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Abstract

This study, designed to accompany the 1999 report, Qutcrop Analysis of the
Cretaceous Mesaverde Group: Jicarilla Apache Reservation, New Mexico, presents the
results of an outcrop gamma-ray survey of six selected measured sections included in the
original report. The primary objective of this second study is to provide a baseline to
correlate from the outcrop and reservoir model into Mesaverde strata in the San Juan
Basin subsurface. Outcrop logs were generated using a GAD-6 gamma-ray spectrometer
that simultancously recorded total counts, potassium, uranium, and thorium data.

Taken together, the sections selected for outcrop gamma-ray analysis display the
full lateral and vertical range of sequence stratigraphic and reservoir relationships seen in
the field study. Facies represented include vertically stacked marine shoreface
parasequences (Point Lookout Sandstone), a variety of nearshore estuarine and fluvial
strata (Point Lookout Sandstone and Menefee Formation), and shelf sandstone (ClLiff
House Sandstone). These units reflect deposition within the highstand and
lowstand/transgressive systems tracts of two major depositional sequences near the
seaward Mesaverde Group pinchout. A roughly west-northwest trending line projected
into the basin subsurface will help to distinguish two distinctly different outcrop log
profile patterns. South of this line, complete coarsening-upward shoreface log signatures
may be expected. Reservoir geometry will be most influenced by shore-parallel
(shoreface) stratigraphic elements. North of this line, incomplete, or truncated, shoreface
log signatures signal the presence of one or more sequence boundaries within the section.
Reservoir elements will include both shore-parallel trends (shoreface) and complex

shore-perpendicular trends (incised valleys).



Purpose

This study, designed to accompany the 1999 report, Qutcrop Analysis of the
Cretaceous Mesaverde Group: Jicarilla Apache Reservation, New Mexico, presents the
results of an outcrop gamma-ray survey of six selected measured sections included in the
original report. The primary objective of this second study is to provide a baseline to
correlate from the outcrop and reservoir model into Mesaverde strata in the San Juan

Basin subsurface.

Methods

Six of the original fifteen measured sections were selected for outcrop gamma-ray
survey (Fig. 1) based upon the range of reservoir units represented, location within the
study area, and accessibility with respect to the somewhat cumbersome equipment. In
terms of sequence stratigraphic relationships, these six sections reflect deposition within
the highstand and lowstand/transgressive systems tracts of two major depositional
sequences. Facies represented include vertically stacked marine shoreface parasequences
(Point Lookout Sandstone), a variety of nearshore estuarine and fluvial strata (Point
Lookout Sandstone and Menefee Formation), and shelf sandstone (Cliff House
Sandstone). Details of these units and their correlations are found in the main report.

The U. S. Geological Survey supplied a GAD-6 gamma-ray spectrometer, which
simultaneously collected total count (TC), potassium (K), uranium (U), and thorium (Th)
data at each site. Sampling interval was every 2.5 feet, with deviations from that due to

accessibility, cover, or local facies variability.



Figure 1: (right) Base map of the
study area from 1:100,000 Chama
New Mexico-Colorado map
showing major geographic localities
and locations of measured sections

| through 14 (circles).

Outcrop gamma-ray data reported
in this study are from measured
sections 2, 4, 7,9, 11, and 12,

£

: ,-Ap%che

b




Count duration per sample was 90 seconds. Outcrop and background data are reported
as raw counts for this study (Appendix 1). To calculate %K, ppm eU, and ppm eTh from

these raw counts, a set of calibration equations unique to this spectrometer must be

applied:
K = 0.001113*(Ck-85) — 0.001004*(Cu-44) — 0.0000706*(Cth-27)
eU = 0.011773*(Cu-44) - 0.008183*(Cth-27)
eTh = 0.030313*(Cth-27)

where: Ck, Cu, Cth are the total counts recorded in the K, U, and Th

windows respectively and x* are the predetermined calibration and
stripping constants

Results
This section compares vertical gamma-ray trends to observed lithofacies and

interpreted depositional environments for each of the six measured sections. Figure2isa
general legend for all symbols used in this report. Figures 3-8 are composite diagrams
that compare individual K, U, Th, and TC profiles to interpreted depositional
environment. These figures are especially useful for viewing an entire vertical section in
compressed format. Detailed measured section data in Appendix 2 allows specific
comparison of total count profiles to rock type, grain size, and sedimentary structures, as
well as to interpreted depositional environment. Individual beaches mentioned below and
in the accompanying figures (i.e. North Llaves Beach, Pounds Mesa Beach, etc.) are
those defined and described in the main report. Plates 1 and 2 from that document show

the relative relationships and correlations of these beaches throughout the study area.
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Measured Section 2 (Pounds Canyon): Vertically stacked, coarsening-upward beach
deposits dominate this section, which shoaled upward to the level of the North Llaves and
(lower) Puerto Chiquito beaches. The section displays a full range of intertonguing
offshore transition and shoreface lithofacies. Composite gamma-ray data (Fig. 3) display
this relationship as a general upward trend (0-180 ft) of decreasing count values and
increasing “blockiness”, or uniformity, particularly evident in the TC, Th, and U profiles.
Individual coarsening-upward shoreface cycles (parasequences) separated from one
another by marine flooding surfaces are also resolvable within this general trend at a
smaller-scale (best viewed in detailed section data; Appendix 2). A channel/estuarine
unit (192-220 ft), that aggraded during local base level rise and was overstepped by
foreshore deposits of the lower Pounds Mesa Beach, caps the shoreface package with an
interval of subtly increasing count values, again best displayed by the total count, Th and
U profiles. This increase in count values corresponds to an overall subtle fining-upward
trend in the channel-to-foreshore depositional unit.

This measured section displays all of the major attributes of the highstand systems
tract prograding shoreface complex in which individual beaches are stacked vertically
and intertongued with both offshore mudrocks (below) and non-marine fluvial strata
{above). The gamma-ray signature between 0 and 230 ft captures these attributes and
would be useful for recognizing these relationships in the subsurface. It is important to

note also that this complete gamma-ray
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signature will serve as a model to identify missing components, as well. Sections at
which this signature is incomplete (for instance, where the blocky upper packet is
lacking) may be strong candidates to contain erosional sequence boundaries (discussed in
more detail for sections 4, 9, 11, and 12.)

Measured Section 4 (Apache Mesa South): Located down depositional dip from
measured section 2, the section at Apache Mesa is also dominated by vertically stacked
coarsening-upward shoreface deposits. Here, however, much of the sand-rich shoreface
interval from measured section 2 has undergone transition to more offshore, mud-rich
facies and new beaches (upper Puerto Chiquito Beach, Pounds Mesa Beach, and Stinking
Lake Beach) dominate the section. Composite gamma-ray data (Fig. 4) for the lower 150
ft of the section record this offshore increase in mud-dominated facies as a generally
consistent trend in average values (seen in total count, Th, U, and K) marked by
pronounced high-count spikes. A strong correspondence exists between these high
gamma-ray deflections and the mudrock flooding surfaces that bound thin (approximately
10-15 ft thick) offshore transition to lower shoreface parasequences (Appendix 2).

Unfortunately, the massive shoreface cliff (approx. 148-195 ft) at this section was
inaccessible and no gamma-ray data exist for this interval. Presumably an upward trend
of decreasing count values and increasing “blockiness™ (similar to that seen between 80-
200 ft at measured section 2) characterizes the zone, culminating in the data for the

Stinking Lake Beach upper shoreface (195-235 ft).
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data for section 4: Apache Mesa South.



Sequence boundary SB1 separates Stinking Lake upper shoreface sandstone from
overlying fluvial channel deposits at about 235 ft. A dramatic positive deflection in total
counts, Th, U, and K accompanies this contact. The fluvial sandstone package is much
less massive and displays greater bedding variability than the underlying shoreface
deposits. The gamma-ray signature (235-270 ft) for this channel fill package is a stacked
series of thin (10-15 ft) packets that together constitute an upward trend of decreasing
total count, Th, U, and K values. This log signature might be confused with that of a
coarsening-upward shoreface profile, although these fluvial outcrops lack corresponding
coarsening-upward textural trends and are more variably bedded than a typical shoreface
unit. Because proper recognition of this sequence boundary is critical to mapping
incised valley reservoir trends into the subsurface, careful consideration should be given
to the possibility that an unconformity might “hide” in what superficially appears to be a
new shoreface package.

Measured section 7 (Horse Lake Mesa NE): Continuing down depositional dip
from sections 2 and 4, measured section 7 contains non-marine strata that lie completely
above the SB1 sequence boundary. (The SB2 sequence boundary may lie within the
section, but was not correlated into this part of the field area.) The dominant facies in this
section are fluvial channel sandstones and organic-rich, heterolithic floodplain deposits.
Textural trends in these fine-to-medium grained sandstones are subtle, as are the
corresponding trends in the gamma-ray logs (Fig. 5). The interval 0-35 ft contains
several fining-upward amalgamated channel scours whose corresponding gamma-ray

signatures also exhibit subtle
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count increases. Dramatic spikes in total count, K, U, and Th characterize the
heterolithic, organic-rich floodplain rocks above 35 ft. Fluvial sandstones above 55 ft
display slightly coarsening to uniform textural trends and the corresponding gamma logs
reflect this situation with vertically decreasing to uniform total count, K, U and Th
signals.

Measured section 9 (Sulphur Canyon): Features present at Sulphur Canyon

include a set of shoaling-upward stacked offshore and shoreface parasequences (0-188 ft)
that culminate in the lower to middle shoreface sandstones of the Stinking Lake and
Stone Lake beaches. Sequence boundary SB1 dissects the Stone Lake shoreface (at 188
ft) and is itself overlain by sand-rich estuarine (bayhead delta) deposits (188-240 ft). The
upper 150 ft of the section is floodplain mudrock containing isolated channel sandstone.
Large swings in the total count, Th, U, and K data (fig. 6, Appendix 2)
characterize the lower 70 ft of the section (data gap from 70 — 87 ft), where a higher
proportion of mudrocks and muddy sandstones are among the data points. As relative
sandstone content and grainsize increase upward (90-188 ft), the log signatures lose these
extreme excursions, yet still display the thin, jagged character of stacked distal shoreface
packets seen at sections 2 and 4. Significantly, however, gamma-ray profiles at measured
section 9 never quite achieve the thicker, blocky pattern typical of upper shoreface and
foreshore units. This observation is critical to accurate subsurface correlation. Upper
shoreface deposits are missing at section 9, having been removed by erosion at the SB1

sequence boundary. The “complete” coarsening-upward gamma profile (such

11
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as that seen in measured section 2) is not present. Instead, estuarine strata directly overlie
the middle shoreface, interrupting the standard profile with an unexpected log signature.
Outcrops at 188 ft show an abrupt increase in grain size and a dramatic change in bedding
character toward thin-bedded, scour and fill surfaces. This change is accompanied in the
gamma logs by a deflection toward higher values. Total count, Th, U, and K profiles in
the overlying estuarine strata (188 — 240 ft) display a more narrow range of values (i.c.
more uniform vertical profile) than underlying shoreface units.

Overlying the estuarine deposits is a 150 ft thick vertical sequence of organic
floodplain mudrock and thin fluvial sandstones with significant covered intervals and
sparsely distributed gamma-ray data points. This interval was measured strictly for the
purpose of reaching the overlying Lewis transgressive surface datum, and does not yield
a gamma-ray data set suitable for detailed interpretation.

Measured sections 11 and 12 (Monero Beach Roadcut and Monero Beach North):

These two sections are immediately adjacent to one another (Fig 1), with the Monero
Beach North section being substéntiall y thicker. Both gamma-ray data sets are provided
(Fig. 7, 8, Appendix 2), however this description is based upon the more complete
information in section 12, Monero Beach North.

Facies present at Monero Beach North include a set of shoaling-upward shoreface
parasequences (0-75 ft) that include, in ascending order, the Stone Lake, Horse Lake and
Monero Canyon beaches. Gamma-ray logs for the three shoreface units display subtle

decreasing-upward to uniform vertical counts,

13
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which correspond well to the textural trends in the sandstones. Sequence boundary SB1
caps the Monero Canyon beach (at 75 ft) and is itself overlain by both fine-grained and
sand-rich estuarine deposits (75-100 ft). Sequence boundary SB2 (at 100 ft) truncates the
estuarine package and is overlain by fluvial channel deposits and organic floodplain
mudrocks. Strong positive deflections in total count, Th, U, and K mark the base of each
sequence boundary. Fluvial and estuarine sandstones display a range of gamma-ray
signatures, including both uniform and decreasing-upward count values.

The section above 110 ft is dominated by floodplain deposits, but contains the
backstepping, landward limits of two new beaches, Canon Amargo and Briggs Mesa (at
128 ft and 173 ft, respectively). Based upon gamma-ray data only, these thin,
backstepping foreshore deposits would be extremely difficult to distinguish from fluvial
channels. Just as was the case in outcrop, careful lateral correlation of these units would
be required to confidently identify them as new beaches.

Summary

Outcrop gamma-ray data for the six sections reported in this study provide an
initial baseline to link the Mesaverde outcrop model to equivalent strata in the subsurface.
While these rocks have long been recognized to record complex intertonguing of marine
and non-marine sub-environments, a major result of the outcrop study was to place these
strata within an organized sequence stratigraphic framework with the power to predict
subsurface stacking patterns and reservoir trends. Recognition of sequence bounding
unconformities (SB1, SB2) and the complex juxtaposition of facies above and below will

be critical to the successful application of this model to the subsurface.
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A reasonable starting point from outcrop would be to project the approximate
trend of the Stinking Lake beach (Fig. 9) into the basin subsurface. To the south-
southwest of this line, more complete shoreface log signatures (similar to that in
measured section 2) may be expected and reservoir geometry will be most influenced by
shore-parallel (shoreface) stratigraphic elements. To the north-northeast of this line, the
likelihood of intersecting a sequence boundary at the top of the Point Lookout increases
dramatically. Rocks overlying this boundary may be fine-grained or sand-rich, fluvial or
estuarine, so that no “typical “ log signature exists for this situation. Rather it will be
important to recognize missing shoreface units, such as documented at sections 4 and,
more clearly at 9. Reservoir elements will include both shore-parallel trends (below the

sequence boundary) and shore-perpendicular (incised valleys) above.
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Figure 9: Location of individual
beach parasequences in the study
area. Foreshore deposits constrain
the location of the Puerto Chiquito,
Pounds Mesa, and Stinking Lake
shorelines. (Foreshore positon of
North Llaves beach is located
somewhere to the south of the study
area, and is therefore not shown.)
Position for Stone Lake, Horse
Lake, and Monero Canyon beaches
is inferred due to later erosion of
foreshore and upper shoreface by
the SB1 surface.

A line extending the Stinking Lake
beach trend into the subsurface will
approximately separate two
different sequence stratigraphic
packages and predicted log pattern
signatures. South of this line,
complete coarsening-upward
shoreface log signatures will
dominate, North of this line,
coarsening upward shoreface
signatures may be truncated by
erosion at the SB1 sequence
boundary.

See text for details.
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Appendix 1

Outcrop gamma-ray data for measured sections described in this study. Data collected using a
U.S. Geological Survey GAS-6 gamma-ray spectrometer which simultaneously records total

counts, potassium, uranium, and thorium. See text for details.

Measured Section 2: Pounds Canyon p- 21
Measured Section 4: Apache Mesa South p. 25
Measured Section 7: Horse lake Mesa NE p. 29
Measured Section 9: Sulphur Canyon p. 31
Measured Section 11: Monero Beach Roadcut p- 35
Measured Section 12: Monero Beach North p- 37
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92.5 6274 1319 252 184 |ss lower shoreface
95 5942 1290 249 166 |ss middle shoreface
97.5 5876 1183 290 203  |ss middle shoreface
100 6398 1241 305 244  |ss middle shoreface
102.5 7290 1312 344 254  iss middle shoreface
105 3310 1129 193 158 Iss middle shoreface
107.5 6227 1347 214 153 |ss middle shoreface
110 5986 1318 183 159  |ss middle shoreface
112.5 6027 1388 193 192  |ss jmiddle shoreface
115 6607 1573 200 173 Iss |middle shoreface
117.5 5832 1353 204 125  |ss Imiddle shoreface
120 4499 974 173 131  |ss Imiddle shoreface
121.5 4596 949 158 150 [ss |middle shoreface
125 4545 1052 175 120  |ss w/mudrips |lupper shoreface
127.5 4448 1010 143 120 |ss upper shoreface
130 4631 988 156 114 |ss upper shoreface
recalib
135 5146 1083 213 166 |ss upper shoreface
137 4182 848 173 134 |ss upper shoreface
140 4130 862 155 129  |ss upper shoreface
145 8068 1737 323 220 |ss upper shoreface
147 5646 1252 203 220 |ss upper shoreface
150 5096 1124 201 124 |ss foreshore
152.5 4627 1026 163 139 |ss foreshore
155 5125 1160 180 154 |ss foreshore
157 8021 1852 262 244  |muddy sand |overbank
160 5450 1237 200 155 Jss upper shoreface
162 5887 1333 201 170 [ss upper shoreface
165 5064 1062 180 164  |ss upper shoreface
167 5313 1195 175 135 |ss upper shoreface
170 5813 1341 201 169 |[ss upper shoreface
172.5 5548 1253 204 147  Iss upper shoreface
175 3741 787 137 153 |ss foreshore
177.5 4444 935 192 151 |ss foreshore
180 4462 868 198 162 |iss foreshore
gap
190 3496 676 189 180 |coal SWamp
192.5 5302 1039 250 173 lorg. ss swamp
195 5020 1032 199 144  |ss channel
197.5 5321 1225 210 157 |ss channel
200 4240 969 143 118  [ss channel
202.5 4530 1007 178 127  |ss channel
205 4382 987 141 124 |ss channel
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207.5 4917 1083 170 143 |ss channel
210 4306 969 179 147  |Iss channel
212.5 4595 1035 160 146 |ss channel
215 4773 1032 174 165 |ss channel
217.5 4938 1082 186 140 |ss channel
220 4686 924 189 153  |ss foreshore
222.5 5348 947 277 228  |ss foreshore
225 4939 834 282 226  |ss foreshore
227.5 5081 722 230 239  |[ss foreshore
230 3791 527 219 170 |ss foreshore
gap
302 5450 1036 280 200 |[ss channel
4450 809 208 170 BACKGROUND
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95 8199 663 1249 246  |ss lower shoreface
97.5 7312 633 1099 218  |ss lower shoreface
100 7782 604 1088 264  Iss lower shoreface
102.5 6664 549 989 203 |ss lower shoreface
gap
109 9186 768 1445 265 |shale offshore transition
112.5 7414 612 1224 176 |ss offshore transition
recalib
115 9067 963 1580 250 |mud offshore transition
117.5 8802 681 1443 252 |ss lower shoreface
120 8891 759 1396 276  |Iss lower shoreface
122.5 8868 755 1442 292  |ss lower shoreface
gap
130 9247 723 1484 294  |ss lower shoreface
132.5 9086 797 1515 261  |ss lower shoreface
135 9114 762 1432 276  |ss lower shoreface
137.5 8189 663 1387 191  |ss w/mudrips [|lower shoreface
140 7839 617 1338 211 $s lower shoreface
142.5 7492 646 1246 192 |Iss lower shoreface
145.5 8783 736 1193 323  |muddy org. ss |lower shoreface
147.5 9405 801 1292 307 |ss lower shoreface
150 8296 684 1272 243  Iss lower shoreface
gap
205 6418 538 1063 176  Iss upper shoreface
207.5 5243 417 934 105  |ss upper shoreface
210 5412 433 985 143 |ss upper shoreface
212.5 5528 492 935 135 |ss upper shoreface
215 6086 493 1059 133  |ss upper shoreface
217.5 6633 515 1114 185 |ss upper shoreface
220 5479 416 909 123 |ss upper shoreface
222.5 6068 477 1119 142 |ss upper shoreface
225 5584 491 1024 136 |ss upper shoreface
227.5 5190 448 932 102 |ss upper shoreface
230 6224 516 1137 151  |ss upper shoreface
232.5 5165 413 876 103 |ss upper shoreface
235 7356 620 1281 168 |shale nm channel fill
237.5 8620 746 1607 195  jmuddy ss nm channel fill
240 8068 670 1477 180 |muddy ss nm channel fill
242.5 7846 707 1398 176  |ss nm channel fill
245 6669 581 1216 187 |ss nm channel fill
recalib
247.5 6845 552 1204 184 {ss nm channel fill
250 8664 663 1537 259  |Iss nm channel fill
252.5 7733 595 1273 210 |ss nm channel fill
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255 6982 501 1178 194 |ss nm channel fill
257.5 6118 477 1019 181 |ss nm channel fill
260 5718 482 961 149  |ss nm channel fill
262.5 7045 573 1210 187 |ss nm channel fill
265 6364 535 1047 168  |ss nm channel fill
267 4812 368 824 101  |ss nm channel fill
270 5308 404 957 132 |ss nm channel fill
272 5928 481 1015 152 Iss nm channel fill
gap
282.5 5428 474 1052 117 |ss nm channel fill
287.5 6117 466 1131 136 |ss nm channel fill
292.5 5901 508 1044 125 |ss nm channel fill
295 5507 469 937 131  |ss nm channel fill
297.5 5654 452 1007 135 Iss nm channel fill
302.5 5583 455 945 129 |ss nm channel fill
305 5654 459 1020 110 |ss nm channel fill
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Measured Section 7: Horse Lake Mesa NE

Elevation (ft){ Total Counts K U Th _ [Lithology |Environment
0 5583 455 801 155  |ss channel
2.5 13770 * 1049** | 1609%** | 518%*** |gg channel
5 5256 402 875 154  |ss channel
7.5 7091 564 1079 206  |ss channel
10 7223 560 1075 235 |Iss channel
12.5 5061 433 899 107  |[ss channel
15 6498 495 929 202  |ss channel
17.5 5368 452 930 125  |ss channel
20 7525 605 1260 230  |[ss channel
gap
27.5 5808 490 951 166 |ss channel
30 6140 481 912 212 |ss channel
32.5 9283 713 1054 310  |[ss channel
35 24381 * 1455** 1040 227  |ss channel
37.5 7401 691 1139 230  |jmud channel bar
42.5 21682 * 1279** | 2229*** | 897**** |sandy mud |channel bar
45 9258 784 1436 2380 mud channel bar
47.5 7520 601 1106 211 iss channel bar
50 10145 835 1259 340 mud channel bar
52 7401 670 1085 250  |ss channel bar
recalib
55 6521 507 1002 199  |ss channel
57.5 10132 811 1741 %** 247 |Iss channel
60 8518 702 1438 205 |ss channel
62.5 8514 738 1505%** 214  lss channel
65 8456 719 1488 223  lss channel
67.5 7514 684 1281 201  iss channel
70 7140 569 1275 216  |ss channel
72.5 7531 642 1305 199 |ss channel
75 7966 643 1469 198  |ss channel
77.5 4668 352 764 140 |ss channel
gap
95 6736 356 1190 187 |ss overbank
gap
102.5 6944 560 1143 204  |ss channel
105 6511 561 1058 162 |[ss channel
107.5 5879 461 955 145  |ss channel
110 6252 495 995 182  |ss channe}
112.5 5407 441 877 135 |ss channel
115 4424 360 722 123 |ss channel
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g4p

135 5853 479 971 158 |ss channel

* values over 12 000 are artifically assigned a value of 12000 to avoid flattening of data on well log plots

**yalues over 900 are artificially assigned a value of 900 to avoid flattening ot data on well log plots

***yalues over 1500 are artificially assigned a value of 1500 to avoid flattening of data on well plots

****yvalues over 400 are artificially assigned a value of 400 to avoid flattening of data on well plots
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Measured Section 9: Sulphur Canyon

Elevation (ft)| Total Counts K U Th |Lithology |Environment
11 59760 1111 240 176 |ss offshore transition
12.5 5178 1007 266 179  |ss offshore transition
14.5 6922 1362 303 241  |mud offshore transition
15.5 5390 1034 282 198 |ss offshore transition
gap
21.5 5185 985 224 165 |ss offshore transition
24 5315 974 270 196 |ss offshore transition
27.5 5328 957 252 176 |ss lower shoreface
30 5496 846 293 185  |jmuddy ss lower shoreface
32.5 6691 1116 345 288 |muddy ss fower shoreface
35 8603 1171 540 386 |muddyss lower shoreface
37.5 6769 1053 376 301 |[ss lower shoreface
40 4905 804 252 188 |ss lower shoreface
42.5 4901 864 265 176 [muddyss joffshore transition
gap
50 4642 823 196 162 |muddyss |offshore transition
54.5 8830 1684 404 271 |muddyss |offshore transition
57.5 5349 820 281 207  |ss lower shoreface
60 4815 772 278 200 |ss lower shoreface
63 4294 681 243 152 |ss lower shoreface
65 3895 678 190 144 |ss lower shoreface
70 5449 1045 253 200 [shale offshore transition
gap
87.5 5662 1133 229 176 |sandy mud |offshore transition
91 5695 1076 227 193 lIss offshore transition
96.5 5893 1156 241 217 |sandy mud |offshore transition
recalib
100 5143 1004 243 169 |[ss offshore transition
102.5 6345 1310 260 195 |sandy mud |offshore transition
gap
110 5203 944 241 161 |ss offshore transition
112.5 4924 869 237 182 |ss lower shoreface
115 5527 1009 248 192 |Iss lower shoreface
117.5 6003 979 291 231 |sandy mud |lower shoreface
120 4840 855 190 162  |ss lower shoreface
122.5 4390 810 214 146  |sandy mud |offshore transition
125 4470 814 199 181 |ss lower shoreface
127.5 3919 670 192 135 |ss lower shoreface
130 4779 823 252 188  |ss lower shoreface
132.5 5408 978 263 187  |ss lower shoreface
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135 5628 969 249 192  |ss lower shoreface
137.5 5708 1042 270 236  |ss lower shoreface
140 4314 689 229 177  |ss lower shoreface
142.5 4962 904 219 168 |ss lower shoreface
gap
150 4397 800 193 137  |ss lower shoreface
152.5 4600 870 189 163 |ss lower shoreface
155 4579 865 234 170 |ss lower shoreface
157.5 5947 867 307 269 |[ss lower shoreface
160 4537 742 259 174  |muddy ss lower shoreface
162.5 5765 1028 268 234 |ss lower shoreface
165 5709 1145 255 181 |ss lower shoreface
167.5 4553 913 179 132 |ss lower shoreface
170 4869 1009 167 146  |ss middle shoreface
172.5 4858 1006 195 148  |ss middle shoreface
175 5291 1095 237 161 |ss middle shoreface
177.5 4506 894 170 147  |ss middle shoreface
180 3942 809 163 123 |ss middle shoreface
182.5 3981 827 172 113 |ss middle shoreface
185 3452 695 150 109  |ss middle shoreface
187.5 5154 1027 201 165 |ss middle shoreface
190 5066 1155 187 129  |ss estuarine
192.5 5607 1228 193 154  |ss estuarine
195 4561 1003 172 131 |ss estuarine
197.5 4518 972 173 124 |ss estuarine
200 4920 1046 211 145 |Iss estuarine
202.5 5242 1176 196 148 |ss estuarine
205 5126 1147 166 120 |ss estuarine
207.5 4988 1102 173 130 |ss estuarine
210 5153 1061 187 147  |ss estuarine
212.5 5432 1249 179 154 |ss estuarine
C 215 4643 921 174 131 |ss estuarine
217.5 4897 1039 185 124  |ss estuarine
220 4868 983 183 156 |ss estuarine
222.5 5222 1176 203 158 |[ss estuarine
225 4855 1104 186 144 |Iss estuarine
227.5 4660 957 199 128  |ss estuarine
230 4560 986 154 134  |ss estuarine
232.5 4622 916 176 124  lss estuarine
235 4653 1012 173 109 Iss estuarine
237.5 4592 947 170 142 |ss estuarine
240 4681 921 203 156 |ss estuarine
gap
250 4667 812 183 181 Iss overbank

32




252.5 5047 917 219 170 |shale overbank
255 4509 803 210 160 |ss overbank
£2ap
275 6021 1097 288 219  |coal overbank
gap

287.5 6461 1272 284 238  |shale overbank
291 4120 606 240 190  |[muddy coal |overbank
gap
304 4182 618 246 175  |[coaly ss overbank
gap
310 5019 913 231 167 |ss w/mudrips|overbank
315 4752 911 257 172 |ss overbank
320 6985 1317 335 237  |mud overbank
gap
330 5389 1016 269 176  |mud overbank
gap
340 4747 346 233 168  |coalymud Joverbank
gap
350 2396 354 118 116 |coal overbank
gap
361 4094 658 226 159  |coal overbank
363 4890 926 193 165 |ss channel
365 4211 857 182 150  Jss channel

367.5 4731 921 185 151 |ss channel
370 5397 1057 231 193  |ss channel

372.5 4997 993 227 158 |[ss channel
375 4999 1013 208 178  |ss channel

377.5 3818 748 164 142 |ss channel
380 5243 1034 207 187 |sandy mud |channel

382.5 4178 840 178 147  |ss channel
385 3829 745 159 118  [ss channel

387.5 5135 963 201 188 |ss channel
390 4240 828 198 139 Iss channel
gap
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Measured Section 12: Monero Beach North

Elevation (ft)| Total Counts K U Th |Lithology Environment
0 20109 ** 1570 2229 842 |ss middle shoreface
3 8408 708 1382 221  iss middle shoreface
5 8814 734 1376 227 |ss middle shoreface
7.5 9002 696 1129 208 |ss middle shoreface
10 7539 605 1207 207 |ss middle shoreface
12.5 8582 684 1393 238 [ss middle shoreface
15 6998 601 1190 171  |ss middle shoreface
17.5 6070 490 1052 136 |ss middle shoreface
20 6399 529 1025 172  imuddy sand |middle shoreface
22.5 7321 622 1376 137  |ss middle shoreface
25 7833 636 1356 217  |ss middle shoreface
27.5 6824 555 1208 158 |ss middle shoreface
30 7091 593 1155 177  |ss middle shoreface
32.5 6970 328 1145 194 |[ss middle shoreface
35 8524 691 1581 174  |[muddy sand |middle shoreface
37.5 7506 609 1318 171 |ss middle shoreface
40 7035 549 1307 183  |ss upper shoreface
42 8043 602 1511 204 |ss upper shoreface
45 7653 627 1387 161 |ss upper shoreface
48 7429 602 1311 178  |[ss upper shoreface
50 9538 770 1686 240  |silty sand upper shoreface
52 7926 635 1351 188  |[ss upper shoreface
55 6694 1246 295 243 |ss upper shoreface
57.5 7734 597 1476 194  |ss upper shoreface
60 8408 696 1631 174  |ss upper shoreface
62.5 7323 611 1280 155 |Iss upper shoreface
65 6860 570 1201 164 |ss upper shoreface
67.5 7609 653 1337 150 |ss foreshore
70 6643 565 1180 150 |ss foreshore
72.5 7665 616 1448 167 |Iss foreshore
77 10248 883 1642 273 |silt overbank
80 6617 546 1079 197 Iss channel
82.5 6721 553 1149 169 |ss channel
85 5307 441 860 119 |ss channel
87.5 6109 478 1035 170  |ss channel
90 7023 525 1223 199 |ss channel
92.5 6257 502 1026 152 |ss channel
95 6031 467 401 187 |[ss channel
97.5 9029 779 1600 233 Iss channel
100 7587 604 1305 188  |ss channel
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102.5 7021 582 1245 168 Iss channel
105 6947 567 1155 190 |ss channel
107.5 5931 470 947 168  |ss channel
110 5638 483 965 135 |ss channel
gap/recalib
127.5 9258 779 1493 253  [shale overbank
130 6375 456 1073 163  |ss foreshore
132.5 5993 508 1005 162 |ss foreshore
136 5621 465 866 137  |ss foreshore
137.5 7581 620 1198 274 Jss foreshore
143 6469 493 959 179  |ss foreshore
146 6523 518 903 208 [shale overbank
147.5 8198 690 1357 257  |silty sand overbank
150 7621 641 1319 211 lss foreshore(?)
153 6372 518 980 164 Jss foreshore(?)
155 5402 415 838 157  |ss foreshore(?)
gap
172 5442 368 579 206 |coal overbank
175 7653 610 1169 227  |ss overbank
177 6198 476 803 210 |[ss overbank
gap
195 5490 398 748 161 |ss shelf
197.5 6050 476 852 205  |ss shelf
202 4662 357 458 172 |[ss shelf
6925 586 1112 174 BACKGROUND

** values over 12 000 are artificially assigned a value of 12 000 to avoid flattening of the data on

well log plots
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Appendix 2

Detailed measured section data for the sections discussed in this study. Gamma-ray data are

presented as total count profiles with each data point represented by a solid circle.

Measured Section 2: Pounds Canyon
Measured Section 4: Apache Mesa South
Measured Section 7: Horse Lake Mesa NE
Measured Section 9: Sulphur Canyon
Measured Section 11: Monero Beach Roadcut

Measured Section 12: Monero Beach North
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Measured Sec

tion 2: Pounds Canyon. Measured by RWD, MK-J 36 33'52" N, 106 48'16" W

Total Grain Size
gamma {microns} w g
Thickness counts x |8 S w Weathering | Bed | Sedimentary é
(feet) Unit 00 |3 g e profile and sels struclures | Biolagic Noles g g
g&4a lithology g3
3828 Qs
| 160 vopp|822E538
18 % FS
il
il
i
}
170 ]
7 P USF
b
? troughs
0
& ®
¥ ~
180 — -1 - [— Overhang at 160", 0.26-1" Fe concretions
AN 08 0SC. Thin ss wi paper shale breaks
16 —~ 2z § ripples A @157 Organic lams/drapes, Fe stains FLUV
7] Fe stained top
1 / lams
\ A @151
1so-{ e F$
V;
Y
140
troughs Fe concretions 0.5-1" w/ 4-5" haloes;
14 strongly calcitic USF
T
|
130 &
‘:r 400
it A @126.5 Large mudrips (0.5-1")
it Fe-mottled-"burrow-like"
|
il
13 i i
— 120 4 =




144

Grain Size

Measured Section 2; Pounds Canyon. Measured by RWD, MK-J 36 33'52" N, 106 48'16" W

gamma (microns) E: E
Thickness counls X § § 28 Weathering | Bed Sedimentary & E
(feet) Unit 100 |Z ﬁ'%\; 2 profleand | sels | structures | Biologic Notes %5
gaas tithology 88
3833 55 g6
II3IN|S £ 525
L 240 ~ O O~ 'S
26 3
D
3
24— Organic shalefcoal Kmf
230 - swamp
N\ burrows Top loaks burrow churned X
&§
/l lams cf §
2 9 dip @ N55E EYN: FS
I -4-? SO
T
220 - &
b
3
22 [
210
A\
7
Lg. scale EST
-1 inclined
f beds
200 (110, 107,98)
i
21 [ troughs
Scour, no burrows in scour  To east are hints of
L. burrows in org. gray
190 — { A @ 191, coaly sample mottled ss and
i good ceal swamp
-k
|
19 swamp
. . -
—180 A [ - FS




S¥

Total Grain Size
gamma {microns) TE
Thickness counts x |8 o Weathering | Bed Sedimentary SE
{feet) Unit 1,000 |ZT48% profile and sets structures Biologic Notes G §
§ L4849 lithology §§
38338 o,
| .00 voon|8828583
20 N e Channel sand
A
290 — -
280 S
25 g Covered ss float
260 1
250 -
Fe nodules in float
"Chocolate milk" soils
Wood imprints
'

L— 240
Measured Section 2: Pounds Canyon. Measured by RWD, MK-J 36 33'52" N, 106 48'16" W
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Total Grain Size -
gamma (microns) § £
Thickness counts x |8 § - Weathering | Bed | Sedimentary 5
(feet) Unit 100 3283 profileand | sels structures | Biologic Noles % g
§ 298 lithology gg
28 a8 . §
60 STTIEETEL
80%
burrow
mottied LSF
Hes | thal _ Tkpl
50 — - HES A @ 50.5, gray shale le
o P
y fs 9 o1
40 - _
- 23
(32
Thin-bedded (< 1") sandstone/shale
;‘ﬁ ] 2-5" sandstone beds ot
30 —! }——
thal.
HCS
wave
3 : ripples
20 —
A @ 15, band of gray, silty mud (transgressive max?)
2
10 4
HCS
3 A@ 5, gray shale
1 ¥ @ wave @5 oray oT
2 ripples Interbedded 1.5-10" HCS sandstone and 1-2" paper
&R shales. Some ss up to 30" thick. Strongly calgitic.
- 0
0

Measured Section 4: Apache Mesa South. Measured by RWD, KO, AM 36 37'9" N, 106 48'46" W
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Measured Section 4: Apache Mesa South.

Measured by RWD, KO, AM 36 37'9" N, 106 48'46" W

Totat Grain Size
gamma {microns) Ed ‘s’
Thickness counts x |8 8 o Wealhering | Bed | Sedimentary SE
{feet) Unit 100 § a9 profile and sels slructures Biclogic Noles g §
gd 49 lithology £
3833 _ 5, g
s8e5|62 58528
B I sCs
13 Base of orange sandstone cliff LSF
i 88-150
B ’ 5 chon | A @ 115.5, immediately befow sandstone
F'e sko!
A thal ;
1104 A | A @ 110, gray shale o
/
— /. =5
N Z-\ Fe concretions, top of lower gray sandstone body
1007 f 100-150 und // lams
Ry
" T LSF
- 4 Shell lag layer, lateral Fe concreffons, weakly calcitic
0 88177 G scs &l 9lay y
©
£
% &
A\ Y J—
10 > = | A thal | A @ 82", mud break
80 — o 1 wave Strongly calcitic
\ 100-226 ripples
LSF-
9 MSF
i
70 ‘\ gt 88.128 thal Variably chumed and laminated
8] b\ il AT churned| A @ 67.5, burrowed mud break
HCS
7 H LSF
— 60 ik =
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Total Grain Size
gamma { {microns} B E
Thickness : counts x {S 3 28 Weathering | Bed Sedimentary 58
(feety Unit 100 {3283 profile and | sets structures | Biologic Notes %5
a8y 8 lithology %’E
o é %% §=.— 3% aao
L 300 3285|3258 B20
@2
a
2
225375, _
2 00 | « Slope-weathering, non-resistant sandstone,
z obscure
290 — -
FLUV
280 — 175-375
!
21 §
3
- 1 .
270 ~ - Fe rind
I lams
— Fi ; ri
260 20 o aggy, looks ripple weathered
\ FLUV
- low angle
250 — , s0,350 TS Fe-stained
T 2 % Variable bedding, scour
-§ S 5D Mudrips
19 g § troughs
3 = | 100 crests, A
240 2 | 190 migration Mud breaks with rippled ss

Measured Section 4: Apache Mesa South. Measured by RWD, KO, AM 36 37'9" N, 106 48'46" W




M.97.87 904 ‘N .6.LE 98 NV ‘OM ‘QMY Aq paunseoy Yinog ese|p 8yoedy i UOIO8S painseay

deo pauge}s-a4 00€ —~
AN
sauebio Jo 5101 %
—0le
d4
x4
—0zZ¢
m Ol o
g 11
= a
m.m ABoouy| sz
2 $8JON abojoig | saunrns sjos pue ajgoxd 3 & $ m 004 wn (1095}
E) Alejuaunpag peg Bupsyieam & m m X sjunco SSAUNIRL
28 (suosonu) ewweb
2715 RIS fe1oL

52



€S

Total Grajn Size
gamma (micrans) % E
Thickness counts x | S 8 g Weathering | Bed | Sedimentary § g
(feet) Unit 10 |58 profile and sels structures Biolagic Notes g 5
83 ,ﬁ_ @ lithology af
3 % § 2 35 0o
gNg3|3=EE5:8
— 60 v =
:‘i - 2 | abundant
/ k] Sc?“:s FLUV
A & organic lams
3 g Fe nodule ripups, wood lag, siltstone lag
o 0-300 internal | . 000 GAD = 45" shale break on top of ss. Some
50 — = ! scour ripples at base of 1-1.5' sands.
ot i 125.350
T iE e
s
3 ] 88250 § Interbedded low angle sands (10") and shales (1) FLUV
z wi organic material. Bedding is undulatory. Shales
y % thicken upward, Sand bodies pinch out laterally.
40 — 7 1 & X-beds prevalent laterally, @45' GAD in shale.
jl § troughs
LN —— q DOWNLAP-~-Scour surface Kmi?
A
P4 o few
@ /I lams
30 1772507 g
2 '0":’;':139'9 Slope-forming ss (more resistant laterally).
|
‘\ ?75-375 3
20 - 50-300-] Lichen cover; generally fining upward
but all coarse
M 150525 FLUV
i ’ I/ lams =
g
10 ' e troughs 2
] N58W A &
- /" Lateraily discontinuous mud layer
175-350 - .
troughs Minor organic lams, large scale troughs
= /250-500 Notch @0' = sand/sand contact tKkmf?

Mesa NE. Measured by RWD, KO, DB, AM 36 43'29" N, 106 49'39" W
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LS

Total Grain Size
gamma | ., (microns) 5 E
Thickness counts x S § 28 Weathering | Bed Sedimentary sg
(fest) Unit 100 [3o&T profile and | sets structures | Biologic Notes TS
2448 lithology 2 g
3853 g3
YHE=3 F
L 83%2{"”3%’.5%?326' o —=
\; ; flat la opn. @120° Massive ss, wood and mudrip lag
3 ULLE kol Minor mud breaks
19 Ii scs ophio? Sloping massive ss, well sorted LSF
n HCS, SCS
...... - burrows ;
110 18 i i Mudrip lag
17 \ AL, T und // lams Massive isolated ss
AENEN e O
16 ‘ .....
15 / lams at top Isolated ss
v 14 [ T
100 — ; -
\ 7% 88-125, 177 isolated ss
13 e
1 2 .....
g0 M SCS, HCS? isolated ss
..... und lams A @89
A
] LSF-
oT
80 [T . Covered--slope with burrowed fine ss float
10 '
L 4
70 — A @70 (shale)
[ Paper shales with discreet 557
/ Shaley slope with isolated sands
‘‘‘‘‘ i lams Hard, fine massive sand
o Y LSF
\ 125,477

60 62,125
Measured Section 9: Sulphur Canyon. Measured by RWD, MKJ

36 47'32" N, 106 46'26" W




8¢

Total Grain Size _
gamma (microns) %
Thickness counts x [ 8, Weathering | Bed | Sedimentary S8
(feet) Unit 100 [3¢8&+ profile and | sets structures | Biologic Notes G 5
gagd fithalogy 83
3 % 32 . 33 2 &
gogn|835£5:3
180 qq - =
1
4
25 o
] 'g Very weathered
i £
170 — ;
i LSF
24 . )
160 — AL | Prominent continuous notch )
Fe concretions--meter scale or bigger
b A @157.5'
23
150 —
3
i “EZ’: Covered slope--massive v. fine sand
22 -
£ LSF
140 = ¢
p
© Minor mudbreak
>
21 4
0 — €
13 ) HCS Interbedded sand (0.1-1.6") and mud
A Il lams
climbing Mudrip layers
B ripples Erosional scour surface
= Discontinuous hummocks: interbedded sand (0.5-2"
o 20 b . and organic s?laie ienses ( r| or

Measured Section 9: Sulphur Canyon. Measured by RWD, MKJ 36 47'32" N, 106 46'26" W



6S

Total Grain Size
gamma {microns) B £
Thickness counts x |8 a9 Weathering | Bed | Sedimentary SE
(feet) Unit 100 [388% profileand | sets structures | Biologic Notes %5
glgd lithology g2
8832 33 @
L e ggup|t8iEEs g ]
OH =0=‘8&1 7,250 A @239 Angular fine-gr. ss sits on channel ratty sands
4
- 1 175250, 300 Smaller scale lenses upsection
230 2.
125-250
p
220 — /A A @220
H?é&gﬁge Undulatory sand lenses
Amplitude” ~3 EST
: QOutcrop creates lens-shaped float = small channels?
= b%&é%sn Lonses 2.4' scale. "Tidal 8 lenses bounded by mud
210 - 2 _| layers
B | « 135
.%3 Teredo Wood lag
L
© Ratty sands w/ gray shale breaks
N
200 -1 Lg. scale
low angle
x-beds
) Resjstant beds w/ coarse grains, recessed flakey
} 125250, 350 x-beds muddy sands
troughs? A @194
- Ratty sands w/ org. and gray shale mud breaks
250, 350 o A @188
B\ oph?
7 “ﬁv (in %oat) @186.5', translate section 100 yds to north
- % LSF
| :
— 180 2 =

Measured Section 9: Sulphur Canyon. Measured by RWD, MKJ 36 47'32" N, 106 46'26" W
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Total Grain Size
gamma | o §(micmns) B g
Thickness counts x [S B2 8 Weathering | Bed | Sedimentary SE
(feet) | Unit 100 2295 profileand | sets |  structures | Biologic Notes g5
Ea8H lithology gz
DEEER (g 3 § “%- ‘a: é g e
L — 300 gon|lOZ2iL >
35
Covered shaley slope
200 a5 [1X — A | A @290 (coal)
Covered shaley slope with isolated ss
33
280 — ]
327 Coal bed
FLUV
270 — N
FP
31 Covered shaley slope with isolated ss
260 — ]
30 | Small isolated ss
. Covered shaley slope
250 — 7 i) 125-250 load casts, | leaves Mudrios, load i
1 BeSl} A ’ 5 casts? Fossil leaves. Churned base
& JAR ripples  |burrows P
Bg
(]
27 § %
L om i Dark Fe stain T Kmf

Measured Section 9: Sulphur Canyon. Measured by RWD, MKJ 36 47'32" N, 106 46'26" W
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Totel Grain Size
gamma | _ {microns) § §
Thickness counts x|3 § 28 Weathering | Bed Sedimentary SE
(feet) Unit 100 % g8 % profile and | sets structures | Bialogic Notes g 5
sgd lithology 2%
13232, 52 a9
| B853Si32E5620
ey Mud break o |
J Soft sediment deformation? QNie
8] Coaly shale ~_~_~~ .~~~ SB2~
125-250 troughs
¥ : thal. Very coaly mud layers
-+
1
50 e i 3 -
7 bt
. . [
At *—&)125-177, 250 thal, Elghly 9rgamc 9 5
1 X oph. g. resting traces 5
= Interbedded sand and mud, 1-6" E
40— Ty e
7 - i
é =
5 Bioturbated muds
30 ” —
Ve -
4 8" good coal
3 Thin mud break TKmf
20 - e 210400 /\ams lﬁgl
N
177-350, 400 +
f froughs UsF
10 2 ] 250-300 Discontinuous mud break
11 oph.
j?-avs ¥
il Il lams
17] ! sty | Mud break at base; not Kpl base

0 -
Measured Section 11: Monero Beach. Measured by RWD, MK-J, DB, AM, KO, SV 36 54'15" N, 106 51'4" W
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Tolal Grain Size
gamma {microns) 5 E
Thickness counts x |8 8o q Wealthering | Bed | Sedimentary § E
(feet) Unit 100 é 25T profile and sets structures | Biologic Notes 35
F&%9 lithalogy g5
3333 o 85
60 geg8li2fE5:3
6 LEIF LERLD Organics in ss are common
. $ USF
25-250 troughs
ripples T
50— \ . 7 125-325 I/ lams Low angle lams, ripples, oscillating ripples,
5_] o abundant erganics
troughs /
USF
Ml ‘L ) oph.
¥ osc. ripples Oscillating ripples, 252 f280 crests, abundant
40— troughs disseminated organics line ripple troughs
il lams
}, Discontinuous break, “chocolate" organic mud
4
>
30 \ 58.200, 250 und // lams S Q’Qy@
&
steep \y*
350 x-beds Friable MSE
oph. Burrows are Fe-stained
AL 3‘ Very thin mud under v. fine laminated ss in notch
. 2 /
3 177,250 B
3 Fe satai'ned laminae surfaces every 1.5-2', some
nodules
* g '\0\‘«’ @0‘3‘
10— 100-250, 300 + ) @% MSF
&
A $a
und // tams Lamina sets as below
T & bicturb.
1 } und // lams Lamina sets 2-4", broad swalesthummocks
H Base is buried, buf very close--Mancos below

Measured Section 12: Monero Beach North Measured by RWD, MK-J, AM, KO, DB, SV 36 54'15" N, 106 514" W
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Total Grain Size
gamma {microns) 5 E
Thickness counts x | & E N Weathering | Bed | Sedimentary 5E
(feat Unit 100 |gg % & plrorflii,e and | sets structures | Biologic Notes g s
BN &Y ithology g
3233 &5
I gegs|ifics3
0 12
®
Covered, looks like fine org. shales dominate E,
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Measured Section 1

2: Monero Beach North. Measured by RWD, MK-J, AM, KO, DB, SV 36 54'15" N, 106 51'4" W
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h North. Measured by RWD, MK-J, AM, KO, DB, SV 36 54'15" N, 106 51'4" W
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