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INTRODUCTION

The tem po ral frame work of stra tig ra phy is usu ally based on 
fos sils, or, more spe cif i cally, on biozones. The Bal tic Si lu rian
is not an ex cep tion to this pat tern. The sec tion in cludes a rel a -
tively com plete Llandovery and Wen lock in ter val char ac ter -
ized by fa cies belts that range from shelly and la goonal car bon -
ates to grap to lit ic shales and that per sist with only mi nor geo -
graph ical shifts (Bassett et al., 1989; Kaljo et al., 1991; Nestor
and Einasto, 1997; Fig. 1). These strata are dated by re gional
biozones and palaeontological events into re gional and global
chronostratigraphic scales (Kaljo, 1990; Nestor, 1997;
Paškevièius, 1997).  Most biozones, par tic u larly those based on 
graptolites, cono donts, ostracodes, thelodonts, cor als and other
fau nas, are gen er ally re stricted to one or two fa cies belts. 

Stud ies in the last de cade show that many chitinozoan
biozones can be traced from shelf to ba sin de pos its and, in that
way, pro vide a re li able ba sis for es tab lish ing re gional biozones
through out the East Bal tic re gion in de pend ently of fa cies as sess -
ments (Nestor, 1994). Chitinozoans are miss ing in la goonal and
reef rocks, as well as in red-col ored strata (prob a bly due to
diagenetic al ter ation of these rocks). The dis tri bu tion of some
chitinozoans seems to be also eco log i cally con trolled (Nestor,
1998). Co-oc cur rences of graptolites and chitinozoans in the
Ohesaare and Aizpute-41 core sec tions al lowed cor re la tion of
most of the Llandovery chitinozoan zones di rectly with the
graptolite suc ces sion (Loydell et al., 1998; Loydell et al., 2003). 

The pres ent study ex am ines chitinozoan zonations in the
lower Si lu rian of the East Bal tic us ing a nu mer i cal anal y sis of
their tem po ral suc ces sions to es tab lish a high-res o lu tion tool, a
rel a tive time scale, mak ing pos si ble a de tailed in ter pre ta tion of
changes in the sedimentological pat terns and in the tax o nomic



con tent of the chitinozoans. It also al -
lows the po si tion ing of biozones
within a per sis tent scale that im -
proves cor re la tions to re gional and
global chronostratigraphic stan dards
(such as the re gional stan dards of
Kaljo, 1990 and Paškevièius, 1997).

GEOLOGICAL SETTING 
AND DATASET

The Llandovery and Wen lock
de pos its in Es to nia and Lat via ac cu -
mu lated along the car bon ate Es to -
nian Shelf and shelf edge of the
Livonian Ba sin, an embayment of
the Palaeobaltic epicontinental sea
(Bassett et al., 1989; Kaljo et al.,
1991; Nestor and Einasto, 1997).
The in ter val is rep re sented by an es -
sen tially com plete se quence which is 
trun cated at its updip/on shore limit
(to the north and east) due to post-Si -
lu rian ero sion (see Paškevièius,
1997). Updip sec tions are thin ner
and con tain more sed i men tary gaps
than the basinward sec tions to the
south. Lithostratigraphic units (for -
ma tions, mem bers, beds) re flect their 
po si tions within fa cies belts and are
grouped into re gional stages that are
based upon biozones (Fig. 2). Past
stud ies of depositional fa cies mod els, 
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Fig. 1. Lo ca tion of core-sec tions stud ied and early Wen lock fa cies belts 
(mod i fied from Bassett et al., 1989)

Ps. — Pusku, As. — Asuküla, Kk. — Kirikuküla, Pr. — Paramaja, Vl. — Viirelaid; pres ent-day ero sional
limit of Si lu rian de pos its is shown by hatched line and fa cies belts bound ary by grey dashed line

           
                      

    
 

         

                        

Fig. 2. Si lu rian stra tig ra phy of the area stud ied (mod i fied from Nestor, 1997 and GailÌte et al., 1987)



lithological cy cles and strati graphic se quences pro vide the
depositional frame work for this study (Nestor and Einasto,
1997; Har ris et al., 2005).

The pres ent dataset in cludes 44 sec tions (three out crops and
41 core-sec tions) that yielded Llandovery and/or Wen lock
chitinozoans in the study area (Fig. 1). Four of these sec tions,
Ohesaare, Ruhnu-500, Ikla and (stud ied partly) Kolka-54, in -
clude the en tire strati graphic in ter val from the Juuru to the
Rootsiküla stages. The first (FO) and last oc cur rences (LO) of
180 chitinozoan taxa (spe cies as well as those in open no men cla -
ture) have been tab u lated for all 44 sec tions in the form of range
charts that sum ma rize the 1114 sam ples in the da ta base (Nestor,
1994, 2003, 2005). Doubt ful iden ti fi ca tions at range ter mi na -
tions are tracked sep a rately in the da ta base, and are not in cluded
in the anal y sis pre sented here. Ranges within each sec tion are
based only on FO and LO data, and do not take into ac count fre -
quency of the taxa (i.e., acme-zones of Nestor, 1994) or the ver ti -
cal con ti nu ity of taxa dis tri bu tion. The da ta base of the Si lu rian
chitinozoans from Es to nia is cre ated by Viiu Nestor.

FAUNAL ZONATIONS AND GAPS

The con sis tency of the se quence of FO-s and LO-s of taxa
in di cates their value in es tab lish ing fau nal zonations. Nu mer -
ous chitinozoan taxa have been used to es tab lish fau nal zones
(Nestor, 1994; Fig. 3).  The num ber of taxa that oc cur in more
or less the same suc ces sion in dif fer ent sec tions is greater than
usu ally rec og nized be cause all taxa, even those that are not
used to de fine zones, can be or dered by their oc cur rences
“above”, “be low”, or “co-oc cur ring” with the zonal taxa. The
en tire dataset can be used to place most taxa into a con sis tent
se quence de spite the short ranges and lim ited en vi ron men tal
dis tri bu tion of some taxa.

Graphic cor re la tion (Shaw, 1964) is one ex am ple of a
method that uses all taxa to de velop a fau nal zonation for cor re -

la tion. Com par i sons of pairs of sec tions show that the taxa used
in this pa per are sta tis ti cally well or dered (Fig. 4). Com mon
chitinozoans oc cur widely in com pat i ble se quences in shelf
(Viki) and the most off shore (Aizpute-41) sec tions, al though
they are ab sent in in ter vals with ex ten sive dolomitization, reefs
or red-col oured rocks.  The con sis tency of the chitinozoan suc -
ces sions in dif fer ent sec tions makes them valu able for con -
struc tion of a faunally-based zonation.

In ter pre ta tion of the line of cor re la tion (LOC) on some of
the graphic cor re la tion plots of the pair-wise sec tion com par i -
sons re veals some hor i zon tal seg ments (see Ohesaare/Ikla
graph, Fig. 4). The hor i zon tal seg ments are due to the oc cur -
rence of FO and LO events near one ho ri zon and the fact that
other com mon chitinozoans are miss ing in one sec tion (in this
ex am ple, around the 370 m ho ri zon in the Ohesaare sec tion).
This pat tern is due to the pres ence of a strati graphic gap or an
in ter val with an ex tremely low sed i men ta tion rate (as in the
Ohesaare sec tion). These gaps can be de tected by com par i sons
with other, more com plete sec tions (such as Ikla). If the same
gap oc curs in two sec tions, it can not be de tected in com par ing
the two sec tions. This is why the gap in the Ohesaare sec tion is
less ob vi ous in the Ohesaare–Ruhnu-500 LOC and un de tect -
able in the Ohesaare–Viki LOC (Fig. 4). Some chitinozoans
might be miss ing due to their lim ited en vi ron men tal dis tri bu -
tion, but the strati graphic po si tion of the gaps along dis crete ho -
ri zons sug gests that the com mon gap may be due to a true strati -
graphic gap (in this case, prob a bly due to ero sion or slump ing
along the shelf-slope tran si tion).

A ref er ence sec tion must be se lected in ap ply ing graphic
cor re la tion to a group of sec tions.  The main cri te ria to se lect a
ref er ence sec tion is that it should be the most com plete sec tion,
with the most uni form sed i men ta tion rates, so that it can be
used for de tect ing strati graphic gaps and changes in rel a tive
rates of ac cu mu la tion in other sec tions. The ranges of all taxa
from other sec tions are pro jected onto the ref er ence sec tion. As
a re sult, it be comes a com pos ite sec tion that in cor po rates the
range data from all stud ied sec tions. Strati graphic gaps and
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Fig. 3. Re la tion ships be tween the ranges of the zonal spe cies by Nestor (1994)

For full ge neric names see Fig ure 6



changes in rel a tive sed i men ta tion rates can be then de tected by
plot ting in di vid ual sec tions against the com pos ite sec tion. Of
three sec tions, Ikla, Ohesaare and Ruhnu, that en com pass
Llandovery and Wen lock strata over all, no sin gle one ap prox i -
mates the re quire ments of an ini tial ref er ence sec tion be cause
of highly vari able sed i men ta tion rates and the oc cur rence of
gaps. To over come the prob lems con nected with the com pos ite
met rics this pa per adopts the ap proach to con struct the com pos -
ite de scribed be low. 

THE STANDARD SUCCESSION AND TIME 

Al ter na tive meth ods to graphic cor re la tion have been de -
vel oped that use the suc ces sion of taxa (and ul ti mately a fau nal
zonation) to de rive a rel a tive time scale (Guex, 1989;

Agterberg, 1990). In this pa per, we ap ply the DISTR al go rithm
(Pak, 1984, 1989; Rubel and Pak, 1984) and the cor re spond ing
com puter pro gram (writ ten by D. Pak of Tadjikistan State Uni -
ver sity in 1986 and adapted for PC in 1998 by M. Kull, Uni ver -
sity of Tartu, Es to nia) to con struct the taxa suc ces sions and the
rel a tive time scale. In ad di tion, the Bio Graph al go rithm (Guex,
1989) and its pro gram from the Palaeontological Sta tis tics
pack age (PAST; Ham mer et al., 2001) have been used to in cor -
po rate all chitinozoan taxa into an in te grated suc ces sion. This
suc ces sion al lows us to de scribe changes in dis tri bu tion of
chitinozoans within the study in ter val.

The DISTR al go rithm se quences taxa into a com pos ite
stan dard so that the range of a taxon is “above” or “be low” that
of a sec ond taxon range (if the first taxon oc curs above or be -
low the sec ond taxon in all sec tions), or the taxa are “co-oc cur -
ring” if the ranges over lap in at least one sec tion. Taxa are ar -
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Fig. 4. Graphic cor re la tions of the Ikla, Ruhnu-500, Ohesaare, Viki and Aizpute-41 sec tions based on the FO-s 
and LO-s of com mon chitinozoans



ranged in a way that will avoid or min i mize con tra dic tions.
Taxa which are in volved in most con tra dic tions, and are least
com mon, are se quen tially ex cluded to elim i nate the con tra dic -
tions.  In real suc ces sions the num ber of ex cluded taxa can be
re mark ably high, reach ing 62% in an anal y sis of Or do vi cian
ostracodes from Lith u a nia (Ainsaar et al., 1999), 61–78% of
Si lu rian ostracodes from Es to nia (Rubel and Sarv, 1996), and
52% of Si lu rian brachi o pods from Lith u a nia (Musteikis,
1989). Chitinozoans dif fer from these groups in their rel a tively
low per centages of ex cluded taxa: 9–25% in the case of Es to -
nian, Lat vian and Lith u a nian Or do vi cian chitinozoans

(Nálvak, 1989), and 36% (46 of 129 taxa) in this study of Si lu -
rian chitinozoans. 

Be fore pro cess ing our dataset, we ex cluded taxa which oc cur 
only in one sec tion (com monly in one sam ple), elim i nat ing 30
taxa (Fig. 5). Ancyrochitina ancyrea was not in cluded in the
DISTR anal y sis due to its ex tremely long and vari able ranges in
sec tions, which led to many con tra dic tions in or der ing the taxa.
Nearly 70% of the re main ing 129 taxa oc cur in 2 to 8 sec tions
(Fig. 5) mainly be cause the large ma jor ity of the core-sec tions
did not pen e trate the Llandovery and Wen lock in ter val com -
pletely. Thus, the num ber of sec tions rep re sent ing dif fer ent
stages is not equal: 26 of them sam pled the Juuru Stage, 18 the
Raikküla Stage, 23 the Adavere Stage, 20 the Jaani Stage, 11 the
Jaagarahu Stage, and only 3 sec tions for the Rootsiküla Stage.
The DISTR anal y sis ex cluded 46 of the 129 taxa, leav ing 83 that
can be ar ranged into a rea son able stan dard suc ces sion that un -
am big u ously sum ma rises their rel a tive po si tions in time. This
suc ces sion de fines 41 da tum planes based on FO-s and LO-s,
and is de noted herein as the stan dard 129/83/41 (Fig. 6).

Ide ally, all ex ist ing zonal spe cies would be in cluded in this
stan dard. In fact, only one (Eisenackitina lagena) was ex cluded 
in the con struc tion of the stan dard 129/83/41 (see be low).  The
DISTR anal y sis was re run with the re quired in clu sion of E.
lagena, and the re vised stan dard in cluded 81 taxa and 39 da tum 
planes. This stan dard is de noted as the stan dard 129/81/39. The 
dif fer ences be tween these two stan dards are small and only in -
volve taxa in the mid dle of the Jaagarahu Stage. Us ing com -
mon taxa be tween these stan dards, the po si tion of E. lagena as
a zonal spe cies can be de ter mined on the stan dard 129/83/41 to
be be low Belanechitina sp. 1 (24) and above Conochitina aff.
pachycephala (49), con sis tent with its po si tion in the tra di -

tional zonal scheme (see Fig. 3). The stan dard 129/83/41 was
used to cor re late with the Bal tic zones and stages (Figs. 7
and 8), and to de scribe sed i men ta tion pat terns (Fig. 10). The
ex am i na tion of the dy nam ics of chitinozoan di ver sity (Fig. 9)
uses also the stan dard 129/83/41 be cause it in cludes more taxa
than the stan dard 129/81/39 as well as the suc ces sion of taxa re -
sult ing from the Bio Graph anal y sis.

A rel a tive time scale is rep re sented in the stan dard
129/83/41 (Fig. 6) by a se ries of rows. Each row rep re sents a
unique as so ci a tion of taxa (termed as uni tary as so ci a tions by
Guex, 1989) that dif fers from ad ja cent rows at least in two
taxon: at least one dis ap pear ing and one ap pear ing taxa in each
time step. The im me di ately suc ces sive LO-s and FO-s in dif fer -
ent rows of the stan dard de fine the da tum planes (ac tu ally in ter -
vals) of the stan dard. The LO and FO da tums in the stan dard al -
low cor re la tion to in di vid ual sec tions, and the de ter mi na tion of
a LOC (Fig. 7). The LOC can be de ter mined by sta tis ti cal
means through an av er ag ing func tion through the data points.
But this av er ag ing line tends to smooth the abrupt dis tri bu tional 
ef fects of strati graphic gaps and for that rea son it is not shown
on most fig ures.

THE STANDARD VERSUS STAGES AND ZONES

In strati graphic terms, the range zone of each taxon con sists
of a row or suc ces sive rows within the stan dard (and its cor re -
spond ing as so ci a tions of taxa). Ranges can be con sid ered as a
con cur rent zone if the row or rows rep re sent ing one taxon over -
lap part of the range of an other taxon.  An as sem blage or in ter -
val zone can be rec og nized if mul ti ple taxa cor re spond to a row
or se ries of rows. The ranges of es tab lished zonal spe cies on the 
stan dard (in di cated in bold in Fig. 6) show some over lap as in
the case of the ranges of Spinachitina fragilis (taxon 101),
Ancyrochitina laevaensis (6) and Belonechitina postrobusta
(23). There are also in ter vals with out pre served taxa or con tain -
ing only scarse chitinozoans with out spe cific forms (de noted as 
“interzones” by Nestor, 1994; Fig. 3) such as that be tween the
ranges of Conochitina cf. protracta (56) and Eisenackitina
dolioliformis (70). 

How ever, all zonal spe cies ap pear in the suc ces sion in a
well-es tab lished or der that can be used to make re gional cor re -
la tions such as those pro posed by Kaljo (1990) and Nestor
(1997).  Those stud ies used the fol low ing chitinozoan events to
iden tify the bases of the re gional stages: the FO of A. laevaensis
(6) for the Juuru Stage; the abun dant FO-s of Euconochitina
electa (36) and the FO of Spinachitina maennili (102) for the
Raikküla Stage; the FO of Eisenackitina dolioliformis (70) or
Conochitina emmastensis (37) for the Adavere Stage; the com -
mon FO-s of Margachitina margaritana (87)  here as so ci ated
with the FO of  Ramochitina nestorae (78) for the Jaani Stage;
the FO of  Cingulochitina cingulata (26) for the Jaagarahu
Stage; and the LO of Sphaerochitina indecora (97) for the
Rootsiküla Stage.  So de fined stage bound aries co in cide with
da tum planes iden ti fied in this study. The da tum planes that
cor re spond to the bases of the fol low ing stages are: da tum
plane 4 for the Raikküla Stage, da tum plane 12 for the Adavere
Stage, da tum plane 24 for the Jaani Stage, and da tum plane 29
for the Jaagarahu Stage (Figs. 6 and 8). The base of the
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Fig. 5. Dis tri bu tion of taxa by fre quency in the dataset stud ied

White bars in clude all taxa in the dataset and black bars in clude only the
taxa in the stan dard 129/83/41
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Fig. 6. Stan dard 129/83/41 with taxa ar ranged in or der of their ap pear ances

Taxa num ber ing (in the range chart) re flect their or der in the en tire dataset and the taxon names are given above and be low the range chart; taxa in
bold are zonal spe cies (Nestor, 1994), and taxa with boxed ranges are in dex spe cies of the global zones (Ver ni ers et al., 1995); da tum planes (1 to 41)
are given along the sides of the range chart



Rootsiküla Stage is prob lem atic due to the scar city or ab sence
of chitinozoans (Nestor, 1994).

The bound ary stratotypes (SSP) of two of the Bal tic stages 
are in the sec tions stud ied: the base of the Adavere Stage is at
50.3 m in the Kirikuküla core-sec tion, and the base of the
Jaani Stage is at 345.8 m in the Ohesaare core-sec tion (Nestor, 
1997). Both ho ri zons are ef fec tively dated by the chitinozoan
stan dard 129/83/41 us ing the spe cies ap pear ances noted
above. In ad di tion, bound ary stratotypes of the lower bound -
aries of two other re gional stages oc cur in the sec tions stud ied
as the hypostratotypes for the Jaagarahu Stage at 21.4 m in the
Jaagarahu core-sec tion and the Rootsiküla Stage at 53.6 m in
the Kipi core-sec tion (Nestor, 1997). How ever in both of
these sec tions, chitinozoans are too poorly rep re sented to de -
lin eate the bound aries.

The Si lu rian chitinozoan global zones are de fined by a suc -
ces sion of ap pear ances of in dex spe cies (in di cated in Fig. 6 by
the ranges en closed in boxes; Ver ni ers et al., 1995). These in -
dex taxa are all po si tioned in the stan dard 129/83/41 in the se -
quence pre dicted by their zones ex cept for the youn gest such,
Sphaerochitina lycoperdoides which is ab sent in the given
dataset. A sig nif i cant re sult is that the ap pear ance of 
Margachitina margaritana (87), which marks the base of the
Wen lock Se ries in the global zonation, oc curs be low the base
of the Jaani Stage sug gest ing that the bases of these units are
not equiv a lent (see also Loydell et al., 1998; Nestor, 2005).
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Fig. 7. Cross-plot of the Ohesaare sec tion against the stan dard
129/83/41 us ing the da tum planes based on FO-s and LO-s (cir cles)

and a run ning av er age of their po si tions us ing a spline func tion

Fig. 8. Po si tions of the stage bound aries in the Ohesaare and
Kirikuküla sec tions based on cross-plots of the sec tion po si tion 

(ver ti cal scale in metres) against the stan dard 129/83/41 
(hor i zon tal scale in num bered units)

Ar rows — lower bound ary stratotype po si tion (SSP) of the Adavere Stage
(H; Kirikuküla sec tion) and the Jaani Stage (J1; Ohesaare sec tion); for

other stage sym bols see Fig ure 2; for ma tions: O — Ohne; S — Saarde; Vl

— Velise; Rg — RÌga; Jm — Jamaja; Sv — Sárve; V — Varbola; T —
Tamsalu; N — Nurmekund; Rk — Raikküla; R — Rumba; each da tum col -
umn may be closed at the top and base by hor i zon tal lines or open; closed
bound aries are lim ited by a FO and/or LO whereas open bound aries are
lim ited by the lim its on ad ja cent da tums

Fig. 9. Dis tri bu tion of originations (FO-s) and ex tinc tions (LO-s),
and di ver sity of chitinozoan taxa ac cord ing to the DISTR stan dard

129/83/41 (A) and the Bio Graph anal y sis 180/180/56 (B)



CHITINOZOAN DYNAMICS 
AND SEDIMENTATION PATTERNS

The chitinozoan stan dard zonation (uni tary as so ci a tions by
Guex) can be used to ana lyse the dy nam ics of chitinozoan di -
ver sity, sed i men ta tion pat terns, and the oc cur rences of strati -
graphic gaps on a fine scale. The nu mer ous da tums of the stan -

dards de vel oped here (Fig. 6) pro vide a finer tem po ral res o lu -
tion than the tra di tional zones. 

The chitinozoan stan dard in tro duced here pro vides a
zonation based on the se quence of originations and ex tinc tions
re corded in the sec tions stud ied. The num ber of originations
and ex tinc tions, and the di ver sity by each row of the stan dard
var ied through the time in ter val stud ied. The gen eral pat tern is
the same in both tab u la tions, i.e. ac cord ing to the DISTR us ing
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Fig. 10. LOC-s of eight sec tions ac cord ing to their dat ing points

For ma tions in the Aizpute-41 sec tion: Re — Remte; Do — Dobele; Ju — Jñrmala; see text for dis cus sion of strati -
graphic gaps and sed i ment ac cu mu la tion pat terns



the zonal spe cies of the stan dard 129/83/41and Bio Graph em -
brac ing all spe cies in the dataset (Fig. 9). The low est di ver sity
char ac ter ised the be gin ning of the Si lu rian, prob a bly re sult ing
from the mass ex tinc tions at the end of the Or do vi cian (see
Brenchley et al., 2003). The num ber of chitinozoan zones in
the Juuru Stage is fewer than in other stages due to the rel a -
tively low di ver sity and turn over at that time. The di ver sity
steadily in creased into the ear li est Jaani Stage (near the base of
the Wen lock Stage) and the re sult ing turn overs al low finer res -
o lu tion in this in ter val. This helps to re solve the de tails of the
strati graphic gaps in the Raikküla and Adavere stages (see be -
low). Chitinozoan di ver sity de creases through the Jaani Stage,
lim it ing the res o lu tion of the suc ces sion. The base of the
Jaagarahu Stage is marked by an abrupt in crease in chitinozoan 
di ver sity, and an other di ver sity de cline oc curs in the up per part
of the stage. The Rootsiküla Stage con tains few chitinozoans
be cause the three sec tions stud ied are pre dom i nantly la goonal
de pos its in which chitinozoans are poorly pre served.

SEDIMENTATION RATES 
AND STRATIGRAPHIC GAPS

The chitinozoan stan dard al lows com par i son of sed i men ta -
tion pat terns in sec tions of the Es to nian Shelf and the Livonian
Ba sin. The ac cu mu la tion pat terns can be il lus trated by
cross-plot ting the chitinozoan in ter vals against sec tion thick -
ness (well depths in most sec tions) in the same way that graphic 
cor re la tion cross-plots lo cal FO and LO ho ri zons against a
com pos ite sec tion (Fig. 10). Here the chitinozoan stan dard
forms the hor i zon tal axis, and the slopes of LOC-s are pro por -
tional to sed i ment ac cu mu la tion rates (steeper slopes cor re -
spond to higher ac cu mu la tion rates). Hor i zon tal LOC seg ments 
rep re sent strati graphic gaps or in ter vals with very low sed i -
men ta tion rates. A ver ti cal LOC off set would in di cate that
some time was miss ing in the chitinozoan stan dard, and the ab -
sence of such off sets sug gests that the stan dard rep re sents a
com plete re cord of the strata de pos ited in the study area.

The strati graphic gaps or in ter vals of low ac cu mu la tion
tend to oc cur at dis crete times (based on the chitinozoan
zonation) and to be best de vel oped in geo graph i cally co her ent
ar eas. One ex am ple oc curs at the be gin ning of the Juuru Stage
(G1-2 in Fig. 10). The ear li est zonal spe cies, Spinachitina
fragilis (101), Ancyrochitina laevaensis (6), and Plectochitina
nodifera (117), are miss ing in on shore sec tions in north ern Es -
to nia (Kirikuküla, Emmaste, Martna, Asuküla, Pusku, Rapla,
Raikküla), but oc cur in more basinward sec tions (Ikla,
Häädemeeste, Ruhnu-500). An other ex am ple is the gap at the
end of the Raikküla Stage that is well de vel oped in on shore but
ab sent in basinal sec tions. The plots also il lus trate the dif fer -
ences in over all ac cu mu la tion rates across the study area, as
dem on strated by the strati graphic thick ness vari a tions in equiv -
a lent in ter vals.

The LOC-s against the stan dard in ten well-stud ied sec tions 
dem on strate re gional changes in ac cu mu la tion rates (Fig. 10).

Transects across the Es to nian Shelf (Kirikuküla to Ruhnu sec -
tions) show that de po si tion dur ing the Juuru (G1-2) and
Raikküla (G3) times was in ter rupted by a strati graphic gap in
the late Raikküla. The gap had the lon gest du ra tion in the updip
ar eas (Kirikuküla sec tion). This gap is ei ther not pres ent or too
brief to be rec og nized in the basinward sec tions (Staicele, Ikla,
Häädemeeste), and the sec tions at Aizpute and Ventspils are
too thin for a clear in ter pre ta tion. The Adavere Stage may con -
tain one or more gaps but the re cord is dif fi cult to in ter pret be -
cause of low ac cu mu la tion rates in all sec tions, a rapid trans -
gres sion and vari able ac cu mu la tion in the lower part of the
stage, and lo cal ero sion at the top of the stage (Har ris et al.,
2005). A gap at the bound ary be tween the Jaani (J1) and
Jaagarahu (J2) stages oc curs in all stud ied sec tions pen e trat ing
this in ter val, ex cept in the Ohesaare and Ruhnu-500 sec tions
that pro vided the de tailed data used to es tab lish the chitinozoan
stan dard. The strati graphic gaps iden ti fied in this anal y sis cor -
re spond to se quence bound aries de fined by depositional fa cies
shifts, ero sional sur faces and fau nal zones (Har ris et al., 2005).

CONCLUSIONS

1. Llandovery and Wen lock chitinozoans in the Es to nian
Shelf and Livonian Ba sin share the same tem po ral suc ces sion.
Com mon spe cies suc ceed each other in nearly the same or der in 
all sec tions across the fa cies gradient.

2. The suc ces sion of chitinozoan spe cies de ter mined by the
rel a tive age re la tions (“above”, “be low”, and “co-oc cur ring”)
de fines a stan dard suc ces sion of taxa that pro vides a high-res o -
lu tion time scale for dat ing the sec tions stud ied.

3. Re gional and global chitinozoan zones can be tied to the
chitinozoan stan dard by the ranges of in dex fos sils in the stan -
dard. The in dex fos sils and tra di tional zones are prop erly po si -
tioned on the chitinozoan stan dard.

4. Chitinozoan di ver sity steadily in creases dur ing the
Llandovery ep och (Juuru to Adavere times).  In the Wen lock, a
di ver sity de cline in Jaani time was fol lowed by an abrupt in -
crease in early Jaagarahu time and a sec ond de cline in late
Jaagarahu time.

5. Cross-plots of sec tion thick ness against the chitinozoan
stan dard re veal vari a tions in sed i ment ac cu mu la tion pat terns.
Thick ness pat terns and strati graphic gaps re flect
palaeogeographic po si tions of sec tions within the ba sin, and
the ma jor strati graphic gaps cor re spond to iden ti fi able
sequence boundaries.
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