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ThisreportsatisfiesMappingandProspectdentificationwithin Area4 for BOEM awardGulf of
Mexico Gas Hydrate Mapping and Interpretation Analysis, which is Deliverable/Milestone 2.
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Tablel. List of requireddeliverablesandfigures.

Sr. | Deliverable Figuret

1 | Amapshowingthe spatialdistribution of BSRsvithin ProjectArea2.4 2

2 | Regional seismic cross sections showing the bagagifiydrate stability and th| 9-12,14,16-18,
relationship of prospective reservoir intervals to channel levee systems, f{ 21,22,2426,

salt, and other geologic features 28-31,3335,
37,38
3 | Mapsshowingthe distributionof shallowturbidite channelleveesystems 15,20,27,36

4 | Averageamplitude mapsshowingthe prospectivereservoirsbasedon direct | 13,19
seismidndicators(peakleadingreflections).
5 | Subsurfacegeologicmaps of one or more seismicreflectors within the gas | 23,32
hydratestabilityzone(or that crossthe gashydratestability zone)showingthe
structuralenvironmentof the area.

6 | If wells occur in the vicinity of the prospect, annotated wetjs at each gal 14,34,35
hydrate prospect showing ththickness of hydrates within the stability zor
interpreted baseof gas hydratestability, and the presence of fregas beneath
the gas hydrate stability zone.




1  Studyareaanddata

Project Area 2.4 isocated in the Mississippi Canyon (MC) protraction area in the northeastern
Gulf of Mexico (Figurela,b). Thewaterdepthsangebetweenl50-2400metergFigurelb). The

area is characterized by salt mounds, ridges, landslides and canyon systems. BO&hIypre
identified several BSR zones in this argghedd et al., 2012) (Figure 2). Thermogenic hydrate
wasalsorecoveredn pistoncoresfrom MC-945(Milkov & Sassen2001).We identify eightnew

BSR systems in Project Area 2.4 that were previously rotiited by BOEM (Figure 2).

Interestingly all theidentifiedBSRzonesn ProjectArea?2.4 spatiallycoincidewith landslidesor

salt bodies. The shallowest BSR is observed at a water depth of 800 meters-ii{Fguee 2)

and it underlies a landslide scarp. This landslide, the Chandeleur Landslide, was described by
Martinezetal. (2022)andcoversanareaof ~1000km? andcontins~300km?® of sedimentMost

of the BSRs identified above the salt bodies are clustered BSRs (Portnov et al., 2019) and are
associated witlthe fault systems induced by salt tectonics. Several paleochannel systems are
identified near and within the BSRs and may indicatrsegrainedreservoirs for high saturation

gas hydrate deposit€oarsegrainedsedimentis defined herein as sand or czasilt deposits.

Within Project Area 2.4, we use ten seismic surveys in the NAMSS database (Figure 1, Table 1).
The total area of Project Area 2.4 is 825C’lamd it has ful3D seismic data coverage.
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Figurel: a) Abathymetrymap of the northern Gulfof MexicoshowingProjectAreasof Phasel (white squaresind Phase? (Pink
squares).b) Outlinesof the seismicsurveysusedin this study are renderedover the seafloorbathymetry map. Theseafloor

bathymetry is mapped in this study using seismic data. Thelthiekbox shows the outline of Project Area 2.4



Survey Survey Year Areaof = Frequency Survey Binsize @ Projection

number  name/BOEM seismic ~ Range(Hz) quality (m)
identifier survey
(km?)
1 B-38-96- 1996 920 5-75 Good 20x12.5 16NNAD
LA/L96-038 1927 feet
2 B-31-97- 1997 780 5-70 Good 20x12.5 16NWGS
LA/L97-031 1984,
meters
3 B-41-88 1988 2710 5-70 Poor  26.6x26.6 16NNAD
LA/L88-041 1927 feet
4 B-49-95 1995 2640 5-80 Fair 20x12.5 16NNAD
LA/L95-049 1927 feet
5 B-49a95 1995 1035 5-80 Fair 20x12.5 16NNAD
LA/L95-049 1927 feet
6 B-67a91- 1991 5030 5-100 Good 26.6x26.6 16NNAD
LA/L91-067 1927 feet
7 B-73-94- 1994 1800 5-90 Poor 20x12.5 16NWGS
LA/L94-073 1984,
meters
8 B-85-96- 1996 1500 7-90 Fair 20x12.5 16NNAD
LA/L96-085 1927 feet
9 B-85a96- 1996 560 7-90 Fair 20x12.5 16NNAD
LA/L96-085 1927 feet
10 B-02-88 1988 840 5-80 Fair 25x10 16NNAD
LA/L88-002 1927 feet

Table2: Detailsonthe 3Dseismicsurveysiploadedfor initial dataqualityanalysesvithin ProjectArea2.4.Projecteccoordinatesystems:
NAD_1927_BLM_Zone_1fPSG,32066], WGS_1984_UTM_Zone_16N [EPSG,32616].
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Figure 2: The bathymetry of Project Area 2.4. [Einge blue polygon is the outline of the Project Area 2.4. The white shapes
representthe BSRgreviouslyinterpretedby BOEM(Bureauof OceanEnergyManagement,2022). Lightgreenshapegepresent
the BSRnterpretedin this project. InterpretedBSRsire groupedinto five zonesshownby the skybluerectangles. Wellssedin

this study are denoted by the purple dots and labeled with API.

2 RMSMapping

To identify BSRprone areas in Project Area 2.4, regiormtmeansquare (RMS) amplitude
calculationsvereperformedndependentlyvithin all 3D seismicsurveys(Figurela).Becausef
multiple heatconductive shallow salt bodies in this area, the geothermal gradient is highly
variable, whichsignificantly disturbs the base of the gas hydrate stability zone. Therefore, we
extendedthe depthrangeof the previousRMS workflow (ProjectArea 1 Report,Phasel) to



compute multipleRMS amplitude maps at the following deptitervals (all in msec):-80, 50
150,150-250,250-350,and350-450(Figures3-7). This allowsusto coverall depthintervalsand
manuallyinspectall amplitudeanomaliesn eachseismicvolume,which allowsusto accountfor

the highly variable geotheral gradient.

We group identified BSR systems into five zones (Figure 2, sky blue rectangles). In Project Area
2.4, BSRs are commonly observed within the depth range ef#i280nsec below the seafloor.
Thatis why RMS mapsbetweer250-450 msecintervals(Figures6 and7) showgoodcorrelation

with the mapped BSRs whereas BSR maps of depth intervals betvd&gnhrsec (Figures-8)

show very poor correlation. The total area spanned by the BSRs in Project Area 2.4 is %350 km

RMS amplitude maps eve also used to identify paleochannel systems and to identify locations
with potentiallyhighercontentof coursegrained sediments, which we define as sands and coarse
silts. Somepaleochannelsould not be identified with the help ofRMS amplitudemaps perhaps
dueto poordataquality.In addition,thepresencef buriedmass transpodepositandshallowsalt
further complicate interpretation of paleochannelsystemsusing RMS amplitude analysis.
Therefore,in severalareas,paleochannelsvere tracked manually based on the linby-line

interpretation.
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Figure3: ARMSamplitudemap calculatedfor a subseafloointerval of 0-50 msec.
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Figure4: ARMSamplitudemap calculatedfor a subseafloointerval of 50-150msec.
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Figure5: ARMSamplitudemap calculatedfor a subseafloointerval of 150-250 msec.
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Figure6: ARMSamplitudemap calculatedfor a subseafloointerval of 250-350 msec.
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Figure7: ARMSamplitudemap calculatedfor a subseafloointerval of 350-450 msec.

3 Classificatiolof BSRs

Herein, we classify the BSRs in three different types based on their characteristics in the seismic
data: continuous BSRdiscontinuous BSRs, and clustered BSRs. Continuous BSRs are the classic
feature, characterizewy a continuouscohereneventthatcrosscutgprimary stratigraphy Unlike

the continuous BSR, a discontinuous or segmented BSR is characterized by spacddumnoma
seismic events that are generally parallel to seafloor bathymetry. A third type of BSR is clustered
BSR, that is characterized as clustered assemblages of high amplitude reflections roughly aligning
with the overlying seafloor bathymetfiportnovetal., 2019).In particular,clusteredBSRsoccur

in theregionsof folding or saltdiapir rise because these regions host multiple anticlinal and dome

11



structures that can entrap gas underneat@ HfeZ.SuchBSRsarecommonin theGulf of Mexico
andwarrantspeciakttentiorbecaus¢éheseBSRs likely indicate high concentrations of gas hidra
turbidite sands (Portnov et al., 2019).

12



4  Resultsn ProjectArea2.4

4.1 Zonel:

Zonel is located in the northeast of Project Area (Eiure 2). In water depths of 81100
metersywe mapthreeBSRsystemshatwerenot previouslyidentifiedby BOEM (Figure8). BSRs

in the west and southeast region of Zdnare located below the head scarps of landslides and
span 32 and 36 ki respectively (Figure 8). The BSR system in the northeast region is
comparatively smaller and covers only a 9%larea. This system is located above a salt diapir
(Figure 8, 9). The BSRs are continuous in all three systems (Figure 9, 10, and 11) and are
as®ciated with the subsurface fluid flow features, such as seismic chimneys. In some places,
landslides disturb the local temperature and pressure conditions, resulting in irregular depth and
shape of the BSRs (Figure 12).

BSRs in this zone are present beawe&50450 msec TWT (~300 400 m) below the seafloor.

We estimate the approximate BSR depth in the shallow subsurface using 1700 m/s average
sediment velocity. Assuming methane gas composition, thed®Red geothermal gradient in

this region is between30% 40° C/km (Table 2).

We also observe patches of pdeliding reflections right above the BSR in the western BSR
system of Zond (Figure 10). To determine the extent of these featting reflectors average
positiveamplitudesarecalculatedwithin 30 msecwindow abovethe BSR.Figure13 showsafew
prominent pealkeading reflection in this system but nothing has been matured into a prospect at

this time.

Onewell (API1608174113100is drilled within thewesterrBSR system(Figure8). Thiswell has

gamma ray and resistivity measured within the hydrate stability zone. Figure 14 shows the well
logs tied to the seismic profile. The seisrtoewell tie is performed using the velocity function
providedby CookandSawyer(2015)for mud-dominatedsedimentsmudrich sediments are the
primary lithology in the GHSZ, as shown by the gamma ray log (Figuré\elpbserveasmall
increase in the resistivity (~0.7 ohm.m) just above the estimated depth of the BSR and just below
the estimatalepth of the BSR. Becausehe resistivity increaseis small, it could be a simple

reduction in porosity, a small amount of gas hydrate or a small amount of free gas.
13
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Figure 8: a) A bathymetry map showing the BSR extent and available well log within Rrege2t4. b) An RMS amplitude map

of the subseafloor interval between 35850 msec. White dashed line shows the locations of arbitrary seismicsecigms

shown in the following figures.
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Figure9: Aseismiqrofileacrosghe northeasterrBSRystemof Zonel showingcontinuousBSRabovethe saltdiapir. Theprofile
location is shown in Figure 8.
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Figurel0: A seismicsectionshowinga continuousBSRacrosshe EasterrBSRsystemof Zonel in the ProjectArea2.4.The

profile location is shown in Figure 8.

16



Figurell: Aseismiarosssectionshowingthe BSRacrosshe easternBSRsystemof Zonel. Theprofile locationis shownin
Figure 8.

Figure 12: A seismiccrosssection acrosssouthern BSRsystemof Zonel showing discontinuousBSRbelow the landslide
escarpment. The profile location is shown in Figure 8.
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Figurel3: Amap of averagepositiveamplitudecalculatedwithin a 30 msecwindowabovethe BSR# the easternBSRsystem
of Zonel. Peak leading reflection zones are circled with white ellipses.
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Figurel4: Aseismigrofile acrosghe easternBSRsystemof Zonel tied to the well API#608174113100A slightincreasen
resistivity is observed above the BSR and just below the BSR. The profile loshtamiis Figure 8.

Table2: Theseafloordepth,BSRslepthand geothermalgradientin the identifiedzones.

Zone | Seafloor BSR depth BSR depth Seafloor BSRTWT | Geothermal
Depth (m) below from sea TWT (msec) (msec) Gradient
seafloor(m) surface(m) (°Clkm)
1 800-1100 300- 400 1100-1500 1050- 1450 | 1400- 1900 25-30
2 1300- 1500 | 200- 450 1500-1950 1700- 2000 | 1870- 2380 40- 60
3 15001900 210- 300 1710- 2200 2000- 2500 | 2250- 2850 40-70
4 1200- 1750 | 250- 450 1450- 2200 1600- 2300 | 1900- 2850 35-55
5 1750- 2100 | 225- 350 1975- 2450 2300- 2800 | 2550- 3200 50-70
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4.2 Zone2:

Zone?2 is locatedin the centralpartof ProjectArea2.4 (Figure2). We identify two BSR systems
in thiszonein waterdepthsof 1300 1500meterqFigurel5). TheBSRsin thesouthwestersystem
showdiscontinuougharacteristicsihile the northeastersystemshowsclusterecandcontinuous
BSRcharacteristicgFiguresl6,17 and18). Both systemsareadjacento or within two kilometers

of a paleochannel (Figures 15 and 16).

ThesouthwesterBSRsystenmcoversl6 km? andis associateavith the saltdiapirandChandeleur
Landslide (Figures 15 and 16). BOEM previously identified this BSR system, but its extent was

larger than what we observe herein.

Figurel6 showsaseismicprofile acrosgshesouthwesterBSRsystemA cleardiscontinuou8SR
is observedilongwith apaleochanndieatureonthe easterrside. The paleochannedlongsidethis
BSR systemis mappedmanuallyline-by-line. The BSR depthvariesbetweer250-450 mbsf. The
BSR is shallower in the southern part of this system due to the shallow salt. Evbpaak
leadingreflectionsareobservedbovethe BSRsin thesouthwesterBSR system(Figure16). The
average positive seismic amplitude map shows the extent ofigesdikg reflection within this

system (Figure 19).

The northeastern systemlizated above a salt diapir and spans a 15&mea. The northeastern
BSRsystem is mapped using two 3Bismic volumes, B1-88-LA and B49a95LA. The BSR
in thiszoneis very shallowandlies betweer200-250metersbelowtheseafloor Thepaleochannel
in the proximity of this zoneis mappednanually,but the extensiorof this paleochannek clearly
seen in the RMS amplitude map of Ze®érigure 20).

We estimate the geothermal gradient by assuming that the BSR is in a system with only methane
gas. The geothermal gradient in the southwestern system in2zisne40° C/km in the northern

part and ~50° C/km on the southern side where BSR is shallowdp dimaling of salt. The
geothermal gradient in the northeastern system of -2oisesignificantly higher at ~ 60°C/km.

This high geothermal gradient is attributed to the shallowing of the salt in this region (Figure 17,
18).

Therearenowellsdrilled in Zone 2 closeto theBSR systems.

20



Figurel5: a) Abathymetrymap showing thé8SRextentwithin Zone2 of ProjectArea2.4.Yellowcoloring showshe interpreted
paleochannelsb) ARMSamplitudemap of the sub-seafloorinterval between350-450msec Whiteand purpledashedinesshow
the locations of arbitrary seismic lines shown in the following figures.

21
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Figure 16: A seismic profile showing a discontinuous BSR below the landslides@aftosestern BSR system of ZéneA few
peakleadingreflectionsare observedabovethe interpretedBSRThesalt diapir and paleochannefeaturesare alsoshownin the

profile. The profile location is shown in Figure 15.

22



Figurel7: Aseismigrofile acrossghe northeasternBSRsystemof Zone2 showingthe BSRabovethe saltbody. Theprofile
location is shown in Figure 15.
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Figurel8: A seismigrofile acrosghe northeasternBSRsystemof Zone2 showingclusteredBSRabovethe saltbody. Theprofile
location in Figure 15.
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Figurel9: Amapof averagepositiveamplitudecalculatedwithin a 30 msecwindowabovethe BSR# the southwesterrBSR
system of Zon&. Peak leading reflection zones afeled with ellipses.
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4.3 Zone3:

Zone3 is located in the eastern part of Project Area 2.4 (Figure 2). Two large BSR systems are
identified in this zone, southwestern and northeastern, and both systems are near a paleochannel
(Figure20). Thesystemsspard3 km? and38 km?, respectivelyBoth systemsarelocatedoversalt

diapirs (Figures 226). The BSRs are clustered in nature above the salt diapirs and become
continuous and discontinuous BSRs as they extend away from the salt (Figu@4).2The
northeasterisystemis newly identified and was not previously mappathter depthn this zone
variesbetweernl 500 1900m (Figure20). Thesouthwestersystemis highly faulted,probablydue

to theshallowingof thesalt(Figure21). For the samereasonthe BSRsshoaltowardsthe seafloor

and does not follow the seafloor topography (Figure 21). To map the fault pattern, Horizon H1
(Figure21)abovetheBSRis mappedwhichshowstheeastwesttrendingfaultsin thearea(Figure

23).

BSRs inthis zone are present between -850 msec TWT (~210 300 m) below the seafloor.
BSRs most likely become shallower above the diapir due to a higher geothermal gradient. The
minimumgeothermagradientin this zoneis estimatedo be~40° C/km awayfrom the saltdiapir

and reachea maximum of ~70° C/km above the summit of the diapir (assuming purely methane

gas composition).

One well, well APl #608174103700, was drilled at the edge of this BSR in the southwestern
system. However, no high resistivity is ebgd within the zone of interest. We did not tie the

well logs to seismic data for this well because the logs are only available in pdf format.
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Figure 20: a) A bathymetry map showing the BSR extent withinZoh@roject Area 2.4. Yelacoloring shows the location of
the paleochannel. b) A RMS amplitude map of the sub seafloor interval betweetb@50sec. White dashed lines show the
locations of arbitrary seismic lines shown in the following figures.

27





































































