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Abstract

The Ordovician Utica shale is an extensive and important part of the Appalachian Basin subsurface, providing a source for hydrocarbon reservoirs, acting
as an unconventional hydrocarbon reservoir, and of interest as in impermeable cap rock for carbon dioxide sequestration in Cambrian formations. The
Utica shale and adjacent formations (Point Pleasant Formation, Trenton/Lexington Limestones) are a mixed siliciclastic-carbonate system that is mostly
in the subsurface in areas of interest within the Appalachian Basin. Most outcrops are located to the east, in the Appalachian fold and thrust belt, and few
public cores are available for study from key areas in the basin. Using a combination of core/well logging and multi-variate analysis with GAMLS
software, lithofacies based upon mineralogical variations and sedimentology were extrapolated to electrofacies across the state of Ohio. These
electrofacies were then mapped to identify controls on deposition during the Upper Ordovician time in Ohio. It typically is assumed that the primary
control on regional deposition during this time period was the Taconic tectophase of the Taconian Orogeny; however, Precambrian basement structures
appear to have localized influence on deposition also, such as the Waverly Arch, Utica Mountain Fault, and Harlem Fault. Also, the Sebree Trough has
previously been reported to end in southwest Ohio, yet electrofacies mapping shows that the dark, calcite-poor shales that infilled the Sebree Trough
continue towards northeast Ohio in a possible trough-like feature. These shales may have later timing compared to the Sebree Trough proper. Overall,
lithofacies mapping combined with electrofacies mapping indicates that these Upper Ordovician formations are not homogenous rock types deposited
across the state (such as layer-cake stratigraphy), but rather vary in mineralogy and thickness both horizontally and vertically across the region due to
multiple controls on deposition.
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CLUSTER ANALYSIS LITHOFACIES VARIATIONS ACROSS OHIO
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INTRODUCTION o . _ . _ _ Modes from GAMLS were a551gned to each depth bf;\sed on patterns among \.\((\e‘a‘o 55 Cross Section A-A’ (Figure 11) shows an increase in limestone thickness towards the east, with shale within wells 51, 45, and 50 having greater amounts of calcareous shales, followed by a decreased
The Upper Ordovician Point Pleasant Formation and Utica shale are fine gralned the values of log responses (Figure 4). GAMLS assigns initial electrofacies 5.0~ %y/_ Ml rode 2 amount of calcite in the shale and grading towards greater amounts of calcite in wells 16 and 17 (west). The contact between the overlying shale and underlying limestone units is gradational, with increas-
. . 2 : : i ts based upon known, typical well log responses of rock types to & Bl moce: ing amount of calcite towards the east. Cross section B-B’ (Figure 12) has greater amounts of calcite within the shale except within Well No. 46. There are several wells which have interbedded calcareous
imentary formations com f shale and siltstone that are locally organic rich,| | 5> 8h0e" ; oy O 8 : g g p . 46.
sedimenta y O_ A0S € p.OSGC.l of shale and siltstone that are loca y o . ganic nc, the well log tool, preset in the program. 459 /b@;&f %’7@ B rodes 2 shale and shale (Well No. 61, 29, 58, 35). The contact between the shale and underlying limestone formations is sharp in the west (Well No. 46, 2), becoming more gradational towards the east (i.e., the blue
calcareous, or 1nterbedded Wlth llmestone and dolostone. They dare recognlzed dCross GAMLS provided a first assessment of lithologies, indicating five shale, - /5‘9/(Q mode5 G limestone interfingers the gray shale). Cross section C-C’ (Figure 13) shows a sharp contact between the shale (grey) and limestone (blue) in northeast Ohio (Well No. 11, 5, 27) but becomes gradational
o

much Of the Appalachian Basin (Figure 1) and Of interest as a three limestones, and two dolostones across the 62 wells. While GAMLS is 404 R, - _ mode 4 further south (Well No. 34, 29, 62). The shale also becomes lighter, indicating an increase in calcite content.
) ARt e .

) able to identify several of each facies, they are still “vague”, and are essen- A wan e e we e e wee e s e e e A B it Wl e wele e W Wt Wi  wene e B’ C v e e e e e (7
CapFOCk for carbon sequestratlon, a source I‘OCk, and an tially end-member lithologies; the program does not identify mixed lithol- > “g’ e T (o e [ TN NN nTr —
unconventional reservoir, depending on location within the ogies (i.e., shaley limestone, or sandy dolostone). These Upper Ordovician 304 g e , A ™ bt A bl B
. . ’ - . . rocks are sometimes ideal end-members, such as shale (Figure 5), or lime- £ NOTE: On these cross é ST o | |
basinl23. The Utica shale and ad]acent formations (POlnt stone (Figure 6), but much of the formations consist of a mixture of these Gy ° R sections, the yellow line i a i! e % o = m
Pleasant Formation, Trenton/Lexington Limestones) are a G50 QUELNR0IE, GNP EE 8 Sl (B SO Ca IiayR e mike: ", T s mark the top of the Utica ~ | I ; § 5L on B " § S ECE = - .. SNSRI
) e . ) . . . ture of clay and carbonate (Figure 7), or interbedded lithologies (Figure 8). %, v Shale, purple line marks 5 | 3 3 = § ‘' - = = 5 + f -
mixed siliciclastic-carbonate system (Figure 2) that is mostly in Also, GAMLS uses ideal mineralogical and facies values of well log meas- %y i o1 o o (5 e e 2L o g 2g =8>3 o BN = é ~ %
the subsurface in areas of interest. Most outcrops are located to gzgloer?tss teociifcilsnctiirf(s:’utrfrl;iznecfi-r;lfe(rlr:ebirsif;zis; Vg}t‘f;ﬁgg Eﬁlrigoirntoclﬁglsig- Group. Cross sections are B | e ; gy o - S AEEE[ P . E - & 2 E S 5 el
the east, in the Appalachian fold and thrust belt, and few public 7 il rnli)xing factors that could affect e, o could melke the F1gure 4. Example of clustering in GAMLS using Well No. 4 and 38. | | flattened on top of the ‘EE R R RR g " E - F E = : g A = "N B e
. . . . — . . : : . Blue circle is the region where it is limestone, and the black circle is Black River Group. 5 5 E E E B R AR B = m B = - f = = |
cores are available for Stlldy from key areas in the basin. USll’lg Utica Shale extent interpretation more accurate (again, such as a mixed lithology). GAMLS . P o [ o . EY e .i ,,,,, =t I - o
. . . ] . . PO S interpretations, as with any program, needs the user to verify data and ad- the region of shale. Well log data plotted for three measured val- d o - = = = =5 = = = = : o ; i ;
a combination of COI'e/ well 1Ogglng and multi-variate analySIS —  <tate boundary just as needed based upon previous knowledge of the study area, or core ues and colored for electrofacies clustered based on the full suite . _ , 2 ‘ ‘ T e[| ][] ] | ‘
with GAMLS software, lithofacies based upon mineralogical information. of tools. Figure 11. Cross section A-A Figure 12 Cross section B-5". Figure 13. Cross section C-C’

variations and sedimentology were extrapolated to Figure 1. Extent of the Utica Shale and

electrofacies across the state of Ohio. These electrofacies were P/t Pleasant Formation in the Appa-
) ] L. . lachian Basin. Modified from™".

then mapped to identify local controls on deposition during the

Upper Ordovician time in Ohio.

LITHOFACIES WITHIN THE UTICA/POINT PLEASANT

The highest percent of shale with little to no calcite content
(facies 1, 2, 9) of the Utica shale and Point Pleasant For-
mation (Figure 14) mostly lie within a linear channel trend-
ing from southwest to northeast Ohio which corresponds to
the thick linear feature on the isopach map (Figure 15), and
another basin-like feature in eastern Ohio. The calcareous
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£ 13 2| Ohio G  Ordovic Figure 2. Ohio Ordovician stratigraphy. The Lexington and Trenton limestones are grouped together '_:‘ - _ ; :

5oy g YO BENeralLIeOVIcaN | b roughout this study, representing a period of primarily carbonate deposition (blue box). These two il - P shale, mainly occupies the edges of the linear feature

2|22 Stratigraphy , o , 7 B (Figure 16), and the argillaceous limestone is situated

2l represent a period of cool-water carbonate deposition on an extensive platform that covered much of the i i : . .

Queinstonsh. : : . : . . 2 £z mainly in the southeastern half of the state (Figure 17). o &
g Cincinnati gp. Appalachian foreland basin. They are stratigraphically equivalent, and grade laterally into each other. The ; ’ There are very few limestone beds limestone that were de- -
S Trenton Limestone is marked with an abrupt contact with the overlying shale, representing a period of Figure 5. Image of dark shale Figure 6. Image of the un- AT 76 U2 ey il Rl E Figure 8. Shale (dark layers) in- tected by well logging, at most occupying 4% of the shale = ot g LT \

i ——es subaerial exposure, while the Lexington grades into the overlying unit. Overlying the carbonate platform, the from well no. 44, box no. 58 derlying limestone from ;a;%‘;ﬁ;ggge Z Orr;i:/vivlrl i7°' terbedded with car bo.nates (light formations, but the majority of the well locations contained I e s =

HEE - PointPleasantim. __ Point Pleasant Formation consists of interbedded calcareous shales, siltstones, and limestone, primarily (180'1'8:.” m depth), mode 2. well no. :ff (1609-1612 m), ’ o "P / layers) at a cm scale in well no 31‘3 no limestone beds. (i.e., thick enough for well logs to detect  Figure 14. Percent of shale in Figure 15. Isopach map of Figure 16. Percent of calcareous Figure 14. Percent of argillaceous

rg % o located within Ohio. It grades into the overlying Utica shale, decreasing in the amount of carbonate content Ruler is in cm. mode 8. Moae o. (1557-1560 m), modes 5 and 3. a true carbonate value). the Utica/Point Pleasant. the Utica/ Point Pleasant. shale in the Utica/Point Pleasant. in the Utica/Point Pleasant.

8| % 7 Lexington Ls. upsection. The Utica shale consists of dark brown to black, predominantly shaley strata at the base of the

£ 5 Kope Formation; it is an informal term within the state of Ohio. The Utica shale and Point Pleasant Formation
: BlackRiverls.  |% & ar: rouped together thro]; hout this study, re resentinf a period of primarily shale deposition (orange CALIBP-{ATION -OF ELECT-R OFACIES- TO LITHOFACIES . e ; WellNo. 4 WellNo.38  WellNo. 44 WellNo. 52 LITHOFACIES WITHIN THE LEXINGTON/TRENTON LIMESTONES
= B Ew g P' . g i g Y, rep gap P y P g Clombmed with core information, these e.lectrofac1es can be.cla531f1ed as lithofa- — — — — Within the carbonate units, there is generally very little shale content overall for either
- box). Modified from™". c%es. Four of th.e analyzed wells had associated core and previously measured cal- TRl TR bomd—— o shale or calcareous shale; as a result these two facies were combined to create the shale per-
cite content (Figure 9 1011, Il B L A N L | B WL | B cent map (Figure 18). The two notable locations with very high shale percent are in the mid-
METHODS The CalCIte Contents were then Correlated Wlth the Correspondlng Slngle mode A witllll IR dle Of the State al’ld at the Southwestern edge Of the State- Arglllaceous llmeStOIle IS mOStly

. . . . assignment assigned by GAMLS for each depth. Each mode number had general - g g ...... located towards the southwestern potion of the state (Figure 19). The northwest corner of
Digital well logs for 268 wells (Figure 3) were used to pick tops for the statistics run on the calcite content for all cores (mean, median, mode, standard I the state has no to very little (on the order of just a few percent maximum) of argillaceous
Lexington and Trenton Limestones, the Point Pleasant Formation, and the deviation, maximum, minimum), and a general calcite content range was assigned T g ! %“- T limestone, gventually increasing towards the east and southeast. Dolostone anq limestone
Uitfes aballe armoes The caie ol 0k following 13,678 (Figure 4) - geoSCOUT b_ased upon the mean gnd standard deviation (Figl_lre 10)-_ Lithofacies were as- %M v 150 = 173 il 111:: were combln(_ed to create the 11m_est.one percent map, as dolostone_ represents still a clean

signed based upon calcite content and core observations (Figures 5— : : -

¢ ! LOGIC. 1 D di A IS f _ gned based up Icit tent and b t (Fig 5—8, 10) 4 carbonate unit Thfz dolostone within the carbonate platform z.ﬂso is a result of loca}lzed hy
software from geoLOGIC, Inc. Data was exported into ArcGIS for contouring i A=— m T drothermal alterations from fault zones, particularly the Bowling Green Fault Zone in north-
isopach and structure maps. Rock types Gildie Gontent Talores Dé;’ ; D — _ west Ohio (Wickstrom et al., 1990). Limestone is mainly found in northwest Ohio and south-

. . . . . from th | == = hio, with 1 Ohi ining | £« " i Fi 20). Th
Sixty-two wells were selected for multivariate analysis and clustering to bl A ¢ R Facles Groups e = ol east Ohio, with central Ohio containing less amounts of “pure” limestone (Figure 20). There
dentify electrofacies based unon well loos ( S S S - ; , , | ; | are also severe.xl locations o_fvery little to no pure limestone present in Fhe carbopate plat-
1den _1 y i p_ 85 (8 ) Y ) ) p ) Y -m_ i& Shale Eatias " ! i Figure 18. Shale percent in the  Figure 19. Argillaceous limestone per-  Figure 20. Limestone/dolostone per- forr}rll, focused 1r(1:1cent;‘a}11 Ohio and southwest Ohio, such as the area of argillaceous limestone
density, sonic, and photoelectric effect). Geological Analysis via Maximum 3 oy S T limestone formations. cent in the limestone formations. cent in the limestone formations. at the eastern edge of the state.

Likelihood System (GAMLS) software was used to cluster well log data from 4 isopacn ana siructure gata poin =Y ke » o - = i1

the bottom of the Trenton/Lexington limestone to the top of the Point g “eeemeser e T e Lt DISUCSSION AND CONCLUSION: CONTROLS ON DEPOSITION B e
Pleasant Formation/Utica shale into modes with similar responses. Precambrian faults e e SR L A There are several prominent features that appear when dominant lithofacies are mapped across ot o st i S s
Clustering in GAMLS was initialized "By Variable" with density (RHOB), /Q L tosmall i Ohio (Figure 21). First, the Sebree Trough, containing predominantly calcite-poor shales and corre- st Gl st gl et oo
with 10 modes, and a 0.01 convergence goal, producing 10 “modes”, or f9ure 3. Well location for data e polomie e i = . sponding to thickening of the shales and thinning of the carbonate platform, appears to extend Y N oGy s s S s
] ’ ] ’ _ ’ used in GAMLS clustering, core ; ; -y ; oc) 1 Wl mode modes [ mode7 [ mode 10 across the state rather than terminate in SW Ohio 91213, The Waverly Arch appears to have been a o T . o 200 oo o et o o epene
electrofacies. Modes were 1nterpreted based on their Well-log responses ) ) Figure 10. Calcite content within GAMLS assigned modes (electrofacies). Lithology " = : s - o 1© ment of Natural Resources, Division of Geological Survey. *Enerpreiss
. locations, and well locations. descriptions are applied based upon average calcite content B rodet mode4 [ mode s low-relief, topographic high that persisted from the Precambrian into the Ordovician!415. Although ﬁb‘e @ (2015 High resoluton, coe ghotograpty and speciral gamimarray
and calibrated against core-based quantitative and qualitative lithologic jlr?ecj Iin;s are known or i;ferred o 1 k . - t; ; * tmode 2 — L y moving throughout time, suggesting a migrating peripheral bulge, it has affected rates and types of : e
O . . : . : . : ts that penetrate or influence ere are clear rock-type end members that can be designated (mode 2 as s : : ; : e ‘3 basi Exloraion. West Virginia Geologic Suvey. Barancks (2013
composition in order to identifv lithofacies. which were assiesned to the 79 . . . deposition. To the east, the Appalachian Basin was influencing deposition by providing a source of Structure Contour Map on the Precambrian Unconformity Surface in
o : / . - 2 - Ordovician strata”. “shale”; modes 7 and 8 as “limestones”; mode 10 as “dolostone”). Modes 1, 9, 4,  Figure 9. Comparison of measured calcite content (red sililz:iclastics and deepenin WI;Eers Finally, there are several gmalll)er re ion}s, \I/)vhere regactivation of e Sor o Gl e e 155 s 20
well logs at 0.5 ft intervals. Four cores with corresponding LAS files were and 5 fall within a transition zone, from most shale-like (mode 1; black circle in  /ine), gamma ray values, and GAMLS assigned electrofa- Precambrian faults ap eargto have- Create}(,i, localized uplift (S,uch T gtica Mnt. Fault. bromotin Efa'y:’ZZZ‘&E?"ch"a‘fsih”af{fphia"fj%i%f_i?;.’;%ﬁ%;.e"ﬁ"s@;ii‘i‘iiﬁ
used for this comparison. The dominant electrofacies at a given depth was compared with calcite Fig. 4) to more limestone-like (mode 5; blue circle in Fig. 4). Mode 3, initially clas-  cies for four cores. Horizontal colored lines are tops of for- I — depositionI;por down-dropping (such as thepHarlem Fault, promoting s.i licicla’sgc opos lg % = | iﬁz{zééITpih{“"i?,f;?,i!ié:"é"e‘bZT??ZL;:T"XE“S;L"Hi?“,l‘;:gﬁzii‘ifé
. . . 0 o fo ifi i i ithi i iti id oi 1t - ti g le- Black Ri G . - Ti t - ) . Gl argilaceouslimestone midcontinent United States. GSA Bulletin 113, 1067-1078. “Ettensohn
conten, as determined either by direct measurement or by a reflectance-based estimate, providing | |fed 222 limestone. s witinthis wansiion sone brding e wansiion bt gupe, Bk fer Grougy rnge Tertn o | |GG0uRNCEnc Rl == =

- : - - e i - L 4 ) 2 ; ; QR = oo v e shoreie o o epeson of e
lithofacies based upon mineralogy. Percentage of each lithofacies in each rock package (shale or | | jimestone, or a muddy limestone. Finally, mode 6 was initially classified as a do-  yellow- Utica Shale. Depths are all in meters from the sur-| | Overall, the mineralo gy and facies distribution of the lower Upper Ordovician in Ohio is controlled Figure 21 (4) Carbonate platform and (B) shale formations major | .t e
carbonate platform) were calculated across the state, and dominate lithofacies for an area was | |lostone electrofacies by GAMLS, but after reviewing the average well log values, it face. Orange boxes are locations of core images (Figures | | by two basins formed to the east (Appalachian Basin) and northwest (Michigan Basin), and struc- J96/€s composition across the state using GAMLS facies assignments SR
assigned. also appears to be an argillaceous limestone or calcareous shale, and falls within  5—8). There is an inverse correlation between GR and cal-| | tures that are prominent or reactivated during deposition within the Precambrian basement. and core comparison. Major acies at a location was assigned based S el e el o e dergner o

this transition zone. cite content for each of the four cores. upon which facies had the most beds assigned to it. EA_:_TE,,J_Uppe;wogim:jnﬂéixflg;”n” Limestone, central Kentucky,






