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Tablel. List of required deliverables aridjures.

Sr. | Deliverable Figure#
1 A mapshowingthespatialdistributionof BSRswithin ProjectArea2.1 2

Regional seismic cross sections showing the base of gas hydrate stabilif 4-8,11-17,
the relationship of prospective reservoir intervalghannel levee systemg 1924, 26-27,

faults, salt, and other geologic features. 29-30, 32-34
3 RMS amplitude maps that correlate with the identified BSR zones 10, 18, 25, 28,
31
4 Correlation of well logs and seismic data 58, 11




1  Study Area and Data

Project Area 2.tovers approximately 15,800 Krand includeshe eastern part of the East Breaks
protraction areathe western part of the Garden Banks protracsic@a and a small part of the
northern Alaminos Canyoprotraction aredas illustrated in Figure )aThe water depth within
this area varies from 100 to 1700 meters (as shown in FigurédiEas with a water depth less

than500 meters lie outside the methane hydrate stability zone (Figure 2).

For Project Aea 21, weusedourteen seismic surveyvailable atheNational Archive of Marine

Seismic Survey¢NAMSS; Triezenberg et al., 201@latabas€Figure 1. These surveysover
82% of Project Are2.1

In Project Area 2.1, we have identified a total of bettomsimulating reflectiong§BSRs)which

were caggorized into six distinct zond§igure 2) Theshallowest BSR is mapped#0m water
depthwithin Zone 3.A majority of these BSRs are associated with salt ridgesies and their

flanks. This pattern of BSR occurrence over salt structures has been observed in other regions of
the northern Gulf of Mexic¢Portnov and Cook, 2019, 2020; Skopec et al., 202hpng the ten

BSRs, three wereat identified by the Bureau of Ocean Energy Management (BOphevious

work (e.g. Shedd et al., 2012)

Several wells have been drilled within Project Area 2.1, and a few of thesepemdtatahe

mapped BSRs as shown in Figure 2. The well logwataacquiredrom theBureau of Safety and

Environmental EnforcemedBSEB databaseand he LamontDoherty Joint Industry Program

(JIP) logging databas@&he well logs were integratesiith seismic datdo gain insights into the
fluid content, porosity, sediment typend possible hydrate or natural gesurrencewithin and

below the hydrate stability zone.

Microbial gas hydratesvererecovered in piston cores fate locations within Project Area 2.1
(Sassen et al., 200@Figure 2).Only one of these five locations coincides wiBZR zone (Figure
2).


https://walrus.wr.usgs.gov/namss/search/
https://walrus.wr.usgs.gov/namss/search/
https://www.data.bsee.gov/Other/FileRequestSystem/WellData.aspx
https://www.data.bsee.gov/Other/FileRequestSystem/WellData.aspx
https://mlp.ldeo.columbia.edu/logdb/gas_hydrates_jip/
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Figure 1: a) A regional bathymetry map of the northern Gulf of Mexico (Kramer and Shedd, 2017)
showing Project Areas of Phase 1 (white squares) and Phase 2 (pink squares). b) Project Area 2.1

and the outline of eacteismic survey used in this report.



Survey Year | Area of seismic Frequency | Survey Bin size Projection
name/BOEM Range(Hz) | quality (m)
identifier survey (kn)
1 B-101-93 1993 2900 8-80 Poor 20x12.5 15N NAD
LA/L93-101 1927 feet
2 B-89-91- 1991 1000 5-100 Poor 20x12.5 15NNAD
LA/L91-089 1927 feet
3 B-58-91- 1991 1350 5-80 Poor 22.8x15.2 15N NAD
LA/L91-58 1927 feet
4 B-28-94- 199 600 5-80 PookFair 20x12.5 15N NAD
LA/L94-028 1927 feet
5 B-07-96- 1996 1327 575 PoorFair 25x25 15N NAD
TX/T96-007 1927 feet
6 B-03-97- 1997 1000 5-80 PoorFair 15x125 15N NAD
TX/T97-03 1927 feet
7 B-02b97- 1997 1100 5-65 Fair 20x12.5 15N NAD
TX/T97-02b 1927,feet
8 B-2594- 1994 900 5-85 PoorFair 20x12.5 NAD27 Texas
TX/T94-025 State Planes,
South Central
Zone, US Foot|
9 B-32-91- 1991 2100 5-100 Poor 20%25 15N NAD
TX/T91-032 1927 feet
10 B-15a89 1989 850 5-80 PoorFair 61x61 NAD27 Texas
TX/T89-15a State Planes,
Southern
Zone, US Foot]
11 B-02-96- 1996 650 5-80 Fair 20%x12.5 15N NAD
TXIT96-002 1927 feet
12 B-32-97- 1997 800 5-90 Fair 20%x12.5 15N NAD
TX/T97-032 1927 feet
13 B-15-89- 1989 800 10-65 Poor 30.5x305 15N NAD
TX/T89-015 1927 feet
14 B-43-91- 1991 900 5-90 Fair 40x12.5 15N NAD
TX/T91-043 1927 feet

Table2: The3D seismic surveys uploaded for initial data quality analyses within Project Area
2.1. Projected coordinate systems: NAD_1927 BLM_Zone_15N [EPSG,3208BR7 Texas
State Planes, Southern Zone and Sdigtral Zone [EG,502270, 502089]
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Figure 2: The bathymetry of Project Area 2tém Kramer and Shed®017) The white shapes
represent the BSRs previously interpreted by BQERedd et al., 2012).ight green shapes
represent the BSRs interpreted in this report. Interpreted BSRs are grouped into six zones shown
by the orange rectangles. The white line shows the 500 m water depth contour. Yellow stars show

the locations of piston cores whargcrobial hydrates were observdyy Sasseret al (2007).

2 RMS Mapping

To identify possible BSRsn Project Area 2, regional rootmeansquare (RMS) amplitude
calculations were performed independently within all 3D seismic surveys (Figure 1a). The detailed
workflow can be found in the report for Phase 1 Project Arétivever, the time windowsgary

in this report to Bow the clear extent of the BSREhe ime windows arekeptlargerin zones

where BSR depthsignificantly vary

Because of multiple heabnductive shallow salt bodies in this area, the geothermal gradient is
highly variable, which significantly perturbs the base of the gas hydrate stability zone. Therefore,
RMS amplitude maps are computed within differentdepthwindowsbelow the seaflooRMS

amplitude maps that correlate with the identified BSR zones are sh@egntion 4 of this report.



3 Classification of BSRs

We classify BSRs i three different types based on their characteristics in the seismic data:
continuous BSRs, discontinuous BSRs, and clustered BSRs. Continuous BSRs are continuous,
coherent seismic reflections with reversed (trelegiding) polarity that crosscuts primary
stratigraphy(Hillman et al., 2017; Vanneste et al., 20@iscontinuous BSRs, also referred to as
‘patchy BSRs', are characterizeddggmented and nasoherent lateral reflections that typically

align with the seafloor topograpliMillman et al., 2017; Shedd et al., 2012)third type of BSR

is called a clustered BSR, which is characterizetiiak clustered assemblages of high amplitude
reflectionswith its toproughly aligning with the overlying seafloor bathymetBortnov et al.,

2019) In particular, clustered BSRs occur in the regiamith folding or salttectonicsbecause

these regions host multganticlinal and domal structures that can trap gas underneath the GHSZ.
Such BSRs are common in the Gulf of Mexico and warrant special attention because these BSRs
may indicate high concentrations of gas hydrate in turbidite s@fatsnov et al., 2019)

4  Resultsn Project Area 2.1
41 Zonel

Zone 1 is locatevithin the Diana Basiin the western part of Project Area ZHigure 3. The

water depth in this zone ranges from 1200 to 1700Mithin Zone 1, a single BSR system is
observed This BSR is the largesine identifiedn Project Area 2.1covering an approximate area

of 250 km? (Figure 3).This BSR was firstlescribedby Fryeand otherg2010) andwas also
identified byShedd and others (2012he extent othe BSRis smallerin this studyas compared

to previous interpretationpossibly because BOEM used a proprietary data set difiidrent
acquisition and processing parameters than the publicly available dataset used in thiststudy. T
seismic data south of Zonehhs not been released to the puliierein, he BSR was mapped
using the seismic volume-83-91-TX and occurs a250-600 milliseconds twavay travel time
(TWT) below the seafloofFigures 47). This depth corresponds to approximately -800 m

below seafloor (mbsfysingan average sedimentary velocity of 1700 m/s.



Manywells are drilled in Zone,Jand from those, we t1a selectedlour specific wellsas illustrated

in Figure 3. Among these wells, the well log associated with API # 608044023300 exhibits a
notable correlation with the seismic profile labeled &b e Figure 5. At an approximate TWT of

2470 msec, which corresponds to a depth of 6230 ft below sea level, the BSR intersects with the
well. Despite the absence of any observed lithological changes in the gamma ray log, there is a
discernible increase mesistivityfrom 5880 to 6410 ft true vertical depth (TVD). This increase in
resistivity surpasses the background resistif#flyY m) by 1 to 6Y m This suggests that hydrates
might be present near this particular well, albeit in low concentrations.

Fryeand otherg2010) observedraextensivedeepwater fan system in this arednich may be a
potential reservoir for gas hydrgtégure 3) The fan is visible on seismic crosctionswith high
amplitude peak and trough leading reflectiomseismic datdgFigure 6) Thesehigh reflectivity
zones associated with the fan systeyman an area &5 km? (Figure 3). JIP Leg 2HolesAC21-A
and AC 21B along withthe well API #608044016000 are drilled into thgseak anomalie@-rye
et al., 2010)Figures 7 and8 show the seismidataassociated with the wellsow gamma ray and
modest increases iresistivity are observed in theseells (Figured) within the interval that
intersects with thespeak leadingeflectiors (Cook and Tost, 2014; Frye et al., 2010Dhe low
gamma rayand poor sediment cohesion (aferredby the increase in borehole sizégure9)
suggestshat these intervals are sand domingtage et al., 2010)Frye et al(2010)interpreted
thesesand intervalgs hosting hydrate witlow to moderate saturations (20% to 40%9ok and
Tost (2014) interpreted these logs differently and suggested that oluseredestincrease in

resistivity within these intervalwas caused bwater saturated low porosity sand.

Figure 9 is a cross section across four wells, AB2AC21-B, 608044023300, 608044016000,

that shows the sand interval and the depth of the BSR or the bdsalrate stability; the
orientation of this cross section is shown in Figure 3. In addition, we also add Horizon H1 (Figures
4-8) as a reference layer on the cross section (Figure 9), because H1 a prominent shallow horizon
in this region that intersectd &ur wells. AC21A, B and well with API #608044016000 show a

clear decrease in gamma rays within H1, indicating a sand rich layer interval. This signature is not
observed in borehole with APl # 608044023300. Because AB2B wells are outside the
idenified BSR zone, estimated depth is shown in these wells (Figure 9).



We derive geothermal gradients from the BSR assuming an equilibrium model: 1) heat flow is
constant, onglimensional (vertical) and occurs only through conduction; 2) pore pressure
hydrostatic; 3) pore fluid salinity is 3.5 %; and 4) gas composition is pure methane. We estimate
the geothermal gradient in Zotlebetween 306°55° Ckm (Table 3).The averageeothermal

gradient is around30° C/km, but near the sa| especially in the northwestern paggothermal
gradient increases up to 55%@l.
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Figure 3: A bathymetry map showing a BSR extent within ZilooEProject Area 2.{Kramer and
Shedd, 2017)The map also highlights samatervals in part interpreted fronthe presence @&n
interval with high peakieading reflectiongollowed bytrough leading reflections in the seismic
data. White dashed lines show the track of seismic profiles.
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Figure 4: Seismic profilea-b showing a northwestoutheast crossection across the BSR system

of Zonel. The BSR is shown by the yellow arrows. The profile location is shown in Figure 3.
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Figure 5: a) Seismic profilec-d showing a southwestortheast crossection across the BSR
system of Zon&. TheBSR is shown by the yellow arrows. The green line shows the well location
on the seismic profiland correspondingvell logs are shown in Figure bThe nterval witha

slight increase in resistivity is highlighted in light purple caldrhis moderate increase in
resistivity is likely attributed to the presence of hydrate in low saturafibe. seismic profile

location is shown in Figure 3.

TWT (sec)

Figure 6: Seismicprofile e-f showing asouthwestnortheast crossection across the BSR system
of Zonel. TheBSR is shown by the yellow arrowie high peak leading amplitude and the
associated trough is part of the deepwater fan system in the @reaprofile location is shown

in Figure 3.
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Figure7: a) Seismic profilee-f showing a southwestortheast crossection across the BSR system

of Zonel. TheBSR is shown by the yellow arrows. The green line shows the well location on the
seismic profile and corresponding well logs are shown in Figurdg. nterval of interest is
highlighted in yellowto indicate the sandnd lightpurple colorwhich indicates higher resistivity

A low gamma ray value suggests a sandy interval, while a slight increase in resistivity could be
attributed to either low saturation hydrate or a lithological variatibmterval of interest is also

highlighted on the seismic sectidrhe seismic profile location is shown in Figure 3.

TWT (sec)

Figure 8: Seismic profileg eh dacross the sanohterval of Zonel. The profile location is shown

in Figure 3.The gamma ray (greenand resistivity plue)logsfrom wells AC23A and AC21B
are projectedon the seismic section. To see the scales of these logs please see%agadrdd
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Zone Seafloor BSR TWT Seafloor BSR BSR depth | Geothermal
TWT (msec) (msec) Depth (m) Depth (mbss) Gradient
(mbsf) (°C/km)
1 1600- 2270 | 2000- 2600 | 1200- 1700 | 200-500 | 16062000 30-55
2 1200- 1800 | 1430-2100 | 900- 1350 110-300 | 11501650 35-75
3 870-1870 | 1300- 1850 | 650- 1400 100-400 | 1050-1475 25- 65
4 1130- 1330 | 1300- 1400 | 850-1000 140-270 | 1050-1200 30-40
5 930- 1600 | 1100-1800 | 700-1200 75-475 | 900- 1400 20-65
6 1000- 1730 | 1100- 2000 | 750-1300 170-450 | 10501450 20-55

Table3: The seafloor depth, BSRs depth and geothermal gradient in the identified zones.

42 Zone2

Zone 2 is located within the East Breaks protraction @fegure 3. The water depth in this zone
varies from 900 to 1350 m. We have identified and mapped three distinct BSR systems within
Zone 2(Figure10). All three BSR systems were previoustientified byBOEM.

The largest BSR system #one 2covers an approximate area of Kif?, while the BSRs in the
middle and eastern parts encompass 9 arkhf7respectively. The depths of the BSRs in this
zone range from 130 res TWT (~110 nbsf) to 310 mec TWT (~260 mbsf) below the seafloor
Figures11-17 display the BSRs across these BSR zones. Although various types of BSRs are
observed in Zone 2, most of tharediscontinuouswhich may suggest interbedded layers with
alternating or intermittent courggained layers containing gas hydrate and/or gagertain
locations, BSRs are found within highly faulted settings, as depicted in Figura the north

south seismic profile (profilej) acrosshe largest BSR in Zone 2, clustered BSRsodrserved
(Figure 1). The extent of these clustered BSRs is illustrated in Fit@yreovering an area of

approximately 1&m? when combined.

Within Zone 2, there are several wells tipgnetratehe mapped BSR. One such wghPI #
60804401860 is located within the mapped clustered BSR area (Fitf)rendthe log datare
displayed in Figure 1L In this particular well, we observevary smallincrease in resistivit{iess
than 0.5\Wm) between 4520 and 5990 ft. This interealrelatedo theclusteredBSR and related
high amplitude reflectionbelow the BSRFigure 11). Although the increase in resistivity is not

substantiafless tha.5Y nj, it maysuggesthe presence of hydrates or gas in low concentrations.
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Other wells in thiszone, which are not shown in this report, either lack shallow data or do not
exhibit any variations in resistivityithin the hydrate stability zone or at and below the BSR.

In seismic profile 4j shown in Figure 1, the BSR isvery shallow above the salt at the southern
side as shallow as10 m below the seafloor The estimatedjeothermal gradient is nearly
75°C/km. Further awayrom the salt, the geothermal gradient reducesaaediges35 “C/km.
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Figure 10: a) A bathymetry map showirthe BSR extent within Zor2 of Project Area 2.1
(Kramer and Shedd, 2017\Vhite dashed lines show the track of seismic profiles. b) An RMS
amplitude mapf the dashed aeein Figure 10awith a 200- 400 msec window below teeafloor.
Some of the high amplitudes correlate to the mapped BSR. ZdreefMS amplitude map is
generated using theeismic volume B5-89-TX.
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Figure 11: a) Seismic profilei-j showing a southwesiortheast crossection across thiargest

BSR system of ZotZe TheBSR is shown by the yellow arrows. The green line shows the well
location on the seismic profile and corresponding well logs are shown in Figuradjesistivity

on the profile showsnly a veryslight increasewhichmay suggestzery low saturation dfiydrate
above the BSR angery lowfree gas below itlt should be clearly noted, however, that this low
variation in resistivity could also be due @reduction in porosity.The seismic profile locatio

is shown in FigurdOa.
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Figure 12: Seismic profilek- showing a wesgast crosssection across the largest BSR system of

Zone2. TheBSR is shown by the yellow arrows. The profile location is shown in Fl§are
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Figure 13: Seismic profilem-n showing a wesg¢ast crosssection across the largest BSR system

of Zone2. TheBSR is shown by the yellow arrows. The profile location is shown in Figare
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Figure 14: Seismic profileo-p showing a southwesiortheast crossection across the central BSR

system of Zon2. TheBSR is shown by the yellow arrows. The profile location is shown in Figure

10a.

TWT (sec)

Figure 15: Seismic profileg-r showing a wesgast crosssection across the central BSR system of

Zone2.TheBSR is shown by the yellow arrows. The profile location is shown in Fl§are
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Figure 16: Seismic profiles-t showing a northwestoutheast crossection across the eastern BSR

system of Zon2. TheBSR is shown by the yellow arrows. The profile location is shown in Figure

10a.

TWT (sec)

Figure 17: Seismic profileu-v showing a wesgast crossection across the eastern BSR system of

Zone2.TheBSR is shown by the yellow arrows. The profile location is shown in Flgare
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4.3 Zone3

Zone 3 is within the East Breaks protraction ava#) water depths ranging from 650 m to 1400
m. In Zone 3 we have identified three BS§ystemsnone of which were previously mapped by
BOEM (Figure B). These BSRs are identified using the seismic velsi®15a89-TX and B32-
97-TX. The largest BSR system Zone 3is locatedon the westerssideandhas an area of50

km?. The BSR systems in the eastern and southeastern regions cover areas of arofrahd0 km

28 knt, respectively.

The BSR depths within this zone range from 120 msec to 450 msec TWT beneath the seafloor,
corresponding to depths efl00 m to~400 m below the seafloor when assumimgaaerage
velocity of 1700 m/sec in the shallow sedimeiitse ®ismic profilesn Figures19-24 depictthe

BSRsin Zone 3 Notably, a significant clustered BSR is observed within the southeastern BSR
system (see Figured 2nd 2). This clustered BSR covers an area of approximately %4 &sn

shownin Figure B.

There are no wells in close proximityttee southeasterBSR system. Moreover, the wells closest
to the eastern and western BSRs (refer to Figure 2) do not contain any well logtdatshallow

interval

Modernchannels are clearly visible on the seaflevithin Zone 3 of Project Area 2.1, as illustrated
in Figure B. Furthermorepaleochannslarevisible in the subsurfacen seismic datéFigurel9).
However, due to limitations in the quality of the seismic dalta delineation of these

paleochannels map viewis notpossible

Theestimatedjeothermal gradigronthe eastern BSR systamhigher reaching up to 65°C/km
above the salt layavhile the estimated geothermal gradienthe western BSR systewhere no

shallow salt is preseid approximately 25°C/km.
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Figure 18: a) A bathymetry map showinfpe BSR extent within Zor#& of Project Area 2.1
(Kramer and Shedd, 2017\White dashed lines show the track of seismic profigssn RMS
amplitude map withir350 - 450 msec window below the seafldoghlights areas with elevated
amplitudes corresponding to the BSR zofldee RMS amplitude map is generated using the
seismic volumeB-15a89-TX and B32-97-TX.
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paleochannel

Figure 19: Seismic profilew-x showing a southwesiortheast crossection across the western

BSR systenm Zone3. TheBSR is shown by the yellow arrows. The profile location is shown in

Figure 18a.

TWT (sec)

Figure 20: Seismic profiley-z showing a wesgast crosssection across the western BSR system

in Zone3. TheBSR is shown by the yellow arrows. The profile location is shown in Figare 1
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Figure 21. Seismic profile a & 6showing a southwestortheast crossection across the

southeastern BSR system of Z8n&he yellow arrows indicate the location of the BSR, while the
extent of the clustered BSR is represented by the dotted orangehkngrofile location is shown

in Figure 18a.

TWT (sec)

Figure 22: Seismic profilec -0 8howing a wesgast crosssection across the southwestern BSR
system of Zon8. TheBSR is shown by the yellow arrows. The profile location is shown in Figure

18a.
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Figure 23: Seismicprofile e 6 $howing a northwestoutheast crossection across the eastern

BSR system of Zot3e TheBSR is shown by the yellow arrows. The profile location is shown in

Figure 18a.

TWT (sec)

Figure 24: Seismic profileg & 8howing a wesgast crosssection across the eastern BSR system

of Zone3. TheBSR is shown by the yellow arrows. The profile location is shown in Figare 1
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4.4 Zone4d

Zone 4 is in the Garden Banks protraction angth water deptk from 850 m to 1000 m (Figure
2). Only one BSR system has been identifie@one 4 Figure %) in seismic volume BL01-93-

LA. This BSRwas previously identified bBOEM, though the mapped areas do vary slightly
between each intergtation(Figure ).

The BSR system in Zone 4 is relatively small, covering an area of only.GFigares B and
show this BSR in seismic profileBhisBSR system is located abovetsald he depth of the BSR
varies from 170 msec to 320 msec TWT below the seafloor, corresponding to deptsrofo
270mbst

Based on the BSR, thestimatedyeothermal gradient iBone 4is 30-40 °C/km.There are no

well logs available in close proximity to this specific BSR system.
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Figure 25: A bathymetic map showinghe BSR extent within Zorof Project Area 2.1Kramer
and Shedd, 2017White dashed lines show the track of seismic profie&n RMS amplitude

map withinl150 - 250 msec window below the seafldoghlights areas with elevated amplitudes
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