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Jour．　Sci．　Hiroshima　Univ．，　Ser．　C，　Vol．10，　No．3，367・・378（1995）

Cement　generations　and　diagenetic　histo】ry　of　the　upper　Ordovician

Cliefden　Caves　Limestone　Group　of　New　South　Wales，　Australia

By

Shintaro　KIDA，　Sabur◎SAKAI，　Akihiro　KANO，　Y唾OKIMURA，
　　　　　　　　　　　　　　Satoru　HONDA　and　Katsutoshi　JIJU

wi翫7Tcxげgures

（Rece三ved，　January　9，1995）

Abstract：Diagenedc　features　of出e　upper　Ordovician（Caradocian）Cliefden　Caves　Limestone

G欄p（N．S．　W．，　Austr曲）were　s甑麩ed　by由e　cathodol纏曲esce籍㏄（Ct）！登e血◎d，　a総d患e嚢

reladon　wi血dcpositional　environmentS　svas　di　scusscd．　th¢αiefdenαves　Limestone　Group　w鎚

deposited　on　a　shallow　marine　carbonate　platform　develop¢d　on　a　volcanic　island．　The　limestone

successlo織rcv戯s　interdda蓋一s讐b銭da三舳ofacles　and　consists　of｛he　F◎ssil　H温，　Belubula，　a鷺d

Vamdon　Limcstones，　in　as㏄ndin£order．　Th¢Fossi田ill　Limestone　mosdy　consists　of　bedd¢d
蓋i搬cstofteτich　in　bmchi◎pods　a簸d§ede織tafy◎rga㎡s題§．　The　Bel縫b撮a　Li搬es　to1茎o　i　s　a　typic滋

Mddle－Upper　Ordovician　p¢ritidal　succossion　with　syn－depositional　dolomite　and　silicified　fossil

9謡薮s．The　V鋤d◎籍Li搬esぬ践e　co糠s韮stS　ef　fbssilifero縫s　s甑縁f三ed薮me蕊o簸e　occas圭o織撮1y　co凱a謡ng

rcd　brown　argillaceous　limcstone　bcds．

　　　　　　The　Cliefden　Caves　Limcstonc　Group　was　su切ectcd　to　various　diagenetic　process¢s．　The

i翻ves縫ga“o登of　CL　ls曲e　best　or　o1謡y　m¢th◎d　t◎（lifferentiate　the（難age織e縫c　prod縫cts。　Ther¢are滋

1eas　t　thr¢e　cem¢ntation　stag¢s　and　a　dissolution　stagc．　Thc　ccmcnts　of　th¢first　stage　arc　mainly　dul1

恥e一欝a沁ed（10－3◎μm）calcite　cry§嬢1s　ftiftgillg　iRter一韻d　i櫨a一蓼ra雛lar　porosity，　which　typica璽ly

illdicate　a　ma血e　phreatic　environment．　In　some　specimens　of　thc　Belubula　Limestone，㏄ment　of

the盤麟ge獄c瞬on　exhib三鰺㈱籍iscus　fab嫉cs　s縫£ge蜘9　P罫edpi傭o羅三簸a斑af血e　vadose
enviromment．　The　dissoluほon　formed　both　molds　of　aragonitic　skeletal　grains　and　fabric－unrelated

void　spaces　which　can　exc¢ed　several　cm　in　diamet¢r．　Lack　of　the　first　gcneration　cement　wi血in

由e（薮ssdudon　vo蓋dsま籠dicates由飢the　d韮sso霊磁o登pos霊d謙cd曲G搬a1壕鐡e　cemeRtatioll．　Af乏er由e

dissoludon　stage，　the　second　cementation　precipitat¢d　g㎜ular　calcite　crystals　composed　of　non－

h騰i難esc¢琵ce，　d難ll，　a縫d　bdght　zo墾es　i難血e　peゆh¢r羅order．　The　re嚢adve　thic㎞ess◎f　Ao簸一

1㎜ines㏄n㏄md　b軸t　zones　probably　related　with　a　redox　condition　during　their　diagenesis．　The

蓋ast　ge雄em娠o織of　ce搬e！魏s　fbr瓢ed盤茎adeep　b面a至e幾v韮ro斑nePt，韮s盤or憩aUy　d疑韮塁a簸d　fiHed　almost

撮lremained　porosity．　T雌s　diagenetic　llistory　fits　to　the　change　of　deposidonal　enviro耳ment　which

may　have　bccn　con廿ollcd　by　bo血of　lo（測｛md　global¢nvironmental　settings．
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1．lntrOduction

　　　　　The　cathodoluminescen㏄（CL）me血Od　uses　thc

phenomenon　of　luminescing　material　under　electron

bombardment．　Luminosity　is　clearly　rclated　to　thc

concentration　of　certain　elements　and　ions　within　a

host　materia1．　Although　the　method　has　been　used　fbr

various　geologica　1　minera　ls（Nicke1，1978；Marsha11，

1988），alarge　part　of　s加dics　apPlies　to　carbonate

minerals．

　　　　　011e　advantage　of　using　the　CL　mctllod　to

carbonate　millerals　is　to　crasc　the　effect　of

neomorphism　which　gcnerally　destroys　the　inidal
bOundaries　between　crystals　having　different　minor－

elements　compOsitions．　The　relation　between　thc　CL

luminosity　and　minor　elements　of　carbOnate　mincrals

llas　becn　studied（Frank　et　al．，1982；Fairchild，1983）．

Thc　pOsitive　relation　was　found　bctwccn　the　intcnsity

of　luminesccnce　and　Mn2＋contcnt　in　the　host
carbonate　minerals．　On　thc　otllcr　halld，　thc　most

important　iniribitor　of　luminescence　is　Fe2÷．　Contents

of　both　Mn2＋and　Fe2＋havc　a　strong　rclationship　with

radox　condition　of　pOre　flUid（Grover　and　Read，1983；

Walkden　and　Davies，1983；Barnaby　and　Rimstidt，

1989）・Oxidi　zed　fluid　no］㎜ally　precipitatcs　carbonate

minerals　with　low　Mn　and　high　Fe　conten的．　Whercas，

rcdu㏄d　nuid　in　restricted　condition　fo】㎜s　crys囲s　rich

in　Mn2＋．　Therefbre，　CL　can　bc　uscd　not　only　fbr

rccognition　of　original　crystal　fabrics，　but　also　to

reconstruct　a　radox　condition　of　porc　nuid，

　　　　　The　Cliefden　Cavcs　Limcstone　Group　is

distributcd　in　one　of　the　Upper　Ordovician
（Caradocian）limcstonc　succession　of　thc　ccntra　1　Ncw

Soudl　Walcs，　Aus廿alia．　The腿mestoncs　cxhibit　vadous

sedhnen叫structurcs　including　nodular　s　tratification，

microbial　laminations，　burrows，　and　irrcgular

discolltinuous　surfaces．　　Thc　alga1。dominatcd
biofacies，　togcther　wi　dl　tlle　scdimentary　structurcs，

indicatc　thaUhe　limcstonc　scqucncc　was　mostly
dcpositcd　ill　a　shallow－marinc　cnvironmcnt．
Diagcncdc　fbatures　of　the　limcs　tolles　are　also　various．

Bcsidcs　oemcntation　and　dissolution　f¢aturcs，11cmadtc

conoentrati　on　and　dolomi　te　arc　common　l　y　ooeur．

　　　　　This　study　invcstigates　1血c　CL　of　diagcnctic

featurcs　found　in　t　lc　uppcr　Ordovician　Cliefdcn　Cavcs

Limcstonc　Group　of　the　Lickillg　Holc　Crcck　arca　in

New　Sou山Wales，　Australia｛and血cir　rcladon　wi山
deposidonal　proccsses　will　be　discussed．

Nuclide　Luminoscope
　　　　　M4AS　ELM　3

．口ii’』ンロ漏1

濠翫⑧ll｝

CCD　video　camera
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・装華1峯妻奎；藝≡難難嚢ll華難≡難蓑；；蓑
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lllllllllllllllllllllllllllllllllllllllllllllllllllll

赫∴噺欝・

　　　　　　　　Computer
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tion－1　0

Video　printer

　　　　　　　　　　Microscope

Mcon　mlcroscope　FXA－POL－2

Fig．1．　The　cathOdoluminescence　system　in　Department　of　Eart　1　and　Planetary　S　ystems　Science，　Hiroshima

　　　　　　university．
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1【．MethodS

　　　　　Field　work　was　carried　for　three　weeks　by血e

first　three　authors　for　mapping　the　geology　and

constructing　the　stratigraphy．　Approximately　300　rock

specimens　were　collected．　Thin　sections　of　eacll

speCimen　were　made　in　both　of　S　ydney　and　Hiroshima

universities．

　　　　　’llコe　thin　sections　were　polished　and　investigated

1）yoptical　microscope　a11d　ca血odolu血ines㏄nce（CL＞．

The　CL　equipment　of　the　Hirosllima　University

consists　of　a　Nuclide　Luminoscope　MAAS　ELM　3

mounted　on　a　Nikon　microscope　FXA。POL－2．　The
operating　conditions　for　CL　were　12　kV　gun　potential

and　O．8　mA　beam　current．　The　CL　light　can　be

observed血ough　the　microscope　and　as　a　view　taken

by　a　CCD　video　camera　Flovel　HCC－3720．　However，

the　CL　view　by　using　the　CCD　camera　a　lone　is　often

too　dark　and　in　low　contrast　to　define　different

diagenetic　properties．　Therefore，　a　video　signal　of　the

CL　view　was　sent　to　oomputer　SUN　SPARC－station。

10　which　is　capable　to　s　trengthen　a　slight　difference　in

lightness　and　colour　between　different　diagenetic
　　　　　　　　　

properUes・
　　　　　The　CL　system　of　the　Hiroshima　University　is

shown　in　Fig．1．

m．Geological　setting　of　the　studied　area

　　　　　The　studied　area（Licking　Hole　Creek　area）is

located　east　of　the　Sugar　Loaf　Road　10　km　north　of

Woodstock　in　the　centra1－castem　Ncw　Soudl　Wales

State，　AustraUa（Fig．2）．　The　area　is　separated　by　a

property　boundary　between　the雪Li　scombe　Pools曾and

璽Bingara曾．　Localities　are　easy　to　access　from　dle

paddock　gates　alollg　the　Sugar　Loaf　Road．

　　　　　The　Cliefden　Caves　Limcstone　Group　is
distributed　in　an　area　of　1．0（E－W）x2．5（N－S）㎞2．

Altllough　macrofossil　s，　such　as　brachiopods，　tabulates，

and　rugose　corals，　had　been　reported　from　the
beginning　of　the　century，　the　firs　t　s　tratigraphic　work

was　done　by　Perciva1（1976）．　He　called　the　limestone

succession　as　the　Cliefden　Caves　Limestone　and
divided　it　into曾big　shc11曾，曾thin　bedded曾，曾middle

member°，’　grey’，　andサisland°uni　ts．　He　estimatcd　the

thickness　of　the　limestone　363　m，　and　also　noted

occurrence　of　various　faunas　and　discusses
depositional　environment　of　tlle　limestone　s　equence．

However，血e　work　of　PerCival（1976）left　a　problem　in

itS　informa　1　s　tratigraphic　nomenclature　of　t　le　’血tits’．

　　　　　The　type　locality　of　the　Cliefden　Cav　es　Lime－

stone　Group　stUdied　by　Webby　and　Pac］㎞am（1982）is

located　several　kilometers　northeast　of　the　Licking

Hole　Creek　area．　The　group　show　s　a　slight　difference

in舳ology　and山ic㎞ess，　however　is　almost　regarded

as　a11　equivalellt　limestone　sequence　of　the　Licking

Hole　Creek　area．　The　work　of　Webby　and　Packham

（1982）proposed　the　stratigraphic　division　and　defined

three　formations，　the　Fossil　Hi11，　Belubula，　and

Vandon　Limestones，　in　the　asoendillg　order．

　　　　　The　geology　of　tlle　Licking　Hole　Creek　area

consists　of　Ule　Paloozoic　sedimentary　rocks　deposited

on　a　platform　based　on　the　Walli　Andesite（Fig．3）．

The　age　of　dle　andesite　is　unknown，　however　the

geochemical　composition　suggests山at　the　Walli
Andesite　might　have　had　all　island－arc　origin（Cas　et

al．，1980）．　A　large　part　of　the　Paleozoic　sedimentary

rocks　of　dle　area　i　s　composed　of　tlle　upper　Ordovician

Cliefden　Caves　Limestone　Group　followed　by　the、

Malongolli　Fomla樋on．　The　latter　is　mostly　composed

of　sandstone　and　mudstone　includillg　limestone　layers．

Graptolites（Moors，1970）and　trilobites（Webby，
1974）are　found　from　mudstone，　and　siliceous　sponges

occur　in　the　limestone　bl　ocks（Rigby　and　Webby，

1988）．The　relation　between　the　Cliefden　Caves　Lime－

stone　Group　and　Malongulli　Formation　is　problematic，
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position　is　poorly　defined．　The　youngcr　volcanics

（quartz　pOrphyry　and　Licking　Hole　Creck　Diorite）also

o㏄ur（Fig．3）．
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Fig．3．　Geological　map　of　the　Liddng　Hole　Creek

　　　　　　area．　Relationships　between　different　geo・

　　　　　　logica1　units　refer　to血e　text．　Localities・of・the

　　　　　　colunmar・sections（Fig．4）are　shown．

al　though　an　unconfo】rmity　has　b《∋en　suggested　by

Webby　and　Packham（1982）．　The　unconfomi　ty　is

also　supported　by血e　distributing　pattern　of　the　two

u【1its　in　Licking　Hole　Creek　area，　however　the　low

angle　fault　colltact　camot　be　refuted．　The　Siluri　an

shale　and　sandstone　including　autochtonous　limestone

beds（Millambri　Formation；Perciva1，1976）occurs　in

the　western　part　of血e　area　in　a　probable　faUlt　contact

with　the　Malongulli　Formation．　ADevonian
sandstone，　in　the　nonhem　part　of　the　area，　covers　on

血e　older　rocks　with　an　uncomformable　contact．　The

Devollian　sandstone　may　have　fluvial　to　braddsh

water　origin，　but　itS　sedimentology　and　stratigraphic

IV・Cliefden　Ca▼es　Limestone　Group

　　　　　B㏄aus　e血e　stratigraphic　units　used　by　Pcrciva1

（1976）do　not　sounds　formal，　w　e　basically　follosv山e

stratigraphic　de価吐on　of　Webby　and　Packham（1982）．

Therefbre，　the　limestone　succession　is　trcatcd　as　a

group　and　divided　into血ree　formations；Fossil　Hi11，

Belubula，　and　Vandoll　Limcstoncs．　S　tratigraphic

colu㎜s鷹shown　in　Fig．4．　Facics　of山c血ce
formations　are　described　bclosv．

A．Fossil　Hill　LimestOne

　　　　　The　Fossil　Hill　Limestonc　forms山c　losvcrmost

of　the　Clicfden　Caves　Limestolle　Group．　The
maximum　thickness　of　this　formation　is　at　leas　t　25　m

（Fig．4）however　the　thic㎞ess　varics　within　the

studicd　area．　In　the　southem　part　of　tlle　area，　t1丘s

fornation　is　almost　dオnning　out．

　　　　　The　lower　part（17　m）of血is　fb皿ation　mostiy

consists　of　beddcd　limestoncs（tlrickness　of　a　single

bcd　is　l　O－30㎝）of　various　li血ology　charactcrized　by

a　sUfficicnt　content　of　tenigenous　matcria1．　Some　beds

abound　with　large　brachiopod（Eodinoboltts　sp．）shells

wcrc　notcd　by　Wcbby　and　Pcrciva1（1983）as　in－situ

shell　beds　representillg　a　comparable　palcoccology

with　recent　oyster　banks．　This　part　is　cquivalenUo

Percivalts（1976）big　shcll　unit，．　Largc（up　to　50　cm　in

diameter）skeletons　of　tabulatcs（Tetradiu’n
cribr　iforme　is　thc　most　common　spccics）and
stromatoporoids　are　found　in　tllc　lowcr　part　of　thc

formation．　Oncoids　are　common．　Reωsh　brown
argillaccous　limestone　con面ning　trilobite　skclctons

occurs　in　several　horizons．

　　　　　Thc　uppcr　part（8　m　in　tMckllcss）of　the　Fossil

Hill　Limcstone　is　composed　of　relativcly　dオn（20－40

cm）limcstonc　bcds，　alld　has　bccn　prcviously　callcd　as

tlle曾血in　bedded　unitl　by　Pcrciva1（1976）．　The　most

profound　charactcrisdcs　of　thc　upPcr　part　are　silic∬ied

skclctons（probably　originatcd　from　sponges）and
dolonlidzcd　burrows（Figs．5。c，　d）f（）ulld　oll　bcdding

Planes．

　　　　　In　thin　secdons，　thc　limcstoncs　of　dtis　f（）mla匠on

commonly　exhibit　wackcstonc　to　grainstone　tcxturcs．

The　limestone　beds　con面ns　various　fossil　grains　and

pcloids．　Dominant　fbssil　components　of　thc　lower　part

arc　calcareous　algac，　molluscs，　trilobitcs，　and

ccllinodcms　whcreas　tllc　uppcr　part　aboullds　widl

spOngc　spicUlcs　and　molluscs．　Tllc　limcstone　normally

contains　2－10　％　（011c　spcci111cll　contains　30％）　of

insolublc　residue．　Hematitc　is　morc　common　in　the

lowc叩art．　Dolomi　tc　incrcascs　in　thc　uppcr　part．

B．Belubula　Limestone

　　　　　This　Formation　is　charactcri　zcd　by　bedded

limestones　exhibiting　dolomitization　a　Ild　silicification

features．　Thickness　of　the　formation　i　s　approximately
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Fig．4．　Columnar　sections　of　the　Cliefden　Caves

　　　　　Limestolle　Group　of　tlle　Licking　Hole　Creek

　　　　　area．　The　localities　of　t　le　sections　are　shown　in

　　　　　Fig．3．　The　stratigraphic　horizons　of　the

　　　　　specimens　of　the　microscopic　and　CL
　　　　　photographs（Figs．5。7）are　shosvn．

87．5mthat　occupies　more　than　half　of　the　total

thickness　of　the　Cliefden　Caves　Limestone　Group．

The　Belubula　Limestone　can　be　divided　illto　two

members（Fig．4）which　differs　in　sedimentological

charac－teristics　each　o血er．

　　　　　The　lower　member　consists　of血icker（mostly

50－120cm）bedded　limestone，　alld　all　together　makes

65min面c㎞ess．　On山e　outcrops　large　fbssils　are
rare　a1山ough　calcareous　algae　can　be　fbund　in　some

cases．　Dolomititized　burrows　are　common，　but
silicified　sponges　become　less．　A　10　cm血ick　red－

coloured　limestone　bed　occurs　at　30　m　from　the　base

of　the　B　elubUla　Limestone．　In血in　sections，　most　of

dle　limestones　of　dlis　member　exhibit　lime－mudstone

to　wackestone　textures，　abounding　with　calcareous

algae　and　sponge　spicules．　The　biofacies，of　the

lowermost　specimen　is　dominated　by　calcareous　algae．

Then，　the　lower　limestones　are　rich　in　sponge　spicUles，

and　the　upper　limestones　abound　with　calcareous
algae．　Insoluble　recidue　is　less　than　10％・

　　　　　The　22．5　m血ick　llpper　member　appears　similar

in　h血010gy　t・dle　1・wer　member．　H・wever，血e　m・st

impor電ant　difference　is　that　the　upper　member　contains

brachiopod（」Eodinobolus　sp．）shell　beds　which　have

been　identified　as璽E－horizon”by　Perciva1（1976）．

Thus，　the　boundary　between　the　lower　and　upper
members　i　s　defined　by　the　base　of　the　first　shell　bed．

The　upper　member　also　includes　a　1．5　m　thick

biostrome　fomled　by　s．tromatoporoids（Labechie〃a

and　ClathrodictYon　are　common　genera）and
heriolitids．　The　grow　th　form　of　the　stromatoporoids　is

mostly　domica1．　In　thin　sections，　the　limestolles

mostly　exllibit　wackes　tone　to　lime－mudstone　textures

althollgh　a　specimen　from　the　biostrome　consists　of

peloidal　grainstone．　Molluscs，　calcareous　algae，　and

echnOderms　are　t　le　most　impOrtant　fossil　compOnents．

Dolomitized　burrows　are　still　fbund　in　the　upper
member．　Intraclast　occurs　in　severa　1　horizons．　About

10％insoluble　residue　is　oontained．

C．Vandon　Limestone

　　　　　This　fbmation　consists　of　thin（5－50　cm）

bedded　limestones．　The　total血ickness　is　52．5　m．

There　are　three　diff¢rent　types　of　lhnestones，　and　dley

are　here　temporary　called　as　red，　greyish　yellow，　alld

伽kgrey　limestones．
　　　　　The　red　limestones　are　found　in　three　different

horizons，　and　the　base　of　t　le　low6rmost　bed　defines

the　boundary　between　the　Belubula　and　Vandon
Limestones（Fig．4）．　They　are　normally　thin（up　to　20

cm），　and　exhibit　va1ious　textures（丘om　packstone　to

grainstone）．　In　thin　secdons，　the　red　limestone　beds

nomally　contain　intraclasts．　T1ゴs　and　hematite－

origihated　red　colour　indicate　that　the　beds　n廿ght　have

b㏄nassociated　with　subaerial　exposure．　They　con面n

around　l5％pcrcent　of　insolu1）1e　residue・

　　　　　The　greyish　yellow　limestones　occur　at　the

separated　two　horizons（Fig．4）．　They　are血in（10－20

cm）beddcd　and　normally　contain　molluscs，　echino－

dems，　and面10bites．　In　thin　scction，　they　are　grain－

stone　fabrics，　especially　specimens　of　the　lower　hori。

zons（Fig．4）show　well－wimowed　peloi（酬i止o飴cies．
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　　　　　The　dark　grey　limestones　are，　on　outcrops，

similar　in　li血010gy　to　the　Belubula　Limestolle
however　they　are　poor　in　dolomi　tized　burrosv　s．　A

single　bed　is　d亘cker（30－50　cm）．　Calcarcous　algae，

molluscs，　and　echinoderms　are山e　most　co㎜on
fossil　components．　However，　some　horizons　cxhibit

collcentration　of　ostracodes．　They　are　mostly
bi㏄1astic　wackestolle　or　peloidal　grainstonc．

　　　　　Birdseye　st皿ctures　are　found　in　a　grcyish

yellow　and　dark　grey血mestones　of　t　le　lowcr　horizons

of重he　Vandon　Limestone．

V・Diagenetic　features　in　CL

　　　　　The　Cliefden　Caves　Limestone　Group　has　been

subjected　several　different　diagencsis；cemelltation，

dissolution，　and　dolomitization．　At　lcast　three

different　cement　generations　can　be　identified　in　a　CL

view．　Veins　were　fomed　during　or　after　the
diagenesis．　Here，　wc　describe　thcse　diagenetic
characterisdcs　in山e　order　of　fbnnadon．

A・Stage　1　cement

　　　　　Stage　l　cement　consists　of　small（10－30μm）

crystals　fringing　intra－and　intergranUlar　POrosity（Fig．

6－b）．　T】盛sis　the　firs　t　diagenetic　feature　alld　fbund

most　of　the　specimens　of　the　Cliefden　Caves
Limes　tone　Group．　CL　of　the　stage　1　cement　is　mostly

dul1（Fig．6－b）however　some　specimens（Fig．7－b）
exhibit　small　dUll　crystals　followed　bright　fringes．　In

specimens　of　the　B　elubula　Limestone，　the　first

generation　of　cements　forms　a　larger　dull　crystals

bridging　in　the　pOre　space　bctwecn　grain　components

（Fig．5－a，　b）．　Generally　the　porosity　of　fine－grained

peloidal　grainstone　is　almost　mled　up　widl　the　stage　l

cement．　However，　in　coarser－grained　lithologies，　the

stage　1　cement　normally　fills　10－50％of　porosity．

B．Dissolution

　　　　　Dissolution　of　the　Cliefden　Caves　Limestone

Group　selectively　affected　molluscan　and　calcareous

algal　skeletolls　which　might　originally　havc　had

aragonitic　mineralogy（Figs．5－a　and　7－a）．　However

less　frequently，　micri丘c　sediment　of　thc，host曾rock　is

also　dissolved（Fig．7－a）．　Brachiopods　which　retain　an

original　calcite　nlineralogy，　generally　preserve血eir

intemal　skeletal　stnlcture．　Fig．7－a　shows　two

dissolution　void　spaces　fomled　within　a　calcareous

algal　grain．　The　void　space　was　later　filled　by　cement，

however　stage　l　cement　does　not　exist　in　the
dissolution　voids（Fig．7。b）．

C・Stage　2　cement

　　　　　The　stage　2　cement　consists　of　rhombic　or

granular　crystals　which　oftcn　fbllows　the　stagc　l

cement（Figs．6－b，7－b）and　appcars　as　the　first

generation　witllin　dissolution　voids（Fig．7－b）．　The

most　common　type　of　the　stage　2　cement　apPears
crystals　showing　an　illcrease　in　the　luminosity，　which

nonnany　consists　of　thc　non。luminescent！o　dark　dUll

base　fbllowed　by　a　dull　part　and　the　bright　margin．

Someρrystals　lack　the　non－1uminescellt　basal　parしA

variation　was　found　in　the　relativc　thickacss　bctwccn

dull　and　bright　zones．　Howevcr，　otller　typcs　of　thc

stage　2　cemcnt　having　a　mUltiple　zoning　of　CL　colour

or　a　dolomidc　zone　ill　the　very　marginal　part　of重hc

crystals．　Variation　in　CL　fabrics　of　the　s　tage　2　oement

might　have　some　rclati・n　wi血stratigraphic　horizons，

howevcr　further　investigation　is　neccssary　to　cstablish

the　relationship．’lhe　stage　2　ccment　fillod　5－50％of
　　　　　　
pomslty・

D・St8ge　3　cement

　　　　　The　s　1age　3　cement　is　always　all　overgrowdl

from　the　margins　of　the　stage　2　cement　and　mlcd

rcmaincd　porosity．　CL　of　thc　stagc　3　cemcnt　mostly

dull－brigllt　wi山slight　zonation　in　colour．　In　a　void

with血an　ostracodes　skeleton　of　Fig．7－b，　dle　zoning　of

the　s　tage　3　ccment　outlines　the　configuration　of　thc

stagc　2　ccmem．　Sector　zonings（Rccder　and　Paque麓c，

1989；Raven　and　Dickson，1989）of　an　unknown　origin

are　often　found　in　the　stage　3　cement．

E．Dolomite

　　　　　Dolomi　te　occu㎡ng　wi血in　the　sediment　in

burrows　is　most　common　in　the　BelubUla　Limestone．幽

Configuration　of　the　dolomite　rhombs　is　much　morc

easily　recognized　in　a　CL　view（Fig．5－d）血an　in　a

normal　microscopic　view（Fig．5－c）．　The　dolomite

rhombs　llomlally　consist　of　dull　center　and　bright
　　　　　
margm・

F．Veins

　　　　　Veins　are　common　imhc　limcstone　specimens

of山e　Cliefdcn　Cavcs　Limestone　Group．　They　wcre

fomed　in　scvcral　di∬crent　pcrio（iS．　All血c　vcins

truncate　stagcs　l　cement．　Thc∬rst　gcncra虚on　oω1e

veins　prcda監es山e　s　tagc　2　cement，　alld　shows　an　opcn

space　filled　mostly　by　non－1umincsccnuo　dull　CL
calcite　crystals　with　bright　margins．　Thc　veins　might

havc　b㏄cn　fbrmcd　during　a　pcriod　bc‘w㏄n　thc　s　tage　2

and　3　ccmcnta廿ons（Fig．6b）．　Howcvcr，　veins　of　very

bright　CL　shown　in　Fig．6・b，　can　bc　a　calcitc　ml　with直n

諭ac町c　a仙e　crystal　bO皿（lary　betwccn　d・e　stagc　2

‘and　3　oements．

VI．　Discussion

A．Depositional　en▼imnmen重s　of　the　Cliefden　Ca▼es

　　LimestOne　Group

　　　　　Gcochcmical　composition　of　thc　Walli　Acndcsitc

indicatcs　an　island。arc　setting（Cas　et　al．，1980）that　is

coincidcs　tcctolliC　sctting　of止c　Lcchlan　Fold　Belt

（Cas，1983）．　Initiation　of　thc　latc　Ordovician

carbOnatc　dcpOsition　may　llavc　bccn　associated　svi　tll

thc　ceasing　of　the　andcstic　volcanism　and　the
fbllowing　subsidencc　of　a　volcanic　island．　The　three
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Fi　g．7．　Diagenetic　features　Qf　the　upper　member　of　the　B　el　ubUla　Limes　tone　of　the　sec　tion

　　　　C－Cl（see　Fi　g．4）．　a）Partl　y　di　ssol　ved　peloi　dal　grains　tone．　The　di　s　soluti　on　truncates

　　　　the　ori　ginal　confi　guration　of　peloids．　However，　an　ostracOde　grain　wi血primary

　　　　porosity　survived　the　dissolution．　b）The　CL　view　of　the　same　specimen　of　Fig．6－a

　　　　（but，　magnification　is（Mferent）．　The　porosity　and　voids　are　filled　with　alhhree

　　　　stages　of　the　cements，　however　the　s　tage　l　cement　i　s　onl　y　found　in　the　primary

　　　　pOrosity　withi　n　the　ostracode　s　keleton．

formations　of　the　Cliefden　Cave　Limestone　Group，

represent　different　li血010gical　characteristics　resuhcd

from　die　di　fferences　i　n　depOsi　ti　onal　envirorll　lents．

　　　　　Tlle　Fossil　Hill　Limestone　on－1apped　upon　the

slopes　of　the　platform　surrounding　an　island　of　the

NValli　Andesite．　The　on－lapping　mOdc　of　sedimenta－

tion　is　indicated　by血e　variation　in　thickncss　of　the

Fossil　Hill　Limes　tone　withi　n　the　s　tudied　arca．　Bccausc

thc　pl　atform　svas　partl　y　submerged　above　thc　sea－1evc1，

ten・igcnous　material　was　supplies　to　carbonate　scdi一

ment．　The　sea　water　circUlation　was　relativel　y　w　el1．

Thi　s　probabl　y　resp（）nds　to　the　grains　tone　fabrics　and

riclmcss　in　sedentary　organisms　of　the　Fossil　Hill

Limestone．　However，　the　oncoids　and　lnicrobial

lamination　suggests　that　a　resuicted　environment　was

developed　in　a　part　of血e　platfonn．　Sulfur　reducing

bacteria　once　fomed　iron　sulfide，　however　the
following　sufficient　circulation　oxidized　i　t　to　hematite．

　　　　The　contact　between　the　Fossil　Hill　and

Belubul　a　Limestones　appears　irregular　surfaces　s　tained
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by　hemati　te．　These　features　might　be　related　with

subaerial　expOsure．　If　it　is血e　case，　sea－1evel　was　at

least　slightly　lowered．

　　　　　The　BelubUla　Limestone　shears　the　depOsitional

and　some　of　diage！1etic　characteristics　witll　typical

Middle－Upper　Ordovicia111imestolles　deposited　on

eperic　platforms（Rao　and　Wang，1990；Montanez　and

Read，1992a；Kano　et　al．，1994；Sun，1994）．
Depositional　condition　of　these　platfo皿s　is　now

interpreted　as　a　very　shallow　platform　wi血a　huge　flat

batllymetry，　whid111ad　been　always　filled　up　widl

sediment．　The　Belubula　Limestone　may　not　be　an
ex㏄ption．　The　previous　deposition　of　the　Fossil　Hill

Limestone　may　llave　filled　sediment　in　a　shallower

POrtion　of　the　platfbnll　and　fbrmed　a　relatively　large

flat　sediment　surfa㏄．　This　lateral　grow　th　of　the　flat

surface　caused血e　resUiction　of　water　circulation．

When　the　sea　water　was　evapOrated　in　such　a　restricted

enviro皿1ent，　tlle　sediment　was　partly　subj　ected　to

dolomitization　and　silicification（Osleger　and　Read，

1991；Mon伽ez　and　Read，1992b）．　However，　the
cause　of　a　fabric－selecting　pattern　of　the　dolomitization

and　siliCification　is　difficult　to　be　explained．

　　　　　Many　of　depositional　characteristics　of　the

Vandon　Limestone，　such　as　the　hematite
concentration，　peloidal　grainstone，　and　common
occurrence　of　ooids，　indicate　that　the　water　CircUlation

became　well　again．　As　indicated　by　red　brown

limestones，血e　carbonate　platform　was　occasionally

exposed　above　the　sea－1eve1．　The　local　tectonic

movement　may　have　caused　tlle　sea－1evel　fluctuation．

However，　if　a　gtadual　lleat　loss　of　the　volcanic　island

ra血er　resulted　to　a　simple　subsidence　pattern，　a　larger

amplitude　of　sea－1evel　fluctUation　may　1）e　only　the

cause．

B．Interpreta髄on　of　the　diagenetic㎞加res

　　　　　The　limestones　of　tlle　Cliefden　Caves

Limestone　Group　llas　been　su切ected　to　various
diagenetic　proces　ses．　The　diagenetic　properties（Figs．

5・7），espeCially　calcite　cements，　were　often　lost　their

optical　fabrics　d耐ing　neomorphism．　　The
neomorpllism，110wever，　dose　not　destroy　the
distriblltion　of　minor　elements　i！1　calcite．　Therefore，

investigation　using　CL　i　s　very　useful　to　recog【1ize　the

o】riginal　fab㎡cs　of　the　diagenetic　properties・

　　　　　The　small　crystal　of　dull　CL　fringing　walls　of

porosity　indicates　that　tlle　stage　l　cement　with　dull　CL

is　most　likely　formed　under　a　marine　phreatic
condition．　Thi　s　frrst　generation　of　cement　predates　the

o血er　diagenetic　process　including　the　dissolution（Fig・

7－d）．　Lack　of　evident　collapse　of　the　dissolution

molds　illdicates　that　carbOnate　sediment　was　lithificd

by　the　stage　l　cementation・

　　　　　The　stage　l　cement　shown　in　Fig．5。b　is　a　large

crystal　bridging　space　between　two　grains．　The

cement　predates　the　stage　2　cement．　Theref6re，　it　was

most　likely　fbmled　ill　a　marine　vadose　environment

（rucker　and　Wright，1990）．

　　　　　Disso111tion　and　the　following　stage　2

cementation　may　have　processed　in　meteoric　phreatic

water．　The　origina1　carbOnate　sedment　of　t　le　Cliefden

Caves　Limestone　Grollp　was　mosdy　composed　of　a
me伽励Ie　biogenic　aragonite　and　high－Mg　calcite．　If

the　metastable　carbonate　is　subjected　to　a　meteoric

diagenesis，　more　soluble　aragonitic　skeletons　nomla皿y

tend　to　be　dissolved．　In　dle　case　of　tlle（］［iefden　Caves

Lilnestone　Group，　almost　all　molluscs　and　a　large　part

of　calcarcous　algae　were　dissolved　in　meteoric　phreatic

water，　alld　thus血ese　skeletons　may　originally　have　an

aragonite　nオneralogy．

　　　　　Meteoric　dissolution　is　often　followed　by

metooric㏄mentation，1）ecause　dle　pore　nuid　nomlally

increases　itS　satUration　state　to　carbOnate　minerals　by

dissolving　metastable　millerals　and　possible
evapOration　du血g　the　diagenetic　proces　ses（Solomoll

and胴kden，1985；Frykman，1986；Lavoie皿d
Bourque，1993）．　The　stage　2　cement　of　the　Cliefden

Caves　Limestone　Grollp　was　precipitated，　after　the

diagenetic　state　turned　from　disso111tion　to
precipitation．　The　increasing　of　luminosity　of　the

stage　2　cement　d舳9　precipitation　is　common
characteristics　associated　with　reduction　of　the

meteoric　pore　nuid　callsed　by　the　decreasing．of

di　scharge　of　fluid　into　the　pore　system（ten　Have　and

He噸nen，1985）．　However，　tlle　zollation　fbund　in　the

stage　2　cement　of　some　specimens，　suggests血at　tlle

discharge　of　fluid　might　have　nuctuated．

　　　　　An　extellsive　meteoric　cementation　illdicates

subaerial　exposure　of　the　carbonate　platforln．
Therefbre　at　least，　a　part　of　the　sediment　should　have

been　subj　ected　to　a　vadose　diagellesis．　However，　no

specimell　of　the　Cliefden　Caves　Limestone　Group
shows　a　definite　vadose　cement，　such　as　one　with

gravitational　fal）rics（Freeman，1971；Kano，1991）．

　　　　　The　stage　3　cement　was　formed　in　a　deep　burial

environment　because　some　of　veills　probably　predated

the　precipitation　of　the　stage　3　cement（Fig．6－b）．　Dull

CL　of　deep　buri　al　cement　i　s　common　because血e

precipi　tation　flui　d　contains　cation　o】dginated　from

pressure　solution．

C．Depositional　pattern　and　the　OrdoVician　climatic

　　　change

　　　　　Late　Ordovician　has　been　recently　regarded　as

the　age　of　global　cooling（Marshall　and］Middleton，

1990；Wadleigh　and　Veizer，1992）．　From　Uanvir
（臨ddle　Ordovician）to　Caradoc（Late　Ordovician）．

The　global　sea－1eve111ad　been　relatively　sta置）1e（Lenz，

1982；Hallam，1992；Ross　and　Ross，1992）because　of

山elgreen　house層condidon（Frakesθ’al．，1992），　and

tle　shallow　eperic　platform　had　received血ck　peritidal

SeqUenCe．　TheSe　S　eqUenCe　i　S　Very　cOmmOn　amOng　the

Ordovician　of　O－40　degrees　in　paleolatitude．　A

restricted　water　circUlation　and　evaporative　condition

caused　development　of　micridc　li山ofacies　and　syn－

sedimentary　dolomite（Rao，1981；Montanez　and
Read，1992a）．　　　　　　　　　　　　　　　　　・

　　　　　Among　the　Cliefden　Caves　Limestone　Group，

only　the　Belubula　Limestone　shears　these
characteristics　of　dle　Ordovician　periddal　limestone．

The　lack　of　dolomite　alld　silici　fi　ed　skeletons　in　tlle

lower　Fossil　Hi11　Limestone　ascribes　to　the　island－arc

setting　of　tlle　Cliefden（”）aves　carbOnate　pl　atform　which
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has　a　steeper　slope　than　the　eperic　platforms．　Water

circUlation　during　the　depositional　PeriOd　of　the　Fossil

Hill　Limestolle，　allowed　diverse　fauna　includillg

variolls　sedelltary　organi　sms（Webby，1992），　unti1　the

sedimentation　had　filled　llp　tlle　shallower　po面on　of

the　platfbm．　Then，　the　Belubula　Limestone，　a，typical曹

Ordovician　carbonate，　started　to　be　deposited．

　　　　　Omlle　o重her　hand，　lithological　change　from重he

Belubula　to　Vandon　Limestone，　may　have　related　witl

agld）al　dilnatic　dlange．　The　global　oooling　fbund　dle

boundary　between　Caradoc　alld　Ashigi11（Upper
Ordovician）and　a　strong　glaciation　in　Ashigill　have

gained　a　consensus　by　many　of　authors　（rylarsha　ll　and

Middleton，1990；Frakes　et　al．，1992；Wadleigh　and

Veizer，1992）．　However，　tlle　exact　age　of　the

beginnillg　of　cooling　and　lasting　Period　of　the
glaciation　are　still　in　colltroversy（Brenchley，　etα’．，

1994）．　The　sea－1evel　fluctuation　indicated　by　the

sedimentary　and　diagenetic　features　of　the　Vandon

Limestone　possibly　involved　an　eustatic　change
associated　with　the　global　cooling．　Then，　the　fUrther

sea－1evel　lowe血g　exposed山e　platform　surface，　and

the　carbonate　sedimentation　was　ceased．

　　　　　Although　the　global　sea－1evel　was　low，　the

continuous　subsidence　of　the　andestic　volcanic　island

re－submerged重he　platform　under　sea　water．　Tllen，　tlle

siliciclastic　dominated　Malongulli　Formation　was
deposited　on　the　erosional　surface．　Lithofacies　change

from　carbonate　and　siliciclastics　has　been　observed

several　Carad㏄一AshigiU　su㏄essions　around　the　world

（Wadleigh　and　Veizer，1992）．　Abundance　of　sponges

in　the　limestone　layers　indicates　a　deeper　or　cooler

envir6nment．　The　cause　of　the　abnlpt　lithofacies

change　may　have　been　associated　with　climatic
cooling　or　the　Ashigillian　mas　s　extinction．　However，

the　age　of　the　Malongulli　Formation　has　not　been

poorly　defined（1ate　Caradoc　or　Ashigi11？；Webby，

1976）．Therefore，　tlle　global　climatic　control　cannot

be　simply　applied　to　tlle　lithofacies　change　from　the

Cliefden　Caves　Limestone　Group　to　the　Malongulli

Fomlation．

VII．　Conclusions

　　　　　1）The　sha110w　marine　Cliefden　Caves
Limestone　Group　is　divided　into　three；Fos　sil　Hi11，

BelubUla，　and　Vandon　Limestones．　The　Fossil　Hill

and　Vandon　Limestone　contains　various　fossil　grains，

whereas　the　Belubula　Limestone　is　dominated　by
molluscs，　sponges，　and　calcareous　a　lgae．

　　　　　2）CL　investigation　defines　three　stages　of

cementatioll　associated　with　diff¢rent　diagenetic

environmentS；ma血e　phreatic，　meteoric　phreatic，　and

deep　buria1．　The　extensive　meteoric　diagenesis（not

on1，y　cementation　but　dissolution）suggests　tllaUhe

platf（）】㎜have　been　exposed　above　the　sea－1eve1．

　　　　　3）The　Fossil　Hill　Limestone　is　carbonatc

scdiment　on－1apping　the　platfoml　on　an　andcstic

volcanic　i　sland．　The　on－1apping　se（imentation　formed

a　relatively　flat　platform．　The　Belubula　Limestone　is　a

peritidal　succession　associated　with　the　syn－
depositional　dolomitization，　silicification，　and

precipitation　of　marine　vadose　cement．　The　Vandon

Limestone　contains　three　red　brown　argillaceous
limestones　which　might　have　been　related　to　tle　sea－

1evel　lowe血9．

　　　　　4）The　challges　in　t　le　litlofaCies　and　diagenetic

characteristics　i　s　partly　explained　by　local　geological

settings，however　was　partly　controlled　by血e　Middle－

Late　Ordovician　globa　l　climate　change，　such　as　the

cooling　from（；aradoc　to　Ashigill．
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