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Abstract

Recently, lower Leonard and upper Wolfcamp (operational Wolfcamp A and B) strata have become targets for horizontal
drilling and hydraulic fracturing in the southern Midland Basin. High-resolution hand-held XRF, CT scan, and rebound hammer
(unconfined compressive rock strength) analyses were collected from core from these intervals. These basinal rocks can be
divided into four facies: (1) siliceous mudrock, (2) calcareous mudrock, (3) carbonate-clast conglomerate, and (4) skeletal
wackestone/packstone. These facies are interpreted as hemipelagic deposits and sediment density-flow deposits reworked,
locally, by bottom currents. Facies thickness ranges from inches to feet. Three scales of cyclicity are observed: (1) cycles of
alternating sediment density-flow and hemipelagic deposits defined by 3-inch-spaced XRF elemental data (Ca, Al) (1-5 ft thick),
(2) sets of repeating cycles defined by gamma ray log (low gamma = high carbonate, high gamma = high clay) (10s of ft thick),
and (3) megacycles of dominantly calcareous or siliceous (defined by facies) cycle sets (10s-100s of ft thick).

The dominant facies, siliceous and calcareous mudrock, have few sedimentary structures, contain relatively high total organic
carbon (TOC) (up to 6.3 percent), rare burrows, and common phosphatic nodules and pyrite framboids. Coarser-grained
conglomerates and wackestone/packstones have current-related structures, locally, contain low TOC, few phosphatic nodules,
and rare pyrite framboids. TOC varies widely by facies over small vertical distances, varies directly with geochemical proxies
for marine productivity (Ni, Cu, Zn) and siliciclastic sediment (Al, Si, Ti), and varies inversely with carbonate (Ca, total
inorganic carbon). Collectively, these factors indicate that fine-grained sediments accumulated slowly over long periods under
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anoxic conditions, but carbonate-rich, coarse-grained sediments were deposited rapidly on the basin floor and did not include
significant marine or terrestrial organic matter.

In the northern Reagan County study area, conglomerates up to 9 ft thick are common in the upper Wolfcamp, but absent in the
lower Leonard, where thinner, finer-grained wackestone/packstones prevail. The difference in thickness of carbonate-rich beds
in these two formations may affect vertical fracture propagation. Measurements of unconfined compressive strength show that
most wackestone/packstones are stronger than almost all mudrocks. Even so, mineralized natural fractures are present in all
facies. Close vertical proximity of mature organic matter (Type II-111 kerogen, calculated Ro = 0.67-1.07, Tmax>438) in
mudrock and thin, more brittle beds (brittle-ductile couplets) may explain the appeal of basinal Wolfcamp and Leonard strata as
targets for horizontal well completion and fracture stimulation. S2/TOC data from the study cores identify zones of potential
hydrocarbon production, which correlate with horizons that have produced 179-460 barrels of oil equivalent/day (30-day initial
production) in nearby fields.
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Core Description, Lithofacies, and Total Organic Carbon (TOC)
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Mineralogy Based on XRD Data.
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Mean Values for Mineralogy of Lithofacies
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Siliceous mudrock 38.8 5.8 52.4 3.0
Calcareous mudrock 13.7 51.9 32.3 2.1
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Skeletal wackestone/packstone| 8.0 59.8 31.9 04

Q+F+P+A = quartz, feldspar, pyrite, apatite

Clay, siliciclastics, and TOC highest in siliceous mudrock.
Carbonate highest in conglomerate and wackestone/packstone.
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Mudrock Systems

High-Resolution Core Studies of Wolfcamp/Leonard Basinal Facies, Southern Midland Basin, Texas

 JoRd JACKSON
A Part 2: Mineralogy, Chemofacies, and Cyclicity Defined by XRF and Rock Strength Data -]——-————-—-N~

SCHOOL OF GEOSCIENCES SWS AAPG Meeting, May 2014
RobertHWé Battlrggarlc'mer, Jr., Bureau SOf ECO”?”&'C Geology TOC and Rock Eval Data Identify Favorable Targets: Siliceous Mudrocks
. Scott Hamlin kson School ien - . ——
Chemofacies Correlate with Wireline L and Harry D. Rowe %ic lSJ(;ivel?sito Oof0 Texzzsacti\ucsiisn HC-Generating Potential Source Rocks in | Horizontal Drilling
emortracies Correliate wi ireline LOgs ry . e Yy 100 StUdy Section — — Targets
%) | GR Facies Sonic | Shell R. Ricker 1 . EESiES Lotk 400 . C
OO Wt%) API 42-383-10611 Rock Strength: Strength Depends Directly on Ca Content  Fgreryrocamon conrt i « " Lower
7860 & TOC = better source rock T * at (Wolfcamp A)
EXPLANATION A S - 2579mUCS) T 1125 CHEscTamD BEES D 10,0 LExcellert 200 . N
s - : . - L
[] siliceous mudrock 95 = Good lower o - ‘shale’ target
9@-@0 I Mixed siliceous mudrock S [ Fair o [38° lLeonard = U
7880 b B Siliceous calcareous mudrock §75 e Limestone S’ Poor % 8 = Wolfeamp " 3 Z ,,,,,,, i ,,,,,,,, W%?l‘ecgmp
———3 [ Limestone > ) siliceous 10 . % 200. a ol _g = (Wolfcamp B)
3 50 :‘—hj_k_ g |- Data from 3 wells: ° % L -3 5 Horizontal
7900 ==f | 2 ?UJ; :g- L-Gr:e?fz' o ‘:L % ., o* & 3 ‘shale’ target
OENG © upert P. Ricker 1 - n
Baagg 2 ] : 24001 e = * | || =
,\ I LlOCAT‘ION NiAP : 0 E . 0.10 o ° Arglllaceous mudrock H S .. - .
! 20 40 60 80 100 525 Siliceous o Siliceous mudrock H a .
_ _ . _ "%’"_' ‘Unconfined compressive strength (MPa) O calcareglis mudrock @ Mixed siliceous mudrock H 2 600 b'
Mineralogy, Chemofacies Defined with XRF _7920 1 —\ 1 5 ® Caloareous mudrock | || B0 o o)
) ) ) . ) E | T b B 407 ca=29.938In(UCs)-105.44 30 50 70 90 After Dembicki, 2009 |® Limestone k= .
Ca, Al, and Si provide basis for defining mineralogy. - - i i 22060 : X 0.01 T P g m=Best source rocks Middle
O Caicite lne: Ca = 3.33TIC 3 Illite line: K = 0.355A1  * :'f /_\ Midland a = 30 Unconfined compressive strength (MPa) 0.01 0.10 1.00 10.00 < -800 (per Dembicki, 2009) Wolfcamp
- alcite line: Ca = 3. Tic i : - N A 07940 ﬁa dentral|  Basin 2 TOC (wt %) g are horizontal targets. (Wolfcamp C1)
230 . . 52- ahg ) - } 1 ‘1 ‘ I : 5 ; 50% of limestones (a) are stronger Siliceous mudrocks have best hydrocarbon- 1000 ® eofe
T2 > ~ # E . Basin ?‘R_ Ric‘k}%ﬁ}f § > than 85-100% of other facies (b). generating potential. #se
5t 3 P ; il O\ 9 ' Naturally fractured rocks (red line Data from 3 wells:
B ... “Cao 8" S = 0.356A1-0.05 7960 . A\ Reagan 81 -~ i ( ) 0608 1.35 -1200 O.L Greer1&2,
< 10 "Ca=28TIC+16 5 i 5 2o Plattorrh g have intermediate strength. 400 )
O i 2=091 o r2=0.95 A Co. ! = Most of the study Rupert P. Ricker 1. % ’{ Horizontal ‘shale’
< . : = = = 0 +=2 ¢ B 5 3 | lower — ] ... P
0 0 N Sae 20 40 60 8 100 ; y - : o section is in the s = lglt targets and
2 6 8 10 12 0 3 3 5 ) . ) . : T, KB R e, | TR In comparison, rock strength in black g qlleonard ) . _ . ¢ operational names from
TIC (wt %) Aluminum (wt %) High GR = low carbonate, usually Unconfined compressive strength (MPa) el —— L = shales ranges from 27-47 MPa, in tight 3 Wolicam> oil and gas window W0 5 3 Pioneer Natural Resources website,
Most Ca vs. TIC falls along ~ K:Al ratio equals ratio in illite. 7980 ] siliceous mudrock, and high TOC. ) _ C. Photomicrograph of siliceous mudrock. Discontinuous =4 ©° = e 40-86 MPa S it oila ] S2/ToC Investor Presentation, March 31,2014,
toichiometric calcite lin = hi A: Rock strength (unconfined compress- laminae composed of calcite and quartz grains 9 9 < -400| o
stolchiometric calclie fiNe- yRD data show that calcite, illite, and < > | Low GR = high carbonate, usually i ith Si P i (Zahm and Enderlin, 2010) 5 Early gas
ata show that calcite, ilite, an - « ive strength) decreases with Si content, D. SEM image of siliceous mudrock shown in C. Quartz ' : g - :
S=3@TATsEE- | quartz comprise about 80% of rocks owed ] limestone*, and low TOC. unlike Bamett shale (Jarvie, et al. 2007) : : mu - Qe g o B
30 A TP in the study section. So, these three 8000 | because much Siis in. or a’ssociallted wit,h (red) and calcite (blue) grains in clayey (green) matrix. E .00
S minerals describe most variation *limestones are skeletal wacke- clay minerals ' ' E. Photomi h of limest (skeletal kstone) I | Maturity IR
220 ) | therein. XRF data show that most Ca stone/packstones, and calcareous : . Photomicrograph of limestone (skeletal packstone = increasing
=" & . ) - i i . . . . 81200} — 3 ]
§ s L <So5sems 159 IS in calcite, most Al in illite. Most gﬁ;;m_c mudrocks (SEE PART 1). B Rock strer)gth increases with Ca content,  ghowing grain-to-grain contact and little clay. 2
2101 5 +inilterich facies| - romaining Si is in quartz, providing 8020 i like Haynesville shale (Buller, et al., 2010).  F. SEM image of limestone in E shows replacive quartz 01 5.0
At S 1me e 2asis for ternary diagram: % based (red) interlocking with calcite bioclast (blue). Calculated vitrinite reflectance (%Ro)
ol® on molar ratio is normalized to 100%
0 2 4 6 8 (after Algeo et al., 2007). [P
Aluminum (wt %) ' Pan Am O. L. Greer 1 Cyclicity in the lower Leonard - : . T .
o ses 15 SHell R Ricker1 - AP|42-383-10611 Three Levels of Cyclicity are Evident in Wireline Logs, Elemental Profiles, and Rock Strength (UCS)
= i Mega-| GR (API - GR (API) | Al (wt %) | Ca (wt %
XRF Data Define 000 @ 2.5 mi 50 Aholo™ M 2lg oo _
: /\ @l [ fower vd Ca (wt%) | Si(wt%) | Ti(wt%) af B8 | 20 70t s 7563 7964
Mineralogy and e 7860 = 0 —— 400 400 04 S i - - ]
i i / 1] ies| Mo (ppm) | Al (wt%) | Ni(ppm) [UCS (MPa)| TOC (wt % S AR
Chemofacies in \ < Facies |y MO (PP | AL (%) /1N PP 0> MP2lo 2 4 6 - |
. @ f—
R. Ricker 1 Well/ \ 7800, | R —~ T
s — = - el bl N o
— T~ = £ < ;‘-.E f;o\/o
=N T— 7940 ——— — ?
720 " ___Q\\\ — > | 40 7.
7900(g — N\ AL Z 5
,/ ks I\ AN 7900 —= . (\/\x ;\:» f\)
/ Se=——\\ \\ € 4 = .
Qua;&u{ oo ; |06ﬂCaI(ite \\\\ AN \\ b %. ———+
\ N 1
oSiliceotss @ Mixed @ Siliceous @ Limestone| 8000 \ \ \\ change‘ 8 {4 i'// \i
mudrock suluceousr:-::j:j;g c;::reousmudmck‘ \ \in N T = > .change References
(Ternary diagram subdivisions after Nance, personal communication, 2013.) » \\ vertical _ 7950 2 - %r—/r —— — n . Algeo, T.J, Hann_lgan, R., ROWG, H., Brookfield, M". Baud, A., Krystyp, L, and Ellwood, B. B., 2007, Sequenclng events
- - 3 \ scale — | ; E— vertical across the Permian-Triassic boundary, Guryul Ravine (Kashmir, India): Palaeogeography, Palaeoclimatology,
On the basis of data from handheld XRF, we define facies mostly 8 — \\ \\ \ \\ > 4 == <cale Palacoecology, v. 252, p. 328-346.
by variation in carbonate content. Siliceous mudrocks are >50% 812‘9 = [=Wolfcamp \ \ \ \ change [ [c== L = - Z\ Blakey, R., 2011, North American series, 275 ma: http://cpgeosystems.com/paleomaps.html.
uartz. Mixed siliceous mudrocks are dominated by quartz, with = \\ 794015 in — Buller, D., Hughes, S., Market, J., and Petre, E., 2010, Petrophysical evaluation for enhancing hydraulic stimulation in
q yq = \ \ = = O el o 4
varying amounts of illite and calcite. Siliceous calcareous 215 \ \ — —— vertical ) 7> = 5 horizontal shale gas wells: SPE 132990, 21 p.
mudrocks are dominated by calcite. Limestones ( >50% calcite), 8 § \\ \\ \ scale +\L§ q {/ 2 gg" Demloic'ki,lH.',o“X".:,)éOI;)S)Ii 'I;hree gc:;mmor;3 sougiei rgglg evaluation errors made by geologists during prospect or play
are skeletal wackestone/packstones and calcareous mudrocks, 8200(g \ &g appraisa’s: ulietin, v. 93, no. 3, p. 94 1-399. . . - .
s o \\ < N e [l gt Hamlin, H. S., and Baumgardner, R. W., 2012, Wolfberry (Wolfcampian-Leonardian) deep-water depositional systems in
based on core dfescrlptlon and XRD data (SEE PART 1,)' lllite is \ \ Q] 79604 = | X = S T, 1 the Midland Basin: Stratigraphy, lithofacies, reservoirs, and source rocks: Report of Investigations 277, Bureau of
0 \ @ | — i
<50%, so no argillaceous mudrocks are present in this core. " \\ \ © = — ? ﬁ(? << @) R Economic Geology, The University of Texas at Austin, 61 p.
3 \ \ T it | Lo Jarvie, D. M., Hill, R. J., Ruble, T. E., and Pollastro, R. M., 2007, Unconventional shale-gas systems: The Mississippian
8300 § \ \\ % s = ﬁ‘;‘/ &f ?.i * 0 XRRTOC UGS Barnett Shale of north-central Texas as one model for thermogenic shale-gas assessment: AAPG Bulletin, v. 91, no. 4,
- - - = \ il le point 1 i g 475-499
Principal hemical ’ ] s i { = §_sample » : p. .
(E pa GeOC © ca \798\0 O Siliceous @ Mixed M Siliceous [ Limestone v s -‘ | Pioneer Natural Resources, 2014, Website, May 1, 2014 Investor Presentation, p. 12.
Proxies from XRF Data: \\ \ mudrock  siliceous calcareous 2 ; : L R 2 Rgilroad lg:ommiszion ct)f T\(/a\;(a:?, 2014|="O|2-Ii-i|ne' Restela\rlshilt())il and Gas Well, Drilling Permit (Form W-1) Application
Sedimentology 8400 mudrock mudrock . - ) . uery: Reagan County, Wolfcamp Field, Horizontal Wellbore.
Al, K = illite @ \\ = cycle boundary increasing calcite XRE based E ?/::;(Ceedogﬁicrzglcj)ﬁrsoﬁi(udrock Unconfmed. compressive strength (MPa) —> Base of cycle Zahm, C. K., and Enderlin, M., 2010, Characterization of rock strength in Cretaceous strata along the Stuart City Trend,
S T 3 \ Y —= — - - — Facies " [234 Total organic carbon (wt %) ———- Cycle-set boundary Texas: GCAGS Transactions, v. 60, p. 693-702.
Si = quartz (Si not in illite) 5 \ fE— = 1= High-resolution data (above) show close co-variation between B Siliceous calcareous mudrock
Ti = terrigenous sediment s \ quartz (Si), clay (Al), terrigenous sediment (Ti), marine paleo- B Limestone Depth (ft)
Ca = calcite 8500 % % productivity (Ni), reducing conditions (Mo), and TOC. Wireline gamma ray log, geochemical data, and rock strength (UCS) data reveal cycles at three scales. Acknowledgments
Paleoredox, paleoproductivit C’) — '%_ Ca and rock strength (UCS), hence mechanical stratigraphy, Right to left:[l-Cycles (right) are stacked packages of limestone (wackestone/packstones (SEE PART 1) Core preparation, access: James Donnelly, Nathan Ivicic and staff, Core Research Center, Bureau of Economic Geology.
Cu, Ni, Zn = marine productivity 8020 —a e = co-vary closely, opposite to everything else. and increasingly siliceous mudrock. Note proximity of strong (brittle) and weak (ductile) rocks, which may XRD data from Weatherford Labs and Necip Guven, UT San Antonio. Rock Eval, vitrinite reflectance from Weatherford
Mo = reducing conditions O sili Il Carbonate-clast ili i Sili Li tribute t lexity of fract t ks.Bl-Cycl dint I t t b d Labs and GeoMark Research. Thin sections produced by Spectrum Petrographics. SEM thin-section preparation and
Oth n']:f;:i cs;g?:;:;:tzs Ds,:fjgéi = !I'i)é‘:;us -C;;g:felfus BLimestone contribute 1o complexity of fracture networks. l2l-Lycles are grouped into cycle-sets (center) base i on ) SEM operation by Patrick Smith, Bureau of Economic Geology. 2013 MSRL funding provided by members: Anadarko, BP,
Liners . correlation with nearby wells. Bl-Megacycles (left) are cycle-sets of predominantly calcareous or siliceous facies. Centrica, Cenovus, Chesapeake, Cima, Cimarex, Chevron, Concho, ConocoPhillips, Cypress, Devon, Encana, ENI, EOG,
TOC (total b = It of I Calcareous [0 Skeletal wackestone/ cycle set mudrock mudrock
(.O.a organic car on').— result o mudrock  packstone oyde Tncreasing calcite EXCO, ExxonMobil, Hess, Husky, Kerogen, Marathon, Murphy, Newfield, Penn Virginia, Penn West, Pioneer, Samson,
productivity, reducing conditions, and ———— =cycle setboundary Shell, StatOil, Talisman, Texas American Resources, The Unconventionals, US Enercorp, Valence, and YPF.
sedimentation rate/dilution




	baumgardner
	AAPG 2014 Poster_1-new
	AAPG 2014 Poster-2



