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Abstract

The accumulation of gas hydrates in marine sediments is essentially controlled by the
accumulation of particulate organic carbon (POCar) which is microbially converted into
methane, the thickness of the gas hydrate stability zone (GHSZ) where methane can
be trapped, and the delivery of methane from deep-seated sediments by ascending
pore fluids and gas into the GHSZ. Recently, Marquardt et al. (2010) developed a
transfer function to predict the gas hydrate inventory in diffusion-controlled geological
systems based on POCar and GHSZ. We present a new parameterization of this func-
tion and apply it to global datasets of bathymetry, heat flow, seafloor temperature and
organic carbon accumulation estimating a global mass of only 91 Gt of carbon (GtC)
stored in marine methane hydrates. Seepage of methane-rich fluids is known to have
a pronounced effect on gas hydrate accumulation. Therefore, we carried out a set of
systematic model runs with the transport-reaction code in order to derive an extended
transfer function explicitly considering upward fluid advection. Using averaged fluid
velocities for active and passive margins, which were derived from mass balance con-
siderations, this extended transfer function predicts the formation of gas hydrates along
the continental margins worldwide. Different scenarios were investigated resulting in
a global mass of sub-seafloor gas hydrates of 400—1100 GtC. Overall, our systematic
approach allows to clearly and quantitatively distinguish between the effect of biogenic
methane generation from POC and fluid advection on the accumulation of gas hydrate
and hence, provides a simple prognostic tool for the estimation of large-scale and
global gas hydrate inventories in marine sediments.

1 Introduction

Submarine gas hydrates (GH) have been recovered in more than 40 regions worldwide
and their presence has been deduced from geophysical, geochemical and geological
evidences at more than 100 continental margin sites (e.g. Mazurenko and Soloviev,
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2003; Milkov and Sassen, 2002; Lorenson and Kvenvolden, 2007). They have been
recognized as a key factor with respect to past and future climate change (e.g. Hester
and Brewer, 2009; Adam, 2002; Archer, 2007; Lunt et al., 2011; Biastoch et al., 2011)
and are considered as a new unconventional resource of natural gas (e.g. Sloan, 2003;
Boswell, 2009). Models and observations clearly show that GH formation is essentially
controlled by (1) the rate of accumulation of particulate organic carbon at the seafloor
(POCar), (2) the kinetics of microbial degradation of organic matter and its related
generation of methane, (3) the thickness of the gas hydrate stability zone (GHSZ), (4)
the solubility of methane in pore fluids within the GHSZ, and (5) the ascent of methane-
rich pore fluids and gas from deeper sediment strata into the GHSZ.

In contrast to the general progress in gas hydrate research made so far, the global
abundance of GH in marine sediments still remains poorly constrained. Estimates are
generally based on extrapolation of field data (e.g. Kvenvolden and Claypool, 1988;
Dickens, 2001; Milkov, 2004) and geochemical transport-reaction modeling (e.g. Buffett
and Archer, 2004; Klauda and Sandler, 2005; Archer et al., 2009; Burwicz et al., 2011).
Although some of the earliest estimates were based on unrealistic conditions (e.g.
Dobrynin et al., 1981) and can likely be excluded, they still range over three orders of
magnitude (1 x 10%-8 x 10* GtC; cf. Fig. 1) and a clearly constrained consensus value
has not emerged over the past decades. This uncertainty implies a major draw-back
since the resource potential and the possible impact of methane hydrates on past and
future climate change cannot be evaluated without a well constrained estimate of global
GH abundance and its distribution.

The availability of global data sets and the performance of global models greatly
improved during the past decade. Grid-based transport-reaction modeling is thus a
promising tool for the evaluation of global gas hydrate occurrences. Total estimates
of GH based on globally gridded data were first published by Gornitz and Fung (1994)
who used available information on bathymetry, ocean bottom temperature, organic car-
bon concentrations as well as averaged values of heat flow and thermal conductivity in
marine sediments. The simplified assumption of a GH saturation of 5—10 vol % of pore
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space lead them to predict a global inventory of marine gas hydrates ranging from
14200 to 74 700 GtC. Klauda and Sandler (2005) deduced the same range of GH sat-
urations from systematic model runs with a modified version of the transport-reaction
code of Davie and Buffett (2001) and predicted a mass of 64 500 GtC. However, Klauda
and Sandler’s estimate is unrealistic, because they assumed the entire POC pool to be
degradable at a constant reactivity (1.5 x 1071 s_1) —this is in contradiction to the gen-
eral knowledge of organic matter degradation slowing down with time/age (e.g. Middel-
burg, 1989; Westrich and Berner 1984; Wang and Van Cappellen, 1996; Wallmann et
al., 2006). Moreover, important microbial processes such as the degradation of organic
matter via sulfate reduction and anaerobic methane oxidation (AOM) are not consid-
ered in their model. The studies of Buffet and Archer (2004) and, more recently, Archer
et al. (2009) consider sulfate reduction and AOM as defined in the original model of
Davie and Buffett (2001). For their best fit they assumed that 25 % of the total organic
carbon is available for degradation, as well as distinct fluid flow velocities at passive
and active margins, which were defined as a function of the sedimentation rate and
compensated by downward fluid flow over 50 % of the global seafloor area. The total
GH inventory of 3000 GtC (Buffet and Archer, 2004) was however affected by an ex-
trapolation error and subsequently corrected downward to about 1000 GtC (Archer et
al., 2009). Recently, Burwicz et al. (2011) presented a new global estimate based on
1-D model runs using the POC kinetic rate law proposed by Wallmann et al. (2006) for
the formation of biogenic methane. Their budget ranges from 4 to 995 GtC and covers
POCar values from the Holocene to enhanced accumulations during glacial times, but
does not explicitly consider the effect of fluid or gas ascent.

The goal of the present study is to provide a systematic analysis that clearly distin-
guishes between the effects of POCar and fluid advection and to offer a simple, but
realistic tool for the prediction of GH inventories. In a first step we apply a new param-
eterization of the transfer function presented by Marquardt et al. (2010), which consid-
ers GH formation from biogenic methane in diffusion-controlled systems, on gridded
global datasets of the control parameters. Subsequently, an extended transfer function
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is developed, considering upward fluid advection and consequently providing a more
realistic global budget of gas hydrates.

2 Data sources and methods

A transfer function for the quantification of methane hydrates in marine sediments
was recently developed by Marquardt et al. (2010) based on the diagenetic transport-
reaction model formulated by Wallmann et al. (2006). The study by Marquardt et
al. (2010) revealed that the accumulation rate of particulate organic carbon (POCar)
and the thickness of the GHSZ are the most important and independent parameters
controlling the formation of GH from biogenic methane formed within the GHSZ. How-
ever, in order to derive their equation, Marquardt et al. consider a thickness of the
GHSZ up to 2000 m, a value that is larger than the maximum thickness of the GHSZ in
the global ocean (e.g. Wood and Yung, 2008). In order to correct possible biased re-
sults of the equation for narrow GHSZ and low POC inputs, we have done a number of
extra model-runs of the same model presented in Marquardt et al. (2010), considering
thicknesses of the GHSZ ranging from 228 to 610 m. Integrating all the results (122
simulations in total), and discarding the results of GHSZ thicker than 1000 m, we have
performed a new multi-parametric fitting of the equation, applying the method of least
squares to calculate the coefficients:

GHI=a,-LZ, . -exp [—(as—a4-ln[POCar])2] A)

with a; =0.0004+0.0001; a, =1.73+0.03; a3 =1.78+0.03; a, = 0.64+0.01 and where
GHl is the integrated gas hydrate inventory in gCH, cm~2 of seafloor area, POCar is the
accumulation rate of particulate organic carbonin g m~2 yr_1 and L gygz is the thickness
of the GHSZ in m.

In general, this new fit produces more realistic results for low POCar and narrow
GHSZ, with a variance of residuals of 20.4gCH, cm_z, and a linear correlation of the
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fitted curve (0'2) of 0.9899. The linear correlation matrix of fit parameters can be found
in Table A1.

The approaches and global datasets used to describe the two main parameters con-
trolling gas hydrate formation are described in the forthcoming section. The transfer
function was applied at each grid-point of the ocean in a spatial resolution of 1° x 1°.
The total methane inventory was integrated by calculating the surface area for each
cell of the grid, using the 1984 World Geodetic System ellipsoid as approximation of
the shape of the Earth. Values below 0.1 gCH, cm™2 are in the expected error range,
and therefore were discarded for the global calculations.

2.1 Accumulation rate of particulate organic carbon

The POCar depends on the total organic carbon flux to the seafloor (rain rate), the
remineralization processes within the top of the sediment column, and the sedimen-
tation rate, which generally decreases with increasing distance from the coastline and
increasing water depth (e.g. Suess, 1980; Martens et al., 1992; Seiter et al., 2005; Ro-
mankevich et al., 2009; Zonneveld et al., 2010; Burwicz et al., 2011). Although POCar
is simple to determine, the lack of global datasets on sedimentation rates is the main
limitation in this regard. Moreover, model simulations show that time scales of some
Ma are required to run a typical gas hydrate system into steady-state so that it is also
important to consider the long-term sedimentary history. In order to find good approxi-
mations to the distribution of POCar in the world ocean, the following four options were
considered. Scenarios 1 and 2 are approaches to derive data grids for recent sedi-
mentation rates, while scenarios 3 and 4 aim to consider the sedimentation history by
using crustal ages as time constraint.
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Approach #1

For Approach #1 we apply the new parameterization by Burwicz et al. (2011) where
Holocene sedimentation rates are calculated as a function of water depth:
Wy ws

= Y1 + Y2
1+ (%) 1+ <é)

where w is the burial velocity in cm yr'1, z is the water depth in m. The best fit to the
measured data was obtained for w; =0.117; w, = 0.006; z, = 200; z, = 4000; y; =3
and y, =10.

The distribution of burial velocities was calculated by applying Eq. (1) to a 1°x 1°
global dataset of bathymetry. Subsequently, the grid was combined with the global
dataset of particulate organic carbon (POC) in surface sediments published by Seiter
et al. (2004) to calculate the global distribution of POCar. In order to have a complete
spatial coverage, the average of all POC data (0.58 wt. %) was used for data gaps in
the Southern Ocean and the Southwestern Pacific. POCar was calculated with the
following equation

POCar=100-POC-w-dg-(1-¢), (3)
with POCar in gC m~2 yr‘1 and POC in wt. %; w is the burial velocity in cm yr"1; ds is

the density of dry sediment, i.e. 2.590m_3, and ¢ is the porosity. A porosity value of
0.8 for surface sediments is used in this calculation.

@)

Approach #2

Approach #2 uses the rain rate of POC (POCirr) to estimate POCar values in the sedi-
ment applying the empirical equation recently published by Floegel et al. (2011) where
POCar in shelf and deep-sea sediments are calculated as:

POCary, argins = 0.2277POCrr" 1! (4)
587

and

POCaryeqp-_sea = 0.01746POCHT" %, (5)

In the equation above POCar and POCtr are given as mass fluxes in gC m=2yr!

whereas in the original equation by Floegel et al. (2011) the flux has units of
mmol m~2 yr'1 of C.

Continental margins were defined as the area within 200 Nm (~370 km) off the coast-
line (Fig. 3; orange and light blue coloring). Due to the high input of riverine particles
to the Arctic Ocean, Eq. (4) was also applied for the area north of 60° N. To obtain a
suitable data set for POC we used remineralization rates of POC (POCremi) for water
depth >1000 m provided by Seiter et al. (2005) that were derived from global estimates
of in situ benthic oxygen uptake. Since POCrr, POCar and POCremi are related by

Eq. (6):
POCar = POCrr-POCremi, (6)

where POCremi is the remineralized POC in gm~2yr~" of C,

POCar was calculated by solving Egs. (4), (5) and (6) using an iteration code in
Matlab®. In order to extend the coverage of the calculation, the POCar calculated with
Approach 1 was used in the areas where no POCrr data were available (<1000 water
depth, Southwestern Pacific Ocean).

Approach #3

Because Approaches 1 and 2 only provide estimates for modern POCar values, which
may not hold true for the longer geological time scales on which GH are formed, we
provide a comparative dataset where we calculated a long term averaged burial velocity
by combining data of the total thickness of marine sediments (Divins, 2010) with the
age of the oceanic crust (NOAA, 2010). In order to avoid inconsistencies in young
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ages, and to prevent infinite values in further calculations, ages younger than 1 Myr
were discarded.

@)

W= sediment thickness [cm
"~ ageofoceaniccrust | yr

The resulting map is shown in Fig. A1.

Since Approach #3 lacks information about the long-term accumulation of POC we
used a recently published equation by Marquardt et al. (2010) that relates POC con-
centrations to burial velocity (Eq. 8) to calculate POCar (using Eq. (3) and an average
porosity of 0.5):

POC =3-28-exp[-44.5-w]. (8)

Approach #4

Approach #4 is a slight modification of Approach #3, where modern POCar was calcu-
lated as for Approach #1 using the POC dataset published by Seiter et al. (2004) and
Eq. (3). Approaches #3 and #4 do not consider the deposition of sediments and POC
in continental shelf and slope areas located on continental crust.

2.2 Thickness of the gas hydrate stability zone

The global thickness of the GHSZ was calculated applying the equation provided by
Tishchenko et al. (2005) to global grids of bathymetry (Amante and Eakins, 2009),
bottom water temperature, and geothermal gradient. A global grid of averaged bot-
tom water temperatures over the last 20 yr using the Ocean General Circulation Model
(OGCM) (Barnier et al., 2006) was kindly provided by A. Biastoch. Geothermal gra-
dients were calculated based on heat flow models by Pollack (1993) and Hamza et
al. (2008). In general, both distribution maps of the heat flow show a similar pattern.
The absolute values of heat flow anomalies of Hamza et al. (2008) are generally lower,
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with values up to 150 mWm™2 compared to values up to 350 mWm ™2 presented by
Pollack et al. (1993). Regions of major discrepancies between both approaches are
located along major mid-oceanic ridges (e.g. South East Indian Ocean; South Mid At-
lantic Ridge), where GH are not forming anyhow because heat flow is typically too high
and POCar very low.

Although the estimation of thermal conductivities has been a focus of major interest
for the petroleum industry, there is still not a unique value or a unique way to calculate
it. Among the number of means that can be used to calculate the weight of each
component (minerals and fluids) in the total thermal conductivity of sediments, the
geometric mean is the most accepted one (e.g. Clauser and Huenges, 1995).

1-
A= Amir:p'lgjw ©)
where 1 is the thermal conductivity in Wm™' K‘1, min is mineral, pw is pore water, and
@ is porosity.

Considering a thermal conductivity of 0.9-3Wm~"K™" for clays (Fjeldskaar et al.,
2009), 0.6 wWm™ K™ for pore water in marine sediments (e.g. Deming and Chapman,
1989), and an average porosity of 0.5 over the sediment column, the thermal conduc-
tivity of sediments was estimated at 0.7-1.34 wm™'K™". For simplicity, and following
previous works, a value of 1Wm™' K™' was used in our calculations (e.g. Wood and
Yung, 2008; Jung and Vogt, 2004). A density of 1000 kg m~2 for water was considered
to estimate the hydrostatic pressure at each grid point. The thickness of the GHSZ was
reduced to the total oceanic sediment thickness (Divins, 2010) where this value was
exceeded.
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3 Results and discussion
3.1 Accumulation of organic carbon

In general, POC-rich sediments accumulate in areas of high marine productivity. POC
remineralization and preservation strongly depends on environmental conditions such
as sedimentation rate, terrigeneous input, bottom water oxygenation, etc (e.g. Cai and
Reimers, 1995; Hartnett et al., 1998; Hartnett and Devol, 2003; Seiter et al., 2005).

The four approaches presented here to calculate POCar resulted in different distribu-
tion patterns and show a total range of about one order of magnitude for global POCar
(Fig. 4). Absolute values range from 1 x 10~ — ~25gCm™2yr™" in the abyssal plains
of the Pacific and rapidly accumulating continental margins, respectively. However, the
highest values (>10gC m~2 yr'1) are restricted to the shallow shelf of the Circum-Arctic
realm and other areas, where marine GH are not stable. The highest global POCar of
1.54x10™ gC m~2 yr'1 was obtained from Approach #2 (Table 1). Interestingly the dis-
tribution pattern is similar to the previously published map of POC accumulation rates
in marine sediments by Romankevich et al. (2009) although a quantitative comparison
is not possible because Romankevich’s data are not available in a digital format.

Approach #2 is based on POC degradation rates in marine surface sediments calcu-
lated from in-situ oxygen flux measurements at the sediment-water interface (Fig. 3).
The general distribution pattern along the margins is in agreement with comparable
data sets (e.g. POC distribution, Seiter et al., 2004), but the overall range of values is
reduced and typically varies by less than one order of magnitude. A major hotspot is
predicted for the continental margin of Oman and Pakistan (26 gC m~2 yr'1), and el-
evated values for the western continental margins of Africa and America, which is in
accordance to known GH occurrences.

The new estimates of Holocene POC accumulation obtained by Approach #1 and
Approach #2 (1.44—1.54 x 1014gC yr"1; see Table 1) are very close to each other
even though they are based on independent data sets. They also agree with a previ-
ous estimate derived from POC concentration data and Holocene sedimentation rates
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collected by Russian scientists (1.40 x 10" gC yr‘1; Baturin, 1997). These conformi-
ties strongly support the validity of Approach #1 and Approach #2.

The approaches based on the averaged sedimentation rate over time (#3 and #4)
show very similar distributions. However, both approaches suffer from a lack of data for
large continental margin areas such as the Arctic Ocean, the Mediterranean Sea and
other marginal seas, where age data are not available. These areas coincide with some
of the main deposition areas during the Holocene (and likely during the late Neogene),
resulting in much lower POCar values as compared for those of the Holocene scenarios
(#1 and #2; Table 1). Due to these restrictions Approaches #3 and #4 are clearly not
the preferred scenarios, but can serve as lower boundary estimates for POCar.

3.2 Thickness of the gas hydrate stability zone

Gridded data of the geothermal gradient used in this study are based on the spherical
harmonic approximations of heat flow by Pollack et al. (1993) and Hamza et al. (2008).
The spherical harmonic approach does not always fit to measured data, especially
in a number of places where crustal flow highly affects the temperature distribution
in the sediments (e.g. Costa Rica margin; Grevemeyer et al., 2004). However, both
approaches reveal very similar results in terms of GHSZ thickness for most parts of the
global ocean. They are also in agreement with recently published data by Wood and
Yung (2008). The greatest thickness of the GHSZ is found at continental margins with
thick sediment covers and where low bottom water temperatures and low geothermal
gradients prevail (such as circumpolar regions and passive margins in the Atlantic and
Indian Ocean; Fig. 5). In general, both approaches are also in good agreement with
recent reports on BSR depth (e.g. 240 mbsf on the Northern Cascadia margin; Riedel
et al., 2006; 200 mbsf on the Svalbard margin; Hustoft et al., 2009; 500 mbsf on the
Blake Ridge; Holbrook et al., 1996; 450 mbsf; Pecher et al., 1998). However, the
comparison of BSR depths at various ODP sites (Marquardt et al., 2010) generally
revealed a better match to Hamza’s approach that will therefore be treated as the
preferred case study.
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A major uncertainty in our approach is the value of the thermal conductivity of ma-
rine sediments. A value of 1 Wm™'K~' seems to be a well accepted value (e.g. Woods
and Jung, 2008, Reitz et al., 2007), and is in good agreement with direct thermal
measurements on surface and shallow marine sediments in a number of continental-
margin sites (e.g. Kaul et al., 2006). However, thermal conductivity can be expected
to increase with depth due to porosity reduction, compaction and cementation. For
comparison, a thickness of the GHSZ of up to 900 m is calculated applying a thermal
conductivity of 1.5Wm~'K™", which can be considered as expected value at several
hundred meters deep in the sedimentary column. The distribution maps of the thick-
ness of the GHSZ in this case (not included here) are in good agreement with previous
published results by Burwicz et al. (2011).

3.3 Global gas hydrate inventory |

In general, resulting estimates of the global gas hydrate inventory for approaches #1—
#4 and different heat flow models (see Sects. 3.1 and 3.2) are very low (1 to 91 GiC;
Table 1) compared to most previous estimates (cf. Fig. 1). The results are only similar
to that of Burwicz et al. (2011) which was based on the same kinetic approach, and
similar gridded data sets as Approach#1 for POCar. Differences with their result are
attributed to offsets between the numerical model and the transfer function (Marquardt
et al., 2010). However, the generally close match between both results (1 GtC to 4 GtC)
confirms the validity of the transfer functions as useful and simple tools to calculate GH
inventories.

As expected, the choice of the heat flow grid (Hamza’s or Pollack’s) does not have
a major effect on the result, and hence the 2 orders of magnitude difference is clearly
caused by the high range of POCar predictions presented above. Perhaps counter
intuitively, Approach #1 and Approach #2 with similar global POCar accumulations yield
considerably different GH estimates. However, as outlined above Approach#1 predicts
a very high proportion of POC to occur on shallow shelf areas where GH is not stable.
Clearly speaking, for this scenario there is an obvious mismatch between areas with
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high methane-formation potential (high POCar) and those providing the best conditions
for GH stability. On the other hand, this behavior is not so extreme in Approach #2.

Figure 6a shows the resulting distribution map of GH using Approach #2 for POCar
and Hamza’s heat flow. The function only predicts the occurrence of significant
amounts of GH at continental margins with high POCar (e.g. Oman-Pakistan, Angola-
Namibia, Peru, Arctic Ocean), including both passive and active margins. In most of
these regions GH have been previously recovered or inferred by geophysical detection
of a BSR (e.g. Lorenson and Kvenvolden, 2007).

Equation (1) restricts the occurrence of significant amounts of GH (1.5gCH, cm'2)
to a threshold value for the thickness of the GHSZ of ~200m and a POCar
of ~2gC m~2 yr'1 (Fig. 6b).  However, considerable amounts of gas hydrate
(49CH, cm'2) are only formed at POCar >5gC m~2 yr'1 (Fig. 6a). These values define
both the minimum residence time of POC within as well as the minimum POC flux into
the GHSZ required for the generation of sufficient amounts of methane to form GH.
The POCar threshold value of 5gC m~2 yr'1 corresponds to an average sedimentation
rate of 30cm kyr"1 and POC content of 0.4—0.5 wt. %, which has been previously iden-
tified as the minimum POC content required for GH formation (e.g. Collett, 1995; Mac
Donald, 1990; Klauda and Sandler, 2005). Most of the values calculated for GHSZ
thickness and POCar over the world oceans are below these thresholds (white dots
in Fig. 6b), which is ultimately the reason for obtaining only a few isolated patches of
significant GH concentrations in Fig. 6a. Obviously, this result corresponds in no way to
observations in natural systems (cf. compilations by Kvenvolden and Lorenson, 2001
or Maslin et al., 2010). The major reason for this mismatch is that the model approach
oversimplifies the conditions in complex geological systems, at least with respect to
transport processes. The numerical model, which formed the basis for the transfer
function developed by Marquardt et al. (2010) only considered sedimentation, diffu-
sion, and compaction-driven pore water advection (not producing a net upward flow).
However, major GH accumulations are related to enhanced fluid and gas advection
(e.g. Torres et al., 2004; Buffett and Archer, 2004; Milkov, 2005), which clearly shows
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the need for an improved transfer function in order to produce more realistic estimates
of GH inventories.

3.4 Derivation of an extended transfer function considering fluid flow

In order to systematically analyze the effect of upward directed fluid flow on gas hy-
drate formation, we performed a new series of model runs with the original numerical
model (Wallmann et al., 2006; Marquardt et al., 2010). The model explicitly considers
steady state compaction of the sediment, diffusive and advective transport of dissolved
constituents, input and degradation of POC and particulate organic nitrogen (PON)
via sulfate reduction and methanogenesis, anaerobic oxidation of methane (AOM), as
well as the formation (and adsorption) of NH,, dissolved inorganic carbon (DIC) and
methane (CH,). The model calculates the solubility of methane in pore water with re-
spect to the stability field of gas hydrates and considers the formation and dissociation
of GH, as well as the formation and dissolution of free methane gas in pore water.
When methane concentration exceeds the solubility conditions for gas hydrates or free
gas, gas hydrates precipitate or free methane gas accumulates in the pore volume.
Gas hydrates dissociate when they are buried below the three phase equilibrium curve
described by Tishchenko et al. (2005). The upward transport of gas by rising bubbles
is not considered in the model. The POC-degradation rate is calculated as a function of
POC input considering the decrease of the reactivity of POC with depth, as a combined
effect of POC ageing and the inhibition effect of the accumulation of the degradation
products (e.g. DIC and CH,) in pore water (Wallmann et al., 2006). Input parameters
and boundary conditions for the standard model are shown in Table 2. For an extensive
description of the model, the reader is referred to the original publications by Wallmann
et al. (2006) and Marquardt et al. (2010).

Model-runs were performed systematically imposing upward fluid flow velocities of
0.05,0.1,0.2,0.3,0.5,0.75, 1, 1.5 and 2mm yr‘1, and covering a wide range of varia-
tions of POCar and GHSZ typically found in continental margin environments (GHSZ of
228—-1745m; POCar of 0.7-37.4gC m~2 yr’1). In total 460 model runs were performed.
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For all model runs the concentrations at the upper boundary of the dissolved species
SO,, CH, and NH, were fixed accordingly to values of the standard seawater compo-
sition (Dirichlet conditions). For each model-run, the concentrations of CH,, DIC and
NH, in the advecting fluid (lower boundary) were derived from the concentrations at the
lower boundary in model-runs neglecting fluid advection (Dirichlet conditions). Exem-
plarily, a series of model results for fluid flow velocities (FF) rangin1g from0to 1 mm yr_1
and constant POCar and thickness of the GHSZ (4.3gC m~2 yr~' and 376 m, respec-
tively) is shown in Fig. 7. Dissolved methane concentrations increase in response to
fluid flow while the sulfate penetration depth and the zone of intense AOM are shifted
towards the sea floor with increasing fluid velocity. On the other hand, the increase of
reaction products in pore water (DIC, CH,) causes a slight decrease of POC degra-
dation with increasing fluid advection. However, due to the methane transported from
below the GHSZ, the total rates of GH formation increase with increasing fluid flow.
The result of the systematic analysis of the three key parameters, the thickness of
the GHSZ, POCar and fluid advection is shown as dots in Fig. 8. For constant POCar
(4.35¢C m~2 yr_1 ), GH formation increases with both fluid flow and the thickness of the
GHSZ (Fig. 8a). For a constant fluid flow of 0.2 mm yr_1 and variable thickness of the
GHSZ, GH concentrations generally decrease with increasing POCar (Fig. 8b). At low
POCar values, FF is more effective, generating more GH. As higher POCar are as-
sociated with higher sedimentation rates (SR) and outweigh the positive effect of fluid
advection, GH accumulation decreases until a minimum is reached at 7.4 gC m~2 yr"1,
where FF =SR. In this range of values, FF is lower than the SR, and therefore, it
is no more effective. Beyond the critical point, GH accumulation increases with the
POCar, due to the enhanced POC concentration until a relative maximum is reached
at~10gC m~2 yr‘1. After this maximum, the system is controlled by the chemical prod-
ucts of organic matter degradation (DIC and CH,), and GH concentrations slightly de-
crease again. Hence, the thickness of the GHSZ has generally a positive effect on GH
formation, while the relation of POCar and fluid advection in the model shows a more
complex behavior. The latter aspect is further evaluated in Fig. 8c, which shows the
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results of a series of model runs considering a constant thickness of the GHSZ (376 m)
and a range of POCar values (from 2.21 to 17.93gCm™2yr™') as a function of fluid
velocities ranging from 0 to 0.6 mm yr‘1. The complex behavior of the GH concentra-
tion curves can be best explained (and generalized) looking at the green data points in
Figure 8c (POCar of 17.9gC m~2 yr‘1). For fluid flow values (FF) generally lower than
SR, the increase of FF causes a slight increase and then a decrease of GH masses to-
wards a critical point, where FF = SR. The parabolic behavior of the curves for FF<SR
may be explained as follows: Because there is no net upward advection of pore water,
the general effect of FF is low. However, increasing FF extends the residence time of
the pore water within the GHSZ and therefore more GH may form. Towards the critical
point GH decreases again, because of the negative effect of CH, and DIC enrichment
on POC degradation (cf. Wallmann et al., 2006). Beyond the critical point (FF>SR),
the increase in gas hydrate concentration is distinctly enhanced, showing a nearly lin-
ear behavior. The slope of this line decreases with the POCar similarly to Fig. 8b and
increases with the thickness of the GHSZ. The position of the critical point for each
series of model runs is a function of the sedimentation rate (included in POCar) and
relative to the given fluid flow.

The general decrease in GH with increasing POCar (Fig. 8b) is partly a result of the
constant concentration of methane applied as lower boundary condition of the model-
runs. The constant concentration implies that enough methane is generated below
the GHSZ to support a constant methane-rich FF from below until the steady state is
attained. However, in a real geological system, the methane supply may be in fact
limited by the methane generation at depth, which is fueled by the POCar, which was
also taken as constant. Thus, low POCar values actually may limit the methane supply
from below and thereby the GH accumulation within the GHSZ. Therefore, the results of
the model are only valid if POCar is constant for a considerable period of time (~1 Myr),
and there is no shortage of methane generation below the GHSZ.
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The critical points that limit the two behavior domains for all model runs can be fitted
by a simple function as:

FF = b,-POCar, (10)

where by =0.027 +0.001.

The results of the parameter analysis could be fitted by 2 empirical functions indi-
cated by lines in Fig. 8a, b and c. Since globally GHSZ thicker than 600 m are very rare
(see Fig. 5), the model-runs for GHSZ thickness >1000 m were excluded of the fitting.
Overall, 293 results were fitted in:

for FF < b, -POCar,

GHer = GHI+ b,L 2, -exp [—b4~POCarb5-(FF— be- b POCar)Z] ; (11a)

and for FF > b, -POCar,
GHer = GHI+b,-L2%.exp [—(b8 +b9~InPOCar)2] .(FF = b,POCar). (11b)

with b, = 0.054 £ 0.008; by =0.87 £0.02; b, = 114763 = 85465; b; = -2.8
0.2; bg=0.66+0.05; b;=0.0044+0.0008; bg=0.20+0.05;and by=0.36+0.01.
The coefficients of both equations were determined in a combined least-square fit to
the results of the numerical model with distinct parameter settings shown above.

A major uncertainty for the equation yields in the combination of SR and POC con-
centrations into the single parameter POCar. Although the model uses POC and SR
as independent input parameters, a general correlation between POC concentration
and SR exists (e.g. Henrichs, 1992; Tromp et al., 1995; Burdige, 2007). Based on
measured data all over the oceans, Marquardt et al., (2010) present an equation to
express this relation, which was used to calculate POC in our model-runs as a function
of SR (Eq. 8). However, in this equation exists a big uncertainty, which is derived from
the wide dispersion of the fitted data of up to 2 orders of magnitude, specially affecting
low POCar values (Fig. 10; in Marquardt et al., 2010).
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To further test the accuracy of the extended transfer functions (Egs. 11a and b),
we calculated the GH content using the same parameters as for the numerical model
runs. The extended transfer function reproduces the modeled data very well. Most
data points plot along the 1:1 correlation line (Fig. 9). The general scatter is low, with
a correlation coefficient (02) of 0.9857 and a variance of residuals of 19.7 gCH, cm™2.
The linear correlation matrix of fit parameters can be found in Table A2. As mentioned
above, deviations correspond to low values of POCar, as well as combinations of FF
and POCar near the critical point (SR = FF). Because of the strong change in GH
concentration gradients for low POCar values, slight discrepancies between the real
curve and the fit function (Eq. 10) may produce strongly biased results. Overall, the
significance of those outliers is sufficiently low (Fig. 9) so that the extended transfer
function can be used as a reliable tool to approximate marine GH inventories.

3.5 Global gas hydrate inventory Il

While global data sets for GHSZ and POCar are available (although subject to consid-
erable uncertainties, cf. 3.1, 3.2) such information is not available for FF. In continental
margins, the most important mechanisms generating fluid migration are the mechani-
cal reduction of porosity (compaction, compression) and diagenetic and metamorphic
processes (release of water from breakdown of hydrous minerals, gas production) (e.g.
Kopf, 2002; Kastner, 1999). As mentioned above, normal compaction does not directly
lead to a net upward fluid flow, and hence values for FF cannot be easily derived from
empirical equations of porosity reduction. In fact, fluid velocities have only been cal-
culated for a limited number of areas where focused fluid flow preferentially occurs
(e.gmud volcanoes, cold seeps, etc), ranging from few mm to several myr'1 (e.g. Wall-
mann et al., 1997; Linke et al., 2005). However, because these fluid pathways are
neither homogenously distributed nor representative for larger areas of the seafloor
those values for FF cannot be extrapolated.

A rough but valid method is to approach the global upward FF at continental mar-
gins by mass-balance considerations based on a steady-state pore water budget
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(Wallmann et al., 2011). Due to compaction, porosity of sediments decreases with
increasing sediment depth, which can be described by empirical relationships (e.g.
Einsele, 2000). However, a significant volume of pore water remains within the
sediment after steady-state compaction. The global rate of pore water burial af-
ter compaction (PW; in cm® yr‘1) may be estimated from the global sedimentation
rate (SRgjop~20 x 1015gyr‘1, derived from Eq. (2) using the bathymetric grid), the

mean density of dry solids (dg = 2.Sgcm_3) and the porosity after compaction (P; =
0.2-0.3):

Wf _ ¢f SRglob (12)

ds-(1-¢y)

The resulting value for PW; is 2.0.-3.4 km™3 yr~ . Independent estimates of upward
fluid flow at active continental margins yield a range of 1-2 km™3 yr"1, (Von Huene
and Scholl, 1991; Moore and Vrolijk, 1992; Jarrard et al., 2003) indicating that a ma-
jor part of the buried pore fluids is mobilized by tectonic over-pressuring. For sim-
plicity, we assume that total FF at active margins ranges from 1 to 2km?® yr‘1 and
from 1 to 1.5km® yr‘1 at passive margins, with combinations of both ranging from 2 to
3.5km? yr"1 .

Taking into account the respective extension of active and passive margins (Fig. 3),
and a porosity at the upper limit of our model of 0.75 (excluding the uppermost biotur-
bated sedimentary column, Marquardt et al., 2010), fluid velocities of 0.1027, 0.1533
and 0.2053 mm yr‘1 were obtained at active margins for 1, 1.5 and 2 km=3 yr‘1, respec-
tively. Fluid velocities of 0.02 and 0.03 mm yr‘1 were obtained for total fluid expulsion
of 1 and 1.5 km®yr~' at passive margins. These values are in the same range as pre-
viously published averaged values (e.g. Buffett and Archer, 2004), and fluid flow values
determined for diffusive systems in the Cascadia margin (0.17 mm yr‘1; Malinverno et
al., 2008). Thus, the flux of dissolved methane into the GHSZ may be estimated in 1.7—
11.5 TgCH, yr'1, assuming a concentration in the pore fluids of 55-205 mmolCH, I
(Table 2), and taking into account the porosity reduction due to burial.
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The resulting ranges of estimates of the inventory of GH with the extended transfer
function (Egs. 11a and b) are listed in Table 1. There are considerable differences in the
predicted global mass of GH with respect to the chosen method of calculating POCar.
Generally, Approaches #1 and 2 using Holocene sedimentation rates result in higher
estimates (400—1100 GtC) than Approaches #3 and 4 (300-500 GtC) using long-term
averages of sedimentation rates. Figure 10 shows the resulting GH distribution map
using the preferred combination of approximate POCar and GHSZ (Approach #2 and
Hamza’s heat flow model), and fluid flow velocities of 0.02 and 0.1533 mm yr‘1 at pas-
sive and active margins, respectively. The map shows that minimum concentrations
of 2-3gCH, cm™2 stored in GH are typical for almost all the margin areas. Maximum
concentrations of up to 21 gCH, cm™2 are predicted for the active continental margins
off Chile and Alaska, as well as Japan, Taiwan and Indonesia, which are characterized
by high POCar and thick GHSZ. A detailed example of the effect of the fluid flow distri-
bution in active and passive margins, specific for Approach#2 for POCar and Hamza’s
equation for heat flow, is shown in Table 3. Enhanced fluid flow at active margins has
a major effect on the total GH budget, while fluid flow at passive margins is anyway
so low that it only produces minor effects on the global scale. Moreover, FF at active
margins shows an effect of a factor of 1.5 in the global estimation of GH. As already dis-
cussed in Sect. 3.1, the use of long-term averages of sedimentation rates (Approaches
#3 and 4) can only be regarded as minimum estimates, because large areas underlain
by continental crust are neglected. Hence, due to the considerations above, our best
estimate for the global sea floor inventory of GH is 400—1100 GtC.

Although our estimate is in the range of some previous estimates, and hence may
be simply regarded as another method to come to the same result, we believe that
this approach implies some clear improvements to previous studies: (1) the systematic
analysis reveals a clear distinction of the control parameters of GH formation. (2) We
used improved, state-of-the-art gridded data sets for the global calculation of control
parameters. (3) In contrast to some previous studies (e.g. Buffett and Archer, 2004;
Klauda and Sandler, 2005) we used a calibrated kinetic model of subsurface methane
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generation and a valid mass balance approach for calculating FF at continental mar-
gins. (4) We provide a simple and realistic tool to calculate GH concentrations applica-
ble to any marine-geological environment.

However, although we were able to provide useful estimates of averaged values for
FF at active and passive margins, fluid advection still remains a critical parameter,
especially for active margins. For example, it is known from accretionary margins that
fluid flow changes with the distance from the wedge (e.g. Breen and Orange, 1992;
Saffer and Tobin, 2011), and hence may cause significant regional variations in the GH
inventory. Consequently, any type of regional heterogeneity not resolved in the data
base will introduce a fairly unknown degree of uncertainty, which clearly shows the
need for improved fluid budgets along continental margins. Similarly, another critical
issue is that all model runs were performed assuming steady-state conditions on time
scales of several millions of years (Marquardt et al., 2010) assuming major control
parameters (heat flow, POCar, FF) were constant. Hence, the model runs as well
as the transfer functions do not consider any temporal variations of the sedimentary
system. However, improved simulations in this regard are likely impossible as they by
far exceed available data sources (at least on a global scale).

Overall, we believe that our study provides an improved and well constrained esti-
mate for the global inventory of GH in marine sediments of 400-1100 GtC. Since the
ascent of free methane gas, as another important, but completely unconstrained pa-
rameter could not be included one may still consider this value as a minimum estimate.

4 Conclusions

Our study shows that the global inventory of marine GH can be reliably estimated by
the application of transfer functions that were derived from systematic runs of numerical
transport-reaction model. Essentially, GH formation in marine sediments is determined
by the thickness of the GHSZ, the POCar, and upward fluid advection. Without consid-
ering FF, hence, implying that continental margins are essentially diffusion-controlled
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sedimentary systems, would imply that only up to 91 GtC were stored in marine GH.
Under these conditions GH would only form in areas of extremely high organic mat-
ter input, such as the margins of Angola-Namibia, India, and Peru, as well as in the
Arabian Sea and the Arctic Ocean. The new transfer function developed in this study
explicitly considering FF (0.10-0.20 and 0.02—0.03 mm yr‘1 at active and passive mar-
gins, respectively) predicts minimum GH concentrations of 3—-4gCH, cm~2 for almost
all continental margins worldwide, with significantly increased concentrations along the
Japanese and Taiwanese margins, as well as in the American Pacific margin. The
global inventory is estimated to be in the range of 400—-1100 GtC. Our results suggest
that the ascent of methane-rich fluids is a dominant process controlling GH formation
and that this is not restricted to sites of focused fluid advection. Due to missing con-
straints on the upward migration of free methane gas into the GHSZ we still consider
the values above as minimum estimates.
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Table 1. Methane hydrate inventory calculated by several approaches and equations (see
the text for details). GHI is the GH formed by methane generated through degradation of
organic matter in the GHSZ, while GH is the global result considering fluid advection. For the
calculation of GHgr (Egs. 11a and b), 6 different combinations of fluid expulsion were applied at
each scenario of POCar and heat flow, considering the global water expelled in margins ranging
from 2 to 3.5km® yr‘1 (see text for details). The global integrated POCar for each scenario is
also shown for comparison.

Scenario Global ‘ Global gas hydrate inventory [GtC] ‘

POCar Hamza'’s heat flow | Pollack’s heat flow
[gCyr™ '] | GHI GHge GHI GHep

1.44E + 14 1 451-832 1 372-669
1.54E + 14 91 674-1166 81 564-927
2.10E+13 18 298-539 16 258-452
2.30E+13 9 497-571 8 286-512

A WON =
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Table 2. Input parameters and upper and lower boundary conditions for the standard model.

Parameter [unit]:

Density of dry solids — d [gm™] 25
Porosity — ¢ ¢ = ¢ + (Pg-¢p;)-e "

®o, s, PX 0.75, 0.59, 0.02
Initial age of POC — age;;; [kyr] 43.7
NH, adsorption coefficient — K4 em®g™] 0.52
POC inhibition constant — K, [mmol '] 437
Thickness of the GHSZ — L g5z [M] (228-1745)
POCar [gm~2 yr-1] (0.7-37.4)
Fluid flow velocity — FF [mm yr’1] (0.05-2)
Upper boundary conditions:

S0, concentration [mmolI™] 28
CH, concentration [mmol I'1] 0

NH, concentration [mmol I'1] 0

Lower boundary conditions:

SO, concentration [mmol I'1] 0

CH, concentration [mmol I'1] (55.5-204.8)
DIC concentration [mmol I‘1] (104.4-328.5)
NH, concentration [mmol I~ (12-38.2)
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Table 3. Global gas hydrate estimations (GHg¢) in GtC, calculated after Egs. (11a) and (11b),
for a number of combinations of the total volume of water expelled in the active and passive mar-
gins, applying a global volume of water expelled of 2-3.5km®yr~', scenario 2 for POCar, and
Hamza’s approach to calculate the heat flow. At active margins, a volume of 1 km® yr"1 of ex-
pelled water corresponds to a fluid velocity of 0.1027 mmyr™", 1.5km>yr~" to 0.1533mmyr~",
and 2km?® yr‘1 to 0.2053mm yr‘1. At passive margins, a volume of 1 km?® yr‘1 of expelled water

corresponds to 0.02 mm yr"1 ,and 1.5km® yr"1 to 0.03mm yr“.

1

Active 1km? yr 1.5 km?® yr'1 2km® yr'1

Passive

1km3yr™! 674 878 1089

1.5km3yr~’ 751 955 1166
613

Table A1. Linear correlation matrix for fit parameters of Eq. (1).

| a4 a, as a,
a; (1 -0.999 0.091 0.082
a, | -0.999 1 -0.065 -0.062
as | 0.091 -0.065 1 0.941

a, | 0.082 -0.062 0.941 1
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Table A2. Linear correlation matrix for fit parameters of Eq. (11).

| b, b, by b, b be b, b by
by | 1 -0.176 0.248 —-0.001 0.002 -0.723 -0.186 0.321 -0.511
b, | -0.176 1 -0.709 0.047 0.052 0.104 0.690 -0.234 0.212
by | 0.248 -0.709 1 -0.004 0.008 -0.181 -0.974 0.330 -0.300
b, | -0.001 0.047 -0.004 1 -0.965 0.373 0.004 -0.001 0.001
bs | 0.002 0.052 0.008 -0.965 1 -0.421 -0.008 0.003 -0.002
bg | —0.723 0.104 -0.181 0.373 -0.421 1 0.136 -0.233 0.370
b; | -0.186 0.690 -0.974 0.004 -0.008 0.136 1 -0.117 0.115
bg | 0.321 -0.234 0.330 —-0.001 0.003 -0.233 -0.117 1 -0.931
by | 0511 0212  -0.300 0.001 -0.002 0370 0.115 -0.931 1
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Fig. 1. Estimates of global gas hydrate inventories in marine sediments.
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Fig. 2. Distribution map of the sedimentation rate (SR) calculated following Eq. (2). Note the
logarithmic scale bar.
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Fig. 3. Global map indicating margins and deep sea areas. The distinction between active
(orange) and passive (light blue) margins is based on Archer et al. (2009). The total areas for
active and passive margins calculated in a 1 x 1° basis are shown for comparison.
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Holocene POCar

Averaged POCar over geological times

Fig. 4. Distribution map of the accumulation rate of particulate organic carbon, based on the
four approaches (#1 to #4) presented in this work (see text for details). Note the logarithmic

colour scales.
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Fig. 5. Gilobal distribution of the thickness of the gas hydrate stability zone (Lgnsz); ()
Geothermal gradient was calculated after the harmonic function of Hamza et al. (2008) to calcu-
late heat flow and considering a thermal conductivity of 1 WK™ m™'; (b). Geothermal gradient
was calculated after the harmonic function published by Pollack et al. (1993) and considering a

thermal conductivity of 1 W K'm™.
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Fig. 6. Distribution map of the gas hydrates formed by methane generated through degrada-
tion of organic matter within the GHSZ (GHI, Eq. 1), considering Approach #2 for POCar and
Hamza’s dataset to calculate the thickness of the gas hydrate stability zone (L gygz). Blue cir-
cles highlight the hydrate-rich areas. (b) Gas hydrate concentration predicted by the transfer
function (Eq. 1) for a wide range of values of Lg,g, and POCar. For comparison, the results
obtained for the global distribution presented in (a) are plotted as white dots.
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Fig. 7. Model results considering five different fluid advection rates (0, 0.05, 0.1, 0.5, and
1mmyr™"), for POCar of 4.34gCm™2yr™' and Lgs, of 376 m, including concentration of dis-
solved sulfate (SO,, dashed line), dissolved methane (CH,), particulate organic carbon (POC),
and concentrations of gas hydrates (GH) and free gas (FG; dashed line) below the gas hydrate
stability zone (GHSZ). For these model runs concentrations at the lower boundary of CH,, DIC
and NH, were fixed respectively at 143.4, 247.6 and 25.6 mmol I~'. Dissolution of methane
hydrates (black dashed line in the CH, plot) was calculated using Tishchenko et al. (2005).
Solubility of free methane gas (FG) was calculated after Duan and Mao (2006). Depth inte-
grated masses of gas hydrates per area seafloor are provided (GHI or GHg¢ in gCH, cm"z).
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Fig. 8. Parameter analysis of the three control parameters POCar, thickness of the gas hy-
drate stability zone (Lgnsz) and fluid flow (FF) for gas hydrate formation. The plots show the
results of the model-runs as dots, and the results of Egs. (11a) and (11b) as lines; (a). Re-
lation of Lgnsz and gas hydrate accumulation (GHgg) for varying FF, with constant POCar of
4.359gC m~2 yr‘1; (b). Relation of POCar and GHg¢ for varying thickness of the GHSZ, with
constant FF (0.2mm yr“); and (c). Relation of fluid flow and GHg¢ for varying POCar, with a

constant L gz (376 m).
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Fig. 9. Cross-plot of the depth integrated gas hydrate masses (GHgg) estimated by the ex-
tended transfer function calculated following Egs. (11a) and (11b) and by the numerical models.

The solid line shows the 1:1 correlation.
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Fig. 10. Distribution map of the total methane hydrate budget considering fluid flow (GHgg), cal-
culated following Egs. (11a) and (11b); (b). Gas hydrate accumulation predicted by Egs. (11a)
and (11b) for a wide range of values of POCar and Lgug, in active continental margins. For
comparison to real conditions, the results obtained for the global distribution map are plotted
as white dots; (c). Gas hydrates accumulation predicted by Egs. (11a) and (11b) for a wide
range of values of POCar and L g7 in passive continental margins. The results obtained for
the global distribution map are plotted as white dots.
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Fig. A1. Map of the averaged sedimentation rate over geological time scales calculated with
global datasets of the total thickness of the sediment column and the age of the oceanic crust,
following Eq. (7).
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