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Abstract

Exploration by spacecraft of the outer solar system has revealed that the
moons of the giant planets are geologically active worlds. Some could sup-
port subsurface oceans, even life. Computer models have been designed to
emulate the geological evolution of these moons but, to make useful predic-
tions, reliable information about the likely layers of ice and rock within their

interiors is needed.

This thesis has investigated several high-pressure ice phases, namely
ices I, lll, V and VI, which could occur in the regime of pressure and tem-
perature likely to exist in the mantle of an icy moon. Consequently, they are
good candidates as 'rock forming’ materials and are likely to form icy shells

surrounding a moon’s inner core.

Samples of both D,O and H,O ices Il, Ill, V and VI were manufactured in
the laboratory by means of a piston-cylinder cell. Their high-pressure struc-
tures were preserved at ambient pressure by recovery and storage under lig-
uid nitrogen. The samples were then investigated by neutron powder diffrac-
tion (at ambient pressure and temperatures from 10-150 K) using the High
Resolution Powder Diffractometer (HRPD) at the ISIS facility in the UK, so
as to accurately determine both their crystal structures and thermal expan-
sion coefficients. All of these ice phases exhibit a ‘normal’ volume isotope
effect, “VIE”, with V(H,0) > V(D,0). The effect of hydrogen ordering at low

temperatures was also investigated and found to be isotope independent.

To compliment the experimental work, ab initio simulations of ices Il, IX

and X| were made using density functional theory (DFT). These calculations
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broadly replicated the experimental values for thermal expansion and cor-
rectly predicted the VIE for ices Il and Ill. However, for ice XI (an ordered
form of ice 1h) a normal VIE was predicted below 130 K, in conflict with ex-

perimental results for ice |h.
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Impact Statement

Water can be found throughout the universe and even in its frozen form,
water-ice, it plays a major role in planetary evolution. This is apparent even
in the coldest parts of the outer solar system where, thanks to recent explo-
ration by space probes, the moons of the giant planets have been found to
be geologically active worlds and not just frozen masses of ice. They show
surface reforming processes taking place and some could support subsur-

face oceans, even life.

This revelation has increased the need to understand the geological
evolution of such icy bodies and the physical processes taking place inside
them. Under pressure, many forms of ice can exist, each with its own char-
acteristics and these attributes need to be accounted for when envisaging
the inside of a cold planetary body. Being so distant, however, evolutionary
models for these icy bodies can only be simulated by computer and to do

this, reliable information about the different high-pressure ices is necessary.

To obtain a better understanding of several high-pressure ice forms, this
work combines two approaches. Firstly, samples of several ices were man-
ufactured in the laboratory under pressure. Their high-pressure structures
are preserved by means of recovery and storage under liquid nitrogen. At
such low temperatures, they can’t transform back into ordinary water-ice.
Subsequently, accurate measurements of their structures at very low tem-
peratures and their thermal expansion characteristics were obtained exper-
imentally. This was done through the use of neutron diffraction at the I1SIS

neutron source of the STFC Rutherford Appleton Laboratory.
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Secondly, the experimental structures were then used in computer sim-
ulations to model how these ices behave under different conditions of tem-
perature and pressure at the atomic level.

Having both practical observations and theoretical results, enables the
validity of the computer simulations to be checked and refined, while at the
same time extending our knowledge of the ices to pressures and tempera-
tures that are hard to replicate on Earth but are likely to be present in the
outer solar system.

This research, hence, is of use in several areas of science. For plan-
etary scientists, it will enable them to construct more realistic models for
outer solar system moons. These will help with the interpretation of new
data, which is expected to become available from both NASA and European
space missions over the next few years. For materials specialists interested
in simulating ice structures, it will provide useful data for their own calcula-

tions.
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6WUXFWXUH RILFH 9,



GBbi Q7 6B;m 2b R9

&DUWRRQ LOOXVWUDWLRQ RI WKHPROHFXODU FKD
LVFRPSRVHG
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+2LFH9 VHULHY 5LHWYHOG UHILQHG GLIIUDFWLRC
+2LFH 9 VHULHY YROXPHDJDLQVW WHPSHUDWXUH
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.DQG DWPRVSKHULF SUHVVXUH
' 2LFH 9, XQLW FHOO YROXPH DJDLQVW WHPSHUDW>
+2LFH 9, XQLW FHOO YROXPH DJDLQVW WHPSHUDW>?
):+0 PHDVXUHQWY DJDLQVW WHPSHUDWXUH IRU LFH
9ROXPH DJDLQVW WHPSHRPDWEDHESKRWY IRU '
,FH,, YROXPH LVRWRSH HIIHFW 9,(DJDLQVW WHPSH
,FH,,, ,; YROXPHLVRWRSHHIIHFW 9,(DJDLQVW WHI
,FH9 YROXPHLVRWRSHHIIHFW 9,(DJDLQVW WHPSH!
FHED[LV F@GLY YROXPH LVRWRSH HIIHFW DJDLQVW
DWXUH
,FH9, YROXPHLVRWRSHHIIHFW 9,( DJDLQVW WHPSH

&RHIILFLHQW RI YROXEPHTH[BDQIMARWY WHPSHUD
WXUH IRIUFH ,,

&RHIILFLHQW RI YROXEPHTH[BDQIMARWY WHPSHUD
WXUH IRIUFH ,,

"2LFH,, SRO\QRPLDO ILWWHG YROXPH DJDLQVW WHFE
"2 LFH,,, YROXPH DJDLQVW WHPSHUDWXUH ILWWH (
HISDQVLRQ PRGHO

"2LFH,,, ,; SORWRID[LDOWKHUPDO H[SDQVLRQ DJ
DWXUH
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"2 LFH ,,, ,; WKHUPDO H[SDQVLRQ ILWWLQJ XVLQJ
PRGHO

"2 LFH ,, YROXPH DJDLQVW WHPSHUDWXUH ZLWK D
ILWWLQJ

+2LFH,, YROXPHDJDLQVW WHPSHUDWXUH ZLWK D \
PRGHO ILW RYHUODLG

"2LFH,,DD[LVDIJDLQVW WHPSHUDWXUHILWWHG ZL
GHUWZR WHPSHUDWXUH '"HE\H PRGHO

+2LFH ,,, ,; YROXPH DJDLQVW WHPSHUDWXUH ILW
RUGHUWZR WHPSHUDWXUH 'HE\HPRGHO

'"2LFH9 6 WKHUPDOH[SDQVLRQZLWKD SRZHU ODZ
+2LFH9 6 WKHUPDOH[SDQVLRQZLWKD SRZHU ODZ
2LFH 9, WKHUPDO H[SDQVLRQ ZLWK D SRZHU ODZ P
+2LFH9, WKHUPDO H[SDQVLRQ ZLWK D SRZHU ODZ P
"2 LFH 9 VHULHV2 DRHGH*VHULHYVY YROXPH DJDLQVYV

WHPSHUDWXUH ZLWK '"HE\H ILWWLQJV

'"2DQGZ2LFH9, ' HE\HILWWLQJWR YROXPHDJDLQVW'

+2LFH,, )7 VLPXODWLRQ RIHQHUJ\ DJDLQVW YROX
3+21 VLPXODWLRRYGRULFH ,, +HOPKROW] IUHH HQ
HUJ\DJDLQVW YROXPHDW 3 IRUDVHOHFWLRQ RI"
3+21 VLPXODWLRMYGRUFH ,, YROXPHDJDLQVW WHP
SHUDWXUHDW 3 DQGHVWLPDWHY IRUWKH H[SDQ
\%

3+21 VLPXODWLRQ IRULFH,,9,(DJDLQVW WHPSHUD'
VXUH
+2DQG2LFH,, SKRQRQ '26 YV HQHUJ\IRUD IL[HG YR
30RWV RI,16 VFDWWHURQFHYW,HQKILQ\G JRU +
3+21 VLPXODWLRQV PW@G 2IRH',; IUHH HQHUJ\
DIJDLQVW YROXPH ZLWK %0(26 ILWWLQJV
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3+21 VLPXODWLRQV RWQG2HRAH ,; +HOPKROW]

IUHH HQHUJ\ DJDLQVW YROXPH IRUD VHOHFWLRQ RI
3+21 VLPXODWLRDYGRWEH ,; YROXPH YV WHPSHU
DWXUH DQG HVWLPDWHYVY IRUWKH H[SDQVLRQ FRHIIL
3+219,(VLPXODWLRQRI YROXPH DJDRQVW WHPSHUL
DQG2LFH ,;

+2DQG2LFH,; SKRQRQ '26 DIJDLQVW HQHUJ\ IRU D |
YROXPH
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3+21 VLPXODWLR@WEGRALFH ;, XQLW FHOO YROXPH
DJDLQVW WHPSHUDWXUH DQG HVWLPDWHYV IRU WKH
FLHQW
3+219,(VLPXODWLRQRIYROXPHDJDRQVW WHPSHUI
DQG2LFH ;,
+2DQG2LFH;, SKRQRQ '26 IRUD IL[HG YROXPH

6XPPDU\RI WKHYROXPHLVRWRSHHIIHFW 9,(IRU WK

WDO LFHV DJDLQVW WHPSHUDWXUH DW 3

$ VXPPDU\ RI WKH HI WUDSRODWHG H[SHULPHQWDO

VLRQ FRHIILFLHQWY DJDLKQVRUWHFSENUDWXUH

vy o,y 9 DQG 9,

$ VXPPDU\ RI WKH ')7 VLPXODWHG WKHUPDO H[SDQ\

FLHOQWNMIDLQVW WHPSHUDWZXUWHRBDW, 3 ,; DRALG

$ VXPPDU\ RI WKH ")7 VLPXODWHGK,QFRPSUHVVLELO

""2LFHV,, ,;DQG,;,DIJDLQVW WHPSHUDWXUH DW 3

6XPPDU\FKDUW RIWKHVLPXODWHG 9,(DJDLQVW WH
IRULFHV,, ,;DQG;,
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SHUDWXUH

,FH;,")7 FDOLEUDWLRQ IRUHQHUJ\DQG SUHVVXUH
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JUDFWLRQDO FRRUGEEDWHV IRU

JUDEFWLRQDO FRRUGEEGDWHV IRU

JUDEWLRQDO FRREGEEBDBWHYV IRU
7KHIUDFWLRQDO FRRUEBH QDWHV IRU "

%XON SURSHUWLHINYVQREDLTXLG +

=HUR WHPSHUDWXUH XQLW FHO®SDUDPHWHU YDO>

3UHVVXUH DQG WHPSHUDWXUH FRQGLWLRQV IRU P
LFH VDPSOHV

IHXWURQ VFDWWHULQJ OHQJWKYV DQG VFDWWHULQ
+53' LFHV H[SHULPHQWDO ORJ

SLHWYHOG UHILQHG IUDFWLRQDO FRRUGLQDWHYV D(
IRU2 LFH ,, VWUXFWXUHS3VBWFH . JDR&EIDWPR
VSKHULF SUHVVXUH

6HOHFWHG ERQG OHQJIJWKV IRUWKRVWH XFWXUDO U
., WDNHQ DW .DQG DWPRVSKHULF SUHVVXUH
SLHWYHOG UHILQHG IUDFWLRQDO FRRUGLQDWHYV D(
IRUZLFH ,, DW .DQG DWPRVSKHULF SUHVVXUH
6HOHFWHG ERQG OHQIJWKV IRUWKRVWH XFWXUDO U
,, DW .DQG DWPRVSKHULF SUHVVXUH



GBbi Q7 h #H2Db kR

, QLWLDO UHILQHG FU\VWDOORJUDSKLF VWUXFWXU
IRU2 LFH ,,, DW .DQG DWPRVSKHULF SUHVVXUH

8QVDWLVIDFWRU\5LHWYHOG UHILQHPHQW RIERQG ¢
WLDOO\ RUGHUHG2Z/MWFHXFWAW DO R

"HXWHULXP DWRP RFFXSDQFLHY REWDLQHG IURP U
LFH,;

8QLW FHOO SDUDPHWHUV DQG IUDFWLRQDO FRRUG
RUGHUHG LFH ,; VWUXFWXUH DW .DQG DWPRVSKHI

6HOHFWHG ERQG OHQIJWKV IRUWKHRUGHUHG VWUX
"'2LFH ,; DW .DQG DWPRVSKHULF SUHVVXUH

8QLW FHOO SDUDPHWHUV DQG IUDFWLRQDO FRRUG
RUGHUHG LFH ,,, ,; VWUXFWXUH DW .DQG DWPRV E

6HOHFWHG ERQGOHQJIJWKVIRUWKHRUGHUHG VWUX
+2LFH,,, ,; DW .DQG DWPRVSKHULF SUHVVXUH

SLHWYHOG UHILQHG XQLW FHOO SDUDPHWHUYV DQC
QDWHV IRZ WHKHY9 VHULHY VWUXFWXUH DW .DQG I
VSKHULF SUHVVXUH

6HOHFWHG ERQG OHQJIJWKV IRUWKRVWH XFWXUDO U
9 VHULHV DW .DQG DWPRVSKHULF SUHVVXUH

SLHWYHOG UHILQHG XQLW FHOO SDUDPHWHUYV DQC
QDWHV IR WHKHHVHULHY VWUXFWXUH DW

6HOHFWHG ERQG OHQJIJWKV IRUWKRVWH XFWXUDO U
9 VHULHV DW .DQG DWPRVSKHULF SUHVVXUH

SLHWYHOG UHILQHG XQLW FHOO SDUDPHWHUYV DQC
QDWHV PRWH 9, DW .DQG DWPRVSKHULF SUHVVXUF
6HOHFWHG ERQG OHQJWKV IRU WKH 5LHWYHOG UH
"'2LFH 9, DW .DQG DWPRVSKHULF SUHVVXUH

SLHWYHOG UHILQHG ODWWLFH SDUDPHWHUV DQG IU
IRUZLFH 9, DW .DQG DWPRVSKHULF SUHVVXUH
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6HOHFWHG ERQG OHQJWKV IRU WKH 5LHWYHOG VWL
RI+2 LFH 9, DW .DQG DWPRVSKHULF SUHVVXUH

&RHIILFLHQWV IRUWKH UG RUGHU SRO\QRPLDO ILW
9ROXPH H[SDQVLRQ FRHIILFLHQ2MWIHRW D VHOHFWLR

JLWWLQJ SDUDRHWH UWKMIWLDI D VLQIJOH 'HE\HWHPSH
DWXUH

"2 LFH ,,,D;D[LV ILWWLQJ SDUDPHWHUV XVLQJ C
WHPSHUDWXUH '"HE\H PRGHO
6XPPDU\WDEOHRILFH ,,DQG LFH,,, ,; '"HE\HILWWL

,QFRPSUHVVLELOLW\HVWLPDWHVIRUD VHOHFWLRC

6XPPDU\ RI LFH 9 YDMQLVREWDLQHG XVLQJ WKH
'"HE\H PRGHO

6XPPDU\ RDQG YDOXHV IRU LFH 9, REWDLQHG XVLQ.
'"HE\H PRGHO

' 2LFH9 VHULHV FKDQJHVLQIUDFWLRQDO RFFXSE
SHUDWXUHV Rl . DQG . GXULQJ D ZDUPLQJ DQG
F\FOH

6XPPDU\ RI %0(26 ILWWLQJ SDUDPHWHUYV IROORZL
VWDWLF FDOFXDDWGEROQNHRU '

6XPPDU\RIWKH %0(26 ILWWLQJSDUDPHWHUVIROOF
VWDWLF FDOFXDDWGEROQNHRU '

6XPPDU\ RI %0(26 ILWWLQJ SDUDPHWHUYV IROORZL
VWDWLF FDOFXDDWGEROQNHRU '

&RHIILFLHQWV IRUWKH UG RUGHU SRO\QRPLDO ILW
$[LDO SRZHU ILW PRGHO SDUDPHWHUV IRU LFH ,,, ,;
"2LFH,,, ,; SRO\QRPLDO ILWWLQJ SDUDPHWHUYV
"2 LFH 9 VHULHYV 6 YROXPH DQG D[LDO H[SDQVL
SDUDPHWHUYV XVLQJ WKH SRZHU PRGHO



GBbi Q7 h #H2b Kj

+2LFH9 VHULHV ZDUPLQJ ILWWLQJSDUDPHWHUYV
SHUDWXUH 'HE\HORGHO WR ILUVW RUGHU

"2 LFH 9, YROXPH DQG D[LDO ILWWLQJ SDUDPHWH
SRZHU PRGHO

+2 LFH 9, YROXPH DQG D[LDO ILWWLQJ SDUDPHWH
SRZHU PRGHO

JLWWLQJ SDUDPHWHHUWXWVRIQ3 D VLQJOH '"HE\HWHPSH
DWXUH

"2 LFH ,,, ,; ZDUPLQJ VHULHV ILWWLQJ SDUDPHW|
WHPSHUDWXUH '"HE\HORGHO WR ILUVW RUGHU
+2 LFH ,,, ,; ZDUPLQJ VHULHV ILWWLQJ SDUDPHW |

WHPSHUDWXUH 'HE\H ORGHO WR ILUVW RUGHU

' 2LFH9 YROXPH ZDUPLQJ VHULHV ILWWLQJSDU
WZR WHPSHUDWXUH '"HE\HORGHO WR ILUVW RUGHU
"2 LFH 9 YROXPH FRROLQJ VHULHV ILWWLQJ SDU
WZR WHPSHUDWXUH '"HE\HORGHO WR ILUVW RUGHU
+2 LFH 9 ZDUPLQJ VHULHV ILWWLQJ SDUDPHWHUYV
SHUDWXUH 'HE\HORGHO WR ILUVW RUGHU

"2 LFH 9, ZDUPLQJ VHULHV ILWWLQJ SDUDPHWHUYV
SHUDWXUH 'HE\HORGHO WR ILUVW RUGHU

+2 LFH 9, ZDUPLQJ VHULHV ILWWLQJ SDUDPHWHUYV
SHUDWXUH 'HE\HORGHO WR ILUVW RUGHU
6XPPDU\ RI WKFAH ,, 3+21 VLPXODWLRQ SDUDPHWHU\
ORZLQJ %0(26 ILWWLQJV
6XPPDU\RI WKFH ,; 3+21 VLPXODWLRQ SDUDPHWHUV
ORZLQJ %0(26 ILWWLQJV
6XPPDU\RI WKFH ;, 3+21 VLPXODWLRQ SDUDPHWHUV
ORZLQJ %0(26 ILWWLQJV

SHILQHG ODWWLFH SDUFIHPHWHUV IRU '
SHILQHG ODWWLFH SDUFMHPHWHUV IRU +
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SHILQHG ODWWLFH SDUFHP,HWHUV IRU
SHILQHG ODWWLFH SDUFHP,HWHUV IRU '

SHILQHG ODWWLFH SDUFIHPHWHUV IRU '

SHILQHG ODWWLFH SDUFHPHWHILHMR U '

SHILQHG ODWWLFH SDUFHPHWHUYV IRU +

SHILQHG ODWWLFH SDUFHPHWHULHM U !

SHILQHG ODWWLFH SDUFHPHWHIULMHM U +

SLHWYHOG UHILQHG XQLW FHOO SDUDPHWHUV DQ(
QDWHV PRWFH 9 VHULHYVY RQ WKHLQLWLDO FRROLQJ\
SLHWYHOG UHILQHG XQLW FHOO SDUDPHWHUYV DQ(
QDWHV PRWFHY9 6 DWWKHILUVW ZDUPLQJ WR
SLHWYHOG UHILQHG XQLW FHOO SDUDPHWHUYV DQ
QDWHVPRWFHY9 6 RQVHFRQGFRROLQJWR

+



k8

&KDSWHU

 QWURGXFWLRQ

$VORQJDJIJR DV *DOLOHR ZDV DEOH WR REVHUYH WKH J
ZLWKDVLPSOHWHOHVFRSH 7KH\EHFDPHNQRZQ DV WKH
ZHUH WKRXJKW WR EH ODUJHLQHUW ERGLHV RI URFN DQC
DGYDQFHV KRZHYHU KDYH PDGH LW SRVVLEOH IRU VSDI|
WKRVH GLVWDQW SDUWV RI WKH RXWHU VRODU V\VWHP 2|

F\PRRQV

,PDJHV IURP WKH &DVVLQL *DOLOHR DQG 9R\DJHU PLVVL
PRRQV RI -XSLWHU 6DWXUQ DQG 1HSWXQH ZHUH QRW D
6RPH VKRZHG VLJQV RI UHVXUIDFLQJ LQGLFDWLQJ UHF
6FKXEHUW HW DO 6RKO HW DO 7KHUH LV HYL
WDQ ,HVV HW DO DQG (XURSD )RUWHV DQG &KRXN!
VXEVXUIDFH RFHDQV )XUWKHUPRUH DFWLYH FU\RYROF]|
RQ (XURSD 6SDUNV HW DO DQG RUJDQLF PROHFXOH
LQ SOXPHV RILFHJUDLQV HUXSWLQJIURP (QFHODGXV 3R
GHQFHIURP WKH 'DZQ VSDFH PLVVLRQ VXJJHVWV WKDW W
DQ RFHDQ ZRUOG ZLWK UHVHUYRLUV RI VDOW\ ZDWHU EHC
HW DO

,QWKHGHSWKV RIWKHVHLF\ERGLHY WKHLQFUHDVLQ
LFH GHVLJQDWHWMXQEHUYJR SKDVH WUDQVIRUPDWLRQ)\
RI KLJK SUHVVXUH SRO\PRUSKY 6DO]PDQQ HW DO
DV LFHV ,,, 9 DQG 9, FRXOG FR H[LVW LQ FRQWDFW ZLW



RXRX+v KQQMDb ke

SUHVVXUH DQG WHPSHUDWXUH OLNHO\ WR SUHYDLO ZLW
LVDQLQFUHDVHG QHHG WR VWXG\ KLIJKHU SUHVVXUH LFI
JHRORJLFDO DFWLYLW\ WKDW LV REVHUYHG WR WDNH SO
7TKH PRWLYDWLRQ IRU WKLV ZRUN LV KHQFH WR REWDI
WXUHVY DQG ODWWLFH SDUDPHWHUV IRU LFHV ,, ,,, ZKLF
;7 9 DQG 9, ZKLFK DUH WKH PRVW OLNHO\ SKDVHV WR Et
VRODU VA\VWHP PRRQV )RUFRPSOHWHQHVV H[SHULPHQV
RQ ERWK SURWLDWHG DQG GHXWHUDWHG IRUPV RI HDFK
WKHVLV ZLOO SURYLGH LPSRUWDQW LQIRUPDWLRQ IRU
PDQWOH SURFHVVHV ZLWKLQ WKHVH ERGLHVY SDUWLFXC
XODWLRQV 7KHUHPDLQGHU RI WKLY LQWURGXFWRU\ FK
DQRYHUYLHZRIZKDW LV NQRZQDERXW WKHVHLFHV DQG
LWLVLPSRUWDQW WR VWXG\ WKHP

SODQHWDUN LFHV DQG WKH PRRQV RI WKH J

2XWHU VRODU V\VWHP PRRQV UDQJH LQ GLDPHWHU IURP
RYHU NP IRUWKHODUJHVW VDWHOOLWH RI -XSLWHU

JLIXUH -XSLWHUfVPRRQ *DQ\PHGH WDNHQ E\WKH*DOLOHR VSEL
HDVDUHROGHUDQG PRUHKHDYLO\FUDWHUHG 7KHOL
DQG VKRZHYLGHQFH RIWHFWRQLF GHIRUPDWLRQ ,PD.

*DQ\PHGHYV VL]H ZKHQ DOOLHG ZLWK WKH SUHYDLOL



RXRX+Vv KQQMDb k d

UHJLRQ RIVSDFH . PDNHVLWSRVVLEOHIRUWKH SL
ULRUWREHJUHDW HQRXJK IRU VHYHUDO KLJK SUHVVXU
7KHIOH[LELOLW\ WR FRPELQH PXOWLSOH SKDVHV PDNHV
EXLOGLQJ PDWHULDO .ZRN JRULQVWDQFH D PRGH
HW DO VXJIJHVWY WKDW RQ *DQ\PHGH VHYHUDO LFH S
RFHDQV FRXOG EHIRUPHG VWDFNHG RQH XSRQ DQRWKHI

JLIXUH ,PSUHVVLRQ RI *DQ\PHGHYV LQWHULRU DQG WKH OD\I
SUHVVXUH LFH SKDVHV DQG VDOW\ OLTXLG OD\HUV 9D
PRGHO SUHGLFWV VDOW\ OLTXLGV VLQNLQJ WR IRUP D
LFH9, ,PDJH 1%$6% -3/ &DOWHFK

7KH SUHVVXUHY EHORZ D IURKDQUHMXIWIBDEW RIQIRPH K WF
IRUP KLJK SUHVVXUHLFH SKDVHV VXFKDVLFHVI9DQG9,
KHQ VDOWY PDIJQHVLXP VXOSKDWH DUHLQFOXGHG LQ \
DUH IRUFHG IURP WKH LFHV ZKLFK VLQN IRUPLQJ VDOW\
SKDVHGRZQ WR D GNPWKHUH LW LY SUHGLFWHG D VHDIOR
DURFN\PDQWOH XQGHUQHDWK D EDVH OD\HU RILFH 9, ,F
DW WKHERXQGDU\EHWZHHQKVDOW\OLTXLGDQG LFH,

7KH HITHFWV RI VXFK VWUDWLILFDWLRQ ZRXOG EH WI
WUDQVIHU *RRGPDQ WKURXJKRXW *DQ\PHGH DQG
FRXOG SOD\D UROHLQ WKHJHRORJLFDOHYROXWLRQ RI\
VXUIDFHPRUSKRORJ\ 'XUKDPHWDO $IJRRGH[DPSO



RXRX+v KQQMDb k3

LQJVXUIDFHDFWLYLW\LV (XURSD

7KH VXUIDFH RI (XURSD LOOXVWUDWHG LQ )LIXUH
UHVXUIDFLQJDFWLYLW\ 7KHIUDFWXUHG UHJLRQVIRUPH
VRPH VLPLODULW\WR LF\VXUIDFHV RQ (DUWK %DUWHOV

J)LIXUH 1DWXUDO FRORXU LPDJH RI (XURSD WDNHQ E\ WKH *DO
FUXVW LY SUHGRPLQDQWO\LFH DQG WKH ORQJ GDUN C
FDQ EH XS WR NP ORQJ ,PDJH 1%$6% -3/ &DOWHFK '/5

7TKHVHLF\SODLQVFDQEHGLYLGHGLQWRUHJLRQV ZKL
DV TEDOO RI VWULQJY ZKHUH JURRYHG ULGJHV UXQ SDU
WKH HGJHV RI FUDFNV LQ WKH LFH DQG TFKDRVY ZKHUH |
FUDFNV DQG VXUIDFH SRUWLRQV DSSHDU GLVRUGHUHG D
IRUPDWLRQ DQG PRYHPHQW DFURVV WKH (XURSDYV VXUII
LW\ 3URFNWHU HW DO 7TKH PHFKDQLVP EHKLQG WK
WR LQYROYH WKH UH IUHH]LQJ RI VDOW VROXWLRQ IURP
DQG &KRXNURXQ *RRGPDQ ORGHOOLQJ WKLYV ¢
DQ XQGHUVWDQGLQJ RI SXUHLFHVY DV ZHOO WKRVH ZLW
JUDQN HW DO 1XPHULFDO PRGHOV RI WKH WKHUPD
VXEVXUIDFHRFHDQKDYHEHHQ XVHG WRH[SODLQ WKH GL"
UDLQV DFURVYV (XURSDTfV VXUIDFH 6RGHUOXQG HW DO
DV (QFHODGXV DQG 7LWDQ DOVR GLVSOD\VLPLODU VXUIL

$VDIRRWQRWH pSODQHWDU\fLFHVDUHQRWOLPLWH



RXRX+v KQQMb kN

LV XQLYHUVDO 0DJJL DQG 3DOOXG $VWURQRPHUV
PRUH WKDQ '"HFHPEHU HIRSODQHWYV 1$%$6% ([RSOI
DOQGHVWLPDWLRQV RIWKHLU PDVVHVDQG SRVLWLRQV Uk
OHG WR DQLQFUHDVLQJ GLYHUVLW\RI SODQHWDU\ W\SH
IDVKLRQHG WKHWUDGLWLRQDO PRGHORID YVRODU V\VW
$V LW LV KLIKO\ OLNHO\ WKDW WKH LQWHULRUV RI PDQ\
HIRSODQHWY ZLOO LQFRUSRUDWH KLJK SUHVVXUH LFHV
SKDVHV ZLOO KHOS EHWWHU FRQVWUDLQ WKHLU SODQHW

/KH KLJKHU SUHVVXUH SKDVHV RI LFH

7TKHEHKDYLRXURILFHXQGHU SUHVVXUH KDV EHHQ RI JUF

\HDUV &KRXNURXQ DQG *UDVVHW J)LIXUH SUH'
GLDJUDP DQG WKH UHJLRQV RI VWDELOLW\ IRU VRPH RI1V
SUHVHQW ZRUN

J)LIXUH 3KDVH GLDJUDP IRU ZDWHU DW SUHVVXUHV XS WR *3D
HIWUDSRODWHLIRQMXJFE ZLWKLQ WKH VWDEL® LW\ ILHO
PHWDVWDEOHLFH ,9LVIRXQG ZLWKLQ WKHILHOG RILF

7KHSKDVHERXQGDULHYVY ZHUH EDVHG RQ WKHWULSOH
SHWUHQNRDQG :KLWZRUWK DQG ,$3:6 6RPHRIW



RXkX?2 r i2° KQH2+mH2 M/ ?2v/ " Q;2M #QM/Db

SKDVHV VXFK DV LFH ,9 DQG ;,, DUH QRW PDUNHG ,W LV :
.., 9DQG 9, 0LHLQ FRQWDFW ZLWK OLTXLG ZDWHU ZKLFk
LPSRUWDQW PDWHULDOV IRULF\PRRQV ZLWK VXEVXUIDF

(DUO\ SLRQHHUV LQ VWXG\LQJ ZDWHU ZHUH *XVWDY 7
HUHG LFHV,,DQG,,, 7DPPDQQ ODWHU IROORZHG E\ ¢

ZKR LQ GHYLVHG WKH ILUVW SKDVH GLDJUDP

LQFOXGHG KLJK SUHVVXUH LEFHV 9 DQG 9, WR SUHVVXUH"
QXPHURXV ZRUNHUV KDYH H{IWHQGHG WKH SKDVH GLDJUL
VXUHV H J 3LVWRULXVHWDO OLVKLPD DQG (QGR
:DQJ HW DO GHO 5RVVR HW DO +XDQJ HW DO
PDQQ HW DO

7R GDWH SRO\PRUSKV RI LFH KDYH EHHQ HVWDEOL)\
6DO]JPDQQ HW DO DQG VHYHUDO RWKHUV SUHGLFW
VKRXOG DOVR EH PHQWLRQHG WKDW VHYHUDO DPRUSKF
EHHQ VWXGLHG /RHUWLQJ HW DO VRPH RI ZKLFK |
VXSHUFRROHG OLTXLGV 7KDW VXFK D ZLGH YDULHW\ R
EHEFDXVH ZDWHU PROHFXOHVY MRLQ WRJHWKHU WKURXJK
ERQGYV

7KH ZDWHU PROHFXOH DQG K\GURJHQ ERQG

7KH ZDWHU PROHFXOH LV WKH WKLUG PRVW DEXQGDQW
JDOD[\ IROORZLQJPROHAX®®BKUEGRRFARDR[LGH &2 +XD
HW DO 7KLV VLPSOH PROHFXOH Rl MXVW WKUHH D
DPXOWLWXGH RI VWDEOH FU\WWDOOLQHDQG DPRUSKRX"
DQRPDORXV SK\WLFDO SURSHUWLHYV $00 RIWKLV GLYHU"
HUWLHV RI WKH PROHFXOH DQG LWV DELOLW\WR IRUP K\C

7KH FRQFHSW RI WKH K\GURJHQ ERQG ZDV ILUVW VXJ
FHQWXU\DJR /DWLPHUDQGS5RGHEXVK W RFFXUV Zk
LV ERQGHG WR WZR RU PRUH RWKHU GRQRU DQG DFFHSW
*LOOLDQG *LOOL EXWLQWKHFDVHRIZDWHU DUH RJ[\
RI WKH ZDWHU PROHFXOH DQG KRZ LW FUHDWHV D K\GUR



RXKx?2 r i2° KQH2+mH2 M/ ?v/ Q;2M #QM/b
FDUWRRQ IRUP LQ )LJXUH

JRUD IUHH ZDWHU PROHFXOH )LJXUH D WKH WZR FI
DUH c ORQJ 3HWUHQNR DQG :KLWZRUWK 7TKH\ DU
QRWUHTXLUHG WREHRIDVLPLODUPDIQLWXGHZKHQ PR
FU\WWWDO VWUXFWXUHY 7KHWZR K\GURJHQ DWRPV VXEW
WLYHWRWKHR[\JHQDQG WKLVDV\PPHWULFDODUUDQUJHF
RIHOHFWURQLF FKDUJH WKHUHE\ FUHDWLQJD GLSROH P
(DFK ZDWHU PROHFXOH LY HOHFWULFDOO\QHXWUDO EXW
GUDZQ WR WKH R[\JHQ DWRP HDFK K\GURJHQ DWRP LV OF
FKDUJH 7KH R[\JHQ DWRP JDLQV D QHJDWLYH FKDUJH R
K\GURJHQ DWRPV VKDUH WKH EDODQFLQJ SRVLWLYH FKL
FKDUJH UHGLVWULEXWLRQ FDQEHGHVFULEHG DV IRUPLC
VXUURXQGLQIJWKHR[\JHQDWRP ZLWKWZR RIWKHSDLUYV
WKHK\GURJHQ DWRPV 7KHDGGLWLRQDO WZR YORQH SDL
DOO RIWKHPIRUPD WHWUDKHGUDO DUUDQJHPHQW &KD

7KLV FRQILJIXUDWLRQ DQG WKH FKDUJH GLIIHUHQFHV EH
K\GURJHQ DWRPV DQG WKH ORQH SDLUV RQ WKH R[\JHQ D
IRUZDWHU PROHEXOHVY WR IRUP ORQJH 2 UPDHQW BHKNGU R J H ¢
WKHPVHOYHV 6XFK ERQGY GHSHQG RQ D K\GURJHQ DWR
EHWZHHQ WZR R[\JHQ DWRPV DQG WKH\DUH SDUWLDOO\ |
FRYDOHQW HOHFWURQ VKDULQJ ,VDDFV HW DO

+\GURJHQ ERQGV FDQ DOVR EH PEHQWYf L H WKH EUL
GRHVY QRW OLH DORQJ D VWUDLJKW OLQH EHWZHHQ WZR
6KDUPD VHH )LJXUH F 7KHVWUHQJWK RI WKH K
SHQGV RQ ERWK WKH RIIOLQH DQJOHDQG WKH GLVWDQF
VLIHRIWKHDQJOHUHGXFHV RUOHQIJWKHQV WKH GLVWDC
DWRPVDQG KHQFH FUHDWHY ZHDNHU RU VWURQJHU ERQC
DQGWKHOHQIJWEK K\WKRIJHQ ERQGLVDOVR WHPSHUDWXL
ORGLJ 3IURPPHUDQG +DOOH 7TKH ERQG OHQJWK L«
SHUDWXUH DQG GHFUHDVHV ZLWK SUHVVXUH 'RXJKHUW!
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J)LIXUH &DUWRRQ LOOXVWUDWLQJ K\GURJHQ ERQGLQJ EHWZH
D 7KH ZDWHU PROHFXOH LV SRODU ZLWK CEFRYDOHQYV
WKH VWUHQIJWK RI WKH K\GURJHQ ERQG GHSHQGV RQ L
DFRPELQDWLRQRIHOHFWURVWDWLFDWWUDFWLRQDQ
RI WKH K\GURJHQ ERQG OHQJWK LV VKRUWHQHG IRU Wt
JUDP 7KH VPDOO BHUYOAMWIURP WKH PROHFXOHTV SROI
F WKHK\GURJHQ DWRP DFWV DV D EULGJH EHWZHHQ W

WKHFRYDOHQWERQGOHQJWKHQV WKHEULGJLQJK\GUR.
DFFHSWRU DWRP RPOQBERM)IHIURZYV LQ VWUHQIWK (YHQWX|
WLRQDULVHV ZKHQ WKHEULGJLQJK\GURJHQ DWRP LV KD
DWRPVDQG WKH K\GURJHQ ERQG LVDW LWV VWURQJHVW

6XFK DQ DUUDQJHPHQW RFFXUV LQ LFH ; D uV\PPHWL
JHQ SURWRQV ORFDWHG PLGZD\DORQJWKH GLDJRQDO E}I
ZLWKLQDERG\FHQWUHG FXELFODWWLFH +HPOH\HWDO
GLIITUDFWLRQ H[SHULPHQWY SHUIRUPHG DW . E\/RXEH
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DEOH WR REVHUYH V\PPHWULVHG FRRUGLQDWHYV DV SUH
VDPSOHRILFHY9,, 7TKHUHGXFWLRQ RIWKHFHOO SDUDPH
SUHVVXUHLVLOOXVWUDWHG LQ )LJIJXUH SURWRQ FHQV
DERXW WR *3D :RUNE\+HPOH\HWDO IRXQG WKL
WUHG VWUXFWXUH LY UHWDLQHG WR 3 PRD 2LWIKQD YROXF
DODWWLFH SDUDPHWHU RI c $VLQ IHQHUDO WKH OH
LVOHVV VHQVLWLYH WR SUHVVXUHDQG WHPSHUDWXUH |
WR SUHVVXUH DUH PRVWO\ DFFRPPRGDWHG WKURXJK FK
OHQJIJWKYV

J)LIXUH 3ORW RILFH 9,, XQLW FHOO SDUDPHWHUV DJDLQVW SU
R . EDVHG RQ /RXEH\UH HW DO 7TKH VROLG UF
EOXH SRLQWV UHIHU WR VHYHUDO H[SHULPHQWV DQG V
DOLQHW HTXDWLRQ RI VWDWH

7KH IOH[LELOLW\ LQ WKH K\GURJHQ ERQG OHQJWK LV
LWV ORZHU HQHUJ\ RI DERM¥W H®ZRRQ FRQQHFWLQJ WZ
R[\JHQ DWRPV FRPSDUHG ZLWK WKH FRYDOH@®W ERQG HC

H9 &KDSOLQ 7KLV PHDQV WKDW D ZLGH YDULHW
EH IRUPHG IRURQO\PLQRU FKDQJHV LQ HQHUJ\ LQGXFH
WHPSHUDWXUH DQG SUHVVXUH 7KLV ZHDNQHVV LQ K\GU/|
LFHVY WR EH UHODWLYHO\ FRPSUHVVLEOH ZLWK KLJK WKF
ZKHQ FRPSDUHG ZLWK VLOLFDWH URFNV )RUWHV DQG &K



RXkX?2 r i2° KQH2+mH2 M/ ?2v/ " Q;2M #QM/Db
7KHWHWUDKHGUDO VWUXFWXUHV PDGH E\

$V D FRQVHTXHQFH RI WKHLU SRODU QDWXUH ZDWHU PRC
WR IRUP WHWUDKHGUDO QHWZRUNV RI K\GURJHQ ERQGYV
WKHUH ZRXOG EH DQ DQJOH RI fEHWZHHQ WKH ZDW't
LOOXVWUDWHG LQ FDUWRRQ IRUP LQ )LJXUH $Q LQGLY
HYHU LV UHODWLYHO\ pULJLGY DQG LV UHOXFWDQW WR
FRYDOHQW ERQGY 3HWUHQNR DQG :KLWZRUWK 7KL
WLQJRIZDWHU PROHFXOHV DQG WKHEHQGLQJRI WKH K\(
DFFRPPRGDWHG LQWR VXFK DQ DUUDQJHPHQW (DFK ZD\
WR IRXU RWKHUV ZLWK WKH WZR FRYDOHQWO\ERQGHG K
K\GURJHQ ERQGV DVVRFLDWHG ZLWK WKH ORQH SDLUYV R
WKHFRQQHFWLRQVWRQHDUE\PROHFXOHV ,WLVWKHVH
FKDUDFWHULVWLF SURSHUWLHYV VRPHRIZKLFKFDQ EH L
6LNND DQG 6KDUPD

J)LIXUH &DUWRRQ LOOXVWUDWLQJWKHWHWUDKHGUDO DUUDQ
PROHFXOHV (DFKDFFHSWV WZR K\GURJHQ ERQGV IURF
GRQDWHV WZR K\GURJHQ DWRPV WR QHDUE\ PROHFXOH

$QLFH VWUXFWXUH LQ ZKLFK WKH ZDWHU PROHFXOHYV
UDQJHPHQWDOVRKDVWRDFFRPPRGDWHWKHSRVLWLRQ'
DWRPV 7KXV WKHFHQWUDO ZDWHUPROHFXOHLQ)LJXUH



RXkX?2 r i2° KQH2+mH2 M/ ?2v/ " Q;2M #QM/Db

VL[ SRVVLEOH RULHQWDWLRQV WKDW VWLOO PDLQWDLQ
SDXVFK HW DO 7TKHVH VL[ SRVVLELOLWLHY DUH LO
7TKHUHDUHFRQVWUDLQWY WR WKLV DUUDQJHPHQW RQO'

JLIXUH 7KH VL[ SRVVLEOH RULHQWDWLRQVIRUD FHQWUDO ZDV
WHWUDKHGUDO VWUXFWXUH (DFKFHQWUDOR[\JHQ DW
IRXU QHDUHVW QHLJKERXUV 2QO\RQH EULGJLQJ K\GU
RQ HDFK ERQG %DUWHOV 5DXVFK HW DO

FDQ OLH EHWZHHQ WZR R[\JHQ DWRPV DQG WZR K\GURJH
WR HDFK R[\JHQ DWRP 7KHVH IROORZ IURP ZKDW DUH NQ
%HUQDO DQG )RZOHU ZKHUH LW LV DVVXPHG WKDW
LFH UHVHPEOHY WKH ZDWHU PROHFXOH LQ WKH JDV SKDV
FLDO LQ WKH GHWHUPLQDWLRQ RI WKH VYWWK BWX SRV &L
E\3DXOLQJ 3DXOLQJ VHH VHEWLRQ

,Q 3DXOLQJYY PRGHO HDFK R[\JHQ KDV IRXU QHDUHV
IRUP D WHWUDKHGUDO VKDSH 1R ORQJ UDQJH RUGHULQ
WDNHV SODFH EXW KH DVVXPHG 3WKDW DQ LFH FU\VWDO
ODUJH QXPEHU RI FRQILJXUDWLRQV HDFK FRUUHVSRQGL
RI WKH ZDWHU PROHEXOHV " 7KLV DOORZV IRU GLIIHUHQ\
VLPXOWDQHRXVO\ZLWKLQ WKH IUR]JHQ VWUXFWXUH

7KLV PRGHO FUHDWHY D SRWHQWLDO FU\WWDO VWUXF\
DUH LQ VWDEOH SRVLWLRQV EXW WKH K\GURJHQ DWRPYV



RXkX?2 r i2° KQH2+mH2 M/ ?2v/ " Q;2M #QM/Db

WLRQV DOO RI ZKLFK DUH HTXDOO\ OLNHO\ 6XFK D VWU?
WLRQDOO\ GLVRUGHUHG 7 KKD/QLG/ PADKH RD WHK HRRIW.KHU L F
,FH,, KRZHYHU LV XQXVXDO LQ WKDW LW KDV D UHJXODL
JRUWKH FU\VWDO VWUXFWXUH WKHUHLV D VOLJKW FF
DQG KHQFH WKHUH LV D SRVVLELOLW\IRURUGHULQJ WR |
JHQHUDO DW ORZ WHPSHUDWXUHV WKH LFH SKDVHV FRQ\
PROHFXOHVDQG WKHVH EHFRPH PRUH GLVRUGHUHG DW |
WR LQFUHDVHG HQWURS\ )RUWHV DQG &KRXNURXQ
$W ORZ WHPSHUDWXUHV KRZHYHU GLIIXVLRQ NLQF
6XJD DQG LWLV GLIILFXOW WR SURGXFH DQ RUGHUF
WRU\ MXVW E\ FRROLQJ LFH,, EHLQJDQ HI[FHSWLRQ 7Dt
GLVRUGHUHG SKDVHV RILFH EHORZ *3DDQG WKHLU RU
WKLV SUHVHQW ZRUN LW ZDV IRXQG WKDW WKH GHJUHH R
H[SHULPHQWY FRQGXFWHG RQLFH,,,DQG 9,

'LVRUGH[UMRGOHFXQH8DFH| 2UGHUHG OROHFXQH8DFH
LFH SKDVHHU XQLWJIRHRX®| FRXQWHUSBUW Q L WJIRHXGS
LFK , 3 PPF| LFH ;, &PF
LFIF, )BP
LFH ,, 53
LFH,,, 3 LFH ,; 3
LFH,9 53F
LFH 9 & F LFH ;,,, 3 D
LFH 9, 3 QPF| LFH ;9 31
LFH 9,, 3P LFH 9,,, ., DPG
LFH ; 3mBP
LFH ;,, 4 G

7TDEOH 7KH PDLQ SKDVHV RILFHEHORZ *3D VKRZLQJ WKH GL
DQG WKHLU RUGHUHG FRXQWHUSDUWY 3HWUHQNR DQC
GHVLIQDWHVY D PHWDVWDEOH SKDVHDQG LV D KH[DJ

$ VHFRQGDU\ HITHFW RI GLVRUGHU LV WR VOLJKWO\ Vi
DFFRPPRGDWH WKH QHDUE\ K\GURJHQ DWRPV . XKV HW L
IHFWV QHHG WR EH DFFRXQWHG IRU ZKHQ H[DPLQLQJ VW
QHXWURQ GLITUDFWLRQ WHFKQLTXHY 7KLV LV EHFDXVH
SHULPHQWVJLYHD WLPHDQG VSDFHDYHUDJH SRVLWLRQ



RXjK?2 bi ' m+im 2b Q7 B+2b A?- AA- AAA-0 N\

WKH VL[ RULHQWDWLRQV RI WKH K\GURJHQ DWRPV )RU D
WLPH DYHUDJLQJ UHVXOWV LQ D WHWUDKHGUDO VWUXFW
DUH SUHVHQW DW HLWKHU HQG RI HDFK K\GURJHQ ERQG
RIILQGLQJ D K\GURJHQ DWRP DW HLWKHU VLWH 7KLV L
K\GURJHQYT PRGHO %\ FRQWUDVW LQ D IXOO\ RUGHUHG
EHFRPHY HLWKHU JHUR RU ,Q JHQHUDO LFH SKDVH\
VWUXFWXUHV WKDW DUH IXOO\ RU SDUWLDOO\RUGHUHG
ODQ\SURSHUWLHV RILFHV GHSHQG XSRQ WKH K\GURJ}
VWUXFWXUHV )RU H[DPSOH DW DWPRVSKHULF SUHVVXL
WHU LV JUHDWHU WKDQ W K D W RI RADKWMVV RSO\ G R ZDSUEH VR/EK |
WKH DQJOHV EHWZHHQ OLQNHG R[\JHQ DWRPV DUH FORV}
LQ DQ LGHDO WHWUDKHGUDO VWUXFWXUH $V SUHVVXU
PROHFXOHY UHDUUDQJH WKHPVHOYHY DQG WKHLU K\GU]|
LQFUHDVLQJ GHQVLW\ (YHQWXDOO\WKH ERQGY EUHDN I
LFH SKDVH EDVHG RQ IRXU FRQQHFWHG ZDWHU PROHFXO
WKH SUHYDLOLQJ WHPSHUDWXUH DQG SUHVVXUH FRQGL)\
'KLOH LQ JHQHUDO WKH VWUXFWXUDO IRUPV RI WKH |
IRU2DQG2 PROHFXOHY WKHUH DUH GHWHFWDEOH GLIIHL
ERQG OHQJWKV DQG VRPH PDWHULDO FKDUDFWHULVWLE
7R WDNH DFFRXQW RI WKLV ERWK SURWLDWHG DQG ¢
H[DPLQHG LQ WKLV SUHVHQW ZRUN

TKHVWUXFWXUKV RLLFBIYQG 9,

:DWHU LFH ZKLFK ZLOO E HKUBR P KUWHUGE MR/ DWKIH-PIDLQ SK D\
LFH WKDW H[LVWV RQ (DUWK :KLOVW LW ZDV QRW GLUHFV
H[SHULPHQWY LWV VWUXFWXUH LV LPSRUWDQW EHFDXV
LFHVRULJLQDWHIROORZLQJ WKWUREWXXRHWERRO B HW KW
LQJRIWKH SURSKUWDBVREIHH,ILFLDO ZKHQ PDNLQJ REV
RWKHU LFH SKDVHV ,Q PRVW FDVHV WKH KLJK SUHVVXU
PHQWDOO\LQ WKLV ZRUN WUDYWRIPBHGE EWKNNWWRLRESYRD

DQG VR WKLV SKDVH FKDQJH SURYLGHG D XVHIXO UHI



RXjK?2 bi ' m+im 2b Q7 B+2b A?- AA- AAA-0 N\
7TKHVWUXFWXUH RI KK[DJRQDO LFH ,

(DUO\LGHDV RQ WKH \WIHXFAWXPRRUL¥HG E\/RQVGDOH
7KH VWUXFWXUH ZDV VWXGLHG LQLWLDOO\XVLQJ; UD\ D¢
WLRQ 3HWHUVRQ DQG /HY\ ORUH UHFHQWO\ WKH OF
EHHQ VWXGLHG LQ GHWDLO E\5|WWJHU HW DO DQG I
RI'WKH VWUXFW XUHPHHQ ID\WOIRMA XWKHIDWHG LQ )LIXUH

JLIXUH ,FIKVWUXFWXUH ORRMLQYDWRRBXOYKW FHOO LV VKRZQ
$00 WKH K\GURJHQ DWRP VLWHV VKRZQ DUH KDOI RFFX
VWUXFWXUH ZDV WDNHQ IURP *RWR HW DO

,FHKLV EXLOW DURXQG D KH[DJRQDO QHWZRUN RI R[\JF}
IRXU QHDUHVW QHLJKERXUV SRVLWLRQHG DW WKH FRUQF
FHOO FRQWDLQV IRXU ZDWHU PROHFXOHV DQG LWV WLPH
VHQWHG E\ VSBFHPPFRMH R[\JHQ DWRPV DUH DUUDQJHG L
SDUDOOH®WR WRB FDQ EH GHVFULEHG DV IRUPLQJ JSXFNI
ULQJV 3HWUHQNRDQG :KLWZRUWK 7KH OD\HUV FD(
UXJDWHG VKHHWYV RIDWRPV ZKLFK DUH VWDFNHG YHUWLF
VHH)LJXUH 7KH$%$% SODQHV UXRSHV DGHHEOD U V
WKH KH[DJRQDO ULQJV RU pRSHQ FKDQQHOV{ DUH FUHDW

7KH UHILQHP HRORERILLIFH,G E\ *RWR HW DO ZDV EI
VLQJOH FU\VWDO ; UD\ GLIITUDFWLRQ WHFKQLTXHV DQG V



RXjK?2 bi ' m+im 2b Q7 B+2b A?- AA- AAA-0 N\

JLIXUH &DUWRRQ LOOXVWUDWLQXKWKHRXW K XPy$%JE DRHUNHR|
DWRPV '"XWFK JRUHDVH RQO\R[\JHQ DWRPV DUF

HWHU YDOXHV RI D c DQG F c DwW . (TKH I
FRRUGLQDWHYV IURP WKHLU UHILQHPHQW DUH VKRZQ LQ
ZRUN WKHVH YDOXHV ZHUH XVHG DV WKH VWDUWLQJ SRL
DQ\EDFN WUDQVIRUPHG LFH VDPSOHYV

| SWRP ODBHWHUDFWLRQDO FRRUGLRDTAXBB @ F\
2 I 13 2[3
' I 13 23
N

| 8QLW RHXDJLV [cFD[LV [cYROXPH |c
EX | | |

7TDEOH 6WUXFWXUHWRIDIFH JBRRBF REWDLQHG DW . XSSHU
IUDFWLRQDO FRRUGLQDWHY ORZHU ODWWLFH SDUDP

,FIFKDOVR H[KLELWV WZR XQXVXDO SURSHUWLHV ILUVYV
PDO H[SDQVLRQ LQ WKH WHPSHUDWXUH UDQJH EHORZ
DQRG VHFRQGO\ WKHUH LV DQ DQRPDORXVY YROXPH H[SD"
WKH K\GURJHQ DWRPV IRU GHXWHULXP . XKV DQG/HKPDQ
EHGLVFXVVHG LQ VHFWLRQV DQG
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