Rice University
Marine Gas Hydrate: response to change of seafloor
temperature, ocean sulfate concentration, and

compositional effect

by
Guangsheng GU

ATHESIS SUBMITTED
IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE

Doctor of Philosophy
Approved, THESIS COMMITTEE:

L Moiwerds

-, . .

GeorgeZJ. Hirasaki, Chair

A. J. Hartsook Professor in

Chemical and Biomolecular Engineering

bl Y b

Walter G. Chapman, co-cha’ir
William W. Akers Professor in
Chemical and Biomolecular Engineering

M L A

Sibani Lisa Biswal,
Associate Professor in
Chemical and Bigmplegular Engineering

izl

Colin A. Zelt,
Professor in Earth Science

HOUSTON, TX
October 2013



Abstract

The global inventory of carbon in gas hydrate at present day is comparable to
that in oil & coal reserve, therefore, gas hydrate could have played an
important role in earth carbon cycle, e.g., during the Paleocene Eocene
Thermal Maximum (PETM) event. However, ocean floor temperatures were
~6°C higher than today, so the hydrate abundance under warmer conditions
was a question to be clarified. By using numeric simulations, this work showed
that gas hydrate abundance is not only affected by ocean floor temperature,
but, more essentially, greatly dominated by the organic carbon buried into
sediment. During PETM, higher organic carbon contents due to less dissolved
oxygen at seafloor and increased methanogenesis rates, both resulted from
higher ocean temperatures, enhanced hydrate accumulation. Therefore,
though hydrate stability zone would be thinner and shallower than present-day,
depending on water depth and sedimentation rate, gas hydrate abundance
could be still higher in some marine sediment columns than present-day value.
The quantity of carbon stored in marine gas hydrates during PETM may have

been similar to that of present-day.

The ocean sulfate concentration is as another factor affecting hydrate
abundance. From seafloor to sulfate-methane transition (SMT) zone, sulfate
consumes a certain portion of organic carbon. Via numerical models, this work

proposed and demonstrated that the organic carbon remaining at SMT,
i



should be regarded as the real organic carbon content available for
methanogenesis, which contributes to gas hydrate inventory. This work also
revealed that lower ocean sulfate is favorable for higher gas hydrate inventory
because it consumes less organic carbon in a shallow zone of sediment from

seafloor to SMT.

By using an example mixed gas system, this work showed that a transition
zone which contains both solid hydrates and free gas can span over a thick
zone (~300m). The gradual change of seismic impedance across the transition
zone diminishes the strength of the Bottom Simulating Reflector (BSR). The
results provide a possible mechanism for enigmatic weak-to-absent BSR in

prolific hydrocarbon basins across the world.

Key words: gas hydrate, numeric simulation, Paleocene Eocene Thermal
Maximum (PETM), partial differential equation (PDE), seismic response, digital
signal processing, methane, thermodynamics, multi-phase flow
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Chapter 1. Introduction to methane hydrate

and thesis frame

1.1. Methane hydrate and its existence in natural environments

Methane hydrate, a type of ice-like solid material, with methane molecules
captured in the cages of water molecules, is widely distributed around the
world. Figure 1.1 indicates a cage structure of structure | (sl) hydrate and
sample of gas hydrate. Hydrate is stable only at high pressure and low
temperature, so can exist in deep ocean sediment or at permafrost regions
(Figure 1.2), and has been discovered in many locations around the world

(Figure 1.3).

Figure 1. 1 Methane Hydrate: molecular structure and sample.
(a): methane hydrate molecular structure, credit: USGS; (b) methane hydrate sample
from ocean sediment drilling core, credit: Trehu & Torres 2004.



o o
L ) !
T (A) (I (B)
\ I seoivent | WATER
200 | 20 | l'\\
: Hyclrathermal
Q B gragient
Gectharmal [
Eowf w1 ) § wf
E in permalrost * I o] :
= LY frat
F i Depth of ul Phase -] L .
2 i pemmafrost boundary w0 H Phase
£ . g 1 boundary
z * = ]
| Y &= ]
S am L 2 a0 - 1
@ [ 2 '
n 1 E [
5 I 5 2
= 1000 - 1000 1
e Baseof | LN = ;
= pas hydrate ] E :
= LY =
E 1200 |- ] o ® 200 Sea Water
& 1 \&3 Floor | Sedirment
(= AT
| %\”@ Zone of | METHANE
1400 F I g 400 | gas hydrate | HYDRATE
| \. i Baseof
H L b % gas hydrate
1600 i i i i i i 1600 i i i i i
53 HE 2713 283 203 03 253 B3 73 po.x) Fa k] 03
TEMPERATLIRE K TEMPERATURE K

Figure 1. Methane hydrate phase diagram for a {A) onshore arctic permafrost location and a (B) offshore marine location.

Figure 1. 2. Existence of Natural Methane Hydrate from analysis of phase
diagram: both in permafrost location and in marine sediments.
(T.S. Collett, USGS, Proceedings of Offshore Technology Conference (OTC), 2008).
It shows the phase boundary and stability zone, in both onshore permafrost locations, and
for offshore marine locations. Zone of gas hydrates indicate the gas hydrate stability zone
(GHSZ).
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Figure 1. 3. Discovered presence of Gas Hydrate around the world.
(T.S. Collett, USGS, report on OTCO08, 2008).

Gas hydrate has been widely studied because of the following reasons:
(1) Gas hydrate may be a promising future energy resource. Gas hydrate is

-2-



stable under high pressure and low temperature. All around the world, in most
of ocean area with water depth deeper than hundreds of meters and seafloor
temperatures near 4°C, there is often an appropriate marine sediment zone, in
which gas hydrate can be stable. Due to large seafloor area of around the
world, there is possibly large amount of hydrate in deep marine sediments.
Similarly, some hydrate exists in permafrost regions. In many locations, gas
hydrate samples have been discovered (Figure 1.3).

(2) Hydrate has acted as a cement in sediment if hydrate saturations are
appropriate, therefore, the dissociation of marine hydrate may cause instability
of seafloor sediment, and induce geo hazard,;

(3) The huge amount of methane hydrate is considered as one of the largest
reservoirs in global carbon cycling, which is very important in geo-chemical
research; the dissociation of huge amount of methane hydrate due to
temperature change, may induce important feedback to climate change. For
example, during Paleocene — Eocene Thermal Maximum (PETM), gas hydrate
may have acted as a big thermal-sensitive carbon capacitor for the carbon
release event.

(4) The gas hydrate system affects distribution of chemical compounds in
marine sediment greatly. So it is important to understand and explain the
interaction of gas hydrate and chemical compounds in sediment, for example,

sulfate, calcium, etc.



Arctic Sandstones under Existing Infrastructure (~10's of Tef inplace)
Arctic Sandstones away from Infrastructure (1005 of Tef inplace)
Deep-water Sandstones {~1000 Tcf inplace)

Nonrsandstone marine reservoirs with permeability (unknown)
Massive surficial and shallow nodular hydrate (unknown)

Marine reservoirs with limited permeability (100,000s Tcf in place)

Reserves (200 Tcf)
Expected Reserve Growth (500 Tcf)
Undiscovered {1,500 Tcf recoverable)
Remaining Unrecoverable (unknown)

Figure 1. 4. Natural Hydrate Amount (left pyramid), Comparing to
Conventional Natural Gas Resource for USA (right pyramid).
(E.D. Sloan, report on OTCO08, 2008).

This figure shows possible high end of global gas hydrate amount. It shows relative ratio
of estimated hydrate amount in different locations or situations.

Due to the difficulty of detection and sampling, there is still much unknown on
marine hydrates. However, since the amount of marine hydrate might be very
huge, there is a need to detect and try to exploit it. Currently, there are several

major questions on marine hydrates (Sloan, et al, 2008):

(1) How to remotely detect marine hydrate;

(2) Estimate the total amount of marine hydrate;

(3) Find and demonstrate the capability of economically recoverable hydrate
provinces;

(4) Estimate the impact of hydrate on climate and environments.

(5) The role of gas hydrate in earth history, for example, during Paleocene

Eocene Thermal Maximum (PETM).



Both the detection of marine hydrate is the first step and estimation of hydrate
amount would be very important. This work focused on marine hydrate

inventory study, effects on climate, and detection.

This thesis is organized as below:

Chapter 1: Introduction

Chapter 2 — 4. Demonstrating the amount of gas hydrate during PETM, at
warmer ocean and seafloor temperatures, could be similar with that at present
day. Major reasons are: (1) The organic carbon depositing on seafloor was
higher than present day value, due to less oxygen concentration in ocean at
warmer ocean conditions; (2) The methanogenesis rate constant was faster
than present day because of higher temperatures.

Chapter 5: Showing the interaction among sulfate, methane, and particulate
organic carbon (POC). Low ocean sulfate during PETM can contribute to high
amount of gas hydrate, compared with present day conditions.

Chapter 6: Showing that multiple gas components in gas hydrate systems can
induce different hydrate / free gas distribution and possible weak seismic

response.



Chapter 2. PETM Event and Role of Marine Methane
Hydrate

2.1. PETM Event

Paleocene-Eocene Thermal Maximum (PETM), or called Late Paleocene
Thermal Maximum (LPTM), was a short warm interval in geo-history, at ~ 55
Ma (million years ago), lasting for ~ 20,000 yrs (years). During PETM, a rapid
seafloor temperature spike occurred. Seafloor Temperature T rose by
4~8 °C. Soon after T rose, a large negative excursion (~-3 %) of &C
isotope ratio occurred. There was an intense perturbation on the global
bio-system: e.g., numerous benthic lives (such as foraminifera) disappeared

due to anoxia in deep-seas; major turnover of mammalian species happened.

The §*3C isotope ratio is defined as:

(5 13C) _ (lSC /12C )sample B (13C /12C )std

= x1000% 2-1
'sample (13C /12C )std oo ( )

The common reference for §'*C, the PDB Marine Carbonate Standard, was
obtained from a Cretaceous marine fossil, Belemnitella americana, from the
PeeDee formation. This material has a higher **C/*?C ratio than nearly all
other natural carbon-based substances; for convenience it is assigned a §**C

value of zero, giving almost all other naturally-occurring samples negative
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Figure 2. 1. Paleocene Eocene Thermal Maximum (PETM, previously called
Late Paleocene Thermal Maximum, LPTM) Event. (Zachos, 2001).

Table 2.1. PDB as a Reference of 8*3C

13C. %

12C. %

13C/12C

S3C

PDB

1.11123

98.8888

0.0112372

Il
o

Isotope compositions of some materials, are shown below in Figure 2.2:



Biogenic  Methane Organic Matter

Methane  (other sources) in Sediment Ocean
| | | | | | | |
-60 -50 -40 -30 -20 -10 0 10
513C (%o) (PDB)
Less *C More *C

Figure 2. 2. Isotope Compositions of Some Materials
(Revised from G. Dickens, 2007).

During PETM, the isotopic ratio §*3C in ocean dissolved inorganic carbon
(DIC) decreased significantly, due to some certain injection of a significant
amount of carbon from some not-well explained §3C - depleted source
(Figure 2.3). Before PETM, the 8*3C in ocean DIC was ~1%o; after a rapid
injection of 8'*C depleted carbon from some certain unknown source, the
8'3C in ocean decreases to -2%o, or decreased by around 3%o.. The ocean DIC

was in the amount of around 38000 GtC.

Ocean
Dissolved Inorganic
carbon (DIC),
M,=38000 GtC Ocean DIC,
38000 + M, GtC
313C (old): 1%
— 813C (new): -2 %o

Carbon | M;,=?
INPUt | 513G (in) : 2 %o

Figure 2. 3. Schematic figure of isotopic ratio change in ocean DIC of the
PETM event

Denote the unknown injection carbon source was at the amount of M;, GtC,
with unknown 8"*C value of &, . The conservative relationship between

amount Mij;and ¢, can be described as:
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Mo5o + Miné‘in = Mn5n (2'2)
and the total mass of carbon amount is conservative:

L =M (2-3)

by rearrangement, equations (2-2) and (2-3) become:

Ivliné‘in = Mn5n - M050 (2-4)
M, = (Mg + M;,)8, — M5, (2-5)
I\/Iin (é‘ln _5n) = M05n o MO§0 (2-6)
= MO (5n _50) (2_7)

Oy — O,

in n

where

M,, GtC: amount of carbon in ocean DIC before PETM event (old), = 38000
M, , GtC: amount of carbon in ocean DIC after PETM event (new)

M, : amount of carbon injected into ocean during PETM event

8,: 8"°C in ocean DIC before PETM event (old), = 1%o

5. : 83C in ocean DIC after PETM event (new), = -2%o

8,.: 8'°C of the carbon source injected into ocean during PETM event

So the relationship between M, and ¢, is a hyperbolic function.



18 000

16000 —

[ Required for PETM CIE

Estimated Reserve (Present day)

| . possible
G 14000+ \ 1
- 4 ' = -
o v impossible
= 12000 \
= \
& \ v
; 10000 ' organic matter
= 8000~
-.g 1 ~ .
S 6000 — N thermogenic methane
4000 - o
2000 — ==
biogenic methane
L T T T T T
0 =30 —40 =50 =60 =70

3C (%) (input)

Figure 2. 4. Required amount of carbon for PETM excursion event (revised
from Jones et al., 2012). The only possible option to meet the amount
required is the carbon from biogenic methane.

Figure 2.4 shows the relationship between the amount of carbon injected into

ocean M, and the §'°C of the carbon source injected into ocean during

PETM event, with consideration of several sources evaluated by several

papers. Organic matter (such as peat, coal, etc.), thermogenic methane (such

as methane in natural gas), and biogenic methane (from methanogenesis,

especially that stored in methane hydrate), have been evaluated. However,

compared to their global inventories at present day, neither of organic matter,

or thermogenic methane can be sufficient to cause the PETM carbon source

event, the only possible option is methane hydrate.
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2.2. Hypothesis of methane hydrate as the candidate for PETM

8'3C event and the challenge for this hypothesis

The major reason that methane hydrate is the only possible candidate, is that
the isotope ratio of carbon methane hydrate is much lower than that in ocean
or that in sediment, due to the fractioning during methanogenesis reaction. The
5'3C — depleted methane from biogenic process, i.e., the methanogenesis, is
stored in the forms of methane hydrate and free gas. When large amount of
methane hydrate dissociates, a large negative excursion of §*C value would
happen in ocean. Therefore, a hypothesis was proposed that the large §°*C
negative shift during PETM, was due to large amount of methane hydrate
dissociation (G. Dickens, 1995; 1997; 2008). This hypothesis is the most
possible explanation to PETM isotope ratio decrease, with many evidences
reported.

CH4 + OH* —=>H20 + CH3*

S0 Original ~ ©. CHg + 202 ==>2H20 + CO»
Seafloor :

1000
Sediment
Slump

1500

2000|  Dissociated Gas Hydratt:\.‘rr‘"?’-!-'eT
(Free Gas Bubbles)

Water Depth (mbsl)

2500
Base of Gas

Hydrate Stability

3000

Figure 2. 5. Hypothesis: dissociation of large amount of hydrate caused PETM
[J[]113C negative shift (Revised from G. Dickens, 2003).

However, there still remains a question: just before PETM, the seafloor
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temperature was very high (~ 8-10 C). Whether there was enough Methane

Hydrate pre-reserved to cause the §'3C shift in PETM, becomes a problem.

As Figure 2.6 shows, when seafloor temperature rises, the Gas Hydrate
Stability Zone (GHSZ), in which the hydrate is thermodynamically stable, will
shrink. As shown in the following figure. And because of the thickness of
GHSZ, L; decreases, the diffusion loss is increased, therefore, the average
hydrate saturation may decrease. These will result a decreased total hydrate

amount. How to resolve this issue is one of the major purposes of this thesis.

An Example of 3—Phase Equilibrium and Geotherm Lines

30 T T T T T

32r q

34r 3-Phase Equilibrium l

361 q
© 3g| Tsf=3degC Tst=9 deg C |
= w
~ Y y Seafloor
£ 40—%
@ T Geotherm
(1) _ -
o 42 Lt(Tsf=9 C)

agp Y Base of GHSZ (9 C) "~

_yHasse Base of GHSZ (3C)_ _ _ =
46
48 -
Geotherm Gradient: 0.04 deg C/m
50 1 1 1

285 290 295
Temperature (K)

275 280 300

Figure 2. 6. The changes caused by seafloor temperature increase.
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2.3. Typical 1-D scenario of methane hydrate accumulation in
marine sediments

Phase relationships Components Transient state Steady state
(b) : : (c) : (d)

Organic carbon

®n e o o o
o _‘Gp-a

Hydrate dissociation due
to bilrlal below the GHSZ

5

10 20 30 0 100 200 300 l’

Temperature (°C) Concentration (mM) Subsidence Subsidence

£

Geologic time (Myr)

Figure 2. 7. 1-D scenario of methane hydrate accumulation in marine
sediments. (Revised from Bhatnagar, 2007).

Figure 2.7 shows a 1-D scenario of methane hydrate accumulation in marine
sediments across geological time scale. Before buried into sediment and
becoming available for methanogenesis in deep sediment, organic carbon in
ocean must pass through two oxidation zones as shown in Figure 2.8: (1)
oxygen-containing water zone above the seafloor, or simply named as
oxygen water zone (OW2Z) in this work; (2) sulfate-containing zone in shallow
sediment, which is also called sulfate reduction zone (SRZ). Most of the
organic carbon in ocean, will be oxidized by oxygen in OWZ, and the rest will
become total organic carbon (TOC) in sediment at seafloor; after organic
carbon passes through OWZ, some portion will be consumed due to the

reaction with sulfate or the organoclastic reaction.



Components ; Q‘.'O
CH,;0+0, - CO, +H,0 Oxidized by 0, [seatioor

b

SRZ

Oxidized
by SO,*

Methanogenesis reaction

2CH,0+H,0 —» CH,+HCO; +H"
Ve = —A0L (b)

Concentration (mM) s

(a)
Figure 2. 8. Reactions about organic carbon, sulfate, and methane, from

ocean bottom to deep sediment. SRZ: sulfate reduction zone; SMT: sulfate /
methane transition zone.

2.4. Possible solutions for abundant hydrate inventory before
PETM

Several previous works concluded that hydrate inventory could not be as high
as that at present day at warm conditions before PETM. However, these were
based on the model, with the same total organic carbon (TOC) in seafloor
sediment as the input, and using the constant biogenic reaction rate constant.
But this might not be true. Because (1) the TOC may have been higher than
present day due to low oxygen concentration in the whole ocean because of
higher ocean temperatures; (2) ocean sulfate concentration was lower than
present day, which may cause less consumption of organic carbon by sulfate
than present day; (3) as Arrhenius law shows, reaction rate constant should
increase with temperature. In this work, we examined the possibilities

regarding these three factors.
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Chapter 3. Numerical Model about Hydrate Inventory
due to Higher Organic Carbon Input and Reaction

Rate Constant

The schematic scenario is following Figure 2.7 and Figure 2.8. In Chapter 3-4
we examine the results due to assumptions that: (1) the TOC should have
been higher than present day due to low oxygen concentration in the whole
ocean because of higher ocean temperatures; (2) as Arrhenius law shows,

methanogenesis reaction rate constant should increase with temperature.

The numerical model is revised from the 1-D hydrate accumulation model in
Bhatnagar’s paper (Bhatnagar, 2007). The main difference in our new model,
is that we focus on the processes in which the temperature at seafloor is

changed.

3.1. Assumptions

Different from models in present literature studying hydrate accumulation, the
following effects are considered:

(1) The methanogenesis reaction rate constant is changing with temperature,
while in literature, the rate constant is constant.

(2) The seafloor organic concentration is increasing due to the decrease of
global seafloor oxygen concentration; the global seafloor oxygen

concentration decrease is caused by the solubility decrease at sources of
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global deep ocean flows (e.g. Antarctic sea surface or Greenland sea surface,
as the sources); the solubility decrease is due to the sea surface temperature

rise.

3.2. Numerical Model

Since the derivation of the model has been described in Bhatnagar’s paper
and PhD dissertation (Bhatnagar, 2008), so here | will simply describe the

model.

3.2.1. Porosity profile in sediment

Porosity in the sediment is decaying due to effective stress (Bear, 1988). A
simple 1-D porosity derived by Bhatnagar is applied. To simplify the situation,
the reference frame is fixed at the seafloor. The following assumptions are
further made:

(1) Densities of water and sediments are constant;

(2) Sedimentation rate is constant and equal to the subsidence rate;

(3) Porosity profile is independent of time;

(4) No external upward fluid flow;

(5) Fluid and solid velocities become equal as a minimum porosity is

achieved;

(6) Generation of water through diagenetic reactions is neglected.
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The depth co-ordinate system is positive at downward direction.
The porosity change due to sedimentation and compaction caused by

hydrostatic pressure is:

¢p=0¢,+ (¢ -4.)exp(-o,./0c,)

(3-1)
=¢. + (¢ —¢.)expl(o, - p)/o,]
AL AN _
- G¢(¢_¢m]az[¢o_¢wj (ps pfxl ¢)g (3 2)

where ¢, --- porosity of sediments at seafloor
¢, --- minimum porosity which can be achieved
--- effective stress, = o, - p

o, --- overburden, caused by pressure difference between mineral

\

and fluid densities

o, --- characteristic constant with unit of pressure

p --- hydrostatic pressure

To make Eq. (3-2) normalized, define:

¢ =(¢-9.)/0-9,). (3-3)
n=(4-9,)/0-4,). (3-4)
y=0-¢,)/¢, (3-5)

Oy

L = 3-6
©1-4.)p, - i)Y (3-6)

L, is a characteristic length indicating the effect of compression. The higher

¢

o, is, the larger L, will be, and the |d¢/dz| along the depth (downward) is

smaller. Here is an example of how long the typically length scale of L, is:
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for (p, — p; =2.56-1.03) =1.53 glcm?, if o,=54MPa, then L, =400 m.

yA z

Z:—: (3_7)

L, o JIQ=¢.)(p;-pi)9]
1o . - AT - 05— _
=> e (1-¢), B.C:atZ=04¢=n (3-8)
:>5 # (3'9)

Cn+(-n)e’

3.2.2. Sediment Balance

From the mass balance for sediment, with the porosity — depth relationship, a
sediment balance equation can be obtained (Berner, 1980; Davie and Buffett;
2001).
A2 v (- g)pw)=0 (3-10)
where v, --- sediment velocity.
Assume in steady state, the sediment flux is invariant along depth, then it

equals the product of sedimentation rate (S) at seafloor and (1-¢,). Denote

the sediment flux as:

U, =v,(2)1-4(2))=[1- )], =SL-). (3-11)

3.2.3. Organic Material Balance

Assume:

(1) sedimentation rate and the amount of degradable organic carbon at the
seafloor (o ) remain constant over time;

(2) microbial methanogenesis begins at the seafloor;

(3) solid organic material moves downwards with sediment at constant
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velocity of v_;

(4) sediment density is not altered by microbial degradation of organic
carbon.

Via the mass balance, organic material balance (Berner, 1980; Davie and

Buffett, 2001; Bhatnagar, 2007) can be expressed as:

L (palt-9)+ 2 (pyalt-p)=-piall-¢)  (12)
1.C..(2,0)=0 3.13
{B.C.:a(o,t)=ao (3-13)

where A --- 1st-order reaction rate constant

a --- organic material concentration available to methanogens,
which is a fraction of Total Organic Carbon (TOC). « is expressed as a
mass fraction of total sediment.

a --- organic material concentration at seafloor

Define dimensionless variables:

7=— 3-14

L (3-14)

JS — US — ju f,sed — 7/ (3_15)

U f,sed U f,sed

U, L

Pe, = fb: ! (3-16)

Define In-situ Damkholer number:

2

Da(z) = % (3-17)

Dm
a=ala, (3-18)
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where L;--- Thickness of GHSZ.

o 2 (Ga-epre 2 (175 5 ) _pat-da _
- at~(oz(l ¢))+Pelaz( . USaJ— Da(l-§)a  (3-19)

The I.C. and B.C. are:

I.C.:a(Z,0)=0
o (3-20)
BC.:a(0,t)=1
Define a dimensionless parameter:
N, =L/L, (3-21)
we have
S E— (3-22)

NigZ

n+@d-mn)e
Later we may use a Average In-situ Da number, or briefly called Average-Da,
at Tss =3°C, as an important parameter. It's defined as the In-situ Da number

at mid point (z=Lto/2) when T =3°C.

__ _ A2
(Da)o = (Da)Tsf:3C,z:Lt/2 = (D_Ltj (3-23)
m /Tsf=3C,z=Lt/2

where subscript “p" refers to case Tg=3C.

If the activation energy E/R =0 (here the universal gas constant R = 8.314
J/K/mol), then the analytical solution to the organic mass balance equation is

(Bhatnagar, 2007):

&|H _ [77 N (1_ U)EN"” :I»l/NW,(ler)Pel/Da (3_24)
At steady state, Converted Amount of Organic Carbon within GHSZ =

(-al.)8. Pe; and (L-&|. )8 can be combined together to determine
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average hydrate saturation (<Sp>).

Therefore, to consider the effect of changing parameters, we can plot contour
plots of average saturation, or Total Hydrate Amount (defined in next chapter,

1 - _
V, = LIIO(Sh¢)dz ), in parameter space: (Nwo,(Pel/Da)o).

3.2.4. Dimensionless Methane Balance (Bhatnagar, 2007)

i[1+7/¢ (1_Sh =S, )Errl1 +1+}/¢ S4C P +1+7/¢ Sgaﬂ?'Bg]Ir
Y v Y

ot

—1+yi~[(Pel+|Pez|)]fErL+Pelﬁs—l+y¢. S.&"p, +PeU, L+rg SgE”?,Bg}
y oz r(-¢) y(1-¢)
- - " 3
:i{—“”} (1—Sh—Sg)6C~m}+ cH Ps Da(l-¢)pa (3-25)
or| vy 0z M o O
where
| h g
- Cry - Cr  ~ c’
Cp=—"—, Cp=—2—, CJ = (3-26)
c c c

m,egb

¢ ---- methane mass fraction in i-phase, i=l, h, g
cr'n’eqb ---- methane solubility at Base of GHSZ in liquid-phase
UL
Pe, === (3-27)

m

Pe, is the 2" Peclet number corresponding to the ratio of external fluxe to

diffusion, and

- - P a
p=th, p=te p=% (3-28)
pf pf c:m,eqb

I.C. and B.C.:
.C. ¢! (z,00=0 (3-29)
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B.C. (1): €'(0,t)=0 (3-30)

~I
%o (D,T)=0, if |Pe,|<|Pe) (3-31)

B.C. (2): .

or ¢,(D,t)=C if |Pe,|>|Pe,| (3-32)

m,ext !

D refers to the bottom of the spatial domain.

3.3. Description on Effects of Ty increase

When seafloor temperature, Tg;, increases, the following effects will happen:

(1) L will decrease;

Uf,sest

m

(2) Pe1 and Ny, will decrease according to Pe, = , Ny =L /L,;

(3) In-situ Damkholer number, Da(z), will decrease due to decrease of L;, but

will increase if reaction rate constant, A, is increasing, thus a comprehensive

. . . o A(2)L2
result is that Da will follow this equation: Da(z) S

m

(4) ap may increase according to further consideration on the decrease of
seafloor oxygen concentration.
(5) Whether Total Hydrate Amount will increase or decrease, is a decided by

all of the above factors.

3.4. Cases and Sceneries to Be Studied

Here scenery refers to a situation, in which E/R is specified, and the change
of apis also specified; and results in a parameter space of (Nwo,(Pel/Ea)o)
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(note: subscript 0 means that the parameter value is defined at Tss= 3°C), will
be searched, and contour plot of the result in such a parameter space, will be

presented.

To compare results, Base case0 and Base scenery I, using the same model
as those in literature papers, are studied, in which E/R=0, and o, remains
constant. Other cases and sceneries, using our new model, will be studied

and compared with the base case and sceneries.

More than three special cases are studied in this work (in all of them, Pe,=0):

(1) Base case0: E/R=0, and aop remains constant, (Pe,), =1, (Da), =10,
N, =1, compare results when T¢=3, 6, 9, 12, 15 degC;

(2) Case I: E/R=13400 mol*K, and oo varies according to Seafloor Organic
Rain = 10 umol/cm?/yr, (Pe,),=1, (Da),=10, N,,,=1, compare results when
Ts=3, 6,9, 12, 15 degC;

(3) Case II: E/R=13400 mol*K, and oo varies according to Seafloor Organic
Rain = 30 umol/cm?/yr, (Pe,),=1, (Da),=10, N,,=1, compare results when
Ts=3, 6,9, 12, 15 degC.

The Base caseO is studied as the base case, which is the same model with

that in published literature papers; Case | and Il, are special cases, using our

new model, in which increased Total Hydrate Amounts are obtained.
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More than three sceneries are studied in this work (in all of them, Pe,=0):
(1) Base scenery I E/R=0, and «ap remains constant,

0.01< (Pe,/Da), = (Pe,/Da),y_, <10, 0.2< N, <2, only compare results

sf =3C
when Ts=3°C and 9°C;

(2) Base scenery II: E/R=13400 mol*K, while o still remains constant,
0.01<(Pel/5a)0 <10, 0.2<N,, <2, only compare results when Ts=3C and
9°C;

(3) Other sceneries: E/R=13400 mol*K, o is varying according to different

seafloor depth, and different seafloor organic rain, 0.01< (Pellﬁa)0 <10,

0.2<N,,, <2, only compare results when Ts=3C and 9°C.
Such a parameter space can cover most of the situations in reality. In each
scenery, results in the parameter space 0.01<(Pe1/5a)O <10, 0.2<N,<2,

are obtained, and a contour plot is presented.

Intervals of some parameters are listed in the table below.
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Table 3.4.1. Dimensionless Groups and Physical Parameters Intervals

Dimensionless Groups

Nigo 0.2~2.0
Pe, 0
=\ « 0.01~10
(Pell Da)O
n 6/9
1 9
Physical Parameters
Seafloor Depth (Ds) 1.0 ~3.0km
Seafloor Pressure (Psf) 10 ~ 30 MPa
Seafloor Temperature (Tg) 3~15degC
Geothermal Gradient (G) 0.04 deg C/m
[27/] 0~5%
0.7
28
0.1
9.
ch 0.134
m  (methane mass fraction in hydrate
phase)
~ 0.93
Ph (= 0.958 /1.03)
2.57
Ps/ P (=2.65/1.03)
t 4 (long enough to reach steady state)

*: subscript 0 means that the parameters are defined when T4=3 degC.
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Chapter 4. Hydrate Inventory due to Low Ocean
Oxygen Concentration and High Reaction Rate

Constant

Following the numerical model described in Chapter 3, in this chapter we
present the assumptions and the results about methane hydrate inventory
before PETM due to (1) high organic carbon content at seafloor induced by
low ocean oxygen concentration, and (2) higher reaction rate constant; both

are linked with higher seafloor temperatures.

When seafloor temperature Tg; increases, assume:

(1) Reaction rate constant is changed;

(2) Seafloor organic concentration «, is changed, due to decrease of
seafloor oxygen concentration;

(3) Geothermal gradient G remains constant, temperature distribution
reaches steady state;

(4) Steady state results of hydrate distribution are evaluated in this work;

(5) Porosity profile doesn’t change;

(6) Biogenic methane is only source for methane and methane hydrate;

(7) Only pure methane hydrate is considered.

4.1. Change of Reaction Rate Constant

In published papers, the reaction rate constant is constant. However, this
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might be too simplified in many cases. Microbe metabolic rate constant can
vary by several order of magnitude with temperature change (Price and
Sowers, 2004), as Figure 4.1.1 indicated. Therefore, in our work, a rate
constant model in which rate constant is changeable, is applied, as Figure
4.1.2 shows. The Activation Energy is E/R = 13400 mol*K (here universal gas

constant R = 8.314 J/K/mol), SO we use the same energy in our model.

30° 20° 10° 0° -10° -20° -30° -40°C

o A& A

h]

"= 0,001 SEN

A
.
1 DIIB? 5
o e F :

growth

107

10

Asp. acid
racemization

Average metabolic rate [g C (g C)

10"

DNA™*
depurination *

10 =
3.2 3.4 3.6 3.8 4 42 4.4

1000/T(K)

Figure 4.1. 1. Microbe Metabolic Rate Constant
(Price and Sowers, 2004). This figure indicates that, microbe metabolic rate
constant E/R=13400 mol*K, R = 8.314 J/K/mol is the universal gas constant.
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Relative Rate Constant Profile
10 T T T T T

Tmean: the temperature at middle point of the GHSZ

4
10 §
Kinetics in this work, E/R=13400 mol*K

10° /
=
g
E 10° Field Data .

o . (Price and Sowers (2004))

*5 Kinetics in numerical models (Price and Sowers (2004))
<, | inliterature (Davie and Buffett (20
~ 10 F Bhatnagar, et al., (2007))
©

2.8 3 3.2 3.4 36 3.8
1¢‘rT, 'UK X 10_3

Figure 4.1. 2. Reaction Rate Constant Model applied in this
work. The vertical axis is A(T)/A(T), where T is average

temperature in GHSZ.

4.2. Change of Seafloor Organic Concentration ay

The concentration of the remaining organic material at seafloor, is the
Seafloor Organic Concentration, denoted by «,. The change of seafloor
organic concentration when seafloor temperature increases, hasn't been
considered in hydrate research models. However, this is highly possible and

very important. Here we propose a simple estimation of its change.

In the global water system, the Greenland sea and Antarctic region act as two
big sources for deep dense global ocean flow, as shown in the following figure
(Rahmstorf, 2006). The periods for the global deep water flow, is around 4000

~ 5000 yrs.
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Surface flow ©® Wind-driven upwelling L Labrador Sea
Deep flow (* Mixing-driven upwelling G Greenland Sea
Bottom flow Salinity > 36 %o w Weddell Sea
Deep Water Formation Salinity < 34 %o R Ross Sea

Figure 4.2. 1. Schematic representation of the global thermohaline
circulation. Surface currents are shown in red, deep waters in light
blue and bottom waters in dark blue. The main deep water formation

sites are shown in orange. (Rahmstorf, 2006).

Therefore, when the sea-level temperatures in polar region increase, the

global deep ocean water temperature will increase due to the global deep

water flow. At the same time when polar ocean surface temperature increases,

because the solubility of oxygen is dependent on temperature, polar ocean

surface oxygen concentration will decrease due to the increased temperature,

and consequently, following the global deep ocean flow, the oxygen

concentration in deep oceans other than polar regions will decrease.

The next step, the seafloor organic concentration has strong relationship with

the deep ocean oxygen concentration. The most of organic material in the
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deep ocean is oxidized by oxygen in seawater, and the remaining part, will be
berried into deep sediment, as the resource for methane production and so
on. Therefore, much amount decrease of oxygen in deep ocean must
decrease the oxidization effect on organic material. As a consequent, the
amount of remaining organic material berried into sediment, or, Seafloor

Organic Concentration will increase.

The seafloor organic concentration, «,, as a function of seafloor temperature,
when considering the global oxygen concentration change, is obtained in the
following steps.

Step 1: Obtain oxygen solubility change vs temperature, as the following

figure shows.

8 “ | O, solubility in Seawater at 1atm
|
\.
N ~
Q 64 .
= I
= Tm
O Tm
1 —
= "
— 44 —m_
E n
) —
—
S -
0 . T T T T T y T
0 10 20 30 40
t (°C)

Figure 4.2. 2. Oxygen Solubility in Sea Surface, under 1 atm.

The current Antarctic region sea surface temperature is around 0 deg C, and
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the [O2] is around 8 ml/l-brine. Therefore, we can assume the [O2] at the
polar sea surface is always in equilibrium with atmosphere O2 when, and of

course, will decrease following the solubility curve. Denote the [O2] at polar

sea surface as C,,. Please note that 0 deg C in polar ocean surface,

corresponds to a typical seafloor temperature of Ts=3C at present.

Step 2: Find the present deep ocean [O2] (e.g. at depth of Dss= 2km), C,

as shown in the following figure.
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Figure 4.2. 3. Present oxygen concentration in 2.0 km deep ocean.
(From: http://ingrid.ldgo.columbia.edu/SOURCES/.LEVITUS94/.ANNUAL/)

Step 3: When the polar ocean surface [O2] decreases by amount AC,, due
to temperature rise, the new polar ocean surface [02] is C,,=C,,—AC,,.

Assume the deep ocean [O2] in regions other than polar area, decrease by
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the same amount AC__, until it reaches 0, or the new deep ocean [O2] is:

plr ?

C(')x,d = Cox,d —AC (4'1)

plr

Step 4: via a published model (Archer et al., 2002) describing the relationship

between C,, and «,, getthe new «,. The relationship can be described

in a contour plot, as the following figure shows.

1000
— %0rgC ,) 95 S
s 7 00102050
o 316 — )é
' @)
g 1 / F,_.,-f—"f'_’r’
= 100 0 o
£ 2.0 O~ OO
z' Qy 0" "
'« 31 - _/(}.5%# O 8
s & ©
O e O
o2 10
) O
O
31 T I 1 I I
0 100 200 300

Overlying [O o] uM

Figure 4.2. 4. Contour plot for seafloor organic concentration «,.

(Archer, et al., 2002). 1ml/l-water=1uM (at latm).

Seafloor Depth, Ds;, which affecting the seafloor [O2] is an important factor;
and Organic Carbon Rain at seafloor, is another factor. Regarding that the
lower limit of Organic Concentration when seafloor temperature < 2 deg C

should be 0, and that the upper limit when seafloor temperature > 28 deg C is
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also finite, the data can be fitted with Boltzmann functions:

_ A-A ]
% = epl(t, — o) 0x] “4-2)

where Al, A2, X0, dx are constant, as listed in the figures.

Seafloor OrgC Concentration vs Tsf, Dsf=1km

5 & & & —
Boltzmann Function
X
= a0=A2+(Al-AZ)/[1+exp((Tsf—xO)/dx)]
L '
c
i)
<
5 3f .
o
c
o
@)
©)
<) . . 2
o 27 Rain unit: pmol/cm*/yr 7
o]
% OrgC Rain; A1*100; A2*100; xO0; dx
A 4L ® 100 3% 5 45 03 |
0o 30 2 5; 46, 0.3
¢ 10 07 5; 6.42; 0.5
0 | | | |
0 5 10 15 20

Tsf/ deg C

Figure 4.2. 5. Change of ap, Ds=1.0 km.
The unit of Orgic Carbon Rain is pmol/cm?/yr.
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Seafloor OrgC Concentration o ! %

Seafloor OrgC Concentration o ! %

4.5

3.5

451

3.5

Seafloor OrgC Concentration vs Tsf, Dsf=2km
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Figure 4.2. 6. Change of oy, Ds=2.0 km
Seafloor OrgC Concentration vs Tsf, Dsf=3km
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Figure 4.2. 7. Change of oy, Dst=3.0 km
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4.3. Hydrate Profile Change, Seafloor Depth Dg; = 2.0 km

The following terms are defined to describe the result.

Methane production rate (or Organic Reaction rate):

r= dCsed /dt =ﬂCsed =2’Cmatrix (1_¢)

Org Org Org

_ . o (43)
= 2,0((1—¢)(,05 I'M Org) = aDa(Dm / Lt )(1_¢)(ps IM Org )ﬂcm,eq

where CX --- Average Organic Concentration in sediment (here sediment
Org

volume = pore + matrix)

Com™ --- Organic Concentration in matrix
unit of r is [mmol/(m® sediment)/Myr], here sediment includes matrix and pore

space. 1Myr= 1 million year.

Hydrate Volume Fraction:

@, =S,¢,i=h,org (4-4)
where Sj--- Saturation of i-phase (hydrate or gas)
¢ --- porosity.

Total Hydrate Amount (per unit seafloor area) as:

V, =<, > L,

1 1 - (4-5)
=L, | 0,07 =L, | (S,$)dZ
where 7 is the normalized depth. The unit of V}, is m*m? The physical

meaning of Vy, is the Total Hydrate Amount per unit seafloor area beneath the

seafloor. To simply put, V}, will be called Total Hydrate Amount in the following

pages.
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Define Remaining Ratio of Total Hydrate Amount when T increases, as:

k =Vh,Tsf 2 /Vh,Tsfl (4-6)
where Vj, 1« refers to Total Hydrate Amount at Ts=Tss, I=1,2,...,

the most important case is

k :Vh,gc /Vh,sc- (4'7)

In the following figures, subscript O refers to parameters defined at Ts=3 deg

C, or:

Pe,,/ Da, = (Pe,/ Da)| (4-8)

Tsf =3C
Nt¢0 - LLO /L¢: (L‘|Tsf=3c )/L¢ (4-9)
where Da is the in-situ Damkholer number defined at mean temperature

(mid-point temperature) in the GHSZ.

L _
s (4-10)

m

Da= (ﬂ“|f)

The temperature and porosity profiles are shown in the following figures,

assuming that the geothermal gradient remains constant.
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Temperature vs. Depth
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0.4

Depth / km bsf
o
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G=0.04 "C/m .

[EEN
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12 1 1 1 1 1
10 20 30 40 50

T/ C
Figure 4.3. 1. Temperature Profile beneath Seafloor.
Different curves corresponds to different seafloor temperature. Assuming geothermal

gradient G is constant. Thickness of GSHZ Lt, and dimensionless parameter Ny, are listed.
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Porosity Profile, Dsf=2km
O T T T T T T

0.2

0.4

Depth / km bsf
o
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12 1 1 1 1 1 1 1
0 0.1 0.2 0.3 04 05 0.6 0.7

Porosity

Figure 4.3. 2. Porosity Profile beneath Seafloor.
Assuming at Ts=3 degC, Ny, =1.0.

The following are cases for different seafloor temperatures, in which with
Remaining Ratios k (from T = 3C to Ty =9°C) are greater than 1.0. For
comparison, Case E/R=0 with constant seafloor organic concentration is

studied as the Base caseO.

4.3.1. Activation Energy E/R = 0, Seafloor Organic C Concentration
doesn’t Change (Base case0)

This case, E/R=0, and seafloor organic concentration remains constant, is the
base case as is proposed in literature. The figures in this section, for this case

are listed in the following, to be compared by our new models.
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In-situ Rxn Rate Constant Profile, Dsf=2km

O T T T T T T T T T T 77
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= 15
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A 08¢ |
E/R=0mol*K
1t OrgC Rain=100pmol/icm?/yr T
1.2 -15 I — I-14 I - I-l3
10 10 10

In-situ Rxn Rate Constant A, 1/s

Figure 4.3.1. 1. In-situ Reaction Rate Constant Profile.
E/R=0 /s. Assuming that Average Da is 10 when T =3degC. Rate constant doesn’t change
with increase of Ty;.

The in-situ reaction rate constant A4 (1/s), remains constant from seafloor to

much lower positions, because E/R=0.
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Total Hydrate Volume

Depth / km bsf

0.7k E/R=0mol*K 12 A
OrgC Rain=100um oI/cm2/yr 15
0.8 ' ' '
0 0.01 0.02 0.03 0.04

Hydrate Volume Fraction

Figure 4.3.1. 2. Hydrate Volume Fraction Profile.
E/R=0, and oy Remains Constant. The Total Hydrate Amount (per unit seafloor area) are
marked for each curve.

It can be found out that the hydrate volume fraction decreases very much
from Ts =3°C to 9°C, the remaining Total Hydrate Amount at Ts=9°C is only

21% (=1.2/5.5) of that in Ts =3°C.
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Total Hydrate Volume [m3/(m2 area)| \s. Tsf; Dsf=2km

(@)

OrgC Rain=100pmol/cm 2/yr
E/R=0mol*K
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Total Hydrate Volume, m 3/(m2 area)
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Seafloor Temperature, TSf /°C
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Figure 4.3.1. 3 Total Hydrate Amount (per unit seafloor area) vs Seafloor
Temperature.
E/R=0, and o, Remain Constant. The parameters are listed for every seafloor temperature
points calculated.
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Figure 4.3.1. 4 Average Sh and Average Volume Fraction vs Seafloor
Temperature.
E/R=0, and o, Remains Constant. The parameters are listed for every seafloor temperature
points calculated.
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Normalized Organic Concentration (o.”) vs. Physical Depth, Dsf=2km

O T T T T

OrgC Rain=100umol/cm 2/yr
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Normalized Organic Concentration(a )

Figure 4.3.1. 5 Normalized Organic Concentration Profile.
E/R=0, and o, Remains Constant. Curves for different T values are overlapping on each

other, because the organic decay is dependent on (1+y)N,Pe, /Da, which remains

constant, if E=0.
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Hydrate Saturation Profile w.r.t. Physical Depth, Dsf=2km
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0 0.05 S, 0.1 0.15

Figure 4.3.1. 6 Hydrate Saturation Profile.
E/R=0, and o, Remains Constant. The Average Hydrate Saturations (in the GHSZ) are
marked for each curve.
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Depth / km bsf

Free Vapor CH4 Saturation vs Physical Depth, Dsf=2km
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Figure 4.3.1. 7 Gas Phase Saturation Profile.
E/R=0, and o, Remains Constant.
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Profiles of Norm. CH4 Solub. or Norm. [CH4] in Pore Water, Dsf=2km
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Figure 4.3.1. 8 Normalized Methane Concentration in Pore Water Profile,
and Normalized Methane Solubility Profile.
E/R=0, and oy Remains Constant. The parameters are listed for each curve.
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In-situ Methane Production Rate Profile, Dsf=2km

O T T T T T
OrgC Rain
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In-situ Methane Production Rate, mmol/(m3 sediment)/Myr

Figure 4.3.1. 9 In-situ Methane Production Rate Profile.
E/R=0, and oy Remains Constant. The parameters are listed for each curve. The unit of
In-situ Methane Production Rate is mmol/(m3 sediment)/Myr, here sediment includes matrix

1.2 ' '
0 0.2 0.4 0.6

and pore space. 1Myr= 1 million year. All curves are overlapping with each other.

4.3.2. Activation Energy E/R = 13400 mol*K, Seafloor Organic Rain =10
[Cdmol/cm2/yr (Case I)

The change of seafloor organic concentration refers to Figure 4.2.6. The
change of Reaction Rate Constant is as the following figure, following

Arrhenius Law:
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In-situ Rxn Rate Constant Profile, Dsf=2km
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Figure 4.3.2. 1 In-situ Reaction Rate Constant Profile.
E/R=13400 mol*K. Assuming that Average Da is 10 when T =3degC. Rate constant

changes with increase of T following Arrhenius Law.

It can be found out that the reaction rate constant varies in 3 order of
magnitude from 0 — 1.2 km bsf, because of the temperature distribution in the

sediment.

In Figure 4.3.2-2, the Hydrate Volume Fraction profiles for different seafloor
temperatures are shown. Different from the Base caseO in section 4.3.1, the
hydrate volume fraction increases when Tg; increases from 3 deg C to 9 deg
C. The Total Hydrate Amount increases from 0.63 to 0.96 m®m?, increased by

around 52%.
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Hydrate Volume Fraction vs. Physical Depth, Dsf=2km
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Figure 4.3.2. 2 Hydrate Volume Fraction Profile.
E/R=13400 mol*K, and a, changes according to case Organic Rain = 10 umol/cm?/yr. The
Total Hydrate Amount (per unit seafloor area) are marked for each curve.
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Total Hydrate Volume [m3/(m2 area)| \s. Tsf; Dsf=2km
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Figure 4.3.2. 3. Total Hydrate Amount (per unit seafloor area) vs Seafloor
Temperature.
E/R=13400 mol*K, and a, changes according to case Organic Rain = 10 umol/cm?/yr. The
parameters are listed for every seafloor temperature points calculated.
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Average Hydrate Saturation, or Average Volume Fraction, vs. Tep Dsf=2km
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Figure 4.3.2. 4 Average Sy and Average Volume Fraction vs Seafloor
Temperature.
E/R=13400 mol*K, and a, changes according to case Organic Rain = 10 umol/cm?/yr. The
parameters are listed for every seafloor temperature points calculated.
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Normalized Organic Concentration (o.”) vs. Physical Depth, Dsf=2km
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Figure 4.3.2. 5 Normalized Organic Concentration Profile.
E/R=13400 mol*K, and a, changes according to case Organic Rain = 10 umol/cm?/yr.
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Hydrate Saturation Profile w.r.t. Physical Depth, Dsf=2km
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Figure 4.3.2. 6 Hydrate Saturation Profile.
E/R=13400 mol*K, and a, changes according to case Organic Rain = 10 umol/cm?/yr. The
Average Hydrate Saturations (in the GHSZ) are marked for each curve.
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Free Vapor CH4 Saturation vs Physical Depth, Dsf=2km
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Figure 4.3.2. 7 Gas Phase Saturation Profile.
E/R=13400 mol*K, and a, changes according to case Organic Rain = 10 umol/cm?/yr.
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Profiles of Norm. CH4 Solub. or Norm. [CH4] in Pore Water, Dsf=2km
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Figure 4.3.2. 8 Normalized Methane Concentration in Pore Water Profile,
and Normalized Methane Solubility Profile.
E/R=13400 mol*K, and o, changes according to case Organic Rain = 10 pmol/cm?/yr. The
parameters are listed for each curve.
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In-situ Methane Production Rate Profile, Dsf=2km
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Figure 4.3.2. 9 In-situ Methane Production Rate Profile.
E/R=13400 mol*K, and o, changes according to case Organic Rain = 10 pmol/cm?/yr. The
parameters are listed for each curve. The unit of In-situ Methane Production Rate is
mmol/(m3 sediment)/Myr, here sediment includes matrix and pore space.

The In-situ Methane Production Rate increases when Tg increases from 3
deg C to 9 deg C, this can partly explain why Total Hydrate Amount increases

when Tg increases.

4.3.3. Activation Energy E/R = 13400 mol*K, Seafloor Organic Rain = 30
pmol/cm?/yr (Case I1)

Rate constant profile has been depicted in the beginning of § 4.3.2. The
Hydrate Volume Fraction profiles presented in the following figure, shows that

Total Hydrate Amount increases from 2.51 to 3.25 m®m?, when T increases



from 3 deg C to 9 deg C, or increases by around 29.5%.

Hydrate Volume Fraction vs. Physical Depth, Dsf=2km
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Figure 4.3.3. 1 Hydrate Volume Fraction Profile.
E/R=13400 mol*K, and a, changes according to case Organic Rain = 30 umol/cm?/yr. The
Total Hydrate Amount (per unit seafloor area) are marked for each curve.
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Total Hydrate Volume [m3/(m2 area)| \s. Tsf; Dsf=2km
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Figure 4.3.3. 2 Total Hydrate Amount (per unit seafloor area) vs Seafloor
Temperature.
E/R=13400 mol*K, and a, changes according to case Organic Rain = 30 umol/cm?/yr. The
parameters are listed for every seafloor temperature points calculated.
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Average Hydrate Saturation, or Average Volume Fraction, vs. Tep Dsf=2km
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Figure 4.3.3. 3 Average Sh and Average Volume Fraction vs Seafloor
Temperature.
E/R=13400 mol*K, and o, changes according to case Organic Rain = 30 pmol/cm?/yr. The
parameters are listed for every seafloor temperature points calculated.
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Normalized Organic Concentration (o.”) vs. Physical Depth, Dsf=2km
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Figure 4.3.3. 4 Normalized Organic Concentration Profile.
E/R=13400 mol*K, and a, changes according to case Organic Rain = 30 umol/cm?/yr.
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Hydrate Saturation Profile w.r.t. Physical Depth, Dsf=2km
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Figure 4.3.3. 5 Hydrate Saturation Profile.
E/R=13400 mol*K, and a, changes according to case Organic Rain = 30 umol/cm?/yr. The
Average Hydrate Saturations (in the GHSZ) are marked for each curve.
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In-situ Methane Production Rate Profile, Dsf=2km
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Figure 4.3.3. 6 In-situ Methane Production Rate Profile.
E/R=13400 mol*K, and oo changes according to case Organic Rain = 30

pmol/cm?/yr. The parameters are listed for each curve. The unit of In-situ Methane
Production Rate is mmol/(m3 sediment)/Myr, here sediment includes matrix and pore space.

4.4. Contour Plots for Remaining Ratio of Total Hydrate
Amount k

The contour plots for the Remaining Ratio of Total Hydrate Amount when T

rises from 3 deg Cto 9deg C k=V, , /V, . are presented in the following.

Figure 4.4.1 is the Base scenery |, with E=0, and constant op. Figure 4.4.2 is
Base scenery Il, with E/R=13400 mol*K, while ay still remains constant. From
Figure 4.4.1, we know that the Total Hydrate Amount decreases much, and in
most cases, Vhoc IS 0~35% of V), 3c. For example, at Base caseO shown in the

figure, i.e., Pe;3c=1.0 and Dasc = 10, the result is k=0.21 (or 21%). From

-62 -



Figure 4.4.2, comparing with Figure 4.4.1 (Base scenery |), we know that a
large part of the decrease amount of Total Hydrate Amount in the Base
scenery |, is compensated by the increased reaction rate constant. In most
cases, Vhoc is 0~45% of Vpsc. For the same parameter as Base case0
(Pe13c=1.0 and Dasc = 10 etc. , point is shown in Figure 4.4.1), k=32%, much
larger than that in Base caseO, which is 21%. In a word, the increased
reaction rate constants, compensate the loss of methane hydrate due to

higher seafloor temperature.

Contour of Vh(Tsf:QC) / Vh(Tsf:SC); Dsf=2km

0.4
At Tsf=3C: Pel=1, Pe2=0 Tsf (deg C); 0,(%)
E/R=0 mol*K 3 1.9 0.35
9 1.9
n=6/9, y=9
0.3
o 10.25
™
1
»
o 10.2
@
e
G)H
o 1 10.15
10 i

0.05

-2
10
0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8

N, (Tsf=3C)

Figure 4.4. 1 Contour Plot for k =V, ¢ /V, 5.

E/R=0, and oo Remains Constant (Base scenery I). The parameters are listed for
every seafloor temperature points calculated. Base caseO refers to previous case0
studied. k<1.0 means Total Hydrate Amount V,, decreases when T increases from 3 deg
Cto9degC.
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Contour of Vh(Tsf:QC) / Vh(Tsf:SC); Dsf=2km
0.5

At Tsf=3C: Pel=1, Pe2=0 Tsf (deg C); ao(%)

0.45
E/R=13400 mol*K 3; 1.9

N=6/9, y=9 2 e 0.4

0.35

=3C)

r 10.25

Pe 1/Da (Tsf

0.15

0.1

0.05

02 04 06 08 1 12 14 16 18
N, (Tsf=3C)

Figure 4.4. 2 Contour Plot for k =V, ¢ /V, 5.

E/R=13400 mol*K, while ap Remains Constant (Base scenery Il). The
parameters are listed for every seafloor temperature points calculated.

What's more, as discussed before, the seafloor organic concentration og may
increase due to the decreased oxygen concentration. By applying the
changing ao models, the remaining Total Hydrate Amount ratios are obtained,

and results are presented below.
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=3C)

Pel (Tsf

=3C)

Pel (Tsf

Contour of Vh(Tsf:QC) / Vh(Tsf:SC); Dsf=1km

At Tsf=3C: Pel=1, Pe2=0 Tsf (deg C); a.(%)

o )
Org Rain=10 umol/cm*/yr 3; 0.7046

E/R=13400 mol*K 9, 4.9755
n=6/9, y=9

1.0

>1.0 1.0

10_2 I 1

02 04 06 08 1 12 14 16 18
N, (Tsf=3C)

(a) Organic Rain = 10 pmol/cm?/yr.
Contour of Vh(Tsf:QC) / Vh(Tsf:SC); Dsf=1km

At Tsf=3C: Pel=1, Pe2=0 Tsf (deg C); ao(%)
Org Rain=30 pmol/cmzlyr 3 2.0144
E/R=13400 mol*K 9 5
n=6/9, y=9

10_2 I I I

02 04 06 08 1 12 14 16 18
N, (Tsf=3C)

(b) Organic Rain = 30 pmol/cm?/yr.
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Contour of Vh(Tsf:9C) / Vh(Tsf:3C); Dsf=1km

0.3
At Tsf=3C: Pel=1, Pe2=0 Tsf (deg C); cxo(%)
Org Rain=100 pmol/cmzlyr 3; 3.0134 0.5
E/R=13400 mol*K 9; 5
n=6/9, y=9
40.2
@)
™M
Jl
e 10.15
—
[0
o
10"} 1 F Joz

0.05

-2
10
0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8

N,, (Tsf=3C)
(c) Organic Rain = 100 pmol/cm?/yr.

Figure 4.4. 3 Contour Plot for k =V, 4. /V, 5. Dst =1.0 km.
E/R=13400 mol*K, and oo changes according to case (a) Organic Rain = 10
pmol/cm?/yr; (b) Organic Rain = 30 umol/cm?/yr; (c) Organic Rain = 100
pmol/cm?/yr. The parameters are listed for every seafloor temperature points
calculated. k>1.0 means Total Hydrate Amount V; increases when Tg

increases from 3 deg C to 9 deg C. The boundary of k= 1.0 is labeled, and
zones for k>1.0 and that for k<1.0 are indicated in the contour plot. The

condition for k>1.0 is (approximately) N, Pe,, /Da,<0.03, where subscript 0

means that the parameters are for Ts=Ts0=3 deg C.
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=3C)

Pe 1/Da (Tsf

=3C)

Pe 1/Da (Tsf

Contour of Vh(Tsf:QC) / Vh(Tsf:SC); Dsf=2km

At Tsf=3C: Pel=1, Pe2=0
Org Rain=10 pmol/cmzlyr
E/R=13400 mol*K
n=6/9, y=9

Tsf (deg C); (xo(%)
3; 0.34062
9; 1.1773

02 04 06 08 1 12 14 16 18
N, (Tsf=3C)

(a) Organic Rain = 10 pmol/cm?/yr.
Contour of Vh(Tsf:QC) / Vh(Tsf:SC); Dsf=2km

At Tsf=3C: Pel=1, Pe2=0
Org Rain=30 pmol/cmzlyr
E/R=13400 mol*K

1n=6/9, y=9

Tsf (deg C); cxo(%)

3; 1.0369 7
9; 3.1609 ]

02 04 06 08 1 12 14 16 18
N, (Tsf=3C)

(b) Organic Rain = 30 pmol/cm?/yr.
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Contour of Vh(Tsf=9C) / Vh(Tsf=3C); Dsf=2km

10"

n=6/9, y=9; At Tsf=3C: Pel=1, Pe2=0 |
Org Rain=100 pmol/cm?/yr |
100 E/R=13400 mol*K |
] 10.8
5 Tsf (deg C©); a(%) ]
Joz 3; 1.9073
(7]
= 9; 4.205 10.6
-
[0
o
10"
10°

02 04 06 08 1 12 14 16 18
N, (Tsf=3C)

(c) Organic Rain = 100 pmol/cm?/yr.
Figure 4.4. 4 Contour Plot for k =V, o /V, ;. Dst =2.0 km.
(a) Organic Rain = 10 umol/cm?/yr; (b) Organic Rain = 30 umol/cm?/yr; (c)
Organic Rain = 100 upmol/cm?yr. E/R=13400 mol*K, and ao changes

according to case a, b, c. The parameters are listed for every seafloor
temperature points calculated. The condition for k>1.0 is (approximately)

N, oPe, / Da,<0.04.
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Contour of Vh(Tsf:QC) / Vh(Tsf:SC); Dsf=3km

At Tsf=3C: Pelzl, Pe2=0 Tsf (deg C); (XO(%)

. 2
Org Rain=10 pumol/cm*/yr 3: 0.35001

E/R=13400 mol*K 9; 0.35071

n=6/9, y=9

08 1 12 14 16 1.8
N, (Tsf=3C)

(a) Organic Rain = 10 pmol/cm?/yr.
Contour of Vh(Tsf:QC) / Vh(Tsf:SC); Dsf=3km

At Tsf=3C: Pel=1, Pe2=0

s Tsf (deg C); ao(%)
Org Rain=30 pumol/cm“/yr

3; 0.65142
E/R=13400 mol*K 9; 0.915

n=6/9, y=9

04 06 08 1 12 14 16 18
N, (Tsf=3C)

(b) Organic Rain = 30 pmol/cm?/yr.
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Contour of Vh(Tsf:QC) / Vh(Tsf:SC); Dsf=3km

At Tsf=3C: Pel=1, Pe2=0 n=6/9, y=9
Org Rain=100 pmol/cmzlyr

E/R=13400 mol*K

=3C)

Pel (Tsf

g C); (%)

02 04 06 08 1 12 14 16 18
N, (Tsf=3C)

(c) Organic Rain = 100 pmol/cm?/yr.
Figure 4.4. 5 Contour Plot for k =V, o /V, ;.. Dst =3.0 km.

(a) Organic Rain = 10 pmol/cm?/yr; (b) Organic Rain = 30 pmol/cm?/yr; (c)
Organic Rain = 100 umol/cm?/yr. E/R=13400 mol*K, and oo changes
according to case a,b,c. The parameters are listed for every seafloor
temperature points calculated.

It is shown that:

(1) Very obviously, for the same seafloor depth, the higher the ratio of seafloor
organic concentration increase is, the larger k will be.

(2) For the same sceneries (with same seafloor depth, organic rain,
none-0-activation energy, and so on), at the same Ny, the lower Peo’ D3, js
the larger k will be. (Note: subscript 0 means parameter are defined at Ts=3
deg C). It's because that Péo/ D& s an indicator of (convection flux/reaction

rate) in the system. Lower Péo’ D& indicates that the system is dominated
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more by reaction than done by convection, and when the seafloor

temperature rises, reaction rate increases, so it's more possible to get a

larger k.

The results are listed in Table 4.4-1. We can find out that the Remaining Ratio

of Total Hydrate Amount, k, is different in different sceneries. Definitely, there

are many cases for k>1.0; or in some other cases, k may be much higher than

0.5, e.g., for Dsf=3.0 km, and Rain=30, 0<k<0.85, which is pretty high to

remain enough amount of hydrate.

Table 4.4.1. Results of Different Sceneries

E/R Dyt Seafloor Org Conc | Remaining Approx.

(mol*K) | (km) | OrgRain change Hydrate Conditions for
(umol/cm?/yr) Ratio* (k) k>1.04+0.1

Agoc | Ayac

0 2 Not considered | 1 0<k<0.35

13400 2 (constant o) 1 0<k<0.45

13400 |1 10 7.1 0<k<1.6 NyoPeo/Das< 03

13400 30 2.48 0<k<0.5

13400 100 1.66 0<k<0.3

13400 2 10 3.45 0<k<2.1 Pe, /D3, <025

13400 30 3.05 0<k<1.8 Pe,/Dag <]

13400 100 2.2 O<k<1.2 NuoPeo/Das <), 04

13400 3 10 1 0<k<0.5

13400 30 1.405 0<k<0.85

13400 100 1.122 0<k<0.7

* Remaining Ratio of Total Hydrate Amount (k), from Tss =3 deg C to 9 deg C
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4 5. Conclusions

It has been demonstrated that, in many sceneries, Total Hydrate Amount in
the sediment, may increase when T rises from 3 deg C to 9 deg C.
Especially for seafloor depth = 2.0 km, in many sceneries, the Remaining
Total Hydrate Amount can be higher than 100%, if parameters are in
appropriate region. For seafloor depth = 1.0 km, when Seafloor Organic Rain
= 10 umol/cm?/yr, the Remaining Total Hydrate Amount can be higher than
100%. For seafloor depth = 3.0 km, though the Total Hydrate Amount doesn’t
increase, but the Remaining Ratio of Hydrate Amount may be as high as 85%,
which means a large portion of hydrate is still reserved when T rises to 9 deg

C.

The steady state profiles of some cases are shown. When seafloor
temperature increases, hydrate near bottom of GHSZ will dissociate, and
diffusion loss increases because Pe; is decreased due to the decrease of Lt.
This is why hydrate amount will decrease, if the reaction rate constant is

constant and the seafloor organic concentration is constant, too.

However, it can be found out that the when the rate constant increases with
the increase of seafloor temperature, the methane production rate is also

increased in most positions beneath seafloor; what's more, when the seafloor
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organic concentration is increased due to the decrease of oxygen
concentration, there is more organic material than that in lower seafloor

temperature case.

The overall effect of all these factors, is that, the Total Hydrate Amount may
increase, or remain a large part of the present hydrate amount. Though it's
quite difficult to consider all sceneries, and more work to consider many other
sceneries will be helpful, our work indicates that the role hydrate played in the

PETM event may be more important than was considered.
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Chapter 5: Ocean sulfate as a factor affecting organic

carbon and its interaction with methane and hydrate

5. 1. Introduction

The distribution of gas hydrate / free gas and abundance of hydrate, are
dependent on location settings and parameters (Dickens et al., 1997; Xu and
Ruppel, 1999; Davie and Buffett, 2001; Bhatnagar et al., 2007; Gu et al., 2011,
Chatterjee, 2011). In most marine settings, CH, is from biogenic sources, and
gas hydrate precipitates when CH, concentrations exceed solubility curve.
Considering systems without external flux (i.e., biogenic gas sources), the
gas hydrate abundance is dominated by several factors, mainly the organic
carbon input for methanogenesis, ratio of flux of sedimentation to

methanogenesis rate, etc. (Figure 5.1).

However, sulfate always exists in oceans everywhere around the world. It
interacts with methane via anaerobic oxidation of methane (AOM reaction),
and with particulate organic carbon (POC) via organoclastic reaction
(denoted as POC reaction simply). Before the organic carbon is available for
methanogenesis, it must pass through two zones in the shallow sediment, in
which sulfate is a consuming a portion of organic carbon. In the upper part of
the GHSZ, three biogeochemical zones occur. The three zones are, POC

reaction zone; AOM reaction zone (i.e., SMT zone); and Methanogenesis
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zone. Sulfate interacts with POC via organoclastic reaction, and with methane
via AOM reaction. The POC reaction zone, happens from near the seafloor to
the SMT, dissolved [SO4*] decreases from seawater concentration (28 mM)

at the seafloor to O at the bottom of SMT zone.

Poc VY pe %
burried i POC reactio
.. down 0.058& L AQMIeactor
Organic carbon S o
01f -
0.15t Methanogenesis
gzone
0.2}
——POC () 0.25f
——[CH4] 1
““““““““““““ CH4 solubility 0.3f
—[s04]%
| 0.35}
0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Normalized Concentrations Normalized Concentrations
(a) (b)

Figure 5. 1 (a). Schematic figure of sulfate and methane hydrate system (b).
Schematic profiles of sulfate, POC, and methane concentrations in methane
hydrate system. Left: normalized depth 0<Z < 2 ; Right: zoomed in. Normalized depth

Z=12/L,, L = 450 mbsf for Blake Ridge. Blue curve: POC («); Red curve: [SO.%;
Green curve: [CH,]; dotted black curve: CH,4 solubility. «; .., --- the organic carbon
content available for methanogenesis; «,; --- the organic carbon content at bottom of

SMT. At low DaPOC, @y ~ 1.

Ocean sulfate concentration is not a constant value in the past (Figure 5.2). In

lakes, the sulfate concentration would be also quite low. From the past 100
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Ma, the ocean sulfate concentration was keeping increasing from a low value
of around 10 mM to 28 mM at present day. During PETM (55 Ma), it was
about 10 ~ 15 mM. This could have affected the POC consumption and gas

hydrate inventory via the organoclastic reactions.

Sulfate (mMolar)

1 L L L L O
00 500 400 300 200 100 0
Age (Ma)

Figure 5. 2 Record of Ocean Sulfate Concentration

(Lowenstein et al., Science, 2002.)

Here we revised and applied the model developed by Bhatnagar (2008) and
Chatterjjee (2012), especially on the following aspects.
(1) Consider a non-zero critical value of sulfate concentration, Cgcit, only

above which starts the methane production from organic carbon [Winfrey,
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1977]. It was suspected that when sulfate exists, methanogenesis won'’t
start due to inhibition of methanogenesis by sulfate [Bhatnagar, 2008;
Chatterjee, 2012]. However, this may result in a conceptual problem in
numerical simulation: if sulfate is reacting with organic carbon, then sulfate
concentration may never become zero within GHSZ because it's an
exponentially decrease profile, therefore methane production never starts.
In another word, SMT depth may be infinitely thick, but this is not realistic.
Experimental data shows that methane production can begin with
presence of a certain concentration of sulfate. The existence of a certain
amount of sulfate affects the methane production rate, or delay the
reaction to some extent, but did not inhibit it. We may generalize this
phenomena in simulation that, when sulfate concentration, Cs, is greater
than some critical value, Cs i, methane production won't begin; when it is

lower, methane production begins.

(2) Focused on the case where biogenic methane dominates. To investigate

the system with changing ocean sulfate on gas hydrate systems, it’s better to

assume 1-D without external flux. Therefore, we assume no external flux,

such as at Blake Ridge. We focused on: (i) the transient process about the

interaction among sulfate, POC and methane; (ii) the effects of several

parameters on the steady state profiles; (iii) the effect of Dapoc on POC

consumption and the POC available for methanogenesis, «, ., (Figure 5.3);
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(iv) the effect of different ocean [SO,*], values on Qo mey @Nd hydrate

abundance.
O T T T : T T T T T \
POC l Pe f %o
: 1
0.01F burried down i
POC
reaction
0.02- zone 7]
0.03| Y —
SMT zone \>

=
‘% 0.04F AN x i
o a =a
o 0,meth SMT
.GE) 0.05F =
©
IS
S 0.06f s
pd

0.07f — POC (a) Methanogenesis 1

— [CH4] zone
0.08F  \ | e CH4 i
solubility
—_— 2-
0.09F [SO4] |
0.1 | | | i | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Normalized Concentrations

Figure 5. 3 Interaction of sulfate with POC and methane at high DaPOC.
Blue curve: POC (& ); Red curve: [SO4]2'; Green curve: [CH,]; dotted black curve: CH,4

solubility. ¢ .., --- the organic carbon content available for methanogenesis; g, ---the

organic carbon content at bottom of SMT. At high Dapoc, @ e ®1 won't be valid any

more.

5.2. Generic reactions and model

There are several important reactions in the sulfate — methane hydrate

system [Chatterjee, 2012]. Here we focus on the following three ones:

(1) Organoclastic sulfate consumption (POC) reaction (from seafloor to SMT)
2CH,0(s) +S0% — 2HCO;+HS +H" « __; o (5-1)

(2) Anaerobic oxidation of methane (AOM) reaction (at SMT)
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CH, +S0% - HCO;+HS +H,0 , __, oy (52

aoM = ~aom CmCs

(3) Methanogenesis reactions (generally below SMT)
2CH,0+H,0 — CH,+HCO, +H" , __;, 5-3)
where
r: reaction rate
A : methanogenesis reaction rate constant
Aooc - POC reaction rate constant
Aom - AOM reaction rate constant
« : organic carbon content in sediment
c: component mass fraction
subscript m, s: refer to methane (CH,), sulfate (SO4%), respectively
phase |,s: liquid and solid phases, respectively.
Importantly, it is very important that there is a critical value of sulfate

concentration, only below which can methanogenesis reaction happen.

5.3. Mathematic model: component mass balances

Organic carbon (POC) balance

%[(1_¢)pseda]+%[(1_¢)psedvsa]
$(1-9)

S0,

(5-4)

= ~Psed (1_ ¢)/10{ - /1POC (psed a)(pwcl)

where

¢ porosity
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Peq - SEAIMment density

P, . pore water density

« : organic carbon content in sediment

c: component mass fraction

subscript m, s: refer to methane (CH,), sulfate (SO4%), respectively

phase |,s: liquid and solid phases, respectively

Methane balance

0 0 0 act
E[MCL}E[U%CH=5{¢pWDm ;Z }

M A (5-5)
+ pm %psed (1_ ¢)j’a _f\ﬂﬂ (pwcrln)(pwcl)

2 S0, S0,

where
c: component mass fraction
D, : methane diffusivity in pore water

U, : net fluid flux

0, ifC,>C,
P =

= . : the boolean indicator reflecting beginning of methane
1 ifC,<C

s,crit

production depending on sulfate concentration.

Sulfate balance
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0z

_ (5-6)
) -804 ()(00)

|
%[qﬁpWCl}%[U PuCL ] = %{m p, & }

¢/1AOM | I
- (pwcm )(pwcs
Mey, 2Meoc

Similar with those defined in chapter 3-4, define dimensionless groups:

Damkohler numbers:
. L2
For methanogenesis: Da= o (5-7)

2
— pwcm,eqb ;LAOM I—[

For AOM reaction: Da 5-8
o = (5-8)
C 2
For POC reaction: Da,,. = Puma Amoc s (5-9)
M POC Ds
. _ U f,sed Lt
Peclet number: Pe, =5 (5-10)
U
Pe, = Yo (5-11)

D

m

Define dimensionless variables, similar to those defined in chapter 3-4:

t

Dimensionless depth and time, respectively: 7 :i, t=— (5-12)
L' LI/D,

Dimensionless organic carbon: a =a/«, (5-13)

Organic carbon at seafloor normalizedto ¢ ,,: 8= % (5-14)

m,eqgb

Dimensionless concentrations of methane and sulfate, respectively:

I N (5-15)
Cm,eqb Cso

~:¢_¢oo :¢0_¢Do :1_¢00 5'16

P T Ty (619

Net downward component fluid flux due to sedimentation:
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1-¢, ¢
Ufsed=1 ¢

At steady state, the sediment flux is a constant:
Used =Vs(1_¢) 50(1 ¢0) (1 ¢O)
here S is sedimentation rate (at seafloor).

Dimensionless sedimentation rate:
= 1-¢,
Used = Used /U fsed — ¢ =7  (5-19)

Porosity profile (Bhatnagar et al., 2007):

(5-17)

o (1-0,) (5-18)

7 n
o= — (5-20)
n+Q—n)exp(N,,2)
where N, =L /L, (5-21)
characteristic length of compaction: L, = it (5-22)
(1_¢00)(p59d _pw)g
Dimensionless mass balance equations
By nomarlization, the equations become:
Organic carbon (POC) balance:
1+ oa .~
[(1 p)a |+Pe| =L U, <= =-Da(l-g)a
¥ 0z
1-3)A+74) DM o.C N (5-23)
_( ¢)( 7¢) PocTso POCaCsI

1+7/ D MSO m,eqb

Methane balance:
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QKMM{“—Q(PW pe,) o JKM]‘%
ot /4 y 07 01 y ) oz

M -
+pm = ﬁsed Da(1_¢)&ﬁ_[
2Moc

Sulfate balance:

QKHV‘;}GQ}{“—Q(PQ +Pe,)
ot 4 4

/4

x| 1
M DaAOM Cmcs

1+ 75) M cH, Cs.o0 (5-24)

SO, Cm,eqb

o6, D, 0 |(1+yp)oc,
0z D, oz|\ y Joz

(5-25)

Y
Initial conditions (1.C.): (5-26)

1+y

a(z)=0,at =0
¢ (2)=0,at £=0

¢(2)=1,at £=0

S

Boundary conditions 1 (B.C. 1, at Z=0):

¢ =1,at 7=0

Boundary conditions 2 (B.C. 2, at Z=2):

o : N
— =0 if |Pe,|<|Pe, at 7=2

or ¢ =¢

m,ext !

if |Pe,|>|Pe, at 7=2

ac, , 5
& =0 if |Pe,|<|Pe|, at 7=2

or ¢, =0, if |Pe,|>|Pel at 7=2.
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5.4. Base case: Blake Ridge

Blake Ridge site 997, a typical site of gas hydrate, with SMT depth at ~ 21
mbsf, is simulated with good fit. The sulfate profile is well simulated in Figures
5.4 and 5.5. The simulated average hydrate saturation, <S> = 1.6%, is also

fitted well to simulations and site data [Bhatnagar, 2008].

O T O ' Or‘_'_'__"_'..'-rr~ O T
0.2 1 02f 1 o2t 1 02f :
0.4f 1 04f . 0.4E 1 04 :
|
0.6 1 o06f ST X 1 06 .
:
z
S 08f 1 0.8f 1 osf 1 08 :
D >
© po
g 1p 1 1p ~ICH4] 1k 1 1 1
c_Es _____ CH4 3-phase H
ili e
g 12} 1 1  solubilty 12 112 -
1.4¢ 1 14f v 1 14 .
4
1.6f 1 16f 4 1efy 4 16 .
1.8¢ 1 18f 1 8f 118 :
2 1 2 1 2 1 1 2 1
0 05 1 0 05 1 o 1 2 0 0.1 0.2
o [CHA]™ [SO4] (mM) Sh, or Sg

Figure 5. 4 Base case: Blake Ridge, site 997.

The sulfate — methane transition is well matched. Simulated <Sh> = 1.6%, similar with 1.5%
in site data. Parameter set: Pel = 0.1, Pe2 =0, Tsf = 3 degC, Dsf = 2.7km, Dagen = 2.1, Dapoc
= 30, Dajom = 5ES.
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Figure 5. 5 Base case: Blake Ridge, site 997 (zoomed in).

“POC" means the region for POC reaction.

In the following simulations, we use this as the base case for further

evaluations of parameter sensitivity study.

5.5. Transient Processes

The initial dissolved sulfate is consumed by POC, until it reaches a critical
value (Cs ¢rit), below which methanogenesis starts. After methane is produced,
it will rapidly react with sulfate, and makes the dissolved sulfate concentration
decreases quickly. Figures 5.6 - 5.7 show the transient processes. It clearly

show that the initial sulfate concentration is 28 mM, and is reduced by POC
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reaction gradually. Once sulfate concentration decreases to below Cs it

(=0.1 mM in Figure 5.6 — 5.7), then methanogenesis starts, methane rapidly

reacts with sulfate so that sulfate concentration becomes 0 very quickly,

because AOM reaction is much faster than organoclastic reaction. Due to

increased region of methane production and methane diffusion, the zone with

zero Cs increases rapidly.

Normalized Depth

0.2

0.6

0.8}

1.2,

1.4¢

1.6f

1.8

1.4f

1.6f

1.8f

0

1
0.5
o

1

0

05
[CH4]™

0 :
-
0.2 — 02 1
——0.46
—0.72 |
——0.76
—0.88 _
1.2
— 2
14} -
1.6} -
1.8} -
1 2 1 :
20 0 0.1 0.2
[SO4]% (mM) Sh, or Sg

Figure 5. 6. Transient Processes, DaPOC = 30, Cs it = 0.1 mM is shown as a

black dash line in [SO4]* profile. (from f = 0.2 to steady state).
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Figure 5. 7 Details of the rapid process of sulfate elimination below SMT.
Dapoc = 30, Cseit = 0.1 mM |, is shown as a black dash line in [SO4]* profile.
(from t =0.681t0 0.78).

Figure 5.7 shows the details of the rapid process of sulfate elimination for
normalized time { from 0.68 ~ 0.78. It costs a long time (t from 0 to 0.68) for
sulfate concentration to decrease from 28 mM to 0.1 mM at Z ~ 0.8, and
until now, there is no methane produced. However, once sulfate
concentration reaches 0.1 mM, the critical concentration, Csci, methane
production from POC starts, and methane reacts with sulfate at a much
higher rate to eliminate sulfate quickly. Therefore zero sulfate zone will

expand quickly, and so does methane production zone. As a result, methane
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production zone increases from 0 thickness (at f = 0.68) to almost the whole
domain (at £ =0.78). This is due to the quick reaction between methane and

sulfate, and also due to the diffusion of methane.

5.6. Steady State Results depending on several important

parameters

The steady state results are very important to reveal the effects of different
parameters. Here we demonstrate the simulation results on changing
different parameters and concentrations. In the following simulations, we use
the Blake Ridge site 997 as the base case. The simulation domain is from 7=

0to 2.

5.6.1. Factor 1: Dapoc

One of the most important factors affecting the organic carbon consumption

2
P Wcm,eqb /1Poc L[

by POC reaction is Dapoc, Which is defined as: Da,y. =
M POC D

S
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Figure 5. 8. Effect of Dapoc, at steady state. Cg it = 0.1 mM.

Figure 5.8 shows the effect of Dapoc on hydrate system at steady state. If
Dapoc < 3, the reaction between sulfate and POC is too slow, so that sulfate
cannot decrease to Cscit = 0.1 mM. Therefore, methane production cannot
start, and no methane accumulates in the simulation domain. If Dapoc > 30,
then sulfate concentration can be reduced by the reaction with POC to be
lower than Cs¢it = 0.1 mM, and methane production will begin. As a result,
methane will accumulate throughout almost the whole domain except for the
sulfate reduction zone. So when Dapoc > 30, the gate for methane and

hydrate accumulation opens.
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Figure 5. 7. Effect of DaPOC (zoomed in). “POC” means the region for POC
reaction. The black horizontal dash line is refers to the bottom of SMT zone.

However, this doesn’t mean that the higher the Dapoc, the higher the <S;>
will be. On the contrary, <Sp> is dependent on how much amount of POC is
remained for methane production below SMT. The higher Dapoc, the faster
the reaction reate between POC and sulfate will be, and the higher ratio of
POC will be consumed by sulfate within SMT; consequently, the lower ratio of
POC will be remained at SMT for methane production (Figure 5.9) in the
methanogenesis zone below SMT, and <S;> would be lower, too. Another
phenomena is, when Dapoc is high enough (e.g., 3000 or higher), the
consumption of POC by POC reaction with sulfate will significantly decrease

the ratio of POC remained at SMT compared to that at seafloor (which is
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normalized to 1), otherwise, if Dapoc is low (e.g., 30 or lower), the effect is

trivial.

5.6.2. Factor 2: Danetn (or Da, methanogenesis Damkohler number)
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Figure 5. 80. Effect of Pej/Da (ratio of sedimentation flux / methane
production rate)

Figure 5.10 shows the effect of Pe;/Da on hydrate system at steady state.
When the system is dominated by methanogenesis reaction rather than
sedimentation, i.e., Da is high and Pej/Da is low, more methane will be
produced, and saturations <Sp> or <Sg> would be higher . Ofcourse,
sometime the distribution of methane in hydrate or gas phase may be

dependent on the Pe;/Da.
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5.6.3. Factor 3: Daaowm
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Figure 5. 9. Effect of Daaowm (indicator of reaction rate between sulfate and
methane)

Figure 5.11 shows the effect of Daaow On hydrate system at steady state.
Throughout the simulation domain, the methane production and hydrate
accumulation are not greatly affected by Daaom. This is reasonable, because
the reaction between sulfate and methane only occurs at a thin layer near the

bottom of SMT.
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Figure 5. 10. Effect of Daaom (zoomed in)

However, Daaom does affect the thickness of sulfate reduction zone (Figure
5.12). If Daaom = 5*10°, 10000 higher than Dapoc ( = 30), the reaction rate
between sulfate and methane can be considered as ultra-fast than that
between sulfate and POC, therefore, the sulfate profile is almost straight (see
the lines with color of blue, green and red in Figure 5.12 ). So in the case
Daaxom = 5*10° the sulfate concentration becomes zero at at a certain depth
(i.e., the bottom of SMT) which is mainly controlled by the diffusion of sulfate

from seafloor.

On the other hand, if Daxoy < 5*10°, the reaction rate between sulfate and
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methane can not be considered as ultra-fast than that between sulfate and

POC, therefore, the sulfate profile is not straight (see the light blue curve in

Figure 5.12). In the case Dapom < 5*10° the sulfate concentration becomes

zero at at a deeper depth which is controlled jointly by the diffusion of sulfate

from seafloor, and the reaction among POC, methane, and sulfate.

More simply, higher Dasom makes the AOM reaction faster, so that the SMT

zone thinner, and sulfate profile more linear.

5.6.4. Factor 4: f
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Figure 5. 11. Effect of Organic Carbon Content at Seafloor ( 5)
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Figure 5.13 shows the effect of Organic Carbon Content at Seafloor (beta) on
hydrate system at steady state. Throughout the simulation domain, the
methane production and hydrate accumulation are increasing with the
increase of organic carbon content. Higher organic carbon input makes more
methane produced, and induces higher hydrate abundance. This confirms the

simulation by Bhatnagar (2008) and Chatterjee (2012).

5.6.5. Other factors: Dgs, Tst, €tc.
Other factors such as seafloor depth, and temperature, will cause different
phase boundaries of hydrate system, and will induce different hydrate stability

zone, as discussed in Chapter 3 and 4.

5.7. Effect of ocean sulfate concentration (Cs,)

Since ocean sulfate concentration (Cso) is not as high as present-day value in
the past, it's valuable to show what happens if Cg, is lower than present-day
value. The results below will show the profiles in accordance to Cs, = 28mM,
14 mM, 7 mM, and 0.1 mM. The other most important factor affecting the

system is Dapoc, as categorized below.

5.7.1. Using standard Dapoc value (Dapoc = 30)
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Figure 5. 12. Effect of Ocean Sulfate Concentration (Cso), at steady state,
with Dapoc = 30 (standard value)

Figure 5.14 shows the effect of Ocean Sulfate Concentration (Cs,) with
standard Dapoc = 30, on hydrate system at steady state. Values of Cs, are set
to be 28, 14, 7, and 0.01 mM. Throughout the simulation domain, the
methane production and hydrate accumulation are not significantly affected
by change of Cg. It is because Dapoc is low (e.g., 30 or lower), though it
opens the gate to produce methane, the reaction rate between POC and
sulfate is low, therefore, not much ratio of POC was consumed by sulfate in
sulfate reduction zone. It also means that the majority of POC (> 98%) was
remained at bottom of SMT for further methanogenesis reaction. The majority

of sulfate below SMT, is consumed by methane produced near the bottom of
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SMT, not by POC reaction. In this case, because Dapoc = 30 is quite low, the
change of Ocean Sulfate Concentration, Cg,, doesn’t affect the methane and
hydrate accumulation. Of course, the SMT depth is somewhat affected by

change of Cs, (Figure 5.15).
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Figure 5. 13. Effect of Ocean Sulfate Concentration (Cso), at steady state,
with Dapoc = 30 (standard value). zoomed in. “POC” means the region for
POC reaction.

57.2. ngh Dapoc (Dapoc= 3000)
Using Dapoc = 3000, the consumption of POC by POC reaction would be

quite significant.
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Figure 5. 146. Effect of Ocean Sulfate Concentration (Cso), with DaPOC =
3000 (high value).

Figure 5.16 shows the effect of Ocean Sulfate Concentration (Cs,) with high
value Dapoc = 3000, on hydrate system at steady state. Values of Cg, are set
to be 28, 14, 7, and 0.01 mM. Throughout the simulation domain, the
methane production and hydrate accumulation are significantly affected by
change of Cs,, with a positive relationship. It is because Dapoc is high (e.g.,
3000 or higher), it not only opens the gate to produce methane, but the
reaction rate between POC and sulfate is high. Therefore, much ratio of POC
was consumed by sulfate in sulfate reduction zone. It means that only a
portion of POC (50% ~ 90% depends on Cs,) was remained at bottom of SMT

for further methanogenesis reaction. Sulfate can be regarded as an reactant
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consuming large portion of POC before POC entered methane production
zone. In this case, because Dapoc = 3000 is quite high, the change of Ocean
Sulfate Concentration, Cs,, affects the methane and hydrate accumulation
significantly. Of course, the SMT depth is also affected by change of Cs,

(Figure 5.17).

0.02} POC 0.02 {1 o002 /
0.04} 0.04 { o004
0.06} 0.06} { o.06f
ey
2 008} 0.08} {1 o.o0sf
o
g 01 0.1} {1 o1f Cs, (mM)
E —28
S 0.12 0.12} { o012} — 14
z —7
0.14} 0.14} { o014} ——0.01
0.16} 0.16} © 1 oa1ef
0.18f 0.18f S 4 oas}
0.2 ' 0.2 ' L 0.2 ' :
0 05 0 0.2 0.4 0 10 20
o [CH4]™ [S0%], mM

Figure 5.17. Effect of Ocean Sulfate Concentration (Cso), with DaPOC =
3000 (high value). zoomed in. “POC” means the region for POC reaction.

5.7.3. Low DaPOC (Dapoc = 0.3)
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Figure 5. 18. Effect of Ocean Sulfate Concentration (Cso), with DaPOC = 0.3
(low value).

Figure 5.18 shows the effect of Ocean Sulfate Concentration (Cs,) with very
low value Dapoc = 0.3, on hydrate system at steady state. Values of Cg, are
set to be 28, 14, 7, and 0.01 mM. Throughout the simulation domain, the
methane production and hydrate accumulation are significantly affected by
change of Cgo, with an ON-OFF scenario. The simulation results in Figure
5.18 show that only for C5, = 0.01 mM, methane and hydrate accumulation is
possible. For Cs, = 28, 14, 7 mM, no methane and hydrate is present in the
system. It is because Dapoc is too low, it may not open the gate to produce
methane if initial Cs, is much higher than Csi.. Only if the initial sulfate

concentration, is lower than the critical sulfate concentration, Cs ¢it, Which set
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the limit for the ON-OFF gate for methane production from POC, methane
production can be possible. Otherwise, sulfate will dominate the system, and

no methane is produced.

In summary, it's shown that when Dapoc is high enough, e.g., Dapoc > 3000,
POC can be greatly consumed by sulfate within sulfate reduction zone.
Therefore, a lower ocean sulfate concentration would consume less POC,
and hydrate and free gas saturations would be significantly higher than
present day values when Cs, = 28 mM. When Dapoc is low, e.g., Dapoc < 30,
the effect of low Cg, is trivial because the consumption of POC is not

significant even at Cs,= 28 mM.

5.8. Effect of Critical sulfate concentration (Cs cit)

Low value CS¢i=0.1 mM:
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Figure 5. 1915. Effect of Ocean Sulfate Concentration (Cso), with Dapoc = 30
(standard value), Cs ¢t = 0.1 mM

Middle value Cs ¢it = 1 mM:
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Figure 5. 160. Effect of Ocean Sulfate Concentration (Cso), with Dapoc = 30
(standard value), Cs ¢i=1 mM.

High value CS¢=10 mM:
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Figure 5. 171 Effect of Ocean Sulfate Concentration (Cso), with Dapoc = 30
(standard value), Cs =10 mM.

Figure 5.19 — 5.21 show the effect of Ocean Sulfate Concentration (Cs,) with
standard value Dapoc = 30, but with different critical sulfate concentration
Cscit= 0.1, 1, and 10 mM, on hydrate system at steady state. Values of Cs,
are set to be 28, 14, 7, and 0.01 mM for each figure. Throughout the
simulation domain, the methane production and hydrate accumulation are not
significantly affected by change of Cg, or change of Csi. Because Cg it
operates as a gate value for the ON-OFF switch of methane production.
Dapoc = 30 is high enough to cause the sulfate concentration to be reduced

below 0.1 mM, the minimum Cs i value we have simulated here, therefore,
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methane production is ON for all these simulations at steady state. And
because Cs it doesn’t affect POC consumption in sulfate reduction zone once
methane production is switched to ON status, therefore, change of Cs it

doesn't affect methane and hydrate accumulation in all these scenarios.

In summary, if the sulfate concentration can be reduced below Cg i,
methanogenesis will start and eliminates sulfate quite rapidly, then the steady
state result doesn’t depend on Cs it . Of course Cs it can not be 0, otherwise,
methanogenesis won't start. However, if Dapoc is too low, the sulfate
concentration may not be reduced enough. In this case, it's important that
Cs.critis high enough so that methanogenesis will start. Of course, Cs ¢t affects
transient process because it controls when and where methane production

starts.

5.9. Conclusion

Dapoc affects the system greatly. When Dapoc is high enough, e.g., Dapoc >
3000, the POC can be greatly consumed by POC reaction before SMT when
using present-day ocean sulfate value Cs,=28mM, and therefore, a lower
ocean sulfate concentration would consume less POC, therefore hydrate and
free gas saturations would be significantly higher than present day values.
When Dapocis low, e.g., Dapoc < 30, the effect of low Cg, is trivial because the

consumption of POC is not significant even Cg, = 28 mM.
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If sulfate concentration can be reduced to be lower than Csg,
methanogenesis starts, then the value of Cgi doesn’t affect steady state
results. However, if methanogenesis cannot start, the result would be greatly

different (because no methane will be produced).
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Chapter 6. Gas Hydrate and Free Gas Distribution in
Marine Sediment for a Mixed Methane - Propane

System and the Associated Weak Seismic Response

6.1. Introduction

Solid gas hydrates form when cages of water molecules encapsulate low
molecule weight gas molecules at high pressure, low temperature and high
gas concentration. Beyond man-made pipelines, such conditions manifest in
sediment pore space along continental margins and in permafrost regions. An
extensive literature now exists for naturally occurring gas hydrate (Macdonald,
1994; Buffett, 2000; Xu, 1999) as they may represent a potential energy
resource (Boswell & Collett, 2011; Walsh et al, 2009; Collett, 2002), a
submarine geohazard (Hadley, et al., 2008; McConnell, et al., 2012 ) and an
important component of the global carbon cycle, especially during times of
rapid warming (Kvenvolden, 1988; Dickens, 1999; Gu et al., 2011; Boswell &

Collett, 2011; Chatterjee et al., 2011; Reagan, et al, 2011).

The amount and distribution of gas hydrates on continental margins can be
typically obtained through ocean drilling, such as at ODP 994, 995, 997 at
Blake Ridge (Egeberg & Dickens, 1999), ODP 204 at Hydrate Ridge (Trehu,
et al, 2004), ODP 201 at Peru Margin (Fehn et al, 2007), IODP 311 at

Cascadia Margin (Torres, 2008), and JIP-II at Gulf of Mexico (Boswell, et al.,
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2012). However, such direct assessment requires considerable cost and time;
it also gives spatially restricted results. More commonly, areas with gas
hydrate are mapped through indirect geophysical techniques, particularly
seismic reflection (Wood 1994; Chapman, 2002; Riedel, 2012; Lee, 2012;
Shelander, 2012). Gas hydrates and free gas in pore space alter the elastic
properties of bulk sediments, especially P-wave velocity and bulk density,
which respectively lead to an increase or decrease in acoustic impedance
(Wood et al, 1994). The most common indicator of gas hydrate in seismic
data is the presence of a bottom simulating reflector (BSR), which marks the
base of the gas hydrate stability zone (GHSZ) (Hyndman & Spence, 1992).
The BSR originates when seismic impedance changes sulfficiently within one
wavelength of the dominant seismic frequency (Shelander, 2012). More
specifically, it results where, across the base of the GHSZ, sediment pore
space contains solid gas hydrate in contact with free gas below (Xu & Ruppel,

1999).

Three basic issues arise when using the BSR as a proxy for defining the
distribution of gas hydrate in marine sediment. Firstly, the presence of gas
hydrate does not always lead to a BSR. Known examples include several
Deep-Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP) Sites,
where hydrate is present but BSR is not observed, such as at sites ODP site

889B (Yuan & Edwards, 2000); ODP 164, site 994 (Xu & Ruppel, 1999); 490,
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498, 565, and 570 on DSDP Leg 84 (Finley & Krason, 1986). Secondly, in
some locations, a BSR may result from changes in sediment composition or
property rather than an interface between gas hydrate and free gas. For
example, at off the west coast of India, BSR is due to carbonate deposit etc
(Collett, personal communication in Sloan & Koh, 2007, p.575.). Finally, in
many cases though a BSR represents the base of the GHSZ, it does not give
the vertical extent of gas hydrate. Typically, the top occurrence of gas hydrate
lies at some depth between the base of the GHSZ and the seafloor (Xu &

Ruppel, 1999).

For the pure methane-water system, the three phases equilibrium curve,
Aqueous phase (Aqg) — hydrate (H) — free gas (V), predicts a sharp boundary
at the base of the GHSZ: above this interface, only water and gas hydrate can
exist; below this interface, only water and free gas can exist (Dickens, 1997).
A strong BSR will occur with modest to high free gas saturation right below
the base of the GHSZ. However, gas hydrate can also exist in sediment
without free gas immediately underneath. This occurs when methane
concentrations are close to or less than those for gas solubility at the base of
the GHSZ, and likely explains why no BSR exists at Site 994 (Blake Ridge),
despite modest amounts of methane hydrate in pore space (> 2% average)

spanning at least 200 m of the GHSZ (Xu & Ruppel, 1999).
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When marine sediment contains methane and other gases, an intriguing
alterative scenario for abundant gas hydrate without a strong BSR arises. At
locations where thermogenis of organic matter prevails, concentrations of
ethane (C,He), propane (C3Hg), or butane (C4H10), can exceed 10% (Brooks,
et al., 1986; Hadley, 2008). Hydrocarbons heavier than CH, appear with
mixed hydrate present below base of pure methane hydrate (sl hydrate)
stability zone (Hadley, 2008). Complex gas components will greatly affect the
hydrate phase diagram (Brown et al., 1989; Sloan & Koh, 2007), therefore
compositional effects should be seriously evaluated. Here we explore an
example CHy4-C3Hg-H,O hydrate system in which the hydrate distribution and
seismic response are greatly affected by a small fraction of propane, though
theoretical, however, it's possible to explain some sites situation if all

appropriate gas components are included.

6.2. Phase Diagrams for Systems with Multiple Gas
Components

Overview

Abundant experimental data exists for gas hydrate phase boundaries for
multiple gas components. Flash calculations have been published to simulate
the gas hydrate phase boundaries, including for mixed gases (Ballard &
Sloan, 2002, 2004; Sloan & Koh, 2007). Here we use the flash calculation

software CSMGem v1.0 (Sloan & Koh, 2007), and focus on a mixed system
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of methane, propane and pure water (assuming zero salinity due to certain

limitation of convergence of the software).

According to Gibbs’ phase rule, the degrees of freedom (F) for an equilibrium
multi-phase system are expressed as:

F=C-P+2, (6-1)
where C and P are the number of components and the number of co-existing
phases, respectively. For a pure methane-pure water system (C = 2), when
these phases Ag (aqueous) + sl-H (structure | hydrate) + V (free gas) co-exist,
P =3, and thus F = 1. This means that a curve of temperature and pressure
can describe three-phase equilibrium conditions. A geothermal gradient (or
geotherm curve), where temperature increases with depth below the seafloor,
also constrains the relationship between temperature and pressure.
Combining the three-phase equilibrium condition of gas hydrate together with
geotherm curve, the Base of HSZ (BHSZ) will be uniquely determined, and
there is no three phase co-existing area in the phase diagram. Collectively, in
marine sediment sequences, three phases will co-exist only at a single depth,
and there is no expansion of this coexistence in vertical direction. However,
with an additional gas component, C = 3, and thus F = 2, and several
important consequences arise. Firstly, both sl and sl hydrate will appear in
the phase diagram. Secondly, at a certain temperature, the minimum hydrate

formation pressure can be greatly reduced due to the lower pressure required
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for sll hydrate formation, even when the fraction of heavier gas components is
as low as 1%. Finally but most importantly, there will be a wide region in the
P-T phase diagram having three phase (Ag + H + V) co-existence.
Accordingly, in the sediment sequence, when considering the geotherm curve,
a thick zone expanding along the vertical direction is appropriate to host three

phases co-existence.

Methane-Propane Example
Taking a CH4-C3Hg-H,0 system as the example, the molar fraction of species

i in the entire system can be expressed as:

X, = L . (6-2)

r]CH4 + r]C3H8 + r]HZO

where n. is the molar concentration of species i, and i = CH4, C3Hg, or H2O.

In turn, the water free molar fraction of species i is denoted as:

e % (6-3)

r]CH4 +nC3H8 XCH4 +XC3H8

The incipient hydrate formation pressure curve, shows the minimum pressure
conditions at which hydrate starts to form in the system assuming pressure is
increasing from 0 (Figure 6.1). Both the curves for pure methane and those
for mixed methane-propane systems exhibit similar generic P-T relationships.
With higher temperature, a greater pressure (and depth) is necessary to form

hydrate.
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Incipient Hydrate Formation Pressure, CH4-C3H8-H20 System
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Figure 6. 1. The Incipient Hydrate Formation Pressure of a CH4-C3Hg-H,O System.
Data were obtained using CSM Gem v1.0, showing the equilibrium conditions at
which hydrate starts to form. C; fraction: water-free molar fraction of CaHs, X&%,,,.
Black dot curve: seafloor. Black dash-dot curve: geotherm. Red dash curve: sl
hydrate equilibrium condition; Solid curves: sll hydrate equilibrium conditions at
different values of x%%,s- Lio, Lu, Lis: thicknesses of GHSZ at x%,, =0, 0.01, 0.05,

respectively. Seafloor temperature Ts = 276.15 K, seafloor pressure Ps=5.0 MPa,

and geothermal gradient G= 0.04 K/m.

Pressures and temperatures along three-phase equilibrium curves depend

markedly on gas composition. A small fraction of propane causes a large
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change in the incipient formation pressure for gas hydrate. For example, at
276.15K, the incipient hydrate formation pressure in pure methane hydrate
system is 3.49 MPa (sl hydrate), while that for a system with 1% propane is
only 1.71 MPa (sll hydrate). Higher fractions of propane lead to lower
incipient formation pressures. In summary, for the same pressure (depth),
increasing amounts of propane make gas hydrate more stable at higher
temperature.

Taking an example CH,-C3Hg-H,O system with fixed propane fraction Xy,
= 0.05, the P-T space can be divided into three regions (Figure 6.2). In
Region A, both sl and sll hydrates are stable; while in Region B and C, only
sll is, and neither is in Region C. Obviously, in Region B, 3 phases can

co-exist: Ag, H, and V.

Considering an example geothermal curve as MM, in Figure 6.2, three
different zones exist in the sediment along the geothermal curve, due to the 3
different phase regions described above. Zone B is a special one: 3 phases,
Aqg + H (sll) +V, co-exist. It's obvious that Zone B (Line segment M,M3) is a
phase-transition-zone from hydrate-only zone (zone A) to gas-only zone
(zone C). The length of Zone B is around 300 m in thickness which is longer
than the thickness of sl hydrate stability zone, i.e., zone A, which is around

150 m in thickness as seen in Figure 6.3.
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Phase Regions for the CH4-C3H8-H20 System
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Figure 6. 2. Phase Diagram and Sediment Zones in a CH4-C3Hg-H,O System,
assuming x2%,,= 0.05 everywhere. Black dot curve: seafloor. Black dash-dot curve:
geotherm. Red dash curve: sl hydrate equilibrium condition; Red solid curve: sli
hydrate equilibrium condition at x%,,, = 0.05. Region A, B, C: phase regions. Zone
A, B, C: zones in sediment according to corresponding phase regions. M1, M, Mg,
My: point of interest for different zones in sediment. Tg, Ps;, and G are same with

Figure 6.1.
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Saturation Profile
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Figure 6. 3. Saturation Profiles of an example of the CH4-C3Hg-H,O System.
Conditions: water-free propane molar fraction is 0.05 and overall composition is the same
everywhere: Xcps=0.019, Xc3148=0.001, X120=0.98; T, Psf, and G are same with Figure 6.1.
Assume: The overall composition is the same in the spatial domain. There are 3 zones of
sediments in the domain. Zone A: Aq + Hydrate (= sl + sll); Zone B: Aq + sll + V; Zone C:
Ag +V. Dash-dotline N1N, and N3N4, are boundaries for S;=0 and S,=0 in the sediment,
respectively. Red solid curve and blue solid curve are saturation profiles for All Hydrate

(=sl + sll), and for Vapor, respectively. Pressure is marked on the right side.

To demonstrate how this will affect the hydrate/free gas distribution, hydrate /
free gas saturation profiles have been calculated at typical conditions. The

following conditions and assumptions were applied: (1) Water-free propane
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molar fraction is 0.05. (2) Overall composition is Xcps = 0.019, Xc3ns = 0.001,
Xn20=0.98 everywhere. Overall composition is constant in the spatial domain.
(3) Seafloor temperature T = 276.15 K, and geothermal gradient G= 0.04
K/m. (4) Seafloor Pressure Ps= 5.0 MPa. The results were obtained by using

CSMGem v1.0 (Figure 6.3).

Synthetic seismic responses were generated as below, where weak BSR was
observed as a result of gradual change of saturations within a long spatial

distance and gradual change of sediment acoustic properties.

6.3. Acoustic Properties and Synthetic Seismic Response

In the previous section, the saturation profiles were calculated for a typical
example system. Its acoustic property profiles containing hydrate/free gas are
evaluated (Figure 6.4). The normalized density varies slightly from seafloor
(at 150 mbsf) to deeper sediment till 500 mbsf, therefore it's not the major
factor for acoustic impedance change. However, the normalized compressive
velocity varies much, and thus the normalized acoustic impedance varies
much too, due to this variation. The variation of acoustic impedance can be
divided into two parts. One part, named as the significant transition zone
(STZ2), defined by the thickness in which 99% of impedance variation has
been achieved, whose thickness is denoted as Lg, ~ 130 m, is the part

inducing a more obvious seismic reflection than the other part; the second
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part is the rest of the transition zone, which is not as significant as the
significant transition zone, and the seismic reflection due to this part is almost

negligible for a typical range of seismic frequencies.

Profiles of Normalized Acoustic Properties
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Figure 6. 4. Profiles of normalized acoustic properties in an example CH4-C3Hg-H,O
System. Conditions are the same as Figure 6.3. Impedance Z = p V,. Data are normalized so
that those at seafloor are 1. Lyan: the thickness of the whole transition zone in which hydrate and
gas phase coexist. Lstz: the thickness of the significant transition zone in which 99% of

impedance variation from top of the transition zone has been achieved.

Average acoustic velocities were calculated via Time-average Equation

(Pearson et al., 1983):
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p Aq

where

V, --- average compressive velocity of the sediment;

Vi --- compressive velocity of the pure hydrate;

Vaq --- compressive velocity of the pore water (aqueous phase);
Vmn --- compressive velocity of the mineral;

Vy --- compressive velocity of the gas phase;

Sy --- hydrate saturation;

Sy --- vapor (gas) saturation;

¢ --- porosity;

and average densities via equation:
p=01-9)p, +¢Z Sip phasei=Aq,h,g @s)

The parameters are in Table 6.1.

For comparison purpose, two different types of V, profiles from seafloor to
deeper sediment are estimated (Figure 6.5 ~ 6.6). The V, profile and its
impulse response for a pure methane hydrate system are shown in Figure 6.5,
while those for a methane-propane hydrate system are shown in Figure 6.6.

For a pure methane hydrate system, there is an abrupt decrease of V, at
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Base of GHSZ, therefore, its impulse response at Base of GHSZ (BGHSZ) is
in the similar order of magnitude of that at seafloor (Figure 6.5), which is also
called a strong BSR. However, for a methane-propane hydrate system, the
change of Vp at Base of GHSZ is gradual, therefore the amplitude of

reflection at BGHSZ is much weaker than that at seafloor (Figure 6.6).

Vp profile Impulse Response
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Figure 6. 5. Impulse response of a step change Vp system (BSR)
(a) Vp profile; (b) Impulse response. Figure (b) is generated by assuming an impulse

was generated and reflected due to the Vp profile in (a).

Synthetic seismic responses are generated by using Ricker wavelets, which
can be expressed as:

g(t) =(@-27F,t")exp(-7°f,*t%) (6-6)
where f, is the peak frequency. A sample is shown in Figure 6.7. This Ricker
wavelet has a smooth power spectrum curve, with a peak frequency, f, = 30
Hz (Figure 6.7). They are widely used in seismic simulations. In exploration
seismic simulation, the peak frequency is mostly in a range from 10 to 100 Hz,

and 30 Hz is a typical frequency (Yilmaz & Doherty, 1987).
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Figure 6. 6. Impulse Response of a system with a transition zone
(a) Vp profile; (b) Impulse Response. The square region in (b) is a magnified figure
of the seismic response at transition zone. The Vp and density profile in transition zone
are discretized into tiny segments in space to approximate the seismic response with the

space step < 0.05 of the minimum wavelength.

The synthetic seismic response is generated by convolving the source
wavelet (here is Ricker wavelet) and the system impulse response.
LO=1,0%9(0) , (6-7)
where |,(t) --- the Impulse Response of the hydrate system;
f,(t) --- the reflection of the hydrate system due to an input signal

(e.g., a Ricker wavelet).

By using Ricker wavelets, with frequency from 10 to 100 Hz, we obtained the
synthetic seismogram (Figure 6.8), both for that from a step change Vp profile
(i.e., for pure methane hydrate system), and for that from a gradual transition

zone. For the same thickness of the significant transition zone Ly, different
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peak frequencies are used; for each wavelet with a certain peak frequency,
the characteristic wavelength is denoted as A. The thickness ratios, Lsi /A, are

calculated and shown on the synthetic seismograms (Figure 6.8).
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Figure 6. 7. A sample Ricker wavelet, fyeax=30 Hz

(a) In time domain; (b) Power spectrum in frequency domain

To quantitatively understand the seismic response, the Ratio of Amplitude at
Hydrate/Gas Transition to that at Seafloor, Ayan/Ast, IS defined. If Agan/Ast < 0.1,
the reflection is considered as a “weak reflection” (i.e., weak BSR). From the
relationship between Ayan/Ass and thickness ratio Lg /A, we find out both

qualitatively (Figure 6.8) and quantitatively (Figure 6.9) that:

If La/A > 1.5, then Agan/Ast < 0.1, i.e., a weak reflection will be

observed.
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Reflection from Step BSR and Gradual Transition Zone
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Figure 6. 8. Seismic Response from Step BSR and Gradual Transition Zone.
Dotted lines: for the response from a step change velocity system (i.e., step BSR
in a pure methane hydrate system); solid lines: for those from a gradually
changed velocity system (i.e., Gradual Transition Zone in a mixed hydrate

system).

For peak frequencies at 30 Hz, a typical frequency in seismic survey, Ayan/Ast
is close to 0.1 (Figure 6.8). Therefore, in a mixed-hydrate system with gradual
transition zones, when peak frequencies are equal to or higher than 30 Hz,

it's possible to observe a weak BSR at some sites.
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Figure 6. 9. Amplitude Ratio as a Function of Lgg/A.
Amplitude ratio: the ratio of amplitude at Hydrate/Gas transition, to that at Seafloor, Ayan/Ast.
If Apan/Ast < 0.1, the reflection is called a “weak reflection”, as shown in the shadowed
region. The peak frequency for each point is also labeled.

6.4. Discussion

Not only C3Hg, but also other gas hydrocarbons are also often present in
hydrate system (Sloan & Koh, 2007; C. Hadley, 2008). Though several other
multi-gas systems have not been detailed simulated in this work due to
limitation of tools, however, their phase diagrams have indicated some major
patterns similar with those in a CH4-C3Hg-H,O system: (1) the co-existence of

Ag-H-V three phases and (2) presence of hydrate below sl hydrate depth, (3)
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possibility of a weak seismic response. Though different from the example
CH4-C3Hg-H,0O system shown in this work, the phase diagrams of several
types of multi-gas hydrate systems also show Ag-H-V co-existence regions,
mainly due to the forming of sll-hydrate. For example, in the phase diagram of
the CHy4-C;Hg-H2O system, a Ag-H-V region appears in phase diagram with
lower pressure required by the Ag-H hydrate region. These indicate that
Ag-H-V can co-exist within a range of P, T zone in the sediment below the
base of sl hydrate stability zone (slI-HSZ). As another example, in a
CH4-CO2-H,O hydrate system (Bigalke & Enstad et al., 2010), at some
certain pressure conditions, CO, hydrate may dissociate while CH,4 hydrate is
still stable, this may generate a zone with AQ — H (si cHa hydrate) —V (co2)
coexistence. Experimental and simulation works on mixed gas hydrate
systems have been reported extensively recently (Ballard et al., 2001, 2002,
2004; Sloan & Koh, 2007). Site data about mixed hydrate systems are also
reported (C. Hadley, 2008; Sloan & Koh, 2007). In summary, quite different
from pure methane hydrate system, in several types of mixed hydrate system,
sl hydrate could be present below the equilibrium depth for sl-hydrate, which
will be identified as the BHSZ in the pure methane hydrate systems. Though
the effects on seismic responses haven't been well explored, this work
suggests that the seismic response may be affected significantly by the mixed
gas components. For example, in a vertical high permeability conduit, the

mixed gas components from thermogenic source may have played an
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important role on the hydrate/free gas distribution and seismic response,

which may appear as discontinuous BSRs.

Table 6.1. Parameters for Acoustic Properties Estimation*

Component |V, (m/s) p (kg/m?®)
Sea water (w) 1500 1030
Hydrate (H) 3300 900
Sediment 2000 2600
Mineral (m)

Vapor (V, average) | ~ 400 ~50

Data from: Sloan and Koh (2007). Density of vapor estimated via CSMGem 1.0.

6.5. Conclusion

In a conventional pure methane system, hydrate cannot be present below the
GHSZ, and a step transition of impedance often occur at the base of GHSZ
due to the sharp transition from hydrate to gas phase, which results a strong
BSR. However, in a mixed-gas system, such as shown in this work, hydrate
can co-exist with gas phase (and aqgueous phase) below the base of sl
hydrate within a transition zone. For CH4-C3Hg-H,O hydrate system with 5%
C3Hsg, the transition zone could be as thick as 300m because sll hydrate can
be stable in such a thick zone. A gradual change of hydrate and free-gas
saturation within this zone results in gradual change of acoustic properties.

95% of the change in acoustic properties occurs in roughly the upper 80 m of
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the transition zone, marked as the significant transition zone (STZ). A weak
BSR may occur depending on thickness ratio of the significant transition zone

and the dominant seismic wavelength.
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Chapter 7. Future work

As the interest on gas hydrate systems keep growing, several important and

interesting topics can be studies following this work.

Salinity effect

Since salinity change is very important in the gas hydrate system [Flemings,
2006], the simulation with consideration of salinity may be able to reveal the
effect of salinity on hydrate phase boundary change, 3-phase co-existence,
etc. Methane hydrate model with consideration of salinity should be included
in the hydrate and free gas accumulation simulation. The simulation with
salinity change may be able to explain the fluctuation of base of gas hydrate

stability zone, and the possible gas invasion into gas hydrate stability zone.

The hydrate inventory in the past

The hydrate in the past is very important to demonstrate role of hydrate on
earth, and also is an indicator of global hydrate amount. For example, in the
PETM, the gas hydrate amount should be similar with that at present day
even when the temperatures were much warmer than present day. Possible
factors affecting gas hydrate inventory, may include sulfate, organic carbon

change, etc.
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The transient process in hydrate systems

The actual input of organic carbon, or temperature, or pressure was varying in
the history and in the future, so it is very important to study the transient
effects. It is possible to use numeric models such as Laplace function and

transfer functions to explore the effect of varying inputs.

The environmental effect of gas hydrate dissociation
The environmental effect of gas hydrate dissociation is very important, so it'll
be very valuable to study cases of gas hydrate response to climate change at

present day and in the future.
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List of Symbols
---- methane mass fraction in i-phase, i=l, h, g
Cr'meqb ---- methane solubility at Base of GHSZ in liquid-phase
D, Ts, Pst --- seafloor depth, temperature, and pressure, respectively
D, --- diffusion coefficient (of methane) in pore water
Da(z) --- In-situ Damkholer number at position z
(5a)0 ---- In-situ Da number at mid point (z=Lto/2) when T =3C
E --- Activation energy
L, ---- thickness of Gas Hydrate Stability Zone (GHSZ)
L¢ ---- a characteristic length indicating the effect of compression

K --- distribution coefficient, for ith-component in phase ¢@; with respect to its

Lojlp
concentration in phase ¢,
n; the amount of species i in the system (unit: mol)

N,, ---dimensionless number,= L /L,

t
ij --- total amount of moles of all components in the jth-phase ¢,
p --- hydrostatic pressure

Pe, --- Peclet Number 1, Pe, =U, L /D,

Pe, ---- Peclet number2, Pe, =U_,L, /D,

R --- universal gas constant, = 9.314 J/K/mol

Sk --- hydrate saturation

Sy--- vapor saturation

U,, U, - netfluid flux and sediment flux, respectively
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L]f , GS --- net fluid flux and sediment flux, respectively
U eqr Ugq - fluid flux due to sedimentation and upward external flow, respectively
V, --- Total Hydrate Amount (per unit seafloor area)

V(pj --- volume of phase ¢,

XWJ_ --- molar fraction of species — 1 in phase j

x" water-free molar fraction of species i

z, 7 ---vertical depth and normalized vertical depth, respectively

Greek Symbols
a, a - organic material concentration in sediment, and normalized value, respectively

a,, B --- organic concentration at seafloor, and its normalized value, = a,/Cy, 4

813C ---- isotope ratio of **C, normally relative to PDB

¢0 --- porosity of sediments at seafloor

@, --- minimum porosity which can be achieved

S

--- normalized porosity

y, n --- reduced porosity parameters, (in this work, we take y =9, 7=6/9)

A --- methanogenesis rate constant

--- effective stress, = o, — p

--- overburden, caused by pressure difference between mineral and fluid densities
o, --- characteristic constant for compaction, with the same unit as stress

P - density of fluid

o0 =pnl P, 59 =Py / p; --- normalized densities of hydrate and gas, respectively

@, --- Volume Fraction of phase i, @, = S;¢
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