Deep reaching fluid flow in the North East German Basin:
origin and processes of groundwater salinisation
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Abstract Major element chemistry, rare-earth element
distribution, and H and O isotopes are conjointly used to
study the sources of salinisation and interaquifer flow of
saline groundwater in the North East German Basin.
Chemical analyses from hydrocarbon exploration cam-
paigns showed evidence of the existence of two different
groups of brines: halite and halite Ca—Cl brines. Residual
brines and leachates are identified by Br /Cl ™ ratios. Most
of the brines are dissolution brines of Permian evaporites.
New analyses show that the pattern of rare-earth elements
and yttrium (REY) are closely linked to H and O isotope
distribution. Thermal brines from deep wells and artesian
wells indicate isotopically evaporated brines, which
chemically interacted with their aquifer environment.
Isotopes and rare-earth element patterns prove that cross
flow exists, especially in the post-Rupelian aquifer.
However, even at depths exceeding 2,000 m, interaquifer
flow takes place. The rare-earth element pattern and H and
O isotopes identify locally ascending brines. A large-scale
lateral groundwater flow has to be assumed because all
pre-Rupelian aquifer systems to a depth of at least 500 m
are isotopically characterised by Recent or Pleistocene
recharge conditions.
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Résumé La chimie des ions majeurs, la distribution des
¢léments rares et les isotopes de 1’hydrogeéne et de
I’oxygene sont utilisés conjointement pour étudier 1’or-
igine de la salinité et les flux d’eaux salées inter-aquiféres
dans le Bassin Nord-Est Allemand. Les analyses chimi-
ques effectuées a ’occasion de campagnes de prospection
d’hydrocarbures ont démontré I’existence de deux différ-
ents groupes de saumures : les saumures chlorurées
sodiques et les saumures chlorurées sodiques et calciques.
Les saumures résiduelles et les lixiviats sont identifiés par
leurs rapports Br /CI'. La plupart des saumures sont
issues de la dissolution des évaporites permiennes. De
nouvelles analyses montrent que la répartition des élé-
ments en traces et de I’yttrium (REY) sont étroitement liés
a la distribution des isotopes de I’hydrogéne et de
I’oxygéne. Les isotopes dans les saumures thermales
issues de puits profonds et de puits artésiens indiquent
des saumures évaporées, qui interagissent avec leur
environnement aquifére. La répartition des isotopes et
des éléments en traces prouve que des écoulements croisés
existent, notamment dans 1’aquifére post-rupélien.
Cependant, des échanges inter-aquiferes se produisent
méme a des profondeurs supérieures a 2000 m. La
distribution des €éléments en traces et les isotopes de O
et H permettent d’identifier les saumures localement
ascendantes. On suppose également |’existence d’un
écoulement latéral a grande échelle, car les abondances
isotopiques dans tous les systémes aquiféres pré-rupéliens,
dont le mur est profond de 500 m au minimum, mettent en
évidence des conditions de réalimentation récentes ou
datant du Pléistocéne.

Resumen La quimica de elementos mayores, la distrib-
ucion de tierras raras y los isétopos de H y O han sido
utilizados conjuntamente para el estudio de las fuentes de
salinizacion y flujo entre acuiferos del agua subterranea
salina en la Cuenca Noreste de Alemania. Analisis
quimicos de campaias de exploracion de hidrocarburos
mostraron evidencias de la existencia de dos grupos
diferentes de salmueras: halita y halita Ca—Cl. Se han
identificado salmueras residuales y lixiviados mediante la
relacion Br /CI . La mayoria de las salmueras proceden de
la disolucion de evaporitas Pérmicas. Nuevos analisis
muestran que el patron de las tierras raras e Ytrio (REY)
estd directamente relacionado con la distribucion isotdpica
de H y O. Salmueras termales procedentes de pozos
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profundos y pozos artesianos apuntan isotdpicamente
hacia salmueras evaporadas, que interactian quimica-
mente con el ambiente del acuifero. El modelo de is6topos
y tierras raras prueba que existe un flujo cruzado,
especialmente en el acuifero post-Rupeliano. Sin embargo,
incluso a profundidades mayores de 2000 m, se produce
un flujo entre acuiferos. La distribucion de tierras raras y
de los is6topos de H y O identifica localmente salmueras
ascendentes. Se ha asumido un flujo lateral de agua
subterranea a gran escala porque isotopicamente todos los
sistemas acuiferos pre-Rupelianosse se caracterizan por
condiciones de recarga recientes o Pleistocenas, hasta una
profundidad de 500 m como minimo.

Keywords Hydrochemistry - Rare-earth elements - Stable
isotopes - Hydrostratigraphy - Brines

Introduction

The origin and compositional evolution of brines in
sedimentary basins is still being debated despite decades
of economic and scientific investigation. Geochemical,
isotopic and hydrodynamic studies led to various theories
of brine formation and movement, which were summarised
by Hanor (1994a,b). The main controversy encompasses
the initial sources of water and the processes by which
these waters acquired their load of total dissolved solids
(TDS) as high as 300-400 g/L. Carpenter (1978)
suggested that the chemical composition of many deep-
basin brines resembles evaporated seawater which inter-
acted with the sedimentary rocks and/or has subsequently
mixed with seawater or meteoric water. Clayton et al.
(1966) published isotope data which strongly indicated that
brines in several basins originated from meteoric water and
not from seawater. Explanations for mechanisms allowing
meteoric waters to become brines focussed on (1) salt
dissolution (e.g. Bennett and Hanor 1987; Bein and Dutton
1993) and (2) shale-membrane filtration (Graf et al. 1966;
Kharaka and Berry 1973).

Hydrogeological and hydrodynamic investigations also
yield controversial results. The freshwater—rock-interac-
tion model assumes that a basin’s original pore water was
replaced repeatedly (Toth 1980; Bassett and Bentley
1982), whereas the modified evaporation brine model
implies that connate water is never displaced quantitative-
ly (e.g. Domenico and Robbins 1985; Knauth 1988).
Amalgamation of theories resulted in assumptions of
coexistence and/or mixing of meteoric and modified
connate waters (e.g. Knauth 1988; Senger 1991; Land
and Macpherson 1992; Stueber et al. 1993). Brines are
chemically altered by participation in processes of
dolomitisation, albitisation, precipitation of CaSQ,, and
ion exchange (Carpenter 1978; Spencer 1987; Wilson and
Long 1992; Land 1987; Land and Macpherson 1992).

The North German Basin (NGB) is part of one of the
world’s largest evaporite containing sedimentary basins
(Fig. 1). What makes this basin somewhat different from
North American examples is the intensity of salt diapirism
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and the fact that glaciers covered the basin as a whole
during the subsequent stages of the Pleistocene glaciations
(Kloppmann et al. 2001). One of the best-studied areas in
NGB is the environment of the exploratory salt mine of
Gorleben, which is used for storage of high-level
radioactive wastes (Klinge et al. 2002; Kloppmann et al.
2001). Grube et al. (2000) summarised the results of
studies in the NGB made by Glander and Schirrmeister
(1975); Hannemann and Schirrmeister (1998); Hoth et al.
(1997); Kiihn (1997); Lehmann (1974a,b); Lohnert et al.
(1986); Naumann (2000); Trettin et al. (1997); and Voigt
(1972, 1975, 1977). According to Grube et al. (2000),
about 25% of the NGB is affected by inland salinisation,
thought to be caused by migration of subsurface brines
and saline waters through faults, fractures, or permeable
geologic units. Concerning the deep-fluid circulation
issue, the North East German Basin (NEGB) provides an
excellent example (Fig. 1). In their studies, Hannemann
and Schirrmeister (1998) concluded that near-surface
salinisation originated mainly from the deeper pre-Tertiary
aquifer systems. Numerical models of coupled fluid flow,
heat and mass transport showed that upward solute
migration takes place in the NEGB (Magri et al. 2005a,b).

This study focuses on the evaluation of two different,
hydrochemical data sets: (1) unpublished data from oil
prospecting and (2) additionally sampled data from
shallow wells, encompassing major, minor, and trace
element analyses and stable isotopes.

The aim of this study is to learn how deep brines
behave, migrate and mix with less saline or fresh waters in
the NEGB. Are some of the saline waters formation water
in the strict sense? After rare-earth elements (REE) and
yttrium distribution (henceforth combined as REY) was
successfully applied in studying the various sources of
thermo-saline groundwater in Israel (Moller et al. 2003),
this concept is now combined with stable H and O iso-
topes in order to characterise saline aquifer systems.

Geologic and hydrogeologic settings

The North East German Basin (NEGB) comprises the
eastern part of the North German Basin, which is part of
Central European Basin System (CEBS). The NGB is
bordered by the Tornquist Teisseyre Zone, to the south by
the Elbe Line, and continues northwesterly into the North
Sea and southeasterly into the Polish Basin (Fig. 1).

The topography of the NGB and its modern surface
was formed as an intra-cratonic structure in response to, or
in consequence of the Variscian orogeny (Schmidt Mumm
and Wolfgramm 2002). The evolution of the basin is
characterised by several stages of subsidence with its main
phase during the Upper Triassic (Scheck and Bayer 1999).
The basin started to form between latest Carboniferous
and the Early Permian and was accompanied by the
deposition of volcanic rocks (Rotliegend; Fig. 2). This
igneous event was followed by a long-lasting (>250 Ma)
subsidence (Scheck et al. 1999). A clastic sequence
(Lower Permian, Rotliegend) of aeolian sandstones,
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Fig. 1 a Map of Central
Europe in which the North
German Basin is located

(D Germany, P Poland,

S Sweden, etc.; The Nether-
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lands and Denmark are not
marked). b Sketch map of the
North German Basin.

¢ Groundwater sampling area.
The indicated cross-section is
given in Fig. 13
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fluvial fans as well as playa deposits covered the volcanic
rocks (Rieke et al. 2001). Repeated marine transgressions
during Upper Permian (Zechstein) resulted in the deposi-
tion of carbonates and evaporites. In the study area, five
evaporite cycles are discerned with a primary thickness of
more than 1,500 m (Stackebrandt and Lippstreu 2002). In
general, the thickness and composition of the beds vary
widely, depending on the position in the basin. Anhydrite
and halite dominate the sequences, while sylvite, carnallite
and bischofite are less abundant (Kaiser 2001). Trans-
gressions and regressions of the Tethys controlled the
sedimentation in the Mesozoic, starting with terrestrial
red-bed sequences (Lower Triassic: Bunter), followed by a
shallow marine facies (Middle Triassic: Muschelkalk),
turning into a mainly terrestrial facies of sandstones
interbedded by sequences of carbonate, anhydrite, halite
(Upper Triassic: Keuper) and ending in a mainly marine
environment (Jurassic and Cretaceous). During the Trias-
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sic and the early Jurassic, E-W extension and the de-
position of sediments initiated the movement of the
underlying Zechstein evaporites (Vosteen et al. 2004).
The thick Permian salt layers were mobilised and
contributed to the deformation of the NGB and its
differentiation into sub-basins and troughs. The intensive
salt diapirism created salt pillows, walls and diapirs.
Subsequent erosion complicated matters. Where salt
diapirs reached the surface, they displaced the overlying
sedimentary strata and generated topographic heights
(Klinge et al. 1992).

The Cenozoic superficial sediments consist of unconsol-
idated Tertiary to Quaternary deposits, which discordantly
overlay Mesozoic strata. Tertiary sediments are fluviatile
sands, marine marls and clays. Quaternary deposits are
highly heterogeneous due to alternating glacial and inter-
glacial stages. Fine clayey and coarse-clastic sediments were
deposited. Locally erosional channels deeply cut into the
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underlying strata. As a consequence of the above processes,
the occurrence, depth and thickness of most sedimentation
sequences varies widely within the basin (Fig. 2).

Southward-moving glaciers moulded today’s morphol-
ogy during the last glaciation period (Weichsel glaciation
corresponding with Wisconsin glaciation in North Amer-
ica). The glaciers formed the North German Plain with
elevations of less than 100 m above sea level (asl).
Terminal moraines stretch across the country in southeast-
to-northwest direction, creating a local elevation of up to
150 m above the general level.
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Summarising investigations by Manhenke (2002);
Beer and Manhenke (2001); Voigt (1975) and Neumann
(1975), the major aquifer complexes in the NEGB are the
shallow aquifers of Cenozoic (SAC) and the deep
aquifers of mainly Mesozoic to Paleozoic strata, which
can be subdivided in four deeper aquifer complexes
(DAC 1-4). The different aquifer complexes are separat-
ed by low-permeability complexes (LPC). The most
important aquiclude with respect to groundwater man-
agement is the Rupelian Clay (LPC 1), which separates
the Quaternary and Tertiary freshwater complex from the
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saline aquifer complexes below. Hydraulic connections
between the freshwater body and the saline aquifer
systems locally exist not only along fault zones but also
along Pleistocene channels deeply cut into the underlying
strata and at places where the Rupelian Clay was eroded
or not deposited. The next low-permeability complex of
regional importance is formed by fine-grained carbonates
of Middle Triassic time, which, particularly in the central
part of the basin, contain evaporatic layers of salt rock
with very low permeabilities. This “impervious” unit
leads to a separation of the Post-Permian strata in two
aquifer systems with different hydrochemical and hydro-
dynamical characteristics, which are the deeper aquifer
complexes of Lower Tertiary to Upper Triassic (DAC 1)
and the unit of Lower Triassic (DAC 2). The Upper
Permian aquifer system (DAC 3) consists of fractionated
carbonate rocks which are both over- and underlain by
thick confining units of salts and anhydrites (LPC 3 and
LPC 4).

According to Zieschang (1974), groundwater flow in
both shallow and deep aquifer systems is generally from
SW to NE following the regional slope of the North
German Plain towards the Baltic Sea. Discharge of brine
from the deep basin aquifers and from salt dissolution
zones affects the salinity of the shallow freshwater system
and mainly occurs in the southern part of the investiga-
tion area, where salt meadows and saline springs are
found (Hannemann and Schirrmeister 1998; Grube et al.
2000). Zieschang (1974) and Voigt (1975) favour a
hydrostatically driven flow as the main force for brine
movement in the NEGB. Magri et al. (2005a,b) showed
by numerical simulations of transient thermohaline flow
that the thermal disturbances induced by the presence of
the salt diapirs also lead to an upward-directed flow of
brines in the NEGB.

Hydrochemical studies of the deeper aquifer systems
suggest that fluids are highly heterogeneous and multiple
sources of salinity exist in the NGB (e.g. Warren and
Smalley 1992; Nishri et al. 1988; Kloppmann et al. 2001;
Grube and Lotz 2004). The high salinity of the deep
aquifer systems is mainly explained by the infiltration of
meteoric water dissolving salt bodies, connate water
dissolving salt bodies during the stage of salt diapirism
and the existence of Permian evaporation brines.

In summary, hydrodynamic and hydrochemical behav-
iour of brines are highly variable within the different
aquifer complexes of the NGB. Especially the intensity of
salt diapirism lead to a complex geological environment
with preferential flow paths and a strong interaction
between the temperature distribution, salt concentrations
and groundwater flow fields. Subsequent erosion and
glaciations complicated matters. Different flow regimes
and the existence of different brines resulted in water—
rock interaction and mixing with meteoric waters, which
is similar to processes in the North American and
Canadian sedimentary basin systems (Carpenter 1978;
Stueber et al. 1993; Knauth 1988; Bein and Dutton 1993;
Land 1992; Connolly et al. 1990; Evans and Nunn 1989;
Bennett and Hanor 1987; Mehta et al. 2000).
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Sampling and analytical procedure

The majority of water analyses used in this study were
performed for hydrocarbon prospecting in the former
German Democratic Republic in the 1970s. These
analyses were taken from the data files of the Geological
Survey of Berlin-Brandenburg and of commercial com-
panies; until recently, data from these files were subject
to restricted access. These analyses comprise 291
samples which cover (1) the diversity of brines, and (2)
the various deep aquifers. The locations are not evenly
distributed in the study area but are largely oriented along
the margin of the NEGB, from its SE corner to its centre
in the NW (see SE-NW cross-section in Fig. 1). Water
samples with a charge balance error of more than 5%
were excluded from further investigation (13 samples).
Samples with a charge balance error of 0 were retained,
although that indicates that one or more ions (e.g. Na"
and K") were determined from the charge balance (20
samples).

This set of analyses is supplemented by new analyses
of groundwaters from production and observation wells in
the Federal States of Germany: Berlin, Brandenburg and
Saxony Anhalt, Mecklenburg West Pomerania (stars in
Fig. 1; Table 1). All wells were pumped until the physico—
chemical conditions—EC, electrical conductivity), pH, T,
Eh (redox potential), O,—were constant, i.e. steady-state
conditions were achieved in the majority of cases. The
physico—chemical parameters were measured directly in a
flow unit. Water samples for anions, cations and REE
were filtered online through 0.2-um cellulose-acetate
filters (Sartobran, Sartorius, Germany). Samples for cation
analysis were preserved with concentrated nitric acid
(HNOs) at pH<2. Alkalinity was determined by Gran
titration immediately after sampling. Cations were mea-
sured by atomic absorption spectrometry (Perkin Elmer
5000, USA) and anions were measured using ion
chromatography (DX 100). The water samples are
characterised in Table 1.

For later discussion, CI__. has to be defined Eq. (1),
which denotes the equivalents of Cl that are unbalanced
by alkalis:

Cl,...=Cl" —Na" —K*

€xcess (1>

All concentrations have to be given in meq/L.

For preconcentration of REY and their separation from
the major components, waters are adsorbed onto organo-
phosphates on a porous matrix at pH 2 (Bau and Dulski
1996; Hennebriider et al. 2004). This method was
described by Shabani et al. (1990). When applying this
preconcentration method to groundwaters with enriched
Ca contents (>0.01 molar), the proposed method yields
incomplete recoveries of light REE at pH 2. In such cases,
the pH has to be as high as 4 (Méller et al. 2005).

Two to ten hours after pH adjustment the waters were
passed through preconditioned SepPakC,g cartridges
(Water Corp., USA) that contain an adsorbate of a
mixture of different ethylhexylphosphates (Merck, Ger-
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Table 1 Sampling locations and hydrochemical classification of groundwaters in the NE German Basin

Stratigraphy Depth TDS Degree of Water type Location and sample Federal State
(m) (g/L) salinisation ID no. of Germany
Quaternary 88 0.5 fresh Ca-Na-HCO; Fabeckstr. (shallow) Berlin
no. 5
Upper Tertiary 169 5.1 brackish Na—Cl Fischerhiitten-weg Berlin
no. 8
203 2.4 brackish Na—CI-HCO; Fabeckstr. (deep) no. 4
Low-permeability complex of Tertiary (Rupelian)
Lower Tertiary 281 23 saline Na—Cl Osdorferstr. no. 6 Berlin
Cretaceous 222 0.8 fresh Na-HCO; Ké&penickerstr. no. 1 Berlin
230 9.0 brackish Na-Cl Friedrichsfelde no. 2
Jurassic 185 18 saline Na—Cl Liibars no. 10 Berlin
278 28 saline Na—Cl Unstrutstr. no. 3 Berlin
300 30 saline Na-Cl Reichstag no. 11 Berlin
1616 163 brines Na—Cl Templin no. 14 Brandenburg
Upper Triassic 127 8.1 brackish Na—CI-SO,4 HMI no. 7 Berlin
(Keuper) 218 46 saline Na—Cl Postfenn no. 9 Berlin
773 191 brines Na—Cl Belzig no. 15 Brandenburg
1000 160 brines Na-Cl Bad Wilsnack no. 12 Brandenburg
1500 155 brines Na—Cl Waren no. 13 Mecklenburg West
Pomerania
2250 219 brines Na—Cl Neustadt-Glewe no.
22
Low-permeability complex of Triassic (Lower Keuper, Muschelkalk)
Lower Triassic 23.2 1.4 brackish Ca-Mg-SO4— Leiha no. 18 Saxony Anhalt
(Bunter) HCO;
80 0.5 fresh Ca—Mg—Na— Nebra no. 17
HCO;
95.5 1.3 brackish Na-HCOs-SO,  Hy AI 394 no. 20
Low-permeability complex of Upper Permian (Zechstein)
Upper Permian 0 75 saline Na—Cl Amsdorf Sportplatz Saxony Anhalt
(Zechstein) no. 21
186.5 184 brines Na—Cl Most 4363 no. 19
251 87 saline Na—Cl Bad Diirrenberg no.

16

Degree of salinisation according to Carpenter (1978)

many) acting as a liquid cation exchanger. The cartridges
were enclosed in parafilm for storage and transportation.
In the laboratory, the cartridges from the field loaded with
REY were washed with 50 ml 0.01-M sub-boiled HCI,
and the REY were eluted with 40 ml 6-M sub-boiled HCI
at a rate of 3 ml/min. After evaporation to dryness, the
residues were taken up by 1 ml of 5-M sub-boiled HNOs.
These solutions were spiked by a Ru-Re mixture for
possible corrections of the internal shift of the response
factors in inductively coupled plasma mass spectrometry
(ICP-MS) measurements if necessary (Bau and Dulski
1996) and filled up to 10 ml with purified water. Dulski
(2001) gives further details of the measurements. Cali-
bration solutions were prepared from single-element
standard solutions (CertiPUR ICP standards (Merck,
Germany) traceable to SRM (Standard Reference Materi-
als) from NIST (National Institute of Standards and
Technology)). Several corrections were necessary be-
cause of interferences of molecular ions with the desired
mono-charged ions of the REE (Dulski 1994). Blank
corrections for La, Ce, and Pr, which are contaminants of
the commercially available liquid cation exchanger
(Merck, Germany), were necessary. In 6geothermal fluids,
13%La* had to be corrected for '~*Sb'°O" (Méller et al.
2003). The efficiency as determined by either Tm single
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spike or Pr-Tm double spike varies between 93 and 104%.
Results are presented in Table 2.

The REY were measured using an ELAN 5000 Perkin
Elmer ICP-MS at the GeoForschungsZentrum Potsdam,
Germany. REY abundances are given in pmol/L. REY
abundance is conventionally displayed as REY patterns. In
these patterns, normalised REY concentrations are plotted
vs. the atomic number of REY. Because of its similarity
with Ho, Y is placed after Ho (Rizkalla and Choppin
1991). Y and Ho can be considered as geochemical twins
(Bau 1999). In this contribution, C1 chondrite normal-
isation is applied because this reference material is the
least fractionated with respect to REY (Anders and
Grevesse 1989).

Samples for stable O and H isotopes were taken
without any further treatment. The measurements of
'#0/'°0 ratios and *H/H ratios were performed using a
Delta-S mass spectrometer (Finigan) at the Alfred Wegner
Institute (AWI) Potsdam, Germany. H isotopes were
determined by a H, equilibration and O isotopes were
equilibrated with CO,. Meyer et al. (2000) describe the
measurement routines m detail. All isotope results are
reported in 5°H and '%0 notation, representing per mil
(%o) deviation from the VSMOW (Vienna Standard Mean
Ocean Water).
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The reproducibility of 5*H and §'*0 are +0.8 and
+0.1%o, respectively. The determinations of 8*°H and 5'*0
in highly mineralised waters were corrected by the empir-
ical formula, Egs. (2 and 3), following the investigation of
Bourg et al. (2001) for monovalent salts (here NaCl):

62Hcorrected = 62Hmeassured — 2.285 x NaJr (2)

5180c0rrected = 6180meassured —0.0724 x Na+ (3)

Na" concentrations have to be given in mol/L.

The studies showed that the so-called isotope salt effect
varies linearly with the molality of the solution for 6°H
and 5'®0. The given relations were determined for
molarities between 0.029 and 2.9.

Results

Major components
The variation of total dissolved solids (TDS) in the NEGB
is displayed in Fig. 3. Taking into account the stratigraphic

TDS [giL]

200 300 400

500 -

1000 -

1500 4

2000 1

depth [m]

2500 A

3000 A

o DAC1

3500 1 +DAC 2

oDAC3 aDAC4

4000
Fig. 3 Cross-plots of total dissolved solids (TDS) in g/L vs.
sampling depth in m; the symbols indicate both the associated deep
aquifer complex (DAC 1-4 in Fig. 2) and the grouping for samples
of group 1 (open symbol) and for samples of group 2 (shaded
symbol). The solid line delineates the depth salinity trend in samples
of Lower Triassic (DAC 2)
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sources of samples, any depth relationship is absent. Two
groups are distinguishable. Group 1 comprises samples
from the DAC 1 (Lower Tertiary to Upper Triassic) strata
but also includes a few samples from other strata. TDS
increases to 270 g/L at depths of 2,300 m and shows
significant correlation with depth. For the majority of
samples, the gradient steepens at a depth of about 800 m.

Group 2 assembles brines from Upper and Lower
Permian (DAC 3 and DAC 4) and Lower Triassic (DAC
2) strata without any correlation between depth and TDS.
Ranging from 250 to 350 g/L, the mineralisation of these
waters is by far higher than in group 1.

Groundwaters from DAC 3 are present in both groups.
They display steep gradients of TDS above 1,000 m but
none below (Fig. 3). The samples from DAC 3 and DAC
4 are rather uniform in TDS. From Fig. 3, it is evident that
stratigraphic units are not related to depth. Depending on
the position of wells in the basin, margin or centre, depth
of occurrence and thickness of geological formations vary
widely. For example, Permian aquifers are present at any
depth because of salt diapirism.

Element cross-plots prove the existence of two groups
of saline waters (Fig. 4). In all samples, HCO; content is
negligibly low (<15 meq/L) and SO~ concentration rarely
exceeds 150 meqg/L. In group 1, Na*, Br, Ca®*, and Mg**
show a strong correlation with CI', whereas data scatter
widely in group 2. Group 1 is dominated by Na" and CI~
with values up to 3,300 and 3,700 meq/L, respectively.
Ca”" concentrations range from 50 to 150 meq/L, whereas
Mg>" concentrations vary between 10 and 180 meq/L.

In group 2, Na' may reach 5,000 meq/L but is no
longer the dominant cation. Mg®" and Ca®" concentrations
vary between 24 to 9,700 meq/L and 26 to 3,400 meq/L,
respectively. In this group, because Mg®" dominates the
cation composition with more than 90%, two samples
stand out.

The majority of samples do not plot along the seawater
evaporation line after Fontes and Matray (1993). In the cross
plots of SO  vs.Cl™ both groups cover wide arrays
without overlap. This is different in the cross plots of
Ca®" vs. SO2 and Mg>", where the arrays overlap
considerably (Fig. 5). Most data show Ca>* / SO?[ equiv-
alent ratios <1 (Fig. 5a) independent of their reservoir.
Besides samples from DAC 3, all samples have Ca®"/Mg**-
equivalent ratios close to unity or >1.

In cross-plots of (Ca*" + Mg?") /Cl_ . vs. Cl . all
samples with high Cl_ ... plot along the line representing
(Ca®* + Mg?") /Cl ., €quivalent ratios of 1 signalling
the presences of (Ca, Mg)Cl, (Fig. 6). These brines are
highly variable in Ca*'/Mg®" equivalent ratios ranging
from <1 to >100 (Fig. 5b). Any ratio significantly above
and below unity indicates the presence of earth alkaline
bicarbonate and sulphate and alkaline carbonates and
sulphate, respectively. Comparing Fig. 6a and b, it turns
out that at low Cl__ values, alkali carbonates and
sulphate water are present in group 1, whereas earth
alkaline carbonates and sulphates occur in group 2. Note the
different scales in Fig. 6.
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In Fig. 7, the earth alkaline to alkali equivalent ratio
(Ca®"+ Mg*")/(Na™+K") is plotted vs. Cl .. Both
groups show a strong correlation between the chosen
parameters. The vertical spread of samples of group 1
(Fig. 7a) is caused by dissolution of either Ca-carbonates
and sulphate or decreasing dissolution of halite which
both leads to Ca®'/Mg?" equivalent ratio of >1 (Fig. 5a).
Only the very low-salinity samples are Ca-bicarbonate and
-sulphate waters. In Fig. 7b, an increasing positive trend is
displayed with only the DAC 4 samples following a
slightly different trend. The equivalent ratios exceed by far
those of group 1. Note the different scale.

The Br /CI" equivalent ratios of water samples show
different arrays for groups 1 and 2, although they both
start with about the same values, near the Na'/Cl~
equivalent ratio of 1 (Fig. 8). For orientation, the seawater
evaporation line is given. The majority of samples of
group 1 display Br /Cl below the seawater ratio of 1.5.
Both groups start with dissolution of halite. Group 1 is
terminated when reaching the seawaters ratio of Br /CI,
whereas group 2 develops to higher Br /CI" and lower

Hydrogeology Journal (2007) 15: 1291-1306

8000 10 000

Na'/CI™ ratios, but almost all samples plot below the
seawater evaporation line (Fontes and Matray 1993). The
spread in Na'/Cl™ and Br /Cl~ equivalent ratios in group 2
is significantly larger than in group 1. The distribution of
samples in group 2 show distinct distribution with
reference to their aquifers of origin.

Rare-earth elements and yttrium (REY)

The normalised REY patterns show smooth trends in
which Ce, Eu, Gd and Y behaves anomalously. Grouping
REY patterns according to their trends, at least three
general types are discernable (Fig. 9):

1. Type R1. Patterns decrease from La to Eu and increase
from Eu to Lu (denoted concave patterns). This type
comprises groundwaters from Quaternary, Tertiary,
Jurassic, Upper Triassic (Keuper), and Lower Triassic
(Tables 1 and 2).

2. Type R2. REY patterns decrease from La to Eu, and flatten
thereafter towards Lu. This type comprises waters from
Cretaceous to Upper Permian aquifers (Tables 1 and 2).

DOI 10.1007/s10040-007-0176-y
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3. Type R3. This type comprises patterns with decreasing
trends from Eu to Lu. These waters stem from Jurassic
to Upper Permian aquifers. The incomplete REY
pattern of no. 22 shows exactly the same trend as the
others but at enhanced level.

Stable isotopes

In environments with regular recharge of groundwater
throughout the year, the isotopic composition of ground-
water closely reflects the weighted average annual
precipitation. With its flat morphology in NEGB (absence
of altitude effects), 6°H and 5'®0 values depend largely
on local climatic conditions. The average isotope compo-
sition of modern groundwater in the NGB is —8.00%o for
5'"%0 and —60.0%o for 5°H, values which resemble the
present-day average of the annual isotope composition of
precipitation in Berlin (5°H: —55.0%o0; 5'%0: —7.70%b).

In the cross-plots of 6°H vs. 5'%0, most of the samples
plot near to the global meteoric water line (GMWL; Craig
1961; Fig. 10). For comparison, the results of Kloppmann
et al. (2001) for saline waters around the Gorleben diapir
(Fig. 1) are indicated by an array. Most of the data lie in
the typical range of regional meteoric waters. The highest
isotope ratios (5°H > —30%o, 5'0 > —5%o) characterise

Hydrogeology Journal (2007) 15: 1291-1306
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brines from Jurassic to Upper Triassic strata and plot right
to the GMWL. The brackish waters show the lowest
values (6°H < —70.0%o, 5'%0 < —10.00%o0) (Tables 1 and
2), which characterises mixing with Pleistocene recharge
(Trettin et al. 1997; Kloppmann et al. 2001).

Discussion

Major elements
In Fig. 4a the vertex of the evaporation curve indicates the
beginning of halite precipitation, which leads to depletion
of Na', whereas most other ions are further enriched by
evaporation. Any water encountered beyond this point is a
highly concentrated brine. Data of group 1 do not plot
along the evaporation line but follow more closely the
halite dissolution line. None of the waters of group 1
reaches the stage of halite saturation. Contrastingly, most
of group 2 waters plot beyond the stage of halite
saturation. Higher Na' values than those of the evapora-
tion curve are caused by enhanced solubility of halite at
enhanced temperatures of these deep waters.

The variability of C212+/M§2+ equivalent ratios (Fig. 5b)
and the constancy of (Ca™* + Mg®")/Cl, ., (Fig. 6)

DOI 10.1007/s10040-007-0176-y
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suggest participation of these waters in processes of
dolomitisation of limestone as in the following:

2CaCO; + Mg*" < CaMg(CO3), + Ca*" (4)

12
[ ]
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4 o DAC 3
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Fig. 8 Cross-plot of 1,000 x Br /Cl™ equivalent ratio vs. Na'/CI”
equivalent ratio in the deep aquifer complexes (DAC 2—4 in Fig. 2)
for samples of group 2; the box displays the array of samples in
group 1. The line indicates the seawater evaporation trend based on
a literature compilation in Fontes and Matray (1993)
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Fig. 9 Rare-carth element distribution patterns of groundwaters in

Table 2. Grouping was done according to uniformity of trends: a
type R1; b type R2; ¢ type R3. For details, refer to text

or of albitisation of plagioclase:
2Nat + CaAl,SiOg + 4SiO,

& 2NaAlSi;Og + Ca*" (5)

Dissolution of anhydride is limited, particular in high-
salinity waters, and should be paralleled by increasing
sulphate contents. Figure 5a shows that Ca’>* /SO?[
equivalent ratios exceed unity without any systematic
trends. The absence of a correlation between Ca*‘and
SOZ‘ disproves anhydride dissolution to be important.
However, bacterially mediated SO~ reduction may
obliterate any expected correlation.

The Br /CI" equivalent ratios of water samples show
different arrays for both groups (Fig. 8). Any samples

DOI 10.1007/s10040-007-0176-y
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1990). Sample grouping according to the observed REY patterns
(R1-R3). For comparison, the ellipse illustrates the array of isotope
patterns found in Gorleben (Kloppmann et al. 2001)

plotting below the seawater evaporation line cannot be
explained by halite dissolution. The low Na'/Cl™ ratios
indicate that besides dissolution of halite other halides are
present. Like in Fig. 6, this suggests that mixing occurs
with (Ca,Mg)Cl, brines which may be variable in Br /CI™
ratios as shown by the two extreme Mg-rich brines with
about 10,000 meq/L (Fig. 5b) with either 20 or 100 meq/L
Br  (Fig. 4e). Residual evaporation brines seem to be
present only occasionally. However, the Br /Cl  ratio
depends on what salts are dissolved and whether Br is
additionally gained by leaching sediments rich in organic
material (e.g. Land and Prezbindowski 1981; Connolly et
al. 1990; Bein and Dutton 1993). The Upper Permian
brines (DAC 3) with Mg*">>Ca”" (Fig. 5b), and Br /CI”
ratios similar to those of marine evaporation brines
suggest that evaporation brines were and are still present.
Additionally, one has to assume that also evaporitic salts
of Mg-chlorides and -sulphate and -halite were and still
are dissolved, resulting in brines with low Br /CI  ratios,
much lower than those expected from evaporation brines.
Judging from the wide spread of Br /CI  ratios in Fig. &,
mixtures of these two types of Mg-rich brines might have
been and are still common.

The mixing relationship between different kinds of
brines is separately analysed in Fig. 11 for samples of
group 2. In this plot various mixing lines between the
following end members are calculated by PHREQPITZ
(Parkhurst and Appelo 1999): seawater and saturated
halite (1), and saturated halite brine and evaporation
brines at beginning of sylvite (2), carnallite (3), and
bischofite (4) crystallisation (Fontes and Matray 1993).
Most samples from the upper three deep aquifer com-
plexes plot between curves 2 and 3. All DAC 4 samples
(Lower Permian) plot along or left of the seawater
evaporation curve. This separation widely corresponds to
that in Fig. 7b.

Hydrogeology Journal (2007) 15: 1291-1306
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Fig. 11  Cross-plot of Na*/CI™ equivalent ratio vs. Cl~ in meg/L in
the deep aquifer complexes (DAC 14 in Fig. 2) for samples of
group 2. The broken curve displays the seawater evaporation trend.
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with (lines): 1 seawater, 2 a residual brine at the stage of sylvite
precipitation, 3 a residual brine at the stage of carnallite precipita-
tion, and 4 a residual brine at the stage of bischofite precipitation;
based on a literature compilation in Fontes and Matray (1993)

Rare-earth elements and yttrium (REY) and stable
isotopes

The REY abundance in waters is controlled by the
solubility of major and accessory minerals followed by
subsequent adsorption onto surfaces of rock-forming
minerals and their surface coatings (Moller 2000, 2002).
Any sediment is characterised by typical REY-bearing
accessory minerals, and REY in water reflect the most
soluble suite of such components in the recharge area.
Due to their low concentrations REY easily equilibrate
with mineral surfaces. Even when passing different
lithologies, changes of REY in groundwater are minor,
neglecting the induction period. This behaviour is similar
to that of REY in an ion exchange column after the
breakthrough of REY occurred. Only if large amounts of
minerals are dissolved by infiltrating groundwater such as
dissolution of evaporites, regional dolomitisation or
albitisation, REY abundances are varied. Thus, REY
distribution patterns are a useful tool in identifying the
most likely group of rocks or sediments of the replenish-
ment area (Moller et al. 2003, 2006).

Type Rl patterns (Fig. 9a) show all features of
oxidative weathering of Fe(Il) bearing minerals, which
lead to precipitation of Fe,Mn oxyhydroxides. In this
process, REY are fractionated (Bau 1999; Kawabe et al.
1999; Quinn et al. 2004). Ce(III) is oxidised to Ce(IV) and
coprecipitated with FeOOH. La, Gd, Y and Lu are less
coprecipitated than REE inbetween them. Furthermore,
the FeOOH precipitate enriches middle REE. This results
in concave patterns with negative Ce and positive Gd
anomalies in the residual water. All waters of type R1
show 5°H in the range of —64 to —76%,, which indicates
mixtures of Pleistocene and Recent precipitation at depth
down to about 300 m at maximum (Fig. 12).

Type R2 patterns (Fig. 9b) resemble those of the
carbonates and marls (Moller et al. 2003, 2006). Stable
isotopes (5°H: —51 to —67%o) indicate mixing of Recent

DOI 10.1007/s10040-007-0176-y
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and Pleistocene water. These mixtures are restricted to
depths of about 800 m (Fig. 12).

Type R3 patterns characterise waters from Upper
Triassic to Permian strata with mainly high isotope ratios
(Fig. 9c) which have been sampled down to about 2,200
m (Fig. 12). In general, isotopically enriched ground-
waters with respect to modern recharge are explained by
warmer-than-Holocene paleorecharge temperature (Kyser
and Kerrich 1990). Alternatively, Yapp and Epstein (1977)
hypothesised that glacial-age meteoric waters, which
precipitated over ice-free regions of North America, had
more positive 8°H values than corresponding modern
waters by an average of 19%.. However, this hypothesis
cannot account for the observed isotope ratios of type R3
as a thick ice shield covered the area. This leaves
evaporation the only process that explains the high isotope
ratios in the NEGB.

The hot brine of Neustadt-Glewe (no. 22) with §*H >
—26.6%o (reservoir temperature exceeds 90°C) is compa-
rable with samples no. 12-14, whereas its §'°0 value
(—1.72%o) is shifted by hydrothermal water—rock interac-
tion (Taylor 1974). The sample no. 22 represents waters
with the highest fraction of a deep-seated halite Ca—Cl
brine or hydrothermal exchange of '*O (Taylor 1974). The
isotope ratios of sample no. 19 from the Up}goer Permian
strata (Zechstein) with 8*’H=—66.6%o0 and &'°0=—9.8%o,
indicates mixing of Pleistocene and Recent precipitation,
but the REY pattern is of the R3 type. This sample
originates from a depth of about 300 m. Therefore, it is
most probable that Recent to Pleistocene infiltration water
dissolved Zechstein salts brought to shallow depth by
diapirism. Large-scale lateral flow regimes have to be
assumed because all pre-Rupelian aquifer systems to a
depth of at least 800 m are isotopically characterised by
Recent or Pleistocene recharge conditions (Fig. 12).

Surprising is the fact that some pre-Rupelian samples
such as no. 7 (Upper Triassic) and no. 20 (Lower Triassic)
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are strongly influenced by Pleistocene water. Bearing in
mind that the Rupelian Clay is considered a low-
permeability complex, it should have prohibited exchange
of water between the pre- and post-Rupelian aquifer
complexes, if locally eroded. Isotopic compositions of
the post-Rupelian water are hydrodynamically plausible as
no aquiclude separates the Quaternary and Upper Tertiary
aquifers (Table 1). For example, the groundwater sample
no. 8 (5'*0=-9.85%o, 6’ H=—72.3%), indicating Pleisto-
cene precipitation conditions, belongs to a post-Rupelian
Tertiary freshwater complex. However, its TDS exceeds 5
g/L, which is not explicable without assuming contribu-
tion from an underlying saline water body. Lateral saline
mass transport can be excluded because all neighbouring
observation wells of similar depth show freshwater.
Therefore, a locally ascending flow must exist. In general,
isotope distribution and REY patterns are closely linked.

Depth dependence

Excepting the groundwaters of type R3, infiltrating water
has systematically replaced any formation water in the
upper 800 m of sediments and sedimentary rocks. Minor
fractions may still be enclosed in rocks. The infiltrating
waters are salinised by mixing with local, gravity-driven
ascending brines or by leaching evaporites. The REY
patterns suggest that these groundwaters move between
the various aquifers along hydraulic connections. Inter-
aquifer flow is common in shallow aquifer systems. It can
be followed down to 2,000 m as shown for group 1
samples in Fig. 3. As shown by stable isotopes and REY
types, two different water bodies occur. Major elements

Depth Hydrostratigraphy Rupelian Clay
ml Nw / SE

4000

P ,_ 50 km b

Legend: Na*/Cl" ratio

fluid flow
>09

interface between Na-Cl brine
=== and halite Ca-Cl brine
08-089

]

B oo [ s
Fig. 13 Cross-section of a the hydrostratigraphic units (DAC -4
in Fig. 2) and b the hydrochemical stratification in the study area.
The cross-section runs from the margin of the NEGB in the SE
towards the centre in the NW (as indicated in Fig. 1); modified after
Manhenke (2002)

? no hydrochemical data
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clearly separate brines into two groups, which are
distinctly different in Na'/Cl™ equivalent ratios. Group 1
(Na"/CI'>0.9) and group 2 (Na'/Cl <0.8) represent a
halite and halite Ca—Cl type of water, respectively. Thus,
three different criteria prove the presence of two different
water bodies with an interface varying between 800 and
1,500 m (Fig. 13).

The interface is nearly independent of geologic
formations (Fig. 13a and b). The gravity-flow system is
sustained by meteoric recharge at the SE of the study area.
Consequently, the Upper Permian deposits (DAC 3) at
higher elevations near the margin of the basin have
undergone dissolution by the circulating meteoric waters.
This has resulted in disturbed overlying strata, chaotic
bedding, faults and numerous joints (Voigt 1975). Some
waters leaks into the Lower Permian strata (DAC 4). It is
assumed that upward directed brine movement along with
mixing processes are responsible for the large scatter in
Na'/Cl” equivalent ratios at the SE margin of the basin
(Fig. 13b). In the NW, intermediate Na'/CI™ equivalent
ratios are encountered close to a salt diapir at shallow
depth. Brines with intermediate Na'/CI™ equivalent ratios
of ~0.84-0.88 might be either gypsum Ca—Cl brine or a
mixture of Na—Cl brine and halite Ca—Cl brine (Bein and
Dutton 1993). The data analysis does not support the
existence of gypsum Ca—Cl brine. Therefore, mixing
between Na—Cl brines and halite Ca—Cl brines seems
reasonable. It is suggested that local faults, commonly
flanking salt diapirs, serve as groundwater conduits.
Thermally driven convection near salt domes in the
NEGB presents a simple and plausible transport mecha-
nism, provided salinity effects do not overhelm the
thermal effects (Magri et al. 2005a,b).

If the stratigraphy is reduced to Rupelian as the main
aquiclude of the near-surface systems, it turns out that:

— Groundwater samples from post-Rupelian aquifers
largely represent mixtures of Recent and Pleistocene
precipitation, and

— Groundwater samples from pre-Rupelian aquifers
cover the whole range of isotope data shown in Fig.
12. The samples represent water from different
geologic times and mixtures of these waters with
Pleistocene precipitation, and have experienced isoto-
pic changes locally, e.g. by evaporation prior to
infiltration or by hydrothermal overprinting.

Conclusions

Halite and halite Ca—Cl brines cause salinisation of
groundwater in the NE German Basin.

The salinity of halite brines increases with depth from
Cretaceous to Upper Triassic (Keuper) but is not restricted to
stratigraphic units. Only the salinity of waters from Upper
Permian strata is independent of depth, although some of the
samples are from depths of <1,000 m. Waters from the
Lower Triassic represent a link between the two groups.
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The halite brines originate from dissolution of Permian
evaporites with very low Br /Cl ratios by percolating
water. Some mixing with evolved evaporation brine may
also occur. Thus, formation brines are still present but are
not dominant.

The Ca—Cl brines show high hydrochemical diversity.
Locally, the MgCl, brines with high Br /Cl ratios
represent evaporation brines in a strict sense. The Ca—Cl
brines evolved from evaporation brines by chemical
interaction with the aquifer environment and dolomitisa-
tion of limestones is the most common process.

Conjointly, interpretation of stable H and O isotopes
ratios and REY patterns suggest that many groundwaters
in Quaternary to Lower Triassic units evolved from
infiltrating meteoric waters. The post-Rupelian groundwa-
ter largely represents mixtures of Recent and Pleistocene
precipitation. The Rupelian is considered the main
aquiclude of the near-surface systems, which separates
fresh and saline groundwater bodies. The pre-Rupelian
waters, however, cover the whole range of isotope data
and REY distribution patterns. The presence of isotope
patterns typical for Pleistocene to Recent replenishment in
the pre-Rupelian aquifers indicates infiltration of surface
water in places where the Rupelian Clay is absent and
large-scale groundwater flow regimes may exist. All
saline waters studied in detail indicate that they are
younger than the formations in which they occur.

Interaquifer flow is proved by stable H and O isotopes
and by REY patterns, especially in the shallow aquifers.
However, even at depths exceeding 2,000 m, interaquifer
flow is recognisable. In general, interpolation of REY
patterns coincides well with those of isotope ratios.
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