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Two main lithostratigraphic units of clay-bear ing rock salt, the Tonmittelsalz of the Leine for ma tion (z3) and Tonbrockensalz
of the Aller for ma tion (z4), oc cur in the Ger man Zechstein (Up per Perm ian) suc ces sion. These units could be equiv a lents of
the Brown Zuber (Na3t) and Red Zuber (Na4t) in the PZ3 and PZ4 cyclothemes of the Pol ish Zechstein ba sin. Min er al og i -
cal-geo chem i cal in ves ti ga tions of the Tonmittelsalz and Tonbrockensalz were car ried out on sam ples taken from a deep
bore hole in the Gorleben salt dome in North ern Ger many. Even though these units are char ac ter ized by a sim i lar min er al og i -
cal com po si tion of mainly ha lite with sub or di nate quan ti ties of anhydrite and clay min er als, vari a tions in min eral con tent and
fab ric were ob served. The older Tonmittelsalz rocks doc u ment some pri mary fea tures like chev rons in ha lite crys tals and
idiomorphic ha lite crys tals in clay-bear ing lay ers. A brecciated fab ric and a vague lay er ing, shown by po lar iz ing mi cros copy
and CT-im ag ing, in di cate a de for ma tion of the youn ger Tonbrockensalz, which is folded in the deep bore hole Go1004. Nev -
er the less, in ter nal fab rics of clay clasts in the z4TS show an early brecciated and folded fab ric dur ing sed i men ta tion or
diagenesis. Main com po nent chem is try and REE are com pa ra ble in both units, but sig nif i cant dif fer ences were ob served for
trace el e ment and iso tope data. The z3TM rocks con tain higher val ues of trace el e ments like Li and higher val ues in REE,
while the z4TS rocks are en riched in K. Iso tope data of an hyd rites of both units cor re spond to those of the Zechstein. The
d18O val ues of sam ples from the Tonbrockensalz dis play a rel a tively large range (8.5–11.9‰) and may in di cate chang ing
con di tions dur ing its for ma tion. In con trast, only mi nor vari a tions in the d34S of sam ples from the Tonbrockensalz and in both
iso tope com po si tions of sam ples from the Tonmittelsalz have been doc u mented.
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INTRODUCTION

One of the most in ter est ing lithologies in the evaporites of
the Zechstein ba sin (Up per Perm ian) are clay-bear ing salt
strata, e.g. the clay-bear ing rock salt lay ers oc cur ring in the up -
per part of the Leine (z3) and Aller (z4) cyclothem suc ces sions
(called here “for ma tions”) of the North Ger man Zechstein Ba sin 
(NGZB; Fig. 1). Dur ing the sed i men ta tion of sa line for ma tions,
there were fre quent pe ri ods of terrigenous clastic de po si tion of
salt-clays and clay-bear ing salt lay ers. In this pa per, clay is un -
der stood as clay min er als and does not re fer to the grain size.
Dif fer ent lithological types of clay-bear ing rock salt de vel oped
lo cally de pend ing on the palaeo ge ogra phy of the Zechstein ba -
sin and the pre vail ing sed i men tary con di tions. So-called
salt-clay units like the Grauer Salzton (z3GT) and Roter Salzton 
(z4RT) of the Ger man Zechstein suc ces sion are found at the
bases of evaporitic cy cles, while clay-bear ing rock salt, called

“zuber” in the Pol ish Zechstein ba sin, oc curs in the over ly ing
strata, re flect ing ces sa tion of evaporite de po si tion by in creased
terrigenous in put (Ta ble 1; e.g., Wag ner, 1994; Wag ner and
Peryt, 1997).

To ob tain a better un der stand ing of the rel e vance of clay
min er als (in clay strata or clay-bear ing strata) with re gard to
sed i men ta tion, diagenesis and salt diapirism as well as to eval -
u ate their sig nif i cance in re la tion to safety as pects in po ten tial
ra dio ac tive waste dis posal, the Fed eral In sti tute for Geo -
sciences and Nat u ral Re sources (BGR) started min er al og i cal,
geo chem i cal and sta ble iso tope stud ies of dif fer ent Zechstein
clay-bear ing salt units (Ta ble 1). At the top of the Leine For ma -
tion, the clay-bear ing salt strata of the Tonmittelsalz (z3TM) are
lo cated (e.g., Herde, 1953; Bornemann et al., 2008).
Tonbrockensalz (z4TS, Bornemann et al., 2008) and
Tonbanksalz (z4TB), which is an equiv a lent of the
Tonbrockensalz found only in the Asse salt dome (Klarr and
Paul, 1991), are lo cated in the up per part of the Aller For ma tion. 
Based on bore hole logs, the Zechstein z3 to z7 evaporites of
the Ger man Zechstein Ba sin can po ten tially be cor re lated with
the salt-clay Zechstein strata of the Pol ish Zechstein Ba sin.
Käding (2000) linked the Tonmittelsalz and Roter Salzton to the
Gwda For ma tion in clud ing the Brown Zuber (Na3t) in the PZ3
cyclothem (Wachowiak et al., 2014) as well as the Ton bro cken -
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Fig. 1. Late Perm ian palaeo ge ogra phy of the Eu ro pean Perm ian Ba sin (basinal ex -
tent of the Zechstein 2 cy cle af ter S³owakiewicz and Miko³ajewski, 2011;
Czapowski and Tomassi-Morawiec, 2013) show ing the lo ca tion of the Gorleben
salt dome, the North Ger man Zechstein Ba sin (NGZB) and the Pol ish Zechstein
Ba sin (PZB)

T a  b l e  1

Cor re la tion of Up per Zechstein lithostratigraphic units of the Ger man 
and Pol ish Zechstein bas ins



salz and Tonbanksalz to the Korytnica For ma tion of the PZ4
cyclothem (Wag ner, 1991, 1994; Natkaniec-Nowak et al.,
2014). The Red Zuber (Na4t) unit, dis tin guished in salt domes
of cen tral Po land, is lo cated at the top of the PZ4 in the ax ial
part of the Pol ish Zechstein Ba sin and is con sid ered to be
equiv a lent to the Korytnica, Ina and Pi³awa for ma tions, cor re -
spond ing to the Ohre to Mölln for ma tions in the NGZB (Wag ner, 
1991, 1994). 

MATERIAL AND METHODS

The in ves ti ga tions are fo cused on two clay-bear ing rock salt 
units: the Tonmittelsalz (z3TM) and the Tonbrockensalz
(z4TS). The sam ples were taken from the deep bore hole
Go1004, lo cated on the south east ern flank of the Gorleben salt
dome (Fig. 2). The lay ers in the salt dome flank are steeply ori -
ented and folded (Bornemann and Fischbeck, 1988). The
Gorleben salt dome is lo cated in the east ern part of Lower Sax -
ony. The salt ta ble is ~250 m be low ground level whilst the base 
of the Zechstein lies at a depth be tween 3200 and 3400 m be -
low ground level (Bornemann et al., 2008). 

To ana lyse the min eral phases and micro struc tures of the
rocks, po lar iz ing mi cros copy, scan ning elec tron mi cros copy
(SEM) and com puter to mog ra phy (CT) have been used. More -
over, min er al og i cal and geo chem i cal in ves ti ga tions have been
per formed. Two aliquots for the H2O-sol u ble frac tion and one
aliquot for the H2O-in sol u ble frac tion as well as bulk sam ples
have been in ves ti gated (Fig. 3).

H2O-sol u ble frac tions. An aliquot was dis solved with dou -
ble-dis tilled wa ter on a sam ple shaker for sev eral days. From
this di ges tion so lu tion, geo chem i cal anal y ses were car ried out

by In duc tively Cou pled Plasma Op ti cal Emis sion Spec tros copy
(ICP-OES; Spectro CIRUS ICP-OES®) for the ma jor and mi nor 
com po nents Na, K, Mg, Ca, Cl, SO4 and the trace com po nent
bro mide (for an a lyt i cal de tails and lim its of de tec tion see
Mertineit et al., 2014).

Based on the ICP-OES data, the quan ti ta tive min eral com -
po si tion was cal cu lated within a lim ited range. Due to the po ten -
tially sig nif i cant H2O-con tent of the salt clays, by con trast with
typ i cal rock salt, for which the min eral cal cu la tion pro gram
ZECHMIN-7® was mainly cre ated (Bornemann et al., 2008),
and to avoid mis cal cu la tions, the pro cess ing was re stricted to
the ha lite and anhydrite con tent. 

In prep a ra tion of the sul phur and ox y gen iso tope ra tio mea -
sure ment of the sulphates, a fur ther aliquot was dis solved with
10% NaCl so lu tion. The pH of the so lu tion was con trolled by
HCl at <2 and heated to just be low the boil ing point. Un der ad di -
tion of 8.5% BaCl2 so lu tion, the dis solved sul phate (of
anhydrite) pre cip i tated as BaSO4. This ma te rial was used for
the sul phur and ox y gen iso tope anal y ses. The sul phur iso tope
ra tios of the sulphates were ana lysed with a ThermoFinnigan
Delta Plus mass spec trom e ter®, con nected to an el e men tal
analyser (EA-IRMS) in a con tin u ous flow treat ment anal o gous
to Montinaro et al. (2015). The iso tope ra tios are ex pressed as
delta val ues (d18OSO4) rel a tive to the Vi enna Can yon Diabolo
Troilite (VCDT) anal o gous to Hulston and Thode (1965). The
ox y gen iso tope mea sure ments were also per formed in a con tin -
u ous flow treat ment us ing TC/EA-IRMS (ther mal com bus -
tion-iso tope ra tio mass spec trom e try) and a ThermoQuest
Delta Plus XL- mass spec trom e ter (e.g., Montinaro et al.,
2015). The mea sured ox y gen iso tope val ues are ex pressed as
delta val ues (d18OSO4) rel a tive to the Vi enna Stan dard Mean
Ocean Wa ter (VSMOW) anal o gous to Seal et al. (2000).
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Fig. 2. NW–SE ori ented cross-sec tion through the Gorleben salt dome with po si tion and pro file of bore hole Go1004

To the right, en larged pro file show ing sam pling in ter vals (mod i fied af ter Bornemann, 1991; Bornemann et al., 2008)



H2O-in sol u ble frac tions. An other aliquot was dis solved
with dou ble-dis tilled wa ter on a sam ple shaker for sev eral days
and fil trated in vac uum equip ment us ing Sar to rius® mem brane
fil ters (<0.1 µm mash size) in or der to ob tain the H2O-in sol u ble
res i due. The H2O-in sol u ble res i due was ana lysed by X-ray flu o -
res cence (XRF, PANalytical Axios®) in or der to de tect the main
com po nents, es pe cially Al, K, Mg and Si, as well as trace com -
po nents. The de tec tion lim its of the com po nents are: 0.05 wt.%, 
(Al2O3), 0.005 wt.% (K2O), 0.01 wt.% (MgO) and 0.10 wt.%
(SiO2). X-ray dif frac tion (XRD; PANalytical MPD Pro®) com -
bined with the Rietveld-method (Rietveld, 1969) was per formed
to de ter mine the quan ti ta tive min er al og i cal com po si tion.

Bulk sam ple. The min eral con tent was con trolled by mi -
cros copy and partly by XRD. In ad di tion to mi cros copy, XRD
and SEM, geo chem i cal anal y ses of the bulk rock sam ples were
per formed. An aliquot was dis solved with acid (HF-HNO3) for
de tect ing the ma jor, mi nor and trace el e ments by means of
ICP-OES (Agilent Tech nol o gies 5100) and ICP-MS (iCAP Q
Thermo Fisher), es pe cially fo cused on the de tec tion of the Al-,
K-, Mg- as well as the Li-, Rb- and REE-con tent. The de tec tion
lim its for ICP-OES in the so lu tion is about 1 ppb for all com po -
nents an a lysed. For the ICP-MS, the de tec tion lim its in the so lu -
tion e.g. for Li, Al and Rb are: 0.146 ppt, 82.6 and 0.381 ppt, re -
spec tively.

Non-de struc tive com puted to mog ra phy (CT; Phoe nix
v|tome|x m ®) com bined with the CT data soft ware VGStudio
MAX 3.0® (vol ume graphics) has been used to in ves ti gate the
in ter nal struc tures, spa tial dis tri bu tion/quan ti fi ca tion of phases
and fab rics (e.g., Ketcham and Carlson, 2001; Thiemeyer et al., 
2015) of the two rock types. The 3D vi su al iza tion of rock fab rics, 
spa tial dis tri bu tion of min er als and fluid phases or frac tures as
well as po ros ity pat terns al lows a com pre hen sive char ac ter iza -
tion of rock fab rics in great de tail (voxel size of 71.3 µm).

RESULTS

PETROGRAPHIC STUDIES OF TONMITTELSALZ

The Tonmittelsalz (z3TM) was en coun tered four times in
the Go1004. This unit is di vided into five sub units (Fig. 4) con -
sist ing of clay-bear ing rock salt (z3TM1/t, z3TM2/t and
z3TM3/t) with in ter ca lated halitic rock salt (z3TM1/na and

z3TM2/na). The over all nor mal thick ness is about 36 m
(Bornemann et al., 2008). The mi cro scop i cally stud ied sec tion
is lo cated at a depth be tween 1713.5–1755.8 m and is over -
turned. The up per most eight metres of the cored sec tion up to
1742 m of z3TM3/t were de stroyed dur ing drill ing and were not
sam pled. 

The clay-bear ing sub units of the z3TM unit (z3TM1/t,
z3TM2/t, z3TM3/t) are made of grey-green and slightly or ange
rock salt with grey or red-brown clay-bear ing flakes and lay ers
(Fig. 5A). The amount of de tri tus in creases to wards the top of
the z3TM. The clay-bear ing ma trix ap pears be tween ha lite
crys tals as well as in lay ers: 1 to 3 mm thick in z3TM1/t and up
to 5 cm thick in z3TM2/t and z3TM3/t. Ha lite crys tals are fine to
me dium-grained (2 to 10 mm in di am e ter) with curved grain
bound aries, tri ple junc tions with an gles ap proach ing 120° and
with im pu ri ties sit ting mainly along grain bound aries (Fig. 6B).
Abun dant fluid in clu sions are con cen trated along grain bound -
aries and within ha lite crys tals. Some fluid in clu sion trails are
rect an gu lar and look like chev ron crys tals (Fig. 6C). Joints with
fi brous ha lite are oc ca sion ally as so ci ated with clay flakes
(Fig. 6B). Idiomorphic quartz and magnesite crys tals are com -
mon in the ha lite crys tals (Fig. 6D). The clay-bear ing ma trix
con sists mainly of clay min er als, quartz, ha lite, anhydrite,
chlorite, mus co vite, magnesite and he ma tite (Fig. 5D). The
grain size of these com po nents var ies be tween 50 and 150 µm
and most of the phyllosilicates are crypto-crys tal line. A unique
fea ture of the z3TM1/t sub unit is anhydrite ag gre gates with
rounded, lobate shapes up to 1.5 mm in size (Fig. 6A).
Idiomorphic ha lite crys tals of sizes up to 2 cm are of ten pres ent
in clay-bear ing lay ers in z3TM2/t and es pe cially in the top
z3TM3/t sub unit (Figs. 4 and 5A–C). Car nal lite crys tals were
ob served within the halitic ma trix in all sub units (Fig. 8D). In the
SEM, idiomorphic magnesite crys tals were de tected (Fig. 7B).
Car nal lite flakes on the sur face of the thick sec tions prob a bly
grew out of prior fluid-filled pores af ter prep a ra tion (Fig. 7B).
The CT anal y sis shows a more or less uni form dis tri bu tion of
clay and anhydrite with out a pre ferred ori en ta tion (Fig. 9).
Within the ha lite ma trix, lobate pores with a fluid phase are as -
so ci ated with car nal lite. CT im ag ing showed that the sam ple
con sists of 86.8 vol.% of ha lite, 12.8 vol.% of de tri tal phases
and anhydrite as well as 0.4 vol.% of pore space at a res o lu tion
of 71.3 µm voxel size (Fig. 4). Within these pores, 71.8 vol.%
com prised car nal lite and 28.2 vol.% fluid.
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Fig. 3. Flow chart of the geo chem i cal and min er al og i cal anal y ses
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Fig. 4. Sche matic pro file of the Tonmittelsalz (z3TM) in the Go1004 bore hole with pho to graphs 
of split and pol ished cores

Fig. 5. Macro- and mi cro pho to graphs in plane po lar ized light of sam ple 
TM25 from the z3TM2/t sub unit

A – split and pol ished core (1724.70–1724.90 m), ar row points to strati graphic top; B – de tail of (A), thin-sec -
tion (sam ple TM25: 1724.83–1724.87 m) show ing clay-bear ing ha lite ma trix with clay layer frag ment on the
right hand side in clud ing idiomorphic ha lite crys tals; C – de tail of (B), idiomorphic ha lite crys tals in clay-bear -
ing ma trix; D – clay-bear ing ma trix with clay min er als, quartz, anhydrite, ha lite, mus co vite, chlorite and he -
ma tite
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Fig. 6. Mi cro pho to graphs of sam ples from z3TM

A – anhydrite ag gre gates in dark clay ma trix; B – ha lite fab ric with clay mainly on grain bound aries and a
cross-cut ting joint filled with fi brous ha lite; C – ha lite crys tals with fluid trails (ar rows), magnesite and clay
(dark ma te rial) on the grain bound aries, z3TM3/t (sam ple TM29: 1728.64–1728.70 m); D – quartz crys tals
with fluid in clu sion traces and magnesite crys tals in a ha lite ma trix; A, B, D: z3TM1/t (sam ple TM15:
1719.44–1719.50 m), A–C in plane po lar ized light, D un der crossed polars

Fig. 7. SEM im ages of sam ples from z3TM1/t (sam ple TM15: 1719.44–1719.50 m)

A – clay-bear ing ma trix with chlorite, quartz with a dark rim, anhydrite and rutile; B – quartz and
magnesite in ha lite as well as car nal lite flakes in a clay-bear ing ma trix
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Fig. 8. Anhydrite layer in the halitic sub unit z3TM1/na

A – split and pol ished core, ar row points to strati graphic top; B – scan of a thin-sec tion (sam ple TM18:
1720.80–1720.96 m) marked in (A) with crossed polars show ing anhydrite crys tals (bright) and ha lite (dark);
C – mi cro pho to graphs of (B) with ha lite pseudo morphs and anhydrite crys tals; D – mi cro pho to graphs of car -
nal lite (sam ple TM16: 1719.80–1719.86 m); B–D un der crossed polars

Fig. 9. CT im ages of sam ples from the z3TM3/t (sam ple TM29: 1728.64–1728.70 m)

A – slice im age with ha lite, clay, anhydrite, fluid in clu sions and prob a bly car nal lite; B – vol ume body with
three phases, brown – clay, yel low – anhydrite, blue – micropores, ha lite is not dis played



The halitic sub units (z3TM1/na, z3TM2/na; Fig. 4) be tween
the clay-bear ing sub units con sist of or ange or red, fine to me -
dium grained (1 to 10 mm in di am e ter) ha lite with some clear
crys tals up to 5 cm in size. In the lower sub unit (z3TM1/na), a
20 cm thick dis tinct anhydrite-ha lite layer with anhydrite nee dles 
can be ob served (Fig. 8). Ha lite crys tals show pseudomorphism 
af ter gyp sum crys tals with sur round ing, per pen dic u lar anhydrite 
crys tals and growth bands be tween for mer gyp sum crys tals.
Rarely, polyhalite ap pears sur rounded by anhydrite crys tals.
The bound aries be tween the clay-bear ing and halitic sub units
are very sharp.

GEOCHEMICAL RESULTS FROM THE TONMITTELSALZ

Based on ICP-OES anal y ses of 20 sam ples, the clay-bear -
ing sub units with typ i cally rel a tively high con cen tra tions of
H2O-in sol u ble res i due (4.4 to 59.4 wt.%) show Mg- and K-con -
cen tra tions of up to 1 wt.% (Fig. 10). In ha lite-dom i nated sub -
units, ac com pa ny ing min er als are rare, ex cept anhydrite with
1 to 7 wt.% and up to 60 wt.% in one dis tinct anhydrite layer be -
tween 1720.7 and 1720.9 m depth (Fig. 8). The bro mide con -
cen tra tions vary in both types be tween 100 and 300 µg/g ha lite
and show no ob vi ous trend. The d34S and d18O iso tope com po -
si tions  (Ta ble 2) lay be tween +9.4 to +10.4‰ for d34S as well as 
for d18O and rep re sent typ i cal Zechstein val ues, which are +9.4
to +15.5‰ for d34S and +9.6 to +12.6‰ for d18O (Peryt et al.,

2010). The small vari a tion be tween 9.4 and 10.4‰ in both iso -
tope com po si tions is re mark able (Ta ble 2). 

The min er al og i cal com po si tion of the H2O-in sol u ble frac tion 
of three sam ples was mea sured by XRD and the
Rietveld-method, nor mal ized to 100 wt.% (Ta ble 3). Sam ples
TM15 and TM26 (geo chem i cal sam ple TM26 is ad ja cent to
thin-sec tion TM25, see Fig. 5) show a sim i lar min er al og i cal
com po si tion, while sam ple TM32 is dif fer ent with a quartz con -
tent twice as high as in the other two sam ples. Ad di tion ally,
TM32 has no chlorite-smectite mixed layer min eral in the
H2O-in sol u ble res i due and the other phyllosilicate con tent dif -
fers sig nif i cantly. In TM15 (z3TM1/t sub unit) and TM26
(z3TM2/t sub unit), the phyllosilicate con tent ac counts for about
two-thirds of the in sol u ble part of the sam ples, while in TM32,
rep re sent ing the z3TM3/t sub unit, a phyllosilicate con tent of
about half of the H2O-in sol u ble res i due was de tected (Ta ble 3).

Ma jor and mi nor com po nents as well as trace el e ments of
seven bulk sam ples were ana lysed by ICP-OES and ICP-MS
(Ta ble 2) and were plot ted on ter nary di a grams to gether with
the H2O-in sol u ble res i due of the z3TM ana lysed by XRF (Ta -
ble 2), with the z4TS unit as well as ref er ence sam ples of
Rotliegend salt (Lower Perm ian) and Zechstein salt-clays. 

Rare earth el e ments (REE) were ana lysed by ICP-MS and
nor mal ized to chondrite (Ta ble 4 and Fig. 11). For nor mal iza -
tion, the mean com po si tion of chondrite from Boyton (1984)
was used. The REE con cen tra tions are mod er ately dif fer ent,
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Fig. 10. Cal cu lated quan ti ta tive min er al og i cal com po si tion, Mg-, K-con cen tra tions and bro mide con tents of the halites, based
on ICP-OES anal y ses as well as iso tope com po si tions of the z3TM sub units

Sam ple po si tions are in the ha lite col umn; ar row points to the strati graphic top
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 Sam ples

Bulk sam ples Anhydrite

 Sub units
Al2O3 K2O MgO K Li Rb d34S d18O

wt.% µg/g  VCDT ‰  VSMOW ‰

TM15 z3TM1/t 1.51 0.37 1.76 3030 39 10.8   9.8 10.4

TM18 z3TM1/na 0.02 – 0.11 – 43   0.1 10.4 10  

TM24 z3TM2/t 1.25 0.36 1.25 2980 29 10.5 – –

TM26 z3TM2/t 8.22 2.11 8.51 17500  161  82  10.1   9.9

TM29 z3TM3/t 1.08 0.36 1.29 2980 20 11.5   9.4   9.4

TM30 z3TM3/t 0.44 0.21 0.57 1780   9   4.6   9.5   9.7

TM32 z3TM3/t 5.14 1.08 5.09 9000 104  46   – –

 H2O-in sol u ble res i due sam ples   

TM15 z3TM1/t 14.4    1.98 13.1         

TM26 z3TM2/t 14.9    2.20 12.6         

TM32 z3TM3/t 10.2    1.41 8.30      

T a  b l e  2

Ma jor and mi nor com po nents as well as trace el e ments of bulk sam ples and H2O-in sol u ble res i due sam ples and d34S and d18O
iso tope ra tios of sam ples from z3TM

Sam ples Quartz Mus co vite Chlorite-smectite Chlorite Kaolinite Microcline Magnesite He ma tite H2O-insol. 
res i due

TM15 27 20 21 13 11 4 3 <1  11.2

TM26 23 20 22 12 12 5 2 2 58.6

TM32 43 15  0 17 17 4 1 2 46.2

To tal amount of H2O-in sol u ble res i due of bulk sam ple for com par i son

T a  b l e  3

Min er al og i cal com po si tion of the H2O-in sol u ble res i due of three sam ples of z3TM in wt.%, nor mal ized to 100% of H2O-in sol u ble
res i due, phyllosilicates are marked in dark grey

Rare earth
el e ments

(REE)

Sam ples (nor mal ized to chondrite)

Sub units z3TM1/t z3TM1/na z3TM2/t z3TM3/t

Chondrite TM15 TM18 TM24 TM26 TM29 TM30 TM32

La 0.31    16.48 0.58 13.94  72.27 10.29 3.95 79.1  

Ce 0.808  12.84 0.39 10.81  55.26   7.79 2.92 61.88

Pr 0.122  10     0.28 8.55 41.65   5.88 2.28 47.76

Nd 0.6        7.57 0.24 6.38 30.73   4.44 1.66 36.22

Sm 0.195    4.52 0.18 3.4  16.79   2.52 1     20.38

Eu 0.0735   1.97 0.09 1.47   8.07   1.25 0.55   8.37

Gd 0.259  2.8 0.12 2.25 10.77   1.63 0.69 12.62

Tb 0.0474   1.92 0.08 1.46   7.64   1.16 0.51  8.5

Dy 0.322    1.62 0.07 1.18   6.68   1.01 0.41   6.95

Ho 0.0718   1.33 0.05 0.98   5.65   0.84 0.37   5.35

Er 0.21      1.29 0.04 0.89   5.58   0.84 0.36   5.12

Tm 0.0324   1.19 0.04 0.78   5.32   0.68 0.3  4.7

Yb 0.209    1.27 0.04 0.85   5.73   0.79 0.34   5.28

Lu 0.0322 1.2 0.03 0.78   5.24 0.7 0.28   4.89

H2O-in sol u ble res i due
(wt.%) 11.2  0.5  7.6  58.6  7.1 4.3  46.2  

For com par i son, H2O-in sol u ble res i due amount in last row

T a  b l e  4

Rare earth el e ments of the H2O-in sol u ble res i due of the z3TM sub units, nor mal ized to chondrites 
ac cord ing to Boyton (1984)



but the REE pat terns do not change sig nif i cantly. As doc u -
mented in Ta ble 4 and Fig ure 11, it is pos si ble to de fine spe cific
groups of sam ples. The low est REE con cen tra tions (<0.6, in
chondrite nor mal iza tion) were de tected in the z3TM1/na sub -
unit (sam ple TM18), an other group shows val ues be tween <4 to 
<17 (sub units: z3TM1/t, z3TM2/t and z3TM3/t) and the high est
val ues were de ter mined in the z3TM2/t and z3TM3/t sub unit
(sam ples TM26 and TM32). A neg a tive Eu anom aly can be ob -
served in all sam ples.

PETROGRAPHIC STUDIES OF THE TONBROCKENSALZ

The Tonbrockensalz (z4TS) unit was en coun tered twice in
the deep bore hole Go1004. The z4TS (Fig. 12) is di vided into a
lower sub unit (z4TSU) and an up per sub unit (z4TSO). Min er al -
og i cal and geo chem i cal stud ies were per formed on sam ples
from depths be tween 1803.5 and 1825.5 m. The nor mal thick -
ness of this unit is ~15 m (Bornemann et al., 2008). The z4TSU
lies on two fold limbs in this sec tion: the up per limb be tween
1803.5 and 1809.5 m and the lower limb be tween 1820.8 and
1825.5 m, while the up per most part of z4TSO is lo cated within
the hinge zone at ap prox i mately 1815 m.

The lower sub unit (z4TSU) of the Tonbrockensalz (Fig. 12)
con sists of brown clay-bear ing rock salt with a clay/anhydrite
con tent of ap prox i mately 10% at the bot tom and top. The layer
in be tween two clay-bear ing lay ers is char ac ter ized by an or -
ange halitic rock salt with less than 5% of im pu ri ties. The bound -
aries be tween these lay ers ap pear gradational. In the
clay-bear ing lay ers, ha lite crys tals of sizes of up to 2 cm are em -

bed ded in in dis tinct lay ers. Red-brown or grey clay oc curs as
thin bands, as clasts up to 2 cm in size with anhydrite or as
coats around ha lite crys tals. The ha lite ma trix is fine-grained
(0.5–3 mm) with ha lite crys tals in sizes up to 5 cm. The ha lite
fab ric shows com monly smoothly curved grain bound aries,
which tend to build up 120° tri ple junc tions with many fluid in clu -
sions as pock ets or chan nels on the grain bound aries
(Fig. 13A). Fluid in clu sions within ha lite crys tals oc ca sion ally
show neg a tive crys tal shapes (Fig. 13B). Em bed ded in a ha lite
ma trix, anhydrite ag gre gates con sist of up to 300 µm
(hyp)-idiomorphic crys tals to gether with polyhalite and are com -
monly sur rounded by a rim of clay (Fig. 13E, F). Some car nal lite 
is pres ent as well (Fig. 13D). In the clay-bear ing ma trix, pre -
dom i nantly rounded quartz and co lum nar anhydrite, both with
grain sizes of 50 to 100 µm, are com mon, as well as clay min er -
als, chlorite, mus co vite, celestine and he ma tite, all with grain
sizes <25 µm (Fig. 13C).

The up per sub unit (z4TSO) of the Tonbrockensalz (Fig. 12)
is rep re sented by an or ange rock salt with a brecciated fab ric of
ha lite and clay-bear ing clasts up to 5 cm in size em bed ded in a
ha lite ma trix with car nal lite nests. Sev eral veins with fi brous ha -
lite cross-cut the rocks. The ha lite ma trix shows com monly
elon gated ha lite crys tals with curved to straight grain bound -
aries, which tend to build up 120° tri ple junc tions (Fig. 14A).
Clay sits on ha lite grain bound aries and is as so ci ated with
anhydrite in lay ers and ag gre gates. The clay con sists of very
fine-grained com po nents (clay min er als, phyllosilicates and
quartz) as well as co lum nar shaped (>100 µm) anhydrite crys -
tals, which are lo cally ori ented roughly par al lel to and around
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Fig. 11. Rare earth el e ment dis tri bu tion in sub units of the z3TM, 
nor mal ized to chondrite (for ex pla na tion of sam ples see Table 4)
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ha lite crys tals (Fig. 14B), and polyhalite crys tals. Clay-bear ing
clasts of sizes up to a few cm with cross-cut ting veins with fi -
brous ha lite are sur rounded by ha lite ma trix. These clasts show
an in ter nal fab ric of clasts in a brecciated clay-bear ing fab ric as
well as bed ding de fined by quartz and anhydrite crys tals
(Fig. 14D). Folded anhydrite lay ers oc cur with clay clasts
(Fig. 14C). 

Celestine and zir con were de tected by SEM (Fig. 15). Un -
der the CT, clay min eral coat ings of hypidiomorphic ha lite crys -
tals in a ha lite ma trix and an aligned ori en ta tion of clasts ac com -
pa nied with fluid-filled pores and fis sures, which were gen er -
ated dur ing sam ple prep a ra tion, were ob served (Fig. 16). 

GEOCHEMICAL RESULTS FROM THE TONBROCKENSALZ

The Tonbrockensalz unit com prises two sub units: a lower
sub unit (z4TSU) and up per sub unit (z4TSO). Based on
ICP-OES data of 34 sam ples, the min er al og i cal com po si tions
of the z4TSU and z4TSO sub units are sim i lar (Fig. 17). Ha lite
rep re sents the main com po nent with av er age amounts of
89 wt.% in the up per fold limb of z4TSU be tween 1803.5 and
1809.5 m, 91 wt.% in the lower fold limb of z4TSU at 1820.8 to
1825.5 m as well as 92 wt.% in z4TSO. A higher anhydrite con -
tent (up to 20 wt.%) is no tice able in the up per fold limb z4TSU
sec tion, in con trast to the cor re spond ing lower fold limb with
anhydrite con tents of up to 7 wt.%, while a low Mg- and K-con -
tent of up to 0.4 w% was de ter mined in both parts. 

The bro mide con tent shows a weak trend, in creas ing from
~70 µg/g ha lite in the up per fold limb of z4TSU to the max i mum
of 250 µg/g ha lite at the bot tom of z4TSO, fol lowed by a de -
crease in Br con tent to wards the mid dle part of z4TSO, which is
the strati graphic high est part, and the rest of the data set is fairly 
mir rored and re peated.

The d34S iso tope val ues show a slight over all de crease from 
9.7 to 9.3‰ from bot tom to top within z4TSU, the d18O val ues
vary be tween 8.8 and 10‰ (Ta ble 5). The d34S val ues of

z4TSO are rel a tively low (~9‰). Com pared to z4TSU, the d18O
val ues in z4TSO are more vari able be tween 8.5 and 11.9‰.

XRD and Rietveld-method per formed on the H2O-in sol u ble
res i due of three sam ples of the z4TS (Ta ble 6) show pre dom i -
nantly sim i lar re sults as for the z3TM (Ta ble 3). Ma jor com po -
nents are quartz, mus co vite and chlorite-smectite mixed layer
min eral (all ~20 wt.%) with mi nor amounts around ~10 wt.% of
chlorite and kaolinite as well as ac ces sory amounts of
magnesite, microcline and he ma tite. Phyllosilicates are the
prev a lent min eral group with ~2/3 to 3/5 of the min eral con tent
of the H2O-in sol u ble res i due.

Ma jor and mi nor com po nents as well as trace el e ments
were ana lysed of five bulk rock sam ples by ICP-OES and
ICP-MS (Ta ble 5). These sam ples were plot ted on ter nary di a -
grams to gether with three sam ples of H2O-in sol u ble res i dues of 
z4TS (Ta ble 5) and z3TM sam ples as well as ref er ence sam -
ples of Rotliegend salt (Lower Perm ian) and Zechstein
salt-clays (Fig. 19). 

Rare earth el e ments were de tected by ICP-MS and nor mal -
ized to chondrite (Ta ble 7 and Fig. 18). For nor mal iza tion, mean 
com po si tion of chondrites was used from Boyton (1984). With
the ex cep tion of TS38, all sam ples show a sim i lar REE con cen -
tra tion be tween 5.7 and 15.8 for La to 0.4–1.1 for Lu. A neg a tive 
Eu anom aly can be ob served in all sam ples taken from z4TSU.

INTERPRETATION AND COMPARATIVE
DISCUSSION

The Tonmittelsalz and Tonbrockensalz units show a cou ple
of com mon char ac ter is tic fea tures. How ever, some fea tures
are unique for the in di vid ual unit and can be used as a “fin ger -
print”. 

Both lithostratigraphic units are dom i nated by ha lite, but
with ~79 wt.% the mean amount in the z3TM is lower than in the
z4TS with ~91 wt.% (Ta ble 8). Anhydrite and H2O-in sol u ble res -

Fig. 12. Sche matic pro file of the z4TS in the Go1004 bore hole with pho to graphs of split 
and pol ished cores
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Fig. 13. Mi cro pho to graphs of sam ples of z4TSU

A – ha lite crys tals with fluid in clu sions (grey ar eas) at grain bound aries (sam ple TS35: 1805.12–1805.17 m);
B – fluid in clu sions with neg a tive crys tal shapes (sam ple TS34: 1804.68–1804.72 m); C – clay ma trix with
chlorite, anhydrite, mus co vite, quartz and he ma tite (sam ple TS33: 1803.50–1803.54 m); D – idiomorphic
car nal lite crys tal (sam ple TS35: 1805.12–1805.17 m); E – anhydrite crys tals in ha lite (sam ple TS40:
1808.33–1808.39 m); F –  polyhalite crys tals (sam ple TS59: 1820.94–1820.99 m); A–C in plane po lar ized
light, D–F un der crossed polars
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Fig. 14. Mi cro pho to graphs of sam ples from the z4TSO

A – ha lite fab ric (sam ple TS50: 1814.46–1814.52 m); B – anhydrite crys tals in a clay-ma trix next ori ented
roughly par al lel to ha lite crys tals (sam ple TS44: 1809.74–1809.80 m); C – folded anhydrite layer in clay ma -
trix (sam ple TS52: 1814.95–1815.01 m); D – clay clasts in ha lite ma trix (sam ple TS49: 1814.30–1814.36 m);
A, B, D un der crossed polars, C in plane po lar ized light

Fig. 15. SEM im ages of sam ples from the z4TS

 A – chloritic ma trix with anhydrite, quartz, phyllosilicates and celestine (z4TSO, sam ple TS44:
1809.74–1809.80 m); B – ma trix with quartz, chlorite, car nal lite and zir con (z4TSU, sam ple TS33:

1803.50–1803.54 m)
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Fig. 16. CT im ages of sam ples from the z4TSU (sam ple TS70: 1824.00–1824.05 m)

A – slice im age show ing clay around ha lite crys tals and prob a bly car nal lite in a ha lite ma trix, with joints
and pores caused by sam ple prep a ra tion; B – vol ume body of the sam ple with in sol u ble res i due (or ange), 

pores and frac tures (blue); ha lite is not dis played

Sam ples

Bulk sam ples Anhydrite

Sub units
Al2O3 K2O MgO K Li Rb d34S d18O

wt.% µg/g VCDT ‰ VSMOW ‰

TS33 z4TSU 0.78 0.33 0.79 2780 12 7.5 9.7 9.9

TS38 z4TSU 0.03 0.16 0.07 1290   1 0.5 9.6 8.8

TS40 z4TSU 0.53 0.26 0.59 2140   8 5.2 9.3 10     

TS44 z4TSO 1.54 0.62 1.56 5130 20 14.1  9.1 8.5

TS49 z4TSO 1.10 0.46 1.28 3840 15 10.7  9   11.9  

H2O-in sol u ble res i due sam ples

TS33 z4TSU 15.2    3.12 12.2    

TS44 z4TSO 15.2    3.85 10.5    

TS70 z4TSU 14.6    2.92 13.0    

T a  b l e  5

Ma jor and mi nor com po nents as well as trace el e ments of bulk sam ples and H2O-in sol u ble res i due sam ples and d34S and d18O
iso tope com po si tions of sam ples from the z4TS
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Fig. 17. Cal cu lated quan ti ta tive min er al og i cal com po si tion, Mg-, K-con cen tra tions and bro mide con tents of the halites, 
based on ICP-OES anal y ses as well as iso tope com po si tions of z4TS sub units

Sample po si tions are in the ha lite col umn, arrows point to the strati graphic top

Sam ples Quartz Mus co vite Chlorite-smectite Chlorite Kaolinite Microcline Magnesite He ma tite H2O-insol.
res i due

TS33 20 21 24 12 11   7 2 3   6.0

TS44 22 21 19 11   9 11 4 3 11.5

TS70 21 21 21 13 10   7 3 3   8.9

To tal amount of H2O-in sol u ble res i due of bulk sam ples for com par i son

T a  b l e  6

Min er al og i cal com po si tion of the H2O-in sol u ble res i due of three sam ples of the z4TS in wt.%, nor mal ized to 100% 
of H2O-in sol u ble res i due, phyllosilicates are marked in dark grey
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Rare earth
el e ments

(REE)

Sam ples  (nor mal ized to chondrite)

Sub units z4TSU z4TSU z4TSU z4TSO z4TSO

Chondrite TS33 TS38 TS40 TS44 TS49

La 0.31  7.52 0.29 5.7  15.79 8.79

Ce 0.808 5.69 0.18 4.47 11.99 6.66

Pr 0.122 4.55 0.14 3.46   9.12 5.13

Nd 0.6    3.28 0.11 2.64   6.82 3.93

Sm 0.195 1.91 0.05 1.59   3.88 2.25

Eu   0.0735 0.97 0.04 0.8    1.72 1.15

Gd 0.259 1.69 0.07 1.11   2.48 1.5  

Tb   0.0474 0.87 0.04 0.77   1.71 1.07

Dy 0.322 0.73 0.03 0.57  1.45 0.97

Ho   0.0718 0.61 0.03 0.48   1.22 0.89

Er 0.21  0.58 0.03 0.44   1.22 0.85

Tm   0.0324 0.5  0.03 0.36   1.11 0.7  

Yb 0.209 0.56 0.04 0.43   1.17 0.8  

Lu   0.0322 0.48 0.03 0.37   1.11 0.71

H2O-in sol u ble res i due
(wt.%) 6.0  0.5  2.5  11.5  12.1    

For com par i son, H2O-in sol u ble res i due amount in last row

T a  b l e  7

Rare earth el e ments of sam ples from the z4TS, nor mal ized to chondrites ac cord ing
to Boyton (1984)

Fig. 18. Rare earth el e ment dis tri bu tion of bulk rock sam ples from the z4TS, 
nor mal ized to chondrite (for ex pla na tion of sam ples see Table 7)



i due are mi nor com po nents in both units and are slightly en -
hanced in the z3TM with re spect to the z4TS. Car nal lite is an
ac ces sory min eral in both units and polyhalite is only com mon
in the z4TS (ex cept oc ca sion ally in sam ple TM18 of the
anhydrite layer in z3TM1/na).

Ha lite ma trix crys tals in the z3TM show curved grain bound -
aries with of ten 120° tri ple junc tions. Within the ha lite fab ric,
rect an gu larly as sem bled in ter nal fluid in clu sion trails po ten tially
look like chev rons, which form dur ing sed i men ta tion (Fig. 6D;
e.g., War ren, 2016). Idiomorphic ha lite crys tals within
clay-bear ing lay ers (Fig. 4 z3TM3/t,  Fig. 5A–C) have prob a bly
been pre served in the clay-bear ing ma trix dur ing diapirism. In
the z4TS, the ha lite ma trix show partly elon gated crys tal
shapes, smoothly curved to straight grain bound aries with 120°
tri ple junc tions, which may in di cate dy namic recrystallization.
Fluid in clu sions are of ten ob served on grain bound aries of ha -
lite crys tals as well as within crys tals (Fig. 13). Clay clasts also
show an in ter nal fab ric of bro ken com po nents, folded anhydrite
lay ers and bed ding (Fig. 14C, D). One can in fer that this in ter nal 
fab ric evolved dur ing sed i men ta tion or diagenesis, while the
brecciated fab ric of clay and ha lite clasts in a recrystallized ha -
lite ma trix de vel oped dur ing diapirism.

The rocks of the z3TM ex hibit clay-on-ha lite grain bound -
aries and in clude flakes and lay ers (Figs. 5 and 6). The dis tri bu -
tion of the clay-bear ing ma trix and anhydrite is ho mo ge neous,
as shown by CT anal y sis (Fig. 9). In the z4TS, clay ap pears as
vaguely aligned clasts in be tween ha lite grains (Figs. 14D
and 16) and as coat ings around ha lite crys tals de tected by CT
(Fig. 16). The brecciated, de formed fab ric of the z4TS in di cate
a de for ma tion doc u mented also by two fold limbs ob served in
the sec tion in ves ti gated, which is lo cated only 50 m away from
the outer bound ary of the salt diapir (Fig. 2).

Based on mi cro scope ob ser va tions and XRD, com bined
with the Rietveld-method, the clay-bear ing ma trix of both units
shows a sim i lar min er al og i cal com po si tion with quan ti ta tive
vari a tions in parts (Ta ble 3). This sug gests a sim i lar source of
the de tri tus. Within the clay-bear ing ma trix, two clay min er als
(chlorite-smectite and kaolinite) and the phyllosilicates chlorite
and mus co vite were ob served. While mus co vite and kaolinite
orig i nate from con ti nen tal in put, chlorite can be at least partly a
prod uct of the re ac tion of mus co vite with Mg-en riched brine
(Braitsch, 1971). The chlorite-smectite mixed layer min eral,
which has a high amount of chlorite lay ers, re flects the trans for -
ma tion of smectite to chlorite (Bettison-Varga and Mackinnon,
1997). Quartz is mainly de tri tal (Figs. 5D, 13C and 15) and
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Sub units Unit Sub units Unit

Com po nents z3TM3/t z3TM2/na z3TM2/t z3TM1/na z3TM1/t z3TM z4TSO z4TSU z4TS

Ha lite 61.8 97.9 59.4 88.5 89.6 79.0 91.6 90.6 90.5

Anhydrite 14.0 0.7 4.5 10.0 3.8 6.6 2.8 2.6 3.9

H2O-insol. res i due 22.5 1.2 22.6 0.8 7.3 9.9 3.6 5.8 4.8

T a  b l e  8

Mean amounts of H2O-sol u ble com po nents (in wt.%) of sub units and over all (in bold) of the z3TM and z4TS, based on ICP-OES;
dec i mal places from the ap plied cal cu la tion method doc u ment only a trend

Fig. 19A – ter nary di a gram of Al2O3-MgO-K2O (left hand side) of bulk sam ples (square) and H2O-in sol u ble res i due (cir cle, bold) 
of the z3TM (blue), the z4TS (red), salt-clay (black) and the Rotliegend salt (grey); B – ter nary di a gram of K-Li-Rb 

(right hand side) of bulk sam ples of the z3TM (blue) and the z4TS (red)



partly authigenic (Figs. 6D and  7B). Microcline is ap par ently
very fine-grained and only de tected by XRD. The com po nents
of the H2O-in sol u ble res i due are sim i lar for both units (ex cept
sam ple TM32), but the grain sizes dif fer. The grain size of ma -
trix com po nents in the z3TM var ies mainly be tween 50 and
150 µm (Fig. 5), whereas in the z4TS, the grain size of com po -
nents in the clay-bear ing ma trix is <25 µm with scat tered larger
anhydrite and quartz crys tals (Figs. 13C and 14B). Dif fer ences
in the grain size dis tri bu tion could re flect dif fer ent trans port dis -
tances and mech a nisms for con ti nen tal de tri tus into the cen tral
part of the Zechstein ba sin, where Gorleben is lo cated. Sam ple
TM32 shows an en hanced con tent of quartz, kaolinite and
chlorite in re la tion to all other sam ples, while no chlorite-
 smectite oc cur and less mus co vite. Ei ther the or i gin of the de tri -
tus changed tem po rarily dur ing z3TM3/t or the meta mor phic re -
ac tions, like the com pleted trans for ma tion from smectite to
chlorite, are dif fer ent in this sub unit.

Polyhalite oc curs in both strata, but in the z3TM it was de -
tected only in one dis tinct anhydrite layer of z3TM1/na sub unit
(sam ple TM18; Fig. 8). In the z4TS, polyhalite as so ci ated with
anhydrite crys tals was of ten ob served by po lar iz ing mi cros copy
(Fig. 14). Polyhalite orig i nates from synsedimentary or
diagenetic re ac tions of anhydrite with Mg-K-en riched brine
(Braitsch, 1971). 

Magnesite crys tals in z3TM rocks with grain sizes up to
500 µm show a high amount of im pu ri ties (Fig. 6C, D).
Magnesite in the z4TS was de tected by XRD with the Riet -
veld-method, not un der the po lar iz ing mi cro scope, due to a
crys tal size <5 µm. The for ma tion of magnesite is as so ci ated
with in creased Mg con tent of an in ter act ing brine (e.g.,
Schramm, 1995), while no pri mary magnesite, pre cip i tated from 
sea wa ter at 25°C, has been found in gen eral (e.g., Usdowski,
1994). Dur ing evap o ra tion of sea wa ter, the sa lin ity and con se -
quently the Mg con cen tra tion, in creases in the brine. The sed i -
ment is not con sol i dated dur ing this pe riod, which leads to an
Mg-en riched brine mi grat ing into pore space, so that the pri -
mary cal cite trans forms dur ing diagenesis to do lo mite, fol lowed
by the trans for ma tion to magnesite, if the Mg-con cen tra tion in -
creases with in creas ing sa lin ity (e.g., Schramm, 1995). The
petrographic in ves ti ga tions show that magnesite is tightly con -
joined with idiomorphic quartz (Figs. 6D and 7B) sug gest ing
that the magnesite has grown si mul ta neously with quartz.

Quartz with pris matic, idiomorphic shapes in ha lite crys tals
is pres ent in both strata, but are more com mon in the z3TM
(Figs. 6D and 7B). Due to the idiomorphic habit of quartz, an
authigenic for ma tion is very likely. How ever, with ~3 µg/g con -
tent of sil ica in sea wa ter (Bruland, 1983), which cor re sponds to
6 µg/g con tent of amor phous SiO2, sea wa ter con tains very low
con cen tra tions of SiO2. At an evap o ra tion level of ha lite pre cip i -
ta tion (at ~9-fold sea wa ter con cen tra tion), the SiO2 con cen tra -
tion of ~60 µg/g in the sed i ment is still very low. Even at the car -
nal lite pre cip i ta tion level (at ~95-fold sea wa ter con cen tra tion), a 
con cen tra tion of ~600 µg/g SiO2 (0.06 wt.% SiO2) seems too
low to ac count for the quan tity of idiomorphic quartz de tected in
the sam ples of above 1 wt.%. There fore an other source for
SiO2 may be con sid ered. For ex am ple, SiO2 can be gen er ated
dur ing pro gres sive evap o ra tion and de creas ing pH, if
phyllosilicates de com pose and quartz is formed by crys tal li za -
tion from amor phous SiO2 (Braitsch, 1971) 

Mi cro scop i cally de tected car nal lite is pres ent in both units
stud ied. It in di cates ei ther a highly evolved evap o ra tion level of
sea wa ter or a sec ond ary for ma tion. Ac cord ing to Mattenklott
(1995), car nal lite for ma tion can be re lated to dif fer ent pro -
cesses, e.g. a pro cess that pro motes sec ond ary car nal lite for -
ma tion is a meta mor phic re ac tion be tween kieseritic carnallitite
and so lu tion R (e.g., Usdowski and Dietzel, 1998). The crys tal li -

za tion of car nal lite in the pres ence of clay min er als can also be
re lated to fil tra tion ef fects (Braitsch, 1971). Clay min er als ab -
sorb H2O, lead ing to an in crease of Mg and K con cen tra tion in
the brine, en abling car nal lite pre cip i ta tion. An other pos si bil ity
for meta mor phic car nal lite for ma tion is the leach ing of
phyllosilicates by brine, which could pro vide the nec es sary K
and/or Mg sup ply (Braitsch, 1971). 

The pro por tions of char ac ter is tic ma jor and mi nor com po -
nents as in Al2O3-MgO-K2O and Rb-K-Li ter nary di a grams
(Fig. 19) of the Zechstein units in ves ti gated and, for con trast,
Zechstein salt-clays as well as Rotliegend salt (Lower Perm ian)
show some dif fer ences. The z3TM and z4TS dis play a higher
MgO con tent whereas the Rotliegend salt sam ples e.g. show a
higher Al2O3 con tent. The sam ples of the z3TM partly and
slightly dif fer from sam ples of the z4TS in Al2O3, MgO and K2O
con tents. The z4TS with par tially higher con cen tra tions of K2O
(TS38, with a one mag ni tude less Al2O3 and MgO, Ta ble 5) and
to some ex tent, the z3TM is slightly en riched with re spect to
MgO. Two sam ples of the z3TM and z4TS, TM18 and TS38,
dif fer sig nif i cantly in their geo chem i cal com po si tion in re la tion to 
am bi ent sam ples. Sam ple TM18 cor re sponds with the
anhydrite layer in the z3TM1/na sub unit (Fig. 8) and sam ple
TS38 of the z4TS was taken from a layer of very pure rock salt
in the z4TSU sub unit. The lack of de tri tal com po nents cause
the dif fer ences in geo chem i cal com po si tion be tween these two
sam ples.

The re la tion Rb-K-Li also doc u ments a dis tinct dif fer ence
be tween the z3TM and the z4TS. The sam ples from the z3TM
show higher Li con cen tra tions, the Rb val ues vary lit tle, while
sam ples from the z4TS are en riched in K (Fig. 19). The higher
amount of chlorite and mus co vite in the z3TM is prob a bly the
rea son for the higher Li con cen tra tion in com par i son to the
z4TS. Phyllosilicates may be a sig nif i cant car rier of Li (Braitsch,
1971, Herrmann et al., 2003). Sam ples TM18 and TS38 are
again ex cep tions due to de ple tion of Rb and K (sam ple TM18)
or of Rb and Li (sam ple TS38), re spec tively. Plots of other el e -
ment re la tions (Ta bles 2 and 5) did not show any sig nif i cant dif -
fer ence be tween the two units.

The dis tri bu tion of rare earth el e ments in bulk sam ples of
the z3TM (Fig. 11) and z4TS (Fig. 20), nor mal ized to chondrite,
show sim i lar trends. A neg a tive Eu-anom aly can be ob served in 
sam ples of both units. Dif fer ences were de tected in the REE
con cen tra tions: in the z3TM the REE are in part 10-fold higher
than in the z4TS. The sam ples of the z3TM with higher REE
con cen tra tions match the REE val ues of the Eu ro pean Pa leo -
zoic Shale Com po si tion (ES) well (Fig. 20; Haskin and Haskin,
1966; Herrmann and Wedepohl, 1967; Haskin et al., 1968).
This in di cates an or i gin of this ma te rial with geo chem i cal sig na -
tures re lated to con ti nen tal shale. The in ter me di ate con cen tra -
tion in sam ples of the z3TM (around 10) cor re spond to higher
con cen tra tions in the sam ples of the z4TS and both show sim i -
lar i ties with the REE con cen tra tions of car bon ates, pub lished
by Ronov et al. (1974) and Tay lor and McLennan (1985). Sam -
ples of both units with lower con cen tra tions of REE show a sim i -
lar trend. The low con cen tra tions may be re lated to a high ha lite
con tent, which does not in cor po rate REE in sig nif i cant quan ti -
ties due to crys tal li za tion from sea wa ter by evap o ra tion. Only
very low quan ti ties can be in cor po rated in salt min er als within
fluid in clu sions. The REE con cen tra tions of sea wa ter
(Elderfield and Greavens, 1982; Piepgras and Jacobsen,
1992), nor mal ized to chondrite, are sev eral mag ni tudes lower
com pared to data for evaporites ac cord ing to Ronov et al.
(1974) and Tay lor and McLennan (1985) or the mea sured val -
ues of both Zechstein units stud ied. This shows that the main
REE in put orig i nates from clay frac tion com po nents such as
heavy min er als. Gen er ally, the higher the clay frac tion, the
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higher the REE con cen tra tions. Even though sam ple TM32 dis -
plays the high est con cen tra tions of REE, with 45 wt.% the
H2O-in sol u ble res i due is 12% lower than in sam ple TM26. Ad di -
tion ally, the phyllosilicate con tent of sam ple TM32 (49 wt.% of
H2O-in sol u ble res i due) is smaller than in sam ple TM26 with
66 wt.% of H2O-in sol u ble res i due. This means that within the
less de tri tus-rich sam ple TM32, there is a higher con tent of
heavy min er als com pared to the other sam ples, which may be
ex plained by a dif fer ent source of the de tri tus.

Iso tope data of both strata show val ues equiv a lent to those
for the Zechstein (e.g., Peryt et al., 2010) and in di cate no sig nif i -
cant over print ing. The d18O val ues of the z4TS rocks vary be -
tween 8.5 and 11.9‰, and may in di cat ing chang ing con di tions
dur ing for ma tion like the in flu ence of con ti nen tal wa ter (Ta -
ble 5). In con trast, the range in the d 34S of the sam ples from the
z4TS is very small (9.0 to 9.7‰). The d18O and d34S iso tope val -
ues of the z3TM de pos its show only a small range be tween 9.4
and 10.4‰, in di cat ing no rel e vant changes in the con di tions
dur ing sed i men ta tion and diagenesis (Ta ble 2).

Based on the de scrip tions of the Brown Zuber (Wachowiak
et al., 2014) and the Red Zuber (Natkaniec-Nowak et al., 2014)
of the Pol ish Zechstein suc ces sion, both units stud ied in the
NGZB show some sim i lar i ties to the equiv a lent zuber beds in
the PZB (Fig. 1). The z3TM and the Brown Zuber rocks are
char ac ter ized by a very sim i lar min eral com po si tion and fab ric,
such as idiomorphic ha lite crys tals up to sev eral cm in size in a
clay-bear ing ma trix, or idiomorphic quartz and car bon ate
(magnesite and rarely do lo mite) crys tals. A sim i lar min er al og i -
cal com po si tion was also ob served for the z4TS and the Red

Zuber rocks. A dis or dered, brecciated fab ric of ha lite blasts and
clasts of clay sub stances in a fine-grained halitic ma trix were
doc u mented in both of these units.

CONCLUSIONS

The Tonmittelsalz (z3TM) and Tonbrockensalz (z4TS)
lithostratigraphic units of the Ger man Zechstein suc ces sion are
char ac ter ized by a sim i lar min eral com po si tion of mainly ha lite
as well as mi nor amounts of anhydrite and a clay-bear ing ma -
trix. How ever, dif fer ences were ob served through de tailed in -
ves ti ga tions of the rocks. The older z3TM rocks doc u ment
some pri mary fea tures like chev rons in ha lite crys tals and
idiomorphic ha lite crys tals in clay-bear ing lay ers. A brecciated
fab ric with recrystallized ha lite ma trix and a vague lay er ing,
shown by po lar iz ing mi cros copy and CT-im ag ing, in di cate a de -
for ma tion of the youn ger z4TS dur ing diapirism, which is folded
in the deep bore hole Go1004 and is lo cated only 50 m away
from the outer bound ary of the salt diapir. In ter nal fab rics of clay
clasts show an early brecciated and folded fab ric dur ing sed i -
men ta tion or diagenesis of the z4TS. Dis played by CT, the dis -
tri bu tion of the clay-bear ing ma trix and anhydrite in the z3TM
are ho mo ge neous. The H2O-in sol u ble res i due con sists of
quartz, clay min er als (chlorite-smectite and kaolinite), chlorite
and mus co vite as well as ac ces sory microcline, magnesite and
he ma tite. These com po nents show sim i lar quan ti ties within the
clay-bear ing ma trix of both units ex cept in the z3TM3/t, but the
amount of clay-bear ing ma trix is en hanced in the z3TM rocks
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Fig. 20. REE dis tri bu tion of dif fer ent stan dards, nor mal ized to chondrite 
(mod i fied af ter Brammer, 1992) and data range of the z3TM (blue) and z4TS (red) 

with over lap ping pur ple area

*Ci ta tion for ES in text

https://gq.pgi.gov.pl/article/view/7639


and the com po nents dis play smaller grain sizes in the rocks of
the z4TS. The lack of chlorite-smectite in the z3TM3/t is unique
in all sub units of z3TM and z4TS and re flects a tem po rary
change of the de tri tal or i gin or var ied meta mor phic re ac tions
sup ported by REE ob ser va tions. Polyhalite as so ci ated with
anhydrite is pre dom i nant in the z4TS. In the z3TM, magnesite
crys tals are vis i ble un der the po lar iz ing mi cro scope and SEM,
while in the z4TS the magnesite is too small to de tect.
Magnesite crys tals are of ten con joined with idiomorphic quartz
crys tals, which prob a bly have formed si mul ta neously. These
authigenic quartz crys tals needed a higher amount of SiO2 for
for ma tion than may be sourced from evap o rat ing sea wa ter.
There fore, leached phyllosilicates are a likely SiO2-source. Ma -
jor and mi nor com po nents of the z3TM and z4TS both plot on a
ter nary Al2O3-MgO-K2O di a gram in a typ i cal area with salt clays, 
but away from con ti nent-in flu enced Rotliegend salt. The z3TM
rocks con tain higher val ues of trace el e ments like Li and higher
val ues in REE, while the z4TS rocks are en riched in K. Iso tope
data of an hyd rites of both units cor re spond to those of the
Zechstein. The d18O val ues of sam ples from the z4TS dis play a

rel a tively large range (8.5–11.9‰) and may in di cate chang ing
con di tions dur ing its for ma tion. In con trast, only mi nor vari a -
tions in the d34S of sam ples from the z4TS and in both iso tope
com po si tions of sam ples from the z3TM have been doc u -
mented. The z3TM and z4TS de pos its from the North Ger man
Ba sin show some sim i lar i ties to the equiv a lent zuber beds of
the Pol ish Zechstein Ba sin.
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