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Abstract

Significant quantities of free gas and gas hydrate contained beneath the seafloor are crucial for climate modeling, carbon
budget estimates, and determining acoustic velocity of seafloor sediment. While free gas and gas hydrate have been
discovered at various global locations, the availability of geophysical data required for accurate predictions of their occurrence
is sufficient in areas of active oil or gas production but remains scarce or absent in critical regions such as the Arctic. To
compensate for the variations in data coverage, researchers at the Naval Research Laboratory used machine learning
techniques to extend geophysical information from previously studied regions to poorly constrained areas to produce the
Global Predictive Seabed Model (GPSM). We have developed a workflow that couples Dakota to PFLOTRAN to probabilistically
predict free gas and gas hydrate occurrence. Dakota uses Latin hypercube sampling of the GPSM values and their uncertainties
to determine distributions which are used as PFLOTRAN input parameters to simulate methanogenesis and predict hydrate and
gas formation. We apply k-means clustering to the GPSM data from a study area of ~24,000 offshore locations between
Svalbard and Norway (10°E - 30°E, 70°N - 80°N) to determine a subset of simplified clusters characterized by similarities in
sedimentation rate, TOC, heat flux, temperature, and depth. Every region is described by a set of means and standard
deviations for these parameters that are sampled on by Dakota to generate input decks for PFLOTRAN simulations. We ran 500
simulations for each cluster and map the probabilities of free gas and gas hydrate formation to their corresponding geographic
regions. To verify the process, we also ran 50 simulations at all offshore locations in the study area and find strong agreement
for free gas (r=0.967) and gas hydrate (r=0.947) formation rates from both the k-means and individual simulations. Both

Methods

Clustered the full model (Svalbard or Global) of GPSM data into 48 regions
* All clustering was conducted via Python3 using Scikit-Learn
* Geophysical parameters were first normalized then used as features for k-means clustering
* Cluster output defined the mean (1) and uncertainty (o) for sedimentation rate, TOC, heat flux,

Results

General

*  Clustering and simulation routine runs in ~“8 hours on 48 processors compared to computational
run time for all individual simulations of ~17 days on 48 processors

* Gas formation is less sensitive to generalizations of k-means centroids than hydrate formation

Svalbard

* @Gasforms in almost all locations where depth <500m, higher TOC based on both k-means and

depth, and temperature for each cluster’s centroid
Dakota-PFLOTRAN workflow statistically sampled on the u and o for all five parameters to generate
probabilistic simulations for each centroid or location
* Formation probability is defined as simulation in which ANY gas or hydrate formed within 1 Myr
* 500 simulations were run for each k-means centroid
* 50 simulations were run at each location in the Svalbard study area and for 4 Global regions

individual simulations (Figure 2, left)
* Landward limit of GHSZ is ~400 m west of Svalbard (Graves et al 2017)

* Hydrate is predicted to form in deeper areas between Svalbard and Norway at lower probabilities

. than gas formation (Figure 2, right)
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Introduction s e Etiope et al, 2019)
20 T 10
Presence of gas and hydrate in seafloor sediments critically affects economic, national security, and o _ m o L .
environmental predictions 10 K-Means 0 || 10°€ K-Means 0 | |

100
100 50

* 1-2% of gas dramatically reduces acoustic velocity of sediment (Sahoo et al., 2019)
80°N

Global predictions of seafloor geophysical characteristics remain sparse but have been predicted as
part of the Global Predictive Seabed Model (GPSM) (Lee et al., 2019)

Coupling Dakota-PFLOTRAN has allowed us to probabilistically predict the occurrence of free gas
and gas hydrate in Blake Ridge (Eymold et al., 2021)

* By sampling on TOC, V, Q, depth, and temperature, we run a suite of methanogenesis simulations

e At 5 arcmin spacing, 6,148,836 locations need to be simulated for the entire model space which is
computationally intensive
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* This process was tested in Svalbard and extended to the full global map

Figure 2. Maps of formation probability of gas (left) and hydrate (right) for
Svalbard study area using K-means (top) and Individual simulations (bottom) - 40
* This novel approach can be applied to any simulation design and demonstrates good agreement with the

full simulation technique
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Discussion/Conclusions
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x . Comparison between the results from full simulations of all 24,092 locations in the Svalbard study
g T o 3 P % to those predicted using k-means clustering driven simulations serve as a proof of concept for
£ 3 3 5 | “ applying the approach to larger models
= 2 K-means clustering represents an efficient technique to design simulation strategies
E 10 - &
- ontoge : . * Individual simulations at thousands or millions of locations requires weeks to simulate even
| 1 s 5] using multiple processors compared to less than a single day for k-means
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- e Figure 1. Average GPSM values of A) : N "B « Many clusters do not form any gas or hydrate and this method can identify locations that do
' Sedimentation Rate, B) TOC, C) Heat " | | | o not require simulation to expedite the individual simulation process
N : = Flux, D) Depth, and E) Temperature for . : : : 0 5 o 15 20 25 . . o
g 3 Svalbard Studv Area. The values at Figure 4. Map of 4 Global centroid locations fully simulated femeans Formation Probzbilty Simpler gas system allows for the generalized clusters to adequately represent expected findings
5 ~ 3 Y ' to compare to K-means predicted shown with color based on full simulations
= each location for all five parameters correlated symbols in Figure 3.
bl were normalized and then clustered Hydrate system is more complex, predictions are generally in agreement but k-means predictions
I I into 48 regions using K-means. are not as successful at capturing nuances associated with individual locations

Results can be used to identify locations which warrant further investigation and avoid unnecessary
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Figure 6. Map of cluster areas for Svalbard study area.
Cluster number is indicated above each panel and
region is indicated in bright yellow. Corresponding
formation probabilities are provided in Table 1.

Figure 7. Map of cluster areas for Global study area. Cluster
number is indicated above each panel and region is indicated in
bright yellow. Note that each region is not limited to a
coherent geographical area but instead can include areas
across the globe which have similar geophysical characteristics.

Sedimentation Heat Flux Depth Temperature Kmeans Full Simulation
Cluster Rate (mmlyz) TOC (%) (W) (mbs]) ©0) Gas Hydrate Gas Hydrate
Formation | Formation | Formation | Formation
1 025100221077 £0.095] 65367 £5051 | 3306+ 1053 245+£042 | 9940% 0.60% 85.03% 3.287%%
2 0233200270704 £0.150] 122500+ 7 183| 16486 £ 3685| -026 £ 064 | 140% 0.00% 3.04% 0.00%
3 0156002317202 0.092] 68,843 £2806 | 182.8+£944 | 0.81£040 | 29.30% 1.409% 98.42% 0.78%
4 0053200191177 £0.236] 109771 £4.737] 1256 £ 1090 087 £053 | 83.60% 0.00% 28,620 0.00%
5 001I0£0014 0741 £0208] 61091 £4 483 | 1776 £ 1019 306 +£054 2.20% 0.00% 6.47% 0.00%
6 0134+ 0028|2091 £0.068] 82.319+£4249| 908£559 | 029+£063 | 100.00% 0.00% 99.95% 0.00%
7 01100027 0531 £0.126] 66,518 £3268 | 279121393 554 £041 | 44.20% 0.00% 48.07% 0.00%
8 0178+ 0018|0644 £0.036] 75481 £4257 | 18993 £ 1769 078 £ 028 0.00% 0.00% 0.00% 0.00%
9 002700181692+ 0.085] 94622 £4 888 | 71.1+548 | -031+040] 72.00% 0.00% 25.00%% 0.00%
10 0117200321321 +£0.149]124. 136 £3.784| 1627+£77.1 | 1.33£037 | 99.60% 0.00% 98.18% 0.00%
11 030600241503 £0,102] 62,823 £2633| 796£318 | 026040 | 100.00% 0.00% 99.64% 0.00%
12 0205+ 0026|0706 £0.103] 76020 £4 387 | 4492+ 1610 1.80+044 | 62.40% 0.00% 50.98% 0.58%
13 00850015 0634 £0038] 67963 £1794|26168+£1370| -079£028] 0.00% 0.00% 0.00%4 0.00%
14 023240034 |0874 £ 0164|126 437 £5043| 4006 £287.9| 1.62+032 | 24.00% 0.00% 85.70% 0.00%
15 01630027 | 1.574£0.090] 66,667 £1.348 | 36172690 | 3.30£041 | 29.20% 0.00% 86.31% 2.32%
16 013920027 |0.660£0.070]132.025 £ 6997|2327 1+ 1667 -091£0.10] 0.00% 0.00% 0.00% 0.00%
17 03200043 |0703£0170] 62417 £1974 | 2837 +£475 | 456+£048 | 26.80% 0.00% 82.39% 0.00%
18 0265200191594 +0.121] 65423 £2411| 331721270 210£0.32 | 99.80% 12.40% | 95.08% 14.54%
19 0035200361492+ 0.215] 99009 £3901 | 1053£907 | 238£0.58 | 75.80% 0.00% T0.62% 0.00%
20 0037200111226 £0.098] 83847 £2635| 1615777 | -046£035] 57.60% 0.00% 58.24% 0.00%
21 0317200211746 £0.195] 65453 £2257| 3103+ 1462 1.81£034 | 99.60% 19.00% | 96.91% 18.05%
22 020000221080+ 0.124] 66.989+£2947| 3045+£432 | 383+044 | 98.60% 0.00% 83.79% 0.00%
23 00390019 |0663£0.138] 66,609 £2910| 3009757 | 5.10£0.53 5,80% 0.00% 2.94% 0.00%
24 0200002411924 20141 62266 £3317 | 277.3£ 1324 | 1.34 2029 | 100.00% | 16400 | 99.39% 14.95%
25 010000331198 £0.122] 85237 £4 740 | 1599+ 1091 | 1.84 £ 056 | 26.20% 0.00% 92.98% 0.00%
26 0244+ 0022|1525+ 0.155] 67856 £1507 | 3291+£559 | 341£028 | 9960% 0.00% 91.61% 0.19%%
27 007900211917 £0.107] 74093 £2642 | 136.2+£734 | 017£049 | 29.60% 0.00% 98.60% 0.02%
28 0235200191537 £0143] 67125 £3266 | 94.2+£458 | 038£043 | 100.00% 0.00% 99.34% 0.00%
29 011100221369+ 0117] 67611 £2806 | 2064+ 1182 148+047 | 28.60% 1.209 29.88% 1.07%
30 0183200211432+ 0098 66713 £1838| 1677+746 | 1.24£043 | 100.00% 0.00% 97.03% 0.33%%
31 0125200251007 £0.193] 67.914 £ 1786 | 324.8+£364 | 3.98£051 | 23.20% 0.00% T2.60% 0.00%
32 0200+ 0028|0577 £0.136] 65341 £3237| 2875601 | 498£037 | B84.80% 0.00% T1.54% 0.00%
33 033720030 |0972£0.136] 63224 £3731| 421.2+£367 | 270£038 | 28.60% 0.20% 20.11% 6.75%
34 0168100310644 £0.032]107761 26 167|2163.6+£1852| -091£007| 0.00% 0.00% 0.00% 0.00%
35 019700241816 £0.136] 67466 £1.152 | 406.0£42.1 | 239£0.32 | 29.830% 3.60% 95.81% 9.41%%
36 0272+ 0028|0562+ 0.055] 66711 £4 148 | 608.8+244. 3| 280+£049 | 22.60% 0.00% 27.95% 0.00%
37 0029+£0025|1.278£0.125] 92100 £3688 | 1923+ 1101 | 085+ 033 | 44.40% 0.00% 31.98% 0.00%
38 014720019 061220035 69486 £3.811|16925+£2197] 1190462 0.00% 0.00% 0.00% 0.00%
39 01710027 |0.619£0.032] 77.065£4.369 | 13441 £ 2126| -0.27£042| 0.00% 0.00% 0.06% 0.00%
40 0.005+£0004 1,159 £0.350]65022+ 15708 498+420 | 979+£157 | 1340% 0.00% 68.97% 0.00%
41 006000171608 £0.077] 78.072£3696 | 1894 +£894 | 018£050 | 24.40% 0.00% 92.48% 0.00%
42 0172400251027 2£0.094] 71410£4771| 2859+ 101.0| 2.22+0.18 | 98.80% 0.00% 83.98% 0.10%
43 00050004 0751 £0.186] 58.335£4.250 | 1478+£90% | 1.03£0.77 0.00% 0.00% 4.50% 0.00%
44 D170£0023 0626 £0.069] 72527 £3379 10423 £1965] 164 £055 0.20% 0.00% 1.06% 0.81%
45 001900101293 £0.140] 95758 £3443| 116.2+£692 | 040+ 028 ] 2640% 0.00% 46 82% 0.00%
46 0093+£002211940+0161] 94.979£3589 | 792+£437 | -002£038| 100.00% 0.00% 99.61% 0.00%
47 013220016 |0.625£0.027] 67464 £1.809 |2143.9+£1822| -073£035] 0.00% 0.00% 0.00% 0.00%
48 0139+ 0019|0660+ 0.027] 86887 £4 218 | 20100 £2236| -091£003 | 0.00% 0.00% 0.0084 0.00%

Sedimentation Heat Flux Depth Temperature Kemeans Full Simulation
Cluster Rate (mm/yr) TOC (%) (W) (mbsl) ©C) Gas Hydrate Gas Hydrvate
Formation | Formation | Formation | Formation
1 0.071£0016 1227+ 027166446 £ 10424| 511.2+6744 | -013£1.21] 1880% 3.00% - -
2 0.015+0011|0393+0.133] 78.669+£6404 |2890.2+£5129| 1.37+1.06 0.00% 0.00% - -
3 00060007 072020111 53.049 £ 5237 | 54332 £ 5033 1.25+0.52 0.00% 0.00% - -
4 0022+ 0018|0406+ 0264]65372£13406| 663£111.0 [2520+£255] 76.20% 0.00% - -
5 0.140£ 0022|0510+ 0.246] 65467 £ 11.718[1206.0£ 10294 059+ 1.70 5.60% 0.20% - -
6 0.013£0010|0497+0.186] 58733 £9289 | 78136173 267117 0.00% 0.00% - -
7 0023+ 0015|0.640£0.284[100.357 £ 12,254 756.9+624.7 | 141197 1.80% 0.00% - -
8 0.0032£0003 0382+ 0080 58469 +£4.957 537003550 1.37+051 0.00% 0.00% - -
9 0.009+0010 1585+ 0197 57028 £9770 |4376 9 £ 6928 1.59+ 066 0.00% 0.00% - -
10 002700182749+ 0.333[135.032£20. 154 26658 £ 821.7| 236 £ 0.81 0.80% 0.00% 1.18% 0.33%
11 0.007£0.0091.004£0.186] 114,479 £ 987033672 £ 5258 1.50£0.63 0.00% 0.00% - -
12 0044 £0011 0726 £0.155] 83555 +£6.969 39114 £5090| -032£084 | 0.00% 0.00% - -
13 0342+ 0070|0949+ 0503|184 481 £19.951| 4242£7248 | 057+ 136 | 6040% 13.40% 80,499 2.45%
14 0.035+0010|0409+0.144] 58.845£6.939 | 37123 £5327| 045+096 0.00% 0.00% - -
15 0.012£0017 1484 £ 0301150985 £ 14794 29577 £ 7598 2,19+ 1.58 0.20% 0.00% - -
16 0024+ 001815952 0353|167 425213875 4249+ 6413 7.75£250 | 12.40% 0.00% - -
17 0.035+£0024 0701 £ 028878217 £15524| 418.1+£6954 [ 1460+£235] 11.80% 0.00% - -
18 D0B9+0021|0930+0269|119.884 £ 1750931417+ 8202| -038£1.06| 0.20% 0.00% - -
19 0.030£0015|10432£0,157] 65.352£8.934 | 551.7£4734 | -065£091 ] 0.00% 0.00% - -
20 0.011£00111.589£0.262]44 584 £ 10.907| 207.8+£363.2 | 0.59+1.54 2.40% 0.00% - -
21 0013+£0013|0527+£0225[142294 £ 100429139 +£7582 1.57+£1.32 0.00% 0.00% - -
22 001020007 |0313£0066] 55457 £4 498 [4442 6 £401.0] 0452073 0.00% 0.00% - -
23 007800160725+ 0260159214 £ 11.665|3079.3 £689.3| 088143 0.00% 0.00% - -
24 0.131£00211.353£0335]69 416+ 11.834| 428 2+6434 | -003£152] 47.80% 29.60% - -
25 00060007 |1.069£0130] 52246 £7239 [46420+£ 5494 1484048 0.00% 0.00% - -
26 0.012+£0013|1.753+0.226[101449 £ 1351835603 £ 6403 1.70£ 069 0.00% 0.00% - -
27 0029 +0021 2212+ 0.286]62.992+ 1252823638+ 1274 277+ 1.46 2.40% 1.20% - -
28 0.005+£0005 0388 £0.089] 47139 £4 244 | 49120 £428 1| 1.59+ 067 0.00% 0.00% - -
29 0020+ 0013|0893+ 0.188] 53925+ 8359 | 26959 +£601.1| 245+ 1.06 0.00% 0.00% - -
30 0.019£0013|147920493] 63.058£9720| 6971685 [21.04£350] 66.20% 0.00% - -
31 0075001905752 0.260]57.647 £ 11,138 65966728 | 4.62+2.28 6.60% 0.00% - -
32 0007 £0006 039320124 B9516 £6.477 | 38960 24696 1.38£066 0.00% 0.00% - -
33 0007 £0006|0371£0094] 68925 +£4.644 | 44095 £4185[ 099+073 0.00% 0.00% - -
34 00310011 0636 +0.121] 106483 £8.640[3782.3+£5335| -034£072| 0.00% 0.00% - -
35 0.009£00091.004£0.184] 83439 +£8.245 | 37667 £ 5645 1.66£0.66 0.00% 0.00% - -
36 0.008£0007 03880 118] 55531 +£6.011 | 30639 £544 8| 148+0.94 0.00% 0.00% - -
37 0020+ 00183150+ 0413]63. 782+ 12.806[1291.4 £ 13504 460+£336 | 7.80% 2.60% - -
38 003100170640+ 0287 39549 +£8342 [1333.0£ 11784 1316 £2.29| 2.20% 0.00% - -
39 0.175£0032 0821 £0.392[120.874 £ 18.5592087.7 £ 1303, -0.04 £ 1.49] 10.20% 0.20% - -
40 0.215+£0027 | 1268+ 0448]65537 £ 11.152| 430.1£503.9 | 042+ 153 | 67.60% 38209 - -
41 D01B£0010 0736 £0.136] 60489 +£6.575 22958 £5696| -022£052] 0.00% 0.00% - -
42 0.019£0015 0486 £0.252]67.230+ 11,191 377.9£514.8 | 762+ 1.67 2.40% 0.00% - -
43 0.038£0032|0639£0.267[121.094 £ 18114 2064 £3495 2419 £3.14] 49.60% 0.00% 36.69% 0.00%
44 0.010£0009 0355+ 0 113]114.018 £8.025| 3351 9 £ 5285 1.52+079 0.00% 0.00% - -
45 0085+£002110541+£0230]93.805+14.072| 6788+£6150| -037£133] 9.20% 0.00% - -
46 0.007 £0007 |0.644 £ 0.107] 59.082 £6.226 |4301.8 £402.0( 140062 0.00% 0.00% - -
47 0.020£001211.070£0.194] 63,550+ 10,588 401.2£4795| 056+ 145 2.40% 0.00% - -
48 0.201£0055|0653£0237|84.602+21.073[1%06.1+£1131.4 1379 £3.19] 9.80% 0.00% 13.40% 0.00%

100

K-means Formation Probabhility

K-means Full Simulation K-means Full Simulation
Cluster Gas Hydrate Gas Hydrate | Cluster Gas Hydrate Gas Hydrate
Formation [ Formation | Formation | Formation Formation [ Formation | Formation | Formation
1 99.40% 0.60% 85.00% 3.28% 25 96.20% 0.00% 89.24% 0.00%
2 1.40% 0.00% 3.04% 0.00% 26 99.60% 0.00% 91.61% 0.19%
3 99.80% 1.40% 98.02% 0.98% 27 99.60% 0.00% 98.67% 0.04%
4 83.60% 0.00% 77.93% 0.00% 28 100.00% | 0.00% 98.52% 0.00%
5 2.20% 0.00% 2.57% 0.00% 29 98.60% 1.20% 86.03% 1.51%
6 100.00% | 0.00% 99.95% 0.00% 30 100.00% | 0.00% 96.39% 0.41%
7 44.20% 0.00% 46.98% 0.00% 31 93.20% 0.00% 72.60% 0.00%
8 0.00% 0.00% 0.00% 0.00% 32 84.80% 0.00% 71.54% 0.00%
9 72.00% 0.00% 64.81% 0.00% 33 98.60% 0.20% 80.11% 6.75%
10 99.60% 0.00% 97.68% 0.00% 34 0.00% 0.00% 0.00% 0.00%
11 100.00% | 0.00% 98.87% 0.00% 35 99.80% 3.60% 95.81% 9.42%
12 62.40% 0.00% 50.98% 0.58% 36 22.60% 0.00% 27.95% 0.00%
13 0.00% 0.00% 0.00% 0.00% 37 44.40% 0.00% 15.06% 0.00%
14 94.00% 0.00% 85.64% 0.00% 38 0.00% 0.00% 0.00% 0.00%
15 99.20% 0.00% 86.57% 2.33% 39 0.00% 0.00% 0.06% 0.00%
16 0.00% 0.00% 0.00% 0.00% 40 13.40% 0.00% 1.75% 0.00%
17 96.80% 0.00% 82.29% 0.00% 41 94.40% 0.00% 91.22% 0.00%
18 99.80% | 13.40% | 95.03% | 14.71% 42 98.80% 0.00% 83.95% 0.10%
19 75.80% 0.00% 49.94% 0.00% 43 0.00% 0.00% 0.06% 0.00%
20 57.60% 0.00% 48.47% 0.00% 44 0.20% 0.00% 1.06% 0.81%
21 99.60% | 19.00% | 96.64% | 19.64% 45 26.40% 0.00% 29.93% 0.00%
22 98.60% 0.00% 83.79% 0.00% 46 100.00% | 0.00% 98.72% 0.00%
23 5.80% 0.00% 8.54% 0.00% 47 0.00% 0.00% 0.00% 0.00%
24 100.00% [ 16.40% | 99.29% | 17.40% 48 0.00% 0.00% 0.00% 0.00%
Table 1. Formation probability of gas
and hydrate for Svalbard study area
based on k-means centroids (left) and
individual simulations (right).
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