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I. IN T R O D U C T IO N

W h at are acrita rch s?  Basically , th ey  re p re se n t an  en igm atic  (G reek , akritos  =  
u n c e r ta in ; arche =  o rig in ), artificial g ro u p  o f m icro o rg an ism s, in tro d u c e d  as an 
in fo rm al ca tegory  by  E v itt (1963) an d  co n sid e red  fo r p u rp o ses  of classification  as p lan ts , 
so th a t th ey  are covered  by th e  R u les o f B otan ica l N o m en c la tu re . T h e y  are  eukaryo tic , 
u n ice llu la r, o rgan ic -w alled , re s is tan t, m orpho lo g ica lly  varied , co n sis ten tly  associated  
w ith  w a te r-d ep o sited  sed im en ts, an d  essen tia lly  b o th  m arin e  an d  fossil. A lth o u g h  
certa in ly  of po ly p h y le tic  o rig in , th e  m a jo rity  w ere p ro b ab ly  cysts o f ex tin c t m icroscop ic  
algae.

T h e re  is b ro ad  ag reem en t th a t ac rita rch s ap p eared  in  th e  P recam b rian , abou t 
1400 M a (m illion  years ago) b p . I t  is ce rta in  th a t th ey  ach ieved  th e ir  m ax im u m  
ab u n d an ce  and  d iversifica tion  b e tw een  th e  early  C am b rian  an d  th e  late D ev o n ian , from  
ab o u t 550 to  360 M a b p  and  th a t th e ir  occu rren ce  in  m o re  recen t dep o sits  is b o th  
re la tive ly  scarce an d  e rra tic  (F ig . 1).

T h e  q u es tio n  as to  w h a t th ey  are w o u ld  p ro d u ce  d iffe ren t co m m en ts  from  b io log ists 
and  b o tan is ts  on th e  one h an d , an d  p a laeon to log ists  an d  geologists on  th e  o ther. T h e  
fo rm er w o u ld  em phasize  th e  u n c e rta in  o rig in  an d  affinities, th e  co m p o sitio n  o f  th e  test, 
an d  th e  lack o f an  accep tab le  classification  fo r a ca tegory  o f o rg an ism s w hich , because 
it is so b ro ad ly  defined , has one of th e  longest know n  life h is to rie s . B iologists and  
p a laeon to log ists  to g e th e r w ou ld  em phasize  also th a t d u r in g  th e  190 M a  o r so o f th e ir  
‘go lden  a g e ’, an d  on  acco u n t o f th e ir  a b u n d an ce  d u rin g  life, ac rita rch s  m u s t have 
p layed  an ecologically  im p o rta n t ro le at o r n ear th e  base o f th e  m arin e  food chain , 
d ep en d in g  on w h e th e r o r  n o t th ey  w ere p h o to sy n th e tic . G eo log ically  o rie n te d  w orkers 
w ould  stress th e  im p o rtan ce  o f ac rita rch s in  th e  m ap p in g  an d  reco n stru c tio n  o f 
sed im en ta ry  basins, w here  th e ir  m a in  ap p lica tio n  is as in d ica to rs  o f re la tive s tra tig rap h ie  
age and , m ore  deb a tab ly , o f pa laeogeography  an d  p a laeo en v iro n m en ts . T h e  th e o ­
re tically  w ide g eograph ic  d is tr ib u tio n  o f taxa  an d  h ig h  d u ra b ility  o f  specim ens, to g e th e r 
w ith  th e ir  m icroscop ic  size, so th a t th ey  can be ex trac ted  from  even very  sm all 
frag m en ts  o f sed im en ts  o b ta in ed  from  bo reho les, appeal to  geologists search in g  for 
index  fossils in  rocks w h ere  m acrofossils are  un lik e ly  to  be p re sen t. H ow ever, th e  use 
of ac rita rch s as b io logical in d ica to rs  o f re la tive  tim e  is su b jec t to  lim ita tio n s th a t are 
essen tia lly  linked  to  th e  d eg rad a tio n  an d  rew ork ing  th a t m ay o ccu r before , d u rin g  and  
after b u ria l. T h is  p a p e r aim s to  review  p re se n t know ledge o f ac rita rch s fo r n o n ­
specialists b u t does n o t claim  to  cover all th e  ex tensive lite ra tu re . T h e  c ritica l evaluation  
o f ac rita rch s as b io s tra tig rap h ic  too ls in  defin ing  th ree  in te rn a tio n a l ch ro n o stra tig rap h ic  
b o u n d a rie s  (P re c a m b ria n /C a m b ria n , C a m b ria n /O rd o v ic ia n  and , in  th e  U p p e r  
D evon ian , F ra sn ia n /F a m e n n ia n )  is in te n d e d  m ain ly  as an  exercise fo r specialists in  the  
field.

II. H O W  T O  F IN D , IS O L A T E  A N D  R E C O G N IZ E  A N  A C R IT A R C H  

( i ) Sam pling

As ac rita rch s are  inv isib le  in  h an d  specim ens o f rock, em pirica l c rite ria  d e te rm in e  the  
choice o f sam ples likely to  co n ta in  th em . A p a rt fro m  rew ork ing , an d  regard less of the 
rock type, p re -Q u a te rn a ry  ac rita rch s are fo u n d  p rim arily  in  n ea r- to  offshore m arin e  
en v iro n m en ts  an d  very  secondarily  in  b rack ish  w ater, th e  in te rp re ta tio n  o f S ilu rian  
fluviatile  dep o sits  said  to  co n ta in  th e m  (G ray  & B oucot, 1989) b e ing  d eba tab le . O n  the
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Fig. i .  Acritarchs and geological time. Absolute ages from com pilation by Cowie & Bassett (1988).

o th e r h an d  Q u a te rn a ry  acrita rchs , a lth o u g h  rare , have been  fo u n d  in  m arin e , co n tin en ta l 
an d  lacustrine  stra ta .

L itho log ica l c rite ria  used  w hen  selecting  rock sam ples d ep en d  also on  th e  co n stra in ts  
o f p reserv a tio n , w h ich  re la te  m ostly  to  th e  sta te  o f ox ida tio n  an d  th e rm a l deg rada tion . 
D ep en d in g  on  th e  p u rp o se  o f th e  s tu d y  -  w h e th e r fo r de ta iled  system atics o r fo r relative 
d a tin g  o f s tra ta  — th e re  is som e flexibility  in  choice o f sam ples. S elec ted  sed im en ts w ere 
p re fe rab ly  b u t n o t exclusively  d ep o sited  u n d e r  calm  cond itio n s, fine-g ra ined  so as to  
favour p reserv a tio n  o f o rn am en t details, an d  as u n w ea th e red  as possib le  to  avoid 
ox idation , w h e th e r chem ical or bacteria l. T h e y  are p rin c ip a lly  arg illaceous b u t  m ay  also 
be calcareous o r silty . A crita rch s  m ay  be well p rese rv ed , in  th ree  d im ensions, in  
p h o sp h o rite  nod u les  and  ch erts . T h e y  are h ab itu a lly  m ore  n u m ero u s  in  m u d sto n e  and  
shale, an d  th e  S h in e to n  Shales (early  O rdov ic ian) at S h in e to n  B rook, S h ro p sh ire , w ere 
estim ated  by  D ow nie  (1958) to  co n ta in  100000 g~h Rocks th a t are  recrysta llized , for
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exam ple do lom ites, m e tam o rp h o sed , such  as p h y llites , o r red d en ed  by  ox id ization , 
w h e th e r m e teo ric  o r n o t, are  th e  m o st u n fav o u rab le . I f  in d e p e n d e n t ev idence of age is 
available, varied  and  a b u n d a n t ac rita rch s  are m ore  likely to  be fo u n d  in  rocks of early  
C am b rian  to  late D evon ian  age.

(2) Preparation

T h e  usu a l lab o ra to ry  tech n iq u es  em ployed  to  ex trac t ac rita rch s from  th e ir  enclosing  
sed im en t, and  th e  p rese rv a tio n  o f iso lated  specim ens d em o n stra te  exp lic itly  the  
p ro p e rtie s  o f th e  w all. T h e se  tech n iq u es  are  app licab le  to  the  m a jo rity  o f o rgan ic-w alled  
m icro fossils, w ith  v arian ts  th a t d ep en d  especially  on lab o ra to ry  h ab its , th e  g roup  
s tu d ied  an d  th e ir  sta te  o f p rese rv a tio n , as show n by  E v itt (1984) an d  P h ip p s  & P layford  
(1984). T h e y  are te rm e d  palynological (G reek , pa lynein  =  to  sp rink le ) from  th e  o rig inal 
reference  to  th e  m icroscop ic  size o f  po llen  an d  spores. W hile  o m ittin g  deta ils  of th e  
‘c o o k e ry ’ invo lved , w h ich  are nev erth e less  im p o rta n t for co n tro llin g  th e  often  
exo th erm al reac tions an d  e lim in a tin g  th e  p ossib ilities  o f co n tam in a tio n , ac rita rch s are 
ex trac ted  by  d isso lv ing  from  20 to  80 g o f genera lly  conso lid a ted  sed im en t in  s trong  
acids of techn ica l quality . H y d ro flu o ric  acid (4 0 -7 0 % ) d issolves silica, argillaceous 
m inera ls  an d  p a rt of th e  o rgan ic  frac tio n ; h y d ro ch lo ric  acid (3 5 % ) e lim inates 
calcareous m in era ls , fluosilicates fo rm ed  in  th e  course  of tre a tm e n t, and  p y rite  if it is 
n o t too  e n c ru s ted  in  o rgan ic  w alls th a t have resisted  th e  H F . A crita rch s  m ay stay  for 
days, o r even w eeks, in  one o r o th e r  o f these  b a th s  w ith o u t v isib le  sign  o f a lte ra tion . 
L ike o th e r o rgan ic  e lem en ts, e ith e r  am o rp h o u s  o r of defin ite  shape , th ey  are 
c o n cen tra ted  by  filtra tion , u sin g  a m esh  o f 10-30 p m ,  and  by  sep ara tio n  usin g  heavy 
liq u id s  su ch  as zinc b ro m id e  w ith  d en s ity  u sually  from  2 to  2-4.

I f  th e  ac rita rch s are too  pale an d  tra n sp a re n t fo r o b se rv a tio n  usin g  n a tu ra l light, 
tra n sm itte d  or u n d e r  phase co n trast, th ey  m ay  be d a rk en ed  usin g  h isto log ical sta ins 
such  as safran ine  an d  basic fuchsine . In  o b stin a te  cases acéty la tion , o ften  u sed  to 
e lim ina te  th e  cellu losic d eb ris  th a t m ay  en cu m b er p rep a ra tio n s  of Q u a te rn a ry  po llen  
and  spores, p e rm its  th em  to  be co lou red , an d  th ey  s tan d  u p  well to  a d eh y d ra ted  
m ix tu re  of io  % co n cen tra ted  su lp h u ric  acid and  90 %  an h y d ro u s  acetic acid. R elatively  
d a rk -b ro w n  ac rita rch s  m ay be  lig h ten ed  by  ox idation , p a rticu la rly  w ith  co n cen tra ted  
n itr ic  acid, w h ich  also d issolves the  p y rite . T h is  ox ida tio n  has to  be op tica lly  checked 
and  genera lly  o f sh o rt d u ra tio n  for, if too  p ro lo n g ed , it is th e  m o st rad ica l m eans of 
destro y in g  ac rita rch s , excep t th o se  a lready  b lack  and  carbon ized . S pec im ens m ay 
w ith s tan d  cen trifu g a tio n  u p  to  2000 rp m  in an  aqueous or a lcoholic m ed iu m  in ten d ed  
to  neu tra lize  or d eh y d ra te  th e  residue . T h e y  to le ra te  a few  seconds o f u ltra -so n ic  
tre a tm e n t at 35 k H z, u sed  to  d isp erse  flocculations. T h e se  la tte r  m e th o d s  are obv iously  
u n su itab le  if  th e  ac rita rch s are re n d e red  fragile, e ith e r  d u rin g  o r a fte r sed im en ta tio n , by 
too s tro n g  ox idation  o r by  co n tig u o u s p e rfo ra tio n s  a ttr ib u te d  to  th e  ac tiv ities of 
b ac te ria , especially  su lp h u ro u s , and  fung i. T h e y  are also in a p p ro p ria te  if the  
m icrofossils are fissu red  o r show  m osaic-like  fra c tu re ; in  th is  case specim ens m ay  be 
d e te rm in ed  usin g  th in  sections cu t para lle l to  th e  stra tifica tion  (B u rm an n , 1968).

A fte r pa lynological tre a tm e n t th e  ac rita rch s are m o u n ted  b e tw een  glass slides and  
cover glasses e ith e r  in sealed, sem i-p e rm an en t g lycerine  je lly , th e  refrac tive  index  (R I) 
of w hich , ab o u t i -47, p e rm its  b e tte r  o b se rv a tio n  o f th e  m o st tra n sp a re n t, o r in  a stable 
m ed iu m . T h e  la tte r  consists  o f a sy n th e tic  resin  or g lue w ith  variab le  R I, o r C anada
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B alsam , w ith  R I from  1-52 to  1-54 to  exam ine specim ens w ith  h ig h er co n trast. A ll these  
m ed ia  excep t th e  first are also su itab le  fo r p rese rv in g  d eh y d ra ted , g o ld -co a ted  exam ples 
th a t have been  exam ined  u n d e r  th e  S E M .

(3) S iz e  and  morphology

A p art from  its o rgan ic  w all, am ong th e  m o st chem ically  in e r t know n and  resis tan t 
even to  c o n cen tra ted  hydro fluo ric  acid, how  is an ac rita rch  recogn ized  ? C rite ria  d ep en d  
on  th e  re la tively  sm all size an d  th e  m orpho logy , th e  s im p lest o f w h ich  is rep re sen ted  by  
th e  sp h aero m o rp h s, sm oo th  o r w eakly o rn am en ted  hollow  balls o r lenses. A crita rchs 
have an  overall size vary ing  from  a few to several h u n d re d  m ic ro m etres , b u t  generally  
betw een  ab o u t 30 an d  200 /im  in c lu d in g  processes. T h e  reco rd  size o f 3 m m , cited  by 
V idal (1981, 1984), is no longer acceptab le . I t  refers to  P recam b rian  specim ens of 
C huaria  W alco tt (1989), p reserv ed  as d isco idal, carbonaceous im pressio n s th a t have 
been  show n b y  S u n  (1887) to  be com parab le  w ith  liv ing  co lonies o f nostocales 
cyanophy te  algae.

T h e  d im ensions o f iso lated  specim ens a ttr ib u te d  to  th e  sam e species an d  com ing  
from  th e  sam e sam ples o f rock m ay occasionally  vary  from  u n ity  to  doub le . T h is  
variab ility  m ay d ep en d  on  th e  stage o f d ev e lopm en t a tta in ed  b y  th e  liv ing  o rgan ism  or 
on  th e  co n d itions o f fossilization , w h ich  m ay o r m ay  n o t p reserve  th e  o rig inal 
tu rgescence  o f th e  vesicle w ith in  th e  enclosing  sed im en t. I f  th e  ac rita rch s occur 
associated  in  c lusters, th e  size o f d ifferen t in d iv id u a ls  is m ost o ften  n ea rly  constan t.

M o rpho log ica l ch arac ters  w h ich  fo rm , as is conven tiona l in  pa laeonto logy , th e  basis 
o f a system atic  classification fo r acrita rch s have been  describ ed  and  illu s tra ted  in  detail 
by  T a p p a n  (1980) an d  are only  briefly  rev iew ed here . T h e y  d ep en d  p rin c ip a lly  on  the  
sym m etry , shape and  o rn am en ta tio n  o f th e  vesicle (F ig . 2) an d  w here  possib le  on  th e  
n u m b e r o f wall layers an d  ty p e  o f open ing . T h e  h ie ra rch ica l value a ttach ed  to  these  
d ifferen t c rite ria  dep en d s u p o n  th e  au th o r, tech n iq u es  o f o b serva tion , an d  sta te  of 
p rese rv a tio n  o f th e  acrita rchs . A  co h eren t taxonom ic  fram ew ork  is, how ever, still 
e lusive or, at best, suffers from  n u m ero u s  exceptions.

A n ac rita rch  is com posed  o f a hollow  cen tra l bo d y  o r vesicle th a t lacks unequ ivocal 
in trace llu la r s tru c tu re s ; th e  o rig inal o u tline  m ay be c ircu la r, oval, variab ly  fusiform , 
am p u llifo rm , tr ian g u la r, q u ad ran g u la r  o r po lygonal [PI. 1 (figs 1 -8 ); PI. 2 (figs 1—13) ; 
PI. 3 (figs 1 ,4 -1 2 , 14-16)]. D ep en d in g  on  th e  taxon , surface o rn am en ta tio n  is ex trem ely  
variab le  in  fo rm , size and  d is tr ib u tio n . In  general, w h en  th e  specim en  is o rn am en ted  
an d  lacks an  open ing , th e  sy m m etry  is rad ial in  one o r  several p lanes, axial, w ith  
h o m o eo m o rp h ic  o r h e te ro m o rp h ic  poles, o r b ila tera l.

T h e  th ickness of th e  vesicle w all is genera lly  a frac tio n  o f a /¿m, b u t m ay exceptionally  
reach  ab o u t 4 /tm  an d  co rresp o n d  to  o n e -te n th  o f th e  d iam ete r o f th e  cen tra l body  
[E ise rh a rd t, 1989, pi. 1 (fig. 1), fo r exam ple]. T h e  vesicle w all is m ade u p  o f one o r tw o 
layers w h ich  m ay  be jo in ed  or separate . In  th e  la tte r case, th e  a p p a ren tly  ho llow  space 
m u s t o rig inally  have co n ta in ed  tissue , an d  th e  te rm s en d o -, m eso- and  ec tophragm , 
im p ly ing  a certa in  analogy w ith  th e  biological vocabu lary , are som etim es used . T h e  
presence  of tu b ifo rm  processes sep ara tin g  th e  ex ternal from  th e  in te rn a l layer is 
excep tionally  reco rd ed  (M ille r & W illiam s, 1988). T h e  s tru c tu re  o f th e  vesicle w all was 
first know n fro m  observa tions at a m agn ifica tion  o f ab o u t x 1000 u sin g  th e  optical 
tra n sm itte d  lig h t m icroscope. S ince th e  late 1960s, an d  in  p a rtic u la r  fo llow ing the
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exam ple o f L o eb lich  (1970), de ta iled  d esc rip tio n s an d  illu s tra tio n s  have m ade use o f the  
S E M . O b serva tions o f u ltra - th in  sections u n d e r  th e  tran sm iss io n  e lec tro n  m icroscope, 
a lth o u g h  im p o rta n t in  p rin c ip le  fo r a tte m p ts  to  e s tab lish  p h y le tic  re la tio n sh ip s, are  very  
rare , w ith  th e  no tab le  excep tion  of K je lls trö m  (1968) and  Ju x  (1969a, b, 1971, 1975). 
T h e y  involve m ain ly  som e rela tively  large taxa  w ith o u t processes, m o st o f w hich , 
belong ing  to  th e  tasm an ites, are now  assigned  to  th e  p ras in o p h y tes  because o f th e ir  
lam ellar, p o ro u s m em b ran e  w ith  rad ia lly  a rran g ed  canals. Paradox ically , a lthough  
sim ilar s tru c tu re s  w ere o bserved  by  Ju x  (1971, 1975) in  th e  m em b ran es  o f four 
ac rita rch  genera , in c lu d in g  Goniosphaeridium  and  Veryhachium , in  w h ich  p rocesses are 
developed , these  taxa  rem ain , w ith o u t fu r th e r  debate , classified w ith  th e  acrita rchs . In  
prac tice , in te rp re ta tio n  of th e  im age o b ta in ed  in  tran sm iss io n  e lec tron  m icroscopy  is 
o ften  p lagued  by  a rtifac ts  p ro d u ced  d u rin g  fossilization  o r due  to  p re p a ra tio n  tech n iq u e . 
T h is  d ifficulty , added  to  the  tim e-co n su m in g  p re p a ra tio n  o f selected  specim ens, has no t 
so far encouraged  an  increase in  observa tions of th is  type.

T h e  ec toph ragm , w ith  or w ith o u t e n d o p h rag m , fo rm s p ro jec tio n s th a t m ay be 
regu larly  o r irreg u la rly  d is tr ib u te d , so lid  o r ho llow ; th e  la s t-n am ed  m ay  be sep ta te  or 
no t, and  th e  in te rn a l cavity  m ay o r m ay n o t co m m u n ica te  w ith  th a t o f th e  vesicle. T h e  
p ro jec tions vary  g rea tly  in  form , w h ich  m ay be sim ple  o r d iv ided , d ista lly  free, 
coalescen t o r enclosed  in  a p e rip h era l m em b ran e  ; th ey  differ also in  o rn am en ta tio n  and  
size, rang ing  from  a frac tion  o f a /tm  to several ten s  o r  even a h u n d re d  o r  so. T h e  d ista l 
ex trem ities o f th e  p rocesses are generally  closed an d  excep tionally  open . T h e  o th e r 
usual surface s tru c tu re  consists o f m em b ran o u s  sep ta  m ore  o r less at rig h t-an g les  to  th e  
vesicle surface. T h e  schem atic  o u tlin e  (F ig . 2) u sed  as an  exam ple show s how  
o rn am en ta tio n  m ay vary  am ong  a selected  few C am b rian  to  D ev o n ian  ac rita rch s th a t 
have a basic m ore  o r less c ircu la r o r q u ad ran g u la r  ou tlin e . T e rm in o lo g y  u sed  to  
describe  th e  som etim es com plex , very  varied , reg u la r o r irreg u la r o rn am en ta tio n , o ften  
a lte red  d u rin g  fossilization , th a t m ay be fo u n d  on  a single specim en  is sim p le  and  
hab itu a lly  involves som e c ircu m lo cu tio n , fo r exam ple : v e rru c a te ; ech inate  w all su rface; 
d iap h an o u s flange; n o d u la r  to  b lu n ted , sp ine-like  b ran ch es w ith  first to  second  o rd e rs  
of d iv ision ; a ‘t r u n k ’ is th e  basal p a rt o f a com plex ly  d iv id ed  p rocess, etc.

S ince th e  w orks o f D ow nie  (1958), E isenack  (1959) an d  D eu n ff  (1961), increasing  
im p o rtan ce  has been  a ttach ed  to  th e  m e th o d  o f o p en in g  in  ac rita rch s . A n open ing  
d is tin g u ish ed  by  the  reg u la rity  o f  its fo rm  and , som etim es, positio n  is recogn ized  in 
n u m ero u s  taxa, especially  since ab o u t 530-520  M a b p . I t  is o ften  called  an  excystm en t 
o pen in g  by  analogy w ith  th a t o f algal cysts, in  w hich  it p e rm its  th e  lib e ra tio n  of the  
p ro to p las t. T h e  te rm , w h ich  expresses th e  m o st likely h y p o th esis  co n cern in g  the  
fu n c tio n  o f th e  open ing , is p rac tica l as it excludes acciden tal open ings. N everthe less, 
som e w orkers find  it in ap p ro p ria te  as o th e r  m icro o rg an ism s, su ch  as in v e rteb ra te  eggs

Fig. 2. A few selected Cambrian to Devonian acritarchs with, more or less, circular to quadrangular 
vesicle outline, show ing variety o f ornamentation (not to scale). Phylogenetic relationships not im plied  
except, possibly, for ia —f and 2a -b . i a, Retisphaeridium howellii; ib ,  C rista llinum  cambriense; íe ,  
Vulcanisphaera turbata ; id ,  C rista llinum  randomense; íe ,  Vulcanisphaera africana; i f ,  C rista llinum  
dentatum ; ig ,  Psenotopus condrocheus; 2a, Dilatisphaera w im anii; 2b , D . w illiereae; 2c, D aillydium  
pentaster; 2d , Umbellasphaeridium saharicum-, 3a, Timofeeva lancarae; 3b , Cym atiogalea velifera-, 3c, 
Tunisphaeridium eisenackii; 3d , Cymbosphaeridium pilar; 3e, Ammonidium exoticum ; 4a, Veryhachium  
minutum; 4b , Striatotheca principalis; 4c , Neoveryhachium carm inae; 4 d, Winwaloeusia ranulaeforma.
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(e.g. o f ta rd ig rad e  a rth ro p o d s) o r spo res, p a rticu la rly  from  te rre s tr ia l p lan ts , m ay 
ex h ib it open ings u n re la ted  to  ex cystm en t. In  a fossil assem blage th a t m ay  co n ta in  
several tens o f  d iffe ren t taxa, th e  p ro p o rtio n  o f species w ith  an open in g  is very  variab le 
b u t ra re ly  exceeds one  th ird . F u rth e rm o re , specim ens of a single species fo u n d  to g e th e r 
in  th e  sam e taphocoenosis  do  n o t necessarily  all show  an open ing . By com p ariso n  w ith  
th e  excystm en t, p rovoked  by  aceto lysis, o f m o d e rn  dinoflagellate species (E v itt, 1985, 
pp . 126, 127), it m ay be th a t th e  process of fossilization  o r tre a tm e n t in  th e  lab o ra to ry  
p ro d u ces o p en ing  o f th e  ac rita rch  in d e p e n d e n t of th e  stage of m a tu r ity  a tta in ed  in  life. 
O n  th e  o th e r h a n d  certa in  genera  such  as Corollasphaeridium  [PI. 3 (fig. 15)] are  always 
seen to  have a gap ing  open ing , w hereas o th e rs  such  as S tria to theca  [PI. 2 (fig. 6)] are 
alw ays closed. A lth o u g h  ac rita rch s  m ay ex h ib it ce rta in  s im ilarities to  dinoflagellate 
cysts, no tab ly  in  th e  po lygonal fields of th e  vesicle a n d /o r  th e  open ing , c u rre n t 
te rm ino logy  avoids, co n tra ry  to  L is te r  (1970), m ak in g  re ference  to  these  m ic ro ­
o rgan ism s. T h e  successive appearances o f th e  m ain  types o f  ex cy stm en t open ing  
o ccu rred  from  th e  N eo p ro te ro zo ic  to  th e  D evon ian . T h e y  are  show n here  (F ig . 3) in  
schem atic  fo rm  on th e  basis of selected  ac rita rch  gen era  and  do  n o t take in to  acco u n t 
v aria tions due  to  p reserva tion . B efore ex cy stm en t the  fo rm  an d  p o sition  o f  th e  open ing  
in  ac rita rch s m ay be in d iscern ib le  (c ry p to su tu re s  sensu  L is te r , 1970) a lth o u g h  p ro b ab ly  
p re fo rm ed  at th e  site  o f a w eakened  area. O n  th e  o th e r h an d , th e  fu tu re  o p en ing  m ay 
be obviously  d e lim ited  b y  a th in n in g , th ick en in g  o r variab ly  developed  p ro jec tio n  o f the  
m em b ran e , w h e th e r o rn am en ted  o r  n o t. T h e  p resence  o f c ry p to su tu re s  can on ly  be 
re liab ly  estab lished  if, am ong n u m ero u s  w ell p reserv ed  specim ens o f a single species 
fro m  th e  sam e sam ple, som e lack an open in g  w hile o th e rs  ex h ib it one th a t is alw ays 
identical. A n excystm en t o p en in g  p reserv ed  as a la teral o r  tran sv erse  sp lit, generally

E X P L A N A T IO N  O F P L A T E S

(D epositories of figured specim ens are as follow s: IR ScN B  b, Institut royal des Sciences naturelles de 
Belgique, Palaeontology, Brussels; G SC , Geological Survey of Canada, Ottawa; R U G , Rijksuniversiteit 
Gent, Palaeontology, Gent; N IG P A S , Nanjing Institute of G eology & Palaeontology, Nanjing.)

P l a t e  i

Fig. i .  Leiosphaeridia sp. A sphaeromorph, showing corrosion, folds and random ruptures. M iddle  
Cambrian, Llÿn Peninsula, N orth Wales. IR ScN B  1^2563 ( x 1000).
Fig. 2. Tylotopalla deerlijkiana (M artin) M artin, 1978. Pyrite crystal on external wall o f  vesicle. Early 
Silurian, borehole at Deerlijk, Belgium . IR ScN B  b2504 ( x 1000).
Fig. 3. Skiagia  ? sp. Lateral view  of vesicle com pressed in sedim ent. M iddle Cambrian, L lÿn Peninsula, 
N orth W ales. IR ScN B  b2566 ( x  2000).
Fig. 4. Heliosphaeridium  cf. H . notatum  (Volkova) M oczydlowska, 1991. M iddle Cambrian, Llÿn  
Peninsula, North W ales. IR ScN B  b2567 ( x 1000).
F ig. 5. Eliasum Uaniscum Fombella, 1977. Parallel fissures due to sedim ent com paction. M iddle 
Cambrian, L lÿn Peninsula, N orth W ales. IR ScN B  b25Ô5 ( x 1000).
F ig. 6. Timofeevia sp. Im pressions o f pyrite crystals developed inside vesicle. Late? Cambrian, Derik  
area, southeast Turkey. IR ScN B  b2568 ( x  1000).
Fig. 7. Estiastra magna Eisenack, 1959. External surface o f vesicle entirely corroded. Early Silurian, 
Anticosti island, Canada. G SC  82887 (X 400).
F ig. 8. Puteoscortum williereae M artin, 1981. D etail o f vesicle and base o f processes; ornamentation of 
polygonal alveoles on external surface of vesicle; the variably distributed perforations represent a 
secondary character linked to preservation and fungal or bacterial activity. Late Devonian, early 
Famennian, Philippeville area, Belgium , IR ScN B  b2570 ( x 5000).
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stra ig h t or cu rved  an d  variab ly  gap ing , m ay som etim es d iv ide th e  vesicle in to  tw o parts . 
W h en  its edge is sm o o th  it cou ld  as w ell co rresp o n d  to  an  acciden tal open in g  fo rm ed  
by  com pression . T h e  te rm  ‘e p ip ty c h ’ (L o eb lich  & T a p p a n , 1969) is reserv ed  fo r a 
sim ple, cu rved  ru p tu re , inv isib le  befo re  p a rtia l open ing , alw ays in  th e  fo rm  o f a flap and  
som etim es w ith  a m ed ian  p ro jec tio n  co rresp o n d in g  to  an  in d en ta tio n  on th e  opposite  
edge. A  su b c ircu la r to  c ircu lar open in g  is called  a cry p to p y lo m e (T a p p a n , 1980) w hen  
it is invisib le befo re  excystm ent. V eryhachium  cf. V . downiei [PI. 3 (fig. 6)] illu stra tes 
how  badly  know n these  m eans o f  c ry p to su tu re  are. A crita rch s re sem b lin g  th e  la tte r 
genus in  th e  trian g u la r  vesicle, w ith  each of th e  angles p ro lo n g ed  to  fo rm  an iden tical, 
sim ple  process, som etim es show  an open ing , w h ich  in  th is  case is alw ays figured  as a 
sp lit. H ow ever the  specim en  illu s tra ted  here , from  th e  U p p e r  D ev o n ian  rocks of 
B elgium , possesses a clearly  defined  c ircu la r open in g  an d  an acciden tal la tera l sp lit.

C onven tionally  a single c ircu la r open ing  is said  to  be apical, located  at o r n ear th e  
u p p e r p a r t o f th e  specim en  illu stra ted . W h en  a c ircu la r ex cy stm en t open in g  is p ro d u ced  
by  a p e rip h era l, an n u la r d eg rad a tio n  o f th e  vesicle, V avrdová (1989) p ro p o sed  use o f the  
te rm s m u n iu m  and  m u n itiu m , d ep en d in g  on w h e th e r th e  edge o f  the  fu tu re  open in g  is 
d is tin c tly  o rn am en ted  or no t. A  pylom e, as rev ised  by  S arjean t (1967), o f w hich  
cyclopyle (E isenack, 1969) is a synonym , is a clearly  c ircu la r o r su b c ircu la r open ing  
w hose p e rip h ery , w h e th e r o rn am en ted  or no t, is d is tin c t b efo re  excystm ent. I t  is closed 
by  a so rt o f lid  or sto p p er, th e  o p ercu lu m , w h ich  is p artia lly  o r com plete ly  de tached  
fo llow ing excystm en t an d  m ay be observed  inside th e  vesicle o r iso lated  in  the

P l a t e  2

Fig. 1. Trunculumarium revinium  (Vanguestaine) Loeblich & Tappan, 1976. Late Cambrian, Random  
Island, eastern N ewfoundland, Canada. G SC  83225 ( x 1000).
Fig. 2. Dasydiacrodium obsonum M artin, in M artin & Dean, 1988. Late Cambrian, Dayangcha area,
northeast China, IR ScN B  b257i ( x  1000).
Fig. 3. Frankea sartbernardensis (M artin) Colbath, 1986. Early Ordovician, Llanvirn, Sart-Bernard, 
Belgium . IR ScN B  b2572 ( x  1000).
Fig. 4. Elektoriskos williereae (Deflandre & Deflandre-Rigaud) Vanguestaine, 1979. Early Silurian, 
borehole at Kortrijk, Belgium . IR ScN B  b i7 6 i  ( x  1000).
Fig. 5. Annulum squamaceum (Volkova) M artin in Martin & Dean, 1983. M iddle Cambrian, Llÿn
Peninsula, North Wales. IR ScN B  b2573 ( x 1000).
Fig. 6. Striatotheca principalis Burmann, 1970. Early Ordovician, M ontagne Noire, Hérault, France. 
IR ScN B  b i305  ( x 700).
Fig. 7. Geron guerillerus Cramer, 1967 em end. Cramer, 1969. Early Silurian, borehole at Kortrijk, 
Belgium . IR ScN B  b 1773 ( x 1000).
Fig. 8. Timofeevia lancarae (Cramer & D iez de Cramer) Vanguestaine, 1978. Late Cambrian, Llÿn  
Peninsula, North Wales. IR ScN B  b2575 ( x  1000).
Fig. 9. Cristallinium cambriense (Slavíková) Vanguestaine, 1978. M iddle Cambrian, Pribram area, 
Czechia. IR ScN B  b2574 ( x 1000).
Fig. io . Villosacapsula globosa Vanguestaine et al., 1983. Excystment slit slightly open. Late Devonian, 
early Famennian, Senzeilles, Belgium . IR ScN B  b2248 ( x 1000).
Fig. i i .  Visbysphaera impetuosa Martin, 1985. Late Devonian, early Famennian, Senzeilles, Belgium. 
IR ScN B  biÓ55 ( x 1000).
Fig. 12. Eupoikilofusa aff. E. ampulliformis sensu Duffield & Legault, 1981. Early Silurian, Anticosti 
Island, Canada. G SC  82888 ( x 1000).
Fig. 13. Aryballomorpha grootaertii (M artin), em end. M artin & Yin, 1988. Apical tubular extension with  
circular distal opening. Early Ordovician, Trem adoc, Hunjiang area, northeast China. N IG P A S , Martin 
& Yin, 1988, slide 2 ( x 750).
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Period Main types of excystment opening

Devonian

Silurian

Ordovician

Cambrian

Neoprot. Ill
a  n Cryogenian

Tonian
Fig. 3. Generalized successive appearance of main types o f excystm ent opening in selected acritarchs (not 
to scale), a, Sphaeromorph with equivocal split, either accidental or at line of cryptosuture; b, 
sphaeromorph with pylom e and operculum -like structure; c, Volkovia with m unium ; d, Revinotesta  with 
m unitium ; e, Cymatiogalea w ith pylome and operculum  of definite contour; f, Corollasphaeridium  with 
gaping opening; g, A sketopalla  w ith two pylom es; h, Polyancistrodorus w ith pylom e and pseudopylom e ; 
i, Veryhachium  with epityche; j, Diexallophasis w ith preformed split; k, Visbysphaera w ith endopylom e; 
1, Onondagaella w ith epibystra.
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palynological slide. G en era lly  a single py lom e is p re se n t; very  ra re ly  a second  is located  
a t th e  opposite  pole. A pseu d o p y lo m e is a s tru c tu re  on ly  excep tionally  p re se n t; 
com parab le  to  a py lom e, it is m o re  o r less opp o site  th e  la tte r  b u t  is alw ays closed. A n 
endopy lom e (L e  H érissé , 1989) co rresp o n d s to  a c ircu lar, o p ercu la te  o p en in g  o f  the  
en d o p h rag m , to p p e d  by  a sim ple sp lit in  th e  ec toph ragm . T h e  pseudopo lygonal o u tline  
o f open ings, recalling  th e  archaeopy le  o f dinoflagellates, is due  to  d e fo rm atio n  an d  no 
special te rm  is necessary . A  p rocess ex cy stm en t open in g  is only  excep tionally  reco rded . 
I t  involves th e  c ircu la r open in g  o f a p rocess w hose d ista l ex trem ity  has d isap p eared , and  
is closed by  a th ick en ed  p lug  called an  ep ib y stra  (P layford , 1 9 7 7 ).

(4) Organic wall
(i) Sporopollenin-like m aterial

A crita rch s are  com posed  o f o rgan ic  m ateria l th a t is m echan ically  re s is tan t an d  w hose 
com position  is very  poorly  know n, b e ing  chem ically  very  in e rt, excep t to  ox ida tio n  and  
carbon iza tion . A s th e  g ro u p  is b o th  artificial an d  po lyphy le tic , co n cen tra tio n s of 
specim ens reliab ly  a ttr ib u te d  to  th e  sam e species on  th e  basis o f w ell d iffe ren tia ted  
m orpho log ica l ch arac ters  w o u ld  be necessary  fo r estab lish in g  m odels o f chem ical 
com position  an d  these  have n o t been  u n d e rtak en  in  a conclusive m an n er. O nly  
K je lls trö m  (1968) has es tim ated , b y  in te rp re ta tio n  of a b so rp tio n  peaks in  in fra red - 
m icro sp ec tro m etry , th a t certa in  p a rticu la rly  u b iq u ito u s  ac rita rch s (Leiosphaerida  sp.) 
co n ta in ed  p ro b ab ly  sa tu ra ted  fa tty  acid derivatives close to  tho se  from  spores and  po llen  
g rains. T h e  he te rogeneous chem ical co m position  o f ac rita rch s is som etim es d em o n ­
stra ted  in  w ays th a t are  still un c lea r ; fo r exam ple, b y  d ifferen tia l d is tr ib u tio n s  in  d ensity  
g rad ien t a fte r cen trifu g a tio n  (C h alo n er & O rbell, 1971, p . 287), o r by  fluorescen t 
m icroscopy  (M cP h ilem y , 1988). T h e  co lou r and  consistency  o f ac rita rch s observed  
u n d e r  tra n sm itte d  n a tu ra l lig h t are  variab le . T h e y  m ay  resem ble  th o se  o f  o th e r 
m icrofossils o r fragm en ts o f fossils o rig in a tin g  fro m  th e  sam e litho logical specim en. 
T h e  la tte r  are rep resen ted , d ep en d in g  o n  age an d  co n d itio n s o f depositio n , by  pollen , 
spores, frag m en ts  o r larvae of g rap to lites , algal cyst stages o f p e rid in ia n  dinoflagellates 
an d  p rasin o p h y tes , sco lecodonts (jaw  ap p ara tu ses  o f po lychaete  w orm s), m icro fo ra- 
m in ife ra , fragm en ts o f cru stacean  cu tic le , an d  incertae sedis su ch  as th e  in ap p ro p ria te ly  
nam ed  ch itinozoans, w hose ch itin  co n ten t is u n p ro v e d  (V o s-F o u ca rt & Jeun iaux , 
1972). T h is  assem blage, in c lu d in g  am o rp h o u s d eb ris , is called a palynofacies (C om baz, 
1964).

B ecause o f its s im ilar resistance to  chem ical p ro d u c ts , an d  a com parab le  d eg rad a tio n  
due  to  bac te ria l o r  fungal activ ity , th e  organ ic  m a tte r  o f ac rita rch s is alw ays co m p ared  
w ith  m o d e rn  sp o ropo llen in , th e  n a tu re  an d  s tru c tu re  o f w h ich  are also incom plete ly  
estab lished . T h is  co m p o n en t o f th e  ex te rn a l m em b ran e , o r exine, o f m o d e rn  spores and  
po llen  is th e  on ly  one capable  o f b e ing  p rese rv ed  an d  fossilized  ; it has exceptionally  
been  d o cu m en ted  in  vegetative cells o f fre sh -w a te r ch lo ro p h y tes , as rep o rted  by  
H oro d y sk i et al. (1992, p . 190). S p o ro p o llen in  o f m o d e rn  p lan ts  m ay  vary  in  p ro p o rtio n  
from  one species to  an o th e r an d  in  co m position  fro m  one g ro u p  to  an o th e r. T h e  la tte r 
m ain ly  de te rm in es th e  p ro b ab ility  o f p rese rv a tio n  (B rooks, 1971, pp . 356, 358) an d  it 
is an  ox idative p o ly m er o f caro teno ids an d  caro ten id  esters, as first show n b y  B rooks & 
Shaw  (1968). S p o ro p o llen in  has becom e a som ew hat m isu sed  genera l te rm  fo r the  
o rganic  w all o f fossil o r recen t un ice llu la r g ro u p s, w h ich  pers is ts  a fte r th e  d isso lu tion



F r a n c  i n e  M a r t i n

Plate 3. For legend see opposite.
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of cellulose, th e  po lysaccharides in  g reen  p lan ts  an d  fung i, an d  of ch itin . T h e  last- 
n am ed , often  co nsidered  as a n itro g en o u s deriva tive  of cellu lose, is fo u n d  com m only  in  
th e  exoskeleton of in v e rteb ra tes , in c lu d in g  m olluscs an d  a rth ro p o d s , an d  occurs also in 
som e p rim itiv e  p lan ts , g reen  algae an d  fung i. I t  is accep ted  th a t th e  spo ropo llen in -lik e  
w all o f ac rita rch s is com posed  o f p o ly te rp en es, th e  po lym eriza tio n  o f w hich  has 
increased  d u rin g  fossilization. In  p rac tice  th e  te rm  is u sefu l as it avoids c ircu m lo cu tio n , 
b u t it m asks a g rea t deal o f ignorance.

(ii) Therm al alteration

S porop o llen in -lik e  m ateria l and  sp o ro p o llen in  m ay be im p o rta n t co m p o n en ts  of 
som e types o f kerogen , a te rm  in tro d u c e d  b y  p e tro le u m  geochem ists to  designate  the  
h e te rogeneous p o lyarom atic  frac tio n  o f o rgan ic  m a tte r  co n ta in ed  in  sed im en ta ry  rocks 
an d  inso lub le  in  th e  usual o rgan ic  so lven ts (D u ra n d , 1980, p . 15). A s rev iew ed by 
T isso t & W eite  (1984) kerogen  con ta ins, in  a d d itio n  to  am o rp h o u s  b iogen ic  debris , 
e lem ents ind ica tive  o f tw o  sou rces: one is lan d -d e riv ed , fo rm ed  m ain ly  o f p lan t debris , 
spores an d  po llen  g ra in s; th e  o th e r, aquatica lly  d erived , is very  varied , m ade u p  of 
organ ism s o r frag m en ts  o f m arine , fluviatile  o r lacu strin e  o rgan ism s th a t m ay be  p lan t 
o r an im al b u t are genera lly  o f m icroscop ic  size. K ero g en  m ay evolve to  fo rm  several 
types o f fossil co m b ustib les, d ep en d in g  on  its co m position , ab u n d an ce , and  th e  tim e 
d u rin g  w h ich  it has been  su b m itte d  to  h ig h e r te m p e ra tu re s  fo llow ing b u ria l and  
tec ton ism . T h a t  inc lu d in g , p articu la rly , m arin e  p lan k to n  p rese rv ed  u n d e r  red u c in g

P l a t e  3

Fig. i.  Palacanthus ledanoisii (Deunff) Playford, 1977. Late Devonian, early Famennian, Senzeilles area, 
Belgium . IR ScN B  b í5 8 0  ( x 1000).
Fig. 2. Prasinophyte ; Pterospermella eruptio M artin, 1985. Late Devonian, early Famennian, Senzeilles 
area, Belgium . IR ScN B  61635 ( x  1000).
Fig. 3. Prasinophyte; Cymatiosphaera  sp. M iddle Cambrian, Pribram area, Czechia. IR ScN B  62576  
( x 75°)-
Fig. 4. Athabascaella playfordii Martin, 1984, em end. M artin & Yin, 1988. Pylom e. Early Ordovician, 
Trem adoc, Dayangcha area, northeast China. N IG P A S , M artin & Yin, 1988, slide 6 (X 750).
Fig. 5. Paucilohimorpha triradiata  D e Coninck, 1986. M iddle Palaeogene, Eocene, W oensdrecht 
borehole, southern Netherlands. R U G , D e Coninck, 1986, slide 1 ( x 1000) (negative: J. D e Coninck). 
Fig. 6. Veryhachium  cf. V. downiei Stockmans & W illière, 1962 a. Pylom e and com pression rupture. Late 
Devonian, early Famennian, V illers-sur-L esse, Belgium . IR ScN B  b2577 ( x 1000).
Fig. 7. Cymatiogalea  sp. Transparent membrane stretched between processes; operculum  in situ. Late 
Cambrian, Llÿn Peninsula, N orth W ales. IR ScN B  b2578 ( x 1000).
Fig. 8. Leiofusa cf. L. gravida  Pittau, 1985. Com pression rupture or excystm ent opening. Late Cambrian, 
St T udw al’s Island East, N orth W ales. IR ScN B  b2579 ( x 1000).
Fig. 9. Isolated operculum  of Cymatiogalea  or Stelliferidium. Late Cambrian, St T udw al’s Island East, 
N orth W ales. IR ScN B  62580 ( x 1000).
Fig. io . R hopalophora p ila ta  (Combaz & Peniguel) Playford & M artin, 1984, Pylom e. Early Ordovician, 
Dayangcha area, northeast China. N IG P A S  Martin & Yin, 1988, slide io  ( x 2000).
Figs i i ,  14. C rista llinum  sp. V esicle partly open along suture lines of the polygonal plates. M iddle 
Cambrian, Derik area, southeast Turkey. IR ScN B  62581. Fig. 11 ( x  1000); Fig. 14, (X 4000).
Fig. 12. Synsphaeridium  sp. 1 sensu Cramer Sc D iez, 1972. M iddle Cambrian, L lÿn Peninsula, North  
W ales. IR ScN B  62582 ( x  1000).
Fig. 13. Prasinophyte; Tasmanites sp. w ith accidental opening. M iddle Cambrian, Närke, Sweden. 
IR ScN B  62583 ( x  1000).
Fig. 15. Corollasphaeridium wilcoxianum  Martin, in M artin & Dean, 1982, emend. Martin, 1992. Late 
Cambrian, Dayangcha area, northeast China. IR ScN B  62584 ( x  1000).
Fig. 16. M oyeria  sp. M iddle Silurian, Fosses-la-V ille area, Belgium . IR ScN B  62585 ( x 1000).



490 F r a n c i n e  M a r t i n

co n d itio n s in  p o o rly  perm eab le , f ine-g ra ined  sed im en ts  is a p o ten tia l c o n s titu e n t of 
p e tro leu m  source rocks. T h is  p a rtia l tran sfo rm a tio n  of o rgan ic  m a tte r  is generally  
p ro d u ced  at a d e p th  o f som e th o u san d s  o f m e tre s  since it req u ires  te m p e ra tu re s  of 
60 -200  °C. E x cep t in  s tra ta  th a t are tec ton ica lly  very  stab le, p re -C en o zo ic  varia tio n s in 
b u ria l d e p th  are ex trap o la ted . T h e  p re se n t-d a y  g eo therm al g rad ien t m easu red  in 
b o reho les varies from  1 °C /2 0  m  to 1 ° C / io o  m , d ep en d in g  on  s tru c tu ra l co n d itions, 
w ith  an average of 3 ° C / io o  m .

Pyro lysis, iso top ic  and  physicochem ical analysis an d  o rgan ic  geo ch em istry  p rov ide  
an overall analysis o f all th e  c o n stitu en ts  o f kerogen . M icroscop ic  tech n iq u es  enable  us 
to  v isualize (C om baz, 1980) a variab ly  rep resen ta tiv e  p a rt o f it, possib ly  inc lu d in g  
Palaeozoic ac rita rch s . T h e y  p ro v id e  an estim ate  o f th e  sta te  of m a tu rity , the 
h e te ro g en e ity  of co m position , and  th e  age o f th e  d iverse  o rgan ic  sources, and  they  
in c lu d e : co lou r in  tra n sm itte d  n a tu ra l lig h t; reflectance o f po lished  su rfaces; and, 
p a rticu la rly  fo r m a te ria l o f C arb o n ife ro u s an d  la te r age, fluorescence p h o to m e try . T h e  
first o f these  is th e  on ly  tech n iq u e  c u rre n tly  app licab le  to  acrita rch s , w h ich  react only  
sligh tly  and  irreg u la rly  to  th e  tw o o th e rs  (B e rtran d  et al., 1985; M cP h ilem y , 1988). 
E ach  of the  d iffe ren t physical, chem ical o r op tica l tech n iq u es  has its lim ita tio n s, and  all 
need  to  be co m b in ed  (see review  by  H éro u x , C h ag n o n  & B ertran d , 1979) in  regional 
reco n stru c tio n s  of th e  h is to ry  o f sed im en ta ry  basins an d  estim ates of th e ir  econom ic 
p o ten tia l fo r h y d ro ca rb o n s , b o th  liq u id  an d  gaseous.

C hanges in  co lo u r and  th e  a lte ra tio n  of ac rita rchs , like tho se  of o th e r m icrofossils 
p a rtly  o r en tire ly  com posed  of o rgan ic  m ateria l, are re la ted  to  th e  th e rm a l h is to ry  o f the  
enclosing  sed im en t and  w ere, respectively , clarified  and  codified by  C om baz (1964) and  
C o rre ia  (1967). T h e  la tte r re p ro d u ced  ex p erim en ta lly  th e  d a rk en in g  an d  p rogressive  
d e te rio ra tio n  o f th e  ac rita rch  w all d u rin g  increase o f te m p e ra tu re  u p  to  180 °C fo r som e 
h u n d re d s  of h o u rs . A lth o u g h  at th e  b eg in n in g  of th e  ex p erim en ts  C o rre ia  in tro d u ced  
a su p p lem en ta ry  v ariab le  by  artificially  ox id ising  th e  m icrofossils so as to  b rin g  th em  
to an in itia l sta te  o f tran sp a ren cy , h is c h a rt does n o t differ fu n d am en ta lly  from  the  
o bserv a tio n s o f S tap lin  (1969). I t  is, how ever, th e  la tte r ’s T h e rm a l A lte ra tio n  Index  
(T A I) th a t fo rm s th e  basis o f the  scale, d iv id ed  in to  six o r seven p a rts , generally  
ad o p ted  for e s tim a tin g  v isually  the  sta te  of p rese rv a tio n  (N ow lan  & B arnes, 1987). 
U n a lte red  ac rita rch s are tra n sp a re n t, and  from  colourless to  very  pale yellow  in 
im m atu re  d eposits  co n sid ered  as possib le  sources of h y d ro ca rb o n s  of m arin e  o rig in . 
T h e  co lours, accom pan ied  by  a lte ra tio n  o f th e  o rn am en ta tio n , are progressively  
m odified  u p  to  th e  m a tu re  stage co rresp o n d in g  successively  to  th e  oil w indow  and  the 
w et gas-condensa te . T h e y  pass th ro u g h  a w hole range o f in te rm ed ia te  tones of 
increasing  in ten sity , from  orange-yellow  to  p rog ressive ly  d a rk e r b ro w n , befo re  reach ing  
black. T h e  bases o f n a rro w  p rocesses are alw ays th e  first p a r t to  becom e o p aq u e  in a 
specim en  th a t is still tra n sp a re n t th o u g h  beco m in g  b ro w n ish . T h is  ev o lu tio n  takes 
place genera lly  befo re  m in era l m e tam o rp h ism  is recognizable. A t th e  la te r po st- or 
su p ra m a tu re  stage, capab le  of fu rn ish in g  d ry  gas and  b ecom ing  increasing ly  b a rren , the  
acrita rch s a tta in  a p rog ressively  m ore  u n ifo rm  p rese rv a tio n , becom ing  m o re  and  m ore  
frag m en ted  u n til th e ir  d e s tru c tio n . In  a single, m a tu re  sam ple  th e ir  response  to  th e rm al 
a lte ra tio n  m ay vary  fro m  one taxon  to  an o th e r, and  som etim es from  one specim en  to 
an o th e r w ith in  the  sam e species. T h e se  ap p a re n t co n trad ic tio n s are due  to  several 
variab les, no tab ly  d ifferences in  th ickness an d  co m p o sitio n  o f th e  w all, con d itio n s of
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tra n sp o rt, dep o sitio n  an d  taphocoenosis , an d  th e  n a tu re  and  degree of a lte ra tio n  of th e  
enclosing  sed im en t. In  ad d itio n , M oczydlow ska & V idal (1992) suggested  th a t certa in  
T A I  d iscrepancies m ay be caused  by  irrad ia tio n  fro m  n a tu ra l rad ioactive decay. 
A crita rch s are o ften  co n sid ered  as g eo th e rm o m ete rs , less prec ise  th a n  p o llen  g ra in s or 
spores at te m p e ra tu res  genera lly  e s tim a ted  at from  60 to  120 o r  150 °C. H ow ever, they  
m ay p rov ide  usefu l ind ica tions at these  re latively  low  te m p era tu res  in  th e  absence of 
o th e r m icrofossils, as long as one  o r  a few  relatively  a b u n d a n t taxa are chosen, w ith  
vesicle a t least 40 ¡im  or so in  d iam ete r an d  sim ple , sm o o th , th in  w all, as show n by  
L egall, B arnes & M acQ u een  (1981) and  D o m in g  (1986).

III . B IO L O G IC A L  A F F IN IT IE S

(1) B efore and a fter E v it t  (1963)

Successive nam es app lied  to  acrita rch s reflect th e  d iverse  evaluations o f th e ir  
biological affinities ra th e r  th a n  th e  age of th e  deposits  from  w h ich  th ey  w ere o b ta ined . 
A crita rch s sensu stricto  w ere first d iscovered  by  W h ite  (1862), w ho gave th e m  th e  nam e 
X a n th id iu m . A b o u t 380 M a old, th ey  cam e from  th e  ‘C o rn ife ro u s L im e s to n e ’, o f 
M id d le  D evon ian  age (F ish e r, 1981) in  N ew  Y ork  S ta te . E h re n b e rg  (1836, p u b lish ed  
1838), th e  G e rm a n  sc ien tis t o ften  c red ited  w ith  being  th e  ‘f a th e r ’ o f  th e  d isc ip line  o f 
m icropalaeon to logy , had  p ro p o sed  th is  generic  n am e fo r g lo b u la r, o rgan ic-w alled  
m icrofossils, u n ifo rm ly  covered  w ith  n u m ero u s  sp ines, th a t he  fo u n d  in  tra n s lu c e n t 
flakes o f U p p e r  C retaceous ch e rt, aged ab o u t 85 M a, from  Silesia, P o land . H e 
e rroneously  in te rp re te d  X a n th id iu m  as th e  silicified rem ains of D esm id s, fresh -w ater, 
con jugating  algae, an d  d u rin g  th e  sam e oral co m m u n ica tio n  to  th e  Royal A cadem y of 
B erlin  he su rp rised  th e  scientific  w orld  by show ing  th a t rocks m ay con ta in  eno rm o u s 
q u an titie s  of m icrofossils. F ro m  th e  sam e flakes o f rock E h re n b e rg  was also th e  first to 
reco rd  fossil dinoflagellates w ith o u t realiz ing  th ey  w ere cysts. In  F ran ce  T u rp in  (1837) 
considered , w rong ly , th a t th e  sp iny  m icro sp h eres  d esc rib ed  by  h is G e rm a n  colleague 
w ere h a rd -sh e lled  rep ro d u c tiv e  bodies of th e  ‘C ris ta te lle  v ag a b o n d e ’, a fresh -w a te r 
b ryozoan  (colonial in v e rteb ra tes). M an te ll (1850), a Sussex d o c to r p e rh ap s  b est know n 
as d iscoverer o f th e  d in o sau r Iguanodon, also d isagreed  w ith  E h ren b e rg  an d  p rop o sed  
th a t th e  n am e X a n th id iu m  be rep laced  by Sp in iferites ( =  sp ine  bearer). U n ce rta in  as to 
th e  n a tu re  o f th e  o rgan ism s in  h is  new  genus, M an te ll suggested  th a t th ey  m ig h t 
rep resen t, am ongst o th e r th in g s , spores o f m arin e  p lan ts . A s n o ted  by  D efland re  (1947), 
M an te ll was th e  first au th o r to  recognize th a t acrita rch s are com posed  of o rgan ic  m a tte r.

S tu d y in g  m icroscop ic  rem ains co llected  d u rin g  a G e rm a n  oceanograph ic  exped ition , 
L o h m an  (1904) d esigna ted  as ‘O va h is p id a ’ o rgan ism s s im ila r to  th e  ‘x a n th id ia ’, 
a ttr ib u tin g  th em  to  ‘p ro b le m a tic a ’ o r p lan k to n  eggs, p o ssib ly  of C rustacea , an d  from  
a cu ltu re  of O vum  hispidum  h ystr ix  (C leve) L o h m an , 1904 he o b ta in ed  Centropages 
ham atus  (L illjebo rg , 1853), a pelagic m arin e  and  b rack ish -w a te r copepod . A n o th e r 
G erm an , R einsch  (1905) was th e  first to  suggest th a t the  ‘x a n th id ia ’ w ere, in  fact, 
d inoflagellate cysts an d  nam ed  th em  ‘P a lin o sp h ä rie n ’. N ev erth e less  th e  nam e 
X a n th id iu m  co n tin u ed  in  use u n til rep laced  b y  the  genus H ystrichosphaera, p rop o sed  
by W etzel (1933) to  reflect th e  u n certa in  system atic  p o sition  o f m arin e  U p p e r  
C retaceous assem blages from  th e  B altic reg ion  s tu d ied  by  h im . T h e  in fo rm al nam e 
h y strich o sp h aerid s , o r h y strich o sp h eres , w idely  u sed  u n til th e  1960s b u t  now  
aban d o n ed , is derived  from  th a t of W etze l’s genus.
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F ro m  th e  b eg in n in g  o f th e  1930s to  th e  en d  of th e  1950s researches on Palaeozoic and  
M esozoic h y strich o sp h e re s  m u ltip lied . E isenack , from  1931, and  D efland re , from  1934, 
w ere th e  tw o p ioneers o f th is  expansion  an d  b o th  w ere especially  in te re s ted  in  the  
bio logical aspects an d  system atics. U n lik e  h is  G e rm a n  colleague, th e  F ren ch m an  
D eflan d re  (1947) w as qu ick ly  conv inced  o f th e  po ly p h y le tic  n a tu re  o f these  m icrofossils 
and  n o ted  p a rticu la rly  th e  m o rpho log ica l s im ilarities be tw een  h y s trich o sp h e re s  and, 
am ongst o th e r  th in g s, th e  eggs of m o d e rn  c ru stacea  o r w orm s and  non-classified  
p re sen t-d ay  cysts, such  as Echinum  M eu n ie r, 19io  from  th e  A rc tic  snow  an d  ice o f the  
B aren ts  Sea, o r b e long ing  to  th e  P ro tis ta . T h e re  w ere  tw o p ractica l reasons b eh in d  the  
increase of in te re s t in  ac rita rch s : th e  im p ro v em en t of chem ical tech n iq u es  in itia ted  by 
E isenack  (1931), w h ich  p e rm itte d  th e  co n cen tra tio n  o f o rgan ic -w alled  m icrofossils, 
u n til th e n  o bservab le  only  in  flakes o f flin t o r in  th in  sec tions; and , from  th e  1950s 
onw ards, th e  in te re s t to  th e  p e tro le u m  in d u s try  o f m icro fossils  th a t w o u ld  p e rm it the  
re lative d a tin g  o f b o reho le  sam ples devo id  o f m acrofossils.

In  th e  U S A , E v itt (1961, 1963) p ro v id ed  a m a jo r advance in  th e  s tu d y  of 
hy s trich o sp h eres  by  show ing  clearly  th a t th e  m a jo rity  of p ost-P alaeozo ic  rep resen ta tiv es  
w ere d inoflagella te  cysts fo rm ed  in side  m o tile  cells ; th e  la tte r  have genera lly  an  ex ternal 
covering  o f cellu lose or pseudocellu lo se , n o t p rese rv ed  fossil. E v itt (1963, p. 300) 
in tro d u ced  th e  te rm  ‘a c r i ta rc h ’ to  designate  m icrofossils p rev io u sly  called 
‘h y s tr ic h o sp h e re s ’, w hose affinities are still p ro b lem atica l, w h ich  are fo u n d  m ain ly  in 
Palaeozoic rocks. T h e  o rig inal defin ition  o f th e  new  g ro u p  w as as fo llow s:

Small microfossils of unknow n and probably varied biological affinities consisting of a central 
cavity enclosed by a wall of single or m ultiple layers and of chiefly organic com position; 
sym m etry, shape, structure, and ornam entation varied; central cavity closed or com ­
m unicating w ith the exterior by various means, for example: pores, a slitlike or irregular 
rupture, a circular opening (the pylome).

A t th e  suggestion  o f E v itt (1963) an d  o f D ow nie , E v itt & S arjean t (1963), based  on 
p u re ly  p rac tica l co n s id e ra tio n s  in  th e  absence of a code of n o m en c la tu re  fo r the  
K in g d o m  P ro tis ta  (or P ro to c tis ta ) -  w h ich  is still th e  case (T ay lo r et al., 1 9 8 6 ) -  
ac rita rch s are tre a te d  fo r tax o n o m ic  p u rp o ses  acco rd ing  to  th e  C ode o f B otanical 
N o m en c la tu re , as are  fossil dinoflagellates. D ow nie  et al. (1963) em p h asized  th a t such  
a usage is p a rticu la rly  a p p ro p ria te  as it recognizes fo rm -g en era  o f u n c e rta in  position . 
T h is  co n ven tion  is u sefu l since no  ev idence has been  offered for p h o to sy n th e tic  
p ig m en t in ac rita rch s , w hich  also lack in trace llu la r s tru c tu re s  su ch  as ch ro m ato p h o res  
sensu S arjean t (1974, p . 22), w ho p re fe rred  to  use th is  te rm  ra th e r  th a n  ch lo ro p last as 
it does n o t im p ly  th a t ch lo ro p h y ll is th e  d o m in an t p igm en t.

D ow nie  et al. (1963) p ro p o sed  a classification for th ir te e n  su b -g ro u p s  based  on 
ex ternal m o rp h o lo g y  and , possib ly , th e  m e th o d  o f open in g , th e n  know n on ly  from  
observ a tio n s m ade w ith  th e  op tica l m icroscope. T h e  re su lt w as a n u m b e r  o f com m only  
used, concise, in fo rm al te rm s  su ch  as d iacrod ians, w ith  tw o p o la r areas, and  
h e rk o m o rp h s , in  w h ich  th e  surface of th e  vesicle is d iv ided  by  ridges in to  polygonal 
fields. D efland re  & D e fla n d re -R ig au d ’s (1964) p ro p o sa l th a t th e  su b -g ro u p s  be 
fo rm alized  w ith in  a p a ra -L in n e a n  system  has n o t b een  accep ted . F u r th e r  varia tio n s on 
D ow nie  et a l.’s (1963) schem e, tak ing  in to  acco u n t also th e  o p en in g  and  th e  n u m b e r  of 
ce llu la r w alls, w ere  su b seq u en tly  in tro d u ced , n o tab ly  by  S tap lin , Jan so n iu s  & Pocock 
(1965), D ow nie  (1973) and  A l-A m eri (1986). A ttem p ts  at a fo rm al, su p ra -g en eric  
classification  have so far p ro d u ced  only  in co m p le te  or in co n sis ten t g ro u p in g s, fo r they
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do n o t cover th e  h e te ro g en e ity  and  v ariab ility  o f the  taxa. T o  avoid  these  d isadvan tages 
certa in  au th o rs  such  as L e  H érissé  (1989) have p ro p o sed  a d ich o to m o u s d e te rm in a tio n  
key applicab le  to  ac rita rch s from  a very  lim ited  p a r t  o f th e  geological co lum n , in  th is  
case th e  S ilu rian .

T h e  p ragm atic  nam e ac rita rch  was ad o p ted  rela tively  qu ick ly  by  specialists w ho 
believed in  its p o ly phy le tic  n a tu re , except fo r E isenack  w ho, u n til 1969, p re fe rred  to  use 
h y strich o sp h eres  for w hat he believed  to  be a co h eren t, n a tu ra l an d  m o n o p h y le tic  g roup  
o f u n ice llu la r p lan ts . W ith  rare  excep tions, th e  deb a tab le  te rm  H y strich o p h y ta , a 
separate  algal class in tro d u ced  an d  review ed by  M äd le r (1963, 1967) an d  in c lu d in g  som e 
dinoflagellates, p rasin o p h y tes  an d  acrita rchs, rem ains u n u sed . D iv e r & P eat (1979) 
re s tric ted  th e  te rm  A crita rch a  to  n o n -sp h e ro id a l o r sp h ero id a l fo rm s p ro v id ed  w ith  
o rn am en ta tio n  and  developed  especially  from  th e  L ow er C am b rian  onw ards, and  
in tro d u ced  a new  g ro u p  C ry p ta rch a  (G reek  =  h id d e n  o rig in ) to  designate , supposed ly  
objectively , m ore  o r less sp hero ida l o r filam entous P recam b rian  m icrofossils th a t lack 
d is tin c t p rocesses. T h e  te rm  C ry p ta rch a  shou ld  be avoided  as th e  essen tia lly  featu reless 
sp h aero m o rp h s  and  th e  hyphae , algal or fungal filam ents, have p e rs is ted  u p  to  the  
p resen t-d ay .

L oeb lich  (1974, p. 281) p ro p o sed  th a t th e  te rm  ac rita rch  and  any su p ra -g en eric  
classification shou ld  be ab an d o n ed  and  reco m m en d ed , as d id  C ram er & D iez de C ram er 
(1972a), th e  use o f an  a lphabetical classification o f genera  and  species. T h is  p roposa l to  
aban d o n  acrita rch  is un justified , in  sp ite  of its b e ing  often  ad o p ted  now adays in  the  
U S A , w ith  th e  no tab le  excep tion  of T a p p a n  (1980). A consequence  o f its ad o p tio n  is 
th a t som e s tud ies o f these  m icrofossils m ay be d isgu ised  u n d e r  head ings th a t are 
un in fo rm ativ e , such  as ‘ m icropalaeon to logy  ’, o r in ap p ro p ria te , such  as ‘ m ic ro p lan k to n  ’ 
o r ‘ m ic ro p h y to -p lan k to n  ’, since th e re  is no  estab lished  p ro o f th a t all th e  cells w ere 
e ith e r p h o to sy n th e tic  or p lank ton ic .

C o n tin u ed  acceptance o f the  te rm  acrita rch , the  ab an d o n m en t of fo rm al su b -g ro u p s, 
an d  the  use o f an a lphabetical classification o f taxa are th e  m ost con v en ien t p ro ced u res  
since the  phy logeny  o f incertae sedis is specu la tive  and  sim ilar m orpho log ies m ay be 
p re sen t w ith in  the  life cycles of d iverse  g ro u p s of algae an d  of p ro to - an d  m etazoans th a t 
are n o t phy le tica lly  re la ted . F ensom e et al. (1990, 1991) have given com p reh en siv e  lists 
o f ac rita rch  taxa, in c lu d in g  those  now  variously  a d m itted  as p ra s in o p h y te  algae. F ro m  
th e ir  da ta  and  those  of T a p p a n  (1980) a c u rre n t to ta l o f a few h u n d re d  genera  and  
several th o u san d  species of acrita rch s and  fossil p rasin o p h y tes  m ay be estim ated . A b o u t 
2 ~ io %  o f th e  fo rm er and  5 -3 0 %  of the  la tte r are variously  co nsidered  to  be green  
algae. C o m p ariso n  w ith  th e  m ere  th ir ty  o r so genera  cited  by  E isenack  (1963) gives 
som e idea of th e  in te res t a roused  in  th is  secto r of m icropalaeon to logy  d u rin g  recen t 
decades.

(2) Reassessment o f some acritarchs

As soon as a biological relationship is established for an acritarch, the taxon has to be 
rem oved  from  th is  po lyphy le tic  g ro u p  and  p ro p e rly  reassigned . S a rje a n t’s (1970, p. 
243) forecast th a t frag m en ta tio n  o r a b an d o n m en t o f ac rita rch s as a g ro u p  cou ld  be 
expected  w ith in  a few years is still fa r from  being  realized . A  m in o rity  o f ac rita rch  
genera  o r g ro u p s of genera  has been  cla im ed to  belong , especially , to  un ice llu la r 
flagellate algae, dinoflagellates, p ras in o p h y tes  o r eug leno ids. T h e se  loose te rm s p e rm it, 
in  p rin c ip le , th e  avoidance of a bo tan ica l (suffix: yceae) o r zoological (suffix: ida)
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co n n o ta tio n , ob jec tive ly  u n p ro v ab le  fo r m icro fossils an d  o ften  deb a tab le  fo r recen t 
flagellates th a t s trad d le  th e  b o u n d a ry  be tw een  th e  P la n t and  A nim al k ingdom s of 
L in n e a n  classification. T h e  d inoflagella tes and  p ra s in o p h y te s  are h ab itu a lly  considered , 
respective ly , as algae by  b o tan is ts  an d  as p ro to zo an s by  zoologists. A t th e  o th e r ex trem e 
C orliss (1984) d is tin g u ish ed  45 p hy la  g ro u p ed  in to  18 assem blages in  th e  K in g d o m  
P ro tis ta ; th e  p ra s in o p h y te s  an d  eu g len o p h y tes  are  p hy la  an d  d inoflagellates fo rm  one 
o f th e  18 assem blages. T h e  sam e a u th o r  in c lu d ed , p rov isionally , th e  ac rita rch s am ong 
th e  d inoflagellates.

T h e  essen tia lly  ‘gross m o rp h o lo g y ’ c rite ria  u sed  to  classify  ac rita rch s are re la tively  
s im p listic  in  re la tio n  to  m o d e rn  re q u ire m e n ts  and , in  p rin c ip le , fo r th e  classification of 
recen t p ro tis ts . T h e  la tte r, a lth o u g h  o ften  lack ing  a genera l com p reh en siv e  app roach , 
generally  re q u ire  th e  s tu d y  of u ltra s tru c tu re s  of su b ce llu la r co m p o n en ts  a n d /o r  th e ir  
cu ltu re  u n d e r  d iverse  co n d itio n s o f n u tr i t io n  an d  te m p e ra tu re , as several m orpho log ica l 
types m ay be variab ly  developed  d u rin g  th e  sam e life-cycle, reflec ting  b o th  the  
e n v iro n m e n t an d  th e  degree o f  m a tu r ity  o f th e  cell. F u rth e rm o re , da ta  co n cern in g  the  
life-cycle of recen t m ic ro o rg an ism s are o ften  very  in com ple te . In  p a rtic u la r  phyco l- 
ogists, w h en  th ey  reco rd  an  en cysted  stage, ra re ly  ind ica te  th e  shape of th e  cysts and  the  
n a tu re  o f th e ir  w all. M icro p a laeo n to lo g is ts , w ho have to  deal p rin c ip a lly  w ith  algal 
cysts, th e  m o st p reserv ab le  as fossils ow ing to  th e ir  sp o ro p o llen in -lik e  w all, th u s  find 
them selves d ep riv ed  of in fo rm atio n  th a t w o u ld  enable  th e m  to  p ro p o se  or estab lish  
re la tio n sh ip s  w ith  th e  m o tile  stage. Som e ac rita rch s are co n sid ered  by  ce rta in  w orkers, 
especially  palaeo b o tan is ts , as p rim itiv e  spo re-like  bod ies o rig in a tin g  from  th e  first 
te rre s tr ia l p lan ts . T h e  reclassification  o f ac rita rch s am ong  recen t m ic ro o rg an ism s of 
estab lish ed  system atic  p o sitio n  rem ain s ra re  o r ten ta tive .

(i) L in ks  w ith  dinoflagellates

T a p p a n  (1980, p p . 231-237) recalled  th a t th e  d inoflagellates are genera lly  considered  
as very  p rim itiv e  an d  p ro b ab ly  very  an c ien t eukaryo tes, n o tab ly  because  o f  th e  s tru c tu re  
of th e  nu c leu s w h ich  in  m o st cases inv estig a ted  co n ta in s ch rom osom es fo rm ed  m ain ly  
o f D N A  and  alw ays d is tin c t w h a tev e r th e  stage o f  th e  life cycle. In  o th e r respects  they  
ap p ear very  d iversified  an d  specialized , and  th e re fo re  evolved. F o r exam ple, d ep en d in g  
on  th e  taxa, n u tr i t io n  ranges from  h o lo p h y tic  to  sac ro p h y tic ; th e ir  h a b ita t varies from  
free-liv ing  in  ocean w aters to  parasitic  in  p ro tis ts  o r in v e rteb ra tes  an d  sw arm ing  in 
certa in  su p p o sed ly  d rin k ab le  c ity  w aters, th u s  d em o n stra tin g  a w ide sp read  of 
ad ap ta tio n s to  very  d iffe ren t e n v iro n m en ts  invo lv ing  p a rticu la rly  sa lin ity  and  
tem p era tu re .

Several stages, occasionally  exp ressed  by  d iffe ren t m o rpho log ies, can  be developed  in 
th e  course  o f th e  life-cycle of m o d e rn  d inoflagellates. T h e  only  one alw ays p re se n t is a 
m o tile  cell genera lly  e q u ip p ed  w ith  tw o d iss im ila r flagellae. I ts  ex te rna l w all lacks p la te  
p a tte rn s  in  th e  g y m n o d in ian s o r is m ade u p  o f p la tes th a t are genera lly  o f cellulose, 
easily d ecom posed  after dea th . In  th e ir  n u m b e r  and  a rra n g e m en t these  p la tes fo rm  in 
th e  p e rid in ian s  a tab u la tio n  th a t is ch a rac te ris tic  for a genus o r species an d  is variab ly  
reflected  as p a ra ta b u la tio n  in  th e  cyst stage, fo rm ed  in  th e  in te rio r  o f th e  theca 
(en cy stm en t) an d  lib e ra ted  fo llow ing  d issocia tion  o f th e  p la tes m ak ing  up  th e  la tte r. 
T h e  cyst, te rm e d  restin g  spo re  by  phyco log ists, is co n sid e red  e ith e r  as p e rm ittin g  
resistance  to  adverse  co n d itio n s or as a phase in  a lte rn a tin g  genera tio n s. C e rta in  recen t
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cysts, because o f th e ir  sp o ropo llen in -like  w all, are ex trem ely  resis tan t an d  m ay alone be 
fossilized ; th ey  are know n  in on ly  a re la tive ly  lim ited  n u m b e r  o f species, especially  
am ong  th e  p erid in ian s. A cco rd ing  to  W illiam s & B ujak (1989, p. 849) th e re  are  at 
p re sen t less th a n  50 species o f  dinoflagellate cysts and  m ore  th a n  2000 species o f thecae. 
A fte r a p e rio d  o f re s t a fossilisable cyst libera tes th e  ce llu lar co n ten ts  th ro u g h  an  often  
polygonal open ing , th e  archeopy le , o f co n stan t shape an d  p o sitio n  w ith in  a single taxon  
and  opercu la te . E v itt (1985, fig. 1.3) has show n schem atically  th e  developm en t, 
in c lu d in g  hap lo id  an d  d ip lo id  phases, of th e  expelled  p ro to p las t. D ev e lo p m en t w ill end, 
in  any  case, w ith  th e  fo rm atio n  of a m o tile  stage, as in th e  p io n ee r ex p erim en ts  o f W all 
(1965a) and  W all & D ale (1968). T h e  tw o la tte r  d em o n stra ted , by  th e  g e rm in a tio n  in 
vivo  o f  m o d e rn  cysts o f  H ystrichosphaera bentori R ossignol, 1962 lead ing  to  th e  
fo rm atio n  o f  m otile  thecae  o f  G onyaulax digitalis  (P ouchet) K ofo id , 1911, th a t d ifferen t 
generic  and  specific nam es h a d  b een  a ttr ib u te d  to  tw o d iffe ren t stages of th e  sam e 
m icroo rgan ism , fo u n d  fro m  th e  P le istocene  onw ards. F o llow ing  th e  schem e p ro p o sed  
by  W all & D ale  (1968, pi. 1) to  rep re sen t the  life -h is to ry  o f a p e rid in ian  d inoflagellate, 
th e  life cycle o f tw o ac rita rch s , C ym atiogalea  w ith  an o p ercu la te  py lom e and  
C oryphidium  w ith o u t open ing , is show n ten ta tiv e ly  (F ig . 4), w ith  th e  un k n o w n  stages 
ind ica ted .

As n o ted  by  D ale  (1983), th e  classification  of recen t dinoflagellates sh o u ld  ideally  
inc lude  descrip tio n s o f th e  m o tile  stages an d  th e  cyst stages, b u t  th is  is rare ly  th e  case. 
S om e cysts are  no  m ore  th a n  shapeless ‘sa c k s’ (T rav erse , 1988, fig. 12.7) an d  are  so 
u b iq u ito u s  th a t specim ens can o n ly  be d e te rm in ed  by  m eans o f cu ltu re . C onsidered  
ind iv idually , th ey  cou ld  as well be co m p ared  w ith  certa in  spores o r acrita rchs.

C u rre n t b io logical classification of liv ing  d inoflagellates is based  m ain ly  on  th e  m otile  
stage, a lm ost never fossilized, an d  p re sen t in  p lan k to n . P alaeonto logical classification 
rests  exclusively  on the  m o rp h o lo g y  of fossil cysts in c lu d ed  in  sed im en ts  dep o sited  on 
th e  sea-floor. E v itt (1985, p . 42) review ed th e  c rite ria  need ed  fo r re liab ly  a ttr ib u tin g  a 
fossil specim en  to  th e  d inoflagellates : size, fo rm  and  com po sitio n  of th e  cyst wall, and  
ev idence o f fea tu res co rresp o n d in g  to  a c in g u lu m  an d  a su lcus, transverse  and  
lo n g itu d in a l d ep ressions, in  each  o f  w h ich  a flagella o f th e  m o tile  th eca  w as located . 
S om e species show  traces o f a p a tte rn  of po lygons com parab le  to  a thecal tab u la tio n . In  
several cyst fo rm s th e  archeopy le  is o ften  th e  only  rem ain in g , usab le  ch a rac te r; its 
o u tline  dep en d s on  th e  tab u la tio n , w hich  in  these  cases is n o t exp ressed  by  o th e r 
characters.

D inoflagella te  cysts are  very  ra re  an d  equivocal in  th e  Palaeozoic. T h e  o ldest 
genera lly  accep ted  in  trea tises  on  m icropalaeon to logy  is A rpylorus antiquus C aland ra , 
1964, em end . S arjean t, 1978, from  th e  S ilu rian  (L ud lo w ) o f T u n is ia . T h is  reco rd  is, 
how ever, u n iq u e ; fo rm u la tio n  o f th e  tab u la tio n , based  on  15 o r so specim ens, is ra th e r  
speculative and  th e  ex cy stm en t open in g  alw ays defo rm ed . T h e  p resence  o f d in o ­
flagellates in  th e  P e rm ian  is excep tional (Janson ius, 1962) o r d u b io u s (T ash , 1963). 
U n d o u b te d  cysts are  know n  w ith o u t in te rru p tio n  fro m  th e  end  of th e  T ria ss ic  to  the  
p re sen t-d ay  an d  show  im p o rta n t varia tions in  specific d iversity . I t  is possib le  if  no t 
p ro b ab le  th a t th e  m a jo rity  o f m orp h o lo g ica l resem blances be tw een  certa in  acrita rch s 
an d  recen t d inoflagellate cysts are d u e  to  convergence  an d  do n o t im p ly  any phy le tic  
re la tio n sh ip . O n ly  D ale (1977) has p ro v ed  by ex p erim en ta l in cu b a tio n  th a t  a ‘liv ing 
a c r ita rc h ’, know n  also u n d e r  an  invalid  nam e in  th e  T e rtia ry , w as a d inoflagellate cyst.
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Unknown: motile thecate stage

Unknown: intermediate stage 
related to release of contents 
from cyst

t
Excystment

Empty cyst with 
detached operculum

Unknown: encystment 
within the theca

.....

 J

Unknown: decay 
of theca

Cyst with excystment 
opening absent or closed

Potential microfossils rest on sediment surface or 
are Incorporated in it. In either case they may be reworked.

Fig. 4. Estimated life-cycle o f acritarchs Coryphidium  (a) and Cym atiogalea  (b) by comparison  
with that o f a living peridinian dinoflagellate.

N ev erth e less , th e re  are  p re se n t-d a y  a rm o u re d  d inoflagella te  species w hich  p ro d u ce  
cysts re sem b lin g  Palaeozoic  ac rita rch s th a t lived som e 370 M a b p . T h e  cyst of 
P eridinium  stella tum  W all in  W all & D ale  (1978), o b ta in ed  in  cu ltu re , is one o f a few 
exam ples. I t  consists  of a pen tag o n a l vesicle, each angle o f w h ich  is p ro d u ced  to  form
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a conical p rocess w ith  sim ple  d ista l ex trem ity . A cco rd ing  to  th e  above au th o rs  a ph y le tic  
re la tio n sh ip  w ith  th e  ac rita rch s is un like ly  as th e  recen t cyst m ay ex h ib it an archaeopyle. 
N everthe less a m o d e rn  cyst of P . stellatum , ex trac ted  from  recen t m arin e  sed im en ts  in  
N ew  Z ealand  an d  illu s tra ted  b y  B aldw in  (1987, fig. 20), lacks an  archaeopy le  an d  is 
to ta lly  com parab le  w ith  som e specim ens o f P alacanthus ledanoisii, aged ab o u t 370 M a 
and  illu s tra ted  h e re  [PI. 3 (fig. 1)]. H ow ever, variab ility  o f th e  fossil species involves th e  
n u m b e r o f processes and  shape o f th e  cen tra l body , and  is m u ch  g rea te r th a n  in  recen t 
cysts.

L is te r  (1970) a ttem p ted  to  d em o n stra te  th a t ac rita rch s w ere cysts o f d inoflagellates 
or ex tin c t d inoflagella te-like o rgan ism s an d  used  fo r th e ir  classification  th e  crite ria  
em ployed  fo r p e rid in ia n  cysts. T h e  h o p ed -fo r re su lt w as n o t, how ever, ach ieved  fo r th e  
n u m b e r o f po lygonally  a rran g ed  processes p re sen t in  certa in  ac rita rch s is variab le  and  
does n o t p e rm it reco n stru c tio n  o f th e  stab le  ta b u la tio n  o f th e  m o tile  stage. A s th e  la tte r 
has a fixed fo rm u la tio n  in  th e  p e rid in ian s  L is te r  (1970) suggested  th a t certa in  
acrita rchs, fo r exam ple Visbysphaera, co rre sp o n d  to  th e  cysts o f u n a rm o u re d  
g y m nod in ians, th e  m o tile  stages o f w h ich  w o u ld  be u n k n o w n . F u rth e rm o re , th e  w ell- 
defined open ings o f som e acrita rchs , such  as C ym atiogalea, w ere orig inally  c ircu la r and  
m a tch  th e  equally  c ircu la r o p ercu la ; th e  p seudopo lygona l shapes are  p ro d u c e d  by  
secondary  d efo rm atio n  d u rin g  fossilization . E ven  w h en  th e  edge o f an  open in g  is a 
zigzag, it co rresp o n d s to  th e  rem oval o f equ isized  po lygonal p la tes an d  its ou tline  
can n o t be  in te rp re te d  on  th e  basis o f dinoflagellate tab u la tio n . I t  is, how ever, possib le  
th a t m any  ac rita rch s be long  to  ex tin c t d inoflagellates th a t lack th e  m in im u m  of 
charac teristics  req u ired  fo r recogn ition .

(ii) L in ks w ith  prasinophytes

T h e  p ras in o p h y tes  are p rim itiv e  algae th a t live especially  in  tem p era te  reg ions, in 
m arine , b rack ish  o r fresh  w ater. T h e ir  rep ro d u c tio n , as far as it is know n, is m ost o ften  
asexual and  th e  m ajo rity  o f species co n ta in  a p h o to sy n th e tic  system  (N o rris , 1980). 
G en era  such  as H alosphaera  S chm itz , 1878, Pachysphaera  O sten fe ld , 1899 and  
Pterosperma  P o u ch e t, 1893 com prise  a m otile , flagellate stage an d  an encysted  stage 
called a phycom a. T h e  la tte r  possesses an  ex ternal w all, m ade o f very  resis tan t, easily 
fossilized o rganic  m ateria l, th a t opens at m a tu rity  along a slit an d  is co m p arab le  w ith  
certa in  ac rita rch s know n  since th e  b eg in n in g  o f th e  C am b rian .

B oalche & P arke  (1971) and  P arke  et al. (1978), u sin g  cu ltu re s  o f m arin e  species of 
Pterosperma, show ed, som e e igh ty  years a fte r th e  genus w as in tro d u ced , th a t the  
flagellate m o tile  stage is p ro d u c e d  by  an d  lib e ra ted  from  a n o n -m o tile , p lank ton ic  
p hycom a, p ro v id ed  w ith  alae o r an  a laband . S u ch  a ph y co m a bears a conv incing  
resem blance  to  th e  ac rita rch  genera  C ym atiosphaera  [PI. 3 (fig. 3)], Pterospermella  [PI. 
3 (fig. 2)] and  Pterospermopsis, th e  last tw o o f w h ich  m ay p rove to  be synonym ous. 
L o eb lich  & W ican d er (1976), P lay fo rd  (1977) and  L e  H érissé  (1989) have illu stra ted , 
u sin g  th e  S E M , th e  p re fo rm ed  ex cy stm en t slit o f these  alate m icrofossils, w h ich  is 
in d ica ted  by  th e  o rn am en ta tio n  o f its m arg ins. B o th  C ym atiosphaera  an d  Pterospermella  
shou ld  be consid ered  as genera  o f fossil p rasin o p h y tes . T h e  estim a ted  life cycle o f these 
m icrofossils (F ig . 5) is in sp ired  by  th a t given by  T a p p a n  (1980, fig. 20) b u t  ind icates 
also th e  n u m ero u s  u n o b se rv ed  stages.

P arke et al. (1978, pp . 241, 251-253) also show ed th a t th e  m o st re liab le  d e te rm in a tio n
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Unknown: motile flagellate phase

Unknown: intermediate phase 
related to release of contents 
from cyst

Unknown: division of motile 
flagellate phase

t
Excystment

Empty phycoma with variably 
gaping excystment opening

PLANKTONIC
I

Encystment: phycoma phase

Immature phycoma with 
excystment opening absent 
or closed ■

Potential microfossils rest on sediment surface or are incorporated in it. 
In either case they may be reworked

Fig. 5. Estimated life-cycle o f Pterospermella (a) and Cymatiosphaera (b) by comparison with 
that o f living Pterosperm a , a prasinophye alga.

of a species is based  on th e  ex te rn a l w all o f th e  phy co m a afte r lib e ra tio n  o f th e  co n ten ts , 
a lth o u g h  s tud ies in v ivo  ind ica te  th a t th e  p a tte rn  of ala a rran g em en t is an un stab le  
ch a rac te r th a t m ay  differ b e tw een  p a re n t-  and  d a u g h te r-p h y co m a  [Parke et al., 1978 (pi. 
V , figs A—D )]. T h e  rem ark ab le  illu s tra tio n s  by  these  au th o rs  m ay  a ttra c t the  a tten tio n  
o f those  te m p te d  to  p rac tise  ac rita rch  taxonom ic  o v ersp littin g . T w o  exam ples are 
p a rticu la rly  su itab le  fo r d e m o n s tra tin g  th a t th e  phy co m a stage of th e  sam e species m ay 
vary  acco rd ing  to  its m a tu r ity  o r s ta te  o f p rese rv a tio n . T h e  p h o to g rap h s  o f P arke  et al. 
[1978 (pi. V I, figs D , E)] show  tw o view s o f th e  sam e phycom a of P . rotundum  P o u ch e t, 
1893, tak en  w ith o u t and  w ith  p ressu re  o f th e  cover-slip  and  p ro d u c in g  m ain ly  
d ifferences in p ro p o rtio n s  o f th e  body  an d  th e  eq u a to ria l ala. T h o se  of Pterosperma  
euryopteron  P arke , in  P arke  et al. [1978, (pi. IX , figs. B, C )], illu s tra te  th e  d ifferences
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b etw een  an em p ty  o u te r  w all o f phycom a, w ith  th e  b o d y ’s slit-like open in g  and  large 
folds o f th e  ala, an d  a m a tu re  phycom a, w ith  bo d y  co n ten t ready  fo r release and  
n a rro w er, sh o rte r  fo lds of th e  ala.

In  a personal, sub jec tive  assessm ent T a p p a n  (1980, p p . 207, 208) p ro p o sed  the  
reclassification  w ith in  th e  p rasin o p h y tes  o f several ac rita rchs , su ch  as P olyedryxium  and  
D uvernaysphaera, w h ich  have flanges su sta in ed  by  p ro jec tio n s o f th e  vesicle. T h is  
a ttr ib u tio n  is n o t accep ted  here , g iven th e  lack o f com para tive  illu s tra tio n s  o f recen t 
phycom as.

W all (1962) m ade observations on  liv ing  Pachysphaera pelagica  O sten fe ld , 1899 and  
H alosphaera minor O sten fe ld , 1899 and  estab lished  in  p a rtic u la r  th e  im p o rta n t 
variab ility  o f th e  w all s tru c tu re  in  th e  fo rm er species (W all, 1962, tex t-fig . 1 b -d ) , w h ich  
he co nsidered  as a liv ing rep resen ta tiv e  of th e  fossil genus Tasm anites. T h e  la tte r 
inc ludes m icroscop ic  m arin e  and  b rack ish -w a te r algae th a t m ay  reach  a size o f som e 
600 p m .  T h e ir  essen tia lly  o rganic  w all is genera lly  th ick  and  lam ella te , p e rfo ra ted  by 
fairly  n u m ero u s , variab ly  developed  po res [PI. 3 (fig. 13)]. T h e y  are know n from  th e  
P recam b rian  onw ards an d  d u rin g  th is  long geological h is to ry  th e ir  local co n cen tra tio n  
has occasionally  p ro d u ced  econom ically  im p o rta n t algal coals, such  as th e  ‘ w h ite  coals ’ 
o r ta sm an ite  in  th e  P e rm ian  o f A ustra lia .

T h e  h is to ry  o f th e  d iverse  taxonom ic  trea tm en ts  o f th e  ta sm an itid s  w as rev iew ed by 
M u ir  & S arjean t (1971), an d  one need  only  n o te  th a t w hereas E v itt (1963) assigned  
th em  to  th e  acrita rchs, D ow nie  et al. (1963) excluded  th em  from  th a t g ro u p  and  p laced 
th em  in th e  g reen  algae. T ran sm iss io n  e lec tron  m icroscope s tud ies by  K je lls trö m  
(1968) and  Ju x  (1969 a, b) confirm ed  th a t po re  canals o f  th e  re la tive ly  th ick  w all are 
s im ilar in  Tasm anites an d  Pachysphaera. T h e  m e th o d s  o f excystm en t open ing , as far as 
th ey  are know n  in a few species, do n o t how ever ap p ear co n stan t. P achysphaera  show s 
a slit developed  som e tim e  p rio r  to  excystm en t an d  n o t a py lom e. S pecim ens of 
Tasm anites m ay  possess o r lack an  open in g  th a t m ay be te rm e d  a py lo m e; th ey  m ay 
possib ly  have th e  o p ercu lu m  p reserved , as illu s tra ted  by  E isenack  [1958 (pi. 1, figs 1-4) ; 
1962 (pi. 2, fig. 5; pi. 4, fig. 8)], o r  a slit [W all, 1962 (tex t-fig . 2); C o lba th , 1983 (figs 
i i ,  14); G u y -O h lso n , 1988 (fig. 22D )]. In  th e  la tte r case it is th e  s tru c tu re  o f th e  wall 
an d  n o t th e  fo rm  of th e  o p en in g  th a t is accep ted  as a p rim itiv e  generic  ch arac ter. By 
m eans o f m ic ro m an ip u la tio n  an d  o bserva tion  u n d e r  th e  S E M  G u y -O h lso n  reco n ­
s tru c ted  d iffe ren t stages o f th e  life-cycle in  Ju rassic  exam ples o f Tasm anites. A ssum ing  
th a t th e  d is tr ib u tio n  o f p y rite  reflects th e  o rig inal o rgan ic  co n ten t, th e  stages inc lude  
m a tu ra tio n  o f th e  phycom a an d  th e  fo rm atio n  of m otile  cells, possib ly  w ith  flagella-like 
appendages.

Since th e  first observa tions b y  W all (1962), an d  in  sp ite  o f certa in  co n trad ic tio n s 
linked  essen tia lly  to  v aria tions in  th e  m e th o d  o f open ing , Tasm anites  is accep ted  as a 
p rasin o p h y te .

(iii) Enigm atic sphaeromorphs

T h e  sm oo th -w alled  sp h aero m o rp h s  m ay be very  a b u n d a n t in  th e  P recam b rian , 
w here  th ey  are  know n  first in  th e  M esopro te rozo ic , ab o u t 1400 m illion  years ago. T h o se  
o f th e  genus Leiosphaeridia, com m only  te rm e d  le iospheres, g ro u p  to g e th e r som e o f the  
d u llest, m o st fea tu re less acrita rchs , a p p a ren tly  sm oo th , m o re  o r less c ircu la r in  ou tline , 
w ith  a th in  w all th a t is o ften  fo lded  d u rin g  fossilization  [PI. 1 (fig. 1 )] ; from  a few  to
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several h u n d re d  p m  in  d iam ete r, th ey  genera lly  lack a py lom e o r any  o th e r open ing . 
T h e ir  n o to rio u s  lack o f o rig inal fea tu res u n re la te d  to  p rese rv a tio n  has n o t, how ever, 
p rev en ted  n u m ero u s  au th o rs  fro m  in tro d u c in g  still m ore  n u m e ro u s  genera  an d  species. 
D ichotisphaera  resem bles Leiosphaeridia  ap a rt fro m  an o p en in g  in  th e  fo rm  o f a slit th a t 
d iv ides th e  ac rita rch  in to  tw o su b h em isp h erica! parts .

W all (1962) co m p ared , qu estio n ab ly , th e  m o d e rn  p ra s in o p h y te  species H alosphaera  
minor, w h ich  has a sm o o th , th in  w all, w ith  Leiosphaeridia. H is reserv a tio n s w ere 
confirm ed  by  sections v iew ed u n d e r  th e  tran sm iss io n  e lec tron  m icroscope (Jux , 1969b) 
w h ich  show ed  a p e rfo ra ted  lam ella r s tru c tu re  in  th e  fo rm er genus b u t  n o t in  th e  la tte r. 
P arke  & H arto g -A d am , fo llow ing  c u ltu re  o f H alosphaera, show ed  th a t th e  cyst libera tes 
its co n ten ts  th ro u g h  a slit th a t is n o t v isib le  in  th e  im m atu re  stages [P arke & H arto g - 
A dam , 1965 (pi. i ,  figs 18, 22)] an d  is co m p arab le  w ith  th a t o f D ichotisphaera, th e  wall 
o f w hich  has n o t, how ever, been  observed  u n d e r  th e  tran sm iss io n  e lec tro n  m icroscope.

L eio sp h eres  have been  th e  ob jec t o f o th e r  specu la tive  com parisons. N u m ero u s  
sp h ae ro m o rp h s  fo u n d  in  n e a r-sh o re  to  o ff-shore  m arin e  dep o sits  resem ble  spore-like , 
d isp ersed , rep ro d u c tiv e  bod ies called  c ry p to sp o re  sp o ro m o rp h s . A p a rt from  rare, 
d o u b tfu l cases accep ted  by  N o h r-H a n se n  & K o p p e lh u s  (1988), th e  first sp o ro m o rp h s  
lack a tr ile te  (Y) o r m ono le te  (I) deh iscence  m ark . T h e y  are c la im ed  by  G ray , M assa  & 
B oucot (1982) to  ap p ea r in  th e  C aradoc (O rdov ic ian ), th o u g h  th e  d a tin g  is n o t en tire ly  
re liab le , b u t th e y  are  know n in  any  case fro m  th e  A shgill (V avrdová, 1984, 1988, 1989). 
Fo llow ing  G ray  (1985) several pa lyno log ists , n o tab ly  B urgess & R ich ard so n  (1991) and  
S tro th e r  (1991) co n sid e r th a t th e  first sp o ro m o rp h s  o rig in a ted  fro m  non-v ascu la r, 
un fossilized  te rre s tr ia l p lan ts , in  p a rtic u la r  b ry o p h y tes . H ow ever, it c an n o t be excluded  
th a t th ey  belong  to  fre sh -w a te r  o r m arin e  algae th a t have no m o d e rn  analogues. A m ong 
th e  first in a p e rtu ra te  sp o ro m o rp h s  fro m  th e  en d  of th e  O rdo v ic ian  an d  th e  beg in n in g  
o f  th e  S ilu rian  som e obliga te  dyads, m ade up  o f tw o spo re  bodies alw ays jo in ed  
to g e th e r, resem ble  late C am b rian  to  O rd o v ic ian  d iac ro d ian  ac rita rch s (S tro th e r  & 
T rav e rse , 1979, p . 7), o r th e  still o ld e r Synsphaerid ium  sp . 1 sensu C ram er & D iez, 
19726, from  th e  la test L o w er C am b rian  an d  earliest M id d le  C am b rian  [PI. 3 (fig. 12)]. 
N u m ero u s  m o n ad s, sm o o th , sing le sp o re  bod ies w ith  no  m ark  of deh iscence  from  the  
earliest S ilu rian , m ay be easily con fused  w ith  le iospheres o f any  age, from  w h ich  they  
are possib ly  on ly  d is tin g u ish ab le  by  a s ligh tly  th ick e r w all.

I t  is also possib le  th a t, as suggested  by  F in n ey  (1979) an d  F in n ey  & Jaco b so n  (1985) 
fo llow ing o b serv a tio n s on  palynological p rep a ra tio n s , ce rta in  O rd o v ic ian  le iospheres 
w ith  d iam e te r at least 200—300 ¡um w ere  flo tation  o rgans o f th e  ju v en ile  stages of 
g rap to lites , sm all, ex tinc t, co lonial m arin e  an im als classified as h em ich o rd a te  
in v erteb ra tes . L in d g re n  (1981) co n sid ered  th a t the  le io spheres w ith o u t an  open in g  
cou ld , in  p a rt, as w ell rep re sen t vegeta tive  stages as re s tin g  cysts o f flagellate algae. H e 
show ed th a t th e  py lom e o f ce rta in  le iospheres is s im ilar to  th e  flagellar po le  o f  the  
m o d e rn  Trachelomonas th a t h ad  resis ted  acetolysis. T h is  genus o f fre sh - an d  b rack ish - 
w ater eug len id  ex h ib its  a consid erab le  p o ly m o rp h ism  o f th e  pellicle, illu s tra ted  by 
C o n rad  & V an M eel (1952), w h ich  is o f taxonom ic  significance on ly  a t specific level.

S p h ae ro m o rp h s  w ith  a sm oo th  w all, such  as th e  le iospheres an d  d ich o tisp h eres , like 
tho se  w ith  red u ced , sp iny  o r g ranu lóse  o rn am en ta tio n , are so fea tu re less th a t th ey  are 
p re ferab ly , an d  m o st conven ien tly , c lassed  w ith  th e  acrita rchs.
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(iv) A critarchs, euglenoids or single spore-like bodies?

H yp o th eses an d  u n certa in tie s  re la tin g  to  th e  bio logical s ta tu s  o f ac rita rch s m ay  be 
illu s tra ted  b y  th e  exam ple o f tw o  closely re la ted  g enera : M oyeria , o ften  in c lu d ed  w ith  
th e  acrita rch s ; an d  Strophom orpha  M ille r & E am es, 1982, u sua lly  consid ered  as an 
in ap e rtu ra te  m onad . M oyeria  ranges fro m  O rdo v ic ian  (C aradoc) to  S ilu rian  (L ud low ) 
and  is aged from  ab o u t 450 to  420 M a. I t  is know n  fro m  th e  easte rn  U S A , w este rn  
E u ro p e  an d  A rab ia  (references in  G ray  & B oucot, 1989) in  m arin e  deposits , o f variab le 
w ater d e p th  an d  d istance  from  th e  coast, th a t co n ta in  also rew o rk ed  o ld e r acrita rchs 
a n d /o r  sp o ro m o rp h s  w hose co n tin en ta l o rig in  is d eba tab le . A lth o u g h  G ray  & B oucot 
accep ted  th e  rocks as fluviatile  deposits  an d  suggested  th a t M oyeria , w h ich  m ay  be 
a b u n d a n t in  th em , h ad  a co n tin en ta l o rig in  o r was eu ry h a lin e , th e ir  in te rp re ta tio n  is no t 
accep ted  here . T h is  m icrofossil [PI. 3 (fig. 16)] com prises a m o re  o r less e llipsoidal 
envelope, alw ays seen w ith o u t an  open ing , an d  th e  ex te rn a l w all carries long itu d in a l 
ridges, o r m u ri, helically  a rran g ed  so th a t th e  axis o f ro ta tio n  is th e  lo n g itu d in a l axis of 
th e  vesicle. T h is  ty p e  o f sp ira l o rn am en ta tio n  is u n k n o w n  in o th e r acrita rchs . F ro m  
th e ir  S E M  observa tions G ray  & B oucot (1989) show ed th a t th e  helical o rn am en ta tio n  
increased  from  each  pole  to w ard s th e  eq u a to ria l reg ion . T h e y  p o stu la ted  th a t M oyeria  
rep resen ts  an  active vegetative stage an d  n o t a res tin g  cyst e ith e r  o f eu g lenophy tes, of 
w hich  ab o u t 75 %  o f m o d e rn  taxa are p h o to sy n th e tic , o r o f now  ex tinc t, un ice llu la r 
eukaryo tes close to  th e  eug leno id  flagellates. T h e  la tte r  have b een  s tu d ied  m o re  in  fre sh ­
w ater th a n  in  m arin e  en v iro n m en ts  ; th e ir  pellicle is at least te n  tim es th in n e r  th a n  th a t 
o f M oyeria  an d  its resistance to  d iagenesis an d  to  tre a tm e n t w ith  s tro n g  acids is 
unknow n .

Strophom orpha  m ay  be fo u n d  in  th e  sam e S ilu rian  (L lan d o v erian ) deposits  o f  N ew  
Y ork  S ta te  as M oyeria  (M ille r & E am es, 1982), fro m  w h ich  it is d is tin g u ish ed  on ly  by  
th ick er, m o re  p ro n o u n ced  an d  m ore  c losely-spaced  ridges. T h e  fo rm er genus is 
generally  classified am ong  th e  spo re-like  fossils b u t  w as co n sid ered  by  G ray  & B oucot 
(1989) to  be m o re  eug leno id  th a n  th e  la tte r. In  th e  L lan d o v ery  o f W ales B urgess (1991, 
p. 593) fo u n d  Strophom orpha  to  be m o st a b u n d a n t in  d eep er m arin e  deposits  ra th e r  
th a n  in  n ea r-sh o re  stra ta . T h e  c rite ria  o f facies d is tr ib u tio n  te n d  to  su p p o rt th e  
hyp o th esis  th a t th e  taxon  is m ore  likely to  be a th ick -w alled  ac rita rch  o f supposed ly  
m arin e  o rig in .

(v) Recent incertae  sedis and crustacean eggs

R esistance to  acids and  th e  p o ten tia l for fossilization  have been  d em o n stra ted  in  only  
very  iso lated  cases o f  recen t algae and  in v e rteb ra te  eggs. F o r exam ple, A tk in so n  et al. 
(1972, p. 107) show ed th a t sp o ro p o llen in  is variab ly  developed  in  d iffe ren t life stages, 
vegetative cells an d  res tin g  cysts o f ch lorococcales (C hlorellas'), an d  d rew  a paralle l 
be tw een  th e  p resence  o f spo rop o llen in  an d  th e  d ev e lo p m en t o f tr ila m in a r w all 
co m ponen ts. T h e  la tte r ch arac teris tic  is know n in  o th e r g reen  algae, th e  volvocales, 
w h ich  have n o t b een  th e  su b jec t o f chem ical analyses, an d  th e  tr ila m in a r w all is 
exceptional am ong  acrita rchs . Som e m orpho log ica l co m parisons m ay  be estab lished  
betw een  fossil ac rita rch s an d  recen t incertae sedis o f co n tin en ta l o rig in  th a t w ith s tan d  
tre a tm e n t w ith  s tro n g  acids. T h e y  com e from  H olocene d eposits  th a t are p eaty
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(C h u rch ill & S arjean t, 1962) o r  lacu strin e  (H arlan d  & S arjean t, 1970) in  A ustra lia , and  
p eaty  in  E n g lan d  (S arjean t & S trach an , 1968). In  palynological p rep a ra tio n s  from  
archaeological late H olocene lake dep o sits  and  pea ts  in  F rie s lan d , n o r th e rn  H o llan d , 
V an G eei, H allew as & Pals [1983, (pi. 6, figs 181-183)] fo u n d  un ice llu la r o rgan ism s 
s im ilar to  ac rita rch s , n o t on ly  sp h ae ro m o rp h s  and  acan th o m o rp h s  b u t also poly- 
g o n o m o rp h s from  Palaeozoic m arin e  deposits.

In  recen t dep o sits  fro m  th e  W ad d en , in  n o r th e rn  H o llan d , an d  from  th e  N o r th  Sea 
off th e  B elgian coast Ja n  D e C on inck  (pers. com m .) fo u n d  eggs of th e  copepod  
Centropages ham atus, illu s tra ted  by  L o h m a n  (1904) as O vum  hispidum  hystrix , th a t w ere 
re s is tan t to  tre a tm e n t w ith  40 % H F . A m ong  th ese  eggs, w h ich  have variously  shaped  
processes as show n by  L o h m an , som e resem ble  O rdo v ic ian  ac rita rch s su ch  as 
B altisphaerid ium  spinigerum. Jan  D e C onick  also fo u n d  o th e r O vum  hispidum  subspecies 
figured  b y  L o h m an  w h ich  rem ain  as incertae sedis.

IV. R E W O R K IN G  A N D  PA L A E O E C O L O G Y

( 1 ) D urable microfossils

S tric tly  speaking , it is th eo re tica lly  possib le  to  d rin k  ac rita rch s ca rried  in  w ater by 
n a tu ra l tra n sp o r t  since th e  p resence  o f o rgan ic -w alled  m icrofossils in  C hicago  ta p ­
w ater has been  d em o n stra ted . T h is  re la tes to  a cu rio u s case of dep o sits  th a t have 
u n d e rg o n e  th ree  phases o f rew o rk in g  (H o u g h , 1934). D ev o n ian  p ra s in o p h y te s  w ere 
first d ep o sited  in  b lack  shales th a t no  longer crop  ou t in  th is  reg ion  b u t m ay, as a 
consequence  o f th e  last Q u a te rn a ry  g laciation , be fo u n d  as p eb b les  of D ev o n ian  shale 
in c lu d ed  in e rra tic  b locks o f u n s tra tified  b o u ld e r clay and  d ep o sited  by  g laciers an d  ice 
sheets. W ashed  ou t o f th e ir  h ost s tra ta , th e  spo res ended  in  th e  m u d  o f ad jacen t Lake 
M ich ig an  w here , once again in  su spension , th ey  w ere co llected  by  th e  m u n ic ip a l w ater 
system . A  sam ple  fro m  Q u a te rn a ry  glacial d eposits  in  th e  n o rth e rn  N e th e rlan d s  
p rov ides a n o th e r u n d o u b te d  case o f rew ork ing  (van d er M ee r & W ican d er, 1992). I t  
con ta in s, in  ad d itio n  to  Q u a te rn a ry  spores and  po llen , ac rita rch s o f late S ilu rian  to  early  
D evon ian  age.

I t is clearly  m o re  d ifficult, p a rticu la rly  w ith  m u d d y  or shaly  d eposits , to  confirm  the  
p resence  of ac rita rch s d eriv ed  from  rocks o ld e r th a n  th o se  fro m  w hich  th e  assem blages 
have been  ex trac ted , w ith o u t sed im ento log ica l ev idence of rew o rk in g  o r in d ep en d en t 
age con tro l. In te rp re ta tio n s  o f red ep o sitio n  are  p a rticu la rly  sub jec tive  if, as o ften  
h ap p en s, th e  age range o f taxa  is only  pa rtia lly  know n and  if b o th  th e  a llo ch th o n o u s and  
a u to ch th o n o u s  m icrofossils are  o f sim ilar p rese rv a tio n  an d  differ little  in  age. In  th is 
case the  anom alous d is tr ib u tio n  o f taxa m ay  p ro v id e  the  on ly  reliab le  a rg u m en t for 
rew ork ing . A s an  exam ple, s tra ta  b e long ing  to  tw o  successive g rap to lite  zones of the 
earliest S ilu rian  (R h u d d an ian ) in  bo reho les in  th e  B rab an t M assif, B elg ium , w ere found  
to  co n ta in  iden tica lly  p rese rv ed  au to ch th o n o u s  S ilu rian  and  a llo ch th o n o u s O rdov ic ian  
ac rita rch s (M a rtin , 1974). T h e  O rdo v ic ian  specim ens inc lu d e  tw o g ro u p s, an  o lder of 
T rem ad o c ian  age, and  a y o u n g er o f A ren ig ian —L lan v irn ian  (u n d iffe ren tia ted ) age. T h e  
la tte r is p a rticu la rly  p re se n t in  th e  o ld est R h u d d a n ia n  deposits , w hile th e  fo rm er is 
co n ta in ed  in  th e  y o u n g est s tra ta . T h is  s tra tig rap h ica lly  in v erted  d is tr ib u tio n  of taxa 
ind ica tes, as do o th e rs  in  th e  m id d le  O rd o v ic ian  (C aradoc) o f S h ro p sh ire , U K  (T u rn e r , 
1982), th a t th e  e ro d ed  source  rocks becam e p rog ressively  o lder. In  th e  sam e B rab an t
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M assif S ilu rian  rocks n o ted  above (M artin , 1974) a suppo sed ly  new  ac rita rch  species 
Octogonium vanguestainii, a n o m en  n u d u m  and  ju n io r  synonym  o f C oryphidium  
bohemicum , was believed  at first to  be o f R h u d d an ian  age b u t  has since b een  w idely  
recogn ized  in  assem blages th a t are in d u b itab ly  an d  exclusively  A ren ig ian—L lan v irn ian . 
In  th e  case o f  L ow er D evon ian  rocks from  a boreho le  in  O x fo rdsh ire , U K , R ichardson  
& R asul (1978) show ed th a t a single sam ple con ta in s th ree  o r fo u r g ro u p s o f p re - 
D evon ian  acrita rch s , each o f charac teris tic  age and  p rese rv a tio n . T h e  fact th a t th ey  are 
fo u n d  in  th e  sam e taphocoenosis  show s th a t th e  rew orked  specim ens o rig ina te  from  
several source rocks a n d /o r  source areas and  m ay co n seq u en tly  p lay  a role in 
palaeogeograph ic  reco n stru c tio n s. In  a single Palaeozoic sam ple th e  a llo ch thonous taxa 
m ay be m ore  ab u n d a n t th a n  th e  au to ch th o n o u s , an d  th e  c rite rio n  o f  freq u en cy  is 
u nusab le . O n  th e  o th e r h an d  it is o ften  u sefu l fo r post-P alaeozo ic  sam ples. F o r exam ple, 
in  th e  L ow er Ju rassic  o f th e  D an ish  su b -b as in  d a ted  u sin g  m arin e  dinoflagellate zones 
and  co n tem p o ra ry  co n tin en ta l p o llen  an d  spo re  zones, D y b k jae r ( 1991 ) r ig h tly  
m ain ta in s  th a t th e  presence  o f a u n iq u e  specim en  o f a species u n til now  u n k n o w n  after 
th e  D evon ian  an d  d e te rm in ed  by  h e r as D iexallophasis denticulata  (sen io r synonym  of 
Diexallophasis remota) show s rew ork ing  of deposits  at least 190 M a older.

W h en  p ro p o sin g  an ac rita rch -b ased  da te  th e  freq u en t possib ility  o f rew ork ing  
suggests th a t as far as possib le , and  in  th e  absence of in d e p e n d e n t age con tro l, it is 
p re fe rab le  to  use th e  first know n  appearance  o f th e  y o ungest taxon , even if  th is  has to  
be rev ised  la ter. In  p rac tice  th e  use o f overlap p in g  species ranges in tro d u ces  a 
su p p lem en ta ry  variab le  involv ing  th e  u n ce rta in ty  o f levels o f ex tinc tion .

(2) L ife -s ty le  o f acritarchs

T h e  w ide geograph ic  d is tr ib u tio n  o f ac rita rch s in  a large v arie ty  o f essen tia lly  m arine  
lithofacies, a palaeogeograph ic  p rov inc ia lism  th a t w as rela tively  w eak o r  is poorly  
know n, except from  latest C am b rian  to  O rdov ic ian  (T rem ad o c  to  L lan v irn ), an d  th e ir  
very  sm all size suggest th a t th ey  w ere p lank ton ic , th a t is to  say free-floating  and  
subm issive to  w ater m ovem en ts. By com p ariso n  w ith  m o d e rn  ecosystem s (T ap p an , 
1980, 1986) th ey  are  m ost o ften  co nsidered  to  be phy to p lan ck to n ic , th a t is p ro d u ce rs  of 
o rganic  m a tte r  an d  oxygen in  th e  p resence  of, am o n g st o th e r  th ings, ligh t. T h is  
in te rp re ta tio n  rests  especially  on  a co m b in a tio n  o f fo u r c rite ria  : th e  spo ropo llen in -like  
w all, s im ilar to  th a t p ro d u ced  b y  p h o to sy n th e tic  eu k aryo tes; th e  sm all size; th e  g reat 
a b u n d an ce ; and , possib ly , th e  excessive rep re sen ta tio n  o f  one species. T h is  o v er­
ab u n d an ce  o f one taxon  has been  observed  sporad ically , p a rticu la rly  fro m  th e  
P recam b rian  to  th e  O rdov ic ian , and  suggests a palaeoecological co n tro l by  com parison  
w ith  th e  seasonal b loom ing  o f certa in  recen t d inoflagellates th a t are responsib le  for 
p h o sp h o rescen t seas o r red  toxic tides. T h e  m ost accep tab le  hyp o th esis  is th a t the  
m ajo rity  o f ac rita rch s are un ice llu la r algal cysts, rep re sen tin g  resistance  stages u n d e r 
adverse  co n d itions, a n d /o r  rep ro d u c tiv e  stages th a t are m ore  d em an d in g  w ith  reference 
to  ligh t, tem p era tu re , oxygenation  an d  n u tr itio n . T h e  com po sitio n  o f live acrita rch  
assem blages is obviously  very  b iased  in  taphocoenoses. T h e  in te rp re ta tio n  o f th e ir  
palaeoecological needs an d  in itia l d is tr ib u tio n  is in  any case specu la tive  as, ow ing to  
th e ir  sm all size an d  low  density , th ey  are easily rew orked . A fte r d ea th , like o th e r 
pa ly n o m o rp h s, ac rita rch s behave as d e tr ita l partic les, sub jec t to  c u rre n ts  and  w ater 
tu rb u len ce . D ep o sited  on  th e  sea-floor o r in co rp o ra ted  in to  so ft o r p o o rly  conso lida ted
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sed im en ts, th ey  m ay be easily re taken  in to  susp en sio n  several tim es befo re  b e ing  finally 
p rese rv ed  in  sed im en ts  very  far fro m  th o se  rep re sen tin g  th e ir  o rig inal h ab ita t.

N everth e less , ac rita rch s m ay be u sefu l in  reg ional reco n stru c tio n s  o f specific m arine  
pa laeo en v iro n m en ts , fo r th e ir  d iv e rs ity  an d  relative ab u n d an ce  co m p ared  w ith  
m icrofossils o f te rre s tr ia l o rig in  te n d  generally  to  increase p rog ressively  w ith  d istance 
from  th e  coast-line . In  sp ite  o f th e  re la tive ly  lim ited  da ta  K no ll (1985) p ro p o sed  a 
reco n s titu tio n  for th e  N eo p ro te ro zo ic  su p ra tid a l to  o p en -sh e lf  e n v iro n m en t, w ith  the  
la tte r  co n ta in in g  a co n cen tra tio n  of o rn a m e n te d  acrita rchs . S im ila rly  D o m in g  (1987) 
gave a p re lim in ary  syn thesis  link ing  selected  ac rita rch s from  C am b rian  to  P erm ian  
carb o n ate  e n v iro n m en ts . S p h ae ro m o rp h s  w ith  th in  vesicle w all w o u ld  be p a rticu la rly  
a b u n d a n t in  n ea r-sh o re , shallow  m arin e  areas; those  w ith  th ick  vesicle wall w ou ld  be 
ch arac teris tic  o f slope and  deep  w ater areas. In  general th e  d ev e lo p m en t of p rocesses 
increases from  n ea r-sh o re  to  in n e r slope. In  d eposits  o f Palaeozoic basins, fo rm ed  in 
deep er w ater an d  u n d e r  less stab le  co n d itio n s th a n  tho se  of carb o n a te  p la tfo rm s, no 
accep tab le  genera l schem e show ing  re la tio n sh ip s  b e tw een  d iffe ren t a c rita rch  taxa and  
facies has been  p ro p o sed . In  p a rticu la r, in  C am b rian  to  D evon ian  deposits , w here  
ac rita rch s are th e  m o st varied  an d  ab u n d a n t, com p ariso n  o f reg ional m odels 
d em o n stra te s  ap p a re n t co n trad ic tio n s. D e p e n d in g  on th e  case, th e  la tte r m ay be due  to 
h y p o th e tica l m arin e  cu rren ts , rew ork ing , o r th e  p r io rity  sub jec tive ly  g iven  to  one or 
o th e r fac to r favouring  o r in h ib itin g  ac rita rch  dev e lo p m en t.

T h e  p rin c ip a l causes invoked  to  exp la in  flu c tua tions in  th e  ab u n d an ce  and  
com po sitio n  o f live ac rita rch  assem blages are linked  p rin c ip a lly , by com parison  
betw een  rem ote  geological tim es an d  th e  p re se n t day, to  the  p ro x im ity  of th e  coast, 
w ate r d e p th  an d  n u tr itio n a l facto rs, sa lin ity , th e  d istance  from  reefs, o r fluc tua tions in 
th e  w ater m ass (for references, see M oczyd low ska & V idal, 1992). C ram er & D iez 
(1974 a, b, in c lu d in g  earlie r references) and  N au tiy a l (1977) w ere conv inced  th a t the  
d is tr ib u tio n  of, respective ly , S ilu rian  an d  D ev o n ian  ac rita rch  assem blages w as above all 
c lim atically  co n tro lled , on  th e  basis o f p a laeo la titu d e  m odels. T h e ir  generalized  
in te rp re ta tio n s  are  now adays m o re  c ritic ized  th a n  fo llow ed, fo r th ey  show  p rogressively  
m ore  anom alies as the  n u m b e r  o f specim ens o f re liab ly  know n age increases.

V. A C R IT A R C H S T H R O U G H  G E O L O G IC A L  T IM E

T h e  reco g n itio n  and  defin ition  o f tim e  are am ong  th e  basic da ta  fo r b o th  geologists 
an d  b io log ists as has b een  em phasized  in  m any  p ap ers  in  recen t years (references in 
K auffm an  & W alliser, 1990), p a rticu la rly  in  connec tion  w ith  s tud ies of w id esp read  b u t 
re la tively  sh o rt- te rm  biological and  geological so-called  ‘e v e n ts ’. T h e  ap p rox im ate  
co n tem p o ran e ity  o f th e  la tte r  becom es p rog ressively  m o re  d ifficult to  estab lish , and  
ev idence less com plete , as one descends th e  s tra tig rap h ie  co lum n.

T h e  aim  o f th e  In te rn a tio n a l C o m m ission  on  S tra tig ra p h y  (IC S ) an d  its satellites -  
a subco m m issio n  fo r each system  an d  a b o u n d a ry  w ork ing  g ro u p  (B W G ) for each 
system ic b o u n d a ry  — is essen tia lly  (C ow ie et al., 1986) to  p ro v id e  a u n ifo rm  s tra tig rap h ie  
language, as stab le  an d  usab le  as possib le , th a t w ill p e rm it lo n g -d is tan ce  co rre la tions 
re q u ire d  for re co n s titu tin g  th e  ev o lu tion  of th e  ea rth . T h e  com m ission  uses resu lts  
from  several d isc ip lines w hose ap p licab ility  is u n even , d ep en d in g  on  th e  p a r t of the  
w orld  and  th e  in te rv a l o f tim e  involved. T h e y  in c lu d e : palaeon to logy , rad io m etry , 
geom agnetism , seism icity , pa laeo b io ch em istry , pa laeogeochem istrv  and , especially  
from  the  M esozoic onw ards w here  da ta  are easier to  o b ta in  and  in te rp re t by  com parison
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w ith  th e  p re se n t day, sequence s tra tig rap h y  (references in  H aq , H a rd e n b o l & Vail, 
1987) w hich  in teg ra tes  in fo rm atio n  from  these  sources.

In  th e  m ost favourab le  c ircum stances o f sed im en t dep o sitio n  an d  p rese rv a tio n  of 
s tra ta , th e  re lative d a tin g  p ro v id ed  by  palaeon to logy  is co n stra in ed  by  th e  en d em ism  
and  facies dependence  of o rgan ism s. H ow ever, in  th e  p re -Q u a te rn a ry  an d  especially  by  
com b in in g  da ta  from  several fossil g ro u p s, re la tive  ages can often  be m o re  prec ise  and  
refined  th a n  th e  ab so lu te  ages p ro v id ed  by  iso top ic  analysis (review  in  T ay lo r, 1987). 
T h e y  are  co n seq u en tly  in d ispensab le  fo r es tab lish in g  th e  s tra tig rap h ie  fram ew ork  of 
m ore  recen tly  developed  tech n iq u es such  as pa laeom agnetic  an d  geochem ical 
s ignatu res.

H ow  can ac rita rch s help  in  ca lib ra tin g  th e  geological tim e-scale?  D ow nie  (1984) 
syn thesized  th e ir  b io s tra tig rap h ic  p o ten tia l an d  th e ir  lim ita tio n s, d u e  essen tia lly  to  th e ir  
be ing  insuffic ien tly  know n. T h e ir  h is to ry  is illu s tra ted  by  m eans o f  five exam ples, the  
first an d  last o f w h ich  are tre a te d  in  a general m an n e r and  th e  rem a in d e r in  g rea te r 
detail. T h e se  exam ples are : (1) th e  P ro te rozo ic , as th e  ac rita rch s ap p eared  th e re ; (2) the  
base o f th e  C am b rian , a fte r w h ich  th ey  becam e g rad u a lly  m ore  v aried  as a w o rld -w ide  
m arin e  tran sg ressio n  was estab lish ed ; (3) th e  base o f th e  O rdov ic ian , w here  th ey  show  
a t least tw o pa laeogeograph ic  p rov inces a t a tim e  w h en  frag m en ta tio n  an d  m ov em en t 
o f co n tin en ta l b locks in creased ; (4) in  th e  L a te  D ev on ian , th e  base o f th e  F am en n ian , 
w h ich  has a ttrac ted  p u b lic ity  due  to  claim s th a t it co incided  w ith  a m e teo r im p ac t th a t 
rep u ted ly  caused  ex tin c tio n s on  a m assive, even w orldw ide  scale; an d  (5) from  latest 
D evon ian , w hen  th e  ac rita rch  reco rd  clearly  d im in ish ed , to  Q u a te rn a ry .

(1) Precambrian

T h e  P recam b rian  rep re sen ts  th e  in itia l 85 %  of ea rth  h is to ry  and  began  app rox im ate ly  
4500 M a b p . P alaeobiological c rite ria , at first absen t, su b seq u en tly  ap p eared  rarely , 
th o u g h  insufficiently  d is tin c t to  be u sed  fo r co rre la tio n  on  a large scale u n til  th e  late 
P recam b rian , very  app ro x im ate ly  ab o u t 750 M a b p . T h e  IC S  has recen tly  agreed  
(P lu m b , 1991) th a t th e  P recam b rian  shou ld  be su b d iv id ed  using  c h ro n o m e tric  tim e 
u n it b o u n d aries , defined  by  m eans o f iso top ic  ages expressed  in  M a. T h is  po licy  does 
n o t take accoun t o f th e  e rro rs  o r inaccuracies th a t have so far p ro v ed  inev itab le  in 
abso lu te  datings, and  does n o t m ake reference  to  specific bod ies o f rocks. T h e  new  
n o m en c la tu re  does p a rtly  e lim inate  th e  con fusion  caused  by  th e  use o f p re -ex is tin g  
reg ional schem es, o ften  based  on  fossils o f d u b io u s value in  co rre la tio n . I t  is, how ever, 
accep ted  w ith  d ifficulty  b y  palaeon to log ists  (see C loud , 1987) fo r th e  en d  o f the  
P recam b rian  onw ards, an d  especially  from  th e  b eg in n in g  of th e  C am b rian , w here  the  
usu a l co nven tions are  d ifferen t.

T h e  in te rn a tio n a l reco m m en d a tio n s o f ch ro n o stra tig rap h y  (C ow ie et al., 1986) 
req u ire  th a t from  th e  C am b rian  onw ards a b o u n d a ry  — w hich  essen tia lly  reco rds a 
m o m en t in  geological tim e  — shou ld  have its p o sitio n  fixed in  an  accessib le, p re fe rab ly  
un w ea th e red  reference  section , o r s tra to ty p e ; th e  la tte r  shou ld  be h isto rica lly  
ap p ro p ria te  an d  sed im en ta tio n  co n tin u o u s an d  u n ifo rm , at least in  p rin c ip le . T h e  
positio n  o f th e  chosen  level in  th e  s tra to ty p e  is ideally  based  on  a p o in t in  the  
ev o lu tionary  lineage o f a p rim ary  g ro u p  o f fossils, b u t  su b sid ia ry  g ro u p s and  n on- 
biological m ark ers  he lp fu l in  co rre la tio n  m u s t also be considered .
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(i) Before acritarchs

R ecen t decades have seen n u m e ro u s  researches on  P recam b rian  m icrofossils, th e ir  
aim s b e ing  b o th  b io logical, re trac in g  th e  o rig in  an d  evo lu tio n  o f life, an d  b io s tra ti-  
g raph ic , search ing  fo r g u ide  taxa  th a t p e rm it re la tive  d a tin g  in  th e  absence o r ra rity  of 
b iogen ic  m a c ro s tru c tu res . O n  th e  w hole, th e  first o f these  has been  m ore  d o cu m en ted  
th a n  the  second , fo r the  d iv e rs ity  o f m orpho lo g ica lly  d iffe ren tia ted  P re c a m b ria n  tax a  is 
low o r p o o rly  know n.

T h e  first u n d o u b te d  ev idence o f P recam b rian  life -fo rm s, m icroscop ica lly  d is tin c t on 
acco u n t of th e ir  ce llu la r m em b ran e , w as d iscovered  by  T y le r  & B arg h o o rn  (1954) in the  
G u n flin t F o rm a tio n  o f w este rn  O n ta rio , d a ted  at ab o u t 2000 M a b p . T h e  sam e au th o rs  
(B arghoorn  & T y le r , 1965) illu s tra ted  n u m e ro u s  o rgan ic-w alled  m icrofossils from  these 
carbonaceous P a laeopro te rozo ic  cherts . T h e  la tte r  occu r in  eccen tric  lam inations 
suggestive o f s tro m ato lite s , an  in te rp re ta tio n  m o st o ften  accep ted  by  com p ariso n  w ith  
recen t rep resen ta tiv es  fo u n d  as shallow , b en th ic  m icro b ia l co m m u n ity  s tru c tu re s . 
Som e m icrofossils fro m  th e  G u n flin t F o rm a tio n  have no  m o d ern  c o u n te rp a rts  o r have 
su b seq u en tly  been  co n sid ered  as pseudofossils  (ab iogenic) o r dub iom icro fossils  
(q u estio n ab ly  b iogenic). O th e rs , essen tia lly  rod -like  o r coccoids a few  ¡ira  in  size, and  
filam entous, b ran ch ed  o r u n b ra n c h e d  colonies several ten s  o f /im  long, rem ain  
a ttr ib u te d  to  p ro ca ry o te  m oneres, lacking a d is tin c t n u c leu s de lim ited  by  a m em b ran e  
an d  rep ro d u c in g  asexually , m ain ly  by  b in a ry  fission. T h e ir  m o d e rn  rep resen ta tiv es  are 
th e  a rchaebac te ria , now  liv ing  in h a rsh  e n v iro n m en ts  such  as th e  v ic in ity  o f m id - 
oceanic ridges, and  th e  m u ch  m o re  w id esp read  eubac te ria . T h e  filam entous form s, 
sep ta te  o r n o n -sep ta te , are at b e s t genera lly  co n sid ered  as cyanobacteria . T h e  la tte r, 
fo rm erly  know n as ‘b lu e -g reen  a lg a e ’, are now  th e  on ly  p ro cary o tes  w hose 
p h o to sy n th e tic  m ech an ism  is very  p lan t-lik e . S ch o p f & W alte r (1983) accep t th e  o ldest- 
know n cy anobac teria  as com ing  from  th e  W arraw o o n a  s tro m ato litic  ch erts , abou t 
3500 M a b p , in W este rn  A ustra lia . I f  these  gh o st-lik e  filam ents are co rrec tly  in te rp re ted  
th ey  re p re se n t th e  o ldest ev idence o f p h o to a u to tro p h ic  o rgan ism s capab le  of releasing  
oxygen in to  th e  a tm o sp h ere  an d  so p lay ing  a p re e m in e n t role in th e  ev o lu tion  o f life, 
ab o u t 1000 M a afte r th e  fo rm atio n  o f th e  earth .

A rch aeb acte ria  o r  eu b ac te ria , iso la ted  o r agg regated  in to  co lony-like c lu sters , and 
above all th e  cy anobac teria  are a b u n d a n t an d  d iverse  in  th e  N eo p ro te ro zo ic , as was first 
show n b y  S ch o p f’s (1968) d iscoveries in  th e  B itte r S p rin g s  s tro m ato litic  ch erts , abou t 
850 -750  M a b p , in  cen tra l A u stra lia  (see A d d en d u m ). F low ever, th e  p resence  th e re  of 
eukaryo tes, capab le  o f m ito sis  an d  m eiosis, is a rguab le  fo r th e  n u c leu s-lik e  s tru c tu re s  
o f cells w ith  a d iam e te r o f ab o u t io  fim  cou ld  have been  p ro d u ced  by d eg rad a tio n  of 
p ro to p la s ts  at th e  tim e  o f fossilization . S im ilarly  th e  n early  te tra h e d ra l cell o rgan iza tion  
cou ld  be e ith e r  p ro - o r eukaryo tic  in  o rig in  (see S tew art, 1990, p. 35 for d iscussion  and 
references).

(ii) Appearance o f acritarchs

In  th e  absence o f a n u c leus and  chem otaxonom ic  data , th e  d is tin c tio n  betw een  fossil 
p ro cary o tes  and  eucaryo tes rests  on  th e ir  cell size. T h e  largest d im en sio n  in  m ost 
m o d e rn  p ro ca ry o tes  varies fro m  1—io  f im  w h ils t it is fro m  10-100 /im  in  th e  m ajo rity
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of eucaryotes. H ow ever, com parison  o f th e  sm allest liv ing p ro tis t eucaryo te , th e  green  
p ras in o p h y te  M icrom onas ( =  C hrom ulina) pusilla , 4 ¡im  in  len g th  w ith o u t flagella, w ith  
th e  largest p rocaryo te , th e  sp iro ch e te  C ristispira, up  to  0-5 m m  long, show s clearly  th a t 
th e  c rite rio n  o f size m ay  be very  relative. N ev erth e less  it is th e  on ly  one m orpho log ica lly  
usab le  fo r p o s tu la tin g  th e  appearance  o f th e  o ld est-k n o w n  eucaryo tes in  the  
M esopro te rozo ic , ab o u t 1400 M a  b p . R ecognized  fo r th e  first tim e  (H orodysk i & 
B loeser, 1978) in  lim estones and  shales o f th e  B elt S u p e rg ro u p  in  M o n tan a , U S A , they  
ap p ear in  palynological p re p a ra tio n  as hollow , sp hero ida l envelopes som e ten s  o f fim  in 
d iam eter, sm oo th , fla ttened  and  w ith o u t p reserv ed  in te rn a l s tru c tu re s . A lth o u g h  they  
m ay also, on  th e  basis o f size and  fo rm , rep re sen t ex te rn a l sheets o f colonial 
cyanobacteria  (H orodysk i, 1980), these  sp h ae ro m o rp h s  are, for w an t o f a b e tte r  
exp lanation , accep ted  h ere  as be ing  am o n g st th e  first reco rd ed  an d  o ldest know n 
acrita rchs o f re liab ly  estim ated  age in  th e  M esopro te rozo ic . H ow ever, M en d e lso n  & 
S ch o p f (1992) and  S ch o p f (1992) have accep ted  th e ir  p resence  in  th e  P alaeopro terozo ic , 
from  ab o u t 1800 M a b p . I t has been  know n since th e  w ork  of T im o feev  (1958) th a t the  
g rea t m ajo rity  o f P ro te rozo ic  ac rita rch s are m ore  o r less sm o o th  sp h aero m o rp h s. T h e ir  
o rn am en ta tio n , m ore  ap p a ren t th a n  real, is p a rticu la rly  re la ted  to  th e ir  labo ra to ry  
p rep a ra tio n  (agg lu tina tion  o f fine-g ra ined  kerogen  partic les) or p rese rv a tio n  (for 
exam ple, folds in  K ild inella , co rrosion  in  Trachysphaeridium , iso la ted  m icrocrysta ls  of 
p y rite  in  Favososphaeridium , and  fram bo ida l p y rite  in  B alvinella). T h is  absence of 
au th en tic  charac teris tics  has n o t, how ever, p rev en ted  diagnosis o f a p le th o ra  o f alleged 
genera  and  species d u rin g  th e  last 40 years. A n u n equ ivoca l ex cystm en t-like  open in g  is 
exceptionally  reco rd ed  in  P recam b rian  acrita rch s ; th e  o ld est fea tu res com parab le  w ith  
a py lom e and  an  op ercu lu m -lik e  s tru c tu re  (F ig . 3) be long  to  sp h ae ro m o rp h s  d a ting  
from  ab o u t 860-790  M a b p , in  th e  C h u a r G ro u p  o f U ta h , U S A  (V idal & F o rd , 1985).

T h e  first rad ia tio n  o f m orpho log ica lly  d iffe ren tia ted  ac rita rch s is ch arac terized  
p a rticu la rly  b y  the  appearance  o f fou r gen era : d o u b le -w alled  Pterospermopsimorpha, 
O ctaedryxium  (see A d d en d u m ) an d  Podolina  am ong  th e  po ly g o n o m o rp h s, and  
Vandalosphaeridium , in  w hich  th e  tip s  o f the  processes su p p o rt a p e rip h e ra l m em b ran e . 
T h e se  taxa (F ig  6), or som e o f th em , have been  recogn ized  at levels in  the  
N eop ro te ro zo ic  (‘late R ip h ean  to  V e n d ia n ’), essen tia lly  in  S w eden , N orw ay , 
G reen lan d , th e  U ra ls , U k ra in e , S iberia , A rizona, cen tra l A ustra lia  an d  cen tra l easte rn  
C h ina  (see references in  V idal & K noll, 1983; H o fm an n , 1987; Jankauskas, 1989; Z ang  
& W alte r, 1992), d a ted  to  w ith in  several tens o f M a  betw een  ab o u t 800 an d  600 M a b p . 

T h e ir  d isappearance , n o t ye t es tab lish ed  as syn ch ro n o u s, has som etim es been  linked  to 
an ‘ex tin c tio n  e p iso d e ’ (V idal & K no ll, 1983) a p p a ren tly  re la ted  to  th e  N eopro te rozo ic  
g laciations (ab o u t 850 -600  M a b p ) .  T h e  la tte r, th e  ex ten t an d  p ro b ab le  global 
d iach ro n ism  o f w h ich  are still on ly  p artia lly  d o cu m en ted , are genera lly  co nsidered  as 
having  been  th e  m o st geograph ically  w id esp read  in  th e  h is to ry  o f th e  ea rth , w hich  
w ould  th e n  have know n ‘th e  longest w in te r ’ (C loud , 1988). T h e  last, an d  also th e  m ost 
im p o rta n t o f th em  p red a tes  th e  levels w here  th e  first a lready  diversified , so ft-b o d ied  
P recam b rian  E d iacaran  m etazoans are reco rd ed , variab ly  da ted , acco rd ing  to  area, as 
ab o u t 700 -570  M a  b p . T h e  m ajo rity  o f th e  ac rita rch  assem blages are very  im poverished , 
d o m in a ted  p a rticu la rly  by  sp h aero m o rp h s  from  th e  dev e lo p m en t o f g laciations to 
a ro u n d  th e  b eg in n in g  o f th e  C am b rian , w hich  is m ark ed  by  th e  appearance  of 
m etazoans w ith  b io m inera lized  exoskeleton. N everthe less som e discoveries o f  acrita rchs
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Precambrian taxa range into Lower Cambrian; 
Cambrian taxa range higher in Lower Cambrian

Fig. 6. Selected acritarchs from the late Precambrian (Neoproterozoic) and the Precambrian-Cambrian  
boundary (not to scale), a-d , w idely recorded m ainly in northern hem isphere: a, Pterospermopsimorpha; 
b, V  andalosphaer idium  ; c, Octoedryxium  (see A ddendum ); d, Podolina. e -f, South China: 
e, ‘M icrhystridium ' ; f, cf. Comasphaeridium, f-h , central Australia: g, cf. R hopalophora; h, cf. Skiagia. 
i-o , successive appearances established in Eastern European Platform: i—1, pre-trilobite acritarchs; 
m- o, acritarchs from strata correlated with those containing oldest trilobites, i, Asteridium  tornatum ; 
j, Annulum squamaceum ; k, Comasphaeridium strigosum ; 1, C. velvetum  ; m, Skiagia orbicularis ; n, S. ornata  ; 
o, S. scottica.
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w ith  genu ine , d is tin c t o rn am en ta tio n  raise d o u b ts  co n cern in g  th e  very  w eak d iversity  
of th e  assem blages o r th e  su p p o sed  g igan tism  o f la test P recam b rian  acrita rchs . T h e  best 
localized d iscoveries are in  eastern  S iberia , H u b e i, and  cen tra l A ustra lia . F ro m  the  
L ow er Y udom a S u ite  (abou t 650 M a b p ) o f th e  S iberian  P la tfo rm , M ichaelis (1980) 
illu s tra ted  rare , sm all, sp inose  acrita rchs. In  th e  D o u sh an tu o  F o rm a tio n  (700- 
600 M a  b p ) of th e  S o u th  C h in a  P la tfo rm , in ad d itio n  to  ac rita rch s from  abou t 
250-300  fim  w ide (Z hang , 1984; A w ram ik  et al., 1985), W ang  (1985) and  Y in  (1985, 
1987) have p ro v id ed  evidence o f sm all "M icrhystrid ium ’, io  /tm  o r so w ide, w hose 
s tra tig rap h ie  value is n il, as sim ilarly  bad ly  p reserv ed  h o m o eo m o rp h s are know n also 
in  the  Palaeozoic u p  to  th e  D evon ian . T h e  u p p e r  p a rt o f  th e  P e rta ta tak a  F o rm atio n  
(650-600  M a b p )  in  th e  A m adeus Basin o f cen tra l A u stra lia  co n ta in s specim ens w ith  
p rocesses w hose com plex  o rn am en ta tio n  (Z ang  & W alte r, 1989) is s ligh tly  rem in iscen t 
of th a t of Palaeozoic taxa such  as Sk iag ia , Com asphaeridium  an d  Rhopaliophora. 
H ow ever, these  N eo p ro te ro zo ic  acrita rch s are clearly  d is tin g u ish ed  fro m  th e  la tte r 
genera  by  a vesicle from  200—400 p m  w ide, th a t is ab o u t 6—10 tim es larger. Jenk ins 
et al. (1992) have also found  large, scu lp tu red  ac rita rch s in  th e  R odda  B eds, late 
P ro te rozo ic , o f S o u th  A ustra lia . System atic  d esc rip tio n s o f these  ra re  d iscoveries w ere 
recen tly  p u b lish ed  by  Z ang  & W alte r (1992, see A d d en d u m ).

(2) Precam brian-C am brian boundary

T h e  p a tte rn  o f oceans an d  co n tin en ts  in  re la tion  to  the  p o sition  o f tec ton ic  p la tes is 
very  specu la tive  fo r th e  end  o f th e  P recam b rian  and  th e  beg in n in g  of th e  C am brian , 
som e 570 to  540 M a b p  (Scotese  & M cK erro w , 1990). R eliab le  palaeom agnetic  and  
rad io m etric  da ta  are very  rare  an d  th e re  are clear b reaches o f g lobal b io s tra tig rap h ic  
s tan d ard s. T h e  p re sen t ten d en cy  is to  accep t th a t th e  in itia l su p e rco n tin en t, Pangaea, 
was s ta rtin g  to  frag m en t in  th e  late P recam b rian , the  end  o f w h ich  is, by defin ition , 
m arked  by  th e  beg in n in g  o f th e  C am b rian . T h e  b o u n d a ry  is p a rticu la rly  d ifficult to  
define in te rn a tio n a lly  for it co incides w ith  w orldw ide  m arin e  tran sg ressio n s in te r ­
spersed  w ith  reg ressions (B rasier, 1982), so th a t a sed im en ta ry  b reak  m o st often  
separa tes C am b rian  from  P recam b rian  rocks. F u rth e rm o re , because o f its key position  
be tw een  th e  P ro te rozo ic  and  P hanerozo ic , th e  iso top ic  age o f th e  s tra to ty p e  w ill have 
to  be d e te rm in ed . T h e  re lev an t in te rva l involves th e  su d d en  appearance  o f sm all shelly  
fossils and  com plex  o rgan ic  trace  fossils (ichnofossils). T h e se  tw o g ro u p s are  stro n g ly  
facies con tro lled , th e  first b e ing  fo u n d  p a rticu la rly  in carbonate  sed im en ts  an d  the  
second, w h ich  has th e  u n d o u b te d  advantage o f alw ays b e ing  fo u n d  in situ, in  siliciclastic 
facies.

T h e  P re c a m b ria n -C am b ria n  B ou n d ary  W ork ing  G ro u p  (P C B W G ), e stab lished  in 
1972, has long  a ttached  p a rticu la r  im p o rtan ce  to  th e  appearance  o f sm all shelly  fossils, 
w h ich  p recedes th a t of th e  trilo b ites . In te rn a tio n a l co rre la tio n  o f rep resen ta tiv es  o f th e  
fo rm er g ro u p  being  con troversia l (C ow ie, 1985, 1989) b e tw een  th e  selected  cand idate  
s tra to ty p es, in  east S iberia  (U lak h an -S u g u lu r), C h in a  (M eish u cu n , Y u n n an  P rov ince) 
an d  C anada  (eastern  N ew fo u n d lan d ), the  choice has finally been  m ade on  the  
ichnofossils. A fte r 20 years o f  investiga tion , in te rn a tio n a l ag reem en t w as reached  a t the  
In te rn a tio n a l G eological C ongress, K yo to , 1992. A t F o rtu n e  H ead , on th e  B u rin  
P en insu la , N ew fo u n d lan d , th e  C hapel Is lan d  F o rm a tio n  rep resen ts  an  ap p aren tly  
co n tin u o u s P re c a m b ria n -C am b ria n  rock  succession  (N arb o n n e  et al., 1987). A lth o u g h
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th e  absence of re liab le  c h em o stra tig rap h ic  signals has been  p a rticu la rly  critic ized  
(B rasier, A n d erso n  & C orfie ld , 1992), th e  base o f  th e  C am b rian  is likely to  be fixed 
sligh tly  above th e  second  m em b er o f th e  fo rm atio n , at a p o in t m ark ed  by  th e  appearance  
o f Phycodes pedum  w ith in  th e  Sabellidites cambriensis organ ic  tu b es in te rva l ; Sabellidites 
belongs to  an u n ce rta in  fam ily  o f p o lyche te  an ne lid  w orm s. U p  to  now  no  ac rita rch  
u sefu l in  co rre la tio n  is reco rd ed  fro m  th e  s tra to ty p e . T h e  sole, ra re  rep resen ta tiv es  
know n fro m  th e  B u rin  P en in su la  (D ow nie , 1982) in d ica te , by  th e  p resen ce  of 
Archaeodiscina um bonulata, an early  b u t n o t earliest E arly  C am b rian  age, eq u a ted  w ith  
th a t o f th e  earliest tr ilo b ite s  o f th e  E ast E u ro p ean  P la tfo rm ; th ey  com e from  an 
im prec ise  level in  th e  Bay V iew  F o rm a tio n  n ear S t L aw ren ce  (D ow nie , in C onw ay 
M o rris , 1989, p . 15). H ow ever, e ith e r  th ey  w eaken th e  co rre la tio n  b ased  on  shelly  
fossils (B eng tson  & F le tch e r, 1983) be tw een  th is  fo rm atio n  an d  th e  th ree  low est 
m em b ers  o f  th e  C hapel Is lan d  F o rm a tio n , o r th ey  in d ica te  th a t th e  level at w hich  
Archaeodiscina  appears is g lobally  d iach ro n o u s.

W h a t else can be said  o f these  o rgan ic-w alled  m icro fossils, likely to  be fo u n d  in a 
g rea t v arie ty  o f rocks an d  so, in  p rin c ip le , p ro v id in g  an u n u su a lly  valuab le  tool for 
co rre la tin g  litho log ically  d iffe ren t d ep o sits  ? N u m e ro u s  researches on L o w er C am b rian  
ac rita rch s have been  ca rried  o u t since 1959 in  the  fo rm er U S S R  and  w ere rev iew ed by 
V olkova et al. (1979). O ne of th e  m ain  d ifficulties is th a t each p rin c ip a l reg ion  ten d s to  
have its ow n palyno log ical zonation . In  p a rticu la r, u n til recen tly  (K hom en tovsky , 
1986; P ya tile tov  & R udavskaya, 1985), as w as em phasized  by M oczyd low ska & V idal 
(1988), low erm ost C am b rian  assem blages from  th e  E ast E u ro p ean  P la tfo rm  are  m ain ly , 
and  erro n eo u sly , a ttr ib u te d  to  th e  P recam b rian  in th e  S ib e rian  P la tfo rm . In  th e  la tte r 
reg ion  T o m m o tia n  deposits , co nsidered  u n til 1984 (C ow ie, 1985) to  have p o ten tia l as 
an in te rn a tio n a lly  accep tab le  u n it fo r the  low erm o st C am b rian , con ta in  sed im en tary  
b reaks an d  no  sufficiently  ch a rac te ris tic  fossils, in c lu d in g  ac rita rch s (M oczydlow ska, 
1991). T h a n k s  to  review s by  V olkova et al. (1979) and  especially  to  th e  c o n tr ib u tio n  of 
M oczyd low ska (1991) it is possib le  to  ind ica te  th e  appearance  o f sign ifican t acrita rch s 
from  th e  b eg in n in g  o f th e  C am b rian  on th e  E ast E u ro p ean  p la tfo rm . A lth o u g h  the 
ac rita rch  succession  th e re  is re la tive ly  the  m o st com ple te  know n , it in c ludes n u m ero u s  
b reaks. T h e  tw o last P recam b rian  ‘h o r iz o n s ’, K o tlin  overla in  by  R ovno, are separa ted  
from  each o th e r  by  a h ia tu s . T h e y  co n ta in  ichnofossils an d  Sabellidites  b u t lack 
d iagnostic  ac rita rch s , ap a rt from  th e  rare , q u estio n ab le  occu rren ce  (M oczydlow ska, 
1991, p . 19) o f  A sterid ium  (‘M icrhystrid ium  ’) tornatum , a ra th e r  h o m o eo m o rp h ic  taxon  
reco rd ed  in th e  R ovno  ‘h o r iz o n ’ by  V olkova et al. (1979, 1983). A cco rd in g  to data  from  
th e  la tte r a u th o rs , A n n u lu m  squamaceum  is the  sole d iag n o stic  ac rita rch  th a t appears, as 
do sm all shelly  fossils, in  th e  first overly ing  ‘h o r iz o n ’, th e  L o n tova . T h e  T a lsy  
‘h o r iz o n ’, th e  last co n sid e red  h ere  as tr ilo b ite s  ap p ear in  it, is again sep a ra ted  from  the  
u n d e rly in g  one by  a h ia tu s . I t  con ta in s several new  genera  an d  species o f ac rita rchs , the  
m o st ch a rac te ris tic  an d  b es t know n  of w h ich  are Archaeodiscina um bonulata, Sk iag ia  
orbicularis, S . compressa  and  N. ornata. In  a succession  of m arin e  d e trita l sed im en ts 
said to  be essen tia lly  c o n tin u o u s  in  th e  su b su rface  o f easte rn  P o land , M oczydlow ska 
(1991) p ro p o sed  a fo rm al ac rita rch  zo n a tio n  fo r th e  P re c a m b ria n -C a m b ria n  b o u n d a ry  
and  L ow er C am b rian . S he an d  V idal & M oczyd low ska (1992) also p ro v id ed  references 
to  n u m e ro u s  w orks w h ere  th e  new  b io s tra tig rap h ic  fram ew ork  has p a rtia l app lica tion , 
n o tab ly  in B altoscand ia , east S p itzb e rg en , east G reen lan d , n o rth w e s t S co tland , and
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A lb erta  an d  th e  N o rth w es t T e rrito rie s , C anada. I t  has p ro v ed  p artia lly  u sab le  also 
in  H u b e i an d  Y u n n an  p rov inces, so u th  C h ina  (Z ang , 1992) an d  in  n o r th e rn  S pain  
(Palacios & V idal, 1992). Ju d g in g  fro m  th e  still sca tte red  d a ta , th e re  is no  obv ious 
in d ica tion  o f p rov incia lism . In  P o lan d  th e  first varied  C am b rian  assem blage is 
rep resen ted  by  the  A sterid ium  tornatum —C om asphaeridium  velvetum  B iozone, and  
inc ludes especially  C. strigosum  an d  A n nu lum  squamaceum. T h e  appearance  o f  th e  la tte r 
before  th e  tw o eponym ous species is th e  m ark er closest to  th e  base o f th e  C am brian . 
Sm all ac rita rch s w ith  sim ple  sp ines are, co n sid e rin g  d ifferences in  p reserv a tio n , very  
like bad ly  dam aged  specim ens fro m  the  N eo pro te rozo ic . H ow ever, th e  new  te rm ino logy  
o f A sterid ium  conven ien tly  d raw s a tten tio n  to  th e  b eg in n in g  of a pa lynological renew al. 
T h e  A . to rna tum -C . velvetum  B iozone assem blage com pares w ith  th a t fo u n d  m u ch  
m ore  poorly  developed  in  th e  L o n to v a  ‘h o r iz o n ’. M oczyd low ska (1991) co rre la ted  th is 
ac rita rch  b iozone w ith  th e  Platysolenites antiquissimus (shelly  fossil) B iozone, b u t its 
base is p ro b ab ly  h ig h e r th a n  th e  now  favoured  b o u n d a ry  level at th e  appearance  of 
Phycodes pedum  in  easte rn  N ew fo u n d lan d . F u rth e rm o re , th is  ac rita rch  b iozone, w ith  its 
re la tively  a b ru p t influx o f taxa, is p ro b ab ly  sep ara ted  by  a sed im en ta ry  b reak , o r lack 
of sam pling , from  th e  ex trem ely  im p overished  sp h ae ro m o rp h  assem blage of the  
sub jacen t N eopro te rozo ic . N everthe less, it ind ica tes clearly  th e  d iversification  o f b o th  
acrita rch s and  p rasin o p h y tes , in  p a rticu la r  C ym atiosphaera  an d  Pterospermella, before  
th e  appearance  o f th e  trilo b ite s . T h e  succeed ing  assem blage, th e  S kia g ia  ornata— 
Fimbriaglomerella membranacea B iozone, is essen tia lly  charac terized , like th e  T a lsy  
‘h o r iz o n ’, by  th e  ra th e r  a b ru p t en try  o f several species o f S k iag ia , in c lu d in g  S . 
orbicularis, S .  ornata  and  S . scottica. D esp ite  th e  absence o f tr ilo b ite s  from  th e  re levan t 
sam ples, M oczyd low ska (1991) accep ted  th a t th e  range of th is  ac rita rch  b iozone 
co rresp o n d s to  th a t o f th e  Schm idtiellus m ickw itz i B iozone, below  th e  H olm ia  inusitata  
B iozone.

T o  conclude , in  th e  earlie r p a r t o f th e  early  C am b rian , an d  in  ascend ing  s tra tig rap h ie  
o rd e r beg in n in g  sligh tly  above th e  in te rn a tio n a lly  accep ted  system ic b o u n d a ry  and  
essen tia lly  on  th e  basis o f da ta  fro m  th e  E ast E u ro p ean  P la tfo rm , th e  successive 
appearances o f index  ac rita rch s are as follow s: (1) A n nu lum  squamaceum', (2) 
Com asphaeridium  velvetum  a n d /o r  C. strigosum, possib ly  accom pan ied  by  a b io stra ti-  
g raph ica lly  usefu l d iversification  o f p ra s in o p h y te s ; an d  (3) Skia g ia  orbicularis, S .  ornata  
an d  S . scottica. T h e  re la tive ly  su d d en  appearance  o f th e  genera  and  species specified in
(2) an d  (3) p ro b ab ly  ind ica tes gaps in  observations.

(3) Cam brian—O rdovician boundary

T h e  p o sitions of th e  p rin c ip a l co n tin en ta l m asses an d  seas a t th e  beg in n in g  o f the  
O rdov ic ian  P erio d , som e 510 M a  B P ,  are re la tively  a little  b e tte r  u n d e rs to o d  th a n  those 
in  p reced in g  geological tim e  (Scotese & M cK erro w , 1991) and  very  d iffe ren t from  those 
o f m o d e rn  tim es. T h e  p re se n t review  o f th e  C a m b ria n -O rd o v ic ian  b o u n d a ry  is based  
on  a se lection  o f  ac rita rch -b ea rin g  m arin e  s tra ta  d ep o sited  a ro u n d  th e  m arg in s  of 
p a laeocon tinen ts th a t bear n am es u n re la ted  to  those  o f th e  p re se n t day. A crita rch  data  
are used  su b jec t to  tw o cond itions. F irs t, th e re  m u st be a t least som e reliab le 
in d ep en d en t age ev idence in d ica tin g  p ro x im ity  to  th e  b o u n d a ry , th a t is to  say n ear the  
base o f th e  T re m a d o c  Series, recogn ized  as low est series o f th e  O rdo v ic ian  an d  nam ed  
a fte r a to w n  in  N o rth  W ales. O w ing  to  its lack o f ac rita rch  tim e-m ark e rs  th e  G reen
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P o in t section , w este rn  N ew fo u n d lan d , p ro p o sed  as g lobal b o u n d a ry  s tra to ty p e  by 
B arnes (1988) is excluded  from  co n sidera tion . Second  co n d itio n : th e  ac rita rch s m u st 
have been  describ ed  in  p u b lica tio n s serv ing  m o st o ften , and  for w an t of b e tte r , as 
reference  w orks fo r pa lynological d a tin g  o f th is  s tra tig rap h ie  in terval at sections w here 
th ere  is little  in d e p e n d e n t age con tro l. T h e  deposits  d iscussed  are  as follow s. (1) W arm  
w ater, lo w -la titu d e  shelf areas on tw o d is tin c t tec to n ic  p la tes s itu a ted , respective ly , in 
n o rth eas t C h ina , on  th e  n o rth  slope o f th e  S in o -K o rean  P la tfo rm , and  in  so u th e rn  
A lberta , C anada, th e n  p a rt o f th e  n o r th e rn  m arg in  o f th e  L a u re n tia  p a laeo co n tin en t. (2) 
E p ico n tin en ta l and  deep er seas in  in te rm ed ia te  la titu d es  re la ted  to  th e  B altica 
palaeo co n tin en t, respective ly  on  th e  E ast E u ro p ean  P la tfo rm , from  O lan d  to  the  
M oscow  B asin, and  in  n o r th e rn  N orw ay , p a r t of th e  S cand inav ian  C aledon ides. (3) 
C o ld er and  often  d eep e r w ate r d eposits  from  h ig h e r p a laeo la titudes in  th e  A lgerian  
S ahara, th en  p a r t o f th e  G o n d w an an  p a laeo co n tin en t, as w ell as N o r th  W ales, 
S h ro p sh ire  and  easte rn  N ew fo u n d lan d . T h e  last th ree  areas are associated  te rran es  in 
a p a rt of P e rig o n d w an a  know n as A valonia.

A t and  n ea r the  C am b rian —O rdo v ic ian  b o u n d a ry  several co n o d o n ts  and  p lan k to n ic  
g rap to lites , be lo n g in g  respective ly  to  th e  genera  C ordylodus  an d  Rhabdinopora, appear 
to  have been  co sm opo litan  an d  are p a rticu la rly  usefu l in  in te rreg io n a l co rre la tio n , in 
co n tra s t to  th e  tr ilo b ite s , w h ich  often  ex h ib it m ark ed  p rov inc ia lism . T h e  ac rita rch s also 
show  a certa in  p rov in c ia lism  d u rin g  th is  in te rv a l o f geological tim e. T h e  late C am b rian , 
from  th e  base of th e  Cordylodus proavus  B iozone to  th e  base of th e  C. angulatus  B iozone 
in  the  early  T rem ad o c ian , is e s tim a ted  to  have in c lu d ed  fou r eusta tic  events, w hose 
re lative age m ay  be g iven in  te rm s of co n o d o n t b iozones. A t least th e  first and  last of 
these  even ts are very  w idely  d is tr ib u te d  geograph ica lly  (M ille r, 1992) and  th e  th ird  has 
been  re la ted  to  th e  influx  o f th e  first p lan k to n ic  g rap to lite s  (E rd tm a n n , 1988). 
C o n o d o n ts , m icro fossils th a t are fo u n d  especially  in carb o n a te  rocks, have been  selected  
by th e  C am b ro -O rd o v ic ia n  B o u n d ary  W o rk in g  G ro u p  (C O B W G ) as p rim ary  guide 
fossils for defin ing  th e  base o f th e  O rdov ic ian , at a level as close as possib le  below  the 
first appearance  o f n em ato p h o ro u s , p lan k to n ic  g rap to lite s , m acrofossils trad itio n a lly  
em ployed  to  define th e  system  base in  clastic  facies (review  in N o rfo rd , 1991). T h re e  
b iozones, th e  bases of w h ich  have been  envisaged  as can d id a te  index  levels, are, in 
ascend ing  s tra tig rap h ie  o rd e r : Cordylodus proavus  B iozone; C. interm edius  B iozone 
(H irsutodontus sim plex  S u b -b io zo n e ); and  C. lindstrom i B iozone. T h e  last o f  these, 
closest to  th e  first appearance  of p lan k to n ic  g rap to lites , is p re fe rred , b u t th e re  is som e 
u n c e rta in ty  as to  w h e th e r it is everyw here  co n tem p o ran eo u s. T h e  p re se n t d iscussion  
a ttem p ts  to  evaluate  th e  role o f ac rita rch s in  defin ing  th e  sam e b o u n d ary .

(i) N orthern  S ino -K orean  P la tform  and northern L auren tia

U p  to th e  p re sen t, th e  section  at X iaoyangq iao , n ear th e  v illage of D ayangcha, J ilin  
prov ince , C h ina , has been, in sp ite  o f its s tra tig rap h ie  im p erfec tio n s, th e  m o st su itab le  
-  o r th e  ‘ least u n s u ita b le ’ -  choice for th e  C am b rian —O rd o v ic ian  b o u n d a ry  s tra to ty p e . 
T h e  h o rizon  chosen  th e re  to  m ark  th e  in te rn a tio n a l base of th e  O rdo v ic ian  is a t o r near 
th e  base o f th e  Cordylodus lindstrom i B iozone sensu C h en  et al. (1988), d ep en d in g  on a 
final defin ition  o f th e  co n o d o n t b iozones, and  is a little  below  th e  first Rhabdinopora  
flabelliform is parabola. G eom ag n etic  profiles suggest, how ever, th a t th e  base of th e  C. 
lindstrom i B iozone is co n d en sed  o r ab sen t (R ip p e rd an  & K irsch v in k , 1992) and  the
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u n d e rly in g  C. proavus  an d  C. interm edius  biozones have each a b reak  in  sed im en ta tio n  
(M iller, 1988) at o r n ear the  base.

In  lo w -la titu d e  areas rep re sen ted  by  deep she lf dep o sits  at X iaoyangq iao  and  shallow  
she lf at W ilcox  Pass, so u th e rn  A lberta , C anada, Corollasphaeridium  loilcoxianum  (F ig .
7) is th e  m ost accu ra te  C am b rian  index  ac rita rch  to  appear, th o u g h  w ith o u t any 
p recu rso r, closest below  th e  base of th e  O rd o v ic ian ; its range beg ins in  th e  u p p e r  p a rt 
o f the  Cordylodus proavus  B iozone. In  one or o th e r  of these  tw o reg ions (M a rtin  & Y in, 
1988; M a rtin , 1992), th e  first appearances o f O rdov ic ian  index  acrita rchs , especially  
species of A ry b  allomarpha  and  A thabascaella , are too far from  th e  system  base to  be 
u sefu l in  defin ing  it in te rn a tio n a lly ; in d irec t co rre la tio n  show s th em  to occur h ig h er 
th an  th e  b io h o rizo n s w ith  Rhabdinopora flabelliform is parabola  and  w ith  Anisograptus.

In  n o rth e a s t C h in a  C orollasphaeridium  wilcoxianum  fo rm s p a r t o f im p o v erish ed  
assem blages co n ta in in g , c o n tra ry  to  Y in  (1986, in  C h en  et al., 1988), taxa th a t are 
re la tively  lo n g -ran g in g , such  as Actinotodissus achrasi an d  C ym atiogalea, or of re la tively  
u b iq u ito u s  shape , such  as M ultip lic isphaerid ium  abnorme. T h e  base o f th e  Cordylodus 
lindstrom i B iozone m arks no obv ious change in  com p o sitio n  of th e  ac rita rch s w hich , 
excep t for th e  sp h ae ro m o rp h s , are very  rare.

A t W ilcox Pass (M artin , 1992), in an assem blage w ith  little  v arie ty  o f lo n g -ran g in g  
taxa from  a section  lacking g rap to lite s , C orollasphaeridium  wilcoxianum  appears also in 
th e  u p p e r  p a r t o f th e  Cordylodus proavus  B iozone, c o rre sp o n d in g  to  a questionab le  
u p p e r  p a r t o f th e  tr ilo b ite -b ased  M issisquoia  B iozone. I t  is accom pan ied  by  som e taxa 
know n u p  to  th e  p re se n t from  th e  U p p e r  C am b rian  and  T re m a d o c  o f m a in ly  B altica, 
G o n d w an a  an d  A valonia, such  as Vulcanisphaera  cf. V. africana  an d  B uedingii­
sphaeridium  tremadocum. T h e  Corollasphaeridium  B iozone is succeeded , in  stra ta  
da ted  by  m eans of tr ilo b ite s  as S ym physurina  B iozone, by  an atyp ical ac rita rch  
assem blage com posed  essen tia lly  o f sp h aero m o rp h s .

(ii) B a ltic a , A va lo n ia  and  Gondivana

In  reg ions of m id d le  and  h ig h  la titu d e  re levan t p a ly n o d a ta  for the  C a m b ria n -  
O rdo v ic ian  b o u n d a ry  are p a rticu la rly  ab u n d a n t, im precise  and  o f local value. T h e y  do 
no t yet allow  a w ide range o f d e ta iled  co rre la tio n s to  be m ade, n o r do th ey  p e rm it the  
base of the  T re m a d o c  to  be satisfac to rily  e s tab lished . T h is  difficulty  is due  to  a 
co m b in a tio n  of several factors. U n w a rra n te d  d a tings estab lish ed  on m ain ly  palyno- 
logical c ircu la r a rg u m en ts  have been  taken  at th e ir  face value in su b seq u en t 
p u b lica tio n s. U n til  ten  o r so years ago (M a rtin  & D ean , 1981) th ey  gave th e  im pression  
th a t n u m ero u s  taxa are ind ica tive  of th e  T re m a d o c  w hen, in fact, th ey  ap p ear in  the 
U p p e r  C a m b ria n ; these  inc lude  p a rticu la rly  S aharid ia  and  C ym atiogalea. C o n d en sed  
sequences, th a t is s tra ta  th a t are very  th in  in re la tion  to  th e  tim e  th ey  rep resen t, 
d isco n tin u itie s  reflecting  in te rru p tio n s  in sed im en ta tio n , an d  sam p lin g  at too  w idely- 
spaced in te rva ls  m ay give th e  false im p ressio n  th a t th e  ap p earan ce  in  force o f n u m ero u s  
new  taxa m arks th e  base o f th e  O rdov ic ian . P oo rly  d ec ip h ered  rew orked  assem blages 
are su re ly  fre q u e n t and  m ake for fu r th e r  com plica tions. C hanges of re la tive age 
a ttr ib u tio n  do n o t, how ever, involve only palyno log ists, for th e  s tra tig rap h ie  ranges of 
b io -m ark e rs  b e tte r  know n  th a n  th e  ac rita rch s , such  as co nodon ts, g rap to lite s  and  
tr ilo b ite s , are them selves sub jec t to  period ic  revision.

T h e  b eg in n in g  of th e  C am b rian —O rdo v ic ian  b o u n d a ry  in te rva l co n sid e red  h ere  (F ig .
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8) is m ark ed  e ith e r  by the  Cordylodus proavus  B iozone (su b -b io zo n e  app ro x im ate) o r by 
tr ilo b ite s  of th e  Acerocare  B iozone (su b -b io zo n e  ap p ro x im ate). T h e  en d  o f th e  in terval 
is poo rly  defined  in  te rm s o f th e  last o ccu rren ce  of the  Rhabdinopora flabelliform is 
sp ec ies-g roup , itse lf localized below  th e  ap p earan ce  of g rap to lite s  o f th e  Adelograptus 
tenellus B iozone. A  possib le  choice m ade from  a few  o th e r sections o r n u m ero u s  o th e r 
taxa w ould  be u n im p o r ta n t a t th is  stage for p ro d u c in g  a re ference  scale of accura te  
ac rita rch  tim e-m ark e rs . T h e  resu lts  are very  lim ited , and  th e  p re se n t com pila tion  
ind icates th a t u n til now  ac rita rch s from  the  base o f the  O rdov ic ian , i.e. at o r  n ea r the 
base of the  Cordylodus lindstrom i B iozone, rem ain  largely  u n d o c u m e n te d . W ith  
reserva tions A canthodiacrodium  angustum  is, as suggested  by  V olkova (1989), th e  index 
taxon  th a t is closest to  th e  base of th e  O rdov ic ian  b u t h e r da ta  are insuffic ien t to  ju d g e  
if th is  species appears at th e  b eg in n in g  of, or w ith in  th e  C ordylodus proavus  B iozone. O n 
th e  o th e r h an d , the  first appearance  o f O rd o v ic ian  ac rita rch s of th e  Veryhachium  
trispinosum  ‘g ro u p ’ sensu M a rtin  (1982a) occurs above the  Adelograptus tenellus 
B iozone and  so is too  h ig h  fo r co n sid e ra tio n  in  defin ing  th e  system ic b o u n d ary .

(a) B altica . In  Baltica, deposits  of th e  B altoscand ian  ep ico n tin en ta l sea fo rm  a h ighly  
con d en sed  sequence  w ith  a com plex  p a tte rn  of sed im en ta ry  b reaks, genera lly  accep ted  
(Jaanusson , 1982) as b e ing  due  to  th e  spo rad ic  em ergence  of shallow , n ea r-sh o re  
shelves. V olkova & M en s (1988) and , p rin c ip a lly , V olkova (1989, 1990) s tu d ied  
ac rita rch s from  d iverse  o u tc ro p s and , especially , bo reho les in  E ston ia  and  th e  M oscow  
svneclise. T h e  la tte r au th o r, u sing  h e r  ow n observ a tio n s and  rev iew ing  th e  in te rn a tio n a l 
lite ra tu re , suggested  th a t A canthodiacrodium  angustum  m arks th e  base o f th e  O rdov ic ian  
w hich, fo llow ing general usage in th e  Baltic sta tes and  w este rn  R ussia, she accep ted  as 
be ing  defined  by  the  appearance  of th e  Cordylodus proavus  B iozone. T h is  level, low er 
th a n  th e  one reco m m en d ed  by  the  C O B W G , is succeeded  by  a h ia tu s , fo llow ed in tu rn  
by  a cond en sed  h o rizo n  th a t inc ludes p ro b ab ly  rew orked  m ate ria l and  m ay  in any  case 
co n ta in  e lem en ts o f b o th  the  Cordylodus interm edius  and  C. lindstrom i b iozones as well 
as Rhabdinopora flabelliform is s.I. (references in  A pollonov , 1991, p. 36).

In  th e  S can d in av ian  C aledon ides of n o r th e rn  N orw ay  W elsch  (1986) describ ed  
ac rita rch s from  an a llo ch th o n o u s u n it on  th e  D ig e rm u l P en in su la , F in m ark , p a r t of the  
n o rth e rn  E u ro p ean  géosynclinal on the  w este rn  b o rd e r of Baltica. T h e y  fo rm ed  the  
basis of a reg ional zonation , p a r t o f w hich  was d ated  w ith  ce rta in ty  on th e  basis of 
tr ilo b ite s  from  th e  low er h a lf of th e  Acerocare  B iozone (N iko la isen  & H en n in g sm o en , 
1985), U p p e r  C am b rian , and p a rt as Rhabdinopora flabelliform is  B iozone, low er 
T re m a d o c . T h e  first pa lynological level co n sid ered  as T re m a d o c ian  by  W elsch  is 
sep ara ted  from  th e  last U p p e r  C am b rian  sam ple by at least 190 m  o f q u a rtz ite s  for 
w hich  th e re  are n e ith e r  pa lynological n o r d iagnostic  m acrofossil data , an d  it m arks an 
influx of taxa describ ed  as new  o r know n especially  from  th e  U p p e r C am b rian  of 
G o n d w an a  and  P erigondw ana . T h e  s tra ta  d a ted  by R . flabelliform is (s.I.) con ta in  
re la tively  few ac rita rch  taxa, and  all wrere a lready  p re sen t low er in th e  D ig erm u l 
P en in su la  sections.

(b) A va lon ia . A lth o u g h  sm all, W ales has a special h isto rica l significance in geology as 
it inc ludes the  ty p e  areas o f the  C am b rian  and  O rdov ic ian . S ed im en ts  a ro u n d  the 
C a m b ria n -O rd o v ic ian  b o u n d a ry  are elastics w ith  a lm ost no lim estone , cono d o n ts  are 
co n seq u en tly  p oo rly  rep resen ted , and  th e  base of th e  O rd ov ic ian  is trad itio n a lly  d raw n
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at th e  low est occu rrence  o f th e  Rhabdinopora flabelliform is  species g roup . In  N o rth  
W ales th e  Acerocare B iozone, h ig h est C am b rian  trilo b ite  b iozone an d  long  th o u g h t to 
be absen t, has been  p ro v ed  (R u sh to n , 1982), th o u g h  p ro b ab ly  incom ple te , in  a single 
section  a t B ry n -L lin -F a w r, 25 k m  so u th east o f T re m a d o c , w here  th e  rocks are  sligh tly  
d is tu rb ed  tec ton ically . T h e  Acerocare  B iozone is fo u n d  below  th e  first appearance  of R . 
flabelliform is socialis and  con ta in s n o tab ly  th e  tr ilo b ite  Parabolina frequens, considered  
(R u sh to n , 1982, p . 50) to  be  a sen io r synonym  of Parabolina argentina, a zonal index  in 
A rg en tin a  w here  it is reco rd ed  below  and  w ith in  th e  range o f R . flabelliform is. P . 
frequens is one o f several tr ilo b ite s , som e fo u n d  also in  easte rn  N ew fo u n d lan d , w hose 
range is now  accep ted  as ex ten d in g  from  h ig h est C am b rian  to  low est O rdov ic ian  (D ean , 
! 9 8 5 > P- 28). A crita rch s are  ex trem ely  p oo rly  p rese rv ed  at B ry n -L lin -F a w r and  do n o t 
p ro v id e  re liab le  ev idence of changes in  assem blage co m position  at th e  C a m b ria n -  
O rdov ic ian  b o u n d a ry  (pers. obs.). T h e y  inc lude , n o tab ly , d iacrod ians, h e rk o m o rp h itae , 
Baltisphaerid ium  crinitum  and  Vulcanisphaera  cf. V . africana.

A t th e  section  in  C h e rm e’s D ing le , S h ro p sh ire , E n g lan d , th e  low est levels o f the  
T re m a d o c  are fau lted  against L o w er C am b rian ; th ey  are d a ted  b y  m eans of 
Rhabdinopora flabelliform is s.I., th e  reco rd  o f R . flabelliform is socialis by  B ulm an  (1927, 
p. 28) n o t b e ing  su b seq u en tly  confirm ed. T h e  succession  is cu t by  fau lts  and  even 
th o u g h  acrita rch s th e re  are  a b u n d a n t an d  well p reserv ed , th ey  have led to  a zonation  
(R asul, 1979) of no  m o re  th a n  local app lica tion . A canthodiacrodium  angustum  is p resen t 
am ong th e  o ldest taxa in  th e  section  and  Vulcanisphaera im parilis appears in  th e  u p p e r 
p a r t of th e  s tra ta  w ith  R . flabelliform is s.I.

A t R an d o m  Islan d , easte rn  N ew fo u n d lan d  (M a rtin  & D ean , 1981, 1988), in  sections 
th a t are essen tially  shaly, fau lted  and  d isco n tin u o u s, th e  C am b rian -O rd o v ic ian  
b o u n d a ry  has n o t yet been  p roved . T rilo b ite s  ind ica tin g  th e  th ird  h ig h es t of th e  four 
su b -b iozones o f  the  Acerocare B iozone w ere fo u n d  a t a single level. O n th e  o th e r  h an d  
Parabolina frequens (as P . argentina) an d  A canthodiacrodium  angustum  w ere fo u n d  at 
o th e r levels th a t lack conclusive ev idence of th e  Acerocare  B iozone, and  m ay be long  to 
e ith e r  th e  U p p e r  C am b rian  o r th e  T rem ad o c .

(c) Gondwana. In  N o r th  A frica, except for som e rare , re la tively  u n in fo rm ativ e  data  
from  M oroccan  o u tc ro p s d a ted  by  m eans of Rhabdinopora flabelliform is (E laouad- 
D ebbaj, 1988), all th e  suppo sed ly  T rem ad o c ian  acrita rch s com e from  boreho les d rilled  
b y  oil com pan ies in  th e  A lgerian  S ahara. C om baz (1968) a ttr ib u te d  to  th e  L ow er 
T rem ad o c  th e  o ldest acrita rch s from  th e  ‘ G rès  d ’E l G assi ’ on  th e  basis o f a com parison  
w ith  those  from  the  Obolus B eds of th e  E ast E u ro p ean  P la tfo rm . T im o feev  (1958) 
accepted  e rro n eo u sly  a T rem ad o c ian  age fo r these  ina rticu la te  b rach io p o d s, now  
considered  (K aljo  et al., 1986) as U p p e r  C am b rian , an d  so d is to rted  th e  age of the  
associated  acrita rchs, w h ich  in c lude  O oidium  rossicum. In  an ex tension  of C o m b az’s 
w ork  Ja rd in é  et al. (1974) accepted , th o u g h  w ith  reservations re la ted  especially  to  the  
significance of th e  frag m en ta ry  lingu lids, th e  T rem ad o c ian  age of th e  first assem blage, 
Bo. O n th e  o th e r  h an d  L eg ran d  (1985, p . 15) show ed th a t th e  age o f th e  ‘G rès  d ’El 
G a ss i’ varies locally from  U p p e r  C am b rian  sensu lato  to  low er T rem ad o c . T h e  
succeed ing  assem blage, B í ,  d a ted  by  m eans of Rhabdinopora flabelliform is, inc ludes the  
appearance  of A canthodiacrodium  angustum', it show s also an influx of d iacrod ians and  
h e rk o m o rp h itae  m u ch  m o re  varied  th a n  in  assem blage Bo.
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(4) W ith in  the L a te  D evonian : Frasnian—Fam ennian boundary

T h e  fossil reco rd  ind ica tes th a t d u rin g  th e  L a te  D ev on ian , som e 375 to  355 M a b p , 

im p o rta n t b io logical m odifica tions took  place, n o tab ly  in  very  ex tensive, shallow  seas 
a ro u n d  th e  m arg in s  of th e  co n tin en ta l m asses, m ost o f th e m  in  closer p ro x im ity  th a n  at 
th e  p re sen t day. T h e  dep o sits  of th is  epoch  belong  to  tw o stages, th e  F ra sn ian  
succeeded  by  th e  F am en n ian . U sin g  co n o d o n ts , th e  low er lim it o f th e  F am en n ian  was 
fixed b y  th e  S ub co m m issio n  on  D ev o n ian  S tra tig ra p h y  (S D S ) in  1989 (O liver & 
C h lu p ác , 1991) at th e  base o f th e  E arly  Palm atolepis triangularis B iozone. T h e  
appearance  o f th e  la tte r is located  a t th e  b eg in n in g  o f a g lobal m arin e  reg ressio n ; it 
p recedes a rad ia tio n  of new  cep ha lopod  gen era  an d  follow s a succession  o f faunal 
ex tin c tio n s th a t are re la tively  closely spaced  w ith in  th e  F ra sn ian . T h is  so-called  
‘ K ellw asser crisis ’ (S ch in d le r, 1990), w h ich  lasted  ap p ro x im ate ly  2 M a, began  a fte r the  
d isappearance  o f large reefs an d  its en d  cu lm in a ted  in  th e  P. linguiformis B iozone, abou t 
370 M a b p . G oodfellow  et al. (1988) rev iew ed th e  possib le  reasons fo r these  s tep -b y - 
step  d isappearances, w hich  affected especially  th e  sm all con iconch  ( =  cricoconarid ) 
m olluscs and  certa in  trilo b ite s , b rach io p o d s an d  co nodon ts. T h e  te rre s tr ia l causes m ost 
freq u en tly  invoked  inc lu d e  p rin c ip a lly  sea level changes, g laciation , th e  absence of 
sufficiently  oxygenated  sea w ater, te c to n ism  and  volcanism . G oodfellow  et al. (1988) 
show ed also th a t an  e x tra -te rre s tr ia l cataclysm , such  as th e  im p ac t o f a large m eteo rite , 
has no t yet been  conclusively  p ro v ed  by  m eans o f  ir id iu m  co n cen tra tio n s o r shock 
m e tam o rp h ic  m inera ls . T a p p a n  (1982, 1986) co nsidered  th a t th e  crisis was p rovoked  
in d irec tly  by  th e  accen tu a ted  d ev e lo p m en t o f  te rre s tr ia l p lan ts  ; increase o f th e  la tte r 
w o u ld  have p rog ressive ly  in d u ced  le thal d is tu rb an ces  of th e  food chain  especially  in  the  
m arin e  ecosystem . T a p p a n  (1986, p. 551) u n d e rlin e d  an  im p o rta n t decline in ac rita rch  
ab u n d an ce  d u rin g  th e  F rasn ian . T h is  tem p o ra ry  decline concerns ra th e r  th e  en d  o f the  
F rasn ian , as far as can  be ju d g e d  from  th e  rare , d isp ara te  and  reg ional data . C o n tra ry  
to  th e  o p in ions o f T a p p a n  and  o f B ugg isch  (1991, p. 53), F ra sn ian  and  L ow er 
F am en n ian  ac rita rch s m ay in  fact be n u m ero u s  an d  d isp lay  a g rea t v arie ty  o f genera  and 
species (W ican d er & P lay fo rd , 1985; L u  & W ican d er, 1988 fo r references). T h e  
m ajo rity  do n o t yet, how ever, p e rm it the  tw o stages to be d is tin g u ish ed  and  are  variab ly  
d isp ersed  at iso la ted  localities over five co n tin en ts . D a ta  com e m ain ly  from  deposits 
w ith  insuffic ien t s tra tig rap h ie  age co n tro l (V anguesta ine , 1986, fo r references).

B ecause of th e  refined  tim e  reso lu tio n  now  possib le  using  co n o d o n t-b ased  
b io zonation  (Z ieg ler & S an d b erg , 1990), th is  rev iew  o f ac rita rch s  at th e  F ra sn ia n -  
F am en n ian  b o u n d a ry  is based  on  th e  appearance  and  d isappearance  o f species dated  
by  m eans o f  co n o d o n t stu d ies , a d iffe ren t ap p ro ach  from  th a t in itia lly  p ro p o sed  by 
V an guesta ine  et al. (1983). T h e  la tte r  au th o rs  fo rm alised , close to  th e  F ra sn ia n -  
F am en n ian  b o u n d a ry  in  B elg ium , tw o successive V isbysphaera! fecunda  and  Villo- 
sacapsula globosa b iozones. T h e se  are defined  by  ac rita rch  assem blages, b u t take 
acco u n t also of th e  appearance  of new  tax a  an d  th e  ab u n d an ce  of ce rta in  o th e rs  know n 
from  o ld e r d eposits , in c lu d in g  th e  ep o n y m o u s species o f b o th  b iozones. T h e  b eg in n in g  
of th e  V. globosa B iozone, accep ted  h ere  as co inc id ing  w ith  th e  appearance  of 
Visbysphaera  ? occultata, p e rm its  th e  reco g n itio n  o f late F ra sn ian  d eposits  p resen t 
s ligh tly  below  th e  in te rn a tio n a lly  fixed b o u n d ary . T h e  in terval co nsidered  (F ig . 9) 
ranges from  th e  L a te  Palm atolepis rhenana  to  th e  M id d le  P . triangularis B iozones. N o 
in fo rm atio n  is available for ac rita rch s from  the  can d id a te  s tra to ty p e  of th e  basal
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F am en n ian , located  at C oum iac , in  th e  M o n tag n e  N o ire , so u th e rn  F ran ce  (B ecker et 
al., 1989). T h e  sam e is tru e  fo r o th e r  o u tc ro p s co n sid ered  im p o rta n t by th e  S D S  and  
rev iew ed by  S an d b e rg  et al. (1988), a p a rt from  tho se  in  th e  D in a n t B asin, B elgium . 
A m ong  th e  la tte r, th e  u n fau lted  sections at H o n y  an d  S insin  are here  d iscussed . T h e  
F ra sn ia n -F a m e n n ia n  b o u n d a ry  is s itu a ted  betw een  the  last bed  co n ta in in g  the 
Palm atolepis linguiform is B iozone, and  th e  first bed w ith  the  E arly  P . triangularis 
B iozone. T h e se  tw o bed s are sep ara ted  by  a shaly  in te rv a l, 135  and  0-15 m  th ick  a t the 
tw'o sections respective ly , from  w h ich  no  cono d o n ts  w ere reco rded . In  th e  D in a n t 
B asin, ac rita rch s co n sid e red  h e re  com e also from  th e  filled-in  railw ay  c u ttin g  at 
Senzeilles (S tockm ans & W illière , 1974; V anguesta ine  et al., 1983), h isto rica lly  
im p o rta n t as th e  base o f th e  F am en n ian  was d raw n  th e re  by G osse le t (1877, 1888), and 
ad jacen t new  re ference  sections (M artin , 1985 ; pers . obs.). T h e  la tte r (B u ltynck , 1988 ; 
C asier, 1992), a lth o u g h  less cond en sed  th an  at F lony an d  S insin , w ere n o t considered  
by  the  S D S  as th e  h ig h est F ra sn ian  co n o d o n t b iozone has n o t been  recognized . In  
ad d itio n , the  first level th e re  d a ted  as E arly  P. triangularis  B iozone is located  sligh tly  
m ore  th an  1 m  above th e  early  F am en n ian  m acro faunal renew al reco rd ed  by  G osselet 
and  co n ta in s o rth o co n e  cephalopods and  n u m ero u s  b rach io p o d s. N everthe less 
palynological da ta  from  th e  h ig h es t F rasn ian  at Senzeilles p e rm it the  successive 
appearances o f  tw o ac rita rch s to  be b e tte r  d o cu m en ted  th a n  at F lony and  S insin  
(V anguesta ine  et al. 1983; S tree l & V anguesta ine , 1989).

T h e  six selected  taxa (F ig . 9) are p re se n t at Senzeilles. O ne of th em , D aillyd ium  
pentaster, typifies som e tw en ty  taxa w hose p resence  and  freq u en cy  can n o t be used  to 
d iffe ren tia te  be tw een  th e  F ra sn ian  and  F am en n ian  in the  D in a n t B asin. T h is  species, 
for exam ple, ex tends from  th e  early  F ra sn ian  (D rico t, 1968) n ear the  village of F rasnes 
to  the  end  o f th e  early  F am en n ian  (M artin , 1981) in  F am en n e , a n a tu ra l reg ion  situ a ted  
east o f th e  R iver M euse , be tw een  th e  C o n d ro z  and  the  A rd en n e . In  Iow a, U S A , D. 
pentaster  appears to w ard s the  end  o f th e  G iv e tian  (W ican d er & W ood , in  W ican d er & 
P lav fo rd , 1985). In  th e  L agdw  reg ion , P o land  (G drka , 1974) it is p re sen t in  th e  u p p er, 
b u t n o t u p p e rm o st, F am en n ian  of th e  H o ly  C ross M o u n ta in s .

T h e  o th e r five species have a m ore  lim ited  range w ith in  th e  U p p e r  D evon ian . O f 
th em , only  Villosacapsula ceratioides is know n e lsew here (W ican d er & P lay fo rd , 1985), 
from  an accu ra tely  d a ted  level in th e  E arly  P. gigas B iozone o f Iow a, U S A , w hich  is 
m ore  or less eq u a ted  w ith  the  early  P. rhenana  B iozone.

In  the  re ference  sections at S enzeilles th e  su m m it of th e  F ra sn ian  is rep resen ted  by 
a lm ost 9 m  o f b lack  shales con ta in in g , at m ost, a ra re  m acro fauna. T h e se  deposits , often  
consid ered  to  rep re sen t th e  F ra sn ia n -F a m e n n ia n  ex tin c tio n  event, are overlain  th e re  by 
less dark  tran s itio n a l shales. T h e  fo rm er an d  th e  low er p a r t o f the  la tte r, u p  to  the 
appearance  of V. ? occultata, co n ta in  relatively  rare , bad ly  p rese rv ed  acrita rch s th a t 
inc lu d e  especially  Villosacapsula ceratioides, V . globosa and  V isbysphaera} fecunda . T h e  
levels at w h ich  these  th re e  species ap p ear are im precise ly  know n w ith  reference  to the  
co n o d o n t h o rizons. In  B elg ium  th ey  are s itu a ted  in  th e  m id d le  p a rt o f th e  F rasn ian , 
below  th e  L a te  P. rhenana  Biozone. T h a t  o f Villosacapsula ceratioides w as d o cu m en ted  
in a bo reh o le  at T o u rn a i (S tockm ans & W illiè re , 1962 a ); those  of V. globosa an d  of 
Visbysphaera  ? fecunda  in an  o u tc ro p  s ligh tly  n o r th  of F rasn es  (M a rtin , 19826). T h e  first 
tw o species d isap p eared  in  th e  L ow er F am en n ian  above th e  in te rva l co n sid ered  here. 
A t S enzeilles Villosacapsula globosa is p re sen t as h ig h  as shales in te rca la ted  betw een  the 
M id d le  and  L ate  P. triangularis  B iozones. V. ceratioides d isap p ea rs  m u ch  la te r in  the
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low er F am en n ian  o f th e  Senzeilles reg ion  (M artin , 1985), in  an in te rva l d a ted  by  
m eans of rh y n ch o n e llid  b rach io p o d s  b e tw een  th e  Ptychom aletoechia gonthieri an d  P. 
omaliusi biozones. D a ta  are sligh tly  c o n trad ic to ry  reg a rd in g  th e  u p p e r  lim it o f th e  range 
o f Visbysphaera} fecunda-, th is  is below  th e  E arly  P . triangularis B iozone a t Senzeilles. 
A t H o n y  (S tree l & V anguesta ine , 1989) it is s itu a ted  in  shaly  d eposits  w h ich  overlie  th e  
last b ed  con ta in in g  th e  Palm atolepsis linguiformis B iozone an d  w hich , on  sed im en tary  
c rite ria  (S an d b erg  et a l., 1988), are  a ttr ib u te d  to  th e  la test F ra sn ian . A t S insin , 
fo llow ing S tree l & V an g u esta in e ’s rectification  (1989) o f  th e  s tra tig rap h ie  p o sitio n  of 
sam ples g iven by  V anguesta ine  et al. (1983, p . 143), th e  species is p re se n t very  sligh tly  
above th e  last bed  co n ta in in g  th e  E arly  Palm atolepis triangularis B iozone as d e te rm in ed  
by  S an d b erg  et al. (1988). I t  has n o t been  fo u n d  (M a rtin , 1985) in  low er F am en n ian  
s tra ta  da ted  by  m eans o f rhy n ch o n ellid s . T h e  appearances o f Visbysphaera} occultata  
an d  of th e  succeed ing  E phelopalla media  are also im precise  in  te rm s  o f  co n o d o n t 
zonation . A t Senzeilles th ey  are  p ro b ab ly  o ld e r th a n  in  th e  sections at H o n y  and  S insin . 
In  the  new  sections th ey  ap p ear successively  in  th e  tran s itio n a l shales s itu a ted  below  the  
first F am en n ian  levels w ith  a b u n d a n t b rach io p o d s an d  o rth o co n e  cephalopods th a t 
p recede  th e  first level co n ta in in g  th e  E arly  P . triangularis B iozone as d e te rm in ed  by 
B u ltynck  (in C asier, 1992, p . 115).

A ccord ing  to  C laeys, C asier & M argo lis  (1992 a) an aste ro id  im p ac t responsib le  for 
th e  d isappearance  o f F ra sn ian  faunas w o u ld  be in d ica ted  at Senzeilles by  a level w ith  
glass m ic rospheru les. T h e  la tte r is, how ever, o f very  d o u b tfu l value fo r d a tin g  any 
possib le  im pac t as it is fo u n d  above th e  F am en n ian  m acro faunal renew al and  th e  first 
b ed  con ta in in g  th e  E arly  P . triangularis B iozone ; n e ith e r  does it affect th e  co m position  
of th e  ac rita rch  assem blages. A t H o n y , m ic ro sp h eru les  m orpho log ica lly  an d  chem ically  
iden tica l w ith  th e  above are  p re sen t (C laeys, C asier & M argo lis , 1992 ft) below  th e  first 
b ed  w ith  th e  E arly  P . triangularis B iozone, w h ich  lacks d iagnostic  ac rita rch s (S tree l & 
V anguesta ine , 1989) and  is, in  any  case, o ld e r th a n  the  h o rizo n  at Senzeilles.

T o  conclude, in  th e  v ic in ity  o f th e  F ra sn ia n -F a m e n n ia n  b o u n d a ry  in  th e  D in a n t 
B asin, the  successive appearances o f Visbysphaera  ? occultata  an d  o f  Ephelopalla media 
a t th e  end  o f th e  F ra sn ian  p recede  th e  ex tin c tio n  o f Visbysphaera} fecunda  a t th e  
beg in n in g  o f th e  F am en n ian . I f  th e  p resence  of th e  la tte r in  o r s ligh tly  above th e  E arly  
P . triangularis B iozone is n o t due  to  rew ork ing , th is  local observ a tio n  does n o t m atch  
w ith  th e  schem e o f even ts p ro p o sed  by  W alliser (1986), acco rd ing  to  w h ich  the  
appearance  o f one o r several species follow s, on a global scale an d  a fte r an  in terval, the  
re la tively  rap id  ex tin c tio n  of one or several taxa belo n g in g  to  th e  sam e g roup .

(5) From  latest D evonian to the present

(i) L a test D evonian—Carboniferous

T h e  m o st im p o rta n t w ave o f irreversib le  ac rita rch  ex tin c tio n s occu rred , as n o ted  by 
D ow nie  (1979), d u rin g  th e  late F am en n ian , b e tw een  ab o u t 365 and  355 M a b p . 

D eta iled  da ta  are p a rticu la rly  sparse  and  do no t estab lish  w h e th e r th e  change was 
rela tively  su d d en  o r  g rad u a l d u rin g  th is  in terval. T h e y  show , how ever, th a t ap a rt from  
a few reg ional excep tions, for exam ple in  B elg ium  (V anguesta ine , 1978) an d  T ib e t 
(G ao, 1986), ac rita rch s becam e m u ch  less freq u en t, no tab ly  in  O hio  (W icander, 1974), 
th e  A lgerian  S ah ara  (Ja rd in é  et al., 1974) an d  W este rn  A ustra lia  (P layford , 1976). In  
ad d itio n  th e  la tte r show  always a clear d im in u tio n  in  d iv ersity  at b o th  generic  and
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specific level. T h e  tim e  index  ac rita rch s are p a rticu la rly  p o o rly  d o cu m en ted  on  a global 
scale. T h e  taxon  th a t is m o st m o rpho log ica lly  ch a rac te ris tic  an d  w hose s tra tig rap h ie  age 
is accep tab ly  verified , T o rn a d a  sarjeantii, ranges from  th e  b eg in n in g  of th e  late 
F am en n ian  in  B elg ium  (P a p ro th  et al., 1983, p p . 193, 194; V anguesta ine , 1986) and 
from  w ell befo re  th e  b eg in n in g  o f th e  early  F am en n ian  in  W este rn  A u stra lia  (P lavfo rd  
& D rin g , 1981). In  th e  C arn arv o n  B asin  it occurs in  im precise ly  d a ted  deposits. 
C o n o d o n ts  ind ica te  p ro b ab ly  early  F ra sn ian , th o u g h  an  in te rv a l from  late M id d le  
D evon ian  to  th e  b eg in n in g  of th e  L a te  D ev o n ian  can n o t be excluded . T h e  species is 
know n as late as early  C a rb o n ife ro u s b u t m ay, as suggested  by  V an guesta ine  (1986), be 
rew orked  there .

N o  new  taxa w ith  d is tin c t ch arac teris tics  have been  p u b lish ed  fo r th e  C arb o n ife ro u s, 
a b o u t 355 to  290 M a b p . T h e  absence o f renew al in  th e  g ro u p  is s trik in g , b o th  locally 
and  g lobally . A ssem blages becom e m ore  an d  m o re  sporad ic  an d  re s tric ted , com p ris in g  
no tab ly  taxa w ith  long s tra tig rap h ie  range a n d /o r  rew orked , such  as th o se  illu s tra ted  
from  th e  early  C arb o n ife ro u s o f W ales by  M c N e s try  (1988) and  D avies, M c N e s try  & 
W aters  (1991). In  the  m id d le  C arb o n ife ro u s (W estpha lian ) th e  fea tu re less shape of 
polygonal to  g lo b u la r specim ens w ith  sim ple  processes has been  illu s tra ted  p a rticu la rly  
from  B elg ium  (S tockm ans & W illiè re , 1962b) an d  E n g lan d  (S pode, 1964).

(ii) Perm ian— Triassic

F ro m  late Palaeozoic to  early  M esozoic , som e 290 to  205 Ala b p , P erm ian  and  
T ria ss ic  ac rita rch s are fo u n d  in  dep o sits  th a t are im precise ly  da ted  s tra tig rap h ica lly  or 
of d iffe ren t ages at sca tte red  localities w orldw ide  (Jacobson  et al., 1982, for references). 
T h e y  m ay be locally m u ch  m ore  n u m ero u s  th a n  in  th e  C arb o n ife ro u s b u t, as first 
observed  by  W all & D ow nie  (1963) fo r th e  early  P e rm ian  in  Y o rk sh ire  an d  by  Jan so n iu s  
(1962) fo r th e  early  T r ia s  in  w este rn  C anada, th ey  are alw ays sim ple , show  little  
d iversity , an d  are essen tia lly  re la ted  to  M icrhystrid ium  and  Veryhachium . N ev erthe less 
S arjean t (1973) e s tim a ted  th a t ac rita rch s from  in co m p le te  sequences in  th e  Salt and 
S u rg h a r ranges of w este rn  P ak istan  p e rm it recogn ition  o f a P e rm ia n -T ria ss ic  b o u n d ary , 
m ark ed  by  local freq u en cy  flu c tua tions of taxa th a t are lo n g -ran g in g  or new , w ith  little  
varie ty . O n  a g lobal scale, in  th e  absence o r ex trem e ra rity  o f dinofiagella tes o r any  o th e r 
palynological c rite ria , th e  exclusive ab u n d an ce  of fea tu re less fo rm s n o ted  above ten d s 
to  ind ica te  an u n d iffe ren tia ted  in te rv a l from  P erm ian  to  m id d le  T ria s .

F ro m  late T ria ss ic  to  th e  end  o f th e  C enozoic, ac rita rch s are rare ly  fo u n d  in  large 
n u m b ers . T h e ir  value as c h ro n o s tra tig rap h ic  ind ices is co n sid e red  neg lig ib le  by 
com parison  w ith  th e  refined reso lu tio n  p e rm itte d , in  m arin e  en v iro n m en ts , by the 
dinofiagellates. S tu d ie d  m o stly  by m eans o f th e  ligh t m icroscope, th ey  rep re sen t a 
g ro u p  w ith  insign ifican t d ivers ity  and  inc lude  specim ens th a t are rew orked  or strong ly  
resem ble  Palaeozoic taxa.

(iii) Jurassic-C retaceous

A ttem p ts  to  d o cu m en t exhaustive ly  th e  sp ec tru m  o f ac rita rch s in  th e  Ju rassic  and  
C retaceous (S tancliffe, 1990, W h ee le r & S arjean t, 1990, an d  M arhe inecke, 1992 for 
references) have p ro v ed  genera lly  d isap p o in tin g  and  show  m ain ly  u b iq u ito u s  form s. 
O nly  H ab ib  & K n ap p  (1982) have carried  o u t de ta iled  S E M  stud ies of th e  m em b ran e
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o rn am en ta tio n  in  sm all acrita rchs. T h e  la tte r  ab o u n d  in  bo reho le  sam ples from  the  
w este rn  N o r th  A tlan tic  d a ted  as early  L ow er C retaceous to  early  U p p e r  C retaceous by 
m eans o f d inofiagellates and  n an o p lan k to n . T h e ir  vesicle is genera lly  from  4 to  io  /¿m 
in d iam eter, an d  th e  p rocesses no  m ore  th a n  2 fim  long. T h e  g rea t m a jo rity  o f genera  
and  all species are new . T h e  taxa, u n k n o w n  elsew here, have enab led  th e ir  au th o rs  to  
d is tin g u ish  n ine  reg ional ac rita rch  b iozones and  to  refine th e  tim e-scale  based  on 
d inofiagellates. C om parab le  re su lts  are n o t yet available elsew here.

(iv) Cretaceous—T ertiary  boundary

F ollow ing  th e  w ork  o f A lvarez et al. (1980), th e  C re ta c e o u s -T e rtia ry  b o u n d ary , som e 
65 M a b p , has been  com m only  cited  as a classic exam ple o f m ass ex tin c tio n  linked , 
righ tly  o r w rongly , to  a spec tacu la r cataclysm  of ex tra -te rre s tr ia l o rig in . A s show n by 
T a p p a n  (1982) th e  da ta  from  p h y to p lan k to n  are h igh ly  equivocal. In  p a rticu la r, the  
d inoflagellate cysts w ere v irtu a lly  unaffected . T h e  su rv iv in g  acrita rch s , rep resen ta tiv es  
o f a g ro u p  th a t had  flourished  from  the  early  C am b rian  alm ost to  th e  en d  o f the  
D evonian , c o n tr ib u te  n o th in g  to  the  a rg u m en t.

(v) Cenozoic

R egional co rre la tions are still som etim es based  on  fluc tuations in  ab u n d an ce  of 
C enozoic acrita rchs w ith  ra th e r  fea tu re less m orpho logy . T h e  first appearances o f som e 
ra re  taxa are sporad ically  re lev an t to  th e  b iozonation , as th e  fo llow ing selection  show s. 
D e C oninck  (1991) has e s tab lished  a succession o f eleven biozones fo r th e  Y presian  
S tage o f the  Paleogene, be tw een  ab o u t 53 and  45 M a b p , in  th e  B elgian Basin and  
ad jacen t areas. T h e  bases o f th e  first and  o f th e  p en u ltim a te  are each defined  by  the  
appearance  of an acrita rch , respectively  Pseudomasia trinem a  and  Paucilobimorpha  
triradiata , th e  rem ain ing  n ine  b iozones being  fo u n d ed  on  dinofiagellates. T h e  level o f 
appearance  o f P . triradiata , w id esp read  in  E ocene deposits  yo u n g er th a n  Y presian , is 
b o th  th e  m ost recen t and  th e  b es t d o cu m en ted . T h e  species is m orpho log ica lly  very 
charac teristic  [PI. 3 (fig. 5)], w ith  th ree  sm all lobes w h ich  d iverge in  th e  sam e p lane 
from  a com m on cen tre  an d  have ex trem ities o rn am en ted  w ith  sp ines. In  the  N eogene, 
a t the  beg in n in g  o f th e  M iocene in  th e  N orw eg ian  Sea (M an u m  et al., 1989), a 
b iozone con ta in in g  m ostly  d inofiagellates is neverthe less nam ed  afte r an  acrita rch , 
Ascostomocystis granosa, th e  appearance  o f w h ich  m arks th e  base o f th e  zone. In  the  
Q u a te rn a ry , from  m id d le  early  to  late P leistocene in  th e  B ering  Sea and  n o r th e rn  N o r th  
Pacific (Bujak, 1984), th e  appearance  of th ree  rela tively  u b iq u ito u s  ac rita rch  species, 
w ith  py lom e b u t lacking processes, fo rm s p a rt o f th e  defin ition  of th e  Spin iferites  
fr ig idus  B iozone, nam ed  for a dinoflagellate. In  m ore  recen t H olocene deposits 
acrita rch s occu r on ly  as excep tional cu riosities.

VI. SU M M A R Y

i .  A crita rch s are a po lyphy le tic  g ro u p  o f u n ice llu la r o rgan ism s, essen tia lly  m arine  
and  fossil, w ith  a very  res is tan t o rgan ic  m em b ran e  ; th e  m a jo rity  p ro b ab ly  rep re sen t the  
cysts o f m icroscop ic , ex tin c t eukaryo te  algae. T h is  review  gives a genera l accoun t for 
th e  non -sp ec ia lis t o f th e ir  charac teristics and  affinities, b u t focuses, u sin g  selected  
exam ples, on th e ir  role as b io s tra tig rap h ic  too ls fo r th e  specialist.
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2. In v isib le  to  th e  naked  eye, up  to  several tens of th o u san d s  o f ac rita rch s p e r gram  
of rock  m ay  be ex trac ted  and  co n cen tra ted  from  a w ide v arie ty  of sed im en ts, especially  
arg illaceous o r even calcareous, b u t  p re fe rab ly  fine-g ra ined , u n w ea th e red  and  only  
sligh tly  recrysta llized  o r m e tam o rp h o sed .

3. A lw ays ho llow  an d  w ith o u t unequ iv o ca l in trace llu la r s tru c tu re s , ac rita rch s are 
ex trem ely  v ariab le  in  : overall size, fro m  a few to several h u n d re d  fim , w ith  n u m ero u s  
d iv erg en t m o rpho log ica l m odifica tions from  a basic  spherica l fo rm ; th e  ty p e  and  
d ev e lo p m en t o f o rn a m e n ta tio n ; th e  n u m b e r  o f ce llu lar w alls; and  th e  m e th o d  of 
open ing , a ttr ib u te d  to  excystm en t. A crita rch s are classified acco rd ing  to  c rite ria  th a t are 
re la tively  sim ple  co m p ared  w ith  th e  m o d e rn  d em an d s o f phyco log ists. F o r convenience 
th ey  are tre a te d  u n d e r  th e  In te rn a tio n a l C ode o f B otan ical N o m en c la tu re , recogn iz ing  
th e  ex istence o f fo rm  genera  o f u n c e rta in  p osition . T h e  lack o f a com prehensive  
taxonom ic  fram ew ork  is n o t su rp ris in g , g iven th e  n u m b e r  an d  varie ty  of unclassifiab le 
m icro o rg an ism s re s is tan t to  H F  th a t m ay be in c lu d ed  in  th e  acrita rchs.

4. T h e  sp o ro p o llen in -lik e  wall o f ac rita rch s , like th e  sp o ro p o llen in  o f m o d e rn  p lan ts , 
is chem ically  very  in e r t excep t to  ox idation , ca rb o n iza tio n  and  bac te ria l o r fungal 
activ ity . O f p o o rly -k n o w n  com p o sitio n  b u t very  p ro b ab ly  in c lu d in g  h ig h ly  po lym erized  
p o ly te rp en es, it m ay fo rm  an a b u n d a n t co m p o n en t o f Palaeozoic kerogen , a po ten tia l 
source o f h y d ro ca rb o n s . T h e  codification  o f co lo u r changes an d  p rese rv a tio n  in  selected  
ac rita rch s m ay  enab le  th e  op tica l evaluation  o f p a laeo tem p era tu res  low er th a n  abou t 
120-150  °C and  o f th e  degree o f m a tu r ity  o f possib le  oils.

5. T h e  first know n ac rita rch s sensu stricto, a lth o u g h  d iscovered  in  1862, w ere 
d esig n a ted  as such  in  1963, a fte r hav ing  been  given a v arie ty  o f nam es reflecting  m ain ly  
assessm ents o f th e ir  b io logical affinities. In  sp ite  of som e a tte m p ts  to  ab an d o n  it, the  
n am e ac rita rch  is still th e  m ost co rrec t as it is th e  least am b ig u o u s for d esig n a tin g  the  
g rea t m a jo rity  of exam ples.

6. T h e  reclassify ing  o f ac rita rch s am ong  m ic ro o rg an ism s o f know n system atic  
p o sitio n  rem ains specu la tive  o r ten ta tiv e . I t  is possib le  th a t m any  ac rita rch s rep resen t 
cysts o f ex tin c t d inofiagella tes, w ith o u t archaeopy le  o r in d ica tio n  o f a stab le  tab u la tio n . 
L ab o ra to ry  cu ltu re  o f Pterosperm a  has show n th a t Cym atiosphaera  and  Pterospermella  
have to  be co n sid e red  n o t as ac rita rch s b u t as ph y co m a o f p ras in o p h y tes . T h e  
u ltra s tru c tu re  of th e  w all in  Tasm anites  is s im ilar to  th a t of Pachysphaera, an o th e r 
recen t p ra s in o p h y te . C o m p ariso n s w ith  eug leno ids o r spo re-like  bod ies of th e  first 
te rre s tr ia l p lan ts  are in d ire c t an d  th a t w ith  eggs o f recen t c rustaceans rem ains 
fo rtu ito u s.

7. T h e  co m p o sitio n  o f live ac rita rch  assem blages is m ost o ften  heavily  b iased  in 
taphocoenosis . In  fact, because o f th e ir  very  sm all size an d  low d en sity , these  
m icrofossils are freq u en tly  fo u n d  rew orked  in  s tra ta  y o u n g er th a n  those  in w h ich  they  
w ere o rig inally  dep o sited . I f  th e ir  d is tr ib u tio n s  are sufficiently  d o cu m en ted , th ey  can be 
u sefu l as p ro v en an ce  in d ica to rs  in  pa laeogeograph ic  reco n stru c tio n s.

8. A c rita rc h s’ m o d e  o f life is th o u g h t to  be best co m p ared  w ith  th a t of p lank ton ic  
p h o to sy n th e tic  algae. G en era l schem es seeking to  exp la in  v aria tions in th e ir  ab u n d an ce  
an d  d is tr ib u tio n  in  dep o sits  fo rm ed  d u rin g  th e  d is ta n t geological p ast are based  
especially  on  ex trap o la tio n s from  com plex  co m b in a tio n s of factors th a t govern  the 
d is tr ib u tio n  o f m o d e rn  m arin e  p h y to p lan k to n .

9. W ith  a w orldw ide  g eograph ic  d is tr ib u tio n  and  a reco rd  on ly  p a rtly  in fluenced  by
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facies con tro l, the  ac rita rch s exh ib it, geologically  speaking , an  ex trao rd in a rily  long life 
span, from  th e  M esopro te rozo ic  to  th e  p re sen t day. In  sp ite  o f th e  exam ples of 
rew ork ing , rare ly  ob jectively  verifiable, and  th e  still re la tively  sm all n u m b e r  o f de tailed  
da ta  w ith  reliab le in d ep en d en t age con tro l, it is know n th a t acrita rchs , am ong  a g rea t 
n u m b e r o f u b iq u ito u s  fo rm s, inc lude  tim e  index  taxa w hose levels o f appearance  p e rm it 
th e  ca lib ra tion  o f very  rem ote  geological tim e  an d  th e  e s tab lish m en t o f reg ional o r 
global co rre la tions. T h e se  b io s tra tig rap h ic  ind ices, ce rta in ly  p re sen t in  th e  N eo p ro te ro - 
zoic b u t still little  know n, are b est d em o n stra ted  from  a ro u n d  th e  b eg in n in g  o f the  
C am b rian  to  sligh tly  before  th e  end  of th e  U p p e r  D evon ian , a tim e  o f m ax im u m  
ab u n d an ce  and  d iversity  for th e  g roup .

A t th e  beg in n in g  o f th e  E arly  C am b rian  in  th e  E ast E u ro p ean  P la tfo rm , an d  p ro b ab ly  
sligh tly  above th e  in te rn a tio n a l system ic b o u n d ary , d raw n  at th e  appearance  o f the  
ichnofossil Phycodes pedum  in  eastern  N ew fo u n d lan d , th e  acrita rch s d isp lay  a rad ia tio n  
of o rig inal d iversity  w h ich  occurs at th ree  levels an d  co n trasts  w ith  th e  w orldw ide  
im p overished  sp h ae ro m o rp h  assem blages of th e  la test su b jacen t N eo p ro te ro zo ic . T h e  
first level is m arked  especially  by  th e  appearance  o f A n n u lu m  squamaceum, th e  second 
by  the  d iversification  of Comasphaeridium , an d  th e  th ird , w h ich  is the  c learest and  m ost 
geographically  w idesp read , by  th e  appearance  o f Skia g ia  orbicularis, S .  ornata  and
S . scottica, w h ich  coincides app rox im ate ly  w ith  th a t o f th e  trilo b ites .

T h e  C am b rian -O rd o v ic ian  b o u n d a ry  is n o t yet ag reed  in te rn a tio n a lly  b u t sh o u ld  be 
n ear th e  appearance  o f the  Cordylodus lindstrom i co n o d o n t B iozone, sligh tly  below  the  
first occu rrence  of n em ato p h o ro u s  p lank to n ic  g rap to lites. Corollasphaeridium  wilcox- 
ianum  is th e  index  ac rita rch  w hose appearance  is closest to , and  sligh tly  below , th is  
bo u n d ary , in  th e  u p p e r  p a r t o f th e  Cordylodus proavus  B iozone. T h e  species en te rs  at 
th is  level in  th e  n o rth  S in o -K orean  P la tfo rm  (Jilin  p rov ince) and  n o rth e rn  L au ren tia  
(A lberta). I t  has n o t been  reco rd ed  in  B altica, A valonia  and  G on d w an a , w here  the  
ac rita rch  assem blages are b e tte r  d o cu m en ted , m ore  varied  an d  d iffe ren t on th e  w hole 
from  those  of n o rth e a s te rn  C h in a  and  w este rn  C anada. W ith  reservations, it m ay be 
th a t in  m arine  deposits associated  w ith  these  th ree  p a laeocon tinen ts, th e  low er lim it of 
th e  range o f A canthodiacrodium  angustum  is located  w ith in  th e  C ordylodus proavus  
B iozone.

In  the  L a te  D evonian , th e  F ra sn ian —F am en n ian  b o u n d a ry  is fixed in te rn a tio n a lly  by 
m eans o f conodon ts, at th e  base o f th e  E arly  P alm atolepis triangularis B iozone, w hich  
succeeds the  P alm atolepis linguiformis B iozone. R egionally , in  th e  D in a n t B asin, 
B elgium , no index  ac rita rch  is know n to ap p ear at th e  base o f th e  L o w er F am en n ian . 
O n  the  o th e r h an d , a t Senzeilles th e  appearances of Visbysphaera  ? occulta  an d  of 
Ephelopalla media  occur successively at th e  end  of th e  F ra sn ian  in  d eposits  u n d a te d  by 
m eans o f conodon ts b u t a ttr ib u ta b le  to  th e  en d  o f th e  late P alm atolepis zhenana  B iozone 
and  to  th e  P . linguiformis B iozone.

In  th e  course o f th e  u p p e r F am en n ian , and  from  th e  en d  of th e  L a te  D evon ian  
onw ards, know n assem blages are essen tia lly  sporad ic , u n v aried  and  o f red u ced  o r local 
s tra tig rap h ie  value. T h e  last species th a t is au to ch th o n o u s , m orpho log ica lly  u n ­
m istakab le  and  o f w orldw ide  d is tr ib u tio n  appears in  th e  m id d le  N eogene (Y presian).
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Ooidium rossicum T im ofeev, 1957 
Palacanthus ledanoisii (Deunff) Playford, 1977 
Paucilobimorpha triradiata  D e Coninck, 1986 
Podolina  Herman in T im ofeev, Herman & M ikhail­

ova, 1976
Polyancistrodorus Loeblich & Tappan, 1969 
Polyedryxium  Deunff, 1954 em end. Deunff, 1971 
Psenotopus condrocheus Tappan & Loeblich, 1971 
Pseudomasia trinema D e Coninck, 1969 
Pterospermella Eisenack, 1972 
Pterospermella eruptio M artin, 1985 
Pterospermopsimorpha T im ofeev, 1966 
Pterospermopsis W . W etzel, 1952 em end. Sarjeant, 

1984
Puteoscortum williereae Martin, 1981 
Retisphaeridium howellii M artin in M artin & Dean,

1 9 8 3

Revinotesta  Vanguestaine, 1974 
Rhopaliophora Tappan & Loeblich, 1971 
Rhopaliophora p ila ta  (Combaz & Peniguel) emend. 

Playford & M artin, 1984 
Saharidia  Combaz, 19 6 8  

Skiagia  D ow nie, 198 2
Skiagia compressa (Volkova) D ow nie, 198 2  
Skiagia orbicularis (Volkova) D ow nie, 1982  
Skiagia ornata (Volkova) D ow nie, 198 2  
Skiagia scottica D ow nie, 198 2  
Stelliferidium  Deunff, Górka  & Rauscher, 1 9 7 4  
Striatotheca  Burman, 19 7 0  
Striatotheca principalis Burman, 197 0  
Synsphaeridium  sp. 1 sensu Cramer & D iez, 1 9 7 2  b* 
Tasmanites N ew ton, 187 5  
Timofeevia Vanguestaine, 19 7 8
Timofeevia lancarae (Cramer & D iez de Cramer) 
Vanguestaine, 197 8

Tornada sarjeantii Stockm ans & W illière, 1 9 6 6  
Trachysphaeridium  T im ofeev, 19 5 9  ex T im ofeev, 

196 6
Trunculumarium revinium  (Vanguestaine) Loeblich & 
Tappan, 1 97 6

Tunisphaeridium eisenackii Loeblich & Tappan, 1978  
Tylotopalla deerlijkiana (M artin) M artin, 1 9 7 8 *  
Umbellasphaeridium saharicum  Jardiné et al., 19 7 2  
Vandalosphaeridium V id a l, 1981 
‘ Veryhachium  D eunff, 1 9 5 4  ex D ow nie, 1 9 5 9 ’ 
Veryhachium  cf. V. downiei Stockm ans & W illière, 

1 9 6 2 a
Veryhachium minutum  D ow nie, 19 5 8  
Villosacapsula ceratioides (Stockm ans & W illière) 
Loeblich & Tappan, 19 7 6

Villosacapsula globosa Vanguestaine et al., 1983  
‘ Visbysphaera Lister, 1 9 7 0  emend. L e H érissé, 1 9 8 9 ’ 
Visbysphaera ? fecunda  Vanguestaine et al., 1983 
Visbysphaera impetuosa M artin, 1985 
Visbysphaera ? occulata M artin, 1985  
Volkovia  D ow nie, 198 2  
Vulcanisphaera africana D eunff, 1961 
Vulcanisphaera imparilis Rasul, 19 7 6  
Vulcanisphaera turbata  M artin in M artin & Dean, 

1981
Winwaloeusia ranulaeforma M a r tin , 1985

X . A D D E N D U M

A m o n o g rap h  by  Z ang  & W alte r (1992) ex tends th e  coverage in  th e ir  1989 p ap er 
(p. 509 here in ) and  concerns p a rticu la rly  th e  L a te  P ro te ro zo ic  to p ic  rev iew ed in  th is  
artic le . T h e y  illu stra te , n o tab ly , th e  relatively  large variab ility  o f ac rita rch s in  the  
A m adeus B asin, so u th e rn  p a r t o f th e  N o r th e rn  T e rr ito ry , cen tra l A ustra lia . T h e  g rea t 
m a jo rity  o f these  ac rita rch s com e from  subsu rface  N eo p ro te ro zo ic  sam ples, and  all w ere 
o bserved  u sin g  palynological p rep ara tio n s . T h e  o ld est assem blages are fro m  th e  B itte r


