) into Eq. (5) in order to ensure that
tation rate (Fig. 9) and analogous to Fig. 11a, the amount othe gradients increase with increasing GHSZ and to consider
GH decreases after reaching a critical maximum in POCar of€ decrease of GH concentrations beyond a threshold value
10 to 15 g/m/yr. The decrease of the GH concentration after ©f POCar (Fig. 11b). A second GHSZ-term was included
reaching this maximum is considerably stronger at a GHSZN the exponent to reproduce the shift of the GH maximum
of 1353 m compared to a thinner GHSZ of 376 m. Over- for thicker GHSZ. The constants were determined using the
all, GH inventories increase to higher values with a thicker Method of least squares for all data resulting from the param-
GHSZ (e.g. at a POCar of 15 gfyr, 115 g of CHy/cn? for eter analysis. The resulting transfer function is (solid lines in
a GHSZ of 1353 m compared to 10 g of @m? foraGHsz ~ Fi9- 11):
of 376 m). GHI =a-POCar GHSZ’ - exp(—~GHSZ/PO%d) +e, (6)

The cross-plots of both parameters indicate minimum val-
ues of POCar and GHSZ, which are required to form GH.with a =0.00214 b =1.234 ¢ = —3.339,
If the GHSZ is too thin, the residence time of POC within
the GHSZ is too short for sufficient degradation, and conse- d=0.3148 ¢ =-10265

quently the saturation level of dissolved gHivhich is nec- GHl iis the depth-integrated GH inventory in [g of Gidn?],

essary to produpg GH, W.i" not be reached. The figure aISOPOCar is the accumulation rate of POC in [§/ym], and
indicates the minimum thickness of the GHSZ to form GH; GHSZ is the thickness of the GH stability zone in [m]. Neg-

for example this is 500m at POCar of Z.QZIM. or 250m ative GHI values generated by the transfer function indicate
at POCar of 6 g/fflyr. Overall the model implies that hy- . . .
the absence of GH in the considered sediment column.

drates may form only when the GHSZ exceeds 150 to 200 m

(Fig. 11a). This result is in good agreement with the general

depth of the BSR at LGF on the upper continental marginss Test and application of the transfer function

of >200m (e.g. 240 mbsf on the northern Cascadia margin;

Riedel et al., 2006; 200 mbsf on the Svalbard margin; Hus-To perform a preliminary test and verification of the accuracy
toft et al., 2009). However, GH can still be formed at a lower of the transfer function (Eq. 6) we calculated the GH content
thickness of the GHSZ if fluid flow and/or gas ebullition are for all parameterizations of the model runs of the sensitivity
involved (e.g. Torres et al., 2004; Haeckel et al., 2004). Like-and the parameter analyses. The transfer function reproduces
wise minimum values can also be derived for POCar. Asthe modelled data quite well; most data points plot along the
outlined before, if the input of POC is too small due to lower 1:1 correlation line (Fig. 12). The general scatter is moder-
sedimentation rates, most of the POC is degraded by sulphat&e, however, it is more pronounced at lower concentrations,
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where errors of more than 50 % occur. Overall, the Standard1'ab|e 3. Comparison of the GH amounts of the ODP sites calcu-

deviation ¢) of the function is 8.5g of Cic? and the  |ateq in the different model runs: a) constant POC input, b) varying
correlation coefficient (r) is 0.99. POC input, ¢) time-dependent POC input and advective fluid flow,
In addition, the function has been applied to the ODPwith the transfer function, using the input data of the ODP mod-
Sites of Costa Rica, Peru, Chile, California, Blake Ridgeels. In order to use the transfer function (Eq. 6) the data of the
and Namibia, using the parameterization given in Table 1.a-models included in Table 1 were used to calculate POCar. The
The results are listed in Table 3. The GH amounts calcu-GHSZ was deduced from BSR depths given in the respective ODP
lated with the transfer function are all between 0 and 25 g ofinitial reports, or calculated by the respective thermal- and pressure
CHga/cr? and are consistent with the results of the ODP-Siteinformation.
models without the additional upward fluid flow (a- and b-
models). Additionally, the validity of the transfer function

ODP Site/  GHI (numerical model)  GHI (transfer function)

was tested by comparing its results with several published %€ [g of Chyferr] [g of CHyfen]
studies based on direct observations, geochemical modelling 1041 a) 6.2 10.7
and other methods (resistivity logs, chlorinity anomalies, and b) 7.3 10.7
seismic velocity analysis; Table 4). For a better comparison 1230 a) 10 14
the published GH concentrations have been converted into 685 2 %%4 2222'77
the unit g of CH/cm? (using a mean porosity of 0.5 and 1233 2) 0 6
the thickness of the GH occurrence zone at the respective b) 0 0
sites), representing the depth integrated mass of GH per unit 0) 0.12 0
of seafloor area. 1014 a) 0.55 0
Overall, the GH concentrations obtained with the transfer 995  a) 0 15
function are in accordance with the results of several mod- b) 3.0 15
elling studies in LGF systems, such as for the northern Cas- 1084 C"’;) 3293-77 33-55

cadia margin or Blake Ridge. However, there exist signif-
icant deviations for sites where local enrichments (usually
restricted to permeable layers) were considered in the esti-
mate (see examples of Blake Ridge, Northern Cascadia or
Indian Margin). For example, at sites 995 and 997 at Blake Kastner et al. (2008a) estimated the average GH concen-
Ridge the transfer function reveals only about 50% or 20%tration at site 17 NGHP (Andaman Sea) to be about 17.5%
respectively, of the estimates based on chloride anomalie§340g of CHy/cn?). The total variation is, however, very
(Paul et al., 1996). The latter are, however, significantly af-pronounced, ranging from 1 to 76 vol.% (21 to 16259 of
fected by strong negative chlorinity peaks, which are relatedCHa/c?).  Specifically the very high percentages of pore
to distinct GH enrichments, most likely caused by fluid ad- filling are restricted to distinct ash layers, implying a litho-
vection. Since this is not implicitly considered in the preced- logical control on gas migration and GH formation. How-
ing systematic model study, the transfer function underesti-ever, the amount calculated by the transfer function (27.2g
mates GH inventories in such cases. of CHg/cP) is within the lower range of concentrations and
The transfer function does not predict any GH for Hydrate may represent the regional background of biogenic GH for-
Ridge, which is in line with results of Torres et al. (2004) and mation in this region. Kastner et al. (2008a) also report a
Tréhu et al. (2004) who state that strong GH enrichments agimilar range of GH concentrations for sites 10/21 NGHP
the summit (Sites 1249-1250) are due to enhanced gas fluxIndian continental margin), which is not included in Ta-
Away from the summit (Sites 1244—-1248) there is almost noble 4. Because GH occurrences at this location are restricted
indication for GH formation. to shallow depths (25-160 mbsf) only and essentially formed
An estimate of 29 g of Chicn? was made for Site 1040 by fracture controlled gas migration (Kastner et al.; 2008a),
offshore Costa Rica (Hensen and Wallmann, 2005) applyinghe application of the transfer function would reveal no for-
a geochemical model, which considers fluid flow and a dif- mation of GH.
ferent kinetic approach for POC degradation. However, the It should be emphasized again that the function gives
transfer function does not predict any GH at this site consid-mostly lower GHI values than obtained by other methods at
ering a POCar of 2.3 g/Afyr, because of the low sediment high gas flux sites since the ascent of methane with rising
thickness above theédollement (380 m). At Site 1041 the fluids and gases is not considered in the model. These ad-
sediment thickness within the GHSZ is about 750 m, whichditional transport pathways are not included in the transfer
results in an amount of 10.7 g of GHn? using the transfer  function because fluid and gas flow are strongly variable in
function, which is still in the expected range. space and time, and hence very difficult to constrain and to
generalize. At present, the function predicts the potential of
GH formation via biogenic Cliformation within the GHSZ
only. In addition to this, it should be pointed out that — owing
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Table 4. Comparison of the GHI amount calculated with the transfer function to other published results (of average GH contents) obtained
from several approaches, such as seismic velocity calculations, chlorinity, resistivity log or a combination of several of these methods. Other
results obtained by numerical modelling are also shown. In order to use the transfer function (Eq. 6) at the sites which have been not
modelled, POC values and sedimentation rates were taken from the ODP initial reports, or POCar was calculated using Eq. (3). The GHSZ
was deduced from BSR depths given in the respective ODP initial reports. Published gas hydrate concentrations have been converted fron
vol.% of pore space to g of GHcm? (considering a mean porosity of 0.5 and the thickness of the gas hydrate-enriched sediment at each site)
representing the depth integrated mass of GH per unit area of seafloor.

GHI [g of CHa/cn?] Approach Reference

Setting transfer function published data

Blake Ridge

Sites 995/997 15/7.8 81-113 Seismic velocity Paull et al., 1996;
Dickens et al., 1997

Site 995 15 297 Chlorinity Paull et al., 1996

Site 997 7.8 420 Chlorinity Paull et al., 1996

Site 997 7.8 26.7% Numerical model Davie and Buffett, 2003

Site 997 7.8 5.1* Numerical model ~ Wallmann et al., 2006

Hydrate Ridge

Sites 1244-1248 0 <19 Various approaches @hu et al., 2004

Site 889 0 13* Numerical model Davie and Buffett, 2003

Northern Cascadia

Sites 1325-1327 0-0.5 04.0.8* Numerical model Malinverno et al., 2008

Sites 1325-132 0-0.5 57 Various approaches Torres et al., 2008

Costa Rica

Site 1041 10.7 2 Numerical model Hensen and Wallmann, 2005
(for nearby ODP Site 1040)

Chile

Site 859 10 <175 Seismic velocity Brown et al., 1996

Site 859 10 <40 Chlorinity Brown et al., 1996

Andaman Sea
Sitel7 (NGHP) 27.2 37421 to 1625) Chlorinity Kastner et al., 2008a

* Considering focused GH enrichments in distinct layers.
** Results of numerical modelling considering fluid flow.

to the simplicity of the approach — it is based on a number6 Conclusions
of simplifications which may bias the result at any specific

S'Le.' hTwo.lm_potEtant aisumptlons tmay Ibe mte ntlct)ne(;j h?rfln this study we performed a systematic analysis of the key
which are: (i) the systems are at or close 10 steady-sta Zontrol parameters of biogenic GH formation using the nu-

and (ii) POCar can be suﬁicieqtly assgssed by the reI'r’ltio%erical model presented by Wallmann et al. (2006). The de-
between POC content and sedimentation rate (¥ig. 10). A"f‘ived transfer function is based on two ubiquitously avail-

outlined above, the mode| results (Figs. 2—7) indicate, hOW'able parameters, the POC accumulation rate (POCar) and the

ever, that, on average, the error caused by false eSt'mat'or}ﬁickness of the gas hydrate stability zone (GHSZ). Hence,

of these parameters is relatively low. In any case, there artve provide a simple prognostic tool for GH quantification in

no usgful alternat|v<_as available to these assumptions in Orderrnarine sediments which enables the estimation of GH inven-
to derive a generalized approach of estimating sub-seaflo

. %ries formed by in situ produced GHwithout the need of
GH concentrations. detailed information concerning the geological condition or
running complex numerical models. Hence, the extrapola-
tion to regional scales is comparatively simple.

It must be pointed out that the transfer function does not
account for effects of fluid advection and methane gas ascent
(HGF sites), which means that it will typically predict mini-
mum estimates, and hence may deviate from estimates based
on measured quantities at any specific site. However, at low
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Table A1. Summary of the physical properties. Table A2. Summary of the rate laws of processes used in the mod-
elling.
Physical properties Equation
- Process Rate law
Porosity Q=0 p +H(Dg-Dy) e P <
. . i - 8¢c
Burial of solids w= % POC degradation Rpoc= CCHTC OO e
. 0 (0-16~ (agnt +agged %) -C(POO
Burial of pore water due V=—g—
. . . _ Kso,
to s-edlment compaction P Methanogenesis Ry =05- Koo, 1C(S0 -Rpoc
Bu_”al of pore Wéter and Vff = 7122 Anaerobic oxidation  Raom =kaom - C(CHg) - C(SOy)
fluid flow advection of methane (AOM)
Molecular diffusion Dg=®2.Dy,
; _05._ C(S0)
Diffusion of GH in sediments Dg= 71_5_%@) Sulphate reduction  Rsg=0.5 75, Tetsayy - Reoc
GH formation If Csat < Csor and If G(CHy)/ Csar > 1:
RgH=kGH (C(CHy)/CsaT—1)

GH dissociation If CgoL < Csat or If C(CHg)/CsaT < 1:
gas flux sites (LGF), which represent the most common set- ReHp =kGHp " (CsaT/C(CHa) —1)-C(GH)
ting on a global scale, testing the function has shown that rgG formation If CsoL < Csar and If G(CHg)/CsoL > 1:
reasonable GH inventories are predicted. Rrc=krG"(C(CHy)/CsoL—1)

FG dissolution If CgaT < CsoL or If C(CHy)/CsoL < 1:

. Rrep=krGD" (CsoL/C(CHy) —1)-C(FG)
Appendix A

PON degradation RpoN= Rpoc: (N : C —ratio)

Model description, rate laws and boundary Ammonium adsorption Raps = kaps- (1 - chSSss)
conditions 4)-KpDs

All important rate laws, equations and coefficients that were
used for the numerical model are listed in Table Al, A2,
A3 and A4. Further information is provided by Wallmann
et al. (2006).

GH precipitates as soon as ¢hh pore water is supersat-
urated. The concentration of GHs controlled by the rate
. . of methanogenesis (R, AOM (Raom), the coupled S@
The porosity of the sediment colum®) decreases from reduction (R and POC degradation @30), and the con-

the surface®o) to infinite depth @ ;) of the model. The ex- .

. . . centrations of Cl (C(CHjy)), DIC(C(DIC)), SOy (C(SQy)),
ponential decrease is defined by the depth x and the attenuia:,-oC €(POC)) ar(1d(the412()3rmati(on( und))dissol(uti(on rz)a)te of
tion factor px. The transport of the sediment and the specie

POC, PON, GH, FG and adsorbed N(ADS) is given as the E‘:egRé?g |)_2 22(; II::% (&F(Q)' Tge forr;ggoFr; an)d éjéssec:ggon
burial of solids ) and is determined by the sedimentation ' oFG TGHD GD) dep

n the th turation of CHn th re water, the relation of
rate at infinite depthd{;). The transport of the pore water on the the saturation of G#n the pore water, the relation o

£H stability (Gsar) to FG stability (Gor), and the concen-

e e s a1 fGH and FG((GH) andc (-G) he siabiy o
y y gp P H and FG is calculated as an three-phase equilibrium after

tmhent c;t:n:gefllctilgr:/. ]Ad(ijtltlonal_r]‘rI]U|(:rfI?1w Wr?[ "Q} L';CILé?ed It\)/ y d Tishchenko et al. (2005). If the saturation level of £id
eup aCIZd uSO4 eNo|_(|: yl((g .DICe' 6:1 s;c_po d(i) tﬁ bSS(.) |ef pore water is reached, the formation of GH or FG is starting.
species (Ch, s N4 an ) is defined by the burial o The degradation rate of PON £Bn) is depending on

the pore water and the molecular diffusiong(D The diffu- Reoc. The NH; formation rate is defined by the PON degra-
sion term of each species respects the effect of tortuosity angation rate and the adsorption rate of N(Raps)

depends on their specific diffusion coefficient.
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?hatnagar, G., Chapman, W. G., Dickens, G. R., Dugan, B., Hi-
rasaki, G. J.: Sulphate-methane transition as a proxy for the av-
erage methane hydrate saturation in marine sediments, Geophys.
Res. Lett, 35, L03611, doi:10.1029/2007GL032500, 2008.

Bohannon, J.: Weighing the Climate Risks of an untapped fos-

Table A3. Summary of the rate expressions of the specific specie
used for the differential equation system.

Rate expressions for solid phase and pore water species

POC R(POO=—Rpoc sil fuel, Science, 319, 1753, doi:10.1126/science.319.5871.1753,
PON R(PON) = —RponN 2008.

SOs  R(SO4) = —Rsr— Raom Brown, K. M., Bangs, N. L., Froelich, P. N., and Kvenvolden, K.
CHs  R(CHg) = Rv — Rpaom — RgH+ ReHD — RFG+ RFGD A.: The nature, distribution and origin of gas hydrate in the Chile
GH R(GH) = RgH— RGHD triple junction region, Earth Planet Sc. Lett., 139, 471-483, 1996.
FG R(FG) = Rrg— RFGD Buffett, B. A. and Archer, D.: Global inventory of methane
NHs  R(NHg)=Rpon— RaDs clathrate: sensitivity to changes in the deep ocean, Earth Planet
DIC  R(DIC)= Rpoc+ Raom Sc. Lett., 227, 185-199, 2004.

ADS R(ADS):RADSW Burdige, D. J.: Preservation of Organic Matter in Marine Sedi-
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Organic Carbon Budgets, Chem. Rev., 107, 476-485, 2007.
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lication, Society for Sedimentary Geology, 66, 53—75, 2000.
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Table A4. Boundary conditions and constants used for all model
runs. Nomenclature after Wallmann et al. (2006).

Parameter/Coefficient Value B., Blake, R., Cragg, B. A., Cypionka, H., Dickens, G. R., Fer-
Kinetic constant for AOM (lkonm) [cm®/ mmol /yr] 1 delman, T., Ford, K. H., Gettemy, G. L., &n, G., Hinrichs,
Kinetic constant for N adsorption (Kps) [mmol/cn?/yr]  0.0001 K.- U., Holm, N., House, C. H., Inagaki, F., Meister, P., Mit-
Monod constant for S@reduction (ko) [mmol/cn?] 0.001 terer, R. M., Naehr, T. H., Niitsuma, S., Parkes, R. J., Schip-
Kinetic constant for GH precipitation @¢) [wt.%/yr] 0.005 pers, A., Skilbeck, C. G., Smith, D. C., Spivack, A. J., Teske,
Kinetic constant for GH dissolution @¢p) [1/yr] 0.02 A., and Wiege, J.: Controls on microbial communities in deeply
Kinetic constant for FG precipitation ) [vol.%/yr] 0.5 buried sediments, eastern Equatorial Pacific and Peru margin,
Kinetic constant for FG dissolution gp) [1/y1] 05 Sites 1225-1231, Proceedings of the Ocean Drilling Program,
SO4concentration upper/ lower boundary [mmol/I] 28/0 Initial Reports, 201, 2003

CHgyconcentration upper boundary [mmol/l] 0 . ' ' ) .

NHconcentration upper boundary [mmalfl] 0 Davie, M. K. and Buffett, B. A.: A numerical model for the forma-

Density of dry solids g [g/cm?] 25 tion of gas hydrate below the seafloor, J. Geophys. Rev., 106(B1),
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