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Stron tium iso tope ra tios have been de ter mined on 74 anhydrite sam ples from seven bore hole cores in the Pol ish Zechstein. Five of the
bore hole cores are lo cated in the ba sin and iso tope re sults from these sam ples show a nearly pure ma rine sig nal. Re sults from one bore -
hole core, lo cated near the Zechstein coast line that mi grated through time, re cord a stron ger, in con sis tent in flu ence of con ti nen tal stron -
tium to a ma rine base. In ter mit tent me te oric in flu ence is re corded in an hyd rites from other bore hole cores close to the car bon ate plat form
that was emer gent dur ing the anhydrite de po si tion. Con sis tency of iso tope val ues in di cates a ma rine sig nal and there is a nar row range in
con sis tent val ues from 87Sr/86Sr near Dsw –215 (0.70702) for the old est an hyd rites and near  Dsw –205 (0.70712) for the youn gest an hyd -
rites. Com par i son with a sea wa ter 87Sr/86Sr curve based on sam ples in West Texas and a Perm ian-Tri as sic bound ary value from China
shows that the Pol ish Zechstein in these seven bore holes is lat est Perm ian in age and ma jor de po si tion rep re sents a short time in ter val  (~2 
mil lion years). Stron tium iso tope ra tios re ported by other work ers in di cate some of the youn ger Zechstein else where in di cate even
greater con ti nen tal in flu ence is in agree ment with the in ter preted sedimentological set ting for those an hyd rites.
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INTRODUCTION

Gyp sum pre cip i tat ing from a sa lina will re cord the 87Sr/86Sr
of that brine. If the sa lina is de rived from ma rine wa ter, the iso -
tope ra tio can be used to de ter mine or con strain the age of de -
po si tion (Denison et al., 1998). But many brines are, in fact,
mix tures of wa ter de rived from two or more sources (Hardie,
1984). Evaporite bas ins can be sourced by ma rine, con ti nen tal
or even hy dro ther mal wa ters. If there is a sig nif i cant me te oric
con tri bu tion to a ma rine based brine pool, the pre cip i tated gyp -
sum will re cord an 87Sr/86Sr on a mix ing line an chored by the
iso tope ra tio and con cen tra tion of sea wa ter stron tium and the
mean me te oric con tri bu tion. 

The stron tium iso tope ra tio of 74 Up per Perm ian Zechstein
anhydrite core sam ples have been de ter mined from seven bore -
holes in Po land. These mea sure ments were made to better un -
der stand the Zechstein sa lina and de ter mine if the evaporites
are de rived from ma rine wa ters. Geo graphic and strati graphic
con sis tency of iso to pic re sults in di cates a re tained ma rine sig -
nal (Denison et al., 1998). If a re tained ma rine sig nal can be de -

ter mined, the age of Zechstein de po si tion can be ac cu rately de -
fined with a sea wa ter 87Sr/86Sr curve. We have cho sen to use a
Late Perm ian sea wa ter curve de fined from sam ples in West
Texas and China. U/Pb ages from zir cons in interbedded tuffs
in the Chi nese sec tions pro vide a nu meric base for the sea wa ter
stron tium curve.

GEOLOGICAL SETTING

The Up per Perm ian Zechstein se quence was de pos ited in a
vast epicontinental ba sin ex tend ing from Eng land in the west to 
Lith u a nia and Lat via in the east. The ba sin is com posed of two
parts: the North ern and South ern Perm ian bas ins and was es -
tab lished due to a cat a strophic trans gres sion from the Barents
Sea which in un dated Late Perm ian intra-con ti nen tal top o -
graphic de pres sion. Dur ing pe ri odic cut-off of those bas ins
from the Barents Sea, evap o rates were pre cip i tated in the arid
con di tions which pre vailed dur ing the Zechstein de po si tion.
Four salt cyclothems have been dis tin guished by Rich -
ter-Bernburg (1955) through out the ba sin (Ta ble 1). Youn ger



cy cles have been rec og nized in Ger many but in Po land these
are re garded as sub di vi sions of the fourth cy cle (Wag ner and
Peryt, 1997). Each of the first three cyclothems is com posed of
a suc ces sion of es sen tially basinwide lithologies be gin ning
with a thin claystone at the base fol lowed by car bon ate,
anhydrite and ha lite (some with pot ash units). The top of the
cyclothem is marked by re gres sive ha lite and anhydrite. The fi -
nal cyclothem be gins with claystone fol lowed by anhydrite,
then ha lite, which is com monly interbedded with claystones.
The an hyd rites of the first cyclothem are the Lower Werra

Anhydrite (A1d) and the Werra Up per Anhydrite (A1g) fol -
lowed by the Basal Anhydrite (A2) of the sec ond cyclothem
and the Main Anhydrite (A3) of the third cyclothem. This is
over lain by the Aller Anhydrite. The se quence strati graphic
syn the sis of Wag ner and Peryt (1997) in ter prets A1d, A2 and
the up per part of A3 as lowstand sys tems tracts, A1g as
transgressive sys tems tracts and the up per part of A1g and
lower part of A3 as highstand sys tems tracts. The evaporites of
the first cyclothem built an evaporite plat form that con trolled
the de po si tion of over ly ing units, es pe cially the Main Do lo mite
and Basal Anhydrite.

The deeper part of the Zechstein ba sin is in west ern
west-cen tral Po land, where four of the bore holes ex am ined in
this study were drilled (Gorzów Wielkopolski IG 1, Kamieñ
Pomorski IG 1, Barnówko 11 and Zawisze 1 bore holes; Fig. 1). 
One bore hole — Olsztyn IG 1 — is lo cated in the pe riph eral
part of the Zechstein ba sin (Fig. 1), and two oth ers are in the
palaeogeographic zone termed the Wolsztyn Ridge. On the
cen tral ridge, reefs of the Zechstein Lime stone, the old est
Zechstein car bon ate unit, were es tab lished on pre-Zechstein
highs (Dyjaczynski et al., 2001). The re lief cre ated dur ing
Zechstein Lime stone de po si tion ends with the de po si tion of the
ma jor Werra Lower Anhydrite (A1d), the less sig nif i cant
Werra Up per  Anhydrite (A1g), and the lo cally oc cur ring Old -
est Ha lite (Na1) mak ing the up per sur face of the PZ1 (Werra)
de pos its roughly pla nar. Thus in lo cal de pres sions, the strati -
graphic pro file of the PZ1 evaporites is com plete. The
Koœcian 22 and Bonikowo 2 bore holes are in such de pres sions
but close to the reef com plexes. 

The suc ces sion of lithologies of the anhydrite in the in ter -
vals stud ied here is shown in Fig ure 2. Four in ter vals of
Zechstein anhydrite were stud ied and an a lyzed. The two lower
in ter vals, the Werra Lower and Up per An hyd rites, are usu ally
sep a rated by the Old est Ha lite. The fa cies and thick ness of the
Werra Lower Anhydrite vary greatly in the pe riph eral parts of
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Fig. 1. The ex tent and thick ness (in metres) of Zechstein de po si tion in Po land 
and the lo ca tion of the seven bore hole cores from which an hyd rites were an a lyzed
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Fig. 2. Li thol ogy of anhydrite cores and re sults of the stron tium iso tope mea sure ments

Note the con sis tency of val ues, par tic u larly in the basinal (Gorzów Wielkopolski IG 1 and Kamieñ Pomorski IG 1) bore holes in di cat ing a strong ma rine

dom i nance of the Zechstein sa lina at these lo ca tions; one sam ple with a Dsw > –170 from the Olsztyn IG 1 bore hole not plot ted; let ter sym bols are ex -
plained in Ta ble 1



the ba sin where a com plex sys tem of lo cal sul fate plat forms are
sur rounded by ha lite filled bas ins (Peryt and Antonowicz,
1990; Peryt, 1994). The Werra Lower Anhydrite var ies in
thick ness from less the 50 to more than 250 m. The up per sec -
tion con tains bed ded anhydrite with some de vel op ment of nod -
ules at the top. Tex tural ev i dence, largely mas sive anhydrite
con tain ing pseudo morphs af ter up right-growth gyp sum, in di -
cates that the pre cur sor gyp sum was orig i nally de pos ited in
shal low sub aque ous con di tions (Peryt, 1994). The Werra Up -
per Anhydrite is usu ally a few tens of metres thick, but has a
more sheet-like char ac ter. At its base, mudstones with
anhydrite nod ules are over lain by bed ded and lam i nated
anhydrite with abun dant pseudo morphs af ter sel e nite crys tals.
In the pe riph eral part of the ba sin interbeds of nod u lar
anhydrite are com mon and a few do lo mite interbeds oc cur. The 
Werra Up per Anhydrite de pos its near the mar gin of the ba sin
orig i nated in very shal low sub aque ous and subaerial
depositional en vi ron ments, and those in the ba sin cen tre were
formed un der sta ble sub aque ous con di tions (Peryt et al.,
1996a). The Basal Anhydrite is a few tens of metres thick
above the Main Do lo mite plat form and a few metres thick in
the ba sin cen tre. This anhydrite is com posed of thin
stromatolitic an hyd rites (a few of tens of cm thick al though
these are some times lack ing) pass ing into mas sive anhydrite
with pseudo morphs of sel e nite crys tals (a few mm to 20 cm
high), formed in shal low sub aque ous, sa lina en vi ron ments,
then into bed ded and lam i nated anhydrite. Lo cally there are
thin (cm to sev eral tens of cm thick) in ter ca la tions of ha lite in
the anhydrite (e.g., Peryt et al., 1996b). The Main Anhydrite
shows a transgressive se quence. At the bot tom nod u lar
anhydrite is over lain by mas sive anhydrite, com monly with
pseudo morphs af ter sel e nite crys tals and (rarely) lam i nated
anhydrite. Par tic u lar anhydrite units show a great lat eral ex tent
(Reimann and Rich ter, 1991). 

SAMPLE PREPARATION AND ANALYSIS

The anhydrite sam ples were dis solved in ul tra pure wa ter,
fil tered and pre cip i tated as CaCO3 by add ing a 1M NaCO3 so -
lu tion. The CaCO3 was dis solved in HNO3 and the stron tium
sep a rated us ing a stron tium spe cific resin. The iso tope ra tios
were mea sured on a sec ond or der, dou ble fo cus ing mass spec -
trom e ter with a 60°, 13 inch (33.0 cm) ra dius of cur va ture mag -
netic sec tor and a 91°, 15.8 inch (40.1 cm) ra dius of cur va ture
elec tric sec tor. Masses 85, 86, 87, and 88 were mea sured si mul -
ta neously in four sep a rate far a day cups. The 87Sr/86Sr val ues
have been nor mal ized to 87Sr/86Sr  = 0.1194. The iso tope ra tio
of the un known sam ples were mea sured by com par i son to a
stan dard (Burke and Hether ing ton, 1984). The stan dard used in 
most of the mea sure ments was NBS/987 for which a value of
0.710240 has been as sumed. All sam ples are re ported as the
dif fer ence be tween mod ern sea wa ter (Dsw). We use the Dsw
dif fer ence no ta tion fol lowed by the 87Sr/86Sr.

Dsw = (87Sr/86Sr un known – 87Sr/86Sr mod ern sea wa ter) ´ 105

More than 100 mea sure ments of mod ern sea wa ter and
NBS/987 yield a weighted mean of +106.7 ±0.3 for the NBS
SrCO3 stan dard. All pub lished re sults have been nor mal ized to
these val ues.

POLISH ZECHSTEIN ISOTOPE RESULTS

The 74 an a lyzed anhydrite in ter vals from seven bore holes
were cho sen to cover the wid est strati graphic and geo graphic
range avail able in the Pol ish Zechstein. The sam ples are rep re -
sen ta tive of the in di vid ual cored strati graphic units. The an hyd -
rites con tain mi nor wa ter in sol u ble res i due, de ter mined petro -
graphi cally to be do lo mite where it could be iden ti fied. Only
one sam ples had more than 1.0% wa ter in sol u ble ma te rial (by
weight) and most were <0.5%. Lo ca tion of the sam ples and re -
sults of mea sure ments are shown in Ta ble 2 and are plot ted in
Fig ure 2.

Fif teen de ter mi na tions were made on three sep a rate
anhydrite beds over a 238 m in ter val in the Gorzów
Wielkopolski IG 1 bore hole. The bore hole drilled (Fig. 2) the
Main Anhydrite (A3) un der lain by a thin do lo mite, through a
thick ha lite into the Basal Anhydrite (A2), through an other
do lo mite and into the Werra Up per Anhydrite (A1). Four de -
ter mi na tions from the two lower in ter vals (A1 and A2) are in -
dis tin guish able with a mean of Dsw –215 ±1 (0.70702). There
is no rec og niz able dif fer ence be tween re sults from the Werra
Up per and Basal an hyd rites. There is a pro nounced iso tope
shift in the up per in ter val, as signed to the Main Anhydrite
(A3). The up per nine de ter mi na tions yield a mean of Dsw of
–209 ±1 (0.70708), clearly higher than re sults from the un der -
ly ing an hyd rites.

Eight de ter mi na tions were made over a 118 m in ter val in the
Kamieñ Pomorski IG 1 bore hole. The drilled in ter val is as signed
to the Werra Up per Anhydrite (A1g). There is a small range in
Dsw val ues and all agree within er ror with the mean. The mean
of the eight de ter mi na tions is Dsw –214 ±1 (0.70703). This is
within er ror of re sults from the Basal and Werra Up per An hyd -
rites in the Gorzów Wielkopolski bore hole.

Twenty two an hyd rites were an a lyzed over a 122 m in ter val 
in the Olsztyn IG 1 bore hole drilled at a shelf lo ca tion more
than 300 km east of the ba sin bore holes (Gorzów Wielkopolski
IG 1 and Kamieñ Pomorski IG 1). The in ter val is in ter preted to
ex tend from the lower part of the Werra (PZ1) through the
Main Anhydrite (A3; Peryt, 1989). The de ter mined Dsw val ues
(Ta ble 2) range from –206 to –142 (0.70711 to 0.70775), a con -
sid er ably greater scat ter com pared to the con sis tency of the
more basinward sec tions (Fig. 2). The iso to pic scat ter is be -
lieved due to pe ri ods of me te oric in flu ence. None the less, ex -
am i na tion of the re sults shows a con sis tent, es tab lished base -
line. The mean of three low est ra tio an hyd rites from the in ter val 
is Dsw –211 ±1 (0.70706). The base line for the up per in ter val
yields a mean of Dsw –205 ±1 (0.70712) on 13 anal y ses. 

Eight anhydrite sam ples were an a lyzed over a 110 m in ter -
val in the Barnówko 11 bore hole and four sam ples over a 60 m
in ter val in the Zawisze 1 bore hole. Both bore holes are drilled at 
the deep ba sin — PZ1 evaporite plat form bound ary, and the
drilled in ter vals ex tend from the up per part of the Werra Up per
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Anhydrite (A1g) through the Main Do lo mite to the lower part
of the Basal Anhydrite (A2). The de ter mined Dsw val ues (Ta -
ble 2) for A1g and A2 in the Barnówko 11 bore hole are sim i lar: 
–214 and –216 (0.70703 and 0.70701), re spec tively. Lim ited
re sults from the Zawisze 1 bore hole are lower, –222 (0.70695)
for A1g and –219 (0.70698) for A2. The sig nif i cance of these
low val ues is not known.

Twelve de ter mi na tions were made on two anhydrite units
— Werra Lower Anhydrite (A1d) (9 sam ples) and Werra Up -
per Anhydrite (A1g) (3 sam ples) — over a 93.3 m in ter val in
the Bonikowo 2 bore hole. Five an hyd rites were an a lyzed over
a 67.3 m in ter val in the Koœcian 22 bore hole that is as signed to
the Werra Lower Anhydrite (A1d). Those two bore holes oc cur
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Lab o ra tory
num ber Unit Depth

[m]
87Sr/86Sr Dsw

Olsztyn IG 1

10823 A3 1854.7 0.707122 ±16 –205.1

13081 A3 1863.3 0.707128 ±11 –204.5

10822 A3 1870.3 0.707366 ±12 –180.7

13080 A3 1876.1 0.707108 ±19 –206.5

13079 A3 1881.1 0.707119 ±12 –205.4

13078 A3 1884.3 0.707104 ±16 –206.9

13077 A3 1890.4 0.707117 ±15 –205.6

10821 A2 1894.9 0.707130 ±15 –204.3

13076 A2 1900.5 0.707146 ±17 –202.7

10820 A2 1908.6 0.707119 ±16 –205.4

10819 A1g 1919.8 0.707116 ±19 –205.7

13075 A1g 1922.4 0.707105 ±13 –206.8

13074 A1g 1926.0 0.707114 ±12 –205.9

10818 A1d 1926.9 0.707134 ±15 –203.9

13073 A1d 1935.1 0.707078 ±9 –209.5

13072 A1d 1940.1 0.707070 ±17 –210.3

10817 A1d 1943.9 0.707115 ±13 –205.8

13071 A1d 1951.8 0.707077 ±17 –209.6

13070 A1d 1957.7 0.707273 ±12 –190.0

10816 A1d 1965.1 0.707134 ±19 –203.9

13069 A1d 1972.0 0.707219 ±14 –195.1

10815 A1d 1976.2 0.707710 ±11 –146.3

Kamieñ Pomorski IG 1

10814 A1g 2418.0 0.707019 ±16 –215.4

10813 A1g 2425.9 0.707030 ±15 –214.3

10812 A1g 2439.0 0.707043 ±18 –213.0

10811 A1g 2460.1 0.707039 ±11 –213.4

13082 A1g 2470.5 0.707033 ±9 –214.0

10810 A1g 2482.3 0.707030 ±8 –214.3

13083 A1g 2492.0 0.707039 ±10 –213.4

10809 A1g 2535.8 0.707029 ±19 –214.4

Gorzów Wielkopolski IG 1

13092 A3 2857.8 0.707079 ±16 –209.4

13091 A3 2862.4 0.707094 ±13 –207.9

10808 A3 2863.6 0.707097 ±18 –207.6

13090 A3 2867.3 0.707081 ±14 –209.2

13089 A3 2874.9 0.707085 ±19 –208.8

13088 A3 2880.0 0.707081 ±12 –209.2

13087 A3 2885.0 0.707086 ±14 –208.7

10807 A3 2885.3 0.707069 ±19 –210.4

13086 A3 2888.0 0.707074 ±19 –209.9

13085 A3 2891.5 0.707175 ±15 –199.8

13084 A3 2894.8 0.707163 ±16 –201.0

10803 A2 3029.7 0.707007 ±16 –216.4

10804 A2 3041.4 0.707025 ±10 –214.7

10805 A1g 3082.9 0.707027 ±19 –214.6

10806 A1g 3095.5 0.707015 ±12 –215.8

T a  b l e  2

Stron tium iso tope anal y ses of Zechstein an hyd rites from Po land

Lab o ra tory
num ber Unit Depth 87Sr/86Sr Dsw

Barnówko 11

14310 A2 3069.0 0.707032 ±11 –214.1

14309 A2 3079.6 0.707051 ±16 –212.2

14308 A2 3083.2 0.706980 ±13 –219.3

14307 A2 3097.0 0.706992 ±12 –218.1

14306 A2 3101.0 0.706988 ±19 –218.5

14305 A1g 3129.1 0.707002 ±15 –217.1

14304 A1g 3139.0 0.707018 ±16 –215.5

14303 A1g 3144.8 0.707073 ±16 –210.0

Bonikowo 2

14322 A1g 2357.0 0.706974 ±17 –219.9

14321 A1g 2365.0 0.707228 ±14 –194.5

14320 A1g 2374.3 0.707273 ±11 –190.0

14319 A1d 2378.2 0.707243 ±14 –193.0

14318 A1d 2384.1 0.707107 ±13 –206.6

l14317 A1d 2391.4 0.707309 ±14 –186.4

14316 A1d 2397.7 0.707439 ±14 –173.4

14315 A1d 2411.0 0.707561 ±10 –161.2

14314 A1d 2419.3 0.707703 ±17 –147.0

14313 A1d 2430.6 0.707687 ±14 –148.6

t14312 A1d 2439.8 0.707494 ±16 –167.9

14311 A1d 2448.3 0.708715 ±11 –45.8

Koœcian 22

14327 A1d 2232.0 0.70703 8±6 –213.5

14326 A1d 2249.1 0.707044 ±14 –212.9

14325 A1d 2266.2 0.706999 ±16 –217.4

14324 A1d 2284.2 0.707000 ±10 –217.3

14323 A1d 2294.8 0.706924 ±14 –224.9

Zawisze 1

14331 A2 2234.9 0.706980 ±13 –219.3

14330 A1g 2279.8 0.706997 ±15 –217.6

14329 A1g 2288.0 0.706930 ±11 –224.3

14328 A1g 2292.0 0.706939±14 –223.4



within the broad PZ1 evaporite plat form and are lo cated within
the Wolsztyn Ridge, out side the reef zone al though not far
away from it. In the Bonikowo 2 bore hole there is a con sid er -

able scat ter of Dsw val ues in both anhydrite units (Dsw –147 to

–220 in the Werra Lower Anhydrite and Dsw –46 to –149 in the 

Werra Up per Anhydrite). There is a mod er ate range in Dsw
val ues in the Koœcian 22 bore hole over 63 m; the mean of the

five de ter mi na tions is Dsw –217 ±5 (0.70700). 

INTERPRETATION

The re sults from the Bonikowo 2 bore hole show much
greater scat ter to higher ra tios. Two anhydrite in ter vals from
the Gorzów Wielkopolski IG 1, four from the Olsztyn bore hole 
yield higher val ues. These higher val ues are con sid ered to re -
cord of the mix ing of ma rine and me te oric wa ter con tain ing ra -
dio genic stron tium. Mean ing ful mix ing mod els can not be de -
ter mined be cause the stron tium iso tope ra tio and con cen tra tion
can not be de ter mined for the me te oric com po nent. The high est
ra tios de ter mined in our study im ply that lo cally the me te oric
in put may be many times the vol ume of gyp sum-sat u rated sea -
wa ter (see Bryant et al., 1995; Denison et al., 1998). 

The small range of Dsw val ues in the Kamieñ Pomorski IG 1
bore hole in di cates that the wa ter body from which these an hyd rites
were pre cip i tated was well mixed with open ma rine wa ters. There is 
no rec og niz able dif fer ence in age within the 118 m sec tion. 

The Olsztyn IG 1 bore hole was drilled at a lo ca tion near the
shift ing Zechstein coast line. Not sur pris ingly the stron tium iso -
topes re cord the in ter mit tent and some times strong in flu ence of
stron tium car ried in con ti nen tal wa ter in five of the an a lyzed an -
hyd rites. The con sis tency of the re sults from the up per se quence
is re mark able given the shelf site where stron ger me te oric in flu -
ence would be ex pected. This up per sec tion con tains by only one 
con ti nen tally in flu enced anhydrite. Even at this shelf lo cal ity the
Zechstein sa lina is over whelm ingly ma rine. The stron tium iso -
tope re sults from the lower in ter val are iden ti cal to those from
Main Anhydrite in the Gorzów Wielkopolski bore hole.

The stron tium iso tope re sults from the Werra Up per
Anhydrite and Basal Anhydrite in the Barnówko 11 bore hole
(–214 and –216, re spec tively) are sim i lar to those in the
Gorzów Wielkopolski IG 1 (–215 and –215, re spec tively). In
con trast, the lim ited re sults from the Zawisze 1 are slightly
lower from the same strati graphic ho ri zon. The rea son is not
un der stood but could be due to re cy cling of the evaporites.

Sim i larly, al though Bonikowo 2 and Koœcian 22 bore holes
have sim i lar palaeogeographic po si tion, they dif fer sub stan tially in 
their stron tium iso tope re cord. The rea son may be a greater depth
dur ing the Werra Lower Anhydrite de po si tion in the Koœcian 22
lo ca tion and thus neg li gi ble me te oric wa ter con tri bu tion com -
pared to the Bonikowo 2 lo ca tion. This ex pla na tion is sup ported
by the con sid er ably greater thick ness of the Werra Lower
Anhydrite in the Koœcian 22 bore hole (116.5 m ver sus 76.5 m in
the Bonikowo 2 bore hole) as well as com mon oc cur rence of
clastic, re de pos ited anhydrite in the Bonikowo 2 bore hole. This
shelf site may not have been close to a me te oric point source.

Con sis tency is the hall mark of a re tained ma rine sig nal and
Zechstein stron tium iso tope re sults are re mark ably con sis tency

for anhydrite from the two cen tral ba sin core sites and rea son -
ably con sis tent from the shelf site. The scat ter of iso tope ra tios
is to higher val ues, a com mon re sult of mix ing the high ra tio
stron tium from con ti nen tal wa ters. There may be a me te oric
com po nent in other sam ples as well that can not be rec og nized
be cause of what Bryant et al. (1995) called the mea sur able ef -
fect. But be cause Late Perm ian sea wa ter ra tio is lower than any
other time dur ing the Palaeozoic, the sys tem is sen si tive to ra -
dio genic in flu ence from me te oric sources. The low est ra tio de -

ter mined from the cored Zechstein an hyd rites is near Dsw –210

(0.70707) and the high est con sis tent ra tio is Dsw –200

(0.70717). There is a small but reg u lar de crease in the Dsw with 
depth in the Gorzów Wielkopolski IG 1 and Olsztyn IG 1 bore -
hole cores. Three an hyd rites from two bore holes (Koœcian and
Zawisze) yield an oma lously low ra tios (<–220) which, if taken
at face value, would im ply a wider range in depositional age or
per haps re cy cling of older evaporites. 

Three clus ters of val ues (Dsw –215, –210, –205 [0.70702,

0.70707 and 0.7012]) are in ter preted as re cord ing the Dsw of
con tem po ra ne ous sea wa ter. The dif fer ences are small and it is
only when re sults from stratigraphically ad ja cent sam ples in all
the bore holes are eval u ated does the sig nif i cance be comes ap -
par ent. The dif fer ence in re sults from in di vid ual
stratigraphically ad ja cent an hyd rites is just out side er ror but the 
dif fer ence be tween the high est and low est clus ter is clear. In the 
two bore holes that show a trend in iso tope re sults, the youn gest

sam ples have the high est Dsw val ues, in di cat ing these in ter vals
are youn ger than the Perm ian min i mum shown in Fig ure 3. We
are un able to rec og nize any petrographic dif fer ence or strati -
graphic as so ci a tion be tween anhydrite sam ples yield ing high
ra tios and those re cord ing a ma rine stron tium sig nal. 
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Fig. 3. The es ti mated path of the stron tium iso tope sea wa ter ra tio
dur ing the later Perm ian and ear li est Tri as sic and the range of ma -

rine val ues for anhydrite core ex am ined here (from Ta ble 2)

The age of the Pol ish Zechstein is lat est Perm ian be cause the youn gest an -
hyd rites have the high est iso tope ra tios. The ar rows marked with a Z are the 
nu meric ages on ash beds re ported by Bowring et al. (1998). The path of
sea wa ter stron tium is from lat est Perm ian sam ples from the same lo cal i ties
in China used by Bowring et al. (1998). The path of the sea wa ter iso tope ra -
tio older than 254 Ma is based on re sults from sam ples West Texas and
New Mex ico (Denison et al., 1994; Kirkland et al., 2000)



DISCUSSION

Stron tium iso tope ra tios have been de ter mined on Late
Permian–Early Tri as sic sam ples by a num ber of work ers (e.g.,
Popp et al., 1986; Brookins, 1988; Kramm and Wedepohl,
1991; Gruszczyñski et al., 1992; Denison et al., 1994; Mar tin
and Mcdougall, 1995; Kampschulte et al., 1998; Kirkland et
al., 2000; Korte et al., 2003, 2006). These re sults out line an
87Sr/86Sr low in the lat est Perm ian and a sharp rise in the Early
Tri as sic, the gen eral shape shown by Burke et al. (1982). There 
is, how ever, con sid er able scat ter in pub lished val ues lead ing
un cer tainty as to the true path of sea wa ter stron tium iso topes
dur ing the Perm ian.

Re cent work has re solved some of this un cer tainty. There is 
now gen eral ac cep tance of Perm ian-Tri as sic bound ary def i ni -
tion in the Meishan area in China based on cono dont
biostratigraphy (Mei et al., 1998). Zir cons from tuff beds in the
ear li est Tri as sic-lat est Perm ian in South China have been used
by Bowring et al. (1998) es tab lish a bound ary age of 251.4
±0.3 Ma. Other ages were de ter mined both above and be low
the con tact. A zir con age of 252.3 ±0.3 was de ter mined from a
bed ~10 m be low the top and an other of 253.4 ±0.2 Ma 27 m
be low the top. Lime stones used by Denison et al. (1994) to de -
fine the path of sea wa ter stron tium are from the same quar ries
that con tain these cru cial tuff beds. For this study, 18 ad di tional 
sam ples were an a lyzed and the orig i nal lime stones were
reanalyzed from the Meishan sec tion. The anal y ses con firm,
within er ror, the re sults orig i nally re ported. Becker et al. (2002) 
re port a U-Pb age of 251.3 ±2.8 Ma on cal cite lay ers within
gyp sum of the Castile For ma tion (Ochoan) in West Texas, well 
within er ror of the re sults shown in Fig ure 3. Val ues from the
Rus tler For ma tion in West Texas (Denison et al., 1998) over -
lap those de ter mined from the old est an a lyzed lime stones from
Meishan and there is a near con tin u ous def i ni tion through the
Ochoan into the lat est Guadalupian (Kirkland et al., 2000).
Bowring et al. (1998) re port a zir con age of 265.3 ±0.2 Ma for a 
tuff near the mid dle of the Guadalupian in West Texas. This
nu meric age an chors the older part of the curve and stron tium
iso tope re sults from West Texas lime stones trace the sea wa ter
path shown in Fig ure 3. Korte et al. (2003, 2006) do not give a
pre ferred Perm ian-Tri as sic bound ary value but re sults from
their Eu ro pean lo cal i ties are very close to those from China. 

Sev eral stud ies have ex am ined Up per Perm ian stron tium
iso topes in Ger many (Zechstein) and Aus tria. These sam ples
sites are geo graph i cally sep a rated from those ex am ined here
and the evaporites were de pos ited in sub-bas ins sep a rated from 
the Pol ish an hyd rites. Kramm and Wedepohl (1991) re ported
nine Zechstein stron tium iso tope val ues from five lo cal i ties in

north-west Ger many. Their re sults ranged from Dsw –231 to
–131 (0.70686 to 0.70786) and showed the same gen eral trend
of higher val ues with de creas ing age. There is also a large range 

in Dsw val ues de ter mined on the Aus trian Haselgebirge
evaporites by Spötl and Pak (1996). But the low est val ues are

<Dsw –200 (0.70717), in di cat ing an ap par ent ma rine Perm ian
sig nal for some of the sam ples. Kampschulte et al. (1998) re -
port both sul fur and stron tium iso tope val ues from five Ger man 
Zechstein evaporite cy cles. Their 59 sul fur val ues are very con -
sis tent but 29 stron tium iso tope de ter mi na tions show a con sid -

er able scat ter. They spec u lated that the high ra tios might be the
re sult of in situ 87Rb de cay or, al ter na tively, mix ing of ma rine
and me te oric wa ter. Our ex pe ri ence fa vors the me te oric mix ing 
ex pla na tion. They in ter pret the low est ra tio as clos est to the true 

sea wa ter value. Their low est value from the Werra cy cle is Dsw 

–208 (0.70709); for the Stassfurt Dsw –198 (0.70719); for the

Leine Dsw –217 (0.70700); for the Aller Dsw –161 (0.70856)

and for the Ohre, Dsw –109 (0.70808). The high val ues from
the Aller and Ohre cy cles in di cate a large me te oric con tri bu tion 
at the lo ca tions sam pled. The plots of Kampschulte et al. (1998) 
data in di cate an ex tended pe riod of sed i men ta tion. Be cause
their low est points are from the Leine, nearer the mid dle of the
Zechstein, they plot their Zechstein re sults ex tend ing on both
sides of the Late Perm ian min i mum. The re sult of this in ter pre -
ta tion is an im plied depositional in ter val of five to eight mil lion
years for the Zechstein (their fig. 4). The re sults from Po land
sug gest a much shorter in ter val of de po si tion for de po si tion for
the se quence we ex am ined, ap prox i mately 2 mil lion years from 
Fig ure 3. Cer tainly the de po si tion of evaporites can oc cur with
amaz ing ra pid ity, e.g., the 640 m of an hyd rites and higher salts
of the Castile For ma tion took only an es ti mated 175,000 years
(An der son, 1982). The high est con sis tent ra tios de ter mined
from Po land are within er ror of bound ary value de ter mined
from China, in di cat ing an end of the Perm ian age of de po si tion
for this se quence. 

It should be noted that biostratigraphic stud ies led Kozur
(1989, 1994) to the con clu sion that the Zechstein was of
Changxingian age. Our re sults con firm this age as sign ment for
the Zechstein, ar gued on dif fer ent grounds.

CONCLUSIONS

Stron tium iso topes are a po ten tially pow er ful tool in mak ing
world wide cor re la tions (see dis cus sion of Mac Ar thur, 1994).
The req ui site base for these cor re la tions is the ac cu rate def i ni tion 
of the sea wa ter stron tium iso tope vari a tion with time. The iso to -
pic and palaeontologic bound ary work in China to gether with re -
sults from the well-stud ied West Texas strati graphic sec tions
pro vides this base. The ex act cor re la tion of the Eu ro pean Stages
to those in North Amer ica re mains to be de ter mined.

The as sign ment of the Zechstein to the lat est Perm ian by
Menning (1995) is in agree ment with our re sults from Po land.
His dis cus sion makes it clear that, in the sense of Cen tral Eu ro -
pe ans, the Zechstein be longs in the Perm ian. The range in
stron tium ra tios re ported by Kampschulte et al. (1998) is large,
sug gest ing a sub stan tial com po nent of con ti nen tal wa ter at their 
sam ple sites in the youn ger Zechstein sa linas. This is cer tainly
pos si ble given the geo logic set ting. The small range in stron -
tium iso tope peaks for the Pol ish Zechstein dur ing a pe riod of
rapid sea wa ter change in di cates a short in ter val of sed i men ta -
tion, about two mil lion years.

Stron tium iso topes are a po ten tially pow er ful tool in de ter -
min ing the age of ocean de rived gyp sum/anhydrite beds. The re -
sults from six Pol ish Zechstein bore holes show the great con sis -
tency, char ac ter is tic of a ma rine or i gin, and the case of one bore -
hole (Bonikowo 2) show ing the great vari abil ity, re cords a clear
me te oric con tri bu tion to the ocean based hypersaline wa ter body. 
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In ad di tion, some of the anhydrite beds in other bore holes, at dif -
fer ent brief pe ri ods, par tic u larly at the mar ginal lo ca tion, re cord
an in ter mit tent me te oric con tri bu tion to the ocean based
hypersaline wa ter body. Re gional stud ies us ing stron tium iso -
topes can be used to gain im por tant in sights into the hydrologic
set ting and shift ing in flu ences af fect ing evaporite de po si tion. 
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