Biogeosciences, 10, 95975 2013
www.biogeosciences.net/10/959/2013/
doi:10.5194/bg-10-959-2013

© Author(s) 2013. CC Attribution 3.0 License.

$s920y uadQ

Estimation of the global inventory of methane hydrates in marine
sediments using transfer functions

E. Pifiero, M. Marquardt, C. Hensen, M. Haeckel, and K. Wallmann
GEOMAR Helmholtz Centre for Ocean Research Kiel, Kiel, Germany

Correspondence tdE. Piiero (epinero@geomar.de)

Received: 14 December 2011 — Published in Biogeosciences Discuss.: 16 January 2012
Revised: 21 December 2012 — Accepted: 16 January 2013 — Published: 11 February 2013

Abstract. The accumulation of gas hydrates in marine sedi-from POC and fluid advection on the accumulation of gas
ments is essentially controlled by the accumulation of partic-hydrate, and hence, provides a simple prognostic tool for the
ulate organic carbon (POC) which is microbially converted estimation of large-scale and global gas hydrate inventories
into methane, the thickness of the gas hydrate stability zonén marine sediments.

(GHSZ) where methane can be trapped, the sedimentation
rate (SR) that controls the time that POC and the gener-

ated methane stays within the GHSZ, and the delivery of

methane from deep-seated sediments by ascending pore fld- Introduction

ids and gas into the GHSZ. Recently, Wallmann et al. (2012)

presented transfer functions to predict the gas hydrate inven>ubmarine gas hydrates (GH) have been recovered in
tory in diffusion-controlled geological systems based on SR,more than 40 regions worldwide and their presence has
POC and GHSZ thickness for two different scenarios: normalP€en deduced from geophysical, geochemical and geolog-
and full compacting sediments. We apply these functions tgcal evidences at more than 100 continental margin sites
global data sets of bathymetry, heat flow, seafloor temperal€-9- Mazurenko and Soloviev, 2003; Milkov and Sassen,
ture, POC input and SR, estimating a global mass of carbor?002; Lorenson and Kvenvolden, 2007). They have been rec-
stored in marine methane hydrates from 3 to 455 Gt of car-29nized as a key factor with respect to past and future cli-
bon (GtC) depending on the sedimentation and compactiofnate change (e.g. Hester and Brewer, 2009; Dickens, 2001a;
conditions. The global sediment volume of the GHSZ in con-Adam, 2002; Archer, 2007; Lunt et al., 2011; Biastoch et al.,
tinental margins is estimated to be 60-620°m2, with a 2011) and are considered as a new unconventional resource
total of 7x 105 m? of pore volume (available for GH accu- of natural gas (e.g. Sloan, 2003; Boswell, 2009). Models and
mulation). However, seepage of methane-rich fluids is knowrPbservations clearly show that GH formation is essentially
to have a pronounced effect on gas hydrate accumulatiorgontrolled by (i) the accumulation of particulate organic car-
Therefore, we carried out a set of systematic model rundoon at the seafloor (POC), (ii) the sedimentation rate, (iii) the
with the transport-reaction code in order to derive an ex-kinetics of microbial degradation of organic matter and its
tended transfer function explicitly considering upward fluid related generation of methane, (iv) the thickness of the gas
advection. Using averaged fluid velocities for active margins,hydrate stability zonel(chsz), (V) the solubility of methane
which were derived from mass balance considerations, thigh Pore fluids within the gas hydrate stability zone (GHSZ),
extended transfer function predicts the enhanced gas hydrafnd (vi) the ascent of methane-rich pore fluids and gas from
accumulation along the continental margins worldwide. Dif- deeper sediment strata into the GHSZ.

ferent scenarios were investigated resulting in a global mass [N contrast to the general progress in gas hydrate research
of sub-seafloor gas hydratesef650 GtC. Overall, our sys- made so far, the global abundance of GH in marine sedi-
tematic approach allows to clearly and quantitatively dis-Ments still remains poorly constrained. Estimates are gen-

tinguish between the effect of biogenic methane generatiorérally based on extrapolation of field data (e.g. Kvenvolden
and Claypool, 1988; Dickens, 2001b; Milkov, 2004) and
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960 E. Piiero et al.: Estimation of the global inventory of methane hydrates

al., 2006). Moreover, important microbial processes such as
. the degradation of organic matter via sulfate reduction and
anaerobic methane oxidation (AOM) are not considered in
1 their model. The studies of Buffet and Archer (2004) and,
more recently, Archer et al. (2009) consider sulfate reduc-
tion and AOM as defined in the original model of Davie and
0 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,
‘ ' RN, U which were defined as a function of the sedimentation rate
S A OO IO QN o) and compensated by downward fluid flow over 50 % of the
N global seafloor area. The total GH inventory of 3000 GtC
S (Buffet and Archer, 2004) was however affected by an ex-
°°©a>e° 3 \@& trapolation error and subsequently corrected downward to
& about 1000 GtC (Archer et al., 2009). However, the model
by Buffett and Archer (2004), Archer (2007) and Archer et
Flg 1. Estimates of global gas hydrate inventories in marine Sedi-aL (2009) used Holocene Organic carbon inputs and sedimen-
ments. The corresponding estimated ranges are labelled in GtC. (ation to the slope. 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
geochemical transport-reaction modelling (e.g. Buffett andthe formation of biogenic methane. Their budget ranges from
Archer, 2004; Klauda and Sandler, 2005; Archer et al., 20094 to 995 GtC and covers sedimentation rate values from the
Burwicz et al., 2011). Although some of the earliest esti- Holocene to enhanced accumulations during glacial times,
mates were based on unrealistic conditions (e.g. Dobrynirbut does not explicitly consider the effect of fluid or gas as-
et al., 1981) and can likely be excluded, they still range overcent.
three orders of magnitude {110°-5.6 x 10* GtC; cf. Fig. 1) The goal of the present study is to provide a system-
and a clearly constrained consensus value has not emergedic analysis that clearly distinguishes between the effects
over the past decades. This uncertainty implies a major drawef POC, SR and fluid advection and to offer a simple, but
back since the resource potential and the possible impact afealistic tool for the prediction of GH inventories. In a first
methane hydrates on past and future climate change cannstep we apply a transfer function presented by Wallmann
be evaluated without a well constrained estimate of globalet al. (2012), which considers GH formation from biogenic
GH abundance and its distribution. methane in diffusion-controlled systems, on gridded global
The availability of global data sets and the performancedata sets of the control parameters. Subsequently, an ex-
of global models greatly improved during the past decadetended transfer function is developed, considering upward
Grid-based transport-reaction modelling is thus a promisingfluid advection and consequently providing a more realistic
tool for the evaluation of global gas hydrate occurrences. To-global budget of gas hydrates.
tal estimates of GH based on globally gridded data were first
published by Gornitz and Fung (1994) who used available in-
formation on bathymetry, ocean bottom temperature, organiQ Data sources and methods
carbon concentrations as well as averaged values of heat flow
and thermal conductivity in marine sediments. The simpli- A transfer function for the quantification of methane hy-
fied assumption of a GH saturation of 5-10vol. % of pore drates in marine sediments was recently developed by Mar-
space, was somehow balanced by a relatively small potentiaduardt et al. (2010) based on the diagenetic transport-reaction
volume for GH, however, it lead to a prediction of a huge model formulated by Wallmann et al. (2006). Marquardt et
global inventory of marine gas hydrates ranging from 14 200al. (2010) proposed that the accumulation rate of particulate
to 74 700 GtC. Klauda and Sandler (2005) deduced the samerganic carbon (POCar), a parameter combining the POC
range of GH saturations from systematic model runs with acontent and the sedimentation rate (SR), and/tggsz, are
modified version of the transport-reaction code of Davie andthe two most important and independent parameters control-
Buffett (2001) and predicted a mass of 55800 GtC. How-ling the formation of GH from biogenic methane formed
ever, Klauda and Sandler’s estimate is unrealistic, becauswithin the GHSZ. However, the POC content and the sedi-
they assumed the entire POC pool to be degradable at a comentation rate can have opposite effects for the methane pro-
stant reactivity (15 x 10-14s~1) —this is in contradiction to  duction. As example, two geological settings with the same
the general knowledge of organic matter degradation slowPPOCar but a different combination of POC and SR will pro-
ing down with time/age (e.g. Middelburg, 1989; Westrich and duce a significantly different GH content. A low GH con-
Berner, 1984; Wang and Van Cappellen, 1996; Wallmann etent would result for low POC and high SR, while higher
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GH contents would result from a higher POC and lower SR,2.1 Sedimentation rate
due to the increasing organic matter input and residence time
within the GHSZ (e.g. Bhatnagar et al., 2007; Wallmann et The sedimentation rate generally decreases with increas-
al., 2012). Subsequently, Wallmann et al. (2012) presented 19 distance from the coastline and increasing water depth
set of new functions considering the three independent pa(€.g. Burwicz et al., 2011). However, the lack of global data
rameters (POC, SR antghsy), for two different scenarios: ~ Sets on sedimentation rate over the Holocene is the main lim-
normal compaction, and full compaction. The compactionitation for any global calculation. Moreover, model simula-
controls the GH formation in two different ways. Higher tions show that timescales of some Ma are required to run a
compaction will produce more hydrates due to the decreas&/pical gas hydrate system into steady-state, so that it is also
in porosity and the subsequent increase iy€bhcentration ~ important to consider the long-term sedimentary history (e.g.
within the pore water. A higher compaction will also decel- Burwicz et al., 2011; Dickens, 2011; Wallmann et al., 2012).
erate the loss of methane-rich pore fluids below the GHSZzn order to follow these considerations, we have applied three
due to the increasing difference in burial velocity of pore wa- different approaches to calculate the SR: Approach #1 de-
ter and bulk sediment. In general, the new fits by Wallmannrives data grids for recent sedimentation rates; Approach #2
et al. (2012) produce more realistic results for low POC andaims to consider the sedimentation history by using crustal
SR, and thinLgpsz than the previous transfer function by ages as time constraint; and Approach #3 estimates average
Marquardt et al. (2010). Moreover, Wallmann et al. (2012) sedimentation rates over the Quaternary.
consider a full compaction scenario, which may be espe-
cially convenient for thick sedimentary deposits in compres-2-1-1  Approach #1
sive tectonic settings.

For normal compaction, the following equation was de-
fined (Wallmann et al., 2012)

a as
GHI:alLéHSZ(POC—SRM) wo L w

w= . ,
SR 2 z Y1 z Y2
eXp|:_ (aé/POC2+06|n [WC]) j| 1+(21> 1+(ZZ)

GHI(GHI <0)=0 1) wherew is the burial velocity in cmyr!, andz is the water

) i o depth in m. The best fit to the measured data was obtained
where GHI is the inventory of methane hydrate within the fo ), —0.117:w, = 0.006:2; = 200; 2, = 4000: y; = 3 and

GHSZinkgnt2 of C, LgHszis the thickness of the GHSZ in yp = 10.

m, POC is the particulate organic carbon in wt. % and SR is  The distribution of burial velocities was calculated by ap-
the burial velocity of solids in surface sediments in cnkyr plying Eq. (1) to a ¥ x 1° global data set of bathymetry
and wherer; =0.00317(42)a2 = 1.862(20) a3 = 54.8(6.9); (Amante and Eakins, 2009).

as=1.092 (40)us = 1.183(22) 16 = 0.0154(43). The errors

of the fit parameters are given as 1-sigma standard deviationg, 1.2  Approach #2

and noted according to S.1. convention. The linear correlation

Burwicz et al. (2011) recently published a function for the
calculation of Holocene sedimentation rates as a function of
water depth:

3

matrix of fit parameters can be found in Table Al. Because Approach #1 only provides estimates for modern
For full compaction, the following equation (Wallmann et SR values, which may not hold true for the longer geological
al., 2012) was applied timescales on which GH are formed, we provide a compara-
) bs tive data set where we calculated a long-term averaged burial
GHI tuil_comp= b1l Gysz (POC— E) velocity by combining data of the total thickness of marine
S sediments (Divins, 2010) with the age of the oceanic crust
exp[—(bs +bg In[SR])z] , 2)  (NOAA, 2010) (Eq. 4).
whereb; = 0.00285(49)p2 = 1.681(27);b3 = 24.4(7.2); _ sediment thicknes 1
by =0.99(10); bs = —1.44(19); b = 0.393(32). The linear = age of oceanic Cruicmyr ] )

correlation matrix of fit parameters can be found in Table A2.

The approaches and global data sets used to describe theln order to avoid inconsistencies in young ages, and to
three main parameters controlling gas hydrate formation ar@revent infinite values in further calculations, ages younger
described in the forthcoming section. The transfer functionsthan 1Myr were discarded. These ages only correspond to
were applied at each grid-point of the ocean in a spatial resothe areas adjacent to the mid-oceanic ridges where GH are
lution of 1° x 1°. The total methane inventory was integrated not formed anyhow because heat flow is too high.
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.

www.biogeosciences.net/10/959/2013/ Biogeosciences, 10,9892013
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2.1.3 Approach #3 90N

Besides these 2 calculations, an additional data set of av-
erage SR during the Quaternary was kindly provided by
E. Burwicz. In this grid, the main deposition areas have been
shifted from the continental shelves into the deeper conti-
nental slopes and rises, as a consequence of the low-stan
sea level and the enhanced down-slope transport of sedimer
during glacial conditions typical of the Quaternary (e.g. Hay,

1994). The resulting maps are shown in Fig. 2.

10
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The POC that accumulates in the sediment on longer®™
timescales depends on the total organic carbon flux to the
seafloor (rain rate), and the remineralization processes within
the top centimetres of the sediment column (e.g. Suess, 1980
Martens et al., 1992; Seiter et al., 2005; Romankevich et al.,
2009; Zonneveld et al., 2010). In order to find good approx-
imations to the distribution of the POC incorporated in the
sediment in the world ocean, the following two options were
considered.

10

2.2.1 Approaches #1 and #3

<0.01
>100
SedRate
[emikyr]

180E ,

The global data set of particulate organic carbon (POC) in oo

surface sediments published by Seiter et al. (2004) was ap- |a#

plied. In order to have a more complete spatial coverage,

the value of 1wt.% was used for data gaps in the South-

ern Ocean and the south western Pacific. Since a global gric

for averaged POC surface concentrations over the Quater

nary is currently not available, we apply the Holocene POC

data also for the mean Quaternary Approach #3. We, thus, ne

glect changes in ocean productivity, POC rain rate and POC i

burial efficiency over glacial—interglacial cycles in our mean >

Quaternary estimate, which may bias the final outcome, but '__,...M

at present seems to be one of the few practicable ways to acs e - Quaternary

count for variable POC accumulation rates in the geologic

past. Fig. 2. Distribution maps of the sedimentation rate (SR) calculated
following: (a) Approach #1 for the Holocenéh) Approach #2 for

2.2.2 Approach #2 averaged values over geological times; &)dApproach #3 for the
Quaternary; note the logarithmic scale bars.

The above problematic is even more pronounced, if we con-

sider the long-term accumulation of POC. To approach this

problem we used a recently published equation by Marquardfyith POCar in gCm?2yr—! and POC in wt. %;w is the

etal. (2010) that relates POC concentration to burial velocitypyrial velocity in cmyr?; ds is the density of dry sediment,

to calculate POC contents over geological times: i.e., 2.5gcnT3, andg is the porosity. A porosity value of 0.8

POC= 3 28-exp[—445- ], (5) for surface §edimer_1ts is u_sed for the Holocene and Quater-
nary scenarios, while 0.5 is used as averaged porosity over

wherew is the averaged sedimentation rate calculated usthe sediment column for the average sedimentation rate sce-

ing Eqg. (3). The resulting global distributions of the POC are pario.

shown in Fig. 3.

The global POCar was calculated applying Eq. (6), as am 3 Thickness of the gas hydrate stability zone

intermediate result of each scenario.

POCar= 100- POC- w - ds- (1 — ) (6) The global thickness of the GHSZ was calculated apply-
ing the thermodynamic model provided by Tishchenko et

10

<0.01
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ooNT| =) wherex is the thermal conductivity in W mt K1, “min” is
[t %] mineral, “pw” is pore water, and is porosity.
. Thermal conductivity depends on mineralogy and in-

creases with sediment depth due to compaction and cemen-
tation (Wallmann et al., 2012). Considering a thermal con-
ductivity of 0.9-3Wnr1K~1 for clays (Fjeldskaar et al.,
2009), 0.6 Wnt1K~1 for pore water in marine sediments
B (e.g. Deming et al., 1989), and an average porosity of 0.5
over the sediment column, the thermal conductivity of sedi-
1 ments was estimated at 0.7—1.34 Whk —1. For simplicity,
and following previous works, a value of 1 WrhK~! was
s0s [B— = ' ‘ Holocens o used in our calculations (e.g. Wood and Yung, 2008; Reitz
150W 180E, o5 et al., 2007; Jung and Vogt, 2004; Wallmann et al., 2012).
5 Sy A density of 1000 kg m? for water was considered to esti-
mate the hydrostatic pressure at each grid point. Tkegsz
was reduced to the total oceanic sediment thickness (Divins,
2010) where this value was exceeded.

3 Results and discussion

Approach #1 of POC and SR was applied to calculate the
J GHI for a Holocene scenario, while Approach #2 of POC
Averagéf— and SR was applied to calculate an averaged GH inventory
over geological times (Table 1). Additionally, the Holocene
Fig. 3. Distribution maps of the particulate organic carbon during data set of POC and the SR grid by Burwicz et al. (2011)

the Holocene, and averaged over geological times, based on Apwere applied to calculate the GHI for the Quaternary (Ap-
proaches #1 and #2 presented in this work (see Sect. 3.2 for detailshroach #3).

3.1 Sedimentation rate

al. (2005) to global grids of bathymetry (Amante and Eakins,
2009), bottom-water temperature, and geothermal gradientThe results obtained for the sedimentation rate dur-
A global grid of averaged bottom-water temperatures overing the Holocene (Fig. 2) show that the highest values
the last 20yr using the Ocean General Circulation Model(> 100 cmkyr 1) are restricted to the shelf of the Circum-
(OGCM) (Barnier et al., 2006) was kindly provided by A. Bi- Arctic realm and other shallow water areas, where marine
astoch. Geothermal gradients were calculated based on hegH are not stable. Low sedimentation rates are characteristic
flow models by Pollack (1993) and Hamza et al. (2008). Infor deep oceanic basins, while intermediate values are com-
general, both distribution maps of the heat flow show a sim-mon in the margins of Africa, America, and southern Asia,
ilar pattern. The absolute values of heat flow anomalies ofas well as in interior basins such as the Mediterranean Sea.
Hamza et al. (2008) are generally lower, with values up to |n contrast, the average of the sedimentation rate dur-
150 mW 12 compared to values up to 350mWipre-  ing geological times shows lower values along most of the
sented by Pollack et al. (1993). Regions of major discrepanmargins, reaching high values (.00 cm kyr 1) in restricted
cies between both approaches are located along major mithasins off South-eastern Asia, such as offshore Philippines
oceanic ridges (e.g. south-east Indian Ocean; South Midand Java. Relatively high sedimentation rates are also cal-
Atlantic Ridge), where GH are not forming anyhow becauseculated for the Oregon, the southern Argentinean, and the
heat flow is typically too high and POC very low. Indian margins, where gas hydrates have been predicted or

Although the estimation of thermal conductivities has drilled (e.g. TEhu et al., 2004; Collett et al., 2008). The av-
been a focus of major interest for the petroleum industry,erage SR calculation does not consider any hiatuses or ero-
there is still not a unique way to calculate them. Among thesion events that are not included in the total thickness used
number of means that can be used to calculate the weigtfor the calculation. Specifically, this may lead to a decrease
of each component (minerals and fluids) in the total thermalin the SR values along the slopes that cannot be resolved on
conductivity of sediments, the geometric mean is the most global scale.

accepted one (e.g. Clauser and Huenges, 1995). The average Quaternary scenario is characterized by very
high sedimentation rates at the continental slope and rise,
A= A#’"f ~/\‘,§’W, (7 since the sediments at the shelf were eroded and transported

www.biogeosciences.net/10/959/2013/ Biogeosciences, 10,9892013



964 E. Piiero et al.: Estimation of the global inventory of methane hydrates

Table 1. Methane hydrate inventory calculated by two different approaches and equations (see the text for details). GHI is the GH formed
by methane generated through degradation of organic matter in the GHSZ at normal compaction conditions, while,hib the global
result in complete compacted sediments. The global integrated POCar for each scenario is also shown for comparison.

Global gas hydrate inventory [GtC]

i l

Scenario Global POCar [gC yr-] Hamza'’s heat flow \ Pollack’s heat flow
GHI C':‘Hlfull,comp ‘ GHI GHIfuII,comp

Holocene (#1) 1.3% 10 3 8.5| 0.01 0.54

Average (#2) 1.9% 1018 5.1 9.2 5 8.3

Quaternary (#3) 1.24 1014 122 455| 77.8 342

down-slope during glacial sea level low-stands (Burwicz etthe present GH abundance, but can serve as lower boundary
al., 2011; Wallmann et al., 2012). estimate.

3.2 Particulate organic carbon 3.3 Thickness of the gas hydrate stability zone

In general, POC-rich sediments accumulate in areas of higl&ridded data of the geothermal gradient used in this study are
marine productivity. POC remineralization and preservationbased on the spherical harmonic approximations of heat flow
strongly depends on environmental conditions such as seddy Pollack et al. (1993) and Hamza et al. (2008). The spheri-
imentation rate, terrigeneous input, bottom-water oxygena-al harmonic approach does not always fit to measured data,
tion, etc (e.g. Cai and Reimers, 1995; Hartnett et al., 1998gspecially in a number of places where crustal flow highly af-
Hartnett and Devol, 2003; Seiter et al., 2005; Burdige, 2007) fects the temperature distribution in the sediments (e.g. Costa

The two approaches to calculate POC presented here reRica margin, Grevemeyer et al., 2004). However, both ap-
sulted in different distribution patterns (Fig. 3) and show proaches reveal very similar results in terms of GHSZ thick-
a total range of about one order of magnitude for globalness for most parts of the global ocean. In general, they are
POCar (Table 1). Absolute values of POC range fromalso in agreement with recently published data of higher res-
1x102wt.% in the abyssal plains of the Pacific to olution by Wood and Yung (2008), with thinnégHsz along
~8wt. % in rapidly accumulating continental margin set- the margins and shallower ocean areas, and thicker over the
tings. deeper most abyssal plains.

In Approach #1, high POC concentrations of more than The greatest.gnsz is found along continental margins
5wt. % are shown in the Equatorial Pacific, with elevated val-with thick sediment cover and where low bottom-water tem-
ues of~ 2 wt. % towards the central Pacific Ocean. Other rel- peratures and low geothermal gradients prevail (such as cir-
atively high POC concentration areas are offshore Namibia-eumpolar regions and passive margins in the Atlantic and In-
Angola, Chile, Oman, as well as in the Arctic Ocean. Thedian Oceans; Fig. 4). In general, both approaches are also
estimate of Holocene POC accumulation obtained by Ap-in reasonable agreement with recent reports on BSR depth,
proach #1 (1.3% 10'*g Cyr 1, see Table 1) is very close to which usually have an error of 5% (Table 2, Tinivella et
a previous estimate derived from POC concentration data andl., 2011; Hornbach et al., 2012) However, the comparison of
Holocene sedimentation rates collected by Russian scienregional BSR depths at various ODP sites (Marquardt et al.,
tists (1.40x 1014 g Cyr-1, Baturin, 2007). This conformity 2010, references in Table 2) generally revealed a better match
strongly supports the validity of Approach #1 to calculate to Hamza's approach than to Pollack’s. Therefore, Hamza’s
sedimentation rate and POC input during the Holocene. approach for heat flow calculation will be applied to calculate

The POC map calculated after the averaged sedimentatioglobal gas hydrate abundances in the following sections.
rate over time (Approach #2, Eqg. 5) shows a very homoge- The global volume of sediment within the GHSZ is cal-
neous distribution, with values of up to 3wt. % only. How- culated to be 59.8 and 66:910°m3, for Pollack’s and
ever, it suffers from a lack of data for large continental mar- Hamza’s data set of heat flow, respectively; from this, only
gin areas such as the Arctic Ocean, the Mediterranean Sek0.6 to 11.7« 10> m? are found at continental margins (8.8
and other marginal seas, where data of the crustal age are ntii 9.6x 10°m? at passive margins, 2.3 to 2610°m?3 at
available. These areas coincide with some of the main depoactive margins), where organic matter accumulation mainly
sition areas during the Holocene (and likely during the lateoccurs. Applying Hamza’s heat flow values and the nor-
Neogene), resulting in much lower global sediment inputs agnal compaction law at sediments published by Wallmann et
compared to those of the Holocene or Quaternary scenarioal. (2012), we estimate the total available pore space within
(Approaches #1 and #3; Table 1). Due to these restrictionsthe GHSZ at the margins at 7 to A8L0° m? (6 x 101°m?
Approach #2 is clearly not the preferred scenario to calculateat passive margins, 1:810°m?3 at active margins). This

Biogeosciences, 10, 95945, 2013 www.biogeosciences.net/10/959/2013/
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Table 2. Comparison of the thickness of the GHSZ calculated with the global grids and heat flow values of Hamza and Pollack, to other
published results obtained after the calculation of the BSR depths, obtained through geophysical methods.

LgHsz[m]
Setting Reference
Heat flow BSR depth
Hamza Pollack
Blake Ridge 367.42 286.7 450-500 Pecher et al. (1998),

Holbrook et al. (1996)
Northern Cascadia  70-194 48-132 230 (Site 889) Riedel et al. (2006)

Costa Rica 251-253 144-154 100-400 Pecher et al. (1998)
Hydrate Ridge 167 120.7 114-200 &R et al. (2004)

Svalvard 289-333 235-277.9 ~200 Hustoft et al. (2009)

Chile 113-299  63-164.6 100-250 Bangs and Brown (1995)

A major uncertainty in our approach is the value of the
thermal conductivity of marine sediments. The assumed
value of 1 WnT1K~1is in good agreement with direct ther-
mal measurements of surface and shallow marine sediments
at a number of continental-margin sites (e.g. Kaul et al.,
2006). For comparison, a maximum thickness of the GHSZ
of up to 900 m is calculated applying a thermal conductivity
of 1.5Wnr 1K1 which can be considered as a maximum
value. The distribution maps of the thickness of the GHSZ
in this case (not included here) are in good agreement with
previous published results by Burwicz et al. (2011).

3.4 Global gas hydrate inventory |

In general, resulting estimates of the global gas hydrate in-
ventory for Approaches #1 and #2, applying two different
heat flow models (see Sects. 3.1, 3.2 and 3.3) and com-
paction settings, are very low<(10 GtC; Table 1) com-
pared to most previous estimates (cf. Fig. 1). The results
are only similar to those of Burwicz et al. (2011) which
were based on the same kinetic approach, and similar gridded
data sets as Approach #1 for POC and SR. Differences with
their result are attributed to offsets between the numerical
model and the transfer functions, a different compaction law
(Wallmann et al., 2012), and a different thermal conductiv-

; —1—1; 1p-1 ;
Fig. 4. Global distribution of the thickness of the gas hydrate stabil- ity (1i8 w T)]I tﬁ tlr:sltetf]\_d I?f 15 WfTh KGljégatll'ncreasesth
ity zone LgHs2): (&) geothermal gradient was calculated after the considerably the total thickness ot the - Flowever, the

harmonic function of Hamza et al. (2008) to calculate heat flow and9€nerally close match between our resuksl0 GtC) and
considering a thermal conductivity of 1WThK~1; (b) geother-  those of Burwicz et al. (2011; 4 GtC) confirms the validity of
mal gradient was calculated after the harmonic function publishedthe transfer functions as useful and simple tools to calculate
by Pollack et al. (1993) and considering a thermal conductivity of GH inventories, based on geochemical modelling.
1Wm 1K1 See Sect. 3.3 for further details. The global gas hydrate inventories predicted for Ap-
proach #1 are lower than the values for Approach #2, even
. _ though the global POC concentrations and sedimentation
value is corroborated bg th3e study of Dickens (2001b), Whoa4e5” over the Holocene are higher than the corresponding
derived a value of % 10°m® by multiplying a generic cross o5 averaged over geological times (Table 1). This resultis
section area of a contlr)ental margin by the approximat€ye g the fact that high Holocene sedimentation rates are re-
global length of the margins. stricted to the continental shelf areas, i.e. outside the pressure
and temperature conditions where gas hydrates can form. As
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expected, the choice of the heat flow grid (Hamza’s or Pol- s e ——— ~50
lack’s) does not have a major effect on the calculation. - S T tke/m]

Small differences in the POC and SR distributions are re- '
sponsible for the differences in the GH concentration cal-
culated with Approaches #1 and #2 (Fig. 5, complete com-
paction, Hamza’s heat flow). For the corresponding distribu-
tion map for Quaternary conditions, the reader is referred to
Fig. 31 in Wallmann et al. (2012). The functions only pre- | w1/ . ,
dict the occurrence of significant amounts of GH at conti- * e
nental margins with high POC and SR (e.g. Blake Ridge, | . 3 Bl P
Colombia, Angola—Namibia, Arctic Ocean), including both TR
passive and active margins. In most of these regions GH have__ 3~ Holocene | .
been previously recovered or inferred by geophysical detec-_ 180E. oo
tion of a BSR (e.g. Lorenson and Kvenvolden, 2007). In ad- 4 - Pk Do a
dition, the distribution map considering average sedimenta-
tion rates over geological times, shows several grid points in
the Indonesia area with values of up to 75 kgarwhich ul-
timately produce the difference in global amounts between
both approaches.

The occurrence of GH amounts10 kgC n12 s restricted )
to a threshold value for the thickness of the GHSZ of |/ Lo, B
~200m, POC of- 1 wt. %, and SR of- 30 cmkyr ! (Egs. 1 : (i - el B
and 2). These values define both the minimum residence time o Yy 10
of POC within, as well as the minimum POC flux into the |, == = Average”
GHSZ required for the generation of sufficient amounts of ** '
methane, as well as the residence time of methane in thgig 5. (a)Distribution map of the gas hydrates formed by methane
GHSZ to form GH. A POC content of 0.4-0.5wt.% has generated through degradation of organic matter within the GHSZ
been previously identified as the minimum POC content re<(GHlsyi_comp EQ. 2), considering complete sediment compaction,
quired for GH formation (e.g. Collett, 1995; MacDonald, under Holocene conditions (Scenario #1) for POC and SR and
1990; Klauda and Sandler, 2005). Most of the values cal-Hamza’s data set to calculate the thickness of the gas hydrate stabil-
culated for GHSZ thickness, POC and SR over the worldity zone LgHs2):; (b) distribution map of the gas hydrate concen-
oceans are below these thresholds, which is ultimately thdration considering complete sediment compaction {GHomp
reason for obtaining only a few isolated patches of signifi- Eq. 2), under sedimentation rates averaged over geological times
cant GH concentrations in Fig. 5. (Approach #2 for POC and SR) and Hamza heat flow data set to

Obviously, this result corresponds in no way to observa-S3/culate thd.cHsz
tions 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 oversimpli-new series of model runs with the original numerical model
fies the conditions in complex geological systems, at leas{Wallmann et al., 2006). The model explicitly considers
with respect to transport processes. The numerical modekteady state compaction of the sediment, diffusive and ad-
which formed the basis for the transfer functions developedvective transport of dissolved constituents, input and degra-
by Wallmann et al. (2012) only considered sedimentation,dation of POC and particulate organic nitrogen (PON) via
diffusion, and compaction-driven pore water advection (notsulfate reduction and methanogenesis, anaerobic oxidation of
producing a net upward flow). However, major GH accu- methane (AOM), as well as the formation (and adsorption) of
mulations are related to enhanced fluid and gas advectiolNHg, dissolved inorganic carbon (DIC) and methane 4EH
(e.g. Torres et al., 2004; Buffett and Archer, 2004; Haeckel efThe model calculates the solubility of methane in pore water
al., 2004; Milkov, 2005), which clearly shows the need for an with respect to the stability field of gas hydrates and con-
improved transfer function in order to produce more realisticsiders the formation and dissociation of GH, as well as the

30

[ 20

L

o T 2
T = e

estimates of GH inventories. formation and dissolution of free methane gas in pore water.
When methane concentration exceeds the solubility condi-
3.5 Derivation of an extended transfer function tions for gas hydrates or free gas, gas hydrates precipitate or
considering fluid flow free methane gas accumulates in the pore volume. Gas hy-

drates dissociate when they are buried below the three phase
In order to systematically analyse the effect of upward di- equilibrium curve described by Tishchenko et al. (2005). The
rected fluid flow on gas hydrate formation, we performed aupward transport of gas by rising bubbles is not considered
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Fig. 6. Model results considering five different fluid advection rates (0, 0.05, 0.01, 0.015, and 0.02%mfgr POC of 2wt. %, a SR of
20cmkyr1 and Lgpsz of 567 m, including concentration of dissolved sulfate 4S@ashed line), dissolved methane (§Hparticulate
organic carbon (POC), and concentrations of gas hydrates (GH) in the gas hydrate stability zone (GHSZ), and free methane gas below it

(dashed lines). The solubility of methane hydrate (black dashed line in th@@HSQ plots) was calculated using Tishchenko et al. (2005).
Depth integrated masses of gas hydrates per area seafloor are provided (GhHan®gim—2).

in the model. The POC-degradation rate is calculated as &om 0 to 0.02cmyr! and constant POC, SR and thickness
function of POC input considering the decrease of the reacof the GHSZ (3 wt. %, 100 cm ky' and 567 m, respectively)
tivity of POC with depth, as a combined effect of POC ageingare shown in Fig. 6. Dissolved methane concentrations in-
and the inhibition effect of the accumulation of the degrada-crease in response to fluid flow. However, the increase of re-
tion products (e.g. DIC and CHiin pore water (Wallmann action products in pore water (DIC, GHcauses a slight de-
et al., 2006). It should be noted in this respect that variouscrease of POC degradation with increasing fluid advection,
degradation kinetics have been suggested in previous studiebut due to the methane transported from below the GHSZ,
which may lead to considerable differences in term of gas hy-the total rates of GH formation increase with increasing fluid
drate formation (e.g. Burdige, 2011). A systematic compari-flow.
son of some available POC-degradation kinetics (Wallmann The systematic analysis shows that variations in the four
et al., 2012), however, showed that our approach resulted ikey parameters, thickness of the GHSZ, POC, SR and up-
the best fit to available ODP data (see also Marquardt et al.ward fluid advection velocity (FF) significantly affect the
2010). amount of GH accumulation (Fig. 7). For constant FF
Input parameters and boundary conditions for the standar@0.02 cmyr1), GH amount increases with POC ahdnsz
model are shown in Table 2. For a complete description of thgFig. 7a, b), while an increase in SR tends to decrease the gas
model, the reader is referred to the publications by Wallmanrhydrate inventory (Fig. 7c) because gas hydrate formation is
et al. (2006, 2012). favoured by a high residence time of POC and methane in
Model-runs were performed systematically imposing up-the GHSZ, it is under highiLgnsz and low SR. However,
ward fluid flow velocities of 0.005, 0.01, 0.015,0.02cm¥yr SR plays a dual role because it also governs the input of
and covering the range dfgnsz, POC and SR values typi- POC into the sediment in the GHSZ. Thus, an increase in
cally found in continental margin environmentsdnsz of SR may enhance the gas hydrate inventory if the POC in-
155 to 567m; POC of 0.1 to 5wt.% and SR of 10 to put is the major limiting factor for the gas hydrate forma-
135 cmkyr1). In total 363 model runs were performed. For tion. Since additional methane is transported into the GHSZ,
all model runs the concentrations at the upper boundary othe gas hydrate inventory is generally enhanced by upward
the dissolved species 20DIC, CH; and NH; were fixed  fluid flow (FF). However, FF also intensifies the transport
accordingly to values of the standard seawater compositiorf dissolved methane into the sulphate-bearing surface sed-
(Dirichlet conditions), while the concentration gradients of iments where methane is consumed by microbial oxidation
dissolved species were set to zero at the lower boundary gbrocesses. Moreover, methane production rates within the
the model domain situated 20-30 m below the GHSZ. A se-GHSZ are reduced by FF due to the accumulation of DIC
ries of model results for fluid flow velocities (FF) ranging and CH, in ambient pore fluids.
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For slow SR, low POC and thin GHSZ, fluid advection = The 9 coefficients were determined in a combined
has a positive effect on the GH accumulation, whereas fomon-linear least-squares fit of Egs. (8) and (1) for
relatively thick GHSZ, high POC and fast SR, it has a nega-FF=0cmyr! to the results of the numerical simula-
tive effect. The latter aspect is further evaluated in the plotstions: ¢; = 0.024(10),c2 = 1.587(66),c3 = 0.0224(30),
in the second row of Fig. 7, which show the results of ac4 =266084(294802), c5 =2.75(31), c¢ = 0.063(36),
series of model runs considering the variation of fluid ve- c7 =0.003(23), ¢g=4.68(1.09), ¢9=2.31(38). The
locity, for constant SR (50cmkyt) and POC (3wt.%), errors of the fit parameters are given as 1-sigma
Lghsz (567 m) and POC (3wt. %), and SR (50 cmky)y standard deviations, and noted according to S.l. con-
and Lgysz (567 m). For constant SR and POC, GH accu- vention. The transfer function is only valid over the
mulation increases witlh gysz (Fig. 7d). For a thin GHSZ range of parameter values explored in the underlying
(e.g. 266 m, orange dots in Fig. 7d), the accumulation of GHmodel runs L[gHsz=155-567m, POE 0.1-5wt. %,
is enhanced by a faster fluid flow that increases the methan8R= 10-135 cm kyr!, and FF=0-0.02 cmyr?).
input into the GHSZ. However, GH formation decreases with  To further test the accuracy of the extended transfer func-
FF for thicker GHSZ (e.g. 567 m, green dots in Fig. 7d) be-tions (Eq. 8), we calculated the GH content using the same
cause the extensive upward migration of fluid produces arparameters as for the numerical model runs. The extended
increase in DIC and dissolved GHromoting methane loss transfer function reproduces the modelled data very well.
to the shallow sulphate-bearing sediments. The sedimentavost data points plot along the: 1L correlation line (Fig. 8).
tion rate shows a similar behaviour with increasing fluid flow, The general scatter is low, with a correlation coefficierft)(
for constantLghsz (567 m) and POC (3wt. %) (Fig. 7e). of 0.962 and a variance of residuals of 1167.4 kegfniThe
For low sedimentation rates (10—20 cmk¥ryellow and or-  linear correlation matrix of fit parameters can be found in Ta-
ange dots), GH accumulation increases with fluid advectionple A3. Significant deviations occur for a combination of low
whereas it decreases for fast sedimentation rates (red, gree8R, thin Lgnsz, and low POC values (SR35cm kyr 1,
and blue dots). For constant SR and thickness of the GHSZLgHsz < 300 m and POG: 1.5 wt. %).

FF has a dual effect as well (Fig. 7f). For low POC contents,

FF enhances the GH formation, whereas for organic matter 3.6 Global gas hydrate inventory

rich sediments, it has the opposite effect. Increasing FF high

enough would inhibit GH accumulation, due to the decrease@Nhile global data sets fatgnsz, SR and POC are available

in residence time within the GHSZ. Thus, for each combina-(although subject to considerable uncertainties, cf. Sects. 3.1,
tion of SR, POC and.gnsz there exists a limit of the fluid 3.2 and 3.3) such information is not available for FF. The
velocity where GH do not accumulate any more. most important mechanisms generating fluid migration at

The results of the parameter analysis (363 model-runsontinental margins are the mechanical reduction of poros-
could be fitted by empirical functions (Egs. 8a—8e) indicatedity (compaction, compression), and diagenetic and metamor-
by lines in Fig. 7a—f. As a result of this multi-parametric non- phic processes (release of water from breakdown of hydrous
linear least-squares fitting procedure, the critical points thaiminerals, gas production; e.g. Kastner, 1999; Kopf, 2002;
limit the two behaviour domains for upward fluid flow are Wallmann et al., 2012). As mentioned above, normal com-
described as paction does not directly lead to a net upward fluid flow,

and hence values for FF cannot be easily derived from em-
FF = 0.000ISR(2 +In[POC)) . (8a) pirical equations of porosity reduction. In fact, fluid veloci-
For the domairFF > 0.0001SR (2 + In[POC]), the follow-  ties have only been calculated for a limited number of areas
ing function was derived where focused fluid flow preferentially occurs (e.g. mud vol-

canoes, cold seeps, etc.), ranging from few mmiyo sev-

GHer =1L &y, (63+ 1) (POC + c4FFs) POC®, (8b) eral myr! (e.g. Wallmann et al., 1997; Linke et al., 2005).

SR However, because these fluid pathways are neither homoge-
and for the domaiffF < 0.0001SR (2 + In[POC]), nously distributed nor representative for larger areas of the
L seafloor, those values for FF cannot be extrapolated.
GHee — GHI — ¢-.10-8L. <8 <1+ _> FE POC® (8c Recently published papers (Archer et al., 2012; Archer
FF “r GHSZ SR (&) and Buffett, 2012) used the tracers SCand'?9 as prox-

ies to constrain fluid flow in ideal passive and active conti-
nental margins. However, the concentration of these species
has been only measured at a few locations along the mar-
FF>13-108.%,5,SRPOC: GHgr =0, (8d)  gins, and therefore, their global distribution is not avail-
able. A rough but valid method is to approach the global
upward FF at continental margins by mass-balance consid-
GHer (GHEr < 0) = 0. (8e)  erations based on a steady-state pore water budget (Wall-
mann et al., 2011). Due to compaction, porosity of sediments

provides an appropriate representation. In addition, gas hy
drate accumulation is inhibited for:

and overall
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Fig. 7. Parameter analysis of the four control parameters SR, POC, thickness of the gas hydrate stability;ggpednd fluid flow (FF)

for gas hydrate formation. The plots show the results of the model-runs as dots, and the results of Eq. (8) as lines. The plots in the second
row (d—f) show the effects of FF on the gas hydrate accumulation in relatidgigsz, SR and POC, for constant values of SR and POC,
LgHsz and POC and SR antlgsz, respectively.

rate of pore water burial after compaction (PWcm?yr—1)
may be estimated from the global sedimentation ratggpR
~20x 10 gyr1, derived from the bathymetric grid), the
mean density of dry solids/§ = 2.5 g cn13) and the poros-

1000

800 ity after compactiongs = 0.2—0.3):
¢ - SRylob
PWf= ——. 9
600 ' ds- (1—¢r) ©

The resulting value for PWs 2.0-3.4 km yr—1. Indepen-
dent estimates of upward fluid flow at active continental mar-
gins yield a range of 1 to 2 kiyr—1, (Von Huene and Scholl,
1991; Moore and Vrolijk, 1992; Jarrard et al., 2003) indicat-
ing that a major part of the buried pore fluids is mobilized by
tectonic over-pressuring.

Taking into account the extension of active margins
0 200 400 600 800 1000 (Fig. B1), and a porosity at the upper limit of our model

GHrr model [kg/m?] of 0.75 (excluding the uppermost bioturbated sedimentary
Fig. 8. Cross.plot of the depth integrated gas hydrate masse column, Wallmann et al., 2012), fluid velocities of 0.01
(GH,:,:) estimated by the extendeq transfer function galgulated fol-s;rll(:ngy?g 1C nr]eysrpev(\:/tei\r/ilsb'}'?:gsg 5;322";2}??&2532;2 ;rrl%e
lowing Eq. (8) and by the numerical model. The solid line shows L] . )
the 1: 1 correlation. as previously published averaged values (e.g. Buffett and
Archer, 2004), and fluid flow values determined for diffusive
systems in the Cascadia margin (0.017 cmtyMalinverno

decreases with increasing sediment depth, which can be dé&t al., 2008). Thus, the flux of dissolved methane into the
scribed by empirical relationships (e.g. Einsele, 2000). How-GHSZ may be estimated in 1.7-11.5 Tg 4, assuming
ever, a significant volume of pore water remains within the @ concentration in the pore fluids of 55-200 mmolH*,
sediment after normal steady-state compaction. The globa®nd taking into account the porosity reduction due to burial.

400

GHer transfer function [kg/m2]

200
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Table 3. Input parameters and upper boundary conditions for theTable 4.Global gas hydrate estimations (Gt in GtC, for the dif-

standard model. ferent approaches of SR and POC input (Holocene, Quaternary and
the average over geological times). The results of different degrees
Parameter [unit] of compaction at passive margins (normal or full), as wilzlas of dif-
. - _ ferent fluid velocities at active margins (0.01 and 0.02 cmyare
[P)s:]()ssl?i/yo—f(pd;yjc;!:cd—is- Ziz[g :;) ?]e, prx 2:5 shqwn. For all c_alculations, Hamza’s heat flqw valuesf were used to
. estimate the thickness of the GHSZ. At active margins, a volume
Normal compactiongg, ¢f, px 0.74, 0.3, 1/600 1 7 .
" of 1kmd yr—+ of expelled water corresponds to a fluid velocity of
Initial age of POC — age [kyr] 10 0.01cmyr? and 2knfyr—1to 0.02cmyr?
NH,4 adsorption coefficient & 3gs[cm3 g1 0.52 : yee y ' yre
POC inhibition constant £¢ [mmol L= 40 -
Thickness of the GHSZ £gHsz[mM] (155-567) N Normal compaction
POC [wt. %] (0.1-5)
SR [cmkyr 1] (10-134.6) No fluid flow  1kmPyr~1 2kmiyr—1
Fluid flow velocity — FF [cmyri] (0.005-0.02)

(a) Approach #1: Holocene

Upper boundary conditions

Normal compaction 3 56.2 15.06
SOy concentration [mmol tl] 28.9 Full compaction 5.5 59.4 18.22
CHy concentration [mmol £1] 1076 (b) Approach #2: Average
; 1
NH, concentration [mmol L] 0 Normal compaction 5.14 141 9.5
Full compaction 5.3 15 10.4
(c) Approach #3: Quaternary
Fluid flow at active margins is not only driven by verti- Normal compaction 122 162.6 359.5
cal compaction, but also by the subduction and de-watering Full compaction 313 338.3 535.2

of sediments transported into the subduction zones in the in-
coming oceanic plates. The new transfer function (Eq. 8) was
thus applied to calculate the inventory of gas hydrates at ac-
tive margins assuming normal compaction with additional and #2) show a more complex response to fluid flow. FF has a
imposed fluid flow velocities of 0.01cmyt (Lkm3yr—1)  positive effect up to 0.01 cm y# while beyond this averaged
and 0.02 (2 krAyr—1). The transfer functions previously de- fluid velocity, the total GH accumulation decreases (Table 4).
rived by Wallmann et al. (2012) were applied to calculate This interesting response can be attributed to the fact that up-
the gas hydrate inventory at passive margins considering botlwvard fluid flow can either favour or inhibit gas hydrate for-
normal compaction (Eg. 1) and complete compaction (Eg. 2)mation depending on local conditions (see Sect. 3.5). Com-
with no additional fluid inflow from below. The resulting plete compaction of sediments deposited at passive margins
ranges of estimates of the global inventory of GH are listedproduces a significant increase in the gas hydrate inventory
in Table 4, for the different scenarios to calculate POC andas previously shown in Wallmann et al. (2012). As already
SR presented above, as well as normal or full compaction atliscussed above, the use of long-term averages of sedimen-
passive margins, and two different fluid velocities at activetation rates (Approach #2) can only be regarded as minimum
margins. estimates, because large areas underlain by continental crust
There are considerable differences in the predicted globahre neglected. Hence, we consider the simulations for Qua-
mass of GH with respect to the chosen method of calculaternary conditions (Approach #3) as the most realistic and
tion. Generally, Approaches #1 and 2 result in much lowerestimate the global sea floor inventory of GH#550 GtC.
estimates (3 to 59 GtC) than Quaternary sedimentation rates Figure 9 shows the resulting GH distribution map for Qua-
(Approach #3). For Holocene conditions major concentra-ternary sedimentation rates (Approach #3) using Hamza’s
tions of GH (up to 515 kg m?) are only predicted in the Pe- heat flow model, complete compaction at passive margins,
ruvian margin, while for the average SR enrichments of upand a fluid flow velocity at active margins of 0.02 cnyr
to 105 kg nT2 are predicted in the Chilean margin, as well as The map shows that minimum concentrations of 10kgm
in several areas of the Indonesian margin. However, for mosstored in GH are typical for extended margin areas. Maxi-
of the margins where low SR occur, no GH are predicted ev-mum concentrations above 100 kg frare predicted for iso-
idencing the high impact of SR conditions on the gas hydratdated patches at active continental margins off Chile, Peru,
accumulation. Argentina, Alaska, as well as Japan, Taiwan and Indonesia,
Enhanced fluid flow at active margins has a major effectwith up to 157 kg m2 predicted for the Gulf of Oman, which
on the total GH inventory. Under Quaternary boundary con-is characterized by high POC and SR and a thick GHSZ.
ditions (Approach #3), the global gas hydrate inventory con- Considering the total available pore volume in the GHSZ,
tinuously increases in response to upward fluid flow at activewe estimate a global averaged GH saturation of 0.074 %.
continental margins. However, the other two approaches (#This saturation is much lower than GH measured in several
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1000
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or Hydrate Ridge cannot correctly be reflected/considered
(Fig. 9). We are aware about the fact that the “real” gas hy-

drate distribution may have a more patchy appearance, with
large areas with only minor concentrations of disperse gas
| 100 hydrate and patches with rich accumulations. However, most
of the control parameters influencing the migration pathways
cannot be resolved in ax 1-degree resolution. For exam-
- . 5 ple, it is known from accretionary margins that fluid flow
» - . i ° 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. Conse-

C ) |t A quently, any type of regional heterogeneity not resolved in
e Quaternary |l | e .
80w - E the database will introduce a fairly unknown degree of uncer-

tainty, which clearly shows the need for improved fluid bud-
gets along continental margins. Furthermore, errors in any
database may have different weight depending on their lati-
tudinal position, because the areas of each grid cell (resolu-
tion 1° x 1°) vary as a function of latitude. As example, an
error in the Arctic Ocean would have an impact in the global
inventory~ 110 times smaller than an error near the Equator.
GH-rich settings, with saturations averaged over the GHSZ Similarly, another critical issue is that all model runs were
ranging from 1to 10% (e.g. 1-2% at Hydrate Ridgeshir ~ performed assuming steady-state conditions on timescales of
et al., 2004; 2-4% at Blake Ridge, Borowski, 2004), but, several millions of years (Wallmann et al., 2012) assuming
as outlined before, higher GH occupancy is typically due tomajor control parameters (heat flow, POC, SR, FF) were con-
specific geo-tectonic settings with enhanced upward flow ofstant. Hence, the model runs as well as the transfer functions
methane-rich fluids and rise of free gas. do not consider any temporal variations of the sedimentary
Although our estimate is in the range of some previoussystem. However, improved simulations in this regard are
estimates, and hence may be simply regarded as anothdéikely impossible as they by far exceed available data sources
method to come to the same result, we believe that this apfat least on a global scale).
proach implies some clear improvements to previous studies: Overall, we believe that our study provides an improved
(i) The systematic analysis of the model-runs results revealsind well constrained estimate for the global inventory of GH
a clear distinction of the control parameters of GH formation.in marine sediments of 550 GtC. Since the ascent of free
(i) We used improved, state-of-the-art gridded data sets formethane gas, as another important, but completely uncon-
the global calculation of control parameters. (iii) In contrast strained parameter could not be included one may still con-
to some previous studies we used a calibrated kinetic modedider this value as a minimum estimate.
of subsurface methane generation and a valid mass balance
approach for calculating FF at active continental margins.
(iv) We evaluate the effect of porosity reduction in differ- 4 Conclusions
ent compaction settings. (v) We provide a simple and real-
istic tool to calculate GH concentrations applicable to anyOur study shows that the global inventory of marine GH
marine-geological environment. can be estimated by the application of transfer functions that
However, although we were able to provide useful esti-were derived from systematic runs of a numerical transport-
mates of averaged values for FF at active margins, fluid adreaction model. Essentially, GH formation in marine sed-
vection still remains a critical parameter. Fluid flow is not ho- iments is determined by the thickness of the GHSZ, the
mogeneous, but preferentially follows geological pathways,POC, SR, and upward fluid advection. Without FF, only
such as faults and other high-permeability conduits, leading3 to 455 GtC would be stored in marine GH, depending
to seepage at the seafloor and generating local sub-seafloon the considered SR conditions. GH would only form in
gas hydrate enrichments (e.g. Archer et al., 2012; Archer an@dreas of extremely high organic matter input, such as the
Buffett, 2012). Furthermore, it plays a major role control- margins of Chile, Peru and Central America, as well as in
ling distinct GH accumulations at passive margins (e.g. Blakethe Arabian Sea and the Arctic Ocean. The new transfer
Ridge, Dickens et al., 2001c). As a result of using an averfunction developed in this study explicitly considering FF
aged fluid flow distribution, our global map of gas hydrate (0.01-0.02 cmyr?! at active margins) predicts minimum GH
occurrence shows a smooth distribution along the contineneoncentrations of- 10 kg n2 for extended continental mar-
tal margins. Due to the chosen method, isolated spots of siggin areas around the globe, with significantly increased con-
nificant GH accumulations such as found at Blake Ridgecentrations along the American Pacific margin, as well as in

Fig. 9. Distribution map of the total methane hydrate budget consid-
ering fluid flow (GH:g), calculated following Eq. (8), and consider-
ing full compaction at passive margins and a fluid flow velocity at
active margins of 0.02cm 7!1.
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Japan, Taiwan, Indonesia and the Arabian Sea. The global inAppendix B

ventory is estimated to be in the range~0550 GtC. Our re-

sults suggest that the ascent of methane-rich fluids is a dom*

inant process controlling GH formation and that this is not
restricted to sites of focused fluid advection. Due to missing

constraints on the upward migration of free methane gas into

the GHSZ we still consider the value above as a minimum
estimate.

Appendix A

Table Al. Symmetric linear correlation matrix of fit parameters
of Eq. (1) (normal compaction, no fluid flow). The number of fit-
ted simulations is: = 104; x2 = 11315.7; variance of residuals is
115.5kg m*2; linear correlation coefficient for GHI from model

simulations and fitted equation;ig =0.9971.

ai as as as as ag
agp 1 -0.975 0.113 0.092 -0.223 0.341
ap 1 -0.033 -0.050 0.098 -0.136
as 1 0.980 0.098 0.500
ag 1 0.213 0.360
as 1 -0617
ag 1

Table A2. Symmetric linear correlation matrix of fit parameters
of Eqg. (2) (full compaction, no fluid flow). The number of fit-

ted simulations is1 =78; X2=15945-1; variance of residuals is
221.5kg m‘2; linear correlation coefficient for GHI from model

simulations and fitted equationsié = 0.9939.

by bo b3 by bs be
b1 1 -0.994 0.108 0.111 0.243 0.223
by 1 -0.149 -0.161 -0.306 —0.292
b3 1 0.990 0.586 0.511
by 1 0.559 0.493
bs 1 0.989
bg 1

Table A3. Symmetric linear correlation matrix of fit parameters of
Eqg. (8) (normal compaction, with fluid flow). The number of fit-
ted simulations is = 363; XZ =413265.3; variance of residuals is
1167.4 kg nr2; linear correlation coefficient for Gt from model
simulations and fitted equatiomi% =0.9620.

c1 c2 c3 cq4 5 6 7 cg

4 1 -0965 -0.114 0.142 0157 —0.295 0 0 0
e 1 0049 0050 0044 0.065 O 0 0
3 1 -0033 -0024 0036 0 0 0
ca 1 0997 -0612 0 0 0
cs 1 0649 O 0 0
cs 1 0 0 0
e 1 -0996 -0.067
1 0018

8

cg 1
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Fig. B1. 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° basis are shown for
comparison.
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