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SUMMARY

Marine seisme¢ dat ard well log measurementat the Blake Ridge
offshore Souh Carolina show tha prominer seisme Bottom Simulat-
ing Reflectos (BSR9 are causé by sedimemlayers with gas hydrate
overlying sedimersg with free gas We apply atheoretichrock physics
modé to 2D Blake Ridge marine seism¢ daia to determire gas hydrate
ard free gas saturation High-porosiy marire sedimeiis modelel as
agranula systen where the elastt wave velocities are linked to poros-
ity; effective pressuremineralogy elastt properties of the pore-filling
materia) and wate, gas and gas hydrak saturatio of the pore space.
To apply this modd to seisme datg we first obtan interval velocity
using stackirg velocity analysis Next, all input parametes to the rock
physics model except porosiy and water, gas ard ges hydrak satura-
tion, are estimatel from geologicé information To estimaé porosity
ard saturatio from interva velocity, we first assune tha the entire
sedimen does nat contan gas hydrae or free gas Then we use the
rock physics modé to directly calculag porosiy from the interval ve-
locity. Suc porosiy profiles appea to have anomalies where gas hy-
drak ard free gas are presem (as compare to typicd profiles expected
and obtainel in sedimenwithout gas hydrak or gas) Porosiy is un-
derestimate in the hydrae region ard is overestimatd in the free-gas
region. We calculae the porosily residuas by subtractilg a typical
(without gas hydrae and ga9 porosiy profile from tha with anoma-
lies. Next we use the rock physics modé to eliminak thee anomalies
by introducirg gas hydrak or gas saturation As aresulf we obtain the
desiral 2D saturatim map The maximun gas hydrae saturatia thus
obtainel is betwe@ 15% and 20% of the pore spae (dependig on
the versian of the modé used) The® saturatim values are consistent
with those measurd in the Blake Ridge wells (away from the seismic
line) which are abou 12% Free gas saturatio varies betwea 1% and
2%. The saturatim estimate are extremel sensiive to the input ve-
locity values Therefore accurag velocity determinatio is crucid for
corred resevoir characterization.

INTRODUCTIO N AND PROBLEM FORMUL ATION

Gas hydrae is an ice-like crystallire lattice of wate molecules with

gas molecules trappel inside Given the favorabke combinatio of

pressue ard temperaturgard the availability of free methare and wa-

ter, gas hydrates can form ard reman stabk (Sloan 1990) Sudh con-
ditions can exist in ocean-bottm sedimers at wate depts below 500
m (Kvenvolden 1993) Seisme bottan simulatirg reflectos (BSRs)
tha parallé the seafloo at the sub-bottan deptls of severd hundred
metes are presumabyl associate with the bas of the hydrae stabil-
ity zone BSRs manifes the negaive impedane contras betwea the
sedimers with gas hydrates overlying sedimerg without hydrates and
possiby with free gas.

Gas hydrates are increasingy recognize as a potentid future enegy
resourcebasel on the vag amouns of metham trappel within them
(Kvenvolden 1993) Surface seismc is currently the mog suitable
techniqe for identifying BSRs ard mappirg gas hydrates in the ocean
sedimentsOnae aBSR isidentified it isimportar to characterie the
hydrae resevoir and estimae the amourn of gas hydrates present.

Severd recen analyss estimae the amoun of hydrae directly from
seismc velocities Shol ard Hart (1993) Woaod et al. (1994) and
Korenag et al. (1997) determire hydrat saturatio in the pore space
from Wyllie's et al. (1958 time average equatio tha relates acoustic
velocity to porosiy and saturation Dillon et al. (1993 use aweighted
mean of Wyllie’s ard Wood's (1941) equations.

Wyllie’s equation has been obtainel empirically for consolidate rese-
voir rocks and canna be usel for high-porosiy unconsolidate sedi-
ment (Dvorkin ard Nur, 1998) In orde to apply this equatian to
high-porosiy marire sedimentscalibratin is required base on ex-
tensve core measuremenor well log data The resuls are modified
"time-average-form equatiors tha do nat carly any physicd mean-
ing. Itislikely tha sud equatiors can inded link velocity to porosity
ard gas hydrae conten if they have been deiived from an extensve
experimenth database However, suc equatiors lack generaliy and
canna be usd for diagnosilg sedimentsi.e., inferring their internal
structue from seismic.

In orde to estimaé hydrae saturation Yuan et al. (1996 first de-
rive a relation betwea velocity ard porosity from core ard well log
data Then they calculat a porosiy profile from velocity at a BSR
and subtrat from it the "normal’ porosiy profile (where a BSR is
absent) The resultirg relatve porosiy reduction atove the BSR is
attributed purely to the presene of gas hydrae in the pores which
directly translats into hydrae saturation.

In this stud/ we use a2D seisme line at the Blake Ridge (where gas
hydrae presene has been documentejito obtan interval velocity. In
orde to translae this velocity into hydrae ard free gas saturationwe
use a rock physics modé tha relates velocity to porosity, effectve
pressurg mineralogy elastt properties of the pore-filling material;
and wate, gas and gas hydrak saturatia of the pore space Thismodel
is basel on that of Dvorkin and Prasa (1998 for sedimens without
gas hydrate.

A fundamenthissie of seisme interpretatiom here is how to obtain
two unkrnown parametersporosiyy and saturation from a single ve-

locity input We solve this problem by assumig first tha porosiy is

a monotonos function of deph asin sedimers without hydrae and
free gas Next we obtan this porosiy profile at the BSR by fitting a
monotonos functiond form to porosiy values in the uppe and lower

pars of the deph sectiay wher it is known tha hydrate and gas are
absent Finally, we calculae saturatiom from the known porosiy and
velocity. To verify this interpretatio method we appl it to estimat-
ing gas hydrate saturatio from sonic velocity in two wells a the Blake

Ridge where porosiyy was measurd on cores First we calculae the
saturatiom using only the velocity. Then we recalculag it using both

velocity ard the porosiy data Thetwo resuls arein reasonald agree-
mert which validates our schene of resevoir characterizatio from

seismic This work is an exampk of applying rock physics to seismic
resevoir characterization.

SEISMIC DATA AND INTERVAL VELOCITIES

The data usal in this study were recordel at the Blake Ridge offshore
Florida and Geagia The partt of the seisme line analyzel extends
from the gas hydrat region into an area without hydrate Processing
of the dat included spherich divergen@ correction soure wavelet
decawolution, amplituck calibration and presta& time migration Af-
ter migration the dat were stadked ard convertad to deph using a
simple verticd stretd from time to depth A migratel stak section
of the seismc data is shown in Figure 1. The seafloo reflection at
more than 3 km watea depth is followed by a strorg BSR between
25 ard 52 km laterd distance Among othe authors Ecker ard Lum-
ley (1999 have shown tha the BSR in this region is cause by sed-
iment with gas hydrae overlying sedimens with free gas In this
interpretation the flat reflecta undernedt the BSR is the ba® of the
gas-saturatezone marking the transitia to the sedimens fully sat-
urated with brine  Since the geologt structue at the Blake Ridge is
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fairly simple we usal stackirg velocity analyss on the presta& data
to obtan RMS velocities Thes velocities were then converted into a

physica interval velocity modé using Dix’s equation The resulting
interval velocity field isdisplayel in Figure 2. Velocity increass from

1.5 km/s at the sea bottam to approximatel 1.9 km/s above the BSR.

A similar velocity increag is commony obseved in sedimens con-

taining gas hydrates (Minshul et al., 1994 Andreasse et al., 1995;
Yuan et al., 1996) Beneal the BSR velocity drops to approximately
1.6 - 1.7 km/s which indicates the presene of free gas This velocity

drop is consistenwith the negaive reflection polarity of the BSR Be-

tween 0 ard 25 km laterd distance where no BSR exists, the velocity

steadiy increass with depth No pronouncd anomay is present.
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Figure 1: Staked sectin after migration.

. 32
. .aaiﬁiiﬁiiii =il :
L]

Distance (km)
Figure 2: Interval velocity section.

ROCK-PHYSIC SINTERPRETATION OF INTE RVAL VELOC-
ITIES

Rock-physics modd and input parameters

In this mode| we first relae the elastc modul of the isotropt dry
frame of the sedimemto porosiy (Dvorkin ard Prasag1998) To do
this, we assune tha at the porosity of abou 40% which is tha of
arandan pad of identicd elastt spheresthe elastc modul of the
sedimei can be calculatel as the modul of this pack The grairs of

this padk have the elastt properties of the sedimeris minerd phase.
The modul of the pad depem on the effective pressue definel as the
differen@ betweea the overburden ard hydrostatt stress The elastic
properties of a sphee padk at 40% porosiy are treatel as the low-

porosiyy erd membe. The elastc modul of the high-porosiy end
membe at 100% porosiy are zera We connet thes two erd mem-
bers (to calculae the modui at an intermedia¢ porosity) usirg an ef-

fective mediun theor. Asaresult we relae the elastc modul of the
dry frame to porosit, effectve pressurearnd mineraloy (the elastic
properties of the grains) We use asimilar modé for porosities below

40% as given in Dvorkin and Nur (1996).

To calculae the elastt moduli of the sedimemat full brine saturation,
we use Gassman's equation The required compressibiliy (as well

as density of the brine can be calculatel from salinity, pressureand
temperatue (Batzle and Wang 1992) If free gas is presentwe use
Gassman's equatio where the compressibiliy of the pore fluid is the
isostres average of those of the brine ard gas.

To estimae the effect of gas hydrae on the sedimeris elastc moduli
we use two models In the first one (Modd A) we assune tha gas
hydrae is pat of the pore fluid ard affects its compressibiliy. In the
secom one (Modd B) we assune tha gas hydrak is patt of the solid
frame and acs to redue porosiy and alter the elastt properties of the
minerd phase.

We use our rock physis modé in the inversian of the interval ve-
locities for porosiy ard saturation To do so we separat the input
parametes required by the mode into two groups In the first one are
effective pressuremineralogich compositio of the sedimentard the
elastt properties of the sea wate, gas ard gas hydrate We assume
tha the sedimeris solid pha includes quartz calcite ard clay (Mat-
sumob et al., 1996) In particula, we use 35% calcite 5% quartz and
60% clay. The bulk modul ard densities of metharm ard seawate are
calculatel (Batzle ard Wang 1992 at 36 MPapore pressue and 15C
temperatue (Matsumob et al., 1996) For the minerak involved we
use standad modui ard densiy values (Carmichael1990) Pure hy-
dratke properties are taken from Sloan (1990).

In the secoml grow are porosiy, ard gas ard gas hydrae saturation
of the pore space We assune tha free gas ard gas hydrae do not
coexist at the sanelocation Then we can repla® gas hydrae and gas
saturatio with asingle parametewhich is one minuswate saturation.
As aresult we have only two input parametes in the secom group,
which are porosiy and wate saturation Our god is to estimae these
two parametes from a single measurald parameter seisme interval

velocity.

Inversion methodology

In orde to obtan porosiy and saturatim from interva velocity, we
first use our mode to calculae averticd porosity profile at every su-

face position by assumii that the sedimen contairs no gas hydrae or

free gas in the entire depth section In Figure 3 we give three poros-
ity profiles (solid lines) at locatiors where (a) no BSR exists — 12.5
km laterd distane (see Figure 1); (b) the BSR begins — 34 km; and
(c) the BSR is fully developed — 45 km. In the first cae we obseve

an approximatel monotonos decreas of porosiy with depth In the
secoml ard third casesthe departurs of the calculatel porosiy from

a monotonos cuive occu a the deptls where gas hydrae (reduced
calculatel porosity) ard free gas (increasd calculatel porosity) are
presumaby present Next, we assune tha the® departure (anoma-
lies) are due to our initial assumptia tha the sedimenis fully water
saturatd in the entire deph section We also assune that the true
porosiy/ increass monotonoust with deph ard has the sare func-

tiond porosity-deph form asin the region without BSR. An appropri-
ate functiond formistha of asecond-ordepolynomid becausit can
adequatsl reprodue the calculatel porosity-depht profiles outsice the
BSR zore (dashe linein Figure 3, 125 km laterd distance) Now we
cen use this functiond form to calculae the "true” porosiy profile
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within the BSR zone To do so, we assune that the sedimenis fully

wate saturate (a) above the muted-reflectia zone which overlies the
BSR, ard (b) below the flat reflecta visible beneah the BSR which

presumaly} marks the bottam of the free gas zore (Figure 1). In order
to calculae the "true” porosiy profile, we fit a second-orde poly-

nomid to thes two pars of every verticd sectim (Figure 3, dashed
lines) Finally, with "true” porosiy identified in the entire interval,

we are left with only one unknown — saturatia — which can now be
directly calculatel from the interval velocity using the rodk physics
model The resultirg sectiors of gas hydrak ard free gas saturation
are given in Figure 4 for the two modek of gas hydrae positian in the

pore space.
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Figure 3: Verticd porosiy profiles determine from interval velocity.
Solid lines are for porosiy unde assumptia tha sedimenis 100%
wate saturatedDashel lines are for "true” porosiy profiles.

As aresut of our rock physics interpretatio of the seisme datg we
ariive at two pronouncd patche with gas hydrates above the BSR:
betwea 32 and 42 km, and 45 ard 52 km laterd distane (Figure 4).
Thes patcha correspod to the two well-pronouncd portiors of the
BSR (Figure 1). In the main (right-hand patch Modd A, where gas
hydrae is patt of the pore fluid, gives maximum hydrate saturatio of
abou 20% wherea Modd B, whete gas hydrag is patt of the solid
frame gives maximum saturatio of abou 15% In theleft-hard patch,
maximum hydrate saturatio isbetwea 10 and 12% (dependig on the
model) We conside thes two modek as uppe and lower bounds for
gas hydrak saturation Free gas saturatio benes the BSR is as low
as 1to 2%.

VERIFIC ATION OF RESULTS

In orde to validak our techniqwe of estimatiry gas hydrae ard gas
saturatio from interval velocities we useit with sont velocities from

wells 994 ard 995 at the Blake Ridge Porosiy dagin these wells are
available from core measuremest(Matsumob et al., 1996) First we
use the methal with only velocities Then we apply the rock physics
mode to calculatirg saturatia with both velocity and porosiy data.
The resuls of the® two calculatiors are compare in Figure 5 for

Modd B (gas hydrae is pat of the solid frame) In the uppe pat of

the gas hydrak zone thes resuls are very close for well 994, ard de-
viate from eat othe by abou 5% saturatia in well 995 In the lower
patt the resuls of the two calculatiors differ noticeaby. We attribute
thee differencs to the lack of velocity dat in the lower portiors of

the wells which affected the accuray of porosiy polynomid fitting.

The convergene of the calculation resuls in the uppe portiors of the
wells convinces us tha the methodolog offered is quantitaively ac-
curate The saturatio values obtaina here cannd be confirmed by
dired measuremeatsinae no well exists in the dired vicinity of the
seisme line. However, the hydrate saturatim magnitude obtainel are
consisteh with those measurd in the Blake Ridge wells which are
abou 12% (Matsumob et al., 1996).
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Figure 4: Gas hydrat and free gas saturatio from Modd A ard B.
Seismt traces are superimposed.
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Figure 5: Hydrae saturatiom at wells 994 ard 995 using velocity and
porosiy input (solid line) and velocity only input (dashe line).
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SENSITIVIT Y ANALYSIS

In our seisme analysis we determine that+ 10 m/s picking errors
in the RMS velocity cen cau® as much as+ 200 m/s errors in the
inteval velocities The interval velocity profiles at 465 km lateral
distance determine from the origind RMS velocity as well as from
RMS velocity with introducel errors are given in Figure 6. The errors
can eithea enhane the anomalos velocity zones in the hydrae and
gas layer (dashé line) or suppres them (doubk dashe line). The
resultirg gas hydrae and free gas saturatiom estimats are given in
Figure 7 where the solid ard dashe lines correspod to those in Figure
6. For both modek (A ard B) errors in determiniig saturatio are
significant Therefore accurag velocity determinatia is crucid for
corret resevoir characterization.
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Figure 6: Possibé erroisin interval velocity. The solid line is for the
velocity profile used the dashe lines are for erroneos velocity.
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Figure 7: Errorsin saturatim estimats correspondig to thos ininter-
val velocity. The solid line is for the velocity profile used the dashed
lines are for erroneos velocity.

CONCLUSIONS

o Thisstudy is one of the first attemps to characterie arese-
voir from surface seisme using rock physics.

e Theresultirg gas hydrae saturatio values are consistehwith
those determine from well logs in this region.

e Saturatio estimates are extremel sensiive to interval veloc-
ity values which requires precis velocity determinatio from
seisme data.
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