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The Williston Basin

* |ntracratonic Basin above
Precambrian Trans-Hudson

Orogenic Belt

e Variable subsidence from
Cambrian to Mesozoic

e Laramide Orogeny-reactivated
basement structures
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The Bakken Formation
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The Bakken in Well Logs
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Silica Diagenetic Sequence

Below is the basic sequence of silica
transformation during diagenesis, but in
reality it is very nuanced. We will look at
some examples of each phase in some
interesting SEM photos.
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Fig. 1. Solubilities of the various silica phases along the

two-phase curve, water plus vapor. Plotted as log concen-

tration vs. reciprocal of absolute temperature, after FOUR-
NiER (1973, Fig. 2).

From Kastner et al., 1977.




Before Deposition

Diatoms form frustules (shells) and radiolarians form tests (skeletons) out of
amorphous silica from dissolved silica in wa

SEM images of Middle Jurassic SEM images o om species. From
radiolaria. From Robin et al., 2010. Brinkmann et al., 2014.



Opal: A hydrated amorphous
form of silica, with water
content usually ranging from 6-
10%. Technically a mineraloid
and not a mineral because it is
not crystalline.

Opal with ordered (a) and disordered (b)
sphere packing. Masalov et al., 2011

SEM image of opal-A spheres with rough
surfaces, indicating the beginning of the opal-A
to opal-CT transition. Lynn et al., 2007



Opal C-T: A microcrystalline form
of silica, which consist of clusters
of stacked cristobalite and
tridymite. These two polymorphs
of silica form nanocrystalline
blades that cluster into spheres
called lepispheres.

SEM image of newly forming opal C-T
bladed lepispheres from Sinter Island, New
Zealand. Lynn et al., 2007

SEM image of aligned nanostructures

of opal C-T. Lynn et al., 2007 forming 5‘15 opal C-T lepispheres begin the
transition to opal-C. Lynn et al., 2007 9

SEM image of detailed close-up view of blades



Microcrystalline Quartz:
If the conditions are
suitable - i.e. if we have a
high enough temperature
in combination with a low
enough silica
concentration - quartz
begins to form

SEM image of opal-C and
microcrystalline quartz. Sinter Island.
Lynn et al., 2007

Microcrystalline Quartz
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Relationship between lithology,
silica phase, detrital content of
sediment and temperature or burial
depth. Behl, 2010

SEM image of opal-C and
microcrystalline quartz. Steamboat
Springs. Lynn et al., 2007

SEM image of opal-C and
microcrystalline quartz. Opal
Mound. Lynn et al., 2007
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Motivation for Study

X-ray elemental map of a dissolved radiolarian test (dashed SEM Photomicrograph of authigenic microquartz (dashed lines), K-feldspar, calcite,

line) being replaced by pyrite in the Mowry shale (Milliken and organic matter (Xu, 2019)
and Olsen, 2017)

11
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Core Overview

Clarion Mertes Harvey Grey
8 boxes, 61ft 7 boxes, 58ft

Gunnison State Koch

16 Boxes, 122ft 7 boxes, 50 ft .



Core Overview: Locations
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Core Overview: Clarion Mertes

* 3/8 boxes used,

~17.6ft XRF data
Pronghorn
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Core Overview: Koch
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9ft of XRF data AISE
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2/7 boxes, 7.5ft of
XRF data collected
from the LBS

Located in a
different part of the
basin than the
other 3 cores,
provides some
regional variety

Core Overview: Harvey Grey
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XRF Data: Raw Data

A
R40 - fx :
A 8 C 2] E F G H J K L M N o P Q R S T v v w X Y z AL AB AC AD AE AF AG

1 |index Readng No Depth Time Type Duration  Units Sigma Value Sequence  Flags Mo MoError  Zr Zr Error Se St Error u U Errar b RoError  Th ThEmror P PoError  Au Aufrror  Se SeError  As AsError  Hg HgError  In
2 13 18 72089167 8/28/20 16:14 TestAll Geo 120 ppen 2 Fimal &mm 2656 327 22559 522 4326 26 2215 566 8539 XY 1799 356 1533 454 1] 525 223 968 369 1] 471
3 17 17 7209.1667 8/28/20 16:10 TestAll Geo 120 ppen 2 Fimal &mm 21126 451 9935 347 4791 255 0 11477 3164 <] 1303 654 0 0 9135 a2 1] 266
4 16 16 72094167 8/28/20 1605 TestAll Geo 120 ppen 2 Fimal &mm gras2 234 13665 412 5849 268 3519 617 11526 33 1069 319 17.62 478 1] 2694 357 12911 678 <] 427
s 15 15 72096667 8/28/20 1600 TestAll Geo 120 ppen 2 Fimal &mm 1969 468 10847 3z 3952 253 0 12101 X <] 202 T4 1] 0 474 753 <] 175
6 14 14 T200.75 8/28/20 1552 TestAll Geo 120 ppen 2 Fimal &mm 27668 524 11359 416 763 Ew3l 4427 663 855 33 947 3s3 5734 752 1] 782 554 9941 756 <] 273
7 13 13 7210 8/28/20 1545 TestAll Geo 120 ppen 2 Fimal &mm 1217 e 10425 339 3419 249 0 10556 334 <] 1] 1] 0 1] 1] 242
] 12 12 721025 §/28/20 1541 TestAll Geo 120 ppen 2 Fimal &mm 23362 633 4062 301 3064 257 0 5099 29 <] 15045 1435 1] 0 25191 1662 1]
9 11 11 72103333 8/28/20 1537 TestAll Geo 120 ppen 2 Fimal &mm 14022 405 10051 ars 4105 259 0 11423 391 <] 1943 73 1] 0 3534 712 1] 352
10 10 10 72105833 8/28/20 1531 TestAll Geo 120 ppen 2 Fimal &mm 16429 423 932 364 3915 243 0 9527 347 1] 5238 Q1 1] 0 1238 1041 1]
1 9 9 72105333 §/28/20 1525 TestAll Geo 120 ppen 2 Fimal &mm 9312 316 1245 421 4274 254 5257 T4 11725 361 1108 345 2543 542 1] 1653 345 3667 511 124 735 349
12 ] 8 72110833 §/28/20 15:12 TestAll Geo 120 ppen 2 Fimal &mm 9793 231 12841 T 6243 258 6765 651 1239 325 19.42 33 1193 392 1] 763 254 1425 333 1] 219
13 7 7 72113333 8/28/20 1503 TestAll Geo 120 ppen 2 Fimal &mm 9747 22 12943 378 5794 251 7348 663 1232 326 1415 im 964 385 6% 424 119 27 1124 316 1] 339
14 6 6 72115833 8/28/20 1458 TestAll Geo 120 ppen 2 Fimal &mm S067 226 11845 363 7211 2n 13 655 1061 258 1179 291 1069 in 1] 41 234 1] 27 542 124 4|
15 S S 72118333 8/28/20 1450 TestAll Geo 120 ppen 2 Fimal &mm TLO5 264 12012 392 11496 349 fc¥ <) 694 10851 317 1203 0 1174 405 1] 269 27 613 314 <] 23
16 4 4 72120833 §/28/20 1431 TestAll Geo 120 ppn 2 Fimal &mm 4493 217 13735 T 7115 264 T0.05 6138 107.15 295 1332 14 1045 368 1] 691 244 538 233 <] 313
17 3 3 72123333 8/28/20 14:13 TestAll Geo 120 ppen 2 Fimal &mm 459.01 60 11435 348 4168 213 69838 624 11337 302 1226 239 104 369 1] 724 245 503 222 0 619
13 2 2 72124167 8/28/20 1401 TestAll Geo 120 ppn 2 Fimal &mm 27995 59 7188 344 4056 269 0 2391 359 <] 6621 1037 1] 0 12594 1133 0 243
19 1 1 72126667 8/28/20 1345 TestAll Geo 120 ppen 2 Fimal &mm 41245 a0 071 462 4106 331 0 95.05 454 <] 10543 1444 1] 0 10562 1445 <] 271
0 24 24 72129167 8/26/20 1843 TestAll Geo 120 ppen 2 Fimal &mm 22266 565 15854 511 2724 251 0 6258 323 <] 63.05 1115 1] 0 2479 11238 1] 213
21 23 23 72131667 §/26/20 1839 TestAll Geo 120 ppen 2 Fimal &mm 8592 62 26697 61 223 245 0 3757 242 1] 2835 .79 1] 0 1966 705 0
2 2 22 72134167 §/26/20 1835 TestAll Geo 120 ppen 2 Fimal &mm 30635 702 2161 412 4563 EP3Y 0 12125 475 1] 7253 1223 1] 0 4431 1092 <] 35.0|
3 21 21 72136667 §/26/20 1830 TestAll Geo 120 ppen 2 Fimal &mm 63505 781 7059 233 4538 245 69.15 652 7657 277 243 32 4838 632 1] 2968 rs 313 535 <] 203
24 20 20 72139167 §/26/20 1825 TestAll Geo 120 ppen 2 Fimal &mm 38559 657 11121 X 312 239 7019 714 10545 333 1347 339 912 415 1] 0 1] o 429
5 19 19 72141667 8/26/20 18:18 TestAll Geo 120 ppen 2 Fimal &mm 27876 554 7731 333 259 2138 0 9119 345 1] 115 664 1] 0 1] 0 201 6
% 13 18 72144167 8/26/20 18:13 TestAll Geo 120 ppen 2 Fimal &mm 1158 414 4691 319 4129 291 0 4371 292 1] 2608 231 1] 0 1] <] 6432
27 17 17 72146667 8/26/20 1809 TestAll Geo 120 ppen 2 Fimal &mm 2602 573 5437 339 26 241 0 6153 332 1] ®B23 942 [:] 0 1995 832 <] 18563
b 16 16 T214.75 8/26/20 1802 TestAll Geo 120 ppen 2 Fimal &mm 7554 403 10501 477 4545 335 0 877 235 1] 2975 96 1] 0 343 931 1]
29 15 15 72149167 8/26/20 1757 TestAll Geo 120 ppen 2 Fimal &mm 42609 732 599 318 3335 249 0 7638 33 1] 4205 a7 1] 0 209 766 1] 244
0 14 14 72151667 8/26/20 1750 TestAll Geo 120 ppen 2 Fimal &mm 29648 54 6837 302 3924 237 0 7115 239 <] 5538 242 1] 0 3016 752 <]
31 13 13 72154167 8/26/20 17:44 TestAll Geo 120 ppen 2 Fimal &mm 45333 696 6135 277 401 242 7404 6253 7126 233 753 324 454 626 1] 1751 341 2855 529 <] 275
2 12 12 72156667 8/26/20 1731 TestAll Geo 120 ppen 2 Fimal &mm 32152 577 6441 3 3555 235 0 7524 02 0 7158 927 1] 0 TI66 939 <] 324
3 11 11 72159167 8/26/20 1726 TestAll Geo 120 ppn 2 Fimal &mm 43 554 6593 3 3032 219 0 .71 32 o 477 243 1] 0 3757 78 <] 19.2]
4 10 10 72165833 8/26/20 1721 TestAll Geo 120 ppen 2 Fimal &mm 35853 61 7062 308 3349 227 0 7889 308 <] 5429 244 1] 0 4158 791 <] 214
s 9 9 72165333 §/26/20 17:15 TestAll Geo 120 ppen 2 Fimal &mm 38013 619 6215 297 253 208 0 6853 293 0 407 205 1] 0 pz¥v3 729 <] 227
% ] 8 7217.0833 §/26/20 1709 TestAll Geo 120 ppen 2 Fimal &mm 30766 605 63.02 32 3068 239 0 7071 317 <] 5756 941 1] 0 3397 as3 <] 245
37 7 7 72173333 8/26/20 1657 TestAll Geo 120 ppen 2 Fimal &mm S0865 732 5931 274 32385 225 6423 653 7035 277 1073 33 412 575 1] 1835 3s1 1945 472 <] 233
iz 6 6 7217.5833 8/26/20 1652 TestAll Geo 120 ppen 2 Fimal &mm 28738 528 5268 272 247 20 0 6275 273 <] 3051 732 1] 0 1745 635 <] 23
9 s S 7217.8333 8/26/20 16:45 TestAll Geo 120 ppmn 2 Fimal &mm 015 533 5789 279 2665 204 0 655 276 1] 4544 728 1] 0 213 <] 249
-w| 4 4 72180833 §/26/20 1634 TestAll Geo 120 ppen 2 Fimal &mm 21996 47 6524 299 3126 222 ti .I o4 23 1] 53 837 1] 0 2923 754 <]
41 3 3 72183333 8/26/20 1628 TestAll Geo 120 ppm 2 Fimal &mm 193.01 435 6115 239 2833 212 0 60352 27 <] 5555 832 [:] 0 4494 T4 0 313
42 2 2 72185833 8/26/20 1622 TestAll Geo 120 ppmn 2 Fimal &mm 19091 419 4097 245 23n 14 0 4729 235 0 s02 733 1] 0 2869 678 <] 209
43 1 1 72190833 §/26/20 16:17 TestAll Geo 120 ppmn 2 Fimal &mm 17344 517 531 345 2712 262 0 931 412 <] 3565 956 275 1242 0 27.74 a7s <] 254
44 2 32 72193333 §/24/20 1800 TestAll Geo 120 ppn 2 Fimal &mm 20529 451 sT2 224 3001 217 0 6195 274 <] 4015 RE-*3 1] 0 4465 759 <] 216|
45 31 31 72195833 §/24/20 1755 TestAll Geo 120 ppn 2 Fimal &mm 2161 424 S5.71 194 2173 221 0 5953 222 <] 4578 254 1] 0 6019 261 <] 222
45 0 30 7219.8333 §/24/20 1751 TestAll Geo 120 ppmn 2 Fimal &mm 26829 541 493 224 2819 223 0 5231 268 <] 3258 758 <] 0 4912 T4 <] 294
47 29 29 72200833 §/24/20 17:44 TestAll Geo 120 ppmn 2 Fimal &mm 497.85 691 5545 2154 3526 22 6053 6 6035 245 929 307 462 552 1] 2138 341 2521 468 <] &7.
43 23 28 72203333 §/24/20 1739 TestAll Geo 120 ppmn 2 Fimal &mm 26874 537 5048 233 3141 229 0 5739 274 1] 3465 7.78 <] 0 2368 68 <] 57260
49 27 27 72205833 §/24/20 1735 TestAll Geo 120 ppn 2 Fimal &mm 46023 62538 5553 261 3766 232 8626 634 67.66 265 64 im 363 561 <] 2142 345 3499 505 <] 145.7]
s0 pi) 26 72208333 §/24/20 1730 TestAll Geo 120 ppmn 2 Fimal &mm 40731 679 57.74 267 3451 223 27949 1048 8538 299 724 312 2501 522 1] 1947 354 168 43 <] 2050.8
s1 23 25 72210833 §/24/20 1725 TestAll Geo 120 ppen 2 Fimal &mm 33535 608 6669 312 12 229 0 7045 02 <] 595 a97 1] 0 7218 9138 <] 210
52 24 23 72213333 §/24/20 17:13 TestAll Geo 120 ppmn 2 Fimal &mm 15413 429 B62 27 3545 252 0 562 224 <] 3838 243 1] 0 4558 213 <] TE01 4
3 3 22 72213333 8/24/20 1709 TestAll Geo 120 ppm 2 Fimal &mm 14214 456 s 299 s62 28 0 9235 393 0 3384 945 2141 1151 0 267 839 0 5191 4

p23 21 72215 8/24/20 1704 TestAll Geo 120 ppen 2 Fimal &mm 173.05 347 7092 257 s0s3 2356 42552 1115 9566 23 7.16 277 2606 468 1857 73 1909 297 311 423 <] 21851
S5 21 24 T221.75 8/24/20 17:18 TestAll Geo 120 ppn 2 Fimal &mm 7391 231 235 172 3727 195 3545 417 2726 153 337 223 1849 392 1] 12 245 173 335 769 422 148 |
56 20 20 7222 8/24/20 1659 TestAll Geo 120 ppen 2 Fimal &mm T4 23 235 172 3599 193 3514 4.16 2668 152 419 224 15.75 331 1] 1424 256 1815 332 <] 144 9
57 19 19 722225 8/24/20 1654 TestAll Geo 120 ppmn 2 Fimal &mm 105 341 37.03 25 2215 199 0 3845 227 <] 2242 721 <] 0 206 642 <] 1355
58 13 13 72225 8/24/20 16:49 TestAll Geo 120 ppmn 2 Fimal &mm 39238 53 22135 297 3439 21 110067 1838 2135 461 1337 356 2931 535 5574 o.78 1861 342 1721 431 <] 1979
-] 17 17 T222.75 8/24/20 1645 TestAll Geo 120 ppmn 2 Fimal &mm 23522 473 TO6S 299 2866 208 0 673 278 <] 4547 799 <] 0 4248 753 <] 49.0|
&0 16 16 7223 8/24/20 1637 TestAll Geo 120 ppen 2 Fimal &mm 23596 511 7471 33 3325 233 0 7088 08 <] 4502 855 1] 0 3445 787 <] <81
61 15 15 722325 §/24/20 16:11 TestAll Geo 120 ppen 2 Fimal &mm 33252 6 5849 266 3465 225 5524 595 5547 243 831 07 3029 549 1] 2502 361 2058 456 <] 1054,
62 14 14 72235 8/24/20 1605 TestAll Geo 120 ppen 2 Fimal &mm 26581 49 6626 238 2212 205 0 6545 27 <] 4214 T4 1] 0 3879 73 1] 287
63 13 13 T223.75 8/24/20 1535 TestAll Geo 120 ppen 2 Fimal &mm 40501 673 6762 239 3543 2356 26 705 TLT4 233 254 333 5782 698 1] 2748 3szs 377 594 <] 339

Gunnison State Clarion Mertes Koch Harvey Grey All in Order Sivs Al Sivs Zr Sivs Ti Alvs K Alvs Ca +
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XRF Data: Al vs Si Correlations

Depth Al Si

7029.75 11066.72 48719.23 Koch
7030 66788.38 308111.22
7030.25 64346.26 294628.78
7030.5 39491.16 230514.45

7030.75 35275.02 208818.27 Koch Al vs Si
7031 38886.95 2233712 I
7031.1667  44159.4 238959.69 pr— °|°. I
7031.4167 32292.83 220647.5 20000 e ® eg 4 4 .
7031.6667 32111.21 210744.95 200000 P | T o*
7031.9167 39842.82 241194.63 £ 250000 . e "' °
7032 36522.84 239972.69 5 200000 | gt Ve
7032.25 16716.61 347020.56 150000
70325 31099.66 330717 100000 |—®
7032.75 37887.71 403104.63 50000 .
7033 6804.57 119942.35 0 ¢
0 10000 20000 20000 40000 50000 60000 70000 BOCOD

7033.25 31428.23 222942.56
7033.5 41843.78 376158.97
7033.75 36182.66 251071.89
7034 26221.48 362693.63
7034.25 51545.3 302233.06
7034.5 33950.81 428096.53
7034.75 52579.36 318148.13
7035 47561.46 298222.38
7035.25 54682.45 356517.25
7035.4167 17185.5 18790.45
7035.5833 32732.62 348549.22
7035.8333 5071.21 188832.69
7036.0833 9444.72 251431.77
7036.3333 35872.74 344818.88
7036.5833 27214.62 424118.81
7037.8333 33297.2 319782.84
7038.0833 41202.79 348647.16
7038.3333 43088.3 283426.88
7038.5833 12096.14 182698.75
7038.75 49088 338353.34

Al ppm

“Aluminum is highly useful as a detrital or terrestrial proxy due to its
relative diagenetic stability and its presence in clay minerals and other
silicates” (Arthur & Dean, 1991) 22



XRF Data: Al vs Si Correlations

Koch Al vs Si Harvey Grey Al vs Si
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XRF Data: Al vs Si Correlations on a Map

UBS R? values are both
very low in the Koch and
Gunnison State wells

LBS R? values are more
sporadic and don’t seem
to show a consistent
pattern between
depocenter and margin

|

Isopach
Lower Bakken
Cl: 10 ft

Isopach
__ Upper Bakken
Cl:10ft

Sonnenberg et al., 2011

Sonnenberg et al., 2011

O
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XRF Data: More Cross-plots

Koch Zr vs Si Gunnison State LBS Ti vs Si
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Mineral Model: Concept

Quartz - Calcite - lllite model used in
Nance and Rowe 2015

“Some mineral content can be
estimated with XRF data from
theoretical relationships between
elemental abundance and mineral
abundances for minerals, whose
compositions are strictly defined
stoichiometrically (e.g., calcite and
quartz). For illite, average K and Si
contents reduced from numerous
published analyses are useful for
estimating illite abundances from
measurements of K.”

10,128 ft 10,131t  10,134ft 10,137 ft 10,140 ft

10,134t 10,137 ft 10,143 ft 10,146ft

# () XRF scan point with interpreted facies

Facies
I Calcareous mudrock ™ siliceous mixed mudrock
[ calcareous mixed mudrock HEM Argillaceous mudrock (not present)
[ siliceous mudrock I Argillaceous mixed mudrock

W [T siliciclastic/carbonate cycle top

Nance and Rowe 2015
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Mineral Model: Calculations

N7 . fx =M7*2.14 v
A B C D E F G H I J K L M N o P Q R s T u v
Cakite IHite
Total of Calcite, Illite Quartz . Facles XRF
slm&l u@p& K(ppm) _si(wt%) u(nx)E Kwe%) uunoh iite (%) Sk KShons - KShine molgi] I e Normalized gy NO™alzed  Normaiized b5 -
1 1] [v] [~] [*] [~] =] [~ [] [v] [~ | H « & (v [v]
2 48719.23 403973.88  9854.96 4.9 0.4 10 101.0 163 a1 07 16 1189 13 8.9 13.7 100.0
3 7030| 30811122 42567.95  37413.06 0.8 43 37 106 62.0 15.7 15.1 324 105.1 0.8 101 59.0 100.0
4 7030.25| 294628.78  44835.37  36119.72 295 a5 36 12 59.9 15.1 143 30.7 101.8 30.2 110 58.8 100.0
5 7030.5) 230514.45 63244 33698.18 21 06 34 16 55.9 14.1 89 19.1 76.6 25.0 21 729 100.0
6 7030.75| 20881827  6812.83 3105858 209 07 31 17 515 13.0 7.9 169 70.1 2.1 24 735 100.0
7| 7031 2233712 6215.83 3306177 23 06 33 16 54.8 138 85 ] 182 -I 74.6 2.4 21 735 100.0
8 7031.166667 238950.69 20062.42  33850.99 239 20 34 5.0 56.1 14.2 9.7 208 8.0 25.4 6.1 68.5 100.0
9 7031416667 220647.5  4507.46  31772.13 21 05 32 11 527 133 88 188 72.6 2528 16 72.6 100.0
10 7031.666667| 210744.95 5524.92 30132.7 211 0.6 3.0 14 50.0 126 8.5 18.1 69.4 26.1 20 79 100.0
1 7031.916667 | 241194.63 16133.74 32182.11 24.1 1.6 32 4.0 53.4 135 10.6 228 80.2 284 5.0 66.6 100.0
12 7032| 239972.69 2585126 29764.89 24.0 26 3.0 65 9.4 125 115 2.7 80.5 307 80 613 100.0
13 7032.25| 34702056 4064.99 15101 37 0.4 15 10 250 63 284 60.7 8.8 70.0 12 2838 100.0
14 70325 330717 1482035  21375.23 331 15 21 37 35.4 89 2.1 516 90.8 56.9 a1 39.0 100.0
15 7032.75| 403104.63 1000575  20583.69 20.3 10 21 25 3.1 86 317 67.8 1045 64.9 24 327 100.0
16 7033| 119942.35  1127.5  17794.44 120 0.1 18 03 295 7.4 45 9.7 395 2.6 0.7 7.7 100.0 -
17 7033.25| 22294256 4299.89  29898.18 23 0.4 3.0 11 29.6 125 9.8 209 716 202 15 693 100.0
18 7033.5) 376158.97 62131  24693.86 376 06 25 16 0.9 103 273 58.4 100.9 57.9 15 20.6 100.0
19 7033.75 251071.89 49516 3092159 25.1 0.5 31 12 513 129 122 26.0 785 331 16 65.3 woo N
20 7034| 362693.63 12176673 12864.56 363 122 13 30.4 213 5.4 30.9 6.1 117.9 56.1 2538 181 100.0
21 7034.25 302233.06 111059  32108.84 302 11 3.2 28 53.2 13.4 16.8 35.9 91.9 39.1 3.0 57.9 woo [N
2 7034.5) 42809653 354273 18464.01 a2.8 0.4 18 0.9 306 7.7 35.1 75.1 106.6 70.4 0.8 28.7 100.0
23 7034.75| 31814813 703807  31359.53 g 07 31 18 52.0 13.1 187 0.0 93.7 427 19 555 100.0
2 7035| 20822238 624634 31630.48 208 06 32 16 52.4 13.2 166 355 89.5 39.7 17 58.6 100.0
25 7035.25| 356517.25 11521.53  32296.79 357 12 32 29 535 135 21 7.4 103.8 5.6 28 516 100.0
2 7035.416667| 18790.45 171669  12714.41 19 0.2 13 0.4 211 53 34 7.4 4.1 52.1 3.0 149.1 100.0
27 7035.583333| 348549.22 381936  23022.99 .9 0.4 23 10 382 96 252 54.0 93.1 58.0 10 a10 100.0
28 7035.833333| 18883269 76175  10200.91 189 0.1 10 0.2 169 43 146 313 8.4 64.6 0.4 35.0 100.0
29 7036.083333| 251431.77 138926 12929.38 25.1 0.1 13 03 214 5.4 19.7 422 64.0 66.0 05 335 100.0
30 7036.333333| 3481888  8657.8 2242959 s 0.9 22 22 372 9.4 25.1 53.7 93.0 57.7 23 0.0 100.0
31 7036.583333| 424118.81 6537.06 14352.02 424 0.7 14 1.6 238 6.0 36.4 779 103.3 75.4 16 23.0 100.0
32 7037.833333| 319782.84 2001896  21749.88 320 21 22 52 36.1 9.1 29 489 90.2 54.2 5.8 0.0 100.0
33 7038.083333| 348647.16 1390734 23653.74 349 14 24 35 39.2 9.9 25.0 53.4 %.1 55.6 36 20.8 100.0
3 7038.333333| 283426.88 1061821  27188.69 283 11 27 27 5.1 114 17.0 363 8.0 3.2 32 536 100.0
35 7038.583333| 182698.75 202522  17794.21 183 03 18 07 295 7.4 10.8 232 53.4 3.4 14 553 100.0
36 7038.75| 338353.34 593457  24051.04 338 5.9 24 14.8 39.9 101 2338 50.9 105.6 8.2 11 378 100.0
37
38| core dand 5 missing XRF Elementol Data XRF Model (Quartz, Calcite and Illite)
39
40
a1
a2
a3

Harvey Grey Mineral Model Mertes Mineral Model Koch Thunder Mineral Model Gunnison State Mineral Model -

1) Ca is 40% of CaCO3 (calcite), consequently 3) Si averages 25% of illite 4) Si is 47% of Si02 (quartz), consequently
%calcite = 2.5Ca (where no other Ca-carbonate  (Mermut and Cano, 2001), which %quartz = (%Si;oa — %Siijice) X 2.14
phases are present) has to be subtracted from total Si

before % quartz is calculated, 5) Final mineral values are normalized, so that
2) K averages 6% of illite (Weaver, 1965), consequently calcite + quartz + illite = 100%.
consequently %illite = 16.58 K Siijite = %illite x 0.25
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Mineral Model: Koch

. T Part 1 of 2
Koch Mineral Model Core Description
Upper Bakken Shale
. Mineral Model
Weight Percent N " .
Depth (ft) : (Qtz/ Calcite / lllite F:
(Si/Ca/K) % Normalizec) acies

7034 - 363/122/13 56.1/25.8/18.1

703425 - 302/1.1/32 39.1/30/579

70345 — 428/04/1.8 704/08/287

7034.75 -l 318/07/31 427 /1.9/55.5

7035 - 298/06/3.2 39.7/1.7/586

7035.25 - 357/12/3.2 456/28/516

7035.4167 = 19/02/1.3 -52.1/3.0/1491

7035.5833 — 34.9/04/2.3 58.0/1.0/41.0

7035.8333 = 18.9/0.1/1.0 64.6/04/350

7036.0833 - 251/0a/1.3 66.0/05/335

7036.3333 ~ 345/09/2.2 57.7/23/400

7036.5833 - 424/07/1.4 754/16/230

7037.8333 = 320/2a/22 54.2/5.8/40.0

7038.0833 = 349/14/24 556/3.6/408

70383333 — 28.3/1.1/27 432/3.2/536

70385833 = 18.3/03/18 434/14/553

7038.75 482/14.1/37.8

Facies

== XRF Scan Point

: Silicious mudrock - Calcareous mudrock ! Argillaceous mudrock
: Mixed mudrock - Error: Consider Remeasuring

High
silica
sample

. PP Part2of 2
Koch Mineral Model Core Description
Upper Bakken Shale
Weight Percent Core Mineral Model
h ight Perc 7 Calcite / i .
Depth ) (Si/CalK) photos | 02 No,,::,fm)"' Facies
7029.75 = 49/404/10 B 1.3/849/137
7030 - 30.8/43/37 30.8/10.1/590
7030.25 — 295/45/36 30.2/11.0/588
7030.50 - 231/06/34 25.0/21/729
7030.75 - 20.9/0.7/3.1 241/24/735
7031 - 223/06/33 244/22/735
7031.1667 = 23.9/20/34 254/6.1/685
7031.4167 — 221705732 258/16/726
7031.6667 = 21.1/06/30 26.1/20/719
7031.9167 = 241/16/32 284/50/666
7032 - 240/26/30 30.7/80/613
7032.25 — 347/04/15 70.0/1.2/288
7032.5 - 33.1/15/21 56.9/4.1/39.0
703275 - 403/1.0/21 64.9/24/327
7033 - 120/01/18 246/0.7/747
7033.25 - 223/04/30 29.2/15/693
70335 — 37.6/06/25 57.9/15/406
7033.75 - 251/05/31 33.1/1.6/653

Facies

== XRF Scan Point

: Silicious mudrock - Calcareous mudrock ! Argillaceous mudrock
: Mixed mudrock - Error: Consider Remeasuring

Low
silica
sample
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Mineral Model: Harvey Grey

Part 1 of 2 Part2of 2
Harvey Grey Mineral Model Core Description Harvey Grey Mineral Model Core Description
Lower Bakken Shale Lower Bakken Shale
Weight Percent Core e o Weight Percent Core Q';?gﬁll Mof::'
P X ite / llite i
Depth (ft) (Si/Ca/K) Photos (Qz{‘g::::ﬂ)m Fades Depth (ft) Si/CalK) Photos { %No;:alizni)l Facies
9054 - 257/03/3: 337/08/655 9050 - 183/133/11 - 356/410/235
905025 = 226/19/19 -4 46.9/7.1/460
9054.0834 = 215/20/1.9 449/7.7/474
9050.5 - 244/05/2.9 347/1.7/636
9054.3334 = 221/17/21 415/6.4/52.1
90545834 = 178/15/21 33.8/65/59.7 905075 _ 210704727 30.5/1.4/68.1
9054.8334 — 208/14/23 373/5.2/575
9051 — 19.7/03/25 322/12/666
9051.0834 = 6/685.
0055.0834 242/12729 331/38/630 227/05/28 324/16/659
9051.25 - 21.7/03/31 25.9/09/732
90553334 = 17.1/03/27 212/13/775 90515 - 193/1.0/23 32.8/41/63.
9055.5834 = 180/02/27 2427071751 905175 - 230/13/24 39.3/48/55.9
|
9052 - 220/04/24 38.3/1.4/603
9055.8334 — 193/21/25 28.0/8.1/63.9 1
9052.25 — 23.1/04/22 445/15/541
9056.0834 — 179/18/27 23.0/7.2/69.7 ]
9052.5 - 226/03/18 51.0/1.0/480 -
90563334  — 205/20/28 27.3/7.2/656 l
905275 - 240/05/25 40.2/1.7/582 High
9056.5834 = 176/14/27 213/57/73.0 q silica
9053 -1 215/03/20 444/1.2/544
X sample
9056.8334 = 125/01/25 87/0.7/905
9053.25 - 21.9/0.2/20 471/07/522
9057.0834 = 159/18/24 220/79/70. {
Low 9053.5 - 228/03/24 40.5/1.2/583
905725 -  94/66/03 46.5/427/108 ’ |
silica roas |
9053.75 - 18.1/04/25 28.0/1.6/704
00575 _ 69/86/12 86/47.4/440 sample : 1
Facies Facies
== XRF Scan Point == XRF Scan Point

: Silicious mudrock - Calcareous mudrock ! Argillaceous mudrock : Silicious mudrock - Calcareous mudrock ; Argillaceous mudrock
: Mixed mudrock - Error: Consider Remeasuring : Mixed mudrock - Error: Consider Remeasuring
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Mineral Model: Clarion Mertes Part 1

Part1of5
Clarion Mertes Mineral Model Core Description
Lower Bakken Shale
Weight Percent Core M‘wf MOdT:
Depth (ft) i/CarK) Photos p‘:{{::n?:;z’e‘d)ne Facies

7223.25 - 186/03/2.2 357/1.2/63.2
72235 - 159/02/24 246/1.1/744
722375 - 17.0/03/26 226/1.3/76.1
7224 - 16.6/03/28 19.0/1.2/798
7224.25 . 15.0/0.2/29 11.9/0.7/87.4
72245 — 21.7/05/36 18.4/1.6/80.0
722475 - 246/06/3.8 227/1.7/756
7225 - 143/03/31 49/1.2/939
7225.25 - 248/13/39 21.6/3.9/745
72255 - 18.1/15/33 14.1/56/803
7225.75 - 242/0.2/43 15.2/0.5/843
7226 —_ 248/22/42 170/6.2/76.8
7226.0834 = 246/03/46 13.2/0.9/85.9
72263334 = 18.7/0.2/4.0 65/0.6/929
7226.5834 - 255/42/14 56.3/13.9/29.8

Facies

== XRF Scan Point

: Silicious mudrock - Calcareous mudrock - Argillaceous mudrock
: Mixed mudrock - Error: Consider Remeasuring

Part2of 5 Part30f5
Clarion Mertes Mineral Model Core Description Clarion Mertes Mineral Model Core Description
Lower Bakken Shale Lower Bakken Shale
Depth Weight Percent Core (o';'?:ﬁl s'f:/dl:m Weight Percent Core oMiml f“’f’.?.‘.
alci D Itz ite ite 3
m (Si/Ca/K) Photos 96 Normalized) Facles erth ) (5i/Ca /K) photos | (9 Normolized) Fades
72198334 = 162/0.1/1.7 403/06/59.1
72156667 = 17.3/13/27 21.0/54/735
72200834 |
209/02/21 421/10/569 72159167 = 152/02/25 184/12/804
72203334 — 191/22/21 35.7/87/556 72165834 — 15.0/02/25 186/1.2/80.2
72205834 221/04/21 437/14/549 72168334 = 143/0.1/22 21.9/08/773
72208334 = 23.0/1.9/19 47.2/69/45.9 72170834 = 122/0.1/21 16.4/0.8/828
72210834 — 136/02/24 163/1.0/826 72173334 — 17.0/02/23 29.4/08/69.8
72213334 = 180/6.0/18 33.4/22.4/442 72175834 — 180/0.1/20 382/0.7/61.2
72215 350/7.1/17 565/16.9/26.6
72178334 — 15.8/0.2/20 316/0.8/676
- 17.6/0.2/21 346/1.1/643
722175 — 46.0/37/1.1 75.8/8.0/16.2 7218.0834 102/
- 3/02/2. 392/0.8/60.0
— _ 464/37 /11 7617797160 72183334 193/0.2/21 /08/
72225 184/02/13 555/1.0/435 72185834 194/0.1/15 536/05/45.9
7225 o | 289/46/665
166/1.0/22 72190834 = 109/02/12 37.8/1.2/61.0
722275 = 156/03/24 227/1.2/76.
72193334 = 188/0.2/21 376/1.1/613
7223 - 141/02/25 160/1.1/83.0
72195834 = 184/0.1/20 387/0.6/60.7

Facies

== XRF Scan Point

E Silicious mudrock - Calcareous mudrock ! Argillaceous mudrock
: Mixed mudrock - Error: Consider Remeasuring

== XRF Scan Point

E Silicious mudrock - Calcareous mudrock ! Argillaceous mudrock
: Mixed mudrock - Error: Consider Remeasuring
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Mineral Model: Clarion Mertes Part 2

Part4 of 5
Clarion Mertes Mineral Model Core Description
Lower Bakken Shale
" Mineral Model
Depth Weight Percent (Qtz/ Calcite / llite
aale (5i/Ca/K) 9% Normalized) Facles

72123334 — 236/0.1/35 252/0.2/746
72124167 — 50/25/14 7.0/22.3/847
7212.6667 = 69/37/16 07/25.4/739
72129167 = 142/00/14 43.1/0.1/56.8
72131667 245/0.1/13 65.7/0.3/34.1
72134167 = 135/1.0/24 14.9/5.0/800
7213.6667 = 15.2/3.9/2.0 245/16.7/588
72139167 = 137/0.0/2.6 12.3/0.1/87.6

72141667 — 10.6/0.0/2.3 5.8/0.1/94.1
72144167 — 10.6/5.1/15 20.4/27.4/522
7214.6667 = 10.2/0.0/17 18.0/0.2/818
721475 = 12.1/40/03 62.6/26.4/11.0

72149167 = 105/0.1/2.1 95/09/89.6
72151667 = 164/14/24 235/6.1/70.4
72154167 = 179/03/27 227/1.4/759

Facies

== XRF Scan Point

E Silicious mudrock - Calcareous mudrock - Argillaceous mudrock
: Mixed mudrock - Error: Consider Remeasuring

Part 5 of 5
Clarion Mertes Mineral Model Core Description
Lower Bakken Shale
Weight Percent Core t'"gfa' T‘uﬂm
oo e o I B

72089167 = 162/0.0/26 - 21.8/0.2/78.1
7200.1667 = 189/0.0/3.7 11.0/0.1/889
7209.4167 = 235/0.0/4.1 16.3/0.1/836
7209.6667 = 13.4/0.0/3.2 -04/02/100.1
720975 = 147/1.0/3.1 6.0/43/89.6
7210 - 11.4/0.0/29 -36/0.1/103.6
721025 - 7.7/65/1.1 16.0/39.4/446
72103334 _] 145/0.0/32 3.4/01/965
72105834 — 159/0.1/29 13.5/0.4/86.1
72108334 155/0.1/3.4 44/04/953
7211.0834 19.6/03/36 13.2/1.1/85.7
72113334 = 236/0.1/42 162/0.2/836
7211.5834 206/03/33 205/0.9/786
7211.8334 = 19.1/03/3.4 16.0/1.1/830
7212.0834 23.4/02/39 18.4/0.7/809

: Silicious mudrock - Calcareous mudrock - Argillaceous mudrock
: Mixed mudrock - Error: Consider Remeasuring

Facies

== XRF Scan Point
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Mineral Model: Gunnison State Part 1

Part1of4
Gunnison State Mineral Model Core Description
Lower Bakken Shale
. Mineral Model
Depth (ft) w"‘"—.‘;“cpel"’“‘ (Qtz/ Calcite /llite Facies

Gi/CarK % Normalized)
8213 - 19.9/26/18 425/104/47.1
8213.1667 — 28.1/05/3.0 39.3/1.5/59.2
8213.3334 136/01/1.7 34.0/06/654
82135 — 20.2/02/1.7 49.5/0.9/496
8213.6667 = 345/11/19 62.9/3.0/34.1
8213.8334 = 28.2/06/3.0 40.0/1.7/583
8214 — 247/03/3.2 31.5/09/67.7
8214.1667 - 18.8/03/22 354/1.1/635
8214.3334 253/06/26 41.0/2.1/56.9
82144167 4 203/07/29 265/27/709
82145 o= 28.1/04/29 41.0/1.2/57.8
8214.6667 - 27.1/03/32 352/1.0/638
8214.8334 — 274/03/31 36.7/1.0/623
8215 — 21.7/02/28 30.5/0.6/689
8215.0834 — 47/00/15 -136/0.2/1134
8215.25 - 11.9/01/24 93/0.5/90.2
8215.3334 258/04/33 31.7/1.2/671
8215.5 - 229/0.2/31 29.0/0.7/703
8215.6667 = 257/04/34 29.6/1.2/69.1
8215.8334 - 249/03/34 282/11/707
8216 —_ 258/04/34 29.8/1.2/69.0
8216.25 — 20.9/03/35 19.1/0.9/80.0
8216.5 - 313/07/46 251/16/733
8216.5834 - 153/0.0/34 40/0.2/958
8216.8334 - 7.8/0.0/25 -163/0.1/116.2
8217.0834 = 52/0.0/19 -221/03/121.8
8217.3334 - 11.7/43/20 14.7/213/64.0

Facies

== XRF Scan Point

: Silicious mudrock - Calcareous mudrock ! Argillaceous mudrock
: Mixed mudrock - Error: Consider Remeasuring

Part20f4
Gunnison State Mineral Model Core Description
Lower Bakken Shale
Mineral Model
Weight Percent Core ) y .
Depth (ft) 5i/CarK) Photes n:as;ﬁtleiﬁ;“ Facies
52088334 2635703719 TTT7107439
8200 - 83/00/14 18.8/04/807
82001667 — 358/1.0/24 56.3/26/412
82003334 — 354/0.8/17 66.1/22/317
82005 232/03/15 58.9/13/39.9
82006667 — 340/11/22 57.8/30/39.3
82008334 87/01/16 14.1/09/850
8210 — 185/1.1/26 2%.4/43/693
82101667 210/40/29 245/129/626
82103334 41/00/14 176/02/117.4
82105 46/00/15 17.8/03/117.5
82106667 85/01/20 -05/06/999
82108334 48/393/07 35/863/102
8211 - 45/417/07 28/87.4/98
82111667 54/408/08 39/853/108
82113334 59/39.8/09 3.8/836/126
gns 6.4/392/1.0 41/822/136
82116667 58/39.9/08 43/842/115
82118334 187/03/33 152/11/837
8212 - 212/02/33 220/06/774
82121667 — 166/0.2/26 221/09/769
82123334 9.0/0.1/21 06/05/99.0
82125 27.0/06/29 38.8/1.7/595
82126667 — 327/04/22 57.5/12/412
82128334 366/22/16 66.7/58/27.5

Facies

== XRF Scan Point

: Silicious mudrock - Calcareous mudrock ! Argillaceous mudrock
: Mixed mudrock - Error: Consider Remeasuring
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Mineral Model: Gunnison State Part 2

Part3of 4
Gunnison State Mineral Model Core Description
Lower Bakken Shale
Mineral Model
Depth Weight Percent Core N . .
epth (ft) i/ Ca/K) (Q:'/‘::’l:::ﬁz;l!l)lte Facies
8204.5 - 28.0/03/27 444/1.0/546
8204.8334 29.2/06/28 433/1.8/549
8205 - 28.2/06/27 435/1.7/548
8205.1667 — 31.9/37/23 49.6/9.8/406
8205.3334 - 268/06/19 557/20/423
8205.5 - 28.2/20/29 39.3/5.7/55.0
82056667 = 28.0/15/29 40.2/44/554
8205.8334 9.1/01/17 13.5/0.6/85.8
8206 — 323/08/25 51.6/23/46.1
8206.1667 = 175/02/21 33.7/08/654
8206.3334 174/1.0/1.7 426/5.0/524
8206.5 - 275/06/20 55.0/1.9/43.1
82066667 - 269/04/20 535/15/45.0
8206.8334 - 27.7/26/17 56.6/8.3/35.1
8207 - 259/05/27 409/15/576
8207.1667 = 11.2/01/14 335/0.6/65.9
8207.3334 184/02/18 436/1.1/553
8207.5 - 23.2/03/19 49.6/1.3/49.1
82076667 = 21.6/03/24 37.8/1.2/61.0
8207.8334 244/1.0/26 38.0/34/586
8208 - 343/07/26 53.1/1.7/451
8208.1667 = 328/05/23 56.2/13/424
8208.3334 = 134/01/1.8 29.8/0.7/69.5
8208.5 — 14.7/0.2/22 23.7/11/75.2
8208.6667 = 206/13/26 30.8/4.7/645

Facies

== XRF Scan Point

: Silicious mudrock - Calcareous mudrock ! Argillaceous mudrock
: Mixed mudrock - Error: Consider Remeasuring

. . L. Part4of4
Gunnison State Mineral Model Core Description
Lower Bakken Shale / Upper Bakken Shale

Depth Weight Percent Core Mineral M Odel. .
pth (ft) i/ Ca/K) Photos (th: r/q E;I:n::(ﬂ;;te Facies
8143.1673 - 306/04/1.8 60.8/1.2/38.0
8143.2507 - 294/04/22 533/13/454
8143.5007 - 245/03/20 49.8/1.2/49.0
81436673 = 308/03/17 634/0.9/357
8143.8340 — 274/04/20 53.7/1.2/451
8144.0007 = 278/05/22 505/1.6/479
8144.1674 29.1/05/2.0 56.0/1.6/425
81443340 338/05/15 69.2/1.4/29.5
81445007 = 264/04/22 494/1.3/494
81446674 = 236/04/21 47.7/1.5/508
81448339 - 29.2/0.2/22 529/0.7/464
8145.0007 = 244/04/22 46.7/1.5/51.8
8145.1673 236/20/19 47.7/7.0/453
8145.2507 = 205/1.7/22 37.1/66/563
81454174 = 21.1/48/16 451/174/3715
8203 — 21.1/06/3.0 267/21/71.2
8203.1667 — 255/1.2/3.2 > 31.9/37/644
8203.3334 — 236/03/3.0 324/09/66.7
8203.5 - 149/0.1/24 20.7/0.4/789
8203.6667 = 24.2/03/31 320/1.1/66.8
8203.8334 — 257/03/29 37.1/09/61.9
8204 - 25.0/13/31 321/41/637
8204.1667 = 306/0.5/24 51.0/14/476
82043334 - 26.0/0.2/26 420/05/575
Facies

== XRF Scan Point

: Silicious mudrock - Calcareous mudrock ! Argillaceous mudrock
E Mixed mudrock - Error: Consider Remeasuring

-

High
silica
sample

-

Low
silica
sample
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Counts per second
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Degrees 2-theta
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teps: XRD Measurements

=)

Quartz
Crystallinity
Index
Calculations
(free)

Part2 of 2
Koch Mineral Model Core Description
Mineral Model
Weight Percent Core
Depth (ft) (Qtz /Calcite / llite) Photos m&ﬁ#ﬁﬁ“ acies
—
7029.75 4.9/404/1.0 - 1.3/849/137
7030 - 30.8/43/37 308/10.1/59.0
703025 205/45/36 302/11.0/588
7030.50 23.1/06/34 250/21/729
703075 - 20.9/07/3.1 24.1/24/735
7031 - 223/06/33 244/22/735
7031.1667 = 23.0/20/34 254/6./685
70314167 = 221/05/32 258/16/726
7031.6667 = 21.1/06/3.0 26.1/20/719
70319167 = 241/16/32 284/50/666
7032 - 240/26/3.0 307/80/61.3
703225 347/0F415 700/12/288
70325 — 33.1/15/21 569/4.1/390
703275 - 403/1.0/21 649/24/327
7033 - 12.0/01/1.8 246/07/747
703325 — 223/04/3.0 202/15/69.3
70335 - 37.6/06/25 579/15/406
703375 — 25.1/05/3.1 33.1/16/653
7034 - 363/122/13 56.1/25.8/18.1
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Next Steps: FESEM Imaging

9 5
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