CrossMark
& click for updates

A s3] A A 5248 Al 62, p. 937-951, (2016 12Y) ISSN 0435-4036 (Print)
J. Geol. Soc. Korea, v. 52, no. 6, p. 937-951, (December 2016) ISSN 2288-7377 (Online)

DOI http://dx.doi.org/10.14770/jgsk.2016.52.6.937

<Review>

Adze] =AEA B

exg’?. 2ms - 2H2° - 0j8eY
'ES0jsm A PR
HFCST Al Pa e
2 o

Al A BH A AL ofF GF2 o2 7l 9 G E 7 T2 E et oF

O Z
— a4
2= EA0EEDE AU, dutdoz §71& ol =oh Al93Y <A £42 &9 A5 A=Y

Eof & Hof e 55 7Y f71e0] THEH e 5L A= 8% AL Ak LSS =AY
A EF 7hs F3to] FAEE iR A71o 2 EEE HA rhs 33 HAE S ek AA
Ql A7)(&=)0l whet H A 2 FAA 9 A7 HIE S5k eASA RS Fo AdSe] EaEA
Ao AE AST & ek AT @A AXE SASAH E42 Al APL ghefl oEet S BAH
(SB)9] A7} Hutid ) eSS FA st EAA TS 2731 9lo] A7} ATk o]t AIE S5
317] 3l 232 AA il A aLeisfor & BHAIAF) 22 8, #A]9] X F A B4, 24
W el A8 A 58 1Est

FRO: A, &3, B4 2, sy

Ju Hwan Woo, Junghee Son, Seok-Hoon Yoon and Chul Woo Rhee, 2016, Review on sequence stratigraphic
interpretation of shale. Journal of the Geological Society of Korea. v. 52, no. 6, p. 937-951

ABSTRACT: Shale is fine-grained siliciclastic rock with fissility that often contains high amounts of organic matter.
Sequence stratigraphic approach to the shale is a powerful tool not only for regional to local stratigraphic correlation
from well logs and seismic profiles, but also for screening intervals most favorable for preservation of organic
matter and gas generation and storage. Shale mainly develops during transgression accommodation space increases.
Sequence stratigraphic models help us to predict heterogeneity and anisotropy within shale in terms of cyclic
sedimentation patterns representing variations in sediment supply and accommodation. A recent depositional
sequence stratigraphic model of black shale attempts to identify the key discontinuities within shale based on the
vertical change in API gamma ray log. Those models have been verified through correlation with outcrop sections.
The log-based shale depositional sequence models are too simple to account for diverse depositional setting for
shale formation. As such, this manuscript reviews the variability of depositional systems in terms of tectonic
settings, basin physiography, circulation and organic productivity within a basin.
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Table 1. The broad factors responsible for the deposition of organic-rich shales (Potter ez al., 2005).

Oceanographic and Biologic

- Stratified water mass in silled basin effectively
isolated from turbulent, well-oxygenated surface
water (preservation model)

- Excess organic productivity in surface water
(upwelling) causes organic overloading on lake
or sea bottom even in well mixed water
(productivity model)

- Excess terrestrial organic matter in lackes/
lagoons (productivity model)

Geologic / Geomorphic / Climatic
- Deep basins below storm wave base (tectonics/global

sea level highs/minimal sediment input)

- Shallow, stagnant, stratified lagoons, swamps, oxbows

and lakes

- Globally warm climates

Sedimentologic

- Clay, fine silt and organic debris all have low settling
velocities and accumulate together in topographic
lows in either deep or shallow water

U AR 6T Sk 0] §9He Be B
83} F4gol e AYFUS] BoA elol
ek AR A A5 ARgezE QIR E7|
AZste] v A5 A AL A F-5(unconventional
hydrocarbon shale reservoir)” .2 &&| 74| =it}
dutH o2 Ald250%2 HES35%] HE £
S5 12|31 15% 9] 3}8Ha] E= AYFER o] Fo
] ek (Wilson et al., 2016). o] 8t H| A5 - Al
Qo] BAH 7HA) = Beles Aele] Asiet 3
FEX(geochemical sweet spot)T} 213221 sk
-84 (artificial fracability; geomechanical sweet
spot)ol] & UtHGlaser et al., 2013). 2| &5ty £
£548 2L R4k BEXY, B28, v
23, AH, 718 A €Y A==
9] E4(reservoir quality: RQ)I A =,
SRS A aae A A E S A
= FoFe AR, ARFTY FHo ¥F=
FE 2R o v B4 9, Tk,
AR A G L ARt A E ZFsH o= A4
E7Z(completion quality: CQ)-S Z&gth(Glaser
et al.,, 2013). A|YS Wol v]dF A 7 Ak =
7)oll= Al Y9S- vl d FAF EHA 2 B gt
2k} Bk i A 71e0] B9 AAE
$ohes Aoz Hdth Ju 22 24 WA=
AArFS] HR7F S U A X389 oA A5ty
EA4o 7123 MYE §4% & ARSY 4
A FH o] &2 H(sweet spot)ol] 4 TS
Sk Zo] 44321 i Ag4te] o] =tk Bustin
and Bustin, 2012; Soltanzadeh et al., 2015).
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2 A oY, 5 S&4taT Bt olygt
1|9 o] Fo] AlgtE= £ FH, 7%, siH
9] o], HEAFS Ws} 5 ookt a7t S Al
29 EHof G v|A= AL 2 Y5 Fch(Potter
et al., 2005; 3 1). B2 Eo|| wia} 2 LEHA A X
Z}o] 2135 A sk Wilson Cycle2 7] #Hske}
S S M| dFo] B A ASEE AR
o] Q122 Ad3f F7|= glci(Trabucho-Alexandre
et al, 2012). 0| A% ALZe] HAL 75270 o
3 AQ == HHEY 7oA RE 4 B A2y
olxe] 2 EHE] AU MF, 18 oA
A= B3 7 A St A s Wt
2 Ag=Eci(Potter, 1998; 13 1). A& 2l sfl=H 2]
H3to| W2 £ 9] E|F Y W3], B3] A= o2
Aol ERseshe SR 24, 2 AdEel
Sew A5 s 29T a2 g setiel A
A3t FE RN B2l WeEsiEo] Bk
B7¥e] Wislol et BeEsi HAASe 544
4 2%, HHAS 7re) BAo) g 7S Ba L
= YJtH(Van Wagoner et al., 1990; Emery and Meyers,
1996, Catuneanu, 2002).
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Arde IA Al 72 vdok MY WY 771
£ REG S20) JZR} 5748 A Sof o
E &9 AhAg o 2 HAosl= BET Y (preservation
model) (Demaison and Moore, 1980; Funnell, 1987;
Tyson, 1987; Canfield, 1989; Rabouille and Gaillard,
1991; Paropkari et al., 1992)3} 4=3] o] AtA=
BE BN ¢ S A2 B2 ¥ 7= A
Aoz Aigsi= A 2l (productivity model)
(Berger, 1979; Morris, 1987; Calvert, 1987; Bender

SEGREGATION BY
TRANSPORT

SOURCE

Active Margins
Dry <) T Wet '_

SED SUPPLY/ACCOMMODATION

. T Proportional to ratio of sediment
" . Gravels,sands - supply to accommodation
- silts & muds ¢ > Bypassing prevails, when

s . ratio greatly exceeds unity

Mud bypassed & sand
accumulates, when ratio
is approximately unity

Dry . -ert
Passive Margins/

i al Interiors
Continent i Mud & sand trapped

* Debris from - together, when ratio is
. Glaclation - much less than unity
+Large, T Thick I|
Sediment| Basins
vields| & SAND-RICH BASINS
B § Sands deposited & trapped
& 2 updip

Rainfall ——— Supply ———=
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et al, 1989), 2] T ATz sk w2 sfop
&7 HSt= QI s o] 4hAE S M to] w)
2HOceanic Anoxic Event, OAE) A™3}= 1 8)|%F
5} T dl(paleoceanography model)o|chMiller, 1990;
Wignall and Ruffell, 1990).

ol & HET2 £ FHI=E olFste A=
W(bed-load)o| L} EYO R o]FH= AE 7]
o] A= FHAHE. 2Rt BREE ol ATl
AR = st 9 BFoIY wte, 24, ol =
o) AR 123 Aale] TUERet gt 9l
t}(Potter et al., 2005). A& 2] 7| &Eo0] Fe 2, 7
o) 57} el WEsh B $718 YA o
SH7] WEel frrleEe] TR HAS] B
(Huc, 1988).

BE B9 35|90) $4 A7 72w
wug e A e) TS wEwgel et

3o wet FA4 Zd(Deuser Model)ar AE&LS
I 2d)(Strakhov Model)2 AEHTtHWignall, 1994;
Y 2). ol BE2 24 W9 7R E T
AGHH A2 FFo] BALS uhehg 2x8tn
2 g EXr2d(silled basin model)2 £]7]
& gtk 29 ol A SEo] 2t 4 (lagoon) 9
e 87178 T U0l ARl g Xe
kS0l ek f7]Eo] TR B AlY
o] YA th(Wignall, 1994; 17 3). o] ZE 9] 4=
o< ASE Hof 1 27] 71| Ak 1-100

)ll QlNl

SHALY BASINS

Cratons,shelves, and ramps. Prodelta mud sheets
with clinoform structure and hemipelagics at high-
stands. Variations in water table linked to sea level
in coastal deposits. Sea level cycles well defined
on scales of 1 to 10m or more

Beyond shelf edge: Subsea fans, slope, and deep
ramps. Some contourites. Strong hemipelagic
plumes at low stands. Sea level cycles 1 to 10m
or so on slope, but decimeter scale in deep sea

Coastal: Muds in lagoons, coastal lakes, and
tidal flats of lower coastal plain closely linked to
continental supply and climate as well as sea level

Moderate & Indirect | Strong & Direct

Continental: Flood plain clays,clay plugs, glacial
and rift lakes all mostly the result of random
climatic, tectonic, and sedimentologic events.

LINKAGE TO RELATIVE SEA LEVEL

Open Ocean: Largely independent of relative sea
level except for hemipelagic and distal subsea fan
fringes at low stands.

Weak & Indirect

Fig. 1. Flow chart emphasizing the roles of source, transport, and basin on shales. Notice the significance of high
rainfall, relif, and relative sea (lake) level on thick, shaly basins. Relative sea level incorporates the three independent
controls of supply, eustatic sea level change, and basin subsidence (Potter, 1998).
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g/em’/yr 2 H2 Wo|w, EH=o] Yu] =
100-10 cm/1,000 yrs (B3& 60% 9] H82)=2 o
Z] gth(Wignall, 1994; Potter ef al., 2005).

A 2l ESiAS AHR7ks Ao 29
o2 tfAgoA FEtrdel FA4H Kimmeridge
AESCE s 22, 77T 7T A
259 &5 (upwelling) & 2 7|50 FAE o] g
AE FH A AAAT(Oxygen Minimum Zone,

OM2)2 9la) §71Zo] Bajlex) ghrt & mzso]
A AAZS WA AEacH I 4). = §
7|Eo] S5 HHEY A2 AEHH o2 FHAA|
o Fd== w2 77] gado] 2 mAYEZIH
(Berger, 1979; Calvert, 1987; Morris, 1987; Bender
etal, 1989). o] AL BERAT} 2] 2Atsho
B BAZ S 23] Solgl ae] §
2t gelere] 2ol 2 sk gk TR

DEUSER MODEL

Progressive reductionin
depth of mixolimnion

(and productivity?)

2

Early transitional
Stage

Initial formation of
halocline in deep
waters.

> 4

I:I freshwater, normal oxygen levels

[[]:[]HH marine water, normal oxygen levels

\H
h+: 1
/
Area of sapropel deposition ’
expands out from topographic
lows on the basin floor

Present day

2 8

Unit 1 deposition

STRAKHOV MODEL

0 0

marine anoxic water \QM

Nutrients displaced into surface
Waters by rising monimolimnion

triggering high productivity

Fig. 2. Formation model of finely laminated, organic-rich shale in Black Sea (Wignall, 1994).

BLACK SHALE FORMATION IN AN
EVAPORITIC SILLED BASIN

surface waters increase in
salinity due to evaporation

; vooN

gypsiferous
sediments 5

high productivity due to
constant inflow of nutrients

o
e

organic-rich =

carbonates

Fig. 3. Model for the formation of black shales with negative water balance through evaporation (Kirkland and Evans,

1981).
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7HA Q1 Ak Wiske drgsiar Qlok. E3t
2 ASSHEA] g & Ao jlew 27 /7]
B PARFS 200-600 g/cm’/yrZ E& Holth. g
220 FAulE 110 m/1000 yrs (F3-& 60%9)
&3 2 A =4 YerdtiWignal, 1994; Potter
et al., 2005).

w3 Fer Bl EFER| 9 RAF2A Xt wh
2 Fj|oF 34 H3l= wielr| Abtian-Albian 7128|311
Cenomanian-Turonian®] ZAA|A|Z o2 3f2] Ak
232371 Wopyof wheh S A Y3o] §A W
5} thSchlanger and Jenkyns, 1976). 3l4=2] Ak4
23w 7} ol A2 Ak A4} 7| %
Wtz A Hch $7] Webr] 9] 32 s, 5 o
&l HAE Az e o)z Qs 5 F71E9
o] ot BS AA A o2 FU3 7157
&5, SHE 2o AikathE FAd5H] f71E0]
S5 5350l 4= Itk (Schlanger and Jenkyns,
1976). Kimmeridge HEZ2] A4S thA %9
7N 2HE(rifting) 2t AHE =} th 552 3f
9] &gHargof o 2 H 1HE A5 2
oz A9st7)= gtk olHEt FH AU S A
20| A= A T A o] putEE - {Miller,

>

LIS deposition
‘L\,_Lé/ e
non-deposition
winnowing

cold, nutrient-rich,
oxygen-rich deep water

1990)e} 38R &2 H9(Oschmann, 1988)2
2oto] A E7| % st 7|2H 22 32 ¥4
£3to]| 7|Zx3tn2 Ff9gstd Zd(oceanographic
model)o]2txE Fth(Wignall, 1994). dfla=2] Aka
Eojer} PopAl s AL TR o3t SHBE,
A FEHNA 9 S Fi} o & £ HBke} Tof wE
sy <getslo] 7]21gkcka 2 4 9l W Wilson
Cycle9] G W=t}(Trabucho-Alexandre et al.,
2012; % 2).

olFT FA: NYZTS THsH= olF EHAHEY
o153 Yol 7P 2 FS iRk Bae 4loR
dHA o, LY AT w2 o]F E
A& o] e et ofy 2t 2 (Rine and
Ginsburg, 1985; Flemming and Delafontaine, 2000;
Deloffre et al., 2007), t5-% 2 tiEAH(Loucks and
Ruppel, 2007) SR o)A BEAFA] 27 hemipelagic
settling)of] ]3] EEl7 | g}, olelol o}
E& TU=F(hyperpycnal flows) 9} A[EF-2 F3 ths:
AT BASARE ofF 4d 4~ ¢ick(Bhattacharya
and MacEachern, 2009; Mulder and Chapron, 2011).
3, ZZ ol X| & F(contour currents)+= o2 A
23 E5E B12S 542 4 YckShanmugam

turbidites may temporarily
oxygenate OMZ

c."

phosphate-rich

sediments

area of organic-rich

Upper dysoxic waters

z Low dysoxic/suboxic waters
|

Fig. 4. Simplified dynamics of a coastal upwelling system (Wignall, 1994).
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Table 2. Summary of black shale occurrence with respect to Wilson Cycle stages and their respective depositional
environments (Trabucho-Alexandre et al., 2012).

Wilson stage Example Processes Environments Black shales
Terrestrial ~ East African rift  Crustal thinning, uplift ~ Alluvial, lakes Lacustrine
Continental rift :
Flooded Aegean Sea As ab_ove, seawater Rest.rlcted shallow Shallow marine
intrusion marine, fan deltas
Juvenile basin Red Sea Spreading, uplift Small shelves, shallow If estuarine
seafloor
Opening Atlantic Ocean Spreading Extensive shelves, deep Shelf
seafloor
Mature ocean el
. . . . Narrow shelves, very .
Closing Pacific Ocean Spreading, subduction deep seafloor Upwelling zones
. Western Pacific . . Back-arc basin,
Volcanic arc Spreading, volcanism No
Ocean abyssal seafloor
Terminal ls\gzdlterranean Compression, uplift Marginal basin If estuarine
Peripheral  Persian Gulf L1thqspherlc flexure, Marginal basin Fluv1o—delta1lc,
subsidence shallow marine
Foreland basin - -
Retroarc Andean Basins Marginal basin Fluvio-deltaic,

shallow marine

Orogen Himalaya

Compression, uplift

Alluvial No

et al., 1996). Z|L50] HG3ol|A o]FoiXl ulA| E
A4} 2490 ofs) BT el A5 3
A T2 M L350 Bl - Eo] dRel sl =X FH
2 gvhEl Zo] opet HE 7] olabel X2 B
A A(floccule) AFE E|ZET} 553 2719 YAA
Y Yo7 olFE 2L 7] ZItk(Schieber et al.,
2007; Schieber and Southard, 2009). o]&3gt MY
Z WY HHF2e AW € 2 ASelA=
B33 H} QI (O'Brien and Slatt, 1990; Slatt and
O’Brien, 2011).

922 E A EbE s W
T4 BAVE don SRR E S AA
o] Wddl= A7 Wk sl sl AlRE=
Z7lo& SR G ez Haflo] EAE] Y=
&2 Hitto A SA MYF-9 Azl FA4E=
(Hallam, 1967), ©]3% }|% 7]7}(transgressive sys-
tems tract) &t $4l0] ZoR|HA EHE FHo]
AZ717 AlgtE = - S M| Y52 SR 2hRE

A E(transgressive lag)S TEsl= FH=E FAAH
tH(Wignall and Maynard, 1993). k&0 2 i
29 AldFo] sgelut ol P E= 7HES
wfeL E47) 2ol Afuby A9l s
59| AA H&7s 57t accommodation) ] Al

7k srgo) QF3l7] wholch ATAlel sj4io]
A A S-S ThEET] AR (up shelfL

of, gIti 2 A A3 df=Ho| sptstd &
71gA (shelf edge)ol] €T} o= £A2
e 294 HHE(FE AH)o] a3 A7)l
AR Gel A= o] o] AEHET} T o R
£ =7] wjZo|th(Potter, 1998). 2 ©] o=
E|HE Q] o] Wil EjFF7to] 2o A E|HE
o] HE|E|7] ¢komg T AUSo] A4 EH
B9 339 EH7Fs 5 A 2717 5
f5}th(Potter, 1998). B &7Fs 37t B A& 3+
Zo ztolo) wret AYFe] FHo] F-H= v,
&7t 37t B A E 3 Mk AdiEl =
7|(&%) ol ket B 9 EF A9 Al wst
£ &3t X 5A RES B AlYS Y 4%
A dl&8 4= Ith(Wignall, 1994; Bohacs, 1998;

o

jins

fr 4o 1o |



ASA 2O SA|7]of WEshe S Al
22 37 71X 8|7 (basal transgressive, BT) S
Ald(e1st BT 541 A1) Zchsf(maximum flood-
ing, MF) S22 Al ()3t MF S A|Y) 2 &t
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(Wignall, 1994). BTE4) Aole] B4mde ws
(puddle) 22 Mg =m S2Q q72 o] B3|
o 34 Ald3o] HAHth= Aolth(Dabard and
Paris, 1986; 1% 6a). I 243 EAL (1) &35

e

—_— AN

HIGHSTAND SYSTEMS
TRACT

~. N\

S Y
maximum flooding
TRANSGRESSIVE SYSTEMS surface 5\
TRACT N
s . =
-

il

o =

ravinement
surfaces

R ‘)%vfw
transgressive ——

SHELF MARGIN
surface o SYSTEMS TRACT
sequence boundar ’ —t ~
v

correlative conformity — —

Fig. 5. Sediment architecture of a well-developed transgressive system tract showing the range of erosion surfaces
associated with a retrogradational prarasequence set (Wignall, 1994).

(a)

THEPUDDLEMODEL

non-deposition on basin margins

&

anoxic bottom waters

fine sediment/particulate organic carbon
concentrated in local depocentres

| THE EXPANDING PUDDLE MODEL |

black shales pass into

expanded marginal sediments possible internal

wave erosion surface
3

S

N

il

anoxic lower water column

black shales overlie

transgressive sedimentary
sequence

condensed section of black shale
in basin centre

Fig. 6. Model for basal transgressive (BT) black shales (a), and maximum flooding (MF) black shales (b) (Wignall, 1994).
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9] ZJA|H(Sequence boundary,SB)o|L} o]} TjH]
B Aol sigshe i Sl MY Sol ®A
Hk (2) #A FHE7E RER A7) o= £4
SR X PH oz o g Z|(topographic hol-
lows)of| E|ZFt}. (3) P02 B2} H3kE Hol
A= FethEdd B8-S 233 (4) s E
A thdho) 7] A ol WEstn = Haf EA4d
Rem, FEX(pyrite)o] Eo| :23HE 3| (Sulphur
Band)7} gt -9, BT 34 H|Y3-2 Al €4
S AR o2 g &3t

3HH, MF SAM| Y0 FAARD S SoE HE 2
92 d9Em AZstE 35 ok Aitad/Fit
2|7} 9THEo1A bull's-eye A% 2] A A UFo]
FAEHZH 6b). I S48 EAL (1) MF &4
A Y3 A AgH o2 gEshy a3
E| A A ko] whgo] m]ofd A9 AU i
I £2ASA FARE 2HsH] 7 &3ttt (2) MF
A A S tiE2ol SA Edsi el At
HAA 2 Holgtth. (3) HAE o] At Al
%35 (deep-water, sediment-starved condensed
section)of| A & = 7| = gcH(Wignall, 1994).

Ho
1z
ok

32 MYE9 =xEME &Y

dxtA o2 ZA AdF2 sfietido] SA{o=
= o]FF= W, S X o] ol o]l=F S )
FA =M (Watney, 1985; Leckie ef al., 1992), o] wj
Exxon $A 2do] sy} BAE 5
(condensed section)& #AJ3tch S A Y29 E
2|42} (depositional sequence)?] TE AL E
e o2 2k (1) LSS SA44, 3dez
AAA 0|1 FEZ HILE Helrh (2) 2 #3t
= HASA Y HA7Fe 370 WsKE, sl ¥
S 7ol AeiEek 3) 4, U=, (A4S
A 9 AAEH), f71E 3 Ad Al e T
o] Mzl EAJ5te] AEE d3elA B4 2451
B A A thdE AR = Stk (4) 5 =359 3
4 1H74-& A ¥ (topography)oll T EHE T
B &7 319 ArAg o2 A9 7hssith (5)
g Bl Z 2 oA FAE EH &35 Y =AY
< W 9ol 24 HolF oz HIlsh= 3ol
Atk (6) A/MAFoNA FHE 52 FH-F L
2 YRR O ol A ot ERAtol 54
SHA W3lste = Bt (7) 2 A2 &

———

Vertical Profile

Vertical Profile
HI

TOC

dis

Fig. 7. Schematic summary of stratal stacking and lithofacies distribution in constructional shelf margin sequence
(a), and platform/ramp sequence (b) (Bohacs, 1998). (TOC=total organic carbon, HI=hydrogen index, SB=sequence
boundary, dls= downlap surface, TS=transgressive surface).
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Table 3. Key factors, controls on depositional sequence in mudrocks (Bohacs, 1998).

Continental Constructional Platform/ Paralic Fluvial/ Overfilled Balanced  Underfilled
Slope/Basin Shelf margin ~ Ramp (Lagoon/Mire) Floodplain Lack Basin  Fill Lake  Lake Basin
Basin

Typical 10-130m 20-200m 3-40m 5-50m 10-70 m 10-30m 5-15m 1-5m

Thickness

Co Content  7.0% 3.6% 5.7% 9.2% 2.0% 7.0% 15% 1.5%

(range) (1-27%) (0.9-21%) (1.2-20%) (4-17%) (1.8-50%) (0.5-45%) (2-30%) (0.2-15%)

Organic Matter I, +Sulfur I il I, -1 m I/ I I

Type (average; (HI=500;  (HI=427; (HI=640; (HI=188; (HI=150; (HI=600; (HI=900;  (HI=400;

range) 150-800)  180-750) 150-900) 35-599) 230-445) 50-700) 600-1100)  10-600)

Natural U o Organic content, U NOT o< Organic matter content,

Gamma Ray K o Clay mineral content, Widely varying responses K o Clay mineral,

signature Th o Detrital heavy mineral K-feldspar content

Lithology Biogenic  Terrigenous  Biogenic Coal Terrigenous Terrigenous  Biogenic ~ Chemical
(Terrigenous Clays Terrigenous Terrigenous  clastics clastic Chemical  (evaporates)
Clays) Biogenic Clays Clastics Coal (carbonate) Biogenic

Major Pelagic Hemipelagic  Pelagic snow Fluvial Fluvial River Algal snow Algal snow

Controls: Snow plumes Hemipelagic overbank flow overbank suspended River Evaporitic

Sedimentary ~ Hemipelagic Distal plumes Insituplant  flow load suspended  xlisation

Processes plumes storm/flood Distal storm growth Advected Advected plant load River/wind
Slumps, Pelagic snow  deposit Advected plant plant matter matter Shallow suspended
Mass flows matter precipitation load

Sediment Oceanic Influence of  Margin Axial v lateral Climatic Wind

supply circulation rivers physiography drainage; Humidity/ regime
Nutrient Shelfal Rate of sea Fluvial type Climatic seasonality Climatic
supply circulation level rise Plant productivity humidity/ Axial v Humidity/
Margin Nutrient supply Influence of seasonality lateral in put seasonality
physiography river

Organic matter Marine Marine algae  Marine algae Land plants  Land plants Land plants ~ Aquatic Aquatic

input algae +Land plants (£ land Algae Algae Aquatic algae algae algae
?Bacterial plants) (+ land Bacteria
mats plants)

Accommodation Bottom Water depth ~ Bottom Subsidence ~ Lake level Lake level
Energy Bottom Energy Energy levels Groundwater level Lake level Subsidence Subsidence
levels levels Water depth Subsidence
Slops stability Subsidence Subsidence

Relative s L R T B O e T A Y e A, S

influence of —Eustacy

major controls

7S E4Y F300 wEt EEiR|=t, £419
S BREY 5 3 & 287k 3
732 Zpolof| whet gEpiich. EjAE2] f-Y U0l
A7 37tE 2 F$-(overfilled lake basin)
ol B2 Aol As) A4 HHEAFI 4
syt 1 5ol A -(underfilled lake basin)= 4
33| tt=2h(Bohacs, 1998). Zx}2] 7 -(overfilled
lake basin)oll BASHE £7120] FR3t olH(EA)
MY F) oAl Wignall (1994)0] 53 MFZ 9
FE= §&S(condensed section)o]il FA}-2]
7% (underfilled lake basin)ol] FA == S &Y
2 BTEf 7t

o|2|3t A&l 4ol me}, Bohacs (1998)&

A& AREF o] dojuk= ths-5Hconstructional

shelf margin)oj| 4 &] =245 WREAS ZHE/H
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g 7). 1= Yot giEAMd (continental slope)ak
AgtSol AZsAY A2 o|F= AUAF
A &3 EAE 71eth(E 3). #7189 FH
= MG EHE] A Type 11 AZ70] A5k
A3 5t EZA ol Type LI7} 24 EZA
= HAEY g7l BA7 3R 2 ol
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9] A% FEHES AESH EH e HH4Y A
EE A=, A5 BHEY Fg°| E§87Fs
FET E S5l AgSolu §4 719y 24
2, s/ HEdSH M= |4 7199 8ol

2 Uehte) 54 o] A$ At/ 50t |
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437} 4] 9IcH(Bohacs, 1998). ZkAl sEle] 3)
X e A2 7ho] APIge] X 4% Y 34
o FEopo Uehinel A EX sHy 84
shwu}, shde] Yol Wl thE-getol N FHE 5
Slek. Wio] AR.E shul APIgle] HolA: A
Yot Ak 2y mopo 2 rehbe A% 94
Sh= ARz A3)e) 287S AR Rider and
Kennedy, 2013). o143 4] AlQ%<] 3545
=4 g9 (@A 2] et §7180) g,
Zoba he), 9P 5 FEoh B4o] U2 uhE o2
TEFO RN A AAF HFAHE F o B

3] olae 4= 9k

4.1 NS e &4tSM &

7= FRe S A
AsHA HolBg ZA4 FE-E f8l 1718 Tl
R 23S AE, 53] AAArHd 715 (spectral
gamma ray)< &-§5h= -7t Bt o] 7|52 oF
Q)9] I o sl = F7g 0] 7Hs3t vhE M Y59
413 H3E f5sk=tl -85t S Al 39
AazbAE ZE(K), $2H(U) 283 E§(Th)
S 2RE fHstEE 7 Y40 FAEAHE AsS
Fa1sle] s B a7t Qltk(Bohacs and Schwalbach,
1994; Bohacs, 1998). S22 F71&E°l E£3= o]
olFst, ZEN EES MEFEDY AWEHEER,
3 B A gH ol A= SRRl A kA ZH(API)o]
SEheol o8l ZA yehdth ofo vhaf SHik 24
4 AH EZEo] fYEE 4T SFERFAA
= ZEEEo] KA 95, E5Y ¢ 3
A 9] olut &4 EAEY FU& AASHH, &

B o g =Y ol wet g B R o] ¥ E
o] FUHA g MHAU(ErE &s7) 471
258 At FF L Sk ARl dadt
o} mEhA 2] A3 ARA SiXES AT A
o ET gAY s BHES RS 2avt
Ut
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w5 A E2A ARl dsf FHAA E= 54
E 2 A7 groln] @A sHA FEE B3 HHE9
FULRRE ¥ oA S vt g3t
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gk Ald &AA E4A] 53] $8% FAHS
o HFUMFS) .2 sfetio] §A1%o=2
2 9SS Auistd, A=At LsjHE
A vhgre] Aol HsdEY E9AS2
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<= THE AldSoly, i HESH HER o|%
o7l HHAR HF FET R o] FolA s Al
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FEHTOQ) 0] &=A| UeRITHPotter et al, 2005). o]
H A5 24 lE A3 A BAE Y A 3
A 22 54 2958S 85t H3A o
o EAoIu E &) S414 WekE E481717H
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A A=) $lekSlatt and Rodriguez, 2012; Slatt, 2013).
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1~5)2 FE3HATHE 8). AMA Al7]o= i
Ho| sp7tstH sfiehido] Hittg o g2 o] FshH &}
S AR dastar 517 sl = A A (FSST)
7 R BHA Aol s Asais
X712 Sfekilo] §RZO R ol Ea}n wAEA 2
AH3} SHAR]= %] 4 H(transgressive surface
of erosion,TSE)o] FAHTHLH 8a). A|HA] A]7]
o= Y Aol Foll 23f sfietide] S22
ERE7A| o5tk Al7IZ AEE (4719
AE3H 7] 23 B Eol siX EAA|(TST)E ©l
F f7]&0] SHI FHSo] A EIL GRol=
Z|o SHEMFS)o] FAE R HIHA A7 oll= 4



MEZEo| =AEM

2 947

Table 4. Criteria for recognition of sequence boundaries and fiooding surfaces in muddy basins (Simplified from

Bohacs, 1998, Potter et al., 2005).

Environment Sequence Boundary

Flooding surface

Marine Basins

More hemipelagics and biogenic debris and
lower total gamma-ray counts (GR) above rath-
er than below low-relief, almost conformable
boundary. Little or no shift of basinal environ-
ments

Minimal bottom energy and terrigenous input;
continuous, even lamination and moderate to
high total GR plus more deepwater microfossils
at or just above surface; phosphatic concretions
and lowest terrestrial organic matter above surface

Marine shelf

Greater terrigenous input with more and coarser
typically resedimented sandstone, thicker beds,
wavy laminations, and lower total GR plus
more terrestrial organic matter and bypass of mud
above than below boundary, which has some lo-
cal scour. Beds below boundary are regionally
moderately truncated and onlapped; more shal-
low-water fossils above than below boundary.
Moderate shift of basinal environments

Minimal bottom energy and terrigenous input
plus more concretions, fine-grained pelagics and
more marine organic matter at or just above sur-
face; possible concentrates of bones, fish scales,
(and exceptionally dropstones) at surface, which
is typically widespread and fairly even. Both to-
tal GR and deepwater fossils maximal; phos-
phatic, siliceous or calcareous shales at or above
surface

Transitional

Sandstone and siltstone and more pebbles,
re-worked concretions and body fossils above
than below boundary, which is strongly ero-
sional, laterally extensive and may have root-
lets, oxidation, and soil profiles. Organic mat-
ter below boundary likely to be oxidized.
Strong shift of marginal environments

Reduction in bottom energy results in finer
grained, slower sedimentation above surface,
which may be bioturbated, rich in concretions
and microfossils and have bones, fish scales

(and possible dropstones) plus glauconite, phos-
phate and siderite. High total GR plus possible
concentrates of reworked concretions and fossils

Non marine

Significant increase in sandstone-mudstone
ratio above extensive, strongly eroded boun-
dary that may have well-drained soils, caliche,
desiccation cracks or degraded coals in humid
climates; integrated; paleovalley system and
low ground water table. Terrestrial organic car-
bon dominant above boundary. Strong shift of
environments above boundary

Less bottom energy at or just above surface as
shown by presence of muddy and silty sediments
(more fiood basins, lagoons, and bay fills) than
below surface. Mudstone continuity highest at
surface. High ground water tables (wet soils plus
coal and peats) mark fiooding surfaces; terres-
trial organic carbon abundant as in pyrite

g2l S Aol AElo] 23 a4
Z} A (highstand systems tract HST)7]- FAHEH
& 8b). vt A7 = A Q] s HEo] S
A7)0tk B A §-3) (dep051topna1 cycle)2 2
sfetado] it 2 gt Yafite W E2A 2
FRRAIZES WA UERLER, A5 Ao 4
2 5 Aol W HE A4 Ao WolA Bt &
3] f7lEe] 5§ AviAd #2 =AU
et 3t swlo] weiEo 2 95 BaEY
& vf a7 FAA} Holo] 714 a1 W HE 1
MdZo] P} o]73$- FSST/LST7| vla 715
g3t o] Frh( 1™ 8c(a)).
oot mue vy A=Al v Felol
27 BAZR olok B4 913Z sk
89 5 ok Tt By 2o e S
2 Q3 HAdelu I ol ot AR =2 A

Z A=Y A3ket 74 AR, Ee AlFF] AR
ofQ| =Fo}o] thu|E Fafl SRl SHe] gt} &
npA o) Hata R} o291 s HE e tH
£ B8l A Mgt} A 293 A FESH
3 o} Haake] AR 9 FE(EA FHREO
2o) 2 §3al0] N T2 S4E 71 Adzel
LRSA B4 0] 7581tk (Bohacs and Lazar, 2010;
Slatt, 2012; Molinares-Blanco, 2013; Serna-Bernal,
2013; Brito, 2014).

o] ZHmkAl API ghell 7]25}e] Thopst Al 87t
FRoAY) RS Bl AUFE £AFA
HE AR 2E AT ADFY] X154 240
bt v (resistivity) AEAR, A7
A9Hge W) W) AnjAuARRY Bh, A
shsty AR E, BEHE 5 Dok ARE A8
& 4 9ltk. Fa7IRkagka o) wsks S A 71e
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Fig. 8. Generalized sequence stratigraphic model of unconventional resource shale as shown in five time steps (Time
1 to Time 5). SB, sequence boundary; FSST, falling stage systems tract; LST, lowstand systems tract; TSE, trans-
gressive surface of erosion; TST, transgressive systems tract; CS, condensed section; mfs, maximum flooding sur-
face; HST, highstand systems tract. The time steps (a-c) are described in the text. A conceptual gamma ray log is
shown on (a) both for stratigraphic sequences that formed landward of the minimum position of the shoreline (TST
sits directly on SB/TSE) and seaward of the minimum position of the shoreline (FSST/LST sits below the TST).
(b) Arelative sea-level curve illustrating the relative times within a sea-level cycle when each component is formed.

(c) Second- and third-order cycles and a composite relative sea-level curve by superimposition of these two orders
of cyclicity (Slatt, 2013).
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