
九州大学学術情報リポジトリ
Kyushu University Institutional Repository

Biogenic Pyrite from the Cretaceous Formations
of Sakhalin and Hokkaido

Kato, George
Faculty of Science, Kyushu University

https://doi.org/10.5109/1543909

出版情報：九州大學理學部紀要 : Series D, Geology. 20 (1), pp.73-84, 1970-01-25. Faculty of
Science, Kyushu University
バージョン：
権利関係：



Mem．　Fac．　Sci．，　Kyushu　Univ．，　Ser．　D，　Geology，　Vo1．　XX，　No．1，

　　　　　　　　pp．73－84，　text－6g．1，1）1s．10－17，　Jan．25，1970

Biogenic Pyrite』m　the　Cretaceous　Formations

of　SakhaHn　and　Hokkaido

By

George　KATO

Abstract

　　　Innumerous　tiny　pyrite　granules　of　various　shape　were　found　in　the

calcareous　concretions　of　the　Upper　Cretaceous　formations　of　Sakhalin　and

Hokkaido．　The　framboidal　pyrite　mostly　replenishing　in　the　tests　of　diatoms，

foraminifers　and　radiolarians　occurs　in　the　majority　of　these　granules．　A

reconsideration　on　the　origin　of　the　framl）oidal　pyrite　is　given　in　the　present

paper，　although　it　was　discussed　in　some　details　in　the　previous　paper（1（ATo，

1967）．

Introduction

　　　　The　present　author　described　innumerous　minute　pyrite　granules　of　various

shape　from　a　Miocene　forma七ion　of　Southwes七Japan，　discussed　their　origin，　and

poin七ed　out　that　these　pyrites　were　found　also　in　the　sediments　of　all　the　geologic

age（KATo，1967）．　In　this　paper，　the　author　wi11　give　further　detailed　discussion

on　the　origin　of　the　biogenic　pyrite　and　the　mechanism　of　replacement　of　some

micro－organisms　on　the　basis　of　the　observation　of　the　abundant　micro－pyri七e

granules　which　mostly　consist　of七he　framboidal　pyrite　in　the　calcareous　concre－

tions　from　the　Upper　Cretaceous　formation　of　Sakhalin　and　Hokkaido．

　　　　Promising　data　to　suppose　the　origin　of　sedimentary　pyrite　are　got　through

the　examination　of　the　calcareous　concretions　in七he　Cretaceous　sedimen七s．　Un－

frac七ured　pyrites　and　the　tests　of　micro－organisms　are　obtained　from　those

concretions，　because　the　concretions　are　soluble　by　HCI　without　extreme　crush－

ing．　The　author　discriminated　two　types　of　pyrite　granules．　One　shows七he

shape　of　diatom，　but　its　surface　ornamentation　illustrates　the　aggregation　of

tiny　pyrite　crystals．　The　other　also　shows　the　same　shape　as　the　preceding　one，

but　the　surface　ornamentation　consists　both　of　crystal　and　framboidal　pyrites．

These　examples　are　considered　to　prove　the　same　origin　of　both　the　crystal　and

framboidal　pyrites，　and　the　author　will　revise　a　part　of　idea　about　the　genesis　of

sedimentary　pyrite　stated　in　the　previous　paper．　Fur七her　he　will　introduce　an

idea　about　the　mechanism　of　replenishmen七into　some　micro－organisms　by　pyrite，

because　he　could　detect　the　tests　of　micro－organisms　which　were　replenished　by

framboidal　pyrite．

　　　　This　report，　the　author　hopes，　has　some　bearing　as　a　basic　data　on七he

Manuscript　received　July　24，1969．
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genesis　of　biogenic　pyrite．　The　result　owes　much　to　many　persons　who　kindly

supported　the　au七hor　with　suggestions，　advice　and　criticism　on　the　course　of

the　study．　The　author　wishes　to　express　here　his　cordial　thanks　to　these　persons．

　　　　Professor　Tatsuro　MATsuMoTo　and　Dr．　Hakuyu　OKADA　of　Kyushu　University

gave　him　access　to　the　necessary　material　and　literature．　Professor　MATsuMOTO

guided　him　also　with　useful　suggestions　and　advice　on　the　problems．　Professor

Ryuzo　ToRIYAMA　and　Dr．　Tsugio　SHuTo　of　the　same　university　gave　him　a七ten－

tive　suggestions　and　advice　especially　on　the　biological　side　of　the　problems　in

the　course　of七he　study，　and　also　gave　careful　criticism　on七he　manuscript．　Dr．

Fumitoshi　HIRowATARI　and　Mr．　Nobutaka　SHIMADA　helped　him　on　the　observa－

tion　and　photographing　under　the　ore－microscope，　and　gave　necessary　discussion

on　the　mineralo－chemistry．　Drs．　Juichi　YANAGIDA　and　Itaru　HAYAMI　made　nec－

essary　criticism　on　the　typescript．
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Fig．1．　Index　map　show－

　ing　the　localities　of　the

　Cretaceous　concretions．

　　　　The　samples　examined　in　this　s七udy　were

offered　by　T．　MATsu〕M［oTo　and　H．　OKADA　of］［（yushu

Universi七y．　MATsuMoTo　provided　with　part　of　the

calcareous　concretion　of　the　Cretaceous　age　from

Sakhalin．　The　concretion　（N401e）苦　consists　of

the　matrix　of　clean　micritic　calcite　and　of　the

grains　of　quartz，　feldspar　and　a　small　amount　of

heavy　minerals　in　fine　sand　size，　and　con七ains　a

large　ammonite，　Gα癩閲cθγα8．　Most　of　the　heavy

mineral　grains，　of　course，　are　pyrite　granules．　The

locality：the　third　tributary　of　Naibuchi　River，

Sakhalin．　The　geologic　horizon：Mh6βzone，　the

upper　Yezo　Group　（Senonian），　the　Upper　Cre－

taceOUS．

　　　　The　material　collec七ed　by　OKADA　from　Hok－

kaido　is　quite　similar　to　that　from　Sakhalin，　though

the　former　differs　from　the　latter　in　containing七he

scattered　chlorite　and　sericite　in　the　matrix　of　the

concretion．　The　concretion　contains　some　ammo－

nites，　Nθ01）ん”Zlo¢θγα8　sτ功γα伽08τL糀　（SPATH）　and

8秘伽吻c”ocθγα8　グ仇z60ゼ　MATSUMOTO　（MS）．　The

locality：Miginosawa，　the　upPer　stream　of且aboro

River，　Hokkaido．　According　to　MATsUMoTo（per－

sonal　communication），i七s　geologic　horizon　is　almost

the　same　as　the　preceding　one．

＊See　MATsuMoTo（1942）．
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Separation　of　pyrite　granules

　　　　To　separate　pyrite　granules，　the　author　adopted　the　procedure　as　follows：

the　calcareous　concretion　is　crushed　by　jaw－cru8her　until　the　grains　pass　through

16mesh　sieve；the　grains　are　washed　off　the　mud　particles　by　wa七er，　and　gen七ly

boiled　in　HCI（1：1）on　sandbath　for　about　half　an　hour；then　the　heavy　minerals

are　concentrated　by　THouLET’s　solution，　and　the　non－pyritized　micro－fossils，　dia－

toms　and　radiolarians，　are　found　in　the　residues；the　separated　heavy　fraction　is

cleaned　by　ultrasonic　cleaner；aliquid　of　iodide　methylene　is　used　as　medium　of

cen七rifuging　in　order　to　separate　pyrite　granules　from　other　heavy　minerals；七he

tests　of　micro－organisms，　radiolarians，　which　are　packed　perfectly　or　imperfec七ly

inside　by　some　framboidal　pyrites　are　found　in　the　re8idues；further，　for　the

X－ray　and　ore－microscopic　examination，　a　part　of　the　heavy　minerals　is　attacked

by　hydrofiuoric　acid．　Af七er　tha七procedure，　pyrite　granules　clearly　show七he

pattern　of　pyrite　Iattice　in七he　diffraction　of　X－ray；七hese　pyrite　granules　are

enclosed　in　polyester　resin（Rigorac　2004W）and　polished　for　the　ore－microscopic

examination．

Shapes　of　the　pyrite　granules

The　pyrite　granules　comprise　the　following　three　groups：

●

1

2．

3．

Framboidal　pyrite

a．single　framboidal　pyrite

b．aggregated　framboidal　pyrite

c．framboidal　pyrite　replenishing
　　　　　　　　　

　　organlsms
Micro－crystal　pyrite

a．CUbiC　CryStal

b．octahedral　crystal

c．pyri七〇hedral　crystaI

Irregular　shape　pyrite．

into　the　tests　of　some　micro一

　　　　Group　l　is七he　framboidal　pyrite　which　is　subdivided　in七〇three，　a，　b　and　c．

As　many　workers　have　referred，　the　term，　framboidal　pyrite，　is　due　to　RusT

（1935）．Single　framboidal　pyri七e（a）is　rounded　or　ellipsoidal　sphere　of　2　to　100μ

in　diameter，　sca七tered　in　the　ma七rix　of　concretion　or　inside　of　the七ests　of　micro－

organisms．　Aggregated　framboidal　pyrite　（b）is　the　aggregation　of　single

framboidal　pyrite　and　shows　irregular　form．　Two　varieties　of　aggregation　are

discriminated　concerning　the　size　of　single　framboidal　pyrite，　one　is　composed　of

single　framboidal　pyirte　of　similar　size，　and　the　other　is　of　various　size．　They　are

also　scattered　in　the　matrix　or　inside　of　the　tests　of　micro－organism8．　Most　of

the　framboidal　pyrites（group　1）belollg七〇c（framboidal　pyrite　replenishing

into　the　tests　of　some　micro－organisms）．　They　replenish　clearly　in　the　whole

inside　of　the　tests　of　micro－organisms　still　showing　the　framboidal七exture．　This
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phenomenon　seems　to　illustrate　the　process　of　formation　of　framboidal　pyrite

（1）苦．　The　internal　structure　of　framboidal　pyrite，　as　described　by　LovE　and

AMsTuTz（1966），　is　represented　by　the　assemblage　of　innumerous　tiny　pyrite

crystals　of　regular　or　i1Tegular　arrangement．　The　difference　in　the　crys七al

arrangement　seems　to　reflect　the　divergence　of　the　process　of　crystallization　to

pyrite　from　FeS2－gel（2）苦．

　　　　Group　2　is　a　single　crystal　or　aggregation　of　crystals　of　2μ～2　mm　in　dia－

meter．　They　illustrate　three　habits，　cubic，　octahedron　and　pyritohedron，　but　two

kinds　of　habit　are　never　co－existing　in　a　single　aggregation．　A　part　of　them

replenishes　into　the　tests　of　some　micro－organisms．　The　problems　of　the　difFer－

ence　in　habi七s　and　the　degree　of　aggregation　are　also　discussed　in　the　Iater

article　（3）苦．

　　　　Group　3　comprises　all　the　pyrite　specimens　which　are　excluded　from　the　two

groups　mentioned　above．　Their　form　is　irregular，　and　the　size　also　spreads　in

wide　range．且owever，　there　is　another　example　which　replenishes　in七〇七he七ests

of　some　micro－organisms．

　　　　The　pyrite　bearing　specimens　examined　con七ain　not　only　a　single　group　of

pyrite，　but　also　the　mix七ure　of　two．　For　instance，　PI．11，　Figs．12，14，15，17　and

18（framboidal　and　crystal　pyrite），　Pl．12，　Figs．6and　8（framboidal　and　ir－

regular　pyrite）and　Pl．10，　Figs．5，6and　10（crys七al　and　irregular　pyrite）．　The

above　mentioned　facts　suggest　that　all　kinds　of　pyrite　are　the　same　in　origin，　and

the　morphological　divergence　is　due　to七he　difference　of　the　micro－environments

where　FeS2－gel　is　in七roduced（4）苦．　The　example　of　mixture　of七hree　groups　has

not　been　found　yet．　The　difference　of　the　factors　and　the　duration　of　the　micro・・

environments　where　FeS2－gel　was　originated　should　affect　the　formation　of　each

form　and　the　combina七ion　of　the　groups．

Further　discussion　on　the　genesis　of　pyrite

　　　　FθS2－9θ1．　LoVE　and　AMsTuTz（1966）discrimina七ed　crystal　form　pyrite　and

framboidal　one　in　a　single　specimen　from　the　Devonian　Chattanooga　Shale

and　Rammelsberg　Banderz．　且owever，　they　didn’t　come　to　a　solid　conclusion

on　the　origin　of　morphological　difference　between　the　two　forms．　The　present

author　found　the　example，　in　which　dia七〇m　was　replaced　by　pyrite，　and　the

surface　ornamentation　of七he　diatom　reveals　clearly　the　intermixture　of　crystal

and　framboidal　pyrites．　The　fact　sugges七s　that　the　gel　of　pyrite　of　both　forms

was　formed　at　the　same　time．　The　idea　on　the　process　of　forma七ion　of　FeS2－geI

was　offered　in　the　previous　work，　although　it　was　a　preliminary　conclusion．　It　is

summarized　as　follows：七he　sulfur　bacteria　and　sulfa七e　reducing　bac七eria　sym－

biotic　in　sediment　make　up　a　colony；accordingly，　the　sulfur　cycle　is　realized　in

the　colony；ionized　sulfur（S－）appears　in　the　cycle；S－－reacts　with　ionized

iron（Fe＋＋）；as　a　result　of　this　reaction，　FeS2－gel　is　formed　in　the　sediment．

Fe＋＋＋doesn’t　participate　in　the　formation　of　pyrite，　because　it　is　inac七ive　in

＊　（1），（2），（3）　and　（4）　are　discussed　in　details　in　the　later　article．
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sediment．　As　pointed　out　in　the　previous　paper，　the　reaction　of　Fe＋＋and　H2S

is　impossible　under　the　normal　marine　condition．　These　problems　shall　be

omi七ted　from　the　present　theme七〇keep　off　duplication．　Concerning　the　co－

operation　of　two　kinds　of　bacteria，　BuTLIN　and　PosTGATE（1954）concluded七hat

the　sulfur　bacteria　and　sulfate　reducing　bac七eria　accumulated　sulfur　from　H2S

through　their　co－opera七ion　in　the　lake　sediment　of　Cyrenaica，　North　Africa．

Rhodes　W．　FAIRBRIDE（Columbia　University）succeeded　in　synthesizing　jarosite

from　pyrite　and　illi七e　with　H2SO4　under七he　inorganic　condition，　and　stated　that
‘‘

the　yellow　powder　is　always　jarosi七e，　not　S’，（personal　communica七ion）．　The

present　author　thinks　that　it　is　rather　di丘icult　to　break　the　S－O　bond　under　the

inorganic　condi七ion，　but　some　microbes　may　llave　the　ability　of　l）reaking　the

bond．　Also，　the　S－H　bond　is　not　broken　inorganically　by　tlle　same　reason　as　in

case　of　the　S－O　bond．　Azuma　IIJIMA（the　Universi七y　of　Tokyo）pointed　out　the

possibility　of　following　reaction　in　the　sediment（personal　communica七ion）：

　　　　　　　　　　　　　　　　　　　　　　　FeS一曇Fe＋＋→FeきSニFeS，

　　　　The　present　author　thinks　tha七，　if　the　reaction　men七iolled　above　is　realized

in　the　sediment，　the　ionized　iron　which　was　free　from　mono－iron　sul飼e　may

react　as　oxidized　iron，　and　such　sedimentary　environment　should　not　allow　the

reaction　of　iron　and　sulfur　and　even七he　existence　of　iron　sulfide，　especially　pyrite．

The　author　still　admits　the　conclusion　mentioned　in　the　previous　paper　about

the　genesis　of　FeS2－gel．　MoLlscH（1911）observed七he　diatom　to　concentrate

iron　in七he　in七ernal　part　of　the　tes七through　meta「bolism．　Tha七is　to　say，　it　is

Iikely　tha七afair　volume　of　ionized　iron（Fe＋＋）is　contained　in　the　inside　space

of　diatom．　His　observation　supports　the　conclusion　of　tlle　present　author．1七is，

on　one　hand，　improbable　to　supply　sufncient　Fle　in　such　a　way　as　quoted　above　to

a丘ord　all　the　pyrite　replellishing　in　the　whole　cell　of　diatom．　It　is，　however，　on

the　other　hand，　quite　probable　to　supPly　the　nucleus　of　crystal．　In　order　that七he

crystal　grows　Iarger，　the　favorable　condition　for　crystal　growth　must　last　longer

and　the　gel　must　be　sufHcien七ly　supplied．　If　FeS2－gel　in　the　sediment　is　super－

sa七urated，　the　condition　of　the　latter　is　ou七〇f　question．　When七he　term　is

un611ed，　the　cohesive　strength　between　FeS2－gel　comes　into　question．　The

critical　volume　of　the　nucleus　is　a　necessary　condition　for　crys七al　growth，　but

is　llot　su伍cient．　This　time，　the　author　will　give　some　discussions　abou七the

problem　of　the　origin　of　the　different　forms　of　pyrite　within　the　micro－organisms

such　as　diatoms，　foraminifers　and　radiolarians，　and　about　the　problem　why　the

FeS2－gel　is　crystallized　as　crystal　or　framl）oidal　form．　The　informa七ion　about

pyrite　from　the　pro創e　column　of　recent　sediment　should　serve　to　solve　this

problem．

　　　　8θ砺伽θ励αη¢o閲仇oπ．　The　anaerobic　zone　in　the　bottom　sediment　of

marine　environment　is　rather　thick　ill　many　cases．　The　distance　of　the　horizon

of　Eん一50～－150mV　from七he　bottom　surface　is　rather　limited　in　a　narrow

zone，　where　is　a　favorable　circumstance　for　the　colony　of　sulfur　bacteria

and　sulfa七e　reducing　bacteria．　FeS2－gel　is　formed七here，　and　then　inm七rates

into　the　tests　of　micro－organisms　such　as　diatoms，　foraminifers　and　radiolarians．

If　the　same　anaerobic　environment　continues　till　the　beginning　of　diagenetic
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hardening，　FeS2－gel　is　crystallized　as　a　single　form　of　the　three　groups．　How－

ever，　the　anaerobic　zone　rises　upward　in　keeping　Pace　with　the　deposition　of　the

overlying　sediment，　while　FeS2－gel　stays　where　i七is　originally　formed．　Con－

sequently　pH　and　Eんconditions　around　FeS2－gel　at　the　original　site　are　modined

in　correspondence　with　its　relative　position．　That　is　to　say，　the　difference　of

p且and　Eんconditions　at　the七ime　of　crystallization　of　FeS2－gel　should　be　decided

by　t｝1e　relative　depth　of七he　gel．

　　　　Sμ1μγゼ80εopθ8．　In七he　field　of　recent　geochemistry，　many　excellent　results

of　the　study　of七he　sulfur　isotopes　have　been　offered．　Among　them，　it　is　worth

noticillg　that　pyrites　of　magmatic　and　biogenic　origins　are　discriminated　on　the

basis　of　the　ratio　of　S32／S34．　According　to　NAKAI　and　JENsEN（1960，1964），the

ratio　of　S32／S340f　magmatic　pyrite，　oll　one　hand，　is　in　a　narrow　6eld　and　never

sca七tered．011　the　other　hand，　biogenic　pyrite　shows　ra七her　dispersed　distribution

of　the　ratio　and　has　much　more　S32　than　magmatic　one　in　many　cases．　They

interpreted　these　phenomella　as　the　bacteria　prefer　S32　wllich　is】iΨh七er　than　S34

in　the　formation　of　FeS2－gel．　If　their　explanation　proves　true，　it　may　throw　light

on　the　discrimination　of　biogenic　pyrite．　However，　there　are　some　different

data　from　NAKAI　alld　JENsEN，s　among　the　many　publica七ions　of　sulfur　iso七〇pes．

For　instance，　RANKAMA（1963）concluded　that　the　sul6des　with　S32／S34　ratio

higher　than　22．3　were　biogenic　origin．　That　is　to　say，　RANKAMA’s　biogenic　field

is　wider　than　NAKAI　and　JENs酬，s．　Under　such　circumstance　as　mentioned

above，　it　is　difncult　to　discriminate七he　pyrites　of　magmatic　and　biogenic　origins

on　tlle　basis　of　the　ra七io　of　S32／S34．　The　problem　of　fractionation　of　sulfur

isotopes．　in　pyrite　must　be　answered　after　the　close　examination　of　the　occur－

rences　of　pyrite　in　sedimentary　rocks，　whether　tlley　are　suffered　by　some　hydro－

thermal　igneous　activities　or　not，　and　of　the　pyrite　in　recent　sediment，　which

may　be　either　reworked　from　ancient　rocks　or　not．

　　　　NAKAI　and　JENsEN（1964）stated　their　success　of　pyrite　formation　by　using

the　mixed　culture　of　bacteria．　Examining　the　isotope　ratio　of　this　pyrite，　they

proposed七he　idea　of　frac七ionation　by　bacteria．　However，　they　didn，t　give　any

comments　on　the　process　of　chemical　reac七ion　of　FeS2－gel．　It　seems　that　their

“mixed　culture　of　l）acteria，，　corresponds　to　the　au七hor，s‘‘colony　of　bacteria，，．

HALLBERG（1965）reported　the　success　of　formatioll　of　pyrite祈in　the　bacterial

colony．　Unfortunately，　there　are　few　speci丘ed　information　of　the　chemical

process　concerning　the　formation　of　pyrite　in　sediment　in　which　the　bacteria

act　as　a　catalyzer　during　the　diagenesis．　It　is　dimcult　to　explain　the　chemicaI

process　that　the　bacteria　form　pyrite　directly，　and　that　FeS2－gel　is　formed　by

bac七eria　in　the　presence　of且2S．　After　all，　as　mentiolled　in　the　previous　paper，

it　is　the　mos七reasonable　supposition　that　ionized　sulfur（S－一）is　formed　in　the

colony　of　bacteria　and　reacts　with　ionized　iron（Fe＋＋）directly　to　form　FeS2－gel．

If　the　fractionation　of　sulfur　isotopes　occurs　actually　in　pyrite，　it　should　originate

a七the　stage　of　ioniza七ion　of　S－in　the　colony　of　bacteria　in　sulfur　cycle．　How－

ever，　as　pointed　out　by　NAI（AI　and　JENsEN（1964），the　ratio　of　biogenic　pyrite

＊He（HALLBERG）wrote　in　his　personal　communication　that‘‘It　is　found　Ilot　to　be
pyrite，，．
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doesn’t　always　higher　than　the　magmatic　one．　It　is　also　examplified　in　VALLEN－

TYNE’s　data（1963）．　If　biogenic　pyrite　always　shows　the　de6nite　concentration

of　lighter　isotope　of　sωfur，　VALLENTYNE’s　framboidal　pyrite　must　be　of　magmatic

origin．　In　fact，　however，　the負elds　of　S32／S340f　magmatic　and　biogenic　origins

overlap　partially．　It　i8，　in　consequence，　di伍cult　to　discriminate　whether　the

framboidal　pyrite　is　biogenic　or　magmatic　origin　only　from　the　ratio　of　S32／S34．

Therefore，　the　critical　importance　should　be　put　on　the　detailed　examination　of

the　occurrence　of　framboidal　pyrite．

　　　　λ4icγo一θ抑欣oη物θ励．　The　present　author　pointed　out　in　the　previous　work

that　the　replenishment　of　the　framboidal　pyrite　should　begin　from　the　inside　of

diatom，　although　this　idea　was　not　veri丘ed　by　the　concrete　evidence．　In　the

present　study　it　is　proved　by　the　material　from　Sakhalin　and　Hokkaido．　The

framboidal　pyrite　clearly　replenishes　into　some　micro－organism’s　tests　in　various

degree．　Some　of　the　framboidal　pyrites　exist　in　the　sedimentary　matrix　don’t

contact　directly　with　the　tests　of　micro－organisms．　The　author　supposes　that

they　were　scattered　in　the　sediment　because　of　break－down　of　the　tests　by　some

reasons・．　And　the　break－down　might　be　made　before　the　complete　replenishment

of　the　framboidal　pyrite　into　the　tests，　because　the　framboidal　pyrite　occur　in　a

single　or　aggregated　state，　but　never　reveals　the　same　particular　forms　as　micro－

organisms．　If　the　tests　might　have　been　broken　after　the　complete　replenishment

of　the　framboidal　pyrite，　the　framboidal　pyrite　should　reveal　a　special　form　such

as　diatoms，　foraminifers　or　radiolarians．　Therefore，　the　author　further　supposes

that　some　space　enclosed　in　any　test　should　be　required　to　form　the　framboidal

pyrite．　In　the　ca8e　of　the‘‘geopetal　pyrite”of　HONJOθ‡αZ．（1965），　it　seems　that

80me　cavities　in　limestone　play　the　role　of　space　and　screen．　‘‘Space　enclosed

with　any　screen”is　considered　to　be　the　necessary　condition　for　the　formation

of　the　framboidal　pyrite．　That　is　to　say，　a　special　micro－environment　isolated

and　difEerentiated　from　the　surroundings　i8　needed　for　the　formation　of　the

framboidal　pyrite．　The　tests　of　micro－organisms　afford　such　micro－environment．

FeS2．gel　is　crystallized　inside　and　outside　the　micro－environment　mentioned　above

in　respective　shape　because　of　the　difference　in　the　physico－chemical　conditions

during　the　diagenesis．　Whether　or　not　the　tests　of　micro－organisms　are　pre－

served　in　sediment　after　the　diagenesis　depends　well　on　the　difference　of　the

chemical　and／or　physical　condition8・and　the　original　thickness　of　the　test．　The

material　from　Sakhalin　and且okkaido　illustrates　the　latter　case．　No　foramin－

iferal　tests　are　found　in　them，　because　the　calcareous　test　might　have　been

dissolved　away　during　preparatory　treatment．　In　fact，　only　the　thick　tests　of

foraminifers　are　rather　well　preserved　in　the　thin　section　of　concretiol1，　but　the

thin　test　is　never　found．　The　interior　part　of　the　tests　of　micro－organisms　is

considered　not　ollly　the　ideal　micro－environment　for　the　formatiqn　of　the　fram－

boidal　pyrite　as　mentioned　above，　but　also　the　favorable　niche　to　the　colony　of

sulfur　bacteria　and　sulfate　reducing　bacteria．　Furthermore，　it　may　permit　the

in五ltration　of　only　Fe＋＋and　keep　off　FeS，　even　if　it　existed　in　the　surroundings，

because　the　tests　act　the　role　of　the　screen．

　　　　1γ従θγηαZ8亡γμ¢飢γθo∫∫γα伽bo乞dαI　p〃がZθ．　The　observation　of　the　polished
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section　clari丘es　that　most　of　the　framboidal　pyrites　from　Sakhalin　and　Hokkaido

consist　of　the　aggregation　of　innumerous　tiny　cubic　pyrite　crystals．　However，

apart　of　the　framboidal　pyrites　are　made　of　marca8ite　showing　radiated　struc－

ture．　The　marcasite　must　have　been　changed　from・pyrite，　because　the　framboid

includes　a　few　minute　cubic　pyrites　in　the　core．　Many　presumptions　are　instituted

about　the　difference　of　the　habit　between　the　aggregated　framboidal　pyrites　and

the　individual　larger　crystal．　However，　the　environments，　in　which　FeS2－gel　is

formed　and　cry8tallized　as　pyrite　don’t　always　coincide　with　each　other．　The

collditions　of　respective　environment　must　be　thought　separately．

　　　　The　interior　structure　of　the　framboidal　pyrite　is　the　aggregation　of　minute

pyrite　crystals．　The　crystal　habi七〇f　those　minute　pyrites　includes　three　forms

same　as　magmatic　pyrite，　namely　cubic，　octahedron　and　pyritohedron．　The

mode　of　aggregation　has　correspondence　to　the　crystal　habit．　For　instance，　the

cubic　one　shows　a　scattered　mode，　PL　15，　Figs．2，3．　Although　i七is　di伍cult　to

distinguish　the　three　habits　under　ore－microscope，　the　crystals　of　respective

habit　seem　to　be　arranged　in　different　mode．　LoVE　and　AMsTuTz（1966，　pl．2，

figs．1，2）reported　that　the　pyritohedral　crystals　in　the　framboidal　pyrite　showed

regular　arrangement，　but　it　is　not　denied　that　there　are　some　space　between

crystals　on　the　direction　of　c－axis．　If　FeS2－gel　is　crystallized　as　the　cubic　form，

the　crystals　attain　larger　size，　take　regular　arrangement　and　don，t　become

framboidal．　It　seems　that　undetermined　ma七ter　other　than　pyrite　molecule

exists　in　the　framboidal　pyrite　around　the　mi皿te　pyrite　crystals．　The　difference

of　crystal　habit　of　the　framboidal　pyrite　is　considered　to　be　decided　by　the

envirollmental　factors　where　FeS2－gel　is　formed　and　by　the　molecule　of　the

undetermined　matter　in　the　ge1．

　　　　Hαbπoア仇Z6γo－c吻8ταZ8仇かα物boZ〔1α1忽ダ批θ．　At　least，　it　is　evident　that

two　kinds　of　habit　never　co－exist　in　the　framboidal　pyrite．　Two　probable　causes

may　be　considered　for　this　phenomenon．　One　is　that　the　time　needed　for　the

transformation　of　FeS2－gel　to　the　framboidal　pyrite　may　not　be　so　long，　because

an　environment　of　particular　character　in　sediment　may　not　last　unchanged．

Gellerally，　the　habit　of　crystal　is　decided　by　the　character　and　the　duration　of

the　environment．　The　other　is　that　the　micro－environment　such　as　in　the　tests

of　micro－organisms　is　able　to　maintain　for　long　period　a　particular　condition

having　the　Ieast　connection　with　the　surroundings．　Judging　from　the　mode　of

the　framboidal　pyrites　in　the　sedimentary　rocks，　the　latter　case　should　be　evalu－

ated，　because　the　time　factor　during　crystallization　in　low　temperature　can　not

be　ignored．

　　　　The　environment　at七he　time　of　crystallization　of　FeS2－gel　may　be　different

from　that　at　the　time　of　formation　of　the　gel．　FeS2－gel　is　formed　only　at　a

limited　position　in　the　prome　of　the　sedimentary　column．　Generally，　the　sedi－

ment　at　sea　bottom　is　composed　of　sand　and　mud　particles　transported　altogether

to　form　a　single　bed．　The　upper　part　of　the　bed　is　unable　to　become　anaerobic

because　of　continuous　oxygen　supply　from　the　sea　water．　Accordingly，　only　the

middle　and　lower　parts　may　be　anaerobic　to　stimulate　the　formation　of　FeS2－gel．

When　the　bed　is　attacked　by　the　aerobic　circulatory　water，　the　whole　bed　should



Biogenic　Pyrite　from　the　Cretaceous　Formations　of　Sakhalin　and　Hokkaido 81

become　aerobic　with　the　exception　of　the　closed　micro－environment　as　in　the

tests　of　micro－organisms．

　　　　The　crystallization　of　FeS2－gel　may　proceed　resulting　a　particular　form　in　a

particular　environment．　If　the　environmental　condition　changes　even　slightly，

the　crystallization　of　the　particular　form　may　stop　and　the　gel　may　be　transformed

to　another　form．　If　the　crystallization　proceeds　in　such　a　way　as　mentioned

above，　it　is　not　impossible　that　there　are　the　mixture　of　three　forms　crystallized

under　the　changing　environmental　condition，　although　such　mixture　have　never

been　actually　found　yet．

　　　　Tθ仇Pθγα施γθ・Generally　speaking，　temperature　acts　as　the　most　important

factor　during　the　chemical　reaction　associated　with　some　microbial　action，　and

the　most　favorable　range　for　most　of　the　microbes　is　20～40°C．　While　Zo8ELL

（1958）stated　that　the　tolerance　field　of　sulfate　reducing　bacteria　is　O～100°C．

There　are　two　reasons　why　the　thermophilic　bacteria　show　the　greatest　activity

at　rather　high　temperature．　One　is　that　they　get　a　large　reaction　speed　to　form

their　enzymes（ALLEN，1950）．　The　other　is　that　they　connote　many　stable

enzymes　at　high　temperature（MILITzERθ¢α1．，1950；POsTGATE，1950）．　However，

the　framboidal　pyrite　occurs　not　only　in　sediments　or　sedimentary　rocks　but　also

in　sul丘de　ores　formed　at　much　higher　temperature　than　the　ordinary　sedimentary

environment．　Whether　the　temperature　is　the　most　important　factor　or　not　for

the　formation　of　pyrite　must　be　answered　after　the　close　examination　of　all　factors

other　than　temperature．

　　　　Pγθ88zzγθ．　ZoBEI正and　JoHNsoN（1949）reported　the　results　of　the　observa－

tion　of　some　cultured　microbes　under　various　pressure　（300～600　atm）and

temperature（20～40°C）．　While　ZoBE肌and　OPPENHEIMER（1950）reported　that

sulfate　reducing　bacteria　were　able　to　endure　still　higher　pressure　of　about

1000atm　on　the　basis　of　the　observation　of　their　culture．　Judging　from　the

above　mentioned　facts，　at　least，　it　seems　there　is　some　combined　effect　of　pres－

sure　and　temperature　to　the　formation　of　pyrite　through　the　microbial　action．

For　the　solution　of　the　problem　about　the　habits　of　framboidal　pyrite　and　in－

dividual　crystal　pyrite，　accurate　informations　are　needed　about　the　depth　and

pressure　at　which　the　pyrites　are　originated　in　recent　sediment．

　　　　Sα励吻．According　to　WERKMAN　and　WILsoN（1951，仇TsuRu，1962），

microbes　show　much　difference　in　the　ability　of　permeation　under　the　osmotic

pressure　and　their　opinion　has　been　confirmed　by　many　works　about　sulfate

reducing　bacteria（for　example：ZoBE肌，1946a；IsAcHENKo，1929，　etc．）．且ow・・

ever，　the　framboidal　pyrites　occur　regardless　the　type　of　sedimentary　environ．

ments，　fresh，　brackish　or　marine．　It　seems，　therefore，　the　salinity　doesn，t　con－

tribute　to　the　formation　of　FeS2－gel．　If　the　8alinity　ef［ects　the　formation　of　the

sedimentary　pyrite，　it　should　be　reflected　in　the　fractionation　of　the　sulfur

i80topes　in　pyrite，　because　NAKAI　and　JENsEN（1964）admitted　that　there　were

some　difrerence　in　S34　between　bottom　water　of七he　sea　and　of　the　lake．　In　fu－

ture，　the　salinity　problem　must　be　examined　in　relation　to　the　crystal　habi七〇f

the　framboidal　pyrites，　because　the　stenohaline　bacteria　may　cause　a　special　frac－

tionation　of　S32／S34　in　pyrite　corresponding　to　the　salinity．

　　　　忽Hα城Eん．It　is　said　that　most　of　the　important　physico－chemical　functions
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of　microbes　such　as　the　osmosis　of　cel1－wall　and　the　activation　of　enzymeS　are

controlled　and　conditioned　by　p11．　The　function　of　free　hydrogen　ion　is　related

not　only　to　the　dissociation　of　hydrogen　carrier　electrosis　but　also　to　the　existence

of　salts，　the　oxidation－reduction　potential　and／or　buffer　action（RAvoTNovA，1957

仇TsuRu，1962）．　STARKEY　and　WIGHT（1945），　ZoBELL（1946b），　and　SHTuRM

（1951）offered　many　excellent　data　on　the　relation　of　pH　with　the　culture　of

sulfate　reducing　bacteria　under　various　condition．　Their　data　give　the　conclusion

that　the　greatest　activity　of　sulfate　reducing　bacteria　occur8　at　around　p」7　7．

According　to　BAAs　BEcKING　and　KAPLAN（1956），the　relation　between　the　activity

of　sulfate　reducing　bacteria　and　pll　is　closely　connected　to　Eんunder　the　experi－

mental　and　natural　conditions．　They　reported　that　Eん一50～－150　mV　was　the

optimum　for　growth　of　microbes．

　　　　S脚仇θ8Z8．　Yuji　ENDo，　Ichiro　SuNAGAwA　and　Nobuyuki　NAKAI苦succeeded

in　the　formation　of　framboidal　pyrite　through　the　following　process：the　starting

materials　are　metallic　iron（Fe）or　oxidized　iron　（Fe2030r　FeO），　elemental

sulfur（S）and　distilled　water，　which　are　all　inorganically　re6ned；these　materials

are　taken　in　the　glas8　tube　and　heated　in　autoclave　at　250～350°C；after　5～20

hours，　pyrite　is　formed　in　the　tube．　The　habit　of　the　synthesized　pyrite　is　cubic，

but　the　habit　transforms　to　octahedron　in　the　course　of　the　crystal　growth．　At

crystallization　of　pyrite，　pH　is　O．18～1．2．　Pyrite　changes　to　marcasite　because

of　the　ultra－acidic　condition．　After　this　procedure　mentioned　above，　the　experi－

ment　is　further　proceeded．　The　re丘ned　CaCO3　is　added　to　colltrolρH．　Thi8

results　the　rise　of　pH　to　5～6　and　the　formation　of　framboidal　pyrite　in　the　tube．

SuNAGAwA繰stated　that　the　addition　of　CaCO3　was　not　the　necessary　condition

for　the　synthesis　of　pyrite，　but　for　the　formation　of　framboidal　pyrite，　because

pyrite　was　always　formed　regardless　of　the　change　of　pH．　In　the　system　added

with　CaCO3，　pyrite　crystalli牢d　from　the　nucleus　stops　its　growth　to　a　limited

size　and，　in　consequence，　the　size　of　the　pyrites　is　even．　Then　the　aggregate　of

minute　crystals　forms　framboidal　pyrite8．　SuNAGAwA瀦explained　that　the　growth

of　pyrite　might　stop　due　to　the　coating　of　the　crystal－surface　by　CaCO3　and　that

the　appearance　of　the　framboidal　pyrites　closely　resembles　those　in　the　sedimen－

tary　rocks．　He　concluded　that　all　the　mechanism　of　formation　of　framboidal

pyrites　is　clarified　in　the　experiments　just　mentioned．　且owever，　the　pre8ent

author　thinks　that　the　process　of　chemical　reaction　of　S　and　Fle（what　kind　of

sulfur　ion　reacts　with　Fe　to　form　FeS2）is　not　yet　solved，　because　the　te士nperature

is　higher　and　pH　is　also　lower　than　that　of　the　ordinary　sedimentary　condition．

The　problem　of　ionization　of　sulfur，　the　time　factor　and　the　catalyzer　must　be

pursued　sufnciently．　Further，　it　is　highly　probable　that　the　difference　of　the

molecule　of　the　gel　and／or　the　volume　and　character　of　the　crystal　nucleus　in

FeS2－gel　control　the　form　and　habit．　The　question　remain8　to　be　sQlved　in　future．

＊Preprint　of　the　annual　meeting　for　1969，　the　Mineralogical　Society　of　Japan．

＊＊personal　communication．
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Concluding　remarks

　　　　It　is　said　that　some　biogenic　sulfur　has　some　isotopic　ratio　different　from

that　of　magmatic　origin．　If　the　fractionation　is　aroused　by　some　microbes，　a

particular　value　of　the　ratio　should　correspond　with　each　microbe．　In　other

words，七he　ratio　may　point　to　the　kind　of　microbes．　Accordingly，　if　the　kind　of

microbes　is　made　clear　on　the　basis　of七he　ratio　of　the　sulfur　iso七〇pes，　the　condi－

tions　of　the　sedimentary　environment　may　be　concluded．

　　　　Microcrystals　constituting　the　framboidal　pyrite　illustra七e　three　crystal

habits．　The　three　habits　must　be　reHected　the　difference　and／or　the　duration　of

the　physico－chemical　conditions　where　FeS2－gel　was　introduced．　Therefore，　the

freqeuncy　of　habits　in　every　framboidal　pyrite　may　indicate　the　sedimentary

condition　at　the　time　of　precipitation　of　the　gel．

　　　　Marcasite　which　shows　the　framboidal　texture　in　appearance　is　found　in七er－

mixing　with　the　framboidal　pyrite．　It　is　clearly　a　pseudomorph　of　the　fram－

boidal　pyrite．　If　the　transitional　point　is　examined　experimentally，　it　may　verify

the　change　of　diagenetic　condition　after　crystalliza七ion　of　pyrite．

　　　　Pyrite　is　valuable　to　presume　the　paleo－sedimentary　environment，　because

i七has　a　high　stability　as　compared　with　other　syngenetic　minerals．
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Biogenic　Pyrite　from　the　Cretaceous　Formations

　　　　　　　　　　of　Sakhalin　and］ilokkaido
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Plate　IO



Explanation　of　Plate　10

Figs．1－4，7－9，11－16，18　and　20．　Diatoms　replace．d　by　pyrite　perfectly＿Page　76

Figs．5，6and　10．　Diatoms　replaced　by　pyrite　imperfectly＿＿＿＿．．Page　76

Figs．17，19　and　21－24．　Framboidal　pyrite　replenished　ill　diatom＿．＿．Page　76

All　figures　are　in　the　same　magnification（×400），　and　all　the　specimens　came　from

　　　one．　and　the　same　locality（the　third　tributary　of　Naibuchi　River，　Sakhalin）．
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Explanation　of　Plate　11

Figs．1－10．　Foraminifers　replaced　by　pyrite＿．．．＿＿＿．＿．＿．◆＿．Page　76

Figs．11　and　13．　Break－down　specimens　of　diatom　replaced　by　pyrite＿Page　76

Figs．12，14，15，17　and　18．　Diatoms　replaced　by　framl）oidal　and　crystal
　　　pyrites．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．Page　76

Figs．16．　Side　view　of　radiolaria　replaced　by　framl）oidal　pyrite．．．＿＿Page　76

Figs．19－22．　Side　view　of　diatoms　replaced　by　framboidal　pyrite＿＿．Page　76
Figs．23．　Octahe．dral　pyrite．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．Page　76

The　magni丘cation　of　6gures　and　the　locality　of　the　specimens　are　all　the．　same

　　　as　that　of　Plate　10．
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Explanation　of　Plate　12

Figs．1－5，7，9－14，16　and　21．　Diatoms　replaced　by　pyrite　perfectly＿．．Page　76

Figs．6and　8．　Diatoms　replaced　by　pyrite　imperfectly＿＿．＿＿．＿．Page　76
Figs．15．　Break－down　specimen　of　diatom　replaced　by　pyrite．．．．．．．．．．．．Page　76

Figs．18．　Diatom　replaced　by　framboidal　and　crystal　pyrites．．．．＿＿．Page　76

Figs．19，20，22，23　and　26－28．　Framboidal　pyrite　replenishe．d　in　diatoms．Page　76

Figs．24．　Aggregated　framboidal　pyrite，　irregular　form＿．．＿．．＿＿Page　76
Figs．25．　Radiolaria　replaced　by　pyrite．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．Page　76

Figs．29　and　30．　Probably　some　micr（卜organisms　replaced　by　framboidal
　　　　pyrite．．．．．．．．．．．．．．．．．．．．．．．．。．．．．．．．◆．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．Page　76

All　figures　are　in　the

　　　from　one　and　the

　　　River，　Hokkaido）．

same　magni6cation（×400），　and　all　the　specimens　came

same　locality（Miginosawa，　the　upper　stream　of　Haboro
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Explanation　of　Plate　13

Figs．1－11．　Foraminifers　replaced　by　pyrite＿．＿．．．．．．＿．＿．．．＿＿Page　76

Figs．12，16　and　17．　Irregular　pyrite．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．Page　76

Figs．13．　Aggregated　framboidal　pyrite．．．＿．＿．．．．．＿＿＿．．．．．．＿Page　76

Figs．14　and　15．　Probably　some　micro－organisms　replaced　by　pyrite．＿Page　76

The　magni6cation　of毎ures　and　the　locality　of

　　　that　of　Plate　12．

the　specimens　are　the same　as
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Explanation　of　Plate　l4

Figs．1and　2．　Polished　section　of　framboidal　pyrite．＿．＿．．＿＿．＿Page　76

　　　Both　framboidal　pyrites　are　probal）ly　the　aggregation　of　octahedral　crystals

　　　and　show　something　ordered　arrangeme．nt（×1200）．

The　Iocality　of　the　specimens　is　all　the　same　as　that　of　Plate　12．
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Explanation　of　Plate　15

Figs．1－4　and　6．　Polished　framboidal　pyrites．

　　　Fig．1．　Octahedral　micr（）－crystals　showing　something　ordered　arrange－

　　　ment………＿＿．．．＿＿＿．＿＿．＿．＿＿＿＿．＿．．．．．．．．．．．Page　76

　　　Figs．2－4．　Cubic　octahedral　micr（卜crystals　of　irregular　arrangement．．Page　76

　　　Fig．6．　Cubic　micro－crystals　of　concentric　arrangement．．．．．．．．．．．．．Page　76

Fig．5．　Aggregation　of　cubic　octahedral　pyrite　crystals，　not　framboidal
　　　（polished　section）．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．Page　76

The　magni6cation　of血gures　and　the　locality　of　the

　　　as　that　of　Plate　12．

specimens　are　all　the　same
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Explanation　of　Plate　16

Figs．1－3．　Pyrite　presenting　two　stages　of　crysta11ization．．．．．．．．．＿．．．Page　76

　　　Fig．1and　2　is　in　same　materia1，　but　showed　by　different　magnification

　　　（×1200，　×400）．

　　　Fig．3．　×400．

Figs．4－6．　Framboids　presenting　radiated　structure．

　　　They　may　be　marcasite（×400）＿＿＿＿＿＿．＿．＿＿＿＿＿．Page　76

All　the　specimens　are　in　the　polished　section．

　　　as　that　of　Plate　12．

The　Iocality　of　them　is　all　the　same
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Plate　17



　　　　　　　　　　　　　　　　　　　　　　　Explanation　of　I⊃late　17

Figs．1and　3－7．　Pyrites　showing　two　stages　of　crystallization　＿＿＿Page　76

　　　Figs．1and　4－7．　×1200．

　　　Fig．3．　×400．

Fig．2．　Foraminifer　replaced　by　pyrite（×400）．．．＿．＿＿＿＿＿．．．．Page　76

All　the　specimens　are　in　the　polished　section．　The　locality　of　them　is　all　the　same

　　　as　that　of　Plate　12．
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