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$ WKHVLVY VXEPLWWHG WR WKH )DFXOW\ DQG WKH %RDU
6FKRRO RI OLQHV LQ SDUWLDO IXOILOOPHQW RI WKH UHTXLL

6FLHQFH *HRORJ\

*ROGHQ &RORUDGR

'DWH BBBBBBBBBBBBBBBBBBBBB

6LIJQHG BBBBBBBBBBBBBBBBBBBBBBB

6WHYHQ &URXFF

6LJQHG BBBBBBBBBBBBBBEBEEBEBEBEBEBBB

'U 6WHSKHQ $ 6RQQHQ
7TKHVLV $GYLVR

*ROGHQ &RORUDGR

'DWH BBBBBBBBBBBBBBBBBBBBB

6LJQHG BBBBBBBBBBBBBBBBBBBBBBB
'U 6WHSKHQ (QGHI

SURIHVVRU DQG ,QWHULP "HSDI
'"HSDUWPHQW RI *HRORJ\ DQG *HRORJL
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7KH 8SSHU 7XURQLDQ &RGHOO 6DQGVWRQID OHKHEHU RI V
QRUWKHUQ 'HQYHU %DVLQ LV D K\GURFDUERQ EHDUD®J VDQ
IURP WKH :DWWHQEHUJ )LHOG QRUWKHDVWHUQ &RORUDGR
DWWVBM/V WR SURGXFH IURP WKH &RGHOO 6DQGVWRQH QRUWE
LQ SURPLVLQJ K\GURFIPULERGVRERZ \HERWRPLF YDOXH &XUUH
GULOOLQJ DQG PXOWLVWDJH IUDFWXULQJ WHFKQRORJ\ LV S
SURGXFHG IURP RXWVLGH RI :DWWHQEHUJ )LHOG ZLWK H[FH
UHFRYHULHV $ VLJQLILFDQW DUHD EHWZHHQ :DWWHQEHUJ '
‘\RPLQJ UHPDLQV XQSURYHQ

7KH & RGHOO 6DQGVWRQH LV D ORZ SRURVLW\ DQG ORZ
VDQGVWRQH DQG D FODVVLF ORZ UHVLVWLYLW\ SD\ LQWHUY
6DQGVWRQH LV UHVSRQVLEOH IRU PDVNLQJ W\SLFDO ZHOO |
K\GURFDUERQ UKHKF@DWVDUH DOVR WKH FDXVHHMUQW H G L
SURGXFLQJ IURP WKH VDQGVWRQH E\ FRQYHQWLRQDO PHDQ
WKH &RGHOO 6DQGVWRQH DQG WKH FWAHFZSWHKULQQUW\H G DW
DQGHWHUPLQLQJ ZKHUH WKH VDQGVWRQH LV ULFK LQ K\GUF
%DVLQ

2XWFURSV DORQJ WRKQHWE&RIM@RIHD B R GRRXOMWE BB SHU LQ WK
LOO X K\W EMKWMH& RGHOO 6DQGVWRQH ZDV GHSRVLWHG LQ D VK
VHULHV Rl VWRUP HYHQWY DQG SHULRGV RI TXMUHVKEMHQFH G
&RGHOO 6DQWRWRBAH LIFLHY 7HPSHVWLWH ODPLQDH DUH VI

DQG XSSHU KHDYLO\ ELRWSktita@&3SWHE& QBRFLHVHR | WKKHH WKUHH 11

LLL



EHUHFRJQL]HG LQ ZHOO ORJV DMGL POGEH G | BIE DMK URI®
DQDO\VLV 6(0 LPDJLQJ DQG UHJLRQDO PDSSLQJ VKRZ WKD\
WUDYHO JUHDW GLVWDQFHV GXULQJ GHSRVLWLRQ IURP D QI
PHDVXUHPHQWY FKDUDFWHUL]JHG DXWKLJHQLF FOD\V ZKLFK
QHXWURQ GHQVLW\ UHDGLQJV LQ WKH DUJLOODEWRXV VDQG
PHDVXUHPHQWY LQ K\GURFDUERQ EHDULQJ JRQHYV
$QDO\VLV RI KHDW GLVWULEXWLRQ DQG VIQWKHWLFE YLV
UHJLRQ PRUH DFFXDPRWHO\GGROWWERQ VRXUFH EHGV KDYH
SRWHQWLDO WR JHQHUDWH RLO DQG JDWWQGSHKADH\PLRXDI
RI K\GURFDUERQV IRU WKH &RGHOO 6DQGVWRQH IRUPDWLR
WKH%HQFK RI WKH 1LREUDUPRRBUHPRIIWQ X BMDXUB EXULDO G
WKLFNQHVV DQG HIIHEFWLYH SRURVLW\ LQ SUR[LPDO UHODW
DQRPDORXVO\ KLJK KHDW DQG WKHUPDO PDWXULW\ GHVLJQ

WKH VXFFHVVIXO SURGXFWLRRI RN KNMGDHREGEBDHER QIMHQRBU W K

LY
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2EMHFWLYH

6WXG\ $UHD

OHWKRGV RI ,QYHVWLJDWLRQ

+LVWRULFDO 'HQYHU %DVLQ 3URGXFWLRQ RI Wt
&+$37(5 *(2/2%,& 6(77,1*

*HRORJLF +LVWRU\ Rl WKH %DVLQ

5HJLRQDO 6WUDWLJUDSK\

7KUHH 7\SHV RI &RGHOO 6DQGVWRQH LQ WKH 'F
&+$37(5 2878&523 $1' &25(

2XWFURS

'HDYHU 5DQFK

$EDQGRQHG 4XDUU\

&RUH

&DUOLOH 6KDOH

J)DLUSRUW &KDON\ 6KDOH DQG %OXH +LOO OHPE
&RGHOO 6DQGVWRQH

IRZHU %LRWXUEDWHG )DFLHV



OLGGOH /DPLQDWHG )DFLHYV
8SSHU %LRWXUEDWHG )DFLHV
YRUW +D\V /LPHVWRQH
7UDQVLWLRQ =RQH
JRUW +D\V /LPHVWRQH
&+$37(5 3(752/2*< $1' (/] /12* 5(63216(
BHWURJUDSKLF 7KLQ 6HFWLRQV

6FDQQLQJ (OHFWURQ OLFURVFRS\ 6(0 DQG (QHU
. UDBSHFWURVFRS\ ('6

. UD\ 3RZGHU 'LIIUDFWLRQ
&OD\ (IIHFWV RQ :HOO /RJV
&+$37(5 68%685)$&( 0$33,1*
 QWURGXFWLRQ
BWUXFWXUH Rl WKH 6WXG\ $UHD
,VRSDFKV DQG &RGHOO 6DQGVWRQH )DFLHV ,VRC
&+$37(5 5(*,21%/ 0$785,7<
6RXUFH 5RFNV
6\QWKHWLF 9LWULQLWH 5HIOHFWDQFH 5R
&XUUHQW ODWXUDWLRQ IURP %RWWRP +ROH 7HP
&+$37(5 3(752/(80 327(17,$/
OHWKRG IRU &DOFXODWLQJ 6R3KL+
&+$37(5 &21&/86,216

&+$37(5 5(&200(1'$7,216 )25 )8785( :25.
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/1,67 2) ),*85(6

JLIXUH '"HSRVLWLRQ RI WKH 4RGHOO 6DQGVWRQH LQ UH
ZLWKLQ WKH &UHWDFHRXV :HVW&WO L Q W MULLPRHU GaXHDLADA
UHJUHVVLRQ RI WKHDZDRRGQGKIRHQ@ BXRPHW DO

J)LIXUH 6WXG\ DUHD VKRZLQJ WKH HIWHQWYV RI :-DWWHQE

LOQFOXGLQJ WKH &RORUDGR OLQHUDO %HOW &20% WUH
J)LIXUH 0DS RI ZHOOV XVHG IRU PDSSLQJ LQ WKH VWX
J)LIXUH &EXUUHQW &RGHOO RSHUDWLRQV DQG SURGXFWL

UHFRYHU\ QXPEHUV IURP WKH PDMRU RSHUDWRUYV DURX

)LIXUH *HQHUDOL]J]HG FURVYV VHFWLRQ DQG VHGLPHQWD!
&UHWDFHRXVY :HVWHUQ ,QWHULRU %DVLQ EHWZHHQ 8WDK
VHFWLRQ VKRZV WKH PDLQ /DUDPLGH XSOLIWV DIWHU WK
HSLFRQWULIRHMHNVIYORQ GXULQJ ODDVWULFKWLDQ WLPH .D?

JLIXUH ‘HVW WR HDVW FURVV VHFWLRQ RI WKH "HQYHU ¢
IURP WKH HDVWHUQ HGJH RI WKH J)URQW 5DQJH FXWWLQ.
WLSORWWHQEHUJ )LHOG WR MXVW LQVLGH ZHVWHUQ 1HEU

JLIXUH ODS VKRZLQJ XSOLIWV ZLWKLQ WKH VWXG\ DUHD
OHUHZHWKHU DQG &REEDQ

J)LIXUH ORGHO RI 1LREUDUD GHSRVLWLRQ LQ WKH ,QWH
VKRZLQJ ZDUP DQG FROG FXUUHQWVY DIIHFW RQ FKDON
XSOLIWYV DOVR VKRZQ PRGLILHG IURP /RQJPDQ HW DO

JLIXUH 6WUDWLJUDSKLF FROXPQ FHQWHUHG RQ WKH &D
LQ QRPHQFODWXUH DUH SUHVHQW WKURXJKRXW WKH "HQ
KHUIRU FRPSDULVRQ DQG FRPSOHWHQHVY :HLPHU DQG 61

*HROH|

)LIXUH 7\SH ORJ IURP WKH &DUOLOH 6KDOH WKURXJK W
JRUPDWLRQ PRGLILHG IURP /RQJPDQ HW DO

)LIXUH 0DS RI WKH WKUHH W\SHV Rl &RGHOO 6DQGVWRC
'HLPHU DQG 6RQQHQEHUJ

)LIXUH 5HVWRUHG VWUDWLJUDSKLF VHEWLRQ RI FURVYV
'HLPHU

)LIXUH 0DS RI WKH WZR SULPDU\ RXWFURSY VWXGLHG /

YLLL



WR WKH RXWFURSV LV OLVWHG LQ GHFLPDO GHJUHHV WR
86*6 *HRORJLF 0ODSV RI WKH /LYHUPRUH QRUWK DQG /DS
4AXDGUDQJOHY RYHUOLH D *RRJOH (DUWK VDWHOOLWH LP
VKRZLQJ TXLFNMVW URXWLQJ

YLIXUH 8SSHU ELRWXUEDWHG IDFLHV Rl WKH &RGHOO 6L
UHPQDQWY RI 6DJH %UHDNV OHPEHU EHORZ )RUW +D\V /

YLIXUH 7KH :HDYHU 5DQFK 2XWFURS 3LFWXUH ZDV WDN

YLIXUH 7KH $SEDQGRQHG 4XDUU\ 2XWFURS 3LFWXUH ZDV
HQG RI WKH FDQDO IDFLQJ QRUWK

)LIXUH 8QFRQIRUPDEOH FRQWDFW RI WKH YHU\ ILQH JUDI
WKHZHUO\LQJ )DLUSRUWK®OKHIN\ 6 KD OH

YLIXUH 9HU\ ILQH JUDLQHG &RGHOO 6DQGVWRQH RI WKH
XQFRQIRUPDEOH FRQWDFW ZLWK 6 LQFK %OXH +LOO OHF

YLIXUH 6L[ LPDJHV VW LWFKSHEHMWERGB W IOBDWP IRQMWH G IDFLF
,PDJH LQFOXGHV WKH FRQWDFW RI D VHFRQG &2' IDFLH
&KDQH\

YLIXUH 3URSRVHG GLUHFWLRQ RI K\SHUS\FQDO IORZ UF

VHGLPHQW VXSSO\ QRUWKZHVW WR VRXWKHDVW WKUR
ODS LV /IDWH 7XURQLDQ PRGLILHG IURP %ODNH\

JLIXUH 8SSHU ELRWXUEDWHG IDFLHV RI WKH &&RGHOO 6L

J)LIXUH 9HU\ WRS RI WKH &4RGHOO 6DQGVWRQH DW WKH
JRUW +D\V /LPHVWRQH GLVSOD)\LRo3stlasHciHis FE&JJUHQFH R
LFKQRIDFLHV ZL\VSkoIiDdsV BF IDO@MERcBnus 7 EXUURZV %DVV
%HOYRLU

JLIXUH JRUW +D\V /LPHVWRQH VHYHUDO IHHOMODERYH W|
6DQGVWRQH /D]\ ' =1

YLIXUH 6DPSOHV SUHYLRXVO\ WDNHQ IRU WKLQ VHFWLR
SHDNV DQG WURXJKV RI ERWK UHVLVWLYLW\ DQG GHQVL
([SORUDWLRQ +DUUZQUWRQ GHHFWKV RI IW DQC

W

YLIXUH JLYH WKLQ VHFWLRQV FXW IURP GHSWKYV | W
IW DQG IW DUH VKRZQ DW [ PDJQLILFDWLRQ

OLJKW 7KH ORJV DUH %DIVOVRHOMRLUQ ILIXUH ZLWK
VDPH FBRODFLHY UHSUHVHQWDWLRQ 7KLQ VHFWLRQV ODEH

L



RUDQJH DUEH RWSHEDWHG & JUHHQ LV PLGGOH ODPL
& EOXHORDHU ELRWXUEDWHG IDFLHV
J)LJXUH D & DW [ 33/ + /RZHU ELRWXUEDWHG IDELHV
J)LIXUH &E DW [ 33/ + /[RZHU ELRWXUEDWHG IDFLHV
JLJXUH D & DW [ ;3/ + /RZHU ELRWXUEDWHG IDFLHV
JLJXUH E & DW [ (3 + /RZHU ELRWXUEDWHG IDFLHV
J)LJXUH D & DW [ 33/ + /RZHU ELRWXUEDWHG IDFLHV
JLIXUH &E DW33]/ + DGGWMLQDWHG IDFLHV
JLJXUH D & DW [ (3 +/RZHU ELRWXUEDWHG IDFLHV
JLJXUH E & DW LGGEDM. QDWHG IDFLHV
J)LJXUH D & DW [ 33/ + 8SSHU ELRWXUEDWHG IDFLHV
J)LJXUH E & DW [ 33/ + 8SSHU ELRWXUEDWHG IDFLHV
JLJIXUH +DUULQJWRQ T DW33/ + 8SSHU ELRWXUEDWHG IDFLI
JLIXUH +EUULQJWRQ 9§ DW;3/ + 8SSHU ELRWXUEDWHG IDFLF
JLIXUH 6(M / DW [+ /RZHU ELRWXUEDWHG IDFLHV
JLIXUH 6(® / DW [+ /[RZHU ELRWXUEDWHG IDFLHV
JLIXUHW E ('6 SLQSRLQW DQDO\VLY FUHDWHG HOHPHQWEL
FRPSDUHG WR :HOWRQ WR LGHQWLI\ PLQHUDOV LQ
VDPSOHYV
JLIXUH 6®m 0 DW [+ /RZHU ELRWXUEDWHG IDELHV
JLIXUH 6@® 0 DW [ + /RZHU ELRWXUEDWHG IDFLHV
JLJXUH 6®m 1 DW [+ OLGGOH ODPLQDWHG IDELHV
JLJXUH 6® 1 DW [+ OLGGOH ODPLQDWHG IDFLHV
JLIXUH 600 * W@  /RZHU ELRWXUEDWHG IDFLHV

JLIXUH

E

6(W + POLGGOH ODPLQDWHG IDFLHYV



JLIXUH 6@®m 2 DW [
/ILPHVWRQH

I+

7UDQVLWLRQ &RGHOO 6DQGVWRQH W

JLIXUH 6@® 3 DW |
ILPHVWRQH

I+

7UDQVLWLRQ &RGHOO 6DQGVWRQH W

JLIXUH 6®m & DW

I+

2UJDQLF PDWWHU /RZHU ELRWXUED\

JLJIXUH 6@® . DW [+ 20 7UDQVLWLRQ &RGHOO 6DQGVWRC
IJLPHVWRQH

)LIXUH 6LQJOH D[LV JUDSK FRPSDULQJ WKRULXP SRWI
PLQHUDOV DQG FOD\V , 0 LV LOOLWH PRQWPRULOORQLW

)LIXUH ‘'LDJUDP VKRZLQJ WKH VLIJQLILFDQW GLIITHUHQFI
FOD\V DQG TXDUW] VDQG JUDLQV HVSHFLDOO\ VPHFWLWI
LV GLDJUDPPHG WR VKRZ KRZ LQWHUOD\HU FDWLRQV DQC
FDSWXUHG LQWHUQDOO\ PRGLILHG IURP 3DVVH\ HW DO
WDNHQ RI WKH IRXU SULPDU\ FOD\V IRXQG LQ WKH &RGHC
FKHPLFDO HTXDOWMMWRKQVPHFWLWH LOOLWH VPHFWLWH PL]
NDRORQLWH

J)LIXUH ([DPSOH RI WKH WKUHH &RGHOO 6DQGVWRQH IDF
VLGH /DWHURORJ XSSHU ULJKW DQG '"HQVLW\ 3RURVLYV
ORZHWKW ORJV ::HOO ORJ LV WKH %DVY %HOYRLU

) LIXH 6 XEVHD VWUXFWXUH PDS RI WKH &&4RGHOO 6DQGVWR
JLIXUH ,VRSDFK PDS RI WKH )RUW +D\V /LPHVWRQH
JLIXUH ,VRSDFK PDS RI WKH )RUW +D\V /LPHVWRQH FRYHI

IROPDQ HW DO

J)LJIXUH OHDQ D@ @WB DG\ VWDWH FLUFXPWWRSRP RIQ@DWHU LQ
by P P RI ZDWHU FROXPQ 60LQJHUODQG HW DO

YLIXUH SHFRQVWUXFWLRQ RI GHSRW.QWH RQ BKULQJ J)RUW
IRQJPDQ HW DO

YLIXUH ,VRSDFK&RES R 6 WKEHVWRQH

YLIXUH ,VROLWK PDSV RI W KIMIBR G HR\W X6DEDAWMER (DHFLHV D

WKHRAHU ELRWXUEDWHG IDFLHV

JLIXUH 5HFUHDWLRQ RI WKH :HVWHUQ ,QWHULRU 6HDZD\

[L



G X U &)®@donocyclus hyatti 0D D @Q)Gcaphites whitfieldi Ov 7KH
SURJUHVVERWR GRHFPRQVWUDWHY GHOWD EXLOGLQJ SURJ
VWXG\ DUHD WKURXJK &R GHX30 CipW IBY R/ RIG! 1S WHNWPHHQ W V
PD[LPXP UHJUHVVLRQ RI WKH *UHHQKRUQ 6HDZD\

JLIXUH ,ZVROLWK PDS RI WKH &RGHOO 6DRI&WRQH PLGG
DUURZV LQGLFDWH OLNHO\ K\GURFDUERQ PLJUDWLRQ SD

YLIXUH *HQHUDOL]HG VWUDWLJUDSKLF VHFWLRQ RI WKH
GHSWK RI IRUPDWLRQV 6RQQHQEHUJ

JLIXUH 3RVLWLRQ RI PDWXUH VRXUFH URFNV IURP ORZU\
RQ6DQGVWRQH VWUXFWXUH VKRZLQJ WKH JURZLQJ PDWX
WKH QRUWKHUQ "HQYHWXWBWILD G YWMR QKDWWLDQ WLPH

ODb) HQG RI 7THUWLDU\ WLPH WR WKH &P SDHVHQ® VWDJH
*UHHQ DUURZV UHSUHVHQW PLJUDWLRQ RI K\GURFDUERQ

DQG RUDQURZV WKURXJK WKH " 6DQGVWRQH PRGLILHG ILU

YLIXUH *HRORJLF HYHQWV FKDUW VSHFLILF WR WKH 8SS
WKIHVWHUQ 'HQYHU %DVLQ +LJOH\ DQG &R]

JLIXUH (PSLULFDO UHODWLRQVKLS EHWZHHQ 5R YDOXH\
K\GURFDUERQ JHQHUDWLRQ DQG GHVWUXFWLRQ PRGLILF

YLIXUH 6PDJDOD HW DO W\SH ORJ XVHV D ZHOO LQ
VWXG\TV VWXG\ D KDP*SORGR &$ 6: 6HF 17
5 : /IRQJPDQ HW DO QDPLQJ FRQYHQWLRQ DQG 1LR
EHQFKHY FRORU OLQHV KDYH EHHQ DGGHG WR FODULI\
YJLIXUH BHAKOMRUDFN LV UHVLVWLYLW\

)LIXUH %HVW ILW ORJ ORJ OLQH RI 3. JRQH UHVLVWLYL)
YDOXHV RI YLWULQLWH UHIOHFWDQFBQ.Q FRQWURO ZH(

YLIXUH *HQHUDWLRQ RI RLO DQG JDV 3RLO ZLQGRZ  JU
GHSRVLWLRQ WLPH GHSWK DIQ\G YW WRIS W BAM XUWHHI O H F W D (
ORGLILHG IURP %M{DOQEBNNHRWHN DQG -DQDV

YLIXUH 6\QWKHWLF YLWULQLWH UHIOHFWDQFH FRQWRXL
UHVLVWLYLW\ ORJV ZLWK UHVLVWLYLW\ YDOXHV SLFNHC
FKDON &RORUV DUH FRQVLVWHQW ZLWK )LIJXUH

JLIXUH ([DPSOH RI D ZHOO ORJ KHDGGH WMAPMWMFKI D % +7 RI
FLUFXODWLRQ RI KRXUV

J)LIXUH &RUUHFWHG %+7 YDOXHV QRUPDOL]J]HG WR WKH 3.

[LL



JLIXUH 8QFRUUHFWHG %+7 YDOXHV QRUPDOL]JHG WR WKH

JLIXUH THPSHUDWXUH WMXKEWUDWMWEHGRURP QRUPDOL]JHG
YDOXHVY FRQWRXUHG LQ UHG WR VKRZ ZKHEGXGRWRDOL ]
VKRZ ZKHUH FRQYHUWHG 5R LV JUHDWHU

J)LIXUH 2LO ZLQGRZ ZEWKD QBGRGXWWUBRQ RDYV DFFRXQWLC
IRUPDWLRQ ZDWHU SURYLGLQJ K\GURJHQ DQG R[\JHQ ©6H

JLIXUH SHVLVWLYLW\ RI IRUPDWLRQ ZDWHU 5Z PDSSHG
DUHD 3URGXFHG ZDWHU VDPSOHV WR WKH QRUWK DUH V
LELIJKHU UHVLVWLYLW\ RI IRUPDWLRQ ZDWHU

JLIXUH 9LVXDO GHILQLWLRQ RI SRURVLW\ W\SHV 7RWDC
VSDFH ZLWKLQ WKH VA\VWHP (IIHFWLYH SRURVLW\ DFFR X
DUMRYDEOH &OXII HW DO &OXII DQG .U\JRZVNL

JLIXUH®B E F (ITHFWLYH SRURVLW\ RI WKH WKUHH &RGHO
VWUDWLJIJUDSKLF RUGHUa) UK MR & VR &) P& BBERIHPG

ODPLQDWH ®RZOG EHREWXUEDW

JLIXUH®B E F :DWHU VDWXUDWRBRRXSSEHURDGSWRI WKH
DOBEORWU IDFLHV IURP WRS WR ERWWRP

JLIXUH®B E F %XON PRELOH K\GURFDUERQV ZLWKLQ HIIHF\

WKWMKLENQHVYV RI ajf XIS HDALGIGMOGF ORZHU IURP WRS
WR ERWWRP

[LLL



1,67 2) 7$%/(6

7TDEOH 86*6 &RUHV YLHZHG VDPSOHG DQG VWXGLHG
ZLWK VDPSOHVY WDNHQ LQ WKLV VWXG\ IRXU UHFHQWO\ L
VWXG\ DUHD RQO\ RQH ZLWK D VLQJOH WKLQ VHFWLRQ
:DWWHQHEHIUE RXWVLGH RI WKH VWXG\ DUHD

7TDEOH /ILVW Rl FRUHV ZKRVH WKLQ VHFWLRQV ZHUH DQTL
7TDEOH ;5" PHDVXUHPHQWY RI HDFK RI WKH WKUHH IDFLH
6DPSOH LV XSSHU ELRWXUEDWHG PLGGOH ODPLQDYV\

ELRWXUEDWHG

[LY
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, ZRXOG OLNH WR WKDQN P\ WKHVLY DGYLVRU 'U 6WHSKE
JXLGDQFH DQG ZHDOWK RI NQRZOHGJH RYHU WKH FRXUVH RI
'U 'RQQD $QGHUVRQ 'U OLFKDHO +HQGULFNV DQG OU 3HWH
FRXQFLO DV FRPPLWWHH PHPEHUV $ VSHFLDO WKDQNV JRHV
VHVVLRQV VSHQW ORRNLQJ DW FRUH UHYLHZLQJ DUWLFOHV
WKLV SURFHVV

BHYHUDO LQGLYLGXDOV VXSSRUWHG WKLV UHVHDUFK LQ
SURILFLHQF\ GDWD FROOHFWLRQ KHOS RQ RXWFURSV UHER
DUWLFOHV DQG PDQ\ PRUH 7KH\ DUH QDPHG KHUH IRU WKHL
&DSUD .DWWHKLGX DQG %XFN 8QVGHUIHU

, QHHG WR UHFRJQL]JH P\ FRPSDQ\ :KLWH (DJOH ([SORUD\
DQG IDWKHU -DQH DQG ODUVKDOO &URXFK IRU WKH LPPHQV}
WKH RIILFH +DYLQJ IXOO0 WLPH DEFHVV WR WZR LQGLYLGXDO
RLO DQG JDV H[SORUDWLRQ PDGH WKH OHDUQLQJ DQG UHVHE
VLPSOHU LI QRW H[WUHPHO\ LQ GHSWK DW WLPHYV

, DP H{WUHPHO\ JUDWHIXO WR P\ ZLIH DQG WKUHH FKLOG
WKLY ZRXOG KDYH EHHQ LPSRVVLEOH 0DQ\ ORQJ QLJKWV VS|
DOZD\V PHW ZLWK VPLOHY DQG HQFRXUDJHPHQW 7KH HQGOH
UHFHLYH IURP P\ ZLIH &RUWQH\ LV LPSRVVLEOH WR H[SODLQ

KDLYQJ \RX LQ P\ OLIH

[y
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1.1 Objective

7KH REMHFWLYH RI WKLV UHVHDUFK LV WR LQYHVWLJDW
&RGHOO 6DQGVWRQH OHPEHU RI WKH &DUOLOH 6KDOH LQ Wk
QRUWKHUQ &RORUDGR DQG VRXWKHDVWH WX H FOFRRA J 7KLV
UHVLVWLYLW\ ORZ SRURVLW\ DQG ORZ SHUPHDELOLW\ &RG
XQFRQYHQWLRQIKMH WOHDHEHWZHHQ 6LOR DQG :DWWB\QEHUJ
KDYH VLJQLILFDQW K\GURFDUERQ UHVHUYHV QRZ HFRQRPLF
GULOOLQJ DQG FRPSOHWLRQ PHWKRGYV

TKHUPDO PDWXUDWLRQ LQ WKH DUHD ZDV HYDOXDWHG
JHQHUDWLRQ SDUWLFXODUO\ PDWXUDWLRQ ZLWKLQ WKH 1L
K\ GURFDUERQV IRU WKH &RGHOO 6DQGVWRQH 6WHUOLQJ H\
WKLFNQHVY RI WKH &RGHOO 6DQGVWRQH ZHUH PDSSHG WR
SDWKzD\V IURP WKHUPDOO\ PDWXUH DUHDV )DFLHV DQDO\V
GHWDLOHG UHVHUYRLWIRDOLW\ DQG GLVWULEX
1.2 Study Area

7KH VWXG\ DUHD OLHV ZLWKLQ WKH "HQYHU %DVLQ ERX
ZHVW DQG WKH ZDQLQJIX\S&HS RBN» RWWWILWH Rl WKH QRUWK
WUHQGLQJ TUDQVFRQWLQHQWDO $UFK RU &RORUKWH;R OLQHU
SRUWLRQ RI WKH 4RORUDGR OLQHUDO %HOW LPSRUWDQW W
QRUWKHDVW WUHQGLQJ WKHUPDO DQRPDO\ WKDW H[WHQGYV

ERUGHUV RI &4RORUDGR DQG 1HEUDVND 7KH QRUWKHUQ DQC



DUH GHILQHG E\ WKH HGJHV RI WKH 6LOR DIR® ORWMWHQEMBIH
VKRZV WKH VWXG\ DUHD LQ UHODWLRQ WR WKH JDHDWHU &L
©, 6 , W SROMAEMUOLOH WLPH GXULQJ UHJUHVVLBQG&RI WK
SULRU WR GHSRVLWLRQ RI WKH &RGHOO 6DQGVWRQH 7KH G
FRQILQHG E\ WKH IRUPDWLRQV WKDW DUH UHVSRQVLEOH IR!
DQG WUDSSLQJ VSHFLILFDOO\ WW KeHD UREOHUOK PROHP DWLRQ C
KW XGBGUHD ZzDV FKRVHQ WR FRPSDUH DQ DUHD RI PLQL
SURGXFWLRQ IURP WKH &RGHOO 6DQGVWRQH WR DUHDV RI \
+\GURFDUERQV SURGXFWLRQ IURP WKH &RGHOO 6DQGVWRQ'l
DUHD LQ 6LOR )LHOG :DWWHQEHUJ )LHOG DQG DORQJ WKH
DUHDV FRQWLQXH WR EH DFWLYHO\ HISORLWHG 3URGXFWLF
IURP WZR ILHOG YL HOIGUIRRGI U )LHOG 8VLQJ WKH 3XEOLF /DQ:
WKH VWRGMWRYBKO\ D UHFWD QUK BB U LWQHFLISSD® MIHULGLDQ ZLW
DWDQG LQFOXGLQJ DOO RI'7 15 : LQ@ S KHL®RXKNWKDHRWUWWW BB
)LJ SDJH ,Q RUGHU WR IXO0\ XQGHUVWD@Y@&HMWKH &RG
VWXG\ DUHD LV QRW VWULFWO\ ERXQG E\ WKHVH JUDSKLFDC
WKRDSSH&HD 7KH DUHD RI LQYHVWLJDWLRQ LV ODUJHU LQ
VWUDWLJUDSK\ DQG FRUHVY EH\RQG WKHVH OLPLWYV IRU WK
1.3 Methods of Investigation
7KLV VBEXWDWBHGPDO PDWXULW\ RI VRXUFH WRHNV LQ W
GHSRVLWLRQDO HQYLURQPHQW RI WKH &RGHOO 6DQGVWRQF
KDYH WDNHQ SODFH ZLWKLQ WKH UHVHUYRLU 8QGHUVWDQC

HVVHQWLDO LQ SUHGLFWLQJ K\GURFDUERQ DFFXPXODWLRQ
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J)LIXUH '"HSRVLWLRQ RI WKH &GRW HRO® WBREKWRRR D
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WKH *UHHQKRUQ 6HDZD\ ORGLILHG [AKRP DH<OSUR HW DVOI

LV RXWOLQHG LQ WKH UHG VTXDUH
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7KH GHSRVLWLRQDO HQYLURQPHQW BD® @ H|®IL BH[®Y M G H
LEKQRIDFLHV LQ RXWFURSV DQG FRUH 2XWFURSV RI WKH &I
VWXG\ DUHD 7ZR RXWFURSV QRUWK RI J)RUW &ROOLQV &RO
RQH RXWFURS LV IXOO\ H[SRVHG DQG VKRZV WKH HQWLUH L
&RUH ZDV YLHZHG DW WKH 86*6 &RUH 5HVHDUFK &HQWHU &!

SHWURJUDSKLF WKLQ VHFWLRQVY DYDLODEOH WR VWXG\ :KH



SHWURJUDSKLF DQDO\VHVY URFN VDPSOHV ZHUH WDNHQ IUR
SHWURJUDSKLF WKLQ VHEWLRQV 7HQ FRUHV ZHUH VWXGLH(
XQGHUVWDQGLQJ RI WKH GHSRVLWLRQDO HQYLURQPHQW 'H
LQ $SSHQGL[ $
6DPSOHV ZHUH WDNHQ IURP WKUHH FRUHV IRU SHWURJL
'5' DQDO\WHV $ WRWDO RI SHWURJUDSKLF WKLQ VHFWLRC
ZLWK EOXH IOXRUHVFHQW HSR[\ WR GHWHUPLQH SRURVLW\ .
,Q DGGLWLRQ VWDQGDUG H[LVWLQJ WKLQ VHFWLRQV ZHU
6(0 VDPSOHV ZHUH FUHDWHG DQG DQDO\]HG LQ WKH JHRO
6FRRO RI OLEYHWDPSOLQJ DQG GDWD FROOHFWLRQ ZHUH FRP.
/IDERUDWRULHV LQ *ROGHQ &RURWKGRWDQE GDWRUWSR FIXW H
FOD\ W\SHY DQG PHDVXUH FOD\ SHUFHQWDJHYV
:HOO GDWD ZHOO ORJV DQG UDVWHU LPDJHV ZHUH FRC
&RORUDGR 2L0O DQG *DV &RQVHUYDWLRQ &RPPLVVLRQ &2*&.
&RORUDGR 2LO DQG *DV ,QIRUPDWLRQ 6\WWHP &2*,6 $W W
ZHOOV ZLWK SRURVLW\ DQG UHVLV\EHDRE\VZKIO @ FOGRH ¥ ON K
6DQGVWRQH 7KHVH ZHOOV ZHUH XVHG LQ WKLV VWXG\ DQG
VRIWZDUH SURJUDP )LJ IROORZLQJ SDJH :HOOV ZLWK
RXWFURSV DV UHG GLDPRQGV LQ EOXH )RXUEHEFMMHK IVKHI\QR
DUH VRXWK Rl WKH VWXG\ DUHD 'DWD FROOHFWLRQ DQG IR
FRUUHODWHG ZLWK 3HWUD VRIWZDUH $00 PDSSLQJ DQG FD

SHWUD PRGXOHYV
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DUH FLUFOHG LQ RUDQJH %OXH FL GFRX\G FERIERHRRRIGY DUH I
FRUHV DUH RXWVLGH RI WKH VWXG\ DUHD WR WKH V

1.4 Historical Denver Basin Production of The Codell Sandstone

+\GURFDUERQ H[SORUDWLRQ DQG SURGXFWLRQ LQ WKH
$W WKDW WLPH DQWLERQYWHQW. QDX FRPPRQ WR E\SDVV ERYV
JRUPDWLRQ DQG &RGHOO 6DQGVWRQH LQ VHDUFK RI WKH PF
K\ GURFDUERQ UHVHUYRLUV LQ WKH " DQG - 6DQGVWRQHV 7l
RI YHUWLFDO GULOOLQJ DQG FRPSOHWLRQ WHFKQLTXHV ZK
IUDFWXULQJ RI WKH REMHFWLYH IRUPDWLRQ PDGH WDUJHW

HFRQRPLFDOO\ DSSHDOLQJ 7KH ILUVW DWWHPSWYV DW SURC



XWLOL]JHG WKHVH VDPH GULOOLQJ DQG FRPSOHWLRQ WHFKC

IV 7KH RXWFRPH IURP YHUWLFDO ZHOOV ZDV XVXDOO\ P
6DQGVWRQH 7KH &RGHOO 6D QRA\QW & B WRKAVIX\H & IMRKH ® DPRIPR Q V

WKBE* SHVRXUFHVY -DNH ZHOO LQ +HUHIRUG )LHOG FRPE|
K\GUDXOLF IUDFWXULQJ WHFKQLTXHVY WR SURYH WKDW HER(
EH SURGXFHG IURP WKH 1LREUDUD )RUPDWIZRIQVRXMMWWGH RI
UHVXOWHG LQ SURGXFWLRQ IURP ERWK WKH 1LREUDUD )RUF
DUHD $Q LQFUHDVLQJ QXPEHU RI KRULJRQWDO ZHOOV VSHEF
KDYH VLQFH EHHQ GULOOHG DORQJ WKH HIGD®IGI RH DWK®I\ : D W\
H[SDQGLQJ WKH SURGXFWLYH DUHD

7KH 3DOODRUR 1( &: & HF : PLOHV VRXWK RI WKH VWX
GULOOHG LQ ZDV WKH ILUVW ZHOO WR VXFEHVVIX0OO\ Sl
WKH 'HQYHU %DVLQ ,W ZDV GULOOHG VRXWKHDVW RI WKH W
DQG SURGXFHG IURP IW RI VDQGVWR Q@KBDHOMDRUR FDPH
RQOLQH LQLWIWDOBEGSVRRGXALO SHU GD\ %23' ZLWK KLJK SU
WKH JHREEOHRSRUW WKH FRUHG VHFWLRQ®@ QG WKHH 78 RGBYOLPH'
6DQGVWRQH ZHUH EOHHGLQJ RLO DQG JDV .HQQHG\ 71
DEDQGRQHG QMKXAH)RRUW +D\V /LPHVWRQH %OHHGLQJ RLO DQ
PHDQLQJ WKH FRUH ZDV ZHW ZLWK RLO DQG RXWJDVVLQJ QI
XQVXFFHVVIXOO\ GULOOHG WKDW \HDU LQ WKH ILHOG QRZ G
SURGXFWLRQ IURP WKH 3DOODRUR GHFOLQHG WRD %23' I
WRWRQOR| VEEIORLO .HQQHG\ ([SORUDWLRQ LQ WKH

FHDVHG IRU DOPRVW D GHFDGH ,Q DQG WZR ZHOOV



&RXQW\ RQH LQ /RYHODQG )LHOG WKH RWKHU LQ BWUBISKR X
LQ 6( 1( 6HF 715 : 7KHVH ZHOOV SURGXFHG IURP VKDO
LQWHUYDOV RI IW DQG IW WKLEFN ZLWK WRSV DW W C
UHVSHFWLYHO\ 7KH VKDOORZHU ZHOO KDG D IUDFWXUH WU
RQO\ EEOV RI RLO DQG 0&) RI JDV .HQQHG\ 7KH ¢
SD\ ZHOO ZLWK FRPPLQJOHG JRQHV LQ WKH 1LREUDUD )RUPI
WKH /DNRWD 6DQGVWRQH 7KHVH WKUHH HDUO\ GH®SIWQ SURC
ZHVWHUQ IODQN RI WKH 'HQYHU %DVLQ

JURP W R ZHOOV VXFEFHVVIXOO\ SURGXFHG K\GL
&RGHOO 6DQGVWRQH 3URGXFWLRQ ZDV DOZD\V FRPPLQJOH
IRUPDWLRQV VXFK DV WKH GHHSHU - 6DQGVWRQH RU VKDOC
+D\V /LPHVWRQH 7LPSDV /LPHVWRQH RU 7HUU\ 6XVVH[ 6L
SHULRG Rl &RGHOO 6DQGVWRQH H[SORUDWLRQ RSHUDWRU\
GHHSHU &UHWDFHRR®\RDEE -7KHVH VDQGVWRQHYV RIIHUHG I
DUHD IRU H[SORUDWLRQ DQG JUHW WHQY WK EEBFRRG HRAUBKWR G X F
$GGLWLRQDOO\ WKH KLJKHU SRURVLW )\ [DQURRIHMHIVESHHD IERLLD L W\
PRUH OXFUDWLYH WDUJHW:KHQHWI BLHW LDQN WKBW RGRBO 61
LQVLGH WKH WKHUPDOO\ PDWXUH :DWWHQEHUJ )LHOG WKH
VWDQGDUG GULOOLQJ DQG FRPSOHWWRRDPRORKOQOWMRKHH IRU Wk
1LREUSRI®HO O ZKIOW¥DV DEFFRPSOLVKHG E\ FRPSOHWLQJ HDF
LQGLYLEXSMWD W\KH VDPH WLPH 3DWHUQLWL DQG /RVREDQR
WKDW UHDVRQ LW LV GLIILEXOW WR,¥WDWH WKW KiH DER\G HQ K

6DQGVWRQH XQOHVV LW ZDV FRPSOHWHG DQBLWHIMGIG VHS



, 31V UHDFKHG PREBOWIKBHQ@ GD\ PRVW ZHUH ORZHU 7KH ORZ
&RGHOO RQO\ SURGXFHU DW %23' 7KH ILUVW &RGHOO SUR
ZHOO GULOOHG LQ E\ $PRFR 3URGKBWEBRYKRFEDW\ WKH
ORFDWHG L@ 6HYF : 7KH ZHOO ZDV FRPSOHWHG LQ ERWK Wl

&RGHOO IRU DQ LQLWLDO SURGXFWLRQ RI EEOV RI RLO DQ

2l WKH DIRUHPHQWLRQHG ZHOOV ZHUQ GRBDODQHG L(
7KH ZHOOV GULOOHG LQ 4RORUDGR DUH QRZ FRQVLGHUHC
ZKLFK JURZV ODUJHU HDFK \HDU DV PRUH ZHOOV DUH GULOC(
2LO FRPSOHWHG D &RGHOO ZHOO LQ ZKDW LV QRZ FHQWUDC
IUDFWXUH WUHDWPHQWY RQ SUHYLRXV ZHOOW WKHH : *UDQ"
ZDV VXFFHVVIXOO\ IUDFWXUH VWLPXODWHG DQG FRPSOHWH
SHU GD\ DQG WKRXVDQG FXELF IHHW RI JDV SHU GD\ 0&)
&RGHOO SOD\ LQ WKH QRUWKHUQ '"HQYHU %DVLQ ZLWK &R

DQG LQ WKH IROORZLQJ \HDU .HQQHG\

6HYHUDO &RGHOO 6DQGVWRQH DWWHPSWYV ZHUH PDGH <

TV ZLWK RQO\ D IHZ PDUJLQDO VXFFHVVHM LM R® F 15 HBY R X
6HF 71 5 : KDG DQ ,3 RI %23' DQG 0&)3' 7ZR ZHOOV W
LPSRUWDQW WR WKLV VWXG\ EHFDXVH WKH\ QRZ OLH ZLWKL

KRULIRQWDO &RGHOO SURGXFWLRQ FDPH RQOLQH/ EHRGXFL(

'LONLQVRQ 1: 176HH% : DQG WKH'RZHOO 1: 1: 6HF
7 1 5 : ZHUH ERWK FRPSOHWHG RQ SXPS ZLWK UDWHYV RI
%23 0&)3" EEODYWHU SHU GD\ UHVSHFWLYHO\



2QH RI WKH PRUH VXFEFHVVIXO ZHOOV ZLWW KHRIRR MID P L
([SORUDWLRQYTV +DUHRQIWREY : ,W ZDV GWROMOKHE &UHWDFHF
6DQGVWRQH WR D WRWDDNGHISQVK &?2 *Rd 7KH ZHOO LQL
WHVWHG D JDV RLO OURWEROIRFORSHUDWHG E\ 1IREOH (QHUJ'
ZHOO FRQWLQXHV WR IORZ EDUUHOV RI RLO SHU PRQWK D
0% 2 0®) DQG EDUUHOV RI ZDWHU 7KLV ZHOO LV VLJQ
SURGXFWLRQ KALK/HY BRI\ VWRPY LW\ &R G B GG LADLREDWDROHLW ZD\
ZLWKLQ WKHRILMKEBHBRDBDQGVWRQH SOD\ RI WKH LW 7KH
D &RGHOO 6DQGVWRQH R QWA X\RVEEFRRMPMAZHI 6D\ ZDIVMQSUH V H
ORFDO ZHOOV ZLWK VLPLODU SHWURSK\VLEFDO SRREHOWOWLHV
6DQGVWRQH LQWHUYDO

&RGHODQGVWRQH GULOOLQJ ZDV SULPDULO\ IRFXVHG LQ
$PRFR VXFFHVVIXO@RSWBR O WKGH SURGXFWLYLW\ LQ 6LOR
6WUHDP ,QF PDGH D VLQJOH DWWHPSW LQ DW WKH QRU\
OLQHUDO %HOW FORVH WR ZKDW LV QRZ D VXFFHVVIXO KRU

ORFDWHG DW 1( 8: 815F: FRUHG DQG WHVWHG IW RI )RU'
&RGHOO 6DQGVWRQH 7KH FRBHWVKGHNG VRKOF N RAR GBIYD OU6D Q G\
LQWHWDQY YHUWLFDO FRQYHQWLRQDO WARRIOQ L TIXWH R 1 WRKRH W
PRVW SRURXV DQG SHUPHDEOH VDQGVWRQH VHFWLRQ RI WK
SURGXFLEOH LQ WKLV ZHOO 7KH ODERUDWRU\ FDOFXODWH(
%22,3 DIFWH7KDW MIRXDWA22,3 SHU VHFWLRQ IURP RQO\ WKF
SHUPHDEOH IHHW Rl WKH &RGHOO 6DQGVWRQH 8VLQJ WKH '

IHHW&RGHOO 6DQGVWRQH FDOFXODWHYV 00%22,3 SHU VHFWI

10



WR WKRVH UHSRUWHG WRGD\ E\ VXEFHVVIXO LQGXVWU\ RSH
XQHFRQRPLF DIWHU PRQWKV RI SXPSLQJ GXH WR ORZ IOR;
DQG ZDV VXEVHTXB&OW® VKXW:LWK WKH &RGHOO 6DIQBVWRQ
':DWWHQEHUJ D QG RQ DRQIG BEGN. O L Q JRRZ H/DIORX WDQGMWLQJ \
VDQGVWRQH FDUULHG RQ DOPRVW H[FQWYDYHKB\DIE) ODWWW®
UHVWLPXODWH WKH &RGHOO 6DQGVWRQH PDGH LW D OXFUD
SURGXFWLRQ LQFUHDVHG WR OHYHOV DW RU MXVW EHORZ L
DQGHPDLQ VLPLODU WR WKRVH RI LQLWLDO FRPSOHWLRQ )l
IUDFWXUH OHQJWHKW EHWIZRIGIIHU FRQWULEXWH WR LPSURYH(
DQG 5DPDNULVKQDQ

7KH 1LREUDUD KRUL]JRQWDO GULOOLQJ SOD\ VWDUWHG |
(2* BHVRXUFHVY VXEFHVVIXO GULOOLQJ Rl WKH1-BNH + €
LQ +HUHIRUG )LHOG 7KH -DNH + KDG DQ ,3 RI EEOV R
%2(3'DQOGYHUDJH®G2(3' IRU WKH ILUVW  GD\V6L&AHBUV DIWF
WKH ZREP$§OHRVRIGRHIDO 6DQGVWRQH H[SORUDWLRQ LV VXFFHV
6LORH®®G QRUWK IURP :DWWHQEHUJ )LHOG RsGR/\YBQIGRUL]F
PXOWWDJH K\GUDXOLF U DRRW® X WHR BHUHK RBXYWKHUQ :\RPLQJ
ERUGHU DQG DORQJ WKH &RORU D G RVKIDQY® B\XBHOOH O G VW R Q
D YLDEHOAHUYRLU IRU K\GURFDUERQV MXVW RXWVLGH RI WKF
1RYHPEHU (2* 5HVRXUFHV D PDMRU RSHUDWRU VRXWK |
XOWLPDWH UHFRYHU\ (85 RI 0%2( IURP RQH RI WKH KRUL

DUHD )LJIROORZLQJ SDJH

11
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2.1 Geologic History of the Basin

$SSUR[LPDWHO\ OD DQ DQRPDORXVO\ WKMWRHHDQG FRR
J)DUDOORQ VXEGXFWLRQ FURVVHG EHQHDWK ZHVWHUQ :\RPL
EXR\DQF\ DQG YLVFRXV SXOO IURP WKH VKDOORZ HDVWZDU(
KLJK UDWH RI VXEVLGHQFH EHORZ HDVWHUQ 8WDKOORYG ZHV
PDIJQLWXGH VXEVLGHQFH ZDV H[SHULHQFHG GXH WR WKH Gt}
KDYLQJ PXFK OHVV LQIOXHQFH 7KH ZHVWHUQ PRWLRQ RI W
VODE FDXVHG WKH GHSRFHQWHU WR PLJUDWH HDVW LQ UHO
D PDHKP VXEVLGHQFHERI OD VWX HW DO 7KLV ZDV WKH
GULYLQJ IRUFH RI WKH :HVWHUQ ,QWHULRU %DVLQYV :,% D
DQG VKDOORZHU HDVWHUQ WURXJK VKDSH )LJ

7KH SUHVHQW VKDSH RI WKH '"HQYHU %DVLQ DQG JHRPR

Zone of High Subsidence and Stable Eastern Platform Zone:
Zone of Maximum Subsidence, Sedimentation Rate: ~=="Hinge Zone" --- Low Subsidence and
Sedimentation Rate: Shallow Water Deepest Water in Moderate Subsidence Sedimentation Rate;
West-Central Troughs and Water Depths Shelf Depths; Many disconformities
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413 {coprae-gramed 115 (Frre-gréyned 1sh waler ssmd- chalk Lower gnd Upper Crefaceous and
puedmeont facies)  coa-besring fBces Stone Cretaceovs Paleocene

JLIXUH*HQHUDOL]HG FURVV VHFWLRQ DQG VH GUPH{RN
"HVWHUQ ,QWHULRU %DVLQ EHWZHHD BURVK VOIEWRRD VKRIZ)
PDLQ /DUDPLGH XSOLIWV DIWHU WHK.I) HIQQ\DEDO &WHHIWBIIWVR RD 16!
ODDVWULFKWLDQ WLPH .DXIIPDQ
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ORXQWDLQ URQW 5DQJH ZHUH ODUJHO\ IRUPHG GXULQJ WK
&UHWDFHRXV WR WKH (RFHQH &RPSUHVVLRQDO IRUFHV UH
QRUWKZHVW WUHQGLQJ IDXOWV UHVXOWLQJ LQ XSOLIW H[S
WKH QRUWK QRUWKZHVW WUHQG RI WKH JURQW 5DQJH RI Wt

7RWDO VWUXFWXUDO UHOLHI IURP WKH WRS RI WKH )UR
3UHFDPEULDQ EDVHPHQW LV DSSYGRR[RPWWE D\ WV RI VH
ZDV GHSRVLWHG LQ WKH EDVLQ IURP WKLV HURVLRQ FRQW!I
GXULQJ -XUDVVLF WKURXJK &UHWDFHRXV WL P&5 O6R @y QR QVE Ki it
JURQW 5DQJH RFEXUUHG WKURXJK OLRFHQH 30LRFHQH DOQC
FRQWLQXHG ORZHULQJ RI EDVH OHYHO LQ WKH JURQW 5DQJ!I

JLIXUH VKRZV D GLDJUDPPDWLF FURVV VHEWLRQ RI !
VRXWKHUQ HGJH RI WKH VWXG\ DUHD ,W DOVR VKRZV WKH Ff

EDVLQ GHSWK DQG WKH LPSRUWDQW VSDWLDO UHODWLRQVE

JLIXUH “HVW WR HDVW FURVV VHFWLRQ RI WKH 'HQYHU ¢
WKH HDVWHUQ HGJH RI WKH JURQW 5DQJH FXWWLQJ WKURX.
‘DWWHQEHUJ )LHOG WR MXVW LQVLGH ZHVWHUQ 1HEUDVND
JHQHUDWLRQ ZLQGRZ B6RQQHQEHUJ
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URFN RYHUO\LQJ WKH &RGHOO 6DQGVWRQH UHVHUYRLU URF
WKH EDVLQ 1RWH WKH HQWLUH VWXG\ DUHD OLHV ZHOO ZL
ZLQGRDWXULW\ LV GLVEXVVHG LQ IXUWKHU GHWDLO LQ FKD
+LJKHU UDWHV Rl VXEGXFWLRQ LQ WKH ZHVWHUQ SRUW
DFFRPPRGDWLRQ DQG DOORZHG WKLFNHU GHSRVLWLRQDO Z
WKH HDVW (XVWDWLF FKDQJHVY LQ VHD OHYHO DQG SURJUD
VHYHUDO WUDQVJUHVVLYH UHJUHVVLYH F\FORWKHPV LQ WK
'XULQJ PD[LPXP IORRGLQJ WKH &UHWDFHRXV HSLERQW!I
DSSUR[LPDWHO\ PLOHV IURP WKH $UFWLF 60RSH RI &DQ
PLOHV ZLGH QHDU LWV FHQWHU .DXIIPDQ +\GURFEDL
GHSRVLWHG GXULQJ WLPHV Rl HXVWDWLF VHD OHYHO ULVH
URFNV ZHUH GHSRVLWHG GXULQJ HXVWDWLF ORZHULQJ RI V
VDQGVWRQH XQLWV RI PDUJLQDO PDULQH FRDVWDO SODLQ
WUDQVJUHVVLRQ DQG ILQDO SKDVH Rl UHJUHVVLRQ .DXIIPD
F\FORWKHPV WRRN SODFH LQ WKH &UHWDFHRXV ,Q FKURQR
&UHHN &\FORWKHP WKH *UHHQKRUQ &\FORWKK®P &OBHIHVRE |
&\FORWKHP DQG WKH %HDUSDZ &\ FORWKHP .DXIIPDQ
ILQHJDLQHG IRUDPLQLIHUDO ULFK FDUERQDWHY WRRN SODF
HDFK F\FORWKHP ZLWRKRIQ.H RiZBHSNXIORQ&UHHN &\FORWKHP |
ORZU\ 6KDOH ZKLFK LV D VLOLFD ULFK UDGLRODULDQ PXGV'
WUDQVJUHVVLYH UHJUHVVLYH F\FOHV REFFXUUHG WKURXJK
DQG 1LREUDUD )RUPDWLRQ 7KUHH PDMRU XQFRRGRGRHWLH\

WR VHD OHYHO FKDQJHV WKH 0D OD DQG 0D XQFRQ]
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7KH & RGHOO 6DQGVWRQH RI QRUWKHDVW &RORUDGR DQ
GHSRVLWHG LQ VKDOORZ ZDWHU DORQJ WKH HDVWKHR Q HGJt
&RGHOO 6DQGVWRQH UHSUHVHQWY WKH ILQDO UMIKMVVLRQ
&UHWDFHRXV :HVWHUQ ,QWHULRU 6HDZD\ .:,6 DQG WKH EH.
WKH 1LREUDUD &\FORWKHP 7KH *UHHQKRUQ UHJUHVVLRQ W
7XURQLDQ IURP DSSUR[LPDWGDWR OD 0D
OHUHZHWKHU HW DO 7KH HQWLUH *UHHQKRUQ UHJUH)
P\ .DXIIPDQ 7KH & RGHOO 6DQGVWRQH ZDV WKH ODVW
VHGLPHQWY GHSRVLWHG GXULQJ WKLV WLPH IROORZHG E\ |
&\FORWKHP WUDQVJUHVVLRQ

7KH GLVWULEXWLRQ RI WKH &RGHOO 6DQGVWRQH LV UH
VHGLPHQWDWLRQ DQG VHD OHYHO FKBOIHL QHIRRHW KW DO
PDJQLWXGHRYBGIRZVWDQG HURVLRQ DQG UHPRYDO RI VOR
FDQ WDNH SODFH WKURXJK VXEDHULDO H[SRVXUH RU ZDYH
QRUWKHDVW WUHQGLQJ S DIGRMRFORZU R DVEBUHMHWWHIBWO R U W K
FHQWUDO 'HQNE&DUWHDMLRXSHG LQWR D EURWBKHU VWUXFWXUL
7UDQVFRQWLQHQWDO $UFK :HLPHU 7KH TUDQVFRQWLC
XSOLIW DQG HURVLRQ WKURXJKRXW WKH EDVLQ GXULQJ WKI

7KUHH VWUXFWXUDO XSOLIWV ZHUH SUHVEE@WZAHHQKH Y
0D DQG 0D 7KHVH VWUXFWXUHV SOD\HG D VLJQLILFDQW
GHSRVLWLRQ QRQ GHSRVLWLRQ DQG ERWK VXEPDULQH DQC
,Q FKURQRORJLF RUGHU WKH XSOLIWV DUH W KHJ WWIBQ E H

WKH +DUWYLOOH +LO0R ORWDIICGWHHD OHYHO HYHQW EURDG \
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WRRN SODFH LQ FHQWUDO :\RPLQJ :HLIPHWWGOD D WHWRE8BQ
GURS LQ VHD OHYHO DQG UHJLRQDO GRPLQJ LQ QRUWKHUQ

&RPELQHG WKHVH IDFWRUV DUH UHVSRQVLEOH IRU WK

JLIXUHODS VKRZLQJ XSOLIWYV ZLWKLQ WKH VWXG\ D
DWHLPHU OHUHZHWKHU DQG &REEDQ
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ORZHU DQG XSSHU FRQWDFWV Rl WKH &RGHOO 6DQGVWRQH
&REEDQ DWWULEXWHG WKH ORZHWRXQWRGILRKPLW\ WR W
0D DQG WKH XSSHU XQFRQLROWAH WLIMR WIKH HDUWY )LJ
7KH & RGHOO 6DQGVWRQH ZDV GHSRVLWHG EHWZHHQ WKHVH
Rl GHSRVLWLRQ UDQJHV IURP WR PLOOLRQ \HDUYV
&RPSOMWMRGLQJ RI WKH +DUWYLOOH +LJK DUHD RFFXUU
%DVRDW OD FRQQHFWLQJ WKH QRUWK DQG VRXWK DUPV RI )
.DXIIPDQ HW DO 7KH WUDQVJUHVVLRQ DOORZHG DQ L

IURP WKH *XOIl Rl OH[LFR QRUWKZDUG LQW RKW ¥ H QRRGLWDLIR U\

)LIXUH ORGHO RI 1LREUDUDUGR §RWMWHUR LEH VKD
ZDUP DQG FROG FXUUHQWVY DIIHFW BIQVRK PROXNJGHYHORSPH (
7UDQVFRQWLQHQWDO XSOLIWV DURIQDOPR WKMRRQ PR
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SHUKDSV WKH VLQJOH PRVW LPSRUWDQW IDFWRU LQ FDUER:
JRUPDWLRQ /RQJPDQ HW DO 6HD OHYHO FRQWLQXHG
/RSH] FDOFDUHQLWH SULPDULO\ LQ WKH VRXWK DQG WKH ¢
‘HLPHU DQG 6RQQHQEHUJ :DUP VRXWKHUQ FXUUHQWYV
SURGXFHG HQYLURQPHQWY ZKHUH DEXQGDQW FRFFROLWKYV
IORXULVKHG LQ )RUW +D\V /PR FEWW R HW KWK B LREDHNGME )RUP D'
+DUWYLOOH +LJK DFWHG DV D EDUULHU WR OLPHVWRQH GH¢
ILPHVWRQH QRUWK RU ZHVW RD QWX & RESELLQW 0H URIQ HRDKH H W
BXEVHTXHQW GHSRVLWLRQ \RKHPRING NV (DD GHREEMDV L Q
1LREUDUD )RUPDWLRQ ZDV FRQWUROOHG E\ WKH LQWHUDFW
IORZ &RROHU ZDWHU WHPKRKWWKMYIQH.Y, BURIP{ FMAGKALWK ZDUPH|I
WKH VRXWK LQ D FRXQWHUFORFN ZW VIHOF X UAKHQ SWX LA.RVA DR GJI
WKLFNQHVV RI WKH FKDONV LV UHODWHG WR VHD OHYHO DQ
VRXWKHUQ SDUWV RI WKH VHDZD\ 'XULQJ SHULRGV RI GRPL
VRXWK SDOHR *XOIl Rl OH[LFR FXUUHQWY SURGXFHG HQYLUI
FRFFROL®W®BPFH SUHFLSLWDWLRQ UHVXOWHG LQ FKDONLHU
VKDOORZHU HDVWHUQ IODQN &RQYHUVHO\ ZKHQ EXUUHQW
FRROHU DUFMWRGZDRMHVUKQEORERQDWH SURGXFWLRQ QRUWK
VKDOH\ PDUO\ GHSRVLWLRQ )LJ &KDON GHSRVLWLRQ L
ZDV VLJQLILFDQWO\ UHVWULFWHG E\ UDLQIDOO DQG VLOLFL
/IRQJPDQ HW DO HVSHFLDOO\ GXULQJ UHJUHVVLRQ 7\
UHVXOWHG LQ FKDONLHU GHSRVLWYV DQG GRIPUMNWHBGH SHUL

GHSRVLWLRQ
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2.2 Regional Stratigraphy

7KH &DUOLOH 6KDOH RI QRUWKHDVWHUQ &RORUDGR VR
VRXWKHDVWHUQ :\RPLQJ FRQVLVWYV RI ILYH PHPEHUV ,Q DV
J)DLUSRUW &KDON\ 6KDOH %OXH +LOO OHPEHU &RGHOO 6DQ
WKEHDOJIH %UHDNYV OHPEHU :HLPHU DQG 6RQQHQEHUJ *HR
PD[LPXP VHD OHYHO KLGKMWMIRBRZHRIFBXGGAH 7XURQLDQ GXU
WKH ORZHVW PHPEHU RI WKH &DUOLOH 6KDOH WKH )DLUSRIL
OHUHZHWKHU HW DO

7KH VWUDWLJUDSKLF FROXPQ )LJ IROORZLQJ SDJH
IRUPDWLRQV ZLWK VXEWOH QRPHQFODWXUH GLIITHUHQFHYV E
'"HQYHU %DVLQ 1RUWK RI WKH VWXG\ DUHD LQ WKH 3RZGHU
FRQVLVWY RI WKH 3RRO &UHHN OHPEHU VKDOH 7XUQHU 6D
6DJH %UHDNVY OHPEHU VKDOH "HLPHU DQG )OH[HU 7K
UHFRJQL]DEOH LQ QRUWKHDVWHUQ :\RPLQJ DQG VXUURXQGI
UHFRJQL]H DQG WRYXWHGIDWWHUQ :\RPLQJ ZKHUH WKH &DUOL
&DUOLOH 6KDOH PHPEHUV PHHWXB MWXRKNR XW D OKH LEDNHOUW W R
DQG LWV PHPEHUV DUH SUHVHQW LQ FRUHV LQ WKH VWXG\ [
HYDOXDWWKIR&DUOLOH )RUPDWLRQ LV GLVFXVVHG KHUH WR Q
OLWKRDQGLORPHQFODWXUH FKDQJHVY QRUWK RI WKH VWXG\

7KH )DLUSRUW &KDON\ 6KDOH LV ROLYH JUH\ YHU\ FDOI
VKDOH ZLWK VWULQJHUV RI OLPHVWRQH WKURXJKRXW 7KH

EHGYV ZKLOH WKH PLGGOH DQG XSSHU EHGV DUH PDUOVWRAQ
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HYHQO\ EHGGHG ZLWK YDULDEOH ELRWXUEDWLRQ .DXIIPDQ
GXULQJ UHJUHVVLRQ RI WKH *UHHQKRUQ VKRUHOLQH +DWW
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7KHRYHUO\LQJ %OXH +LOO OEHHPEGU G B UNQEHOYWHQODUH\ FOD
VKDOH PD®II +DWWLQ DQG 6LHPHUYV 3LQH® D LW EFI
VKDOH EDVH WR VLOWVWRQH DQG VLOW\ VDQGVWRQH DW W
JUDLQHG VDQGVWRQH DV WKLFN DV LQFKHV DUH SUHVHQW
VDQGVWRQH EHGV DUH YHU\ VLPLODU WR WKH RYHUO\LQJ &
EXON Rl WKH %OXH +LOO OHPEHU LV QRQ ELRWXUEDWHG .D
EHQWKRQLF ELRGLYHUVLW\ EHFDXVH RI WXUELG ZDWHU DQC(
+DWWLQ DQG 6LHPHUYV )RVVLOV DUH UDUH LQ WKH %O
LQRFHUDPLGY DUH SUHVHQW LQ WKH ORZHU IDFLHV ,Q VRX
WKHBSHU %OXH +DQ®W RHPERHAWHOO 6DQGVWRQH LV JUDGDWLR
ELRWXUEDWLRQ LV SUHVHQW .DXIIPDQ DQG 3UDWW ,Q
RI WKH )DLUSRUW &KDON\ 6KDOH DQG RYHUO\LQJ %OXH +LO
WKLFN 7R WXHRMHMVWHG UDWHY Rl VHGLPHQWDWLRQQWKH &
WKH 'HQYHU %DVLQ

1HD WKH QRUWKZHVW HGJH Rl WKH ED VLG IHKHGARZHU
EHEFDXVH RI HURVLRQ Rl SDUW RU DOO RI WKH )DLUSRUW &
FRQQHQEHUJ DQG :HLPHU ‘HLPHU DQG 6RQQHQEHUJ
WKH &RGHOO 6DQGVWRQH DQG WKH &DUOLOH 6KDOH LV UDU
OLWKRORJLF DQG FRPSHWHQF\ GLIIHUHQFHV Rl WKH VKDOH
UHPQDQWY DUH W\SLFDOO\ DOO WKDW UHPDLQ 1R ORZHU &
H[SRVHG LQ WKH VWXG\ DUHD

OHUHZHWKHU DQG &REEDQ LGHQWLILHG RXWFURS\

&ROOLQV &RORUDGR ZKHUH WKH %OXH +LOO FDQQRW SRVL
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&RGHOO 6DQGVWRQH DUH FRQIRUPDEOH ,Q WKQBWWKE\ W|
%OXH +LOO OHPEHU EHGV FDQQRW EH GLIIHUHQWLDWHG DQ
DUH VLPSO\ UHIHUUHG WR DV WKH ORZHU &DUOLOH 6KDOH
%LRVWUDWLJUDSKLF VWXGLHY PRUH DEFXUDWHO\ U
GHSRVLWLRQ RI PHPEHUV ZLWKLQ WKH :HVWHUQ ,QWHULRU
OHUHZHWKHU HW DO FRQGXFWHG D ELRVWUDWLJU
IRUPDWLRQV L QVKAXMR/ZUWAKDRQWKH %OXH +LOO OHPEHU LV ZL
DPPRQLWH IRVVLO JRQH DV WHKdHo&/&S hyatD &REGYMPIQWMKLYV |D
ZLWK WKH WLPH IUDPH RI WKH XQFRQIRUPLWLHY GLVFXVVHC
FRQWDFW RI WKHVH WZR VHSDUDWH OLWKRORJLF XQLWV FD
JLYH IRVVLO ]JRQHV DUH PLVVLQJ EHWZHMKH\ZKH WRIRN O (
DPPRQIRMH RI WKH )RUW + BaaphitesPNigaMBrRisi 7KH &RGHOO
6DQGVWRQH LQ WKLV UHJLRQ O L HRfioAdcyelksLh@attiR V@ LYOXB RPIRH) L'
&RORUDGR ORFDWHG DSSUR[LPDWHO\ 1: 6HF 7 1 5 : 0
VW DWKHAKH JRUW +D\V /LPHVWRQH GLVFRQIRUPDEOAKRIYHUOLI
-XDQD /RSH] DQG 6DJH %UHDNV OHPEHUV DUH DEVHQW 7KH)\
DQG UHVSHFWLYHO\ LQ WKH IRVVLO JRQDWLRQ RI OHUHZ
XGRQIRUPLWWREPDULQH HURVLRQ RU LI LW LV D GLVERQIR
H[SRVXUH DQG HURVLRQ 6XEVHTXHQW PWK®RHWKHMHDIWWRRI
WUHQGLQJ VWUXFWXUH RI WKH 7TUDQVFRQWLQHQWDO $UFK
VHD OHYHOHEXURQLDMX FRPELQHG ZLWK WHFWRQLF PRYHPH
WKH WKLFNQHVYV Rl VHGLPHQWY GLVWULEXWLRQ RI WKH &R

HURVLRQ RI VWUDWD XQGHUO\LQJ WKH )RUW +D\V /LPHVWRC(

23



DPRXQWWUDWD UHPRYHG IURP DERYH WKH &RWROION6DQGVW
‘HLPHU DQG 6RQQHQEHUJ 'XULQJ WKLV WLPH WKH VH
WKH KLIJKHVW OHYHOV LQ (DUWKYTV KLVWRU\ 7KHUH zZDV OLI
GBRVLWHG DV SDUW RI WKH HQVXLQJ UHJUHVVLRQ %ODNH\

$ EURZQ DUJLOODFHRXV DQG TXDUW] FDOFDUHQLWH V
VHSDUDWHY WKH &RGHOO 6DQGVWRQH DQG )RUW +D\V /LPH\
&RORUDGR DQG QRUWKHDVWHUQ 1HZ OH[LFR 7KH -XDQD /RS
FDOFDUHRXV DQGWR PRIGILWPIFQH@ Y DQGVWRQH DQG DQ XSSt
OLPHVWRQH 7KH QRUWKHUQ H[WHQW RI WKH XSSHU OLPHV\
5 : DSSUR[LPDWHO\ PL QRUWK RI %RKIOFKHUV VRDPWK RI WK
DUHD 7KH -XDQD /RSH] LV JHQHUDOO\ OHVV WKDQ IW DQG
HIWHOQHALPHU DQG 6BQQHQERZHYHU LW WKLENHQV WR W |
6SULQJV DQG FRQWLQXHV WR WKLFNHQ WRZDUG VRXWKHUQ
VDQG\ EHGV Rl WKH -XDQD /RSH] OHPEHU DUH WKH UHVXOW

WKH 1LREUDUD DQG UHZRUNLQJ RI D UHJROLWK DW WKH WR

7KH 6DJH %UHDNV OHPEHU LV D GDUN JUH\ SDUWO\ FDO
LQYHUWHEUDWH PLFURIRVVLOV EXW KDV D GLYHUVH PLFURI
OHPEHU HYHQWXDOO\ UHSODFHV WKH )RUW +D\V /LPHVWRQH
UHJLRQ RI :\RPLQJ (YHWWYV 7KH 6DJH %UHDNV OHPEHU
QRUWKHUQPRVW &RORUDGR DERYH WKH &RGHOO 6DQGVWRQ
WR WKH QRUWK DQG QRUWKHDVW LQWR :\RPLQJ DQG 1HEUD'

%YUHDNV OHPEHU WR WKH VRXWK LV GXH WR WUXQFQWLRQ D
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‘HLPHU DQG 6RQQHQEHUJ 7KH WKLENQHVV RI WKH 6DJ
DQ LPSRUWDQW UR O 8 DIVQK® B HIRRRR LD KMH. R QR E U D UDR) RAKRD W L F
&RGHDQGVWRQH

7KH )RUW +D\V /LPHVWRQH LV DOPRVW SXUH OLPHVWRQ
FDUERQDWH VHGLPHQW /RQJPDQ HW DO 7KH ILQHO\ F
WKH )RUW +D\V /LPHVWRQH LV FRPSRVHG Rl GLVDJJUHJDWH
DQG +DWWLQ 7KH )RUW +D\V /LPHVWRQH KDV LQWHUYLEL
WKDW DUH VHYHUDO LQFKHV WKLFN ZLWK VKDOH PDUO VWU
DOVR WKRURXJKO\ ELRWXUEDWHG :KHUH WKH OLPHVWRQH
KLJKHU SRURVLW\ DQG SHUPHDELOLW)\ PD\ EIMQG®UHVHQW GX*t
LOQWHUVHEWLRQV 7KRVH QDWXUDO IUDFWXUHV PD\ SOD\ D
PDWXUH RLO IURP WKH RYHUO\LQJ 6PRN\ +LOO OHPEHU EHQI
EHORZ

7KH 6PRN\ +LOO OHPEHU Rl WKH 1LREUDUD )RUPDWLRQ |
PIUO LQWHUYDOWRQ WKMHROORYLI) WSBHHORJI IRUWKKH VW XG\
/RZHU &DU O L COHE R MABKOHH WARRS RE WIKUIHD1I$VVRFLDWHIGV QRPHQF O
PRGLILHG IURP /RQJP D QDH)G DEOWKDIL PKDON P D'HG HQGLHWY RQ V
ORFDWLRQ ZLWKLQ WKH QRUWKHUQ 'HQYHU %DNE R YWIKW KBD V
JRUW +D\V /LPHVWRQH LV UHIHUUHG WR DV &REBBECHU D FKDOI
/IRENODLU DQG 6DJHPDQ ,Q DW OHDVW RQH RQDKHU VW)
FKDON LQWR WKH RYHUO\LQJ PDUO DERYH /RQJPDQ HW DO

DSSUR[LPDWHO\ W WR IW ,Q RWKHU SDUWYV RI WKH "HQ\
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EDVDO XQLW LV UHIHUUHG WR DV WKH ' KKW&N HRHU KIDIWK® I K F

6PRN\ +LOO OHPEHU EHQFKHYV DUH IURP ORZHVW WR KLJKH\

J)LIXUH 7\SH ORJ IURP WKH &DUOLOH 6XKKH H LW
JRUPDWLRXQLIIPHRG IURP /RQJPDQ7/KWVDW\SH ORJ VKRZV D '
FKDON WUDQVLWLRQ WR & PDUO
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EHQFK 7KH WKUHH EHQFKHV FRQVLVW RI D PDUO OD\HU DW
DERYHKLYV VWXG\ XVHG '"HDFRQ HW DO DV WKH PRGHO ItF
ZDV SLFNHG DFURVYV PRVW RI WKH VWXG\ DUHD HVSHFLDOO
WKLFNHQ WR WKH DKM WK LIFQG QHYIWRI WKH ' FKD OWN VOI®IPYJIV
JRUW +D\V /LPHVWRQH WR WKH QRUWK 7KH % EHQFK LV WKt}
VHWYV RI DOWHUQDWLQJ PDUOV DQG FKDONVY 7KHVH DUH QD
PDUO % FKDON % PDUO DQG % FKDON $FFRUGLQJ WR /R
SRWHQWLDO VRXUFHV RI K\GURFDUERQ JHQHUDWLRQ DUH W
7KH & PDLAODPYQDWHG PDUO ZLWK LQWHUEHGGHG FKDON\ PLC
LQ RUJDQLF PDWHULDO ZLWK2& PW KO RKUDVQLE §RIRWWERWD V\
'\RPLQJ /R@JRAW DO VWDWHG WKH % DQG % PDUOV Dl
ORDORILFDOO\ DQG OHVV RUJDQLFDOO\ ULFK ZLWK 72& DUR X
% DQG & FKDONV KDYH ERWK EHHQ SULPDU\ WDUJHWYV RI KR
DUHD 7KH $ PDUO LV YHU\ VLPLODU OLWKRORJLFDOO\ WR W
2.3 Three Types of Codell Sandstone in the Denver Basin

7KH &RGHOO 6DQGVWRQH LQ WKH '"HQYHU %DVLQ KDV SL
WKUHH GLITHUHQW VDQGVWRQHV IRO®OHRZLQIHEARBU DQG
6RQQHQEHUJ7KHVH VDQGVWRQHY UHSUHVHQW WKH ILQDO G
&E\FORWKHP UHJUHVVLQJ IURP WKH :HVWHUQ ,QWHULRU 6HD.
QRUWKZHVW 7KH W\SH &R GIH@BD b Q B G WDRQ  HAY KMHKR XG\WH S R
FHQWUDO EDU IDFLHV :HLPHU DQG 6RQQHQEHUJ W LV
&RMRAR WR VRXWKHDVWHUQ :\RPLQJ DQG PDNHV D VKDUS FF

VDQGVWRQH WR WKH QRUWKZHVW 7\SH LV D ULSSOH ODPL

27



PDULQH HQYLURQPHQW QUAQDW/KIH CRRUW KAHHAWHUQ PRVW SRUW
%DVLQ 7KH W\SH VKHHW OLNH PDULQH VKHOI RU VKRUHOLDQ

WKH VRXWKHDMMWH VDQGVWRQH SLQFKHV RXW VRXWK RI 'HQ

JLXUH ODRWKMKUMISRERGIBEDQGVWGQXH QY BolD VL Q
"HLPHWWERQQHQEHUJHHLIXUH RBURVYNFWLRBH G
VTXDUSIURSL P BW MU H D

WKH W\SH VDQGVWRBEH UBSIBNYWRQH WKLFNHQV WRZDUG W|
'"HQYHU %DYHQERGHOO 6DQGVWRQH KDV DQ XQFRQIRUPDEOH
7XURQLDQ %OXH +LOO OHPEHU RI WKH &DUOLOH 6KDOH ,W |
7XURQHI® & RQLDFLDQ GHIRZHSRKBOHW\ JRUW +D\V /LPHVWR!
PHPEHU WKH 1LREUDUDR JRUPRY WRREORZLQLWBMDIHHVWRUHG

VWUDWLJUDSKLF VHFWLRQV$PRUHRFPOHDMOHVKRZV WKH UHOI
WKUHH W\SHV Rl &RGHEWO BDQE&RERQE 6DQGVWRQH H[WHQG)\

DUHD DQG LV WKH IRFXV RI WKLV VWXG\
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J)LIXUH 5SHVWRUHG VWUDWLJUDSKLF VHFWICRRRW HIR¥FWOHFWERQ $ *
IURRLJXUH DIWHU :HLPHBHG VTXDUH LV DSSUR[LPDWH VWXG\ DUHD DQG |
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3.1 Outcrop

$Q RXWFURS VHDUFK ZDV FRQGXFWHG DORQJ WKH JURQ
WR QRUWK RI )RUW &ROOLQV &RORUDGR 86*6 JHRORJLF PD
ILQG WKH FRQWDFW EHWZHHQ WKH 1LREUDUD )RUPDWLRQ D
OHPEHU .QV DQG ORZHU )RUW +D\V /LPHVWRQH .QlI DUH X\
ZLWKLQ WKH 1LREUDUD )RUPDWLRQ .Q %HFDXVH RI SRRU |
&DUOLOH 6KDOH LV PDSSHG ZLWK WKH *UHHQKRUQ /LPHVWR
XQLW .FJJ VRPHWLPHYV LQFOXGLQJ WKH ORZU\ 6KDOH .FJF
HDVLO\ WKDQ WKH PRUH HURVLRQDOO\ UHVLVWDQW )RUW +I
*UHHQKRUQ /LPHVWRQH DQG *UDQHURY 6KDOH ZHDWKHU GL
DOzZzD\V GLVWLQJXLVKDEOH EHWZHHQ WKH WKUHH IRUPDWLR
WKLY DUHD 'XH WR GLITHUHQWLDO ZHDWKHULQJ REVHUYHG
UHSUHVHQW WUXH EXULDO WKLFNQHVVHVY DQG FRXOG OHDG
HILVW LQ FRUHV 7KH )RUW +D\V /LPHVWRQH PD\ FRQWDFW
VXEDHULDO H[SRVXUHVY DORQJ WKH )URQW 5DQJH WKHUHE\ |
GHSRVLWLRQDO UHFRUG )RU WKDW UHDVRQ WKH EHVW SUH
WKLY UHJLRQ DUH WKRVH ZKHUH ULYHUY DQG FUHHNV KDYH
WKH RULJLQDO VWUXFWXUH RI WKH VDQGVWRQH

&RGHOO 6DQGVWRQH RXWFURSY DUH UDUH RQDWORH) ZHYV
WKH ) URQWBDPIQYHU VRXWK RI WKH VWXG\ DUHD QRUWK RI

RI IRUWK )RRWKLOOV +LJKZD\ DQG 1HYD 5RDG LV D ZHOO N((
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H[SRVXUH QDPHG 6L[ OLOH JROG $ TXDUWHU RI D PLOH QRU
VLGH RI WKH KLJKZD\ LV DQ H[SRVXUH RI J)RUW +D\V /LPHVW
GHVFULEHG LQ GHWDLO E\ :HLPHU

:DONLQJ DORQJ WKH JHRORJLFDOO\ PDSSHG .QI DQG .FJ
5HVHUYRLU LQ )RUW &ROOLQV VRXWKZHVWWHKQRHNG®I GBI WK
ELRWXUEDWHG RUDQJH VDQGVWRQH FDQ EH IROORZHG IRU
LQWHUEHGGHG EHWZHHQ JUH\ OLPHVWRQH DERYH DQG GDUI
DUH SUREDEO\ QRW JUDGDWLRQDO +HUH ZHDWKHULQJ DQC
WKLFNQHVV RI WKH &RGHOO 6DQGVWRQH 7KH &RGHOO LV E
WUHQGLRUOORZ

7ZR ZHOO SUHVHUYHG &RGHOO 6DQGVWRQH RXWFURSV
71 5 : &6: DQG 6HF 71 5 : & 6: ZHUH LGHQWLILHG 7KI
ORQJLWXGH RI ERWK LV VKRZQ LQ )LJXUH RQ WKH IROOR
GHJUHHV DORQJ ZLWK JHRORJLF VXUIDFH PDSV RYHUOD\LQJ
WKLV VWXG\ WKH RXWFURSV ZHUH QDPHG IRU WKH SURSHU'
WKHP QDRWWKHUQ RXWFURS LV QDPHG :HDYHU 5DQFK DQG W
$EDQGRQHG 4XDUU\ %RWK DUH RQ SULYDWH ODQG DQG DFF
ODQGRZQHUV 7KH QRUWKHUQ RXWFURS LV LQ D URDG EXW
5RDG ORFDWHG PLOHV HDVW RI WKH LQWHUVHEWLRQ ZL\
WKH XSSHU W RI WKH &RGHOO 6DQGVWRQH LV H[SRVHG ZL
/LPHVWRQH DERYH 7KH VRRBHKMHED® GRYWGRIXDUU\ LV PLO
VRXWKZHVW IURP WKH :HDYHU 5DQFK RXWFURS ,W LV ZLWK

SRDG & 7KH $EDQGRQHG 4XDUU\ RXWFURS LV D QRUWK VW
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OHPEHU )RUW +D\V /LPHVWRQH DQG &RGHOO 6DQGVWRQH F
3RXGUH 9DOOH\ &DQDO 7KLV RXWFURS LQFOXGHV PRVW RI
)RUW +D\V /LPHVWRQH DQG DOO EXW WKH YHU\ EDVH RI WK

7KHRGHOO 6DQGVWRQH\HQ ORADQ DKW HDUIN. WODFHRXV YF
JUDLQHG XSZDUGVRRIDMRAOB®ZOU PHGLXP JUDL GkbiEBhasD Q GV WR

LFKQRIDFLHV RI WKH VKDOOKY B UDRHHYKRIUWMKIHFBEERGHOO 61

YLIXUH <HOORZ SLQV PDUN WKXGWHBR S/DMW DRQF
DFFHVV SRLQWY WR WKH RXWFURSV Q¥W\OLWKBG DQI RSRIW LLPQ
*6  86*6 *HRORJLF 0DSV RI WKH /LY HUPRIMH QRRIXWKK D QG
AXDGUDQJOHY RYHUOLH D *RRJO M KBIUWKKU V B WGI®I0Q W Bl ULHPD .
VKRZLQJ TXLFNHVW URXWLQJ YLD F PDBQVWE&H WRKGIRWHHE W
GDUN JUHHQ OLQH EHWZHHQ WKHQZKEWMH UBYLFDI\G LR/OW X H
RXWFURSSLQJ )RUW +D\V /LPHVWRQH .QI
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EH YLHZHG DW WKH $EDQGRQHG 4XDUU\ DQG DWHGSHALQBG H
ODPLODDMHHGXSSHU ELRWXUEDWHG

$W WKH :HDYHU 5DQFK RXWFURS D YHU\ WKIRD QEKINW KD
WKLEFEN )LJ VHSDUDWHYVY WKH &RGHOO 6DQGVWRQH IURP
7KLY VKDOH LV WKH VRXWKHUQ PRVW HIWHQW RI WKH PDUL!
SUHVHQW DW WKH $ED@GCRQGHGCMAHDININ OHPEHU LM DEVHQW F
VRXWK RI WKLV DUHD

3.1.1 Weaver Ranch

7KH :HDYHU 5DQFK RXWFURS )LJ f LWDDW RBUWE LYW WL

HISRVHG IRU PL ORVW RI WKH H[SRVHG VXUIDFH DORQJ '

J)LIXUH :HDYHBDQFESSHURWXUBPB WMMGKEIR GIBOQGVWRQH ZLWK
EUQ KNP QDRIVMDVI PhUHDNY EBEH O RZUAWW \ VL P HV WHRQ@ R
Skolithos EXUURBVXOHOOSRVHGLQLISERRRVYFDOH
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+D\V /LPHVWRQH ZLWK WKH &RGHOO 6DQGVWRQH KLGGHQ Etl
RYHUJURRM/RGHOO 6DQGVWRQH LV H[SRVHG ZKHUH WKH )RU’
SURWHFWHG WKH XSSHU &RGHOO 6DQGVWRQH IURP PRGHUQ
E\ PXOWLSOH ZHVW IORZLQJ ZDWHU GUDLQDJHV WKDW FRQW
DORQJ DQG EHORZ WKH ULGJH 2QO\ RQH TXDUWHU PLOH RI
&R 56 URDG FXW RQ WKH :HDYHU 5DQFK SURSHUW\

:KLOH RQO\ WKH XSSHU IW Rl WKH &RGHOO 6DQGVWRQ
WKH EHVW H[DPSOH RI ELRWXUEDW L®phiomEdiphaZ EKQUREM DVZR |
IRXQG LQ DEXQSRAithos HERQGBGRZYV DUH IXOO\ H[SRVHG LQ VHYHL!
WKLQO\ ODPLQDWHG EULWWOH VKDOH XQFRQIRUPDEO\ UHV
JRUW +D\V /LPHVWRQH 7KLV WR LQ VKDOH LV LQWHUSUH
UHPQDQW RI WKH 6DJH %UHDNV OHPEHU DQG FOHDQY ®AKGIHILC
&RGHOO 6DQGVWRQH DQG )RUW +D\V /LPHVWRQH 7KH UHPD
DSSUR[LPDWHO\ IW WKLEFN DQG EURNHQ DQG URXQMRISS DW
RI WKOHLIl HGJH )RDORZLQJ)Xe@mAtdmus ERARVVLOVWOQGH QR
DEXQGDQFH WKURXJKRXW WKH )RUW +D\V /LPHVWRQH DV ZH
VKHOO IUDJPHQWYV

$QRWKHU QRUWK VWULNLQJ VORSHG ULGJH IRUPV | W
UHVLVWDQW FKDON EHQFK RI WKH 6PRN\ +LOO OHPEHU ORV'
WKH VPDOO YDOOHRREHWHYHRQBKIH VEFRPSOHWHO\ FRYHUHG I

6PDOO RXWFURSV RI FKDON EHQFKHYV SRNH WKURXJK EHWZ}F
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J)LIXUH 7KH :HDYHU 5DQFK 2XWFURS |, FRMXWEXHD YWD NKHQDPNWLGIIVKHG OLQ
6DQGVWRQH 7KH EOXH GDVKHG OMYHDMW&KKD®RS RI WKH 6DJH
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3.1.2 Abandoned Quarry
7TKH WZR RXWFURSV DUH PL DSDUW DQG SDUW RI WKH V
KRJEDFN PL HDVW RI WKH )URQW 5DQJH 6SDFH IRU SDUNLQ.
& FURVVHV RYHU 3RXGUH 9DOOH\ &DQDO 7KHUH DUH VHYHI
DFFHVV LQWR WKH FDQDO $ ODGGHU LV DOVR XVHIXO IRU DF
7KH $EDQGRQHG 4XDUU\ RXWFURS )LJ IXOO\ H[SRVH\
OHPEHU DOO RI WKH )RUW +D\V /LPHVWRQH DQG DOO EXW W
Iw oRQJW HDVW FDQDO 1R 6DJH %UHDNV OHPEHU LV SUHVI

6DQGVWRQH GLSV f HDVW DW WKH ZHVW HQG ZKHUH WKH FL

JLIXUH 7TKH $EEXQEURQOQREBWFURS 3LFWXUH ZD\
HQG RI WKH FDQDO IDFLQJ QRUWE& LAKKLJK@QLJEWH®E EWW &
ZKLWH GDVKHG OLQHV 1R 6PRN\ +LIOVW HMHE®E BRH UV
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VRXWK WUHQGLQJ ULGJH 7KH 6PRN\ +LOO OHPEHU ZDV QRW \

7TKEKSSHU &RGHOO 6DQGVWRQH KHUH LWhK&as$iKéadesE LRW XUE
D Q@phiomorpha E U R ZWalassinoides EXUURZV GRPLQDWH WKH ORZHU &
6 D Q GV wWph@mHorpha WUDFHYVY DUH DEVHQW LQ WKH ORZHU EXW SU
Skolthos EXUURZ VWUXFWXUHY DUH QRW DV SUHYDOHQW KHUH L
RXWFURS 2YHUDOO WKHVH EXUUSdlithog/ U K K @ R LDH\L DWW A KS OFWKWL
FRPPRQ LQ VDQG\ VKRUH WR VXEOLWWRUDO JRQHV )UH\

%LRWXUEDWLRQ UHVWULFWYVY LGHQWLILFDWLRQ RI EHGGL
WRW IWKLFN $ VLQJOH SODQDUHGDW WQUIWHGEOHQRWKLFW EHI
FRYHUHG ZLWK VOXPSLQJ FROOXYLXP :KLWH GDVKHG OLQHYV
ZLWK ELRWXUEDMWHBEQEBEHBNORB®R ELRWXUEDWHG VDQGVWRQH F
RI WRKW +D\V /LPHVWRQH LQ D FOHDU XQFRQIRUPDEOH FRQW
LQ WR IW WKLFEN ZLWK KDUG EORFN\ VKDUS HGJHV DQG LQW
D IHZOFKHVY WKLFN 7KH 6PRN\ +LOODMWRHHAHYW GIRWE 8|UMMHQOKN
DQG DFWXDO WRWDO WKLFNQHVV RI WKHLPRDPXWHD\V /LPHVWR
3.2 Core

$ WRWDO RI WHQ FRUHYVY ZHUH H[DPLQHG IRU WKLV VWXG\
FRQVLGHUHG LQVLGH WKH HYHU H[SDQGLQJ :DWWHH\Q-EHUJ )LH
FRUHUVEROQDOGGE6( 6: 6HF 71 5+DULQJIJWRQL( 1: 6HF

71 5 : 5XWG®DPV +HLUV & 1( 6: 6HF 71 5 @ DQG 2Z0O

1: 1: 6HF 71 5 : 7KH &RDO &UHHN 3URVSHFW FRUH

6HF 17 5 : LV MXVW RXWVLGH WKH FXUUHQW QRUWKHUQ HC

FRUHV DUH IURP WKH FHQWUDO SRUWLRQ RI WKH VWXG\ DUHI

37



7 1 5 : 6FKURHGHU 1( 1( 6HF EKDQH\: 1( 1: 6¢(
6HF 7 1 5 : DQG %DVV %EBEGBYRLWBLHF 7 1: 57KH
QRUWKHUQ PRVW FRUH 9 2 &KLOG7 15LV IIIREPOH( 6HRQ
WKH IRO®RBDIHMHISDIHY KDV DGGLWLRQDO LQIRUPDWLRQ IRU
WKLQ VHFWLRQV VKRZ GHSWK DQG UHVSHFWLYH IDFLHV 7KI
VDPSOHYV IURP WKUHH FRUHV ZHUH WDNHQ GXULQJ WKLV VW
UHVHDUFK FRQGXFWHG RQ WKRVH VDPSOHV $SSHQGL[ $ KD
GLIJLWL]JHG ZHOO ORJ FXUYHV IRU WKH VL[ SULPDU\ FRUHV V

7TKUHH SHUYDVLYH IDFLHY ZHUH LGHQWLILHG LQ WKH &F
FRUHV 7KHVH IDFLHVY ZHUH RQO\ SDUWLDOO\ REVHUYHG DW
ODPLQDWHG IDFLHY EHWZHHQ ELRWXUEDWHG ORZHU DQG X¢
DQRG QH®EUWMDASSHDUV ZLWKLQ :DWWHQEHUJ )LHOG 7KH WKUH
QDPHG DFFRUGLQJ WR WKHLU PRVW YLVXDOO\ GLVWLQFWLY
WKH ORZHU ELRWXUEDWHG PLGGOH ODPLQDWHG BQG XSSF
WKH PLGGOH DWFRHYDMSSEHDUY LQ DOO FRUHV DQ@WKNQSUHVH
ZDYVKDOH\ WHMEDAWRD)\V DWHNMIH PLGGOH DQG XSSHU IDFLHV
FRUHVY HVSHFLDOO\ WKRVH LQ WKH QRUWKZHVW SDUW RI W
ODPLQDWHKSI BMKGH PLGGOH IDFLHVY $00 WKUHH DUJLOODFHR
JUDLQV WKDW DUH VXEDQJXODU WR UDUHO\ DQJXODU DQG F
WA\SLFDO RI 8SSHU &UHWDFHRXV VDQGVWRQHYV IURP WKH 6H

3.2.1 Carlile Shale

(LIKW FRUHVY H[WHQG LQWR WKH &DUOLOH 6KDOH 6HYH

SUHVHQW GLUHFWO\ EHORZ WKH &RGHOO 6DQGVWRQH 7KH
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7TDEOH 86*6 &RUHV YLHZHG VDPSOHG DQG VWXGLHG ,QFOXGHV WKUHH FRUHV
UHFHQWO\ DGGHG 86*6 FRUHV LQ WKH VWXG\ DUHD RQH ZLWKDWWHQEMHD®B/ KLQ VF
RXWVLGH RI WKH VWXG\ DUHD $FWXDO FRUH GHSWKV DUH VKRZQ WR LGHQWLI\
VWXG\ L H IRUPDWLRQ WRSV PLVVLQJ VHFWLRQV DQG IDFLHV WRSV $00 SUHY
UHSUHVHQWHG E\ WKH GHSWK IURP ZKLFK WKH\ ZHUH FXW RXW RK@&HUUVNKRIULHY )
FRGH WLWOH HJ &2' WR VKRZ ZKLFK IDFLHVY HDFK VDPSOQOH8(WKLQ VHFWLRQ D
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7DEOH&217,18(" 7KHHGHS WKWHWP S @H VW B U RIFR W K WWX G K LFHRHU IDW®IL V XVQHEH K H
6DPSOHSWRROXPIQLEH F WERQXIP\W KHD PHQ J U DR GINBRVHK . B F WILORDQOL G:iB5Y D Q G
6(0 FRO X PQW KX P E HDUQWW MR @D P S/IGH HD V&I G7,18 ("
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6HF 7 1 5 : RQ WKH VRXWKHUQ HGJH RI 1IHEUDVND LV P
OHPEHU ,W LV RQH RI RQO\ WZR FRUHV ZKHUH WKH &RGHOO
UHPDLQV LQWDFW IXUWKHU GHVFULEHG EHORZ

3.2.1.1 Fairport Chalky Shale and Blue Hill Member
,Q WKH &KDQHRRUH WKH &RGHOO 6DQGVWRQH KDV D VKI

VKD WH®SI WKH )DLUSRUW &KDON\ 6KDOH )LJ 7KLV FRQV

JUXUH 8QFRQIRUPREGRAWWMH YHQWDH@RGIBDQGV\ZRWHK
W KXHQ G H U D L @ KRWDVZBNK\D OUHHIEU U RRZK D QI DUNPAD 1HP L G GO H
GXWRHULDS KRWRRI HIY® 6 BIW KQJ MO L W K ReR BLIVU R\R H
&KDQH\
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HURVLRQDO 6FRXU PDUNV RU VPDOO VDQG ILOOHG EXUURZ’
VKDOH WR OLJKW JUH\ YHU\ ILQH JUDLQHG VLOLFLFODVWLF
7KH )DLUSRUW &KDON\ 6KDOH )&6 KHUH LV D GDUN JUH\ OH
ULFK FDOFDUHRXV VKDOH ,Q DOO FRUHV ZKHUH LW LV SUH
WKH WRS PRVW OLNHO\ EHFDXVH RI D WUDQVLWLRQ LQWR
7TKH %O0OXH +LOO OHPE®BN %HOP LDWHG VKDOH ZLWK QR |
vDQG VL]HG VLOLFLFODVWLF GHWULWXYV 7KH 6FKURHGHU
DQRBSSUR[LPDWHWRXW KRH D&KID Q H\ Y WWKH RQO\ RWKHU FRUH
SUHVHUYHG &4RGHOO 6DQGVWRQH &DUOLOH 6KDOH FRQWDFV
0 LQ RI %OXH +LOO OHPEHU 7KH FRQWDFW LV D VLPLODU X
YHU\ ILQH JUDLQHG KHDYLO\ ELRWXUEDWHG VDQG VFRXUL!

WKAHOXH +LOO OHPEHMORZIANRGHO®O 6DQGVWRQH FRQWDFW W

JLIXUH 9HU\ ILQH JUDLQHG &RGHOO 6D QGEMWRHGILI®IF
XQFRQIRUPDEOH FRQWDFW ZLWK OEDYRKR®WPO AN +tUP WHIME H
6FKURHGHU FRUH
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OHPEHU FRQVLVWYV RI IW RI UXBRQLXHQGF @ RAWH DEDH AR QN
WKGEHHSHU )DLUSRUW &KDON\ 6KDOH /DPLQDWHG EODFN VKI
SRVLWDERME8 WKHOOH®™WIOFFDUHRXV VKDOH\ )DLUSRUW &KDO
+LODWLUSRUW FRQWDFW LV QRW SUHVHUYHG LQ WKLV FRUH
JUDGDWLRQDO FRQWDFW H[LVWHG SULRU WR REYLRXV FRUF

$00 RWKHU FRUHV ZRW KRDQWO DQHL @QRNDBCAWFR QWDFW DUH
XQFRQIRUPDEOH 7KLVKKPREQWDNHW ROHDBRAY EODFN ODPLQDWHC
+LOOV OHPEHU XQELRWXUEDWHG VKDOH RFFXUULQJ EHORZ
YHU\ ILQH JUDLQHG VDQGVWRQH

3.2.2 Codell Sandstone

7KH &RGHOO 6DQGVWRQH LQ WKH VWXG\ DUHD FRQVLVW
IDFLHY VHSDUDWHG E\ D WKLQQHU ODPLQDWHG IDFLHV EHW
KDYH EHHQ QDPHG WKH ORZHU ELRWXUEDWHG PLGGOH ODP
IDFLHV

3.2.2.1 Lower Bioturbated Facies

JLIXUH LYV DQ H[DPSOH RI WKH ORZHU ELRWXUEDWHG
SUHVHUYHG %OXH +LOO OHPEHU FRQWDFW 7KH ORZHU ELRYV
OLIJXUWH\ YHU\ ILQH JUDLQHG VDQGVWRQH KLJKORVQLWKWHEKUEI
'URVHU DQG %YRWWMHU LFKQRIDEULF RA®HRI WKLV IDFL
GHVFULEHG DV 3EHGGLQJ LV FRPSOHWHO\ GLVWXUEHG EXW
DQG WKH IDEULF LV QRW PLRMXUEBEQWHG 7KH ORZHU ELRWXI
DOzZzD\V DEUXSWO\ FDSSHG E\ D SDUDOOHO ODPLQDWHG IDFLlL

SUHVBIBRW H BARMVXUEDWHG ORZHU IDFLHV $ IHZ FRUHV FRQ\
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ODPLQDWHG IDFLHVY SXVKLQJ LQWR WKH ORZHU ELRWXUEDW
GHIRUPDWLRQ 7KLV LPSOLHV WKH VHFRQG &RGHOO 6DQGVYV
XSRQORZHU XQOLWKLILHG KLJKO\ ELRWXUEDWHG VDQGVWR
3.2.2.2 Middle Laminated Facies
7KH PLGGOH ODPLQDWHG IDFIRHO/O RR2IYUYEOLIKW JUH\ Y|
ILOMR I0QBLQHG SDUDOOHO ODPLQDWHG VDGBYRIRDRI ,W L
ELRWXUEDWLRQ FDWHOQRWHKR\OHULVQIBY YORW'W M H U LFKQF
GHVFULEHG DV QR ELRWXUEDWLRQ UHFRUGHG DOO RULJLC
,Q VRPH FRUHYV LQFK WR LQFK ORQJ HVFDSH EXUURZV H]JL
GHILQLQJ WKHVH R@QMKBVE@GAFUHWH LVRODWHG WUDFH IF
RULJLQDO EHGGLQJ GLVWXUEHG” 7KLV IDFLHV JUDGHV WR (
LOQWHUSUHWHG WR EH KXPPRFN\ +&6 WRZDUGV WKH WRS
FOD\ GUDSHV 7KH zZzDY\ FOD\ GUDSHY DUH D VXE IDFLHV RI \
ODEHOHG%® 27KLV VXEIDFLHY UHSUHVHQWY D WLPH RI TXLHV
VHWYV ZKHQ IOX[ UDWHYVY VORZHG VLJQLILFDQWO\ RU HYHQ V!
UHSRSXODWHG WKH RUJDQLF ULFK PXG DV LW VHWWOHG EH
VXEVHTXHQW UDSLG VWRUP EHG GHSRVLWLRQ 7KH &2' % G
WKRVH ZKHUH LW LV IRXQG W\SLFDO WKLFNQHVVHV UDQJH
RI :DWWHQEHUJ )LHOG &RDO &UHHN 3URVSHFW /ID]\ ' =1
)LJ IROORZLQJ SDJH %DVV %&HAHOYORLUWKH PDQRGOH
ODPLQDWHG IDFLHY WKLFENHQV DQG UHSHDWYV LWVHOI RQ W
DV PDQ\ DV WKUHH WLPHV +RUL]JRQWDO ODPLQDH RI &2' OL

+&6 ZLWK WKLQ OD\HUV RI ZzDY\ FOD\ GUDSHV &2' % DW WF
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J)LIXUH 6L[ LPDJHV VWLWFKHG WRIJHWKHU RI D FRIKSHHOHWH PLC
FRQWDFW ZLWK WKH ORZHU ELRWXUEDWHG $\DHRRQGLE2DW WK
IDFLHY UHSHDWYV DERYH WKH ILUVW ZRAVWEB SHY BXV WRRZS/ RHI[ MAMKW
WKLV VHFWLRQ 7KH ILUVW LQ WKH PLGGOH RI WKH IDFLHV D
DUURZYVY 7KLV FRUH KDV D SUHVHUYHG VXEIDKHIKHW RI WKH &2
VXEIDFLHY UHSUHVHQWY D WLPH RI TXLHVFHQFH EHWZHHQ V)
UHSRSXODWHG RUJDQLF ULFK PXG DV LW VHWWOHG EHIRUH E
VWRUP EHG GHSRVLWLRQ 7KH &2' % GRHV QRW H[LVW LQ DO
IRXQG W\SLFDO WKLFNQHWVHY UWRUHNIUKKD QH\
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ODPLQDWLRQV REVHUYHG UHSHD WH G RAUBHW R WWZKR. @ R D W/ W/H © |
JLHOBRQDOG +DUUL @XCREPGMDWY +HLUVWDYH ODPLQDWHG
VHFWLRQV Rl OHVV WKDQ LQFK EHIRUH EHFRPIHG PRBZBYD'
FOD\ GUDSHY DOVR PRGHUDWHO\ ELRWXUEDWHG

7KH PLGGOH ODPLQDWHG IDFLHV UHSUH VHH®RLVP WY @WKILW K R
'XH WR ODFN RI UHSRSXODWLRQ DQG ELRWXUEDWLRQ LW ZD
HYHQW EHG ZKHUH RQO\ RQH &2' IDFLHV LV SUHVHQW RU D
PXOWLSOH SDENDJHV RI &2' H[LVW 6HGLPH@MDIUQH WHKXFW>
IDFLHV DV D K\SHUS\FQLWH LQFOXGH ODPLQDWHG EHGGLQJ
DJJUDGLQJ ZDYH ULSSOHV DQG +&6 ZLWK QR RU BB\ ORZ E
ODF(DEFKHUQ :LOVRQ DQG 6FKLHEHU 30DQDU ODPL
ILQMR I0QBLQHG VDQGY GXULQJ WKH HDUO\ VWDJH RI VHGLP
HURVLRQDO EDVH RI D VWRUP EHG 30LQW

/IDPLQDWLRQV DQG +&6 VXJJHVW D OLQNDJH ZLWK PDMR
ODF(DFKHUQ +\SHUS\FQDO IORZV DVVRFLDWHG ZLWK VWRUF
ORZHU ELRWXUEDWHG IDFLHY DQG GHSRVLWHG ODPLQDWHG
XQLGLUHFWLRQDO IORZ ZDQHG DQG ZDV RYHUWDNHQ E\ RVF
GXULQJ D WLPH RI TXLHVFHQFH DQG IORFFXODWLRQ ZKHQ K
VXVSHQVLRQ WR UHVW DW WKH YHU\ WRS RI WKH PLGGOH IC
DQG WKULYHG LQ WKH RUJDQLF ULFK PXGV 6WRUPV LQWUR
LQWR WKH VDOLQH .:,6 PDNLQJ WKH ORFDO HQYLURQPHQW
IDXQD +RZHYHU DQ LPPHGLDWH VWRUP IOX[ Rl VDQGV DQG

WKH FDXVH RI HIFHVVLYH VWUHVV IRUKWXBYGGODG RIDOGREGD W}
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IDFLHVY LV WKLFNHU FORVHU WR WKH VRXUFH DQG WKLQV LC
DWWHQEHUJ )LHOG 7KH WKLFNQHVW&F® ¥DGUDWHRHWY O
LPSOLHV WKDW V H O VIRJRPWNKXS QG RUWVALIGAH VDWW WHQEHUJ )LHOG
VHFWLRQV RI D VLQJOH VWRUP EHG H[LVW )LIJXURIWKHYV D P
/IDWH 7 XUSgphiewhitfieldi OD GHSLFWLQJ SURSRVHG GLUHFYV

K\SHUS\FQDO IORZ LQWR WKH VWXG\ DUHD IURP D QRUWKZH

J)LIXUH 3URSRVHG GLUHFWLRQ RI K\SHUS\BQDRU WKZZH
VHGLPHQW VXSSO\ QRUWKZHVW WR D/WREKDV KIHHDG/ W T XMCKUHR X DO

IDWH 7XURQLDQ PRGLILHG IURP %ODNH\
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H[SODLQHG LQ FKDSWHU DORQJ ZLWK WKH IXO0 XQPRGLIL
3.2.2.3 Upper Bioturbated Facies

7KH E8U ELRWXUEDWHG IDFLHV )LJ LV FRPRPSKOHWHO'
ORZHU ELRWXUEDWHG IDFLHV 7KLV IDFLHV WUDQVLWLRQV |
PLGGOH ODPLQDWHG IDFLHV *UDLQ VL]H LV VOLJKWO\ ODUJ
JuDLQV 'XH WR ODUJHU JUDLQ VL]H SUHVHQW WKLV IDFLHV
HQHUJ\ OHYHOV WKDQ WKH ORZHU ELRWXUEDWHG IDFLHV

,Q ERWK ELRWXWKWHWE GP HDg-WIBW\ VWUXFWXUHY KDYH EH
PHFKDQLFDOO\ GHVWUR\HG E\ HITWHQVLYH ELRWXUEDWLRQ

IDEULF LV DOPRVW FRPSOHWHO\ LPSRVVLEOH ,Q FRUH WKF

\

JLIXUHS8SSHURWXUBEB MRINGKEIR GIBOQGV VI RWHN VR F LD WIHRGH
| R V\Asergsoma $ D QTeichichnus 7 6 FKURHGHU

49



OHVV WKHQ RQH LQFK ZLGH DQG RU ORQJ ZKHUH RULJLQDO
VXUURXQGHG E\ KHDYLO\ ELRWXUEDWHG IDEULF 7KRVH SUF
EH GHFLSKHUHG DUH SULPDULO\ SODQDU ODPLQDWLRQV 7t
ELRWXUEDWHG IDFLHV PD\ DOVR KDYH EHHQ GHSRVLWHG DV
ODPLQDWLRQV DUH IRXQG :KHQ VHD OHYHO FKDQJHG WKHYV
ZDYH EDVH ZKHUH FRQGLWLRQV ZHUGIZB OHEMWDK MRH/QW R E
UHVXOWHG LQ KHDY\ ELRWXUEDWLRQ 7KLV DOORZHG IRU D
ELRWXUEDWHG |D F LIKalitid$) H FALQWRK DB LW KH'XH WR WKH LQWHQ"
ELRWXUEDWLRQ WKHVH IDFLHVY PRVW OLNHO\ KDG VORZ VH!
SRSXODWHG +DWWLQ 6HLPHUV

:KLOH GDUN FOD\V DUH HDVLO\ VHHQ LQ WKH WZR ELRW
FOD\V DUH DEXQGDQW [RHNGIOF® RWHBEHDKLHYWHUPLQHG WR
LO/IPMIFWLWH PL[HG OD\HU FOD\ DQG VPHFEWLWH 7KH FOD\
IXUWKHU LQ FKDSWHU  7KHVH FOD\V ZHUH SRVVLEO\ GHSR’
SOXPHV %KDWWDFKDU\D DQG ODF(DFKHUQ DQG VXEVHT
E\ ERWWRP GZ$OWHQ® DWLHYHO\ WKH\ FRXOG EH GLOXWH WX
SOXPHPHFEWLWH W\SLFDOO\ IRUPV IURP YROFDQLF DVK 8OPH
DEXQGDQFH Rl VPHFWLWH PD\ EH GXH WR DVK IDOORXW IUR
DFWLYLW\ LQ WKH QRUWKZHVW $VK ZDV HLWKHU FDUULHG I
ZHVWHUQ .:,6 RU GLUHFWO\ GHSRVLWHG IURP VXEDHULDO IL

WKH VKDOORZ PDULQH HQYLURQPHQW
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)RUW +D\V /LPHVWRQH
7UDQVLWLRQ =RQH

7KH FRQWDFW EHWZHHQ WKH &RGHOO 6DQGVWRQH DQG W
JHQHUDOO\ SUHVHQW LQ FRUHVY DQG XVXDOO\ FRQVLVWYV RI C
FDOFDUHRXV JUDLQV EHIRUH EHFRPLQJ FRPSOHWHO\ OLPHVW
DW WKH EDVH Rl WKH )RUW +D\V /LPHVWRQH DUH UHVSRQVLE
7KH FRQWDFW LQ WKLV UHJLRQ LV XQFRQIRUPDEOH VR WKHU
IURP OLIH WKDW WKULYHV LQ D VLOLFLFODVWLF HQYLURQPH(
HQYLURQPHQWY ,QRFHUDPXV UHPQDQWY LQFUHDVH LQ DEXQ
SHUFHQWDJH LQFUHDVHYV

JURP UHFHQW RXWFURS DQG FRUH VWXGLHV PL QRU
6DJH %UHDNV OHPEHU PDNHV DQ DEUXSW DQG VKDUS FRQWDF
6DQGVWRQH $QGHUVRQ ‘HOO VRXWK RI WKH VWXG\ DUF
-XDQD /RSH] PDNHV ERWK JUDGDWLRQDO DQG FRQIRUPDEOH |
6DQGVWRQH LQ VRPH DUHDV DQG DEUXSW DQG VKDUS FRQWD

7KH WUDQVLWLRQ JRQH IURP &RGHOO 6D Q GKOWRGHK MR )R
WKH DUHD RI WKLV VWXG\ LQ WR IW $00 WKDW UHPDLQ)\
XQFRQIRUPLW\ RI VDQGVWRQH DQG OLPHVWRQH OLWKRORJLF
PDVNV WKH WUDQVLWLRQ IURP WKH FDOFDUHRXV -XDQD /RSH
VKDOH\ 6DJH %UHDNV OHPEHU WR WKH QRUWK 7KDW WUDQVL
DUHDNERNMVVLQJ IURP WKH URFN UHFRUG

,Q FRUH ZLWKLQ WKH VWXG\ DUHD WKH FRQWDFW EHWZH
)RUW +D\V /LPHVWRQH DSSHDUV FRQIRUPDEOH GXH WR ELRJH

PLVVLQJ IRVVLO JRQHV OHUHZKHWKHU HW DO VKRZ WKL
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GLVFRQIRUPLW\ RI MXVW OHVV WKDQ PLOOLRQ \HDUV )URP

%XFNHARORUDGR OHUHZKHWKHU HW DO DVVLIJQHG DJHV
DQG &RGHOO 6D QG VRNARE@YEIUE byt IDP MRKGLWH JRQH DW 0D 2.
DQG 2JJ + WR 0D OHUHZKHWKHU HW DO $W % XF

‘HDYHU 5DQFK RIKWBWRSDWKLPHVWRQH FRYHUV ILYH IRVVLO
D P P R Q LIWBdahites nigricollensis EHIRUH OD WR :HVWHUQ ,QWHULTF
L Q R F H U D Kke@Gnbceramus walt. hannovrensis, OD $JHV OLVWHG KHUH IF
JRUW +D\V /LPHVWRQH DUH VSHFLILFDOO\ IURP 2JJ DQG 2JJ
IUDPHV OLVWHG LQ SDUwWwV E\ OHUHZKHWKHU HW DO

,Q VHYHUDO FRUHV D WRbofeli®doclit DEHd IRVVLORPPRQO\ LV
SUHVHQW DW WKH WRS RI WKH &RGHOO 6DQGVWRQH DQG RQC
ILPHVWRQH 7KLV PD\ EH D UHJLRQDOO\ VLIQLILFWXW ELRVW!

GLVFRQIRUPDEOH ERXQGD U\Ro&&eka Stidis/ MQUBH R ITRAMMLO LV DQ

<« S

«T

J)LIXUH 9HUWRRE&RGKBDQG VVDRYXED VRIW KVWMU D Q \QW/R. B\® \ V
/ILPHR/@QB LV SOIMR F F X U URHI®MRHsselia socialis 56 WUDRMY L@ K
DV VRF ISkoWhdss 6 D QTeichichnus 7 EXUURZD/NMAYHOYRLW&RUH
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LQGLFDWLRQ RI WKH WRS RI WKH ORZHU VKRUHIDFH )UH\ D
| RV VIeiChithnus D QSkolithos DUH DOVR SUHVHQW 7KH &RGHOO 6DQC
UHZRUNHG FDUERQDFHRXV PDWHULDO DW WKH WRS RI WKH
+D\V /LPHVWRQH KDV TXDUW] VDQG JUDLQV PL[HGB IRQWR LW\
ELRIJHQLFDOO\ UHZRUNHG VWUDWD LV XVXDOO\ EHWZHHQ
3.2.3.2 Fort Hays Limestone

$ERYH WKH PL[HG VLOLFLFODVWLF FDOFDUHRXVY WUDQV
EHFRPHYVY GRPLQDQWO\ OLPHVWRQH %LRWXUEDWLRQ RFFXU
YRUW +D\V /LPHVW R®DKHVH RV IO  RGHOO 6DQGVWRQH ZLWK
QGH[ RIW LV D OLJKW JUH\ WR GDUN JUH\ IRUDPLQLIHUD D

EHGGHG VOLJKWO\ DUJLOODFHRXV OLPHVWRQH )LJ ZL

7k

JLIXUH )RUM\VLPHVWRIDHHIWHMHIE R YWHHR Q WD PWER GHO O

6D Q G V WHlasdinoides E X U UFRRZV VB O H VWHAJ M VI IDNEK QR ID@ G HF
/ID]V =1
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I[IUDJPHQWY DQG IHZ FLUFXODU FOXVWHUV RI IUDPERLGDO S
FRPSOHWH ELRWXUEDWLRQ 7KH )RUW +D\V /LPHYWRQH LV C
KRULIRQWDO OD\HUV 6KDOH FRQWHQW LQFUHDVHV LQ VPDC
VHFWLRQV EHWZHHQ OD\HUV RI DUJLOODFHRXYV OLPHVWRQH

OHPEHU ZDV QRW LQWHUSUHWHG IRU WKLV VWXG\
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4.1 Petrographic Thin Sections

&+3$37(5

3(752/2*< $1' : (/] /2* 5(63216(

SHWURJUDSKLF WKLQ VHFWLRQV IURP VHYHQ PRKHYV ZH!

WKH PLFURVFRSLF SURSHUWLHYVY RI WKH &RGHOO 6DQGVWRAQ

DQG QXFOHDU UHVSRQVH WR WKH D WIZROLEB FMRR\D V ZGIEWW R

REVDLQHG IURP WKH 86*6 &HRQUMEIBVPIINHAKR RG &RORUDGR  $(¢

WKLQ VHFWLRQV ZHUH FUHDWHG DW :HDWKHUKRBMG /DERUIL

PLVVLQJ VDPSOH GHSWKV 7DEOH

OLVWYV WKH FRUHV DQC

XQGHU SHWURJUDSKLF DQG HSLIOXRUHVFHQFH PLFURVFRSH

7TDEOH

/LVWD ®RG FARKULHQVW KBMILIR @ QD O\]H G

37TKLQ 6HFW °

VWKH QXPEHU RI WKDQGYHBWERRKHD QVEVWHWBELYVDPSOHYV

WDNHQ IRU WKLV VWXG\

VSLNHG EOXH G\HG HSRI\

T R

SEC

QTR/QTR

CRC
Library#

API

Thin
Sect

Operator

Well Name

&6(6:

S5RFN 2L
DQG *DV

O%5robpOG

1(1:

%URRNV
([SORUD

+DUULQJ
WLRQ

W R Q

&1(6:

%HOOZH
([SORUD

VB K MEUY D P\
W HR Q V

$QGUDX
(QWHUS

220 &UH
ULVHV

1HN

&1(6:

*UHDW
"HVWHU

&RDO &
Q3VIRO/SHF

JHHN
w

1(1:6(

%URZQO
"DOODF}
$0

dypon

&6:1:

%DVV
(QWHUS

%DVV

U VRV RES

ZHUH WDNHQ DW PXOWLSOEDAMIRUBKAD WRROQV LAHWKOEIJKW

SRVVLEOH HSLIOXRUHVFHQFH
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JRUW\N HLIKW WKLQ VHFWLRQV IURP WKH &RGHOO 6D
9DULRXV ZHOO RSHUDWRUVY DQG RU RWKHU ZRUNHUV FKRVH
SUHSDUDWLRQ RI WKH SUHH[LVWLQJ WKLQ VHFWLRQV 6L]
PDGH DW :HDWKHUIRUG /DERUDWRULHYV DQ\GIIDXRHW H?EH QWO L
HSR[\ IRU YLHZLQJ ZLWK DQ HSLIOXRUHVFHQFH PLFURVFRSF

1RW DOO SUHH[LVWLQJ WKLQ VHFWLRQV ZHUH FUHDWHC
VDPH WDUJHW REMHFWLYHV &RPSDULQJ ZHOO ORJ FXUYHYV

VHFWLRQV )LJ LQGLFDWH WKDW WKLQ VHFWLRQV ZHUH

JUXUH 6DPSOHV SUHYLRXVO\ WDNHQ IRU WKLQ VHFWLRQV ZF
DQG WURXJKV RI ERWK UHVLVWLYLW\ DQG GRQMWWRGQ@RURVLYV
+DUULQIJWRQHF 7 1 5 : GHSWKV RI IW D&XGE&WH W
VFDOH EDU DW WRS OHIW RI HDFK WKLQ VHFWLRQ UHSUHVHC
UHVLVWLYLW\ DQG GHQVLW\ SRURVLW\ 6DPSOHV FXW IURP
FKRVHQ DWGHSSH¥FEKKRWH VDPSOHV ZHUH WDNHQ WRR WE&EBHUVW
WKUHH IDFLHVY DFURVV WKH VWXG\ DUHD

7KH VHYHQ ZHOOV KDYH YHU\ VLPLODU ZU BNK)WSIHHW Q/®
WKH WKUHH IDFLHV RI WKH &RGHOO 6DQGVWRQH 7KH %DV\

KDV WKH EHVW RYHUDOO FRYHUDJH RI IDFLHVKWIDAHSQRQJ DQ
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VLQJOH ZHOO ZDV WKH SULPDU\ IRFXV Rl WHKMWWPODWRG\ WKH %
GLVFXVVHG KHUH EHEDXVH LW VHUYHV DV D JRRG SURJ[\ IRU \

2YHU RQH WKRXVDQG SHWURJUDSKLF SKRWRV RI WKLQ VI
GLVSHUVLYH ; UD\ VSHEWURVFRS\ (‘6 DQDO\VHV DQG ;5' GD
KDYH EHFKQL YVHIG ZLWK WKH &5& DQG FDQ EH YLHZHG RQOLQH I

27272 XVIJVFUF RUJ

7KH JUHDWHVW GLVWDQFH EHWZHHQ FRUHV ZLWK WKLQ V|
PLORKLQ VHFWLRQV IURP WKUHH FRUHV FORVH WR WKH FHQW
LQFOXGHG WR FRUUHODWH WR WKRVH IURP WKH FHQWUDO SF
WKH ILUVW WKUHH OLVWHG LQ 7DEOH DQG; BPM®E +HEDWULQ

7KH QRUWKHUQ PRVW VDPSOHV DQG WKLQ VHFWLRQV DF
VHYHUDO WRZQVKLSY QRUWK RI 7 1 XQFRUUHODWHG DW WKH
OHYHOV

7KH%DVV %HOYRKDV WRSV SLFNHG LQ WKLV VWXG\ DW )

IW &RGHOO 6DQGVWRQH XSSHU ELRWXUEDWHG | W
ORZHU %LRWXUEDWHG IW DQW® &XWOWAB RKDMCKH XSSHU
ELRWXUEDWHG IDFLHV LV PRUH FRUUHFWO\ GHILQHG DV WKH
FKXUQHG XS DQG PL[HG VDQGVWRQH DQG OLPHVWRQH GXULQ
GHSRVLWLRQ RQ WRS RI SDUWLDOO\ OLWKLILHG VDQGVWRQH
WKLFN IURP W WR IW )LYH WKLQ VHFWLRQV IURP WKH
VSHFLILFDOO\ FKRVHQ WR H[KLELW WKH FKDUDFWHULVWLFV |
WKRVH FKDUDFWHULVWLEV DUH H[SUHVVHG LQ ORJV )LJXUH

VHFWLRQVPDWLILFDWLRQ WR WKH DQ#{KHRU WK N SSHHFRIWRXY WY G
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JLIXUH )Y VKV QF WE R RPR WGHH SW K I W I W I W IWD QG W HKR Z Q

DW [ PDOQLILFD® QBIRO D WLy HKFEND R DWIHURPHROD VAHOYRLUDOVRRZA@LIJXUH ZLWK
WKMHWPH FIDFRHMSUHVHQWIDQWERWORE@ HHOH G & RIDQDHXSSHURWXUEBDWHGHHQ
LWLCGCAEADPLOQDWHEG & EOXOHUGIR ZHILRW K G B B WSBNVY LYAWW ' GHQVWIRMARVBW, DQG
HXWIEFRRVLIW, DOXHMEHOWXK HHY S HAIMKLBFWLRQV
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7KH SK\WLFDO WKLQ VHFWLRQV DQG HQJUDYLQJ RQ WKH
UHFRUGHG DW WKH GHSWK ZKHUH VDPSOHV ZHUH EXW IURP
EHHQ@®LEUDWHG IW WR PDWFK ORJ GHSWKYV

'LWK DPORRDLILFDWLRQ RI [ LQ SODLQ SRODUL]JHG OLJ¥
VHFWLRQV H[KLELW D FRDUVHQLQJ XSZD UG GQHFDH HIR P7 KH U
&RGHOO 6DQGVWRQH LV ZHOQG VERRIWRGWHEG \BKMHVWEKDH MV RS % |
&DUOLOH &RGHOO DQG XSSHU &RGHOO )RUW +D\V FRQWDFW
VDQG\ OLPH JUDLQV 7KHVH FRQWDFWV DUH HURVLRQDO XQ
ZDV SURGXFHG E\ LQWHQVH IDXQD EXUURZLQJ LQWR WKH V>
GHSRVLWY DQG WKH XSSHU QHZO\ GHSRVLWHG VHGLPHQWYV
WKH &R®MBYWRQH PRVW OLNHO\ UHSUHVHQWY D SDOLPSVH
GXULQJ F\FOHV RI PDULQHVR SHIDS RV KDK\H HIRRGHD 6B G GV WR
JUDLQV RI GLIITHUHQW VL]HV GXULQJ HURVLRQ DQG UHGHSR"

*UDLQ VKDSH LV FRQVWDQW EHWZHHQ IDFLHV ,Q DOO Il
VXEDQJXODU ZLWK VSDUVH DQJXODU DQG VSDUVH VXEURXQ
PDJQLILEFDWLRQV WKLQ VHFWLRQV KDYH D GHILQLWLYH EUF
ZHEOLNH WH[WXUH WKDW PDNHV IREXVLQJ DQG LPDJLQJ GLII
GXH WR WH[WXUH GLIIHUHQWLDWLRQ RQ WKH IDFH Rl HDEFK
WKH WRS RIOWKH WHHEWXUH 7KH ZHE WH[WXUH LV GXH WR D)
GLDJHQHVLV 7KH EURQ]JH FRORUDWLRQ LV SDUWO\ GXH WR
FOD\V 80PHU 6FKROOH HW DO EXW DOVR GXH WR WKH
IRFXVHG DV EHVW DV SRVVLEOH WR WKH IDFH RI WKH JUDL

EHIRUH LPDJLQJ GHHSHU RQ D —P VFDOH LQWR WKH JUDLC
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PDJQLILFDWLRQ LPSURYHV YLHZLQJ WKH YHU\ ILQH JUDLQV L
PHGLXP JUDLQV LQ WKH SRRUO\ VRUWHG XSSHU IDFLHV 7KH
Lv DOVR EHWWHU VHHQ RQ WKH IDFH RI WKH JUDLQV DW WKL
DOPRVW XQXVDEOH GXH WR WKH GLIILFXOW\ RI FOHDUO\ IRFX

ODQ\ LPDJHVY VKRZ UHVLGXDO RUJDQLF PDWWHU DQG RU I
EHWZHHQ JUDLQV 7KH GDUNHU EODFN FRORUDWLRQ ZKHUH &
6DQGVWRQH LV GXH WR FOD\ VLIHG S\ULWH IURP WKH &DUOLC(
VLOW DQG FOD\ VLIHG SDUWLFOHV GRBNWHEOBVNVMXWWWIRO G
D EODFN OLQH RQ D VWUHDN WHVW %ODFN VKDOHV DUH QDW
FDUERQDFHRXYVY PDWHULDO DQG WKH DPRXQW RI ILQH JUDLQH

%HILQQLQJ ZLWK WKH ORZHU ELRWXUEDWHG IDFLHV DW
DQG E IROORZLQWUSDBRPSDFWHG IURP )LIXUHQBHODDWRHGE Yl
TXDUW] )URP WKH FRQWDFW RI WKH &DUOLOH 6KDOH WKH St
XSZDUGV IURP WKH FRQWDFW RI WKH &DUOLOH 6KDOH DQG E.
WR PRXBDOH\ SDOOWRKHOBRGHOO 6DQGVWRQH 6O0OLJKWO\ ORZHL

DUH GXH WR W KMD RGFU® MWMHHLORZHU IDFLHV

JLIXUHD & # [33/&2" IW ZEDWH —P
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JLIXUHE & # [ 33/ &2 IW 6KRWILQKWHNDQLG
PRUMWMD Q®&DLQV EDKILWHP

8VLQJ WKH VDPH VOLGH IURP )LJXUH E & DW [ PDJQ
SRODUL]JHG OLJKW ;3/ JUDLQV DUH PDLQO\ TXDUW] &DOFLW
UHSODFHPHQW LV UDUH (ORQJDWHG ELRWLWH JUDLQV DUH C
(3 LOQGLFDWHVY WKDW ZKLOH DQ DEXQGDQFH RI FOD\ LV SUH
JUDLQ FRQWDFWYV SRURVLW\ H[LVWV QRW RQO\ LQ UHPQDQW

PLFURSRURVLW\ ZLWKLQ WRKCHORZDQJ §DJH E

J)LIXH D & # [,3/ &2 IV TXDWWISODIJLREFODVH
LOCAVEHRWLWHDWZKLWM
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JLIKU E & # [ (3 &2 IWWOKISLIOXRUNYRIEYFH
DE X QG RQPALHF UR SRIURGYDR W\ ZKLW H—D U

7KH PLGGOH ODPLQDWHG IDFLHVY FRQVLVWY RI VOLJKWO\
VRUWHG RUDOLLPDWRQWDFWY DUH FRPPRQ 7KLV PLQLPL]JHV FO
IDFLHV *UDLQ VXUIDFHVY DUH FRPSOHWHO\ FRYHUHG LQ DXWt
,QWHUJUDQXODU SRURVLW\ LV FOH DQHMW E OKH U LEDHOADXIV H KSIRU
DV ODUJHU DUHDV RI EOXH G\H VKRZLQJ WKURXJK WKLQQHU I
)LJ BHvVY FOD\ FRQWHQW LQ WKH PLGGOH ODPLQDWHG IDFI
UHDGLQJ OHVV K\GURFDUERQ DWRPV WUDSSHG DV 2+ PROHF
HOHFWURQV WKURXJK IUHH FDWLRQV LQ F@DOWR DRMHBWUYR @®HV\
SRURVLW\ DQG KLJKHU UHVLVWLYLW\ UHDGLQJY LEHHOO ORJ
PLGCAEADHPLQDWHG IDFLHV ,PDJHV RI & )LJ D IROORZLQJ
E IROORZLQJ SDJH DW [ PDJQLILFDWLRQ ZLWK SODLQ SR
GLIIHUHQFHY EHWZHHQ WKH ORZHU ELRWXUEDWHG DQG WKH

UHVSHFWLYHO\
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J)LIXUHD & # [ 33/ &2 | V& O DNVORWIES D FHV

FRPSDWHRGSRRENWBEDERY E ZKEWWH —P
JLIXUHE & # [ 33/ &2 IWo OXKRZSWRURMXDFH
EHWZHHQ JAKOLIEQHY —P

'LWK HSLIOXRUHVFHQFH DW [ PDJQLILFDW&RQ WKH PLGC
)LJ EROORZLQXMDDKHIJIKHU LQWHUJUDQXODU SRURVLW\ WKL
ELRWXUEDWHG IDFLHVIRROORYULI J IS DHP RXEQ@WHRW VSDFH LQ
HDFK LV DOPRVW HTXLYDOHQW EXW WKH RYHUDOO IORUHVFH
IDFLHV & LV PXFK EULJKWHU 7KLV LV PRVW OLNHO\ GXH V
SUHVHQW LQFUHDVLQJ RUAHIRGRURKIWWD FBHXBUWHD DQG LV H[S

GHWDLO ODWHU LQ )LJXUH +LJKHU LQWHUJUDQXODU SRU
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J)LIXUHD & # [ (3 &2' IWoULIJKWHIWOXRUHVFHQFH
WKWXDQW EGXWROD\ PLFURSRUEWDWIULW\ —PKLWH

JLIXUHE & # [ (3 &2° IWHVMSLIOXRU KV WKMFH
PLGGOH ODPEQ®¥WHBEHV¥OD\ ZAHIOWH —P

PRUH HDVLO\ WKURXJK ODUJHU LQWHUFRQQHFWHG SRUHV WK
&RQVHTXHQWO\ WKH PLGGOH ODPLQDWHG IDFLHV ZLOO KDYF
K\GURFDUERQ PLJUDWLRQ

7KH XSSHU ELRWXUEDWHG IDFLHV LV PRGHUDWHO\ WR SF
FRQWHQW WKDQ WKH PLGGOH ODPLQDWHG IDFLHV *UDLQV D
IDFLHV ,W KDV KLJKHU LQWHUJUDQXODU SRUH VSDFH WKDQ

SRRUHU VRUWLQJ EXW OHVV SRURVLW\ WKDQ WKH PLGGOH O
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FRQWHQW 6LPLODU WR WKH ORZHU ELRWXUEDWHG IDFLHV W
WKDQ WKH PLGGOH ODPLQDWHG IDFLHV 7KH XSSHU ELRWXUE
VLPLODU PDQQHU DV WKH ORZHU E L RVYGUE DWH G I DF GHI\6 WK J X

IW DQG & GHSWK IW DW [ PDJQLILFDWLRQ LQ F
:3/ ;3/ KLJKOLJKWY FDOFLWH LQ WKH XSSHU ELRWXUEDWHG
DEXQGDQFH FORVHU WR WKH FRQWDFW ZLWK WKH )RUW +D\V

PL[ILQJ RI FDOFDUHRXYVY PDWHULDO IURP WKH )RUW +D\V /LPH)\

J)LXUH D & # [33/ &2 IW 4T XDUW ]JFDOF&EMNHFLWH
LQFUHDYREZDWENM HHOUW.PHVWRKRMGW IZFKW BRVLHU —P

JUXUHE & # [33/&2' DQWUDQW)RURQ+D\VIW
JRUDRLPLIHHUP QDLAWMWUD Q VR® URPXDU&/]JFD O FL W H
IRUDOLIEKL @K P
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UHPQDBQUMHVSUHVHQW QHDU WKH WRS RI WKH &RGHOO 6DQGVW
'DUN EODFN VSRWV LQ ERWK 33/ )LJ D DQG ;3/ )LJ
PDIJQLILFDWLRQ GLVSOD\ ZKDW LV UHVLGXDO RLO RU RUJDQI
IURP WKH XSSHU ELRWXUEDWHG IDFLHV RI WKH 84FRRNV ([SO

71 5: )XUWKHU H[DPSOHV DUH VKRZQ LQ WKH IROORZLQJ

J)LIXUHD +DUURQJIJW [ 33/ &2 IW ([DPREIOHHVLEBKDO
RRUIJDRPDW WG RWEDFVNUURXSQUIHRGEOROD\HOORD WRG@H
OHIW —P

J)LIXUHE +DUURQJW [ :3/ &2° IW  5H VR GO0
RUJDPDW WKRZ ®®HRFKXQ GHER YV ER G DUHO @R W RBH | W
—P
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4.2 Scanning Electron Microscopy (SEM) and Energy  Dispersive X-r ay
Spectroscopy (EDS)

6(0 ZDV XVHG WR FRQILUP LQWHUSUHWBWDRQV RI WKLQ \
$EXQGDQFH RI FOD\ FRDWLQJ JUDLQV DQG ILOOLQJ SRUHV OL
WKLQ VHFWLRQV 6(0 LPDJHV FODULILHG WKH LQWHQDFWLRQ
(QHUJ\ 'LVSHUVLYH ; UD\ 6SHFWURVFRS\ ('6 ZDWHXWQHG WR FF
YLHZBI@Q@ R DFFXUDWHO\ GLVWLQJXLVK FOD\ W\SHV ('6 ZDV DC
GHWHUPLQH ZKHWKHU LOOLWH VPHFWLWH PL[HG OD\HU FOD\\
VPHFWLWH ZLWKLQ WKH FOD\ ODWWLFH

7ZHQW\ 6(0 VDPSOHV IURP WKUHH FRUHV ZHUH SUHSDUHC
WR REWDLQ D IUHVKO\ H[SRVHG VXUIDFH 7KHVH ZHUH WKHQ

PP SLHFHV 7KH VXUIDFH ZDV FOHDQHG ZLWK D VROYHQW
6DPSOH SLHFHVY ZHUH VHW LQ SODFH E\ DQ HOHFWULFDOO\ FI
ZLUHG WR WKH PHWDO VWXE ZLWK D FRQGXFWLYH SDLQWHG
FRDWHU DSSOLHG JROG SODVPD WR WKH HQWLUH VDPSOH WK
ZHUH ODEHOHG DOSKDEHWLFDOO\ LQ RUGHU RI SUHSDUDWLR
WKH XSSHU ELRWXUEDWHG IDFLHVY 6DPSOHV IURP HDFK FRUH
NHHS ODEHOV LQ DOSKDEHWLFDO RUGHU EHWZHHQ FRUHV 7k

VDPSOHV DQG ODEHOV ZLWK WKHLU FRUUHVSRQGLQJ GHSWK\

ORZHU ELRWXUEDWHG %= / W & DQG O W &
PLGGOH ODPLQDWHG += 1 W &
XSSHU ELRWXUEDWHG + 2 W & DQG 3 W &
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JLIXUHV D DQG E IURP VDPSOH / VKRZ KRZ WKH ORZ
FRPSOHWHO\ FRYHSHRGBQYPHFDOO RFGEOXGHG /DEHGIVIURPS(O LP
PXOWLSOH (‘6 UHDGLQJV SLQSRLQWLQJ WKH H[DFW VSRW ZKF

JLIXUH D |/ # [ &2' A4XDUMWPLFRWHUBD® G
V X U U R XEX GO G QW HL DR E WRHIW HAGBD \ O D \

YLIXUHE / # [ &2 IW TXDUWI]SRWDVM.X®VSDU
LOOLW K S&OLRMZN IHF XD UWD LL@VX U UR XPGR R W D V X DX/P
EHHOHVRUEBR®GLVVR@X VEIH WWD WD\O
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RI WKH JUDSKV ('6 FUHDWHY XSRQ DQDO\WVHYV DUHWRRZQ LQ )
FODULI\ KRZ LGHQWLILFDWLRQ ZzDV PDGH WKURXJK HOHPHQW
E\ ("6 ZHUH WKHQ FRPSDUHG WR WKRVH LQ :HOWRQ ("6 L
UHPQDQWYV RI SRWDVVLXP IHOGVSDU IURP WKH GLVVROXWLRC

SRUWLRQV RI WKH LOOLWH FOD\

6L 6L

$0 $X . &D )H
$0 $X . )H
JLIXWH DDQBE ('6 SLQSRQ@WMOHPHQMBEBHUFRPSDUHG

WR :HOWRQRGH QPAIQIN WEHDN W F D VRIGRQ W D P S OTHK\D H | W

LPDaHUHS UHWKHWHP LIFDS R V RW O RD@WYHUH. DKWHSUHVHQWYV
UHV R WBRAWD VMHXEVY S REL V V R GRUASHIVRWIU W/ IDOV

('6 UHJLVWHUHG ODUJHU WKDQ H[SHFWHG DPRXQWV RI I
VPHFWLWH DQG LOOLWH VPHFWLWH PL[HG OD\HU FOD\V ,Q
LQ ODUJHU WKDQ H[SHFWHG DPRXQWV HKOB[WWEHURQ UHI
KHPDWLWH VWDLQLQW GROFER/NH G7 L QY VGIFXR HQW LQ LWV R[L
VWDWH UXWIQm®D\ ARUHVHQW DV D UHSODFHPHQW HOHPHQW
RFFXUV DV DXWKLJHQLF URG VKDSHG RYHUJURZWKV RI UXW

,OPHQLWH )H7L2 LV DQ DFFHVVDU\ PLQHUDO RI LJQHF
VDQGV DV JUDQXOHV FUHDWLQJ WKLQ EODFN OD\HUV $Q DE
UHDGLQJV FDQ EH DVVRFLDWHG ZLWK EHDFK VDQWGVN IURP Hl

EHHQ UHZRUNHG LQWR RIIVKRUH HQYLURQPHQWYV
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:KLOH LOOLWH WHQGY WR FRDW JUDLQV VPHFWLWH LV IF

JLXUHV D DQG E DUH IURP WKH XSSHU SRUWLIERXWRI WKH
JLIXUHD 0 # [ &' IWAXDUWIDPD IDONHRDWR®OLWH
JLIXUHE O # [ &2°' IVBR U DWWIHL O DIHVEIR H F WAL W H

TXDUWWNVPHFWLWH

VKRZ QR OHVV FRQVLVWHQF\Q\QDEM¥UH /RREL O I FURS\WRUH V
DSSUR[LPDWHOR DG VPDOOHU FDQ EH YLHZHG LQVLGH WKH
7KH PLGGIOQGID@®IDHEHY LQ 6(0 DIIQG E IROORZLQUVSDJH
PXFK FOHDQHU %HFDXVH FOD\V DUH OHVV FRPPRQ JUDLQV I
REVHUYKBDFN RI FOD\ RYHU FRDWLQJY DOORZV TXDUW] JUDL

DV VHHQ LIODWEHRQWDFWYV EHWZHHQ JUDLQV 6HFRQGDU\ TX|
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JLIXUHD 1 # [ &2 W KHP LG QD L GIDWHBIRR NV
FOHD&IWEBHWDHLGEUHVHQW

JLIXUHE 1 # [ &' IWVWVRUHUDRQ@UDEQQWBHWW
GXWOHDEXQGIRQE® D4 TXDUWILOOI6WHO QR MWW H®GD \H U
FOD\

SUHVVXUH VROXWLRQ LQ VRPH SRUWLRQV ODFNLQJ FOD\ RYH
JLJXUHE LV DOPEPH RVPEDWWWH PL[HG OD\HU , 6 FOD\ KRZF
SUHVHQW DOO WKUHH IDFLHV ('6 DQDO\VHV DOVR UHFRUGHG
D PLQRU FHPHQW LQ WKH PLGGOH ODPLQDWHG IDFLHV WKDW

$XWKLJHQLF TXDUW] FU\WWDOV ZHUH REVHUYHG LQ ERWHK
PGGOH ODPLQDWHG IDFLHV ,Q 6(0 NDROLQLWH@DWH®TQO\ SU

IDFLHV $OWKRXJK NDROLQLW B E2CQ/GIBMEAZHDY WX VXD @O V VORIW R |
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E\KH RWKHU FOD\V :KHUH SUHVHQW NDROLQLWH LV D SRUH
LV VHFRQGDU\ WR LOOLWH VPHFWLWH DQG LOOLWH VPHFWL

7KH EHVW H[DPSOHV RI DXWKLJHQLF TXDUW] DQG NDROLC
"HVWHUQ 2LOYV &RDO &UHHN 3URVSHFW 6HF 71 5 : )LJ
DXWKLJHQLF TXDUW] FU\VWDOV LQ WKH ORZHU ELRWXUEDWH!

VPHFWLWH WKDW LV ILOOLQJ SRUH VSDFH EHWZHHQ TXDUW] .

JLIXUHD * # [ &2 |6\P D OON KL JHXDLFW VWD OV
JUHRQV KWMHX U I RAIHP HF W QWMHMDPSOH IURP WKIR WRAGBP W4 V
TXDUWNYVPHFWDPRPIE OW RPRERAMHBUMRYSHBWD 0B W RE. JIKQV
EODRN-RQWUDVW

JLIXUHE + # [ &2 IWDR O LD W@ H H@V K H
PLGGDMHPLQIDWHIER/(0 4 TXDUWY] L O ORMANLLYHED \FOD\
.D NDROI6@PSBW RPREWHBNRVSHFW
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IURP WKH PLGGOID ROIHPL QIIDWMHQI SRUHYV

7KH XSSHU ELRWXUEDWHG IDBIVHW KN MXXAMU DML RO XU BDR

ZLWK WKH DGGHG HOHPHQW RI FDOFR VD) G HB HB WD WLRE® 3L JX

J)LXUH D 2 # [ &' | WA X D UMR]O QIO/OHIMAW LWH PL[HG
OD\HOMQGPHWLWH RHDFOHAQMWHHVHAQWXDUWILOOIBWBOLWH
VAHFWRIWHG OO BY VPHFWIDNHD OFLWH

JLXUH E 3# [ &' DQWUDQVRQYHRQIWKM/UDQVRQHRQ
IURPRGIBOQ GV WHRRUBWD \ VL P HV WLR)FH HDE B @ FIRIQNXHQWL O
EHFRPDQPRVWFDOFLWH

DW [ PDJQLILFDWLRQ DQG VKRZ WKH W.UPIHYW.R\QLHR Q& Q B B UWMH

EHFRPLQGRWHKIQERQN WLWORHQ A FRDWHG TXDUW] JUDLQV GURS
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)LQDOO\ )LIXUHV D DQG E DUH H[DPSOHV RI RUJDQ

JLIXUHD & # [ &2°' IWVUJD @IDRV RB HV L & KL.OYOK H
ORZHIWIRWXUBBWHG RUIJDBODWWHUDXBUW] SSULWH
SRWDVMLXPEV SD&JU RHED

JLIXUHE . # [ JRUAD\VV | WK HERW W R PR UW
+D\VLPHR'QKDRUJDPRWRHH VLGS VRQOWRUJIJDORWWH U
4 TXDU&W] FDOF&RVEBQ WBURVSHFW

PDJQLILFDWLRQ )LJXUH DLV IURP WKH ORZHU ELRWXUEDV

J)LIXUH E LYV WKHERWWRP PRVW VDQG\ FRQWDFW RI WKH )

&UHHN 3URVSHFW 2UJDQLF PDWWHU DSSHDUV DV JOREXOH

FROQVWLWXHQWY $WWHPSWLQJ ('6 UHDGLQJV IURP WKH RUJD
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GDWD DQG EXUQLQJ RXW WKH 6(0 ILODPHQW ZLWKLQ VHFRQG
YRODWL]LQJ WKH RUJDQLF PDWWHU ZLWK WKH FRQFHQWUDW |
ULFKQHVV RI PRVW RI WKHVH VDPSOHYV ILODPHQW OLIH ZDV |
4.3 X-ray Powder Diffraction

; UD\ SRZGHU GLIIUDFWLRQ ;5" FRQGXFWHG E\ :HDWKHU
IDFLHVY RI WKH %DVV %9HOYRLU FRQILUP DOOL@YKUHH IDFL
DPRXQWYV RI FOD\V 7DEOH EUHDNV GRZQ WKH ;5" PHDVXUH
LQ WKH WKUHH IDFLHVY 6DPSOH LV IURP WKH XSSHU ELRWX
& DQG 6(0 2 6DPSOH LV WKH PLGGOH ODPLQDWHG IDFLF
& DQG 6(0 1 6DPSOH LV WKH ORZHU ELRWXUEDWHG IDFL

DQG 6(0 3 7KRXJK NDROLQLWH ZDV QRW VHHQ LQ WKH XSSH

7TDEOH ;5" PHDVXUHWH@MWFK RI WK HVIMK ®oNBHH KDY-R IHU
6DPSOHVXSISHU ELRWXUEDWHG PLGGOH OB OLWQB®/ HG D Q(
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GHWHQHYV LW LV HTXDOO\ SUHVHQW &DOFLWHMKDNM E6ORQBHO\ E
WRZDUGV WKH WHRSERIRWXUEDWHG IDFLHVY +RZHYHU WKH WR
ELRWXUEDWHG IDFLHV ZDV QRW VDPSOHG LQ ;5" 7KH PLGGOF
WKLUG OHVV FOD\ WKDQ WKH ORZHU ELRWXUEDWHG IDFLHV D
XSSHU ELRWXUEDWHG IDFLHV 7KLV LV H[SHFWHG IURP REVHL

7KH GLITHUHQFHYV LQ WKHVH DWWULEXWHY DFFRXQW IRU
JDPPD UD\ $3, DQG GURS RII| LHQWZHMQH VK SR R D EWH \E
GLVWLQJXLVKLQJ WKHP LQ ZHOO ORJV
4.4 Clay Effects on W ell Logs

TKHRGHOO 6DQGVWRQH SUREDEO\ HOXGHG HDUO\ H[SORL
UHVLVWLYLW\ RI ZHOO ORJV /RZ UHVLVWLYLW\ RI WKH &R GH(
DPRXQW RI DXWKLJHQLF DQG GHWULWDO FOD\V VSHFLILFDOC
LOOLWH VPHFWLWH 'U\ KROHV KDYH UHAKLSWRGX AN HYHOHNY OV
WASLFDOO\ KDYH UHVLVRKIFR LWRGBDOKHBDARGVWRQH ZHOOV ZLW
JUHDWHU RKBPB@UH UDUH DQG FRPPRQO\ SURGXRWDYH $ UHY
SURGXFWLRQ IURP WKH &RGHOO 6DQGVWRQH YKRAV WDKILW\KL
FRUUHODWH WR EH@WHMAHWUSE B RRAIMMIURE W KH TV WR JHQ
UHVLVWLYLW\ LQ WKH &RGHOO 6DQGVWRQH S5HVLVWLYLWLHYV
P WR RKP P DQG KLJKHU :HOOV IURP WKRVH HDUO\ \HDUV
RLO LQ SODFH FDOFXODWLRQV 7KH LQGXFWLRQ ORJ VWDUWH
DQG EHFDPH WKH SULPDU\ WRRO XVHG E\ +LOFKLH

7KH OLWKRORJ\ RI WKH &RGHOO 6DQGVWRQH DIIHFWV ZLI
UbD\ UHVLVWLYLW\ DQG QHXWURQ SRURVLW\ 8QGHUVWDQGL

HISORUDWLRQ SRVVLELOLWLHY DQG LPSOHPHQWDWLRQ RI QH
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SUHYLRXV UHVHDUFK KDV QRW LGHQWLILHG WKH WKUHH
ZHOO ORJV WKDW DUH GHVFULHG LQ WKLV UHVHDUFK +RZHY|
PLGGOH ODPLQDWHG IDFLHV LQ ORJV EHFDXVH WKH J]RQH FRC
VPHFWLWH DQG PL[HG OD\HU LOOLWH VPHFWLWH TKHVH WK
LQ JDPPD ORJV ,00LWH LV LQKHUHQWO\ UDGLRDFWLYH GXH "
LWV FKHPLFDO PDNHXS 7UDFH DPRXQWV RI WKRULXP D UDGI
LQ WKH VPHFWLWH FU\VWDO ODWWLFH 3DVVH\ HW DO

$YHUDJH VKDOH KDV SRWDVVLXP SSP XUDQLXP DQG

SRWDVVLXP DQG SSP XUDQLXP ORQWPRULOORQLWH VI
DQG FDQ VXEVWLWXWH IURP SSP WKRULXP )HUWO *
WR SRWDVVLXP UDWLRV LQ VHYHUDO PLQHUDOV DQG FOD\V L

SHVLVWLYLW\ ORJVY KDYH ORZ YDOXHV GXH WR WKH LOOL
HIFKDQJH FDSDFLW\ &(& 1HXWURQ SRURVLW\ QRURKDYH DQ

S3VKDOH HIITHFW™ GXH WR ERXQG DQG LQWHUVWLWHQ®LAD\WHU

JLIXUH 6LQJOH D[LV JUDSK FRPSDULQJ WKRULXP SR
PLQHUDOV DQG FOD\V , 0 LV LOOLWH PRQWPRULOORQLWH
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SRURVLW\ ZLOO FKDQJH VOLJKWO\ DFFRUGLQJ WR WKH PDWU
SUHVHQW 2WKHU PLQHUDOV LQ WKH VDQGVGHQQMMVRHDPDWH GL
PLGGOH ODPLQDWHG IDFLHV ZLWK GHQVLW\ SRURVLW\ DORQF

7KH PIHGGDPLQDWHG IDFLHV LV LGHQWLILHG RQ ZHOO OR.
VXEWOH GHFUHDVH LQ JDPPD UD\ VOLJKW LQFUHDVH LQ UHYV
QHXWURQ SRURVLW\ DUH SUHVHQW 7KLV IDFLHV LV XVXDOO\
FDQ EH QHDUO\ IW LQ WKUHH VHOHFW DUHDV7BN GLVEXVVH
WKLQQHVV Rl WKH PLGGOH ODPLQDWHG IDFLHVY WLJKWO\ SDF
ELRWXUEDWHG IDFLHV PDNHV UHVROXWLRQ RI WKH PLGGOH
LPSRVVLEOH

7KH DPRXQW RI VXUIDFH DUHD IRU LQWHUVWLWLDO ZDWH
&RGHOO 6DQGVWRQH LV NH\ WR XQGHUVWDQGLQJ KRZ K\GUR
ZH@®A OHVSRQYXWH RQ WKH IROORZLQJ SDJH FODULILHV
DQ@BKRZV KRZ VPHEFWLWH PRQWPRULOORQLWH DGGV D VLJIQL
ERWIQWHUQDOO\ DQG H[WHUQDOO\ DOORZLQJ FDWLRQV DQG
ZLWKLQ LWV FU\WWDO VWUXFWXUH 'XH WR LQWHUQDO VXUID
VPHFWLWH LV WLPHV JUHDWHU WKDQ WKDW RI LOOLWH ¢
DUHD RI ILQH JUDLQ TXDUW] 6PHFWLWH LV WKH RQO\ FOD\ S|

8QGHUVWDQGLQJ WKH LQWULQVLF SURSHUWLHV RI WKH &
SURYLGHV WKH PHDQV DQG DELOLW\ WR GLUHFWO\ FRUUHOD\
GHVFULEHG DERYH

JLIXUH RQ SDJH VKRZV KRZ D YLVXDO FRPSDULVRC
H[DPLQHG LQ FRUH FDQ EH PDWFKHG WR WKHLU UHVSHEWLYH

ORJV DUH IURP WKH %DVV %YHOYRLU ZHOO DQG FRUUHOD
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ODWHURORJ XSS PBQWLRIKWHIWKANZLWK UHSHDWHG GHQVLW)\

OLQH DQG QHXWURQ SRURVLW\ GDVKHG OLQH LQ WKH ORZFE

JLIXUH 7KHUH LV D VLIJQLILFDQW GLIIHUHQFH LQ VXUIDFH DL
vDQG JUDLQV HVSHFLDOO\ VPHFWLWH 7KH FU\VWDO VWUXF\
LQWHUOD\HU FDWLRQV DQG ZDWHU PROHFXOHV PRGLILHG 11U
ZKLWH 6(0 LPDJHV DUH RI WKH IRXU SULPDU\ FOD\V IRXQG LQ
DVVRFLDWHG FKHPLEOOLMWHDWIHFWMWH LOOLWH VPHFWLWH

N D RIOVIR W.HDROLQLWH ZDV RQO\ IRXQG DQG YLHZHG LQ WKH P
6(0
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J)LIXUH ([DPSOH RI WKH WKUHH &RGHOO 6D/QR5 YW RIH WDFILGIN F ROV H DRG@GR
'"HQVLW\ 3BRURVLW\ ZLWK 1HXWURQ 3 RIURODIRW\L\O BeDHY UEHHEWR LAIRY V: 1RWH
WKDWGWKGOHU DQG ORJIJHU . % IYIDOEHE OQORMARKRRZBEDG WR EHEUGWEWK FIDOWR HT
ORJ GHSWKV 7RSV )W +D\V IWW&FPEB GO KISSHORZHU IW DQG &
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&+3$37(5
68%685)%$&( 0$33,1*

5.1 Introduction

ODSSLQJ WKH VXEVXUIDFH RI WKH IRUPDWLRQV SHUWLQ
XVLQJ SHWUD VRIWZDUH 7KLV ISQUIREHGEHDQ XYGEGHBWWDDG
WKLFNQHVY WUHQGV UHVXOWLQJ IURP GHSRVLWLRQ HURVL
WKURXJK WLPH 7KH &RGHOO 6DQGVWRQH DQG WKH )RUW +LC
VWUXFWXUH DQG LVRSDFK 2QO0\ WKH VWUXFWXUH RI WKH W
FRPSDUH VWUXFWXUDO WUHQGV ZLWK DOO WKUHH IRUPDWL
WKUHH IDFLHV RI WKH &4RGHOO 6DQGVWRQH LQ ZHOO ORJV
PDSSHG LQGLYLGXDOO\ LQ VWUXFWXUH DQG LVROLWK (DFK
RI JHRPRUSKLF DQG JHRORJLF SURFHVVHV WKDW PDNH XS W
5.2 Structure of the Study Area

7KH PDMRU VWUXFWXUDO IHDWXUHV RI WKH WRS RI WKF
6KDOH &RGHOO 6DQGVWRQH DQG )RUWDIM\VOQHE HZ\LW K QMKBIL
RYHUDOO IHDWXUHV RI WKH '"HQYHU %DVLQ $00 WKUHH IRU
ZHVWHUQ IODQN DQG VKDOORZO\ WR WKH ZHVW RQ WKH HD\)\
EDVLQ D[HV RI WKH WKUHH IRUPDWLRQVY DOPRVW DOLJQ LQ
GHYLDWLRQV 6LJQLILFDQW VWUXFWXUDO YDULDWLRQV EHW
WKH JHQHUDO WKLQQHVV RI WKH &RGHOO 6DQGVWRQH RQ D
HILVW RQ VPDOOHU VFDOHV WKDQ PDSSHG KHUH $00 VvWUX
FROQOWRXUHG HQHYREWWRQVHD OHYHO DV WKH GDWXP DQG D F

R IW DQQRWDWHG RQ | WheGsBudtiiaFaRiQdafiRed BMhOtbm H V
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of the Codell Sandstone shows close coincidence with the basin axis (Fig. 5.1 7RWDO

JLIXUH 6XEVHD VWUXFW X&RBPDS6RQBGHWRQMQWKH D[L
VWUXFWXUH RI WKH &RGHOO 6DQGVWRKH DD Q\G FEIOWR K H OM QB!
%DVLRORU & , | VW GD IQQVRRDWD O IW 'DWXP LV

HOHYDWLRQ FKDQJH IURP WKH RXWFURSSLQJ BBGH (RO WHE G
EDVLQ WR WKH ORZHUPRVW WRS RI WKH &RGHOO 6DQGVWRC
ORFRIQND MG WDWLRQ RI RRWWURISNQK RMESHEUHKH VWUXFWXUF
PDSV Rl WKH )RUW KD\V /LPHVWRQH DQG &DUOLOH 6KDOH DI
WKDW DOO WKUHH VWUXFWXUHV ORRN DOPRVW LGHQWLFDO

7KH VWUXFWXUH Rl WKH &RGHOO 6DQGVWRQH LQ )LIXU}L
XSSHU ELRWXUEDWHG IDFLHY 7KH PLGGOH ODPLQDWHG IDF
OLWWOH LQ VWUXFWXUH IURP WKH XSSHU ELRWXUEDWHG ID

PDSSHG UHJLRQDOO\
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5.3 Isopachs and Codell Sandstone Facies Isoliths

KHUHDV VWUXFWXUH PDSV VKRZ OLWRNONWK G L& RHAH®T H
6DQGVWRQH DQG )RUW +D\V /LPHVWRQH PDSSHG DW D VFDO
YDULDWLRQ 7KH &RGHOO IDFLHVY LVROLWKY GHSLFW ERWK '
HQYLURQPHQWY RI WKH &RGHOO 6DQGVWRQH WKURXJK &RG

7KH )RUW +D\V /LPHVWRQH UDQJHV LQ WKLFNQHVV )LJ

JLIXUH ,VRSIPAKR WKRUW\VLPHVWRGIRY IWQQRWDWHG
LOQWHUY®IR REFRWRY S UHW KOQ@MUHIDQ LD UPHRIGRWKLFEFNHU

IHHW LQ WKH VWXG\ DUHD 7KH )R URVW®DRY WIKFHDMWR R H W\KK-
VWXG\ DUHD DORQJ D QRUWKZHVW WR VRXWKHDVW WUHQG
ZKHUH WKH VHD IORRU H[SHULHQFHG OHVVY HQHUJ\ DOORZL
DFFXPXODWH IDVWHU WKDQ VHDIORRU HURVLRQ 'LIITHUHQFF

EH GXH WR ORFDOL]HG HURVLRQDO IHDWXUHYVY H[SHULHQFHC
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+D\V /LPHVWRQH GHSRVLWLRQ 7R IXO0\ XQGHUVWDQG ZKHV

WKH VWXG\ DUHD DUH VLPSO\ FRQIHQWG HQFRE W KEHHQHWWKBRXR

WKH,6 D PXFK ODUJHU VWXG\ DFURVY VHYHUDO VWDWHYV LV

JUXUH ,VRSDFK PDS RI WKH )RUW +D\V /LPHV\RRQPMDERYHULQ
HWO &, IV HG VTXDUH DSSUR[LPDWHO\ RXWOLQHV WKH

LVRSDFK RI WKH )RUW +D\V /LPHVWRQH DFURVV VL[ VWDWHYV

7TKLENQHVVHV IURP WKLV VWXG\ UHG VTXDUH DUH LQ JHQHU

DQ®OLIJKWHU WKLFNHW KR, &WRH 7TXRRWKBQWAMPH FLUFXODW

FRXQWHU FORFNZLVH J\UH 60LQJHUODQG HW BbO,6 )LIXU
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Y)LIXUH OHDQ DQQXDO VWHDG\ VWDWH & MUEX O B WL
P PRI ZDWHU FROXPQ 60LQJHHOUDCDMW DOSUR[LPBW
VWXG\ DUHD

FLUFXODWLRQ DW P GHSWK OHIW LPDJH DQG EHWZHHQ

:DUPHU ZDWHUV IURP WKH 3URWR *XOI PRYHG QRUWK XS WKH
FRROHU ZDWHUV IURP WKH $UFWLF IORZHG VRXWK GRZQ WKH
FROOHFWHG DW WKH FRUH RI WKH VHDZD\ WKURXJK FDEDOOL
WKH WKDOZHJ 60LQJHUODQG HW DO 7TKLFNHU VHGLPHC
EH GXH WR ZDUPHU 3URWR *XOI| ZDW H{UN\ KEHS IUGRIG R R WH YA RN GGOF
)W +DWHVWRQH GHSRVLWLRQ ,W FRXOG DOVR EH GXH WR OH
FRPSDFWLRQ/ KWMKDHOYHU %DVLQ VXEVRURDAHKH WWZXIBYWUWHHD Z
SDUWLDOO\ LQ RU FORVHU WR WKH WKDOZHJ DW WLPHV UHYV X
HURVLRQ /RQJPDQ HW DO LOWHUSUHWHG WKH SDOHRH(

GHSRVLWLRQ DFRUR WKRZFIORFNZLVH IORZ LQ WKH .:,6 DQG )R/
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EXLOGXS WR WKH HOUVMWQJ)HDUO\ WUDQVJUHVVLRQ RI WKH 1LR

IORRGLQJ RI WKH +DUWYLOOHRSFQHE WHEHL Q ,pLWRURADMRU LQI

JLJIXUH 5HFRQVWUXFWLRQ RI GHSRVLWLRQGKMLORQ
HW DO +8 QHDU WKH VWXGLOOHBSOWDMGY IRU +DUV

ZDUPHU FDUERQDWH ULFK ZDWHUV IURP WKH VRXWKHDVW /R
IRU GHSRVLWLRQ RI FRFFROLWK DQG SODQNWRQLF IRUDP UL
SRUWLRQKH . 7KH )RUW +D\V WUDQVJUHVVLRQ FURVVHG D PDN
RQ WRS RI WKH 4RGHOOLBEQGVWRQH DW WKLV W
7KH &RG6GBIQO®VWRQH LVRSDFK )LJ IROORZLQJ SDJH VI
EHHQ D GHSRVLWLRQDO WUDFW RULJL QDRWALKDISQRHWW K Z HIXWW IR
SURSRVHG WKH SRVVLEOH VRXUFH DQG GLWHFWLRQ RI K\S
SURJUDGLQJ GHOWD RI PLG &R WRKAEBWWM WXIHR@WUEI LVRSDF

DSSUR[LPDWHO\ WR IW WKLFN LQ WIBKN KBIYMEHKBGRUWLI
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VHGLPHQW FRQGXLW WKURXJK ZKLFK FODVWLF VHGLPHQWYV

UHJUHVVLQJ VKDOORZ P DUKIQH SR WIHLROW MKW SDWK RI VHG

[ /
JLJIXUH 5HFRQVWUXFWLRQ RI GHSRVLWLRQGRKHM L QRQFPDQ +D
HW DO +8 QHDU WKH VWXGLOOHDBSOWDMGY IRU +DUW

&BHOO 6DQGVWRQH LQWR WKLV UHJLRQ 7KH VHGWKHQWYV ZH
VWXG\ DUHD RQFH LQ WKH VKDOORZ PDULQH HQYLURQPHQW

WHK JUDLQV GLVFXVVHG LQ FKDSWHU WKH &RGHOO 6DQGVWHF
ZHVWHUQ VRXUFH RI VHGLPHQW VXSSO\ IRU WKH &RGHOO 6D

5HODWLYHO\ KLJKHU HQHUJ\ VHD FXUUHQWYV IURP WKH Q
JUDLQV WKDW ZHUH GHSRVLWHG RQWR WKH QRUWKHDVW DQC(
GXULQJ UHJUHVVLRQ RI WKH *UHHQKRUQ 6HDZD\ 7KH VRXWK
LV WKLQQHU GXH WR ERWK OLPLWHG VXSSO\ RI VLOLFLFODV\

VRXUFH DQG WR HURVLRQ IROORZLQJ SRVW GHSRVLWLRQDO
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-XVW WR WKH VRXWKHDVW RI WKH VWXG\ DUHD LV D OD
UHSUHVHQWY ERWK D GHSRVLWLRQDO KLDWXV LQ DUHDV EX
VRXWKZHVW QRUWKHDVW DQG LV VRXWK RI DQG SDUDOOHO
GHVLJQDWHG DV WKH QR VDQG UHJLRQ LQ )LIJXUH "HLPH!
7KH & RGHOO 6DQGVWRQH LQ WKH VWXG\ DORDP ZDV GH
HQHUJ\ VHGLPHQW SOXPHV WKDW DOORZHG RUJDQLVPV WR
VXEVWUDWHYV ZLKMKHQMHUPMHGLRBQYW IOX[HVY 7KH LVROLW
XSSHU ELRWXUEDWHG IDFLHY FKDUDEFWHUL]H WKH RYHUDOO
D DQG E UHVSRIGWRYHQ@IDFKIMKRZ D QRUWKZHVW WR VR
XQGHUEXWWLQJ FXUUHQW VXSSO\LQJ VHGLPH®&W RZWKH Ut
ELMRXUEDWHG LQWHUYDO UHSUHVHQWY LQLWLDO UHJUHVVLR
WKH &R®HGY WREHFEW WKDW WKH ORZHU ELRWRUERMHG IDFL
QRUWKZHVW WRZDUGV WKH LOQWHUSUHWHG VRXUFHOREZVHG!I
IURP WKH QRUWKZHVW KDG ORZHU HQHUJ\ DQG OHVV HURVL
WKH ORZHU ELRWXUEDWHG IDFLHV /RZHU HQHUJ\ GXULQJ W
VPDOOHU JUDLQ VL]H RI WKH ORZHU ELRW X WKDW H B FILLHAL H V
ZRXOGWEKH OHDVW DIIHFWHG E\ WRS WUXQFDWLRQ GXULQJ S
,Q FRQWUDVW WKH XSSHU ELRWXUEDWHG IDFLHV ZLWQ
FXUUHQWY UHVXOWLQJ LQ GHHSHU VFRXULQJ E\ WKH QRUW !
LV UHSUHVHQWHG LQ WKH LVROLWKY E\ WKH WKLQQHU EOXt}
KLJKHU HQHUJ\ IORZ KDG WKH DELOLW\ WR FDUU\ ODUJHU J!I
ELRWXUEDWHG IDFLHV /RZ HQHUJ\ IORZ GLVWULEXWHG VDQ

JUDLQ IDOORXW GXH WR VSDWLDO GHFHOHUDWLRQ DV WKH
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DUHD 'XULQJ WLPHV RI KLJKHU YHORFLW\ VSDWLDO DFFHO

OHDYLMDKL QHU UHJLRQ D O R@eluppek blot@rihated inketvadlOkely
experienced the most erosion and top truncation because it is closer to the unconformity.
8VLQJ WKH QHZHVW LWHUDWLRQ RI % ODNH\ "HVWHL

JUXUHV D DQG E VKRZ WKH SURJUDGLQJ GHOWD UHVSRC

J)LIXUH 5 HFUHDWLRQ RI WKH :HVWHUQ ,Q\WHBDRD @)H5l

Prionocyclus hyatti 0D D @) Gcaphites whitfieldi 0D 7KH SURJUHVVLRC(
lURPWIRGHPRVWUDWHY GHOWD EXLOGLQJ SURDIWDKALRXIJWR ZD
&RGHOO 6DQGVYWRQ@WHO WEBWMR UHSUHVHQWY PD[LPXP UHJUHVYV
*UHHQKRUQ 6HWODDIH\ ZLWK SHUPLVVLRQ BS5H&GATXDUHYV

DUHD

&RGBOQGVWRQH LQ WKH VWXG\ DUHD )LJXUH DLV SUH W
GHSRRQAWIRG )LIXIWHSREW &RGHOO 6DQGVWRQH DQG HURVLR

UHJUHVVLRQ RI WKH *UHHQKRUQ 6HDZD\
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7KH PLGGOH OD P LRDSANSHHE. NCRADMWNKU H ZDV GHSRVLWHG
K\SHUS\FDQ& HWD\ KDYHVEHHRBVDRI VLQJOH HYHQW \RWRWKFHEHG
PLGGOH IDFLHVY LQGLFDWHYVY WKDW LW ZDV SURWHFWHG IURP
VHGLPHQW IURP WKH QRUWKZHVW 7KLV ZDV PRVW OLNHO\ G’
VHULHKMLM RIHGLPHQW IOX[ HYHQWY RU UHODWLYHO\ FKURQR V\
VLQJOH HYHQW VWRUP EHGVY DUH VHHQ WRGD\ RIIl WKH FRDVYV
+ROORZ '"HOWD ©6LQFH WURSLFDO F\FORQHY PDGH ODQ

\HDU SHULRG VWRUP UXQRII IURP WKH *XP &GRFORRH &UHHN

GRPLQDWHG GHOWD *DUULVRQ HW DO 6KRUHOLQH SUR\
JLIXUH ,VROLWK PDS RI WKH &RGHOO 6DQGVWRQH PLGG!
& IW DQQRWDWHG LQWHUYDO IW &RROHU FRORUV U

ZDUPHU FRORUV WKLFNHU 5HG DUURZV LQGLFDWH OLNHO\ K
LQWR DQG WKURXJK WKH WKLFNHVW UHJLRQV
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+ROORZ &UHHN HQWHUHG WKH VWHDG\ ZDWHUV RI WKH *XOlI
IRUPHG IRPORAHG&G K\SHUS\FQDKYE R IREGHWI\FQDO® WHPSHVWI
*DUULVRQ HW DO WKDW EXLOW XS PRUH UDSLGO\ WKD
UHGLVWULEXWH WKH VHGLPHQW 7KH WHPSHVWLWHY UHSUH
HYHQWY DVVRFLDWHG ZLWK WKH ORFDO ODQGIDOO RI WURS
JHQHUDOO\ EHLQJ KRUL]JRQWDOO\ VWUDWLILHG LQ ERWK WK}
XQLW RI WKH WHPSHVWLWH PD\ EH ZDYH ULSSOHG URRWHG
VXEDHULDO HURVLRQDO RU KLDWDO VXUIDFH *DUULVRQ HW
HURVLRQDO RU KLDWDO VXUIDFHVY ZHUH QRW VHHQ LQ FRUH
WKH PLGGOH ODPLQDWHG IDFLHVY DJUHHV ZLWK WKH GHVFUI
WHPSHVWLWHY EHFRPLQJ GLVWXUEHG WKURXJK ZDYH DFWLI
PRVW VXUIDFH

SRVW GHSRVLWLRQ RI WKH &RGHOO 6DQGWRNMHRQHYV PLGC(
XSSHUPRVW SRUWLRQ &2' % ZDV VXEMHFWHG WR ORZ HQH
K\SRS\FQDO PXG IDOORXW ,I| WKH XSSHU PRVW XQLW RI WKI
VFRXUHG E\ KLIK QRUWKZHVW VRXMWXKHMIMDIMHV IERZWIV BRVWHI(
VXEVHTXHQW GHSRVLWLRQ DQG ELRWXUEDWLRQ RI WKH XS¢
RULJLQDO GHSRVLWLRQ RI WKH PLGGOH IDFLHV FDQQRW EH
DW WKH YHU\ WRS RI WKH K\SHUS\FQDO WHPSHVWLWH IROOI
LWV XSSHU DUFKLWHFWXUH 7KH VLJQLILFDQW JRQH RI WKH
SUHVHUYHG ODPLQDH 6LQFH WKH VLOWLHU SRUWLRQ@ RI WK
RQ ZHOO ORJV WKH LVROLWK RI WKH XSSHU ELRWXUEDWHG

FRQWHQW SRUWLRQ RI WKH &2' % WHPSHVWLWH 7R FODULI
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IDFLHVY RQO\ LQFOXGHYV WKH FOHD @KBDRID P HQE®HNYHHEU P/IRQ HE&6 F
ORJV 7KLV EHFRPHVY HVSHFLDOO\ LPSRUWDQW LQ FDOFXOD!

7H UHG DUURZV LQ )LJXUH LQGLFDWH WKH PRVW OLN
PLIJUDWLRQ WKURXJK WKLV IDFLHVY UHIHUUHG WR KHUH DV
LV GXH WR WKH PLGGOH ODPLQDWHG IDFLHVY KDYLQJ KLJKHL
WKDQ WKH ORZHU DQG XSSHU ELRWXUEDWHG IDFLHV 7KH D
PLIJUDWLRQ DZD\ IURP KLIJKHU SUHVVXUH FUHDWHGRIE\ JRQH\
K\GURFDUERQV RFFXUV SULPDULO\ WKH :DWWHQEHUJ )LHOC(

GLVFXVVHG LQ JUHDWHU GHWDLO LQ FKDSWHU
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&+3$37(5
5(*,21$/ 0$785,7<

6.1 Source Rocks

6RXUFH URFNVY DUH JHQHUDOO\ GHSRVLWHG GXULQJ SHI
UHVHUYRLU DQG FDUULHU EHGY GHYHORSHG GXULQJ SHULR
.DXIIPDQ SHUV FRPP LQ 7DLQWHU JLIXUH KLJ
UHODWLRQVKLS RI VRXUFH URFNV DQG SURGXFLQJ JRQHV W
I[URP ULVLQJ VHD OHYHOV VXUURXQG WKH &RGHOO 6DQGVWI

VWUDWLJUDSKLFDOO\ DERYH DQG EHORZ G6WXGLHV E\ &0D\V

JLIXUH *HQHUD®MUDBW LVHPERMRRHQ Y koD VZIOMKSLFD O
G HSRVIKR UP D WE\RW M ULH/SNWHRVRI@WH Q WH R B D®Q GU V
XQFRQYH QWDLUS B PROQ HA/S VW D QREBR X UFRIFNSRQQHQEH U J
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HVWDEOLVKHG DQ XQGHUVWDQGLQJ RI K\GURFDUERQ J
'HQYHU %DVLQ DQG WKHLU OLNHO\ PLJUDWLRQ SDWKV 7KH\
VRXUFHV RI WKH ' DQG - 6DQGVWRQHY PDMRU SURGXFWLRQ
IRU GHEFDGHVY +\GURFDUERQV QRW RQO\ PLJUDWHG IURP OR
UHVHUYRLU IRUPDWLRQV EXW DOVR WKURXJK IUDFWXUH V\V
&RGHOO 6DQGVWRQH <HW ORZHU VRXUFH URFNV DUH QRW
WKH &RGHOO 6DQGVWRQH

BRXUFH URFNV LQ WKH 'HQYHU %DVLQ WKDW DUH UHVSF
K\GURFDUERQV SURGXFHG IURP WKH ' DQG - 6DQGVWRQHV L
DQG *UDQKN®RW*VHHQKRUQ /LPHVWRQH DQG WKH &DUOLOH 6
6ZHWODQG 'XH WR WKH KLJK OHYHO Rl 7THUWLDU\ PDW.
URFNV D VLJQLILFDQW DPRXQW RI PDWXUDWLRQ RFFXUUHG

0D 0D )LJIXUH RQ WKH IROORZLQJ SDJH VKRZV W
WKHVH VRXUFH URENV ZLWK JHQHUDO GLUHFWLRQ RI K\GUR
6DQGVWRQH JUBDKGEDLWURZWRQH RUDQJH DUURDV 7KH VKD
UHSUHVHQWLQJ PDWXUH K\GURFDUERQV VKRZV WKDW WKH
VWXG\ DUHD UHG GDVKHG VTXDUH KDV VRXUFH URENV WKD
ZLQGRZ IRU DW OHDVW GDAPDWXSDWVRQWDY VSUHDG WR FR
VWXG\ DUHDDWLRQ SDWKV ZHUH FKRVHQ EDVHG RQ SUHVHQ\
- DQG ' 6DQGVWRQHY EXW WKH ELJ SLFWXUH LQGLFDWHYV D .
XS WKH ZHVWHU QG VB O@RRRRI WKH EDVLQ %\ WKH HQG RI
RI *HODVLDQ VWDJH 0D WKHUH ZDV D VPDOO DPRXQW RI

HDVWHUQ GLSSLQJ IODQN DJDLQVW WKH JURQW 5DQJH 'XUL
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JLIXUH 3RV LW IPPW XWRK URF NRZUWRDUBGKOBRY HGR G L

6DQG VW RQK KK R D KMOKIN R Z POV X UBWR R QFRNAL QY KHRUWKHU Q
'"HQ Y M VG& RU&)Q X WHIQWIRK DBVW IHP 0D 0Db) HQBITHUWLD U\
W HPWW K8H3D D E WIVDEJIHOD D Qo SUHVHQRM@D UU RS UHVHQW
PLJUDQRIKGURFD WERMMI H 6DQGVWR QH DBRIG U R\ZR/X JWH

6D Q GV W/R MG DKH 8 T XIPIUS S U R [ L ALDH/S KGN WHKQW X \H BD W W H U Q
RK\GURFDRLER Q WLBHH BR U UGIRWE W H (GS U H WHHRY F
SDOHRVWIUHORMWRUHDEEED P S DQRIB PR G IGIUVRRPDLQWH U

K\GURFDUERQV VRXUFLQJ WKH &RGHOO 6DQGVWRQH IURP XQt
PLIJUDWHG XS WKURXJK IDXOWV DQG IUDFWXUH VA\VWHPV :KL:
SDOHRVWUXFWXUDO KLJKV RI WKH &RGHOO 6DQGVWRQH WKF
JRUW +D\V ZRXOG KDYH DFWHG DV D KLQGUDQFH WR IXUWKHL
SRURVLW\ DQG SHUPHDELOLW\ FRPELQHG ZLWK WKH RYHU SU
ZRXOG RQO\ LQFUHDVH WKDW KLQGUDQFH

$V D VRXUFH URFN WKH 1LREUDUD )RUPDWLRQ ZRXOG KL
VSOBLO@KURXJK WKH '"HQYHU %DVLQ DV GHSLFWHG LQ )LJXUH
UHODWHYBDWLROWIQWWKHE 1LREUDUD )RUPDWLRQ ZRXOG KDYF
VOLIJKWO\ ODWHU WKDQ WKH &DUOLOH 6KDOH

7KH 1LREUDUD )RUPDWLRQ PD\ EH WKH PRVW VLJQLILFDQ

LQ WKH &RGHOO 6DQGVWRQH 5HFHQW UHVHDUFK DQG GULOGOG
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JHRFKHPLFDO FKDUDFWHUL]DWLRQ FRPSOHWHG E\ *HRODUN 5
&RGHOO 6DQGVWRQH WR WKH 1LREUDUD )RUPDWLRQ DQG ORZ
JRXU RI ILYH RLO VDPSOHV ZHUH FKDUDFWHUL]JHG WR WKH 1L
VDPSOH WRZWEKDOH SURYLQJ WKDW K\GURFDUERQV GLG LQG
6DQGVWRQH IURP PXFK ORZHU ,| WKH 1LREWRWEKH R UGHEHRWD
NQRZQ VRXUFH EHGV DQG SRVVLEOH VRXUFHV DUH LQGHHG P
7KHUPDO PDWXULW\ RI RUJDQLF PDWWHU LV WKH GHWHU!
SHWUROHXP JHQHUDWLQJ UHDFWLRQV KDYH WDNHQ SODFH L¢
FRQFHQWUDWLRQ RI NHURJHQ GLVWULEXWHG WKURXJKRXW V
DQG W\SH Rl K\GURFDUERQV SURGXFHG 7KH UDWH RI JHQHUI
GHSHQGHQW RQ WKH WHPSHUDWXUH DQG GXUDWLRQ RI KHDW
UHDFWLRQV ZLWKLQ NHURJHQ 'RZ
7KLV VWXG\ FRQFHQWUDWHG RQ WKH 1LREUDUD )RUPDWL
VRXUFH 7KH WKHUPDO KLVWRU\ RI D VRXUFH URFN LV PRUH |
JHQHUDWLRQ WKDQ SUHVHQW WHPSHUDWXUH YDOXHV RU SD\
ORPSHU 7KH GHSRVLWLRQDO KLVWRU\ Rl WKH 1LREUDU
EHHQ VWXGLHG IRU VRPH WLPH DQG LV ZED®LNQRYQ QBK&RMH |
$QGHUVRQ DQG 6RQIUHOBDBUIXUURXQGLQJ WKH VW
KDYH VKRZQ WKH 1LREUDUD )RUPDWLRQ KDV KDG DPSOH WLP
SURGXFH VLJQLILFDQW DPRXQWYV Rl K\GURFDUERQV 7KH 1LR|
'HQYHU %DVLQ KDV EHHQ JHQHUDWLQJ PLJUDWLQJ DQG DFF
QHDUO\ PLOOURQ \HRMWDR2LQFISIDUNWWXG\ DWWHPSWV WR VK
JHQHUDWLRQ PLJUDWLRQ DQG DFFXPXODWMRKDWRRQWLQXH W

VLIQLILFDQW SRUWLRQ RI WKH 1LREUDUD )RUPDWLRQ UHPDL:
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JLIXUH *HRORHY R W DWS\H FWIR/ K86 S KW H W D A R B R D VRLWR R N
ZHVWHIWQY W VEQHUHJILREVHVSIQMW BYMH QTHI UMHQ HSUHVHQW V
JHQHR QWAL RW KW H H Q K&RDUUD L O H6 RRGHWRAH R B QU D
JRUPDW R QAR &R | 6 W DHQHRDRRVAHRQAQ FZ BWINURQ O

1O BWEWXEGREBGIJHQHR @W DOV HR JHB W FRIQV D Q G
HSHLURNBQLFW

TKHURD)XHUJI\ LV RQH RI VHYHUDO IDFWRUV GULYLQJ K\GU
JHQHUDWLRQ WKH ILUVW DSSHDUDQFH RI K\GURFDUERQ PLJL
DSSUR[LPDWH YLWULDQORHH UHDRIPBEWDQFHKM FKHPLFDO
UHDFWLRQ RI FRQYHUWLQJ NHURJHQ WR K\GURFDUERQV LV H
YDSRULDWHWHQGRWKHUPLF .HURJHQ DEVRUEV HQHUJ\ LQ Wt
OLTXLOWXEG WR JDV +\GURFDUERQV ZDUP WKH IRUPDWLRQ\
WHQV RI PLOOLRQV RI \HDUV SRVVLEO\ OHDYLQJ D WKHUPDO
ZKHUH 5R LV LQVLGH WKH PLIJUDWLRQ ZLQGRZ DW RU JUHDW
IRU PLIJUDWLRQ &RPSDULQJ 5R ZLWK HTXLYDOHQW IRUPDWLF
ZKHUH IRUPDWLRQ WHPSHUDWXUH LV KLIKHU WKDQ 5R VKRZYV

SRVVLEO\ WUDY KGHG WRWR ¥ HK/ EW WKH YDOXH RI 5R
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$Q RUJDQLFDOO\ ULFK KRW JDPPD UD\ PDUNHU EHG QDPI
WKEBHFKDON RI WKH 1LREUDUD )RUPDW{\RH)G DR/L W RHD WNHU EB G
PDWXULW\ GDWXP WR FDOFXODWH VIQWKHWLF YLWULQLWH U]
6PDJDOD %URZQ DQG 1\GHJJH[ISODL QMHEWEKHRIPR ZHUH FRUUHF)
DQG QRUPDOL]HG WR WKH VDPH UHODWLYH GHSWK ZLWKLQ W
FRUUHODWH ZLWK WKH FDOFXODWHG 5R YDOXHV DQG GHWHU
ZLWKLQ WKH 1LREUDUD )RUPDWLRQ
6.2 Synthetic Vitrinite Reflectance (R0)

ILWULQLWH UHIOHFWDQFH LV D ELRORJLFDO SDOHRWKHL
LQGXVWU\ WR GHWHUPLQH WKH UDQN RI FRDOV L H OLJQLWI
FRDO PDFHUDO GHULYHG IURP ZRRG\ SODQW WLVVXH ZLWK D
VKLQLHU DV FRDOV LQFUHDVH LQ UDQN 7KH VKLQLQHVV RU L
LV XVHG WR GHWHUPLQH WKH DPRXQW RI PHWDPRUSKLVP D F
VDPSOH LV WKHQ UDQNHG ZLWKLQ WKH UDQJH RI SHDW WR Pl
UHIOHFWDQFH YDOXH ODEHOHG 5R PHDVXUHV WKH GHJUHH
WKH FRDO VDPSOH 9LWULQLWH LV D SULPDU\ FRPSRQHQW RI
HPSLULFDO YDOXH RI 5R FDQ EH XVHG WR GHULYH WKH OHYH
VDPH PDQQHU DV FRDOV 7KH UDQGRP UHIOHFWDQFH RI YLWLU
UDQN LQGLFDWRU IRU VHGLPHQWDU\ NHURJHQV EHFDXVH LW
DFFRXQWYV IRU ERWK WLPH DQG WHPSHUDWXUH 'RZ

7KH YLWULQLWH UHIOHFWDQFH DQG 'HQYHU %DVLQ PDWX
DQG 1\GHJJHU UHRMORWHGODIKIROYLWULQLWH UHIOHFWD C
8. ]RQH UHVLVWLYKW\3.JLIRQH UHIHUHQFHG LQ WKH VWXG\ LV

FRUUHODWLYH WKURXJKRXW WKH '"HQYHU %DVLQ ,W LV PDUN
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LQ WKH & RRDBKRLQJ ZLWK OHLVVQMWUREDW LREVHDYDRQJ UH\
WKH 1LREUDUD LV GXH WR LQFUHDVLQJO\ KLJKHU LQGLJHQR
E\ LQFUHDVHG PDWXUDWLRQ DQG K\GURFDUERQ SURGXFWLF
GHWHUPLQH PDWXUDWLRQ

) LIXH VKRZV WKH HPSLULFDO UHODWLRQVKLS EHWZH

JLIXUH (PSLULFDO UHODWLRQVKLS EHWZHHQ 5R YDOXHYV
JHQHUDWLRQ DQG GHVWUXFWLRRPS$SRRHGKRIXKONBOR BKQWRS (
DQG VDSURSHOLF PDWHULDO RI ERWK PDULQH DQG RU ODEFEFX
DUH UHSUHVHQWHG LQ ERWK DPRUSKRXV DQG PL[HG FROXPC
UHSUHVHQWHG XQGHU WKH WKLUG FROXPQ KXPLF PRGLILHC

JHQHUDWLRQ DQG GHVWUXFWLRQ $PRUSKRXV NHURJHQ VKR
DOJDO SK\WRSODQNWRQ DQG RWKHU VDSURSHOLF PDWHULD

ODFXVWULQH LQ RULJLQ 'RZ DQG 21&RQQRU SHWUROHX
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DQG ,, bUH UHSUHVHQWHG LQ ERWK WKH DPRUSKRXV DQG P
UHSUHVHQWHG XQGHU WKH WKLUG KXPLF FROXPQ DQG SUF

YLIXUH F R KEL (RFH@@ HW DO QDPLQJ FRQYHQWLRC(

6PDJDOD HW DO W\SH ORJ WRHWREBREHKHEZDN WEHFLILFRDC

JUXUH 6PDJDKOWO W\ SOHRXIV HDZ H@ QV KAH Q W MVUK\LW X G\ TV
VWXBBUHBPRFBKDPSOL® ©6: 6: 6HF 7 15 IRQJP M@V

DO QDPLERQY H@WIGRRE UYRWP D VEHRF KHV OERGIRYH
EHHIRGGW®ODSLANYERUUHZQBWHKUHSLJIORW UDRNHVLVWLYLW)
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SLFNHG RQ ORJV ZLWKTLRQHWHKH YIOTE H VUKD ORJEEGDWHILW C
XVHG WR GHULYH VIQWKHWLF YLWULQLWH UHIOHFWDQFH YD
3. ]RQH 3LFNV RI PD[LPXP UHVLVWLYLW\ LQ WKH 3. ORRQH ZtI

OLQHI DQREG FRUUHODWHG WR DFWRDOURP GHERYWGE® RRQ W HIC

JLIXUH % HVMMAJIOLRH. JRQHHVLVWURPWWRYS HULYBIGX HV
RIY L W ULDIIOMHFMD 6 R B VZHR ® K D J DHOMO

%\ EDFN GDWERJ ORI @R XVLQJ WKH VWDQGDUG HTRDWLRQ |

DQG \ LOWHRFEQWEE IRXQG WKURXJK WKH IROORZLQJ HTXDW

\ P [ E

IRJ 5 P J/RY 5E

SR A IRIw5 [RJ

KHUH P VORSHORRIJWXHYBRJ
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E LOQWHUFHSW RI WKH YLWULQLWH UHIOHF
5w PD[LPXP UHVLVWLYLW\ ZLWKLQ WKH 3.7 ]

5 Y LWULQLWH UHIOHFWDQFH ZLWKLQ WKH

8VLQJ WKLV HTXD®MNWRRIO XG \B ZWHID WXBKIRKW WKH VWXG\ |

WRKRZ GHWDLOHG K\GURFDUERQ JHQHUDXLHR Q EVK/RILY RRYL QL

YLIXUH *HQHUDWLRQ RI RLO DQG JDWSRRLW LZRQ GRPH GGt
IWNWHPSHUDWXUH f) DQG YLWULQLWH UHIOHFWDQFH 5R
DQG *URWHN DQG -DQDV

JDV JHQHUDWLRQ RU WKH 3RLO ZLQGRZ" FRPSDUHG WR EXL
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DQG 5(RRGLILHG IURP %MjUO\NNH DQG *URWHN DQG -DQI
PDSSHG DQG FRORU FRQWRXUHG XVLQJ WKHVH FRORUV EDV
FRORU VFKHPH LV XVHG LQ DOO PDWXULW\ PDSV LQ WKLV V"
PDWXUDWLRQ YDOXKN PR QYHPWWOWRI NHURJHQ UDSLGO\ LQ
JHQHUDWLRQ ZLWK LQFUHDVLQJ WHPSHUDWXUH DQG SUHVV
JHQHUDWLRQ WHPSHUDWXUH DQG YLWULQLWH UHIOHFWDQF
5k XQGHU LGHDO FRQGLWLRQV DW D W\SLFDO GHSWK RI
UDUHO\ LGHDO YLHZLQJ WKH RQVHW RI RLO JHQHUDWLRQ D
DQG f) 5R LV PRUH VXLWDEOH 2LO JHQHUDWLRQ UL
PD[LPXP EHWZHHQ f)f)DURXQG 5R DQG GHFUHDVHV W
WKHUPRJHQLF JDV JHQHUDWLRQ NQRZQ DV *FUDFNLQJ" DU
7KHUPRJHQLF JDV JHQHUDWLRQ WDNHV RYHU DERYH WKHVH
OD[LPXP ZHW JDV JHQHUDWLRQ LV DSSUR[LPDWHO\ )
GU\ JDV JHQHUDWLRQ DURXQG f) 5R 7KH 6PDJDOD |
DJUHHPHQW ZLWK 'RZ DQG 'RZ DQG 21&RQQRU UH I
ZKLFK LV WKH PD[LPXP UDWH RI JHQHUDWLRQ :KLOH WKH U
EH\RQG SHDN YDOXHV RYHUDOO JHQHUDWLRQ ZLOO FRQWLG
PRUH UDSLGO\ OD[LPXP JHQHUDWLRQ YDOXHV ZLOO EH KLJF
5HIHUULQJ WR SHDN UDWHV RLO EHJLQV JHQHUDWLRQ DW E
f) :HW JDV JHQHUDWLRQ EHJLQV DW 5R f) DQG
EHJLQV DW WKH SHDN RI ZHW JDV JHQHUDWLRQ 5R
LV 5R f) 7KHVH FRUUHODWH WR 3.” JRQH UHVLVWLY

JHQHUDWLRQ RKP P VWDUW RI ZHW JDV JHQHUDWLRQ
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generation), and 100 ohm-m (peak of dry gas generation) (Smagala et al., 1984). Color
contours were cut off at Ro < 0.5% to show that no thermal generation of hydrocarbons
have been recorded by the vitrinite reflectance paleothermometer. Increasingly darker
green colors are used to show increasing oil generation and yellow into red colors to
show wet gas into dry gas generation. The intensity of the color correlates to the
intensity of generation.

Figure 6.8 is the map contoured on “K” zone synthetic Ro values from 914 wells.

The highest Ro regions are the northern most extents of Wattenberg Field included in

Figure 6.8: Synthetic vitrinite reflectance contoured on Ro values derived from
resistivity logs with resistivity values picked at the “K” zone of the Niobrara C chalk.
Colors are consistent with Figure 6.7. C.1.=0.05% Ro. Note the yellow maturity
signature inside Silo Field. Fields and prospect areas in blue circles are: E = East
Pony, G = Grover Field, H = Hereford Field, R = Redtail, and S = Silo Field. The
Northern most edge of Wattenberg Field is at the southern edge of the map.
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WKLV VWXG\ DQG DOO RI 6LOR )LHOG 7KH QRUWKHDVWHUO\
FOHDUO\ VHHQ VWUHWFKLQJ IURP WKH QRUWKHDVW FRUQHL
RUDQJH GDVIKHRE DKM Q HQOMHDU :DWWHQEHUJ DUH DV KWK DV
WKH HGJH RI &4RORUDGR 1HEUDVND ZLWK 5R YDOXHY DURXQ
WUHQGY DUH DORQJ WKH )URQW 5DQJH DQG EHQHDWK +HUH
ZLWKLQ SHDN RLO JHQHUDWLRQ DQG VOLJKWO\ OHVV WKDQ
PD[LPXP RLO JHQHUDWLRQ 7KH ZHVW HGJH RI 6LOR )LHOG L
RLO JHQHUDWLRQ GXH WR D IHZ ZHOOV ZLWK KLJKHU YDOXH
SRLQW 7KDW KLJK YDOXH DQG FRUUHVSRQGLQJ 3.” JRQH SLI
GXH WR WKH KHDW DQRPDO\ DW 6LOR )LHOG VHHQ LQ WHPSI
6.3 Current Maturation from Bottom Hole Temperature

$VVHVVPHQW RI WKH FXUUHQW WKHUPDO PDWXULW\ WK|
HISHULHQFLQJ FDQ EH DFFRPSOLVKHG E\ FDOFXODWLQJ WK
RI WKH GHVLUHG EHQFKHY W LV UDUH WKDW WIKKKE WBPSHUI
ROGHU ZHOOV ZKHQ LW zZzDV QRW WKH WDUJHW J]RQH &DOFX
FRROHU PXG ILOWUDWH SXPSHG IURP WKH VXUIDFH DW RU
PXFK ZDUPHU IOXLGV IURP WKH BRWHMRRRJ K RYW H G/RVWREXHLERR) V
QRUPDOL]HG WR WKH 1LREUDUD GHSWK XVLQJ WKH FDOFXOI
WKDW ZHOO IO QBRQYHUVLRQ IDFWRU f& f)

6LQFH WKH GLIIHUHQFH EHWZHHQ D %+7 UHDGLQJ DQG \
WHPSHUDWXUH FDQ EH DV PXFK DV f) WR f) f& WR f&
FRUUHFWLRQ WR WKH ERWWRP KROH WHPSHUDWXUHV XVHG

IRUPDWLRQ HW WDWLVRRBQQXPEHU RI PHWKRGRORJLHV KDYH EH

106



%+7 DV DQ HVWLPDWH Rl WKH SUH GULOOLQJ IRUPDWLRQ W
WZR JURXSV 7KH PHWKRGYV XWLOL]JHG LQ WKH ILUVW JURXS
WKDW GHVFULEH WKH SRVW GULOOLQJ ZHOOERUH WHPSHUD
PDWKHPDWLEDO PRGHOV WKDW GHVFULEH KRZ ZHOOERUH W
KDV EHH@®MKX®/ UHO\ KHDYLO\ RQ D ODUJH QXPEHU RI SDUDI
QRW XVXDOO\ UHSRUWHG LQ ORJ KHDGHUV 1DJLKDUD HW D!
PHWKRGRORJLHY WKH +RUQHU SORW PHWKRG LV WKH PRVW
%UHZHU %HDUGVPRUH DQG &XO0OO 7KRXJK WKH +RU
PRUH DFFXUDWH HVWLPDWH RI SUH GULOOLQJ IRUPDWLRQ W
f) WKH +RUQHU PHWKRG ZDV QRW DSSOLHG LQ WKLV VWX(
RI SDUDPHWHUV QRW UHDGLO\ DYDLODEOH LQ ORJ KHDGHUYV
PRUH %+7 UHDGLQJV WDNHQ DW D VSHBEGILHGWB® KQRYHU WI
GHSWKVEXVVLRQ RI WKH +RUQHU 30RW PHWKRG LV EH\RQG '
VLPSO\ H[SODLQ WKDW LW HQ RXSBKV B UWHISOBHDGBESMHL |Z H O O
ZLWK WKUHH RU PRUH WHPSHUDWXUH PHDVXUHPHQWY LQ D
HQRX@RWMR SURYLGH UHJLRQDO ZHOO FRQWURWRVR DFEXUD
SURVSHFW OHYHO LV GLIILFXOW :LWKLQ WKLY VWXG\ DUHD
OHVV WKDQ ZHOO ORJV ZLWK HQRXJK GDWD ZHUH FROOHF
VHYHUDO FOXVWHUV Rl WRZQVKLSYV ZLWKRXW D VLQJOH PHEL
7KH VHFRQG JURXS Rl PHWKRGRORJLHV VHHNV D VWDWL
DQG PRUH UHOLDEOH WHPSHUDWXUH PHDVXUHPHQWYV VXEK
SUHVVXUH WHVWV F BDRMAB ERMBXORIJGRIV REWDLQHG ZHHN

ZHOOV KDYH EHHQ FRPSOHWHG 7KH PHDVXUHPHQWY DUH W
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JURXSHYGHUDJH GLEHWHR®F®Y DQG WKH PRUH UHOLDEOH GDW
$ VWDWLVWLFDO PRGHO FDQUWKXWY 8 H\QHRIPE Y W FE IBWHWW FU L |
UHODWLRQVKLS EHWZHHQ WKH GHSWKVY DQG WKH WHPSHUD\
FRUUHFWLRQ IDFWRU WKDW FDQ EH DGGHG WR WKH ORJ UHI
+DUULVRQ HW DO SURSRVHDB SRR QB FEDIIRR A DEW KW KD
WKH VWDWH Rl 2NODKRPD

N R R RN

KHUH I, WKH FRUUHFW& R GIHFONV W BT G

] WKH GHSWK LQ PHWHUYV

7KH SUH GULOOLQJ IRUPDWRR G Wi MNSHHID XK GHWHUPLQHG D

CKHUH Ty WKH UHFRUGHG %+7 WDNHQ IDRR WKH

FRQYHUM&HG WR

6LQFH LQ VLWX VXEVXUIDFH WHPSHUDWXUH PHDVXUHPH
DUH WRR EDVLQ VSHFLILF LQ RWKHU DUHDV )RUVWHU HW D
'LQJZDOO DQG %ODFNZHOO ORUJDQ DQG 6FRWW W
EHHQ XVHG WR FRUUHFW %+7V UHSRUWHG IURP ZHOOV RXW:'

2NODKRPD DUHD %3OEPNLGHOO DQILFKDUGY DQG %YODFNZHOC
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WKH +RUQHU SORW PHWKRG WKH +DUULVRQ PHWKRG RQO\ |
+RZHYHU EDVHG RQ WKH FRPSDUDWLYH VWXG\ Rl WKH WZR
&KULVWLH DQG 5LFKDUGV WIGR\LHIDWEBAUSREQY FRUPDWLRQ
WHPSHUDWXUHV f) WR f) f& WR f& KLJKHU WKDQ WKH +
$Q DGGLWLRQDO PHWKRG IRU FRUUHFWLQJ %+7 GDWD L
%HUJPDQ DQG &RUULJDQ 7KLV PHWKRG XWLOLJHV
DQG DGMDFHQW ORJ GHULYHG %+7 GDWD IURP '67 %+7 SO
LV GHSHQGHQW RQO\ RQ WKH WLPH VLQFH FLUFXODWLRQ VV

WHPSHUDWXWYMVLPDWHY UHVXOW LQ D VWDQGDUG GHYLDWLF

FLUFXODWLRQ WLPH RI KRXUND QL GHWHHDNVHRHWR QFH FL

R KRXUV 7KH FRUUHIEFQ KV LK/ WKLY PHWKRG LV JLYHQ E\

Ly | (! ! !!!i*)! 1

:KHUH THT HTXLOLEULXP WHPSHUDWXUH RU IR
! f)
Ly WLPH VLQFH FLUFXODWLRQ VWRSSHG L

! KRXUV

J)LIXUH RQ WKH IROOR¥LWIUSEPDB® RI UHJLRQDO ZHOO ORJV ¢
LQ SRUWLRQV RI WKH ORJ KHDGHU EXW %+7 DQG WLPH VLQF
ORVW ZHOOV KDYH %+7 UHFRUGHG EXW WLPH VLQFH FLUFXO

WLPH VLQFH FLUFXODWLRQ LV JLYHQ &RUUIHDEGYLPSOUHFRF

109



JLIXUH ([DPSOH RI D ZHOO ORJ KHDGHU ZLWK D %+7 RI
FLUFXODWLRQ RI KRXUV

DGGLQJ fYWVAR RMUIKGHG %+7 DV D ODVW UHVRUW )RU FRQVLVW
FDOFXODWLRQV WKH ODVW UHVRUW PHWKRG ZDV QRW LQFOX

FLUFXODWLRQ GDWD ZHUH GLVFDUGHG LQ %+7 FDOFXODWLRC

7KH GDWXP XVHG DV WKH JHUR SRLQW IURPHAXWFK WR EH
WA\SLFDOO\ WKH .HOO\ %XVKLQJ . % DQG 7' DUH PHDVXUHPHC(
WHPSHUDWXUH JUDGLHQW 7KH FRUUHFWHG WHPSHUDWXUH R

QRZ EH XVHG WR FDOFXODWH D FRUUHFWHAQW HPSHUIDWXUH J

Ligg 1 (Ve D W )E0

'KHUH !4 WHPSHUDWXUH JUDGLHQW IRU FRUUHFW
l.y;, DYJ DQQXDO JURXQG VXUIREDMWWHPS LQ :

" WRWDO GHSWK
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lvy FDQ XVXDOO\ EH IRXQG OLVWHG E\ FRXQW\ RU UHSRUWH:
WKH VWDWHYV 7KLV VWXG\ UHIHUUHG WR WKH 8 6 'HSDUWP}
5HVRXUFHV &RQVHUYDWLRQ 6HUYLFH ZHEVLWH IRU :HOG &R
VRLO WHPSHUDWXUHYV DUH WDNHQ DW GHSWKV RI W | W
KHUH LV IURP WKH IW GHSWKYY WD UDWG RQ BBSGHW P®W G I
SUHVHQW DV RI WKLV ZULWLQJ $SULO

%RWK WKH +DUULVRQ DQG &RUULJDQ PHWKXRGYV ZHUH X\
HVWLPDWH WKH SUH GULOOLQJ IRUPDWLRQ WHPSHUDWXUH
&RUULJDQ PHWKRG KDV D FRQVWDQW §¥)D@RQHLVRW \RHP X80 DM
WKUHH VHSDUDWH FDOFXODWLRQV ZHUH PDGH YDU\LQJ WKF
ILUVW FDOFXODWLRQ FRWQ PWG06BH WHBWEKQUV WKH WHPSHUDW X
&RUULJDQ XVHV LQ KLV FDOFXODWLRQ 7KLV FDOFXODWLRQ
UDQJHG IURP f) WR f) IRU WLPH VLQFH FLUFXODWLRQ YD
WHPSHUDWXUMH JUOGLHQW WR IWfLQ WKLV SDUW RI WKH ED
SHULRGY EHWZHHQ HQG Rl FLUFXODWLRQ WLPH DQG ORJJLC
ORJJHG %+7 DQG 7HT )RU H[DPSOH WKUHH GD\V DIWHU FLU
KLJKHU WKDQ ORJJHG %+7 7KH VHFRQEBWDQ@WXODW W LR Q) KRIOL
WKH DYHUDJH GDLO\ VRLO WHPSHUDWXUH U :HOB WRXQW\
HQG RI $SULO 15&6 7KLV ZDV FRQGXFWHG WR WHV'
ZDV WR PLQRU FKDQJHVDLQYG WBRI LBSDAWEH RFWXDO UHFRUGHG
LQVLGH WKH VWXG\ D UWHW HPS H UDHWFXVHGHWXLYDOHQW YDOXF
HDFWO\ HTXDO U®) & WD 0D DRH. RV UG FDOFXODWLRQ XVt

VXUIDFH WHPSHUDWXUH EDVHG RQ WKH WHPSHUDWXUH RI W
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PXG ILOWUDWH LV WDNHQ GXULQJ WKH UHDGLQJ RI LWV UH\
KHDGHU XQGHU 5PI 7KH DVVXPSWLRQ LV WKDW WKH PXG IL(
SULPDU\ IDFWRU LQ FRROLQJ IRUPDWLRQ WHPSHUDWXUH GX
ERWWRP 7KROHV XOWHG LQ VLIJQLILFDQWO\ ODUJHU 7HT YDOX
SPI WHPSHUDWXUH LV DQ LQYDOLG VXEVWLWXWH LQWR &RU
DQG ZDV GURSSHG DV D YLDEOH RSWLRQ 7KH +DUULVRQ PH
IDFWRUV ZLWK D VOLJKWO\ ZLGHU UDQJH H[FHSW IRU WKH .
WHPSHUDWXUH ZLWK D PLQIRRXPfFBRQGHPE VWIDRIQPXPF®RIRUT)

$IWHU HYDOXDWLQJ WKH GDR®VW KW \& RWRIR. W IQHW H PRHH WLK
FLUFXODWLRQ PHWKRG ZDV FKRVHQ WR EH XVHG LQ WKLV V
FRUUHFWHG %+7MV 7KH LQKHUHQW HUURU LQ FRUUHFWLQJ
DVVXPHG WR EH ORZHU ZLWK WKLV PHWKRG PDNLQJ WKH GC
WR XVH UHDO ZRUOG YDOXHYVf )WAH PROAVOGVND RW FFXUDWHO\ L
DWXDO WHPSHUDWXUHV ZLWKLQ WKH VWXG\ DUHD KFEQ WK
WKH DYHUDJH :HOG &RXQW\ VRLO WHPSHUDW XKD NVH®IQ P XFI
ZRUOG YDOXH ZRXOG KDYH EHHQ XVHG IRU

'LWK WKH 3. JRQH SLFNHG SUHYLRXVO\ IRU FUHDWLQJ V
OLWKRORJLF GHSWK FDQ EH XVHG LQ WKH VWXG\ J&&UYHD IRU
WKHRUUHFWHG %S WR WKH 3. JRQH GHSWK RU LQ UDUH FDV

ZDV DFFRPSOLVKHGE\ RULPDAMKHQGLYLGXDO ZHOO

ToruP AT 7' 3. ]JRQH GHSWHKype | W 7
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‘XH WR WKH VLIQLILFDQW IDXOWLQJ DQG IUDFWXULQJ L
WKH 3.” ]JRQH ZzDV QRW SUHVHQW LQ D IHZ ORJV ,W LV SRVYV
JRUPDWLRQ UHSUHVHQWLQJ WKH FORVHVW GHSWK RI WKH P
5R GDWD ZRXOG KDYH EHHQ LPSRVVLEOH WR DSSUR[LPDWH
IDXOWHG RXW QR WHPSHUDWXUH FRUUHFWLRQ ZDV FDOFXC
PDGH ZLWK VI\QWKHWLF 5R

7\SLFDO FRUUHFWHG WHPSHUDWXUH JUDGLHQWYV FDOFX

W WR f) IW $ &RORUDGR *HRORJLFDO 6XUYH\ 'L[R
DYHUDJH WHPSHUDWXUH JUDGLHQW LQ WKH '"HQYHU %DVLQ
FRUUHODWHYV ZLWK UHVXOWY IRXQG LQ WKLV VWXG\ ZKHQ D
%HOW DQG :DWWHQEHUJ )LHOG 7KH &RORUDGR *HRORJLFDC
GLVFRYHUHG WKDW WKH WHPSHUDWXUH JUDGLHQW LQ WKH
UHDFKHG DV KLJK DV f) IW 7KH &*6 VWXG\ FRQFOXGH
SORWWHG E\ PRQWK KDYH OLWWOH WR QR DSSDUHQW DIIHF
VXUIDFH WHPSHUDW X WHKHYRVWW DRV IRGI EXRQWGWRP KROH WHPSHU
WRR PPQURUYV DQG DUH WKHUHIRUH QPR WW KK KIK@HDV XQF|
WHPSHUDWXUHYV

5HIJILRQDO WHPSHUDWXUH PDSV RI WKH 1LREUDUD 3. ]R
WKVMDPH FRORU VFKHPH DOUHDG\ SUHVHQWRIG@G WE&H LIROJHR ZL C
SDJHV FRUUHFWHG %+3rQREBPAODOLIREUDUD 2." ]JRQH :DUPHU
WHPSHUDWXUHY FOHDBAWWRIHQ®EWRQBHKWHD MW OG DQG GHOL
&RORUDGR OLQHUDO %HOW 7KH QRUWKHUQ H[WHQWYV RI :DV

J)LHOGY DOVR PDS DV ZDUP DUHDV 7KH ZHVWHUQ HGJH RI W
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J)LIXUH &RUUHFWHG %+7 YDORHWKRRUPDRQHHGUWAHQ FRC(
UHSUHVHQW RLOLJM@PHOURDOWKRIQEHIZFEQYLODVRIHQHUDWLRQ DC
GU\ JDV JHQHUDWLRQ %UXWMIMNEQWRVURSBRORQW POD[LPXP JF
9DOXHV OHVV WKDQ f) QR JHQHYDWLRQ DUH QRW FROR

KLIJIKHU VXEVXUIDFH HOHYDWLRQ RI WKH IRUPDWLRQ QHDUH
JURQW 5DQJH &RPSDULQJ WKLV PDS WR )LJXUH WKH V\Q
FRUUHFWHG QRUPDOL]JHG %+79V DUH VLIJQLILFDQWO\ KRWWt}
KRWWHVW UHJLRQV JHQHUDOO\ DOLJQ +RZHYHU D ZDUPHU
%+7 PDS H[LVWV LQ WKH ZHVW FHQWUDO SRUWLRQ RI WKH V
DQG 6LOR )LHOG $ VHFRQG WHPSRODWXUGIPICHBHHDWHG G X
WR WKH VLIJQLILFDQW GLIIHUHQFH LQ PDWXULW\ YDOXHV EH
PDS DQG WKH VIQWKHWLF 5R PDS

7KH VHFRQG WHPSHUDWXUH PDS LV RRONMRRPXKRGHRQ XQF

WHPSHUDWMPDUWHKYD QHREPIBIQL]HG WR WKH 3." |RQH 7KH WHPSH
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JUXUH 8QFRUUBhFVIH® XQHRW P D OMA/HE ][RQHMUHHF@®OR UV
UH S U HR/BIEGH U DWORERHAD H QH UDBY GRGE UADDVHQHUDWLRQ
% U LJKVROIRI® KWWV GV B H S U HR/BI[Q WXIAH Q H U DIVDIORXGHHMAK D Q

f) QRHQHUDDUBR@ ORUH,G f)

WKLY PDS ZHUH FDOFXODWHG LQ WKH VDPH ZD\ DV IRU FRUL
XQFRUUHFWHG ERWWRP KROH WHPSHUDWXUHYV WRWHHD @WHKXO D
3. ]RQH ZLWKRXW FRUUHFWLRQ FUHDWHYV D PRUH UHDVRQDI
FRPSDUHG WR WKH VIQWKHWLF 5R PDS 7KLV LV LQ DJUHHP}
FRQFOXVLRQV &RUUHFWLQJ %+7 RYHU WKH HQWLUH VWXG\
XQFRUUHFWHG %+7 PRUH XVHIXO 7KH QRUPDOL]J]HG WHPSHU
DSSUR[LPDWLRQ RI WKH FXUUHQW IRUPDWLRQ WHPSHUDWXL

+HUHIRUG )LHOG VKRZV YHU\ KRW UHODWLYH WR WKH V
FRROHU XVLQJ XQFRUUHFWHG %+7 7KH VI\QWKHWLF 5R PDS

WKHRPLQSRUWLRQ RI WKH VWXG\ DUHD EHWZHHQ :DWWHQE'
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EH\RQG RQVHW RI JHQHUDWLRQ 7KH XQFRUUHFWHG QRUPD(
EHWZHHQ :DWWHQEHUJ )LHOG DQG 6LOR )LHOG LQ ERWK &R!
RQVHW RI JHQHUDWLRQ DQG QHDULQJ PD[LPXP RLO PDWXUL
FLUFXODWLWRRERRWRVRFRQEROH IOXLGYV )LIXUH LPSOLHV WK
RI WKH VKDOORZHU )URQW 5DQJH UHJLRQ LV FXUUHQWO\ ZlI

'LIIHUHQFHVY EHWZHHQ %+7 DQG 5R LQ WKLV UHJLRQ FR}
RI ZDUPHU VXEVXUIDFH K\GURWKHUPDO IOXLGV IURP WKH :C
JRU WKDW WR EH WUXH WKLV PLJUDWYR Q\KBIGQWR K 5\RH LW D
SDOHRWKHUPRPHWHU RI WKH KLIKHVW UHVLGXDO KHDW WK
SHULRG RI WLPH )XOO FRDOLILFDWLRQ RI EXULHG RUJDQLF
PHWDPRUSKLVP KDSSHQV ZLWKLQ PLOOLRQ \HDUV $IWHU
WHPSHUDWXUH EXULDO WLPH KDV QR IXUWKHWHBRIOXHQFH
YDOXH LV SHUPDQHQWO\ VHW 3ULFH 3ULFH H[SOI
LV PRUH OLNHO\ FRPSOHWH ZLWKLQ ND + ND $IWHU RUJD
PHWDPRUSKLF UHJUHVVLRQ LV LPSRVVLEOH 7KH FXUUHQW '
H[SHULHQFLQJ WRGD\ LV QRW QHFHVVDULO\ WKH KLJKHVW V
H[SHULHQFHG WKURXJKRXW GHSRVLWLRQDO KLVRMRU\ 5R YL
LQFUHDVH LI WKH V\VWHP LV VXEMHFWHG WR KLJKHU WHPS}

JLIXUH RQ WKH IROORZLQJ SDJH ZDV FUHDWHG WR
GLIIHUHQFH EHWZHHQ VI\QWKHWLF 5R DQG QRUPDOL]HG %+7
WHPSHUDWXUH HTXLYDOHQW YDOXH f) DQG VXEWUDFWHG
PDFODULILHVY ZKHUH QRUPDOL]JHG %+7 LV KLJKHU DW SUHVF

YDOXHVY 7KLV PDS HVVHQWLDOO\ DFWV DV PLIJUDWLRQ RI K\
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JLJXUH 7HPSHUDWXUH FRQYHUWHG 5R f) VXEWUBNFWHG IUR
FRQWRXUHG LQ UHG WR VKRZ ZKHUH QRUPDOL]JHG %+7 LV KL
FRQYHUWHG 5R LV JUHDWHU & , WKHIAFZIOBSWHRWYHQWYV K\GL

UHSUHVHQWY DUHDV ZKHUH 5R FRQYHUWHG WR HTXLYDOHC
WR VKRZ ZKHUH QRUPDOL]JHG %+7 LV KLJKHU WKDQ FRQYHU\
5R UHPDLQV KLJKHU 5HG UHJLRQV UHSUHVHQW ZKHUH ZDUF
DQG QRW KDG HQRMMHWLPHWMRQLWH UHIOHFWDQFH WR KLJ
GLIIHUHQFH EHWZHHQ 3.” ]JRQH WHPSHUDWXUH DQfQ %R WHPS
H[SHFWHG WKH VKDOORZ ZHVWHUQ PRVW HGJH Rl WKH VWX
XSOLIW RI WKH )URQW 5DQJH DIWHU 5R YDOXHV ZHUH SHUPI
KHDMQ WKH IRUP Rl K\GURWKHURIRZ LQBLRN :DWWNQEHQW R
QRUWKHDVW RKMURPG+BOO\RWE RHMWG QRUWK DQG HDVW DC

I[URP WKH QRUWKZHVW FHQWUDWRRMIKRQQRUWKH QW XHD VDA H
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*HQHUDWHG K\GURFDUERQV ZLOO PLJUDWH DZD\ IURP R
GLVWULEXKRMBRWIRWKHKHQUHUDWLRQ DORQJ WKH SDWK RI PLJUDW

EH\RQG WKH WUDGLWLRQDO PRGHO RIVNAFROARQW Y LRUWXUHW R H

JLIXUH 2LO ZLQGRZ ZLWK SURQEFOWMOLWRUDIO&2DYV DFFRXQWL
IRUPDWLRQ ZDWHU DQG PLQHUDOV SURYLGLQJ K\GURJHQ D

UHDFWLRQV WKDW WDNH SODFH GXH WR VXSSO\ RI K\GURJH
PLQHUDOV QDWXUDOO\ ZLWKLQ WKH IRUPDWLRQ $SSURJ[LPD
RUJDQLF PDWWHU L&2FRORPMHINUIHG LOPWR RUIJDQLF DFLG SUR
ZLOO LQFUHDVH ZHOO SDVW PD[LPXP JHQHUDWLRQ RI WKHU
SUHVVXUL]H WKH VRXUFBDOERRDDOWY SUHFLSLWDWH LQ WKI
UHGXFLQJ SRUH YROXPH WKHUHE\ LQFUHDVLQJ SRUH SUHW"

LOWR FRQVLGHUDWLRQ LV LPSRUWDQW GXHBRRUPHBEURIUDFW
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PLIJUDWLRQ IURP RYHUSUHVVXUH DV D FRQVHTXHQFH RI H[W
IXUWKHU K\GURFDUERQ H[SXOVLRQ DQG PLJUDWLRQ 7KH W)
LQ :DWWHQEHUJ )LHOG ZRXOG EH UHVSRQVLEOH IRU RYHU S

WKH VWXG\ DUHD DQG IRUFLQJ K\GURFDUERQV QRUWK
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%8/. 92/80( +<'52&$5%216 &$/&8/$7,216

7.1 Method for Calculating SoPhiH

6R3KL+ ZDV FDOFXGDBDWBEBURYE¥ WBH VWXG\ DUHD 6R3KL-
FDOFXODWLRQ RI K\GURFDUERQV LQ SODFH E\ XVLQJ ERWK .
WKLFNQHVV RI WKH UHVHUYRLU (VVHQWLDOO\ LW LV D FDt
SUHVHQW LQ WKH IRUPDWLRQ ©6R + 6Z LV XVHG KHUH ZK
VDWXUDWLRQ RI RLO DQG JDV DQG WKXV VWDQGV IRU VDWX
Rl RLO DORQH

IKWURQ SRURVLW\ UHDGLQJV LQ FOD\ ULFK VDQGYV ZLO
SRURVLW\ 7KLV LV FDOOHG 3VKDOH HIIHFW™ DQG LV GXH WEFk
ZDWHU DORQJ ZLWK ZDWHU LQ WKH SRUH VSDFH $VTXLWK L
LQ FKDSWHU FOD\V DIIHFW PDQ\ ZHOO ORJ UHVSRQVHV 6t
DFFRXQW IRU VKDOH HIIHFW EHIRUH D YDOLG 6R3KL+ FDQ EI
UHJLRQDOO\

7KH VWDQGDUG $UFKLH HTXDWLRQ IRU VDWXUDWLRQ RI

ZHOO NQRZQ
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'KHUH ) IRUPDWLRQ IDEFWRU
D WRUWXRVLW\ IDFWRU
I SRURVLW\
P FHPHQWDWLRQ H[SRQHQW
Q VDWXUDWLRQ H[SRQHQW
5Z UHVLVWLYLW\ RI IRUPDWLRQ ZDWHU

5W WUXH IRUPDWLRQ UHVLVWLYLW\

&OHDQ VDQGV XVH YDOXHV RI D DQG P Q 7KHVH QXP
$UFKLH (TXDWLRQ DV D GHIDXOW ZKHQ EHWWHU YDOXHV KD
8VLQJ WKHVH DY DFO XIHYGREOD\ ULFK VDQGV UHVXOWYV LQ H[W!
FDOFXODWLRQV RI 6Z ,Q IDFW VLPSO\ SOXJJLQJ LQ D DG
VWXG\ DUHD FDOFXODWHVY D & RGHOO 6DQGVWRQH WKDW LV
J)LHOG WR 6LOR )LHOG LQFOXGLQJ SURGXFLQJ ZHOOV EHED!
7KLV LV W\SLFDO IRU VKDOH\ VDQGVWRQH UHVHUYRLUV WKL
JRQHYV

7KH PRVW DFEXUDWH YDOXHV IRUD P DQG Q DUH EDOF
ODERUDWRU\ 0DQ\ UHVHDUFKHUV DQG FRPSDQLHV KDYH VW
FRPH XS ZLWK D SOHWKRUD RI PHWKRGYV HTXDWLRQV DQG
FRPSHQVDWH IRU VKDOH HIIHFW 7KH WZR OMDKE[®DEBTXDWL
6PLWNXBWLR® WKH G XX Z\DRNRMRF XODWH 5W EDVHG RQ WKH P

VKDOH\QHVY *RROVE\ HW DO :D[PDQ 6PLWYV HTXDWLR(
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GHULYHG PHDVXUHPHQWY RI FDWLRQ H[FKDQJH FDSDFLW\ &

JHQHUDO IRUPDW

:KHUH 4 PHDVXUH RI VKDOH\QHVVY EDVHG RQ K

FRQGXFWLYLW\

7KH GXDO ZDWHU PHWKRG DFFRXQWV IRU WKH IDFW WKDW &
DQG WKDW &(& PHDVXUHPHQWY IURP FRUH DUH UDUH :LWKF
PHDVXUHG YDOXHV Rl &(& DQG UHVLVWLY LWLPNWHK{RG\D OHW
XVHG WR FRUUHFW SRURVLW)\ IRU FOD\ FRQWHQW $VTXLWK
PHWKRG LQ WKH VWXG\ DUHD LV GLIILEXOW WR DSSO\ VLQFt
IURP QHDUE\ VKDOHVY DQG FOHDQ VDQGYV 7KH &RGHOO 6DQC
EXWVHBQ@KHUHIRUH WKHVH WZR PHWKRGV ZHUH QRW XVHG KH

7ZR PRGHOV ZHUH XVHG FRQFXUUHQWO\ IRU FDOFXODW

HTXDWLRQ ZKLFK GRHV QRW XVH D P DQG Q DQG $UF|
YDOXHV IRU FOD\ ULFK VDQGV )LUVW 5Z DQG SRURVLW\ KDC

7KH ILUVW YDULDEOH FROOHFWHG DQG UHJLRQDOO\ PD!
SDJH 7KH PHWKRG RI FDOFXODWLQJ 5Z IURP WKH 63 FXUYH
&RGHOO 6DQGVWRQH 63 ORJV VKRZ OLWWOH WR QR GHIOHF
VLPLODULW\ 7KH GHIOHFWLRQ WR WKH OHIW LQ WKH SUHVF

HIWUHPHO\ VPDOO LQ PRWH]RVW HDQ@QWs ID@ MRMHWUGBIVW  ([DPSC

122



J)LIXUH S5HVLVWLYLW\ RI IRUPDWLRQ ZDWHU D ZHIPDSSHG
SURGXFHGVDOPBEOBY WR WKH QRUWK DUH VOLJKWO\ OHVYV "
UHVLVWLYLW\ RI IRUPDWKRRGZW\WHWKRA ®DHRZHW 5Z DQG R
KLIKHVW

ZDWHU VDWXUDWHG UHVHUYRLU TXDOLW\ &RGHOO 6DQGV
PDNHV 3LFNHWW SORWYV XQFHUWDLQ

52 YDOXHV ZHUH WDNHQ IURP ZHOO ORJ WUDLOHUV ZKHU
RU RSHUDWRU FDOFXODWHG WKHVH 5Z YDOXHV DW WKH WLPFE
WKH ERWWRP RI WKH ORJ ZKHUH VHYHUDO YDOXDEOH FDOFXC
:HOO ORJ WUDLOHUYV DUH UDUHO\ LQFOXGHG LQ PRVW ORJV
FDOFXODWHG IURP SURGXFHG ZDWHU DQDO\VLV GDWD IURP &
7TKHVH GDWD DUH IRXQG OLVWHG XQGHU LQGLYLGXDO ZHOOT"

DQG *DV &RQVHUYDDWWY ZHEZRUWH VWMIDNWAHORIXWUDLOHUV ZD\

DQERDO\VLV LV DOVR UDUH EXW YHU\ YDOXDEOH ZIRHQREIRWKW H G

RI .:DWWHQEHUPWRLQ QRKWKHUQ 6LOR )LHOG 9DOXHV RI 5Z
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WKURXJKRXW WKH UHJLRQ E\ PDSSLQJ DQG FRQWRXULQJ 57
7KHVH FRQWRXUHG YDOXHV ZHUH WKHQ SXVKHG LQWR HDEK
DELOLW\ ZLWKLQ 3HWUD DQG XVHG IRU LQGLYLGXDO FDOFX!
FRQWRXULQJ LV D FRQVHTXHQFH MIQBRWIKD DWBIGMHNGK ZUHHO\CS A |
UHSRUWHG 5ZTV DQG SURGXFHG ZDWHU VDPSOHV +RZHYHU
H[LVWLQJ 5Z JUDGLHQW PRYLQJ IURP PRUH VDOLQH IRUPDW
VRXWK WR OHVV VDOLQH OHVVQNRB GRWWWK H7 KOLQ/GL MU 8 R X W Lt
IUHVKHU ZDWHU LQIOX[ IURP WKH +DUWYLOOH 8SOLIW
(IITHFWLYH SRURXVW\EH FDOFXODWHG WR GHWHUPLQH W
K\GURFDUERQV WKURXJK SRURXV PHGLD 7RWDO SRURVLW\
FDSLOODU\ ERXQG ZDWHU WKDW ZLOO QRW SURGXFH IURP W

[OXLGV )LJ (IMTHFWLYH SRURVLW\ LV WKH SRUWLRQ RI W

JLIXUH 9LVX®HWILQRWERR A WL B/WR WIRWJ RVQ WO OE®R/N SDFH
ZLWWIKP VW KIRHFWLRUHR ¥ E WRWYROQ\WOR W K RINOEK MGKD WHMR Y D EO H
& O X O &OXQAU\VIRZVNL
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LOWHUFRQQHFWHG VXFK WKDW IOXLGY FDQ PRYH WKURXJK W

7KH YROXPH RI FOD\V SUHVHQW YROXPH VKDOH 9VK PX
DFFRXQW IRU WKH LPPRYDEOH FOD\ ERXQG ZDWHU 9VK ZDV F
GHQVLW\ SRURVLW\ ORJV DV D IXQFWLRQ RI WKH GLVWDQFH I

.UVJRZVNL

Lorn

g 11 !
Do T
P LR g

‘KHUH !, QHXWURQ SRURVLW\
.,  GHQVLW\ SRURVLW\
vy VDQGVWRQH QHXWURQ SRURVLW\ LQ VK

vy VDQGVWRQH GHQVLW\ SRURVLW)\ LQ VKD

9VK ZDV FDOFXODWHG LQ DOO WKUHH IDFLHV WR DOORZ IRU
HDFK IDFLHV :KLOH WKH PLGGOH ODPLQDWHG IDFLHV W\SLFLC
WKDW ZDV QRW DOzZD\V WUXH LQ HYHU\ ZHOO $ YHU\ VPDOO
ODPLQDWHG IDFLHV ZLWK WKH KLIKHVW YDOXH RI 9VK 7KLV
FDOFXODWLRQ IRUVOWIG LRRUFW KB @HRJ UHVSRQVH FRXOG KDYH
&2' % VXEIDFLHV

(ITHFWLYH SRURVLW\ ZDV WKHQ FDOFXODWHG XVLQJ WKH

GLVFXVVHG LQ $VTXLWK DQG .U\JRZVNL

L 110 ((!!;','f‘ JIRL !"#)
L 1101 ((' i L !"#)
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Lo | !J(! ) !| ()

KHUH ! VKDOH FRUUHFWHG QHXWURQ SRURVLW

Py VKDOH FRUUHFWHG GHQVLW\ SRURVLW)

$YHUDJH YDOXHV IRU HIITHFWLYH SRURVLW\ UDQJH IURP \

DV WR 7KH HITHFWLYH SRURVLW\ FDOFXODWLRQ SXOO\
WR ,W KDV D PXFK ODUJHU HIITHFW RQ QHXWURQ SRURYV
WR +LJKHVW HIITHFWLYH SRURVLWLHY DOLJQ IDLUO\ ZHO(

D[LV ZQWMKH &RORUDGR OLQHUDO %HOW /RZ SRURVLWLHYV Z

KLIJIKHU SRURVLWLHVDLQ JBHHB@G JUIHFWLYH SRURVLW\ WUDQ

D

JLIXUHD (IIHFVBRWH V"W R W KWK WBHRHG 18 O Q G V WIORFQLHA K/ H
WKUBARLHWMELVSOIDQY WUDWRRUGEHKRESUELRWNKGEDIV ,18 ("
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JLIXUHE DQG F&217,18(8 PLGGOH ODPDLQDVOHREHU
ELRWXUEDWHG DWREHRWWRP WRAKLIJKHU SRURVLW\ LV FRORU

JUHHQ OD[LPXW\SEURVKWHVW BUMHF® LYW SRURVLW)\
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SXUSOH WR JUHHQ DW SRURVLW\ DQG DERYH 7KHUHYV FO
VWXG\ DUHD ZLWK JUHDWH.U AMKDQVHGEG RQRDVQAWWFDORXODWLR
+DYLQJ YDOXHV!IIRU@GAHDRIG ZHOO WKRVH ZLWK SRURVLW\ O
QH[WRWK WKH )HUWO DQG $UFKLH HTXDWLRQV ZHUH LQ

SURSRVHG DQ HTXDWLRQ YRLG RI WKH YDULDEOH $UFKLH D

"o I\/'I—I (!”!!“)!! —

KHUH D D ORJ GHULYHG FRPELQHG HIIHFW RI
GDWD RI WKH UHVHUYRLU URFN DQG LWV 10

IRUPDWLRQ RU DUHD YDOXH

7KLMV QRW WKH VDPH IURP WKH $UFKLH BEAWZWHRWOR ,W FDQ
DQG LV GHWHUPLQHG UHJLRQDOO\ )HUWO H[SODLQV LV
DQG .U\JRZVNL VXJIHVW EH XVHG LQ WKHWVKRHFEN\ OR X
QXPEHU XVHG LQ WKLV VWXG\

8VLQJ WKH VKDOH\ VDQG YDOXHV IURP &DURWKHUYV

LQ WKH XQPRGLILHG $UFKLH HTXDWLRQ DQG OHDYLQJ (
VRPHZKDW VXLWDEOH YDOXHV RI 6Z DUH REWDLQHG EXW ZD
SURGXFWLRQ QXPEHUV 7KH H[SRQHQW Q LV JUHDWO\ DIIHE'
VRPHZKDW GHILQHV WKH FRQGXFWLYH FKDUDFWHULVWLFV F
7KH YDOXH RI Q UHODWHY WR KRZ ZHOO FRQGXFWLRQ RFFX!

FRQGXFWLYH K\GURFDUERQ 7KLV YDOXH ZLOO IHBOWHDVH L
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FRQQHFWHG QHWZRUNV RI SRUH OLQLQJ LPPRELOH ZDWHU
VKD®HY WLJKW JDV VDQGV .XOKD 6QHLGHU DQG .XOKD
XVHG YDOXHV Rl Q EHWZHHQ W R WR DFKLHYH YDOLG V
FKRVH WR NHHS WKH VDWXUDWLRQ H[SRQHQW DW WKH KLJK
ULGLFXORXVY YDOXHV RI 6Z DW ORZHU YDOXHV RI Q :KLOH P
WKH YDOXH RI P LV TXDQWLILHG E\ LQFUHDVHG VKDOH HIIHF
FOD\ SUHVHQW DQG LQFUHDVHV IURP ORZHU HIIHFWV LQ ND
VDQGVWRQHWB@PS'HVW ZKHUH PRQWPRULOORQLWH VPHFWL
7KH & RGHOO 6DQGVWRQH LV ULFK LQ ERWK LOOLWH DQ
K\GURFDUERQ EHDULQJ UHVHUYRLUV DFFRXQW IRU VLJQLILF
IORZ ZKHQ FRPSDUHG WR ZDWHU EHDULQJ UHVHUYRLUV (W
WRUWXRVLW\ IDFWRU D LV D UHVXOW RI WKH IMDRUWXRXV S
WKURXJK SRURXV URFN $ KLJKHU YDOXH RI WKH H[SRQHQW
QXPEHUV HVSHEFLDOO\ DW ORZHU WUXH IRUPDWLRQ UHVLVW
7KLV VWXG\ IRXQG WKDW FDOFXODWLQJ 6ZV XVLQJ WKI
IRV YHU\ KLJK OHYHOV RI 9VK $W 9VK OHYHOV EHORZ W K
PRUH ZDWHU VDWXUDWHG WKDQ FDOFXODWLRQV XVLQJ WKH
OHVV WKDQ WKH J)HUWO HTXDWLRQ FDOFXODWHY DOPRV)
JUHDWHU SURSRUWLRQ Rl &RGHOO 6DQGVWRQH IDFLHV LQ V
DERYH WKDQ WKRVH EHORZ 7R FRPSHQVDWH IRU WKH G
JHUWO HTXDWLRQ ZDV XVHG IRU IDFLHV ZLWK 9VK ! 7KH

FDOFXODWH 6Z IRU IDFLHV ZLWK 9VK OHVV WKDQ RU HTXDO
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JLIXUHYD E DQG&/'KREZ WKH 6Z IRU WKH WKUHH IGFLHYV
ORZHU IURP WRS WR ERWWRP UHVSHFWLYHO\ *UHHQ ZDV
ZLWK YHU\ ORZ YDOXHV RI 62 LQ DQ DWWHPSW WR KLJKOLJK
DEXQGDQFH /LNHZLVH EOXH UHSUHVHQWY ZDWHU ZHW DUH

EHLQJ DW ZDWHU VDWXUDWLRQ 7KH QRUWKHUQ SRUWLR

D

J)LIXUH D :DWHU VDWXUDWLRQ D6WHPDSYQDHQH M
VROYH IRU ZDWHU VDWXUDWLRQ 7EKBIVVXWHIG DQ GDFU FK/L B KH
FOD\V ZHUH LQ OHVV DEXQGDQFH 7K FD)GIRX\OD W HWHKRNGH DD V
VDWXUDWLRQ LQ IDFLHV ZLWK JUG R W Kbl SWKD/M Q W\ Z B Wk O )
DUHDV *UHHQ ZDV XVHG WR VKRZ ORRZBBR DU XHVK:EHBB X6
BR + 6Z 7KXV JUHHQ FRORU RQ WKLV FROL® BADWHQUDLDID® \
UHJLRQV 'DUNHU JUHHQ FRORU LQGVBDWXHYD W HR QRRIVRZIOW K
EOXH DUH UHJLRQV RI ZDWHULRQWUXR P VEORK® WRHI WHDQ
VFKHPH KDSSHQV DW 6Z 7KH ZUBWHEDNN 6L QH DODK/IR U
ILUVW PDS WKILW BBDI RIRWKMMIHEULRWXUEDWHG IDFLHV
&217,18("
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J)LIXUH E DQG F &S WKH8PDS DMKMMRSDJH LV WK
PLGGOH ODPLQDWHW® KB FAH W REE®ER W X U B B MWHMNG

WKH KLIKHVW YDOXHV RI 62 :HOO FRQWURO EHFRPHV PLQLI
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FRQWRXULQJ DW WKH HGJH

$QRWKHU IDFWRU IDFLOLWDWLQJ KLJKHU 6Z YDOXHV LQ
YDOXH RI 5Z IURP VRXWK WR QRUWK % HW KG®HFV/DBIBXXBHIUWIG Y
IDFLHV KDV WKH ORZHVW HIIHEWLYH SRURIIKWSZ Q Q&K B R¥R U
ERWK FRQWULEXWH WR KLJKHU 6Z

6XUSULVLQJO\ WKHUH H[LVWV D KLJKHU UHODWLYH WU/
DUHD HVSHFLDOO\ LQ WKH XSSHU IDFLHV 7KLV WUHQG PDQ
OLQHDPHQW GLUHEWO\ VRXWKHDVW Rl +HUPDBSE® QG *URY|
KRUL]JRQWDO ZHOO SODFHPHQW DQG SURSRVHGKBRMOL]RQWD
FXUUHQW ZHOO DEFWLYLW\ VWRSY DORQJ WKH ZHVW HGJH RI

6R3KL+ ZDV D VLPSOH FDOFXODWLRQ DIWHU VROYLQJ Dt
QHFHVVLW\ Rl FRPSHQVDWLQJ IRU WKH FOD\ ULFK &RGHOO ¢
UHSUHVHQWYVY HIIHEWLYH EXON PRELOH K\GURFBUERQV UHVL
UHVHUYRLU IDFLHV $ 6R3KL+ YDOXH RI HTXDWHV WR QHEL
(DFK IDFLHV KDV D YHU\ GLIIHUHQW GLVWEHLERWLR® RI 6R3K
IROORZLEDM ZRKH ORZHU ELRWXUEDWHG IDFLHV KDV KLJKH
DWW HQEBQG DORQJ WKH ZHVWHUQ HGJH RI WKH EDVLQ 7Kt
JUHDWHU YDOXHV WR WKH QRUWK DQG QRUWKHDVW 7KLV L
WKH 6DJH %UHDNV OHPEHU WR WKH QRUWK GHYHORSLQJ D
PUUDWLQJ K\GURFDUERQV 7KH PLGGOH ODPLQDWHG IDFLHV
RI 6R3KL+ DV HDFK Rl WKH RWKHU WZR IDFLHV EHEDXVH LW
DV HDFK Rl WKRVH 7KLV PHDQV WKH PLGGOH ODPLQDWHG I

RQ D SHU DFUH IW EDVLV WKDQ WKH ORZHU DQG XSSHU ELR
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JLIXUHD DQGE % X®PRELOBURFDUGRIGIVW WRYR U DG\

WKLFNRHNVIYB RLE)WV6oR3KRW KIS SHURW X U BB WH&R 3 K R+
WKRLGGODHP LQIMWHKEBR2 17,18 ('
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J)LIXUH F &21%¢),1683KL+ RI WKH ORZHU ELRWXUED'
ZDV XVHG KHUH WR H[SUHVV KLJKHWWDOPUHM | | FARRCBKU + 1KH
GDUNHU OLQHVY UHSUHVHQW 6R3KL+ YDOXHV RI DQG
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&+3$37(5
&21&/86,216

2XWFURS FRUH DQG WKLQ VHFWLRQ VWXGLHV RI WKF
D VKDOORZ PDULQH VKRUHIDFH VLOW\ VDQGVWRQH ,W LV Y
WR ILQH WR ORZHU PHGLXP DW WRS 7KH FRQWDFW ZLWK Wl
RXWFURS EXKMW QRNMHOLQ FRUH DQG WKLQ VHFWLRQ

7KH &RGHOO 6DQGVWRQH FRQVLVWYV RI WKUHH SULPDI
PLGGOH WHBLPHG XSSHU ELRWXUEDWHG IDFLHV /RZHU FOCL
FUHDWHY GLITHUHQW XWHKID®W KKHR O RANS FDMIANXSSHU IDFLHV 7K
EHSLFNHG LQGLYLGXDOO\ LQ ZHOO ORJV DQG PDSSHG UHJLR
LQGLYA\GWBOOV WKH VKRUHIDFH GHSRVLWLRQDO KLVWRU\ R
VRXUFHG IURP WKH QRUWKZHVW E\ D VRXWKHDVW SURJUDGI
IURP VRXWKHDVWHUQ :\RPLQJ LQWR QRUWK FHQWUDO HDVW
"HQYHU 7KH WKLQQLQJ RI WKH PLGGOH IDFLHVY WR WKH HDYV
ZKHUH LW DOPRVW FRPSOHWHO\ GLVDSSHDUVY UHSUHVHQW\
GHSRVLWLRQ OXOWLSOH WWHFRNHEHVIBFXHQRAHVSRHVHQW LQ(
WKDWXBBHG UHODWLYHO\ FORVH WRJHWKHU LQ WLPH ,W PLC
VWRUP EHGV DV WKH\ WKLFNHQ DQG LQFUHDVH LQ QXPEHU "

'XULQJ WLPHV RI TXLHVFHQFH DQG ORZ UDWHV RI GHS
WKH VDQG\ DQG PXGG\ VHDIORRU 7KH KHDYLO\ ELRWXUEDW
DQG XSSHU IDFLHV RI WKH &RGHOO 6DQGVWRQH 7KH FRDUYV
LOOXVWUDWHY WKDW WKH VDQG JUDLQW iDL EWRRM W EDH DIW

IOX[HV RI VDQG WKDW ZHUH GHSR¥YWHWWWRUPKEBBVSUHQUWMM

135



PLGGOH IDFLHV RI WKH &RGHOO 6D Q GVMVIR®&GIH TKKIH K\HHDDY\OIFROR:
LPSRVVLEOH WR VXSSRUW OLIH XQWLO GHSRVLWLRQDO UDW
UHSRSXODWHG WKH RUJDQLF ULFK XSSHU PRVW OD\HUV RI \

7KH PDWXUDWLRQ VWXG\ RI ERWK VIQWKHWLF 5R DQG
1LREUDUD )RUPDWLRQ VKRZV WKH HQWLUH VWXG\ DUHD LV
K\GURFDUERQV LQ WKH 1LREUDUD )RUPDWLRQ LV FXUUHQW(
DUHD

7KH &RGHOO 6DQGVWRQH LV OLNHO\ VRXUFHGKHJRP EF
1LREUDUD )RUPDWLRQ DERYH ZLWK WKH 1LREUDUD )RUPDWIL
K\GURFDUERQV

7TKH VWUXFWXUH DQG ORZHU FOD\ FRQWHQW RI WKH P
WKH HDVLHVW DYHQXH IRU PLJUDWLRQ RI K\GURFDUERQV +
IURP :DWWHQEHUJ )LHOG WRZDUGYV 6LOR )LHOG DQG QRUWK
%HOW DQRPDO\

JRUPDWLRQ ZDWHU VDOLQLW\ GHFUHDVHV WRZDUGV W
UHVLVWLYLW\ DQG KLIJKHU YDOXHV IRU WKH YDULDEOH 527

SRURVLW\ LV QRW FRQVLVWHQW WKURXJKRXW WKH WK
ORZHUV WKH WRWDO SRURVLW\ WR DQ DYHUDJH HIIHFWLYH

:DWHU VDWXUDWLRQ LQFUHDVHYVY WRZDUGV WKH QRUW
RI IRUPDWLRQ ZDWHU UHVLVWLYLW\ 5Z WRZDUGV WKH QRU

,Q SODFH K\GURFDUERQV DUH QRW HTXDOO\ GLVWULE

6R3KL+ QXPEHUYV DUH VLIJQLILFDQW DQG H[SUHVV WKDW WKt
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&+$37(5
5(&200(1'$7,216 )25 )8785( :25.
6WXG\ WKH ULGJHOLQH RXWFURS QRUWK RI :HDYHU 5DC
SRVVLEOH WR JHW DFFHVV WR WKH HQWLUH OHQJWK RI WKH

LV H[SRVHG DQG SUHVHUYHG WKH HQWLUH RXWFURS ZLOO W

/RRN LQWR WKH IRUPDWLRQ ZDWHU UHVLVWLYLW\ GLIIH
DQG 6LOR )LHOG ,V LW D VPRRWK WUDQVLWLRQ IURP PRUH V
DV PDSSHG KHUH )LJ RU LV WKLV VXSHUILFLDO GXH WR \
([SODLQLQJ ZK\ IRUPDWLRQ ZDWHU EHFRPHV IUHVKHU WRZDU
ZDWHU LQSXW IURP WKH +DUWYLOOH 8SOLIW FDQ FKDQJH PH
RSHUDWLRQV

BWXG\ WKH )RUW +D\V LQ GHSWK LQ WKH VDPH VWXG\ D
6DQGVWRQH DSSHDUV WR KDYH D VLIJQLILEDQW DPRXQW RI K\
/JLPHVWRQH PD\ EH MXVW DV ULFK LQ K\GURFDUERQV RU HYHC

7KH &RGHOO 6DQGVWRQH PD\ EH QDPHG WKHMRDPH IURF
VRXWKHDVW :\RPLQJ EXW WKH VRXUFHV RI VDQGVWRQH DUH
6DQGVWRQH RI WKLV VWXG\ LV PRUH OLNHO\ OLQNHG WR WKF
WKH JURQWLHU )RUPDWLRQ 7UDFH DQG PDS WKH LQGLYLGXD
'HWHUPLQLQJ H[DEFWO\ ZKHUH WKH LQGLYLGXDO WHPSHVWLW
LQFUHDVH LQ QXPEHU RI EHGV DQG SLQFKRXW ZLOO FRQWLC

DQG SURYHQDQFH
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