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Abstract The Late Permian Zechstein Group in north-

eastern Germany is characterized by shelf and slope car-

bonates that rimmed a basin extending from eastern

England through the Netherlands and Germany to Poland.

Conventional reservoirs are found in grainstones rimming

islands created by pre-existing paleohighs and platform-

rimming shoals that compose steep margins in the north

and ramp deposits in the southern part. The slope and basin

deposits are characterized by debris flows and organic-rich

mudstones. Lagoonal and basinal evaporites formed the

seal for these carbonate and underlying sandstone reser-

voirs. The objective of this investigation is to evaluate

potential unconventional reservoirs in organic-rich, fine-

grained and/or tight mudrocks in slope and basin as well as

platform carbonates occurring in this stratigraphic interval.

Therefore, a comprehensive study was conducted that

included sedimentology, sequence stratigraphy, petrogra-

phy, and geochemistry. Sequence stratigraphic correlations

from shelf to basin are crucial in establishing a framework

that allows correlation of potential productive facies in

fine-grained, organic-rich basinal siliceous and calcareous

mudstones or interfingering tight carbonates and siltstones,

ranging from the lagoon, to slope to basin, which might be

candidates for forming an unconventional reservoir. Most

organic-rich shales worldwide are associated with eustatic

transgressions. The basal Zechstein cycles, Z1 and Z2,

contain organic-rich siliceous and calcareous mudstones

and carbonates that form major transgressive deposits in

the basin. Maturities range from over–mature (gas) in the

basin to oil-generation on the slope with variable TOC

contents. This sequence stratigraphic and sedimentologic

evaluation of the transgressive facies in the Z1 and Z2

assesses the potential for shale-gas/oil and hybrid uncon-

ventional plays. Potential unconventional reservoirs might

be explored in laminated organic-rich mudstones within the

oil window along the northern and southern slopes of the

basin. Although the Zechstein Z1 and Z2 cycles might have

limited shale-gas potential because of low thickness and

deep burial depth to be economic at this point, unconven-

tional reservoir opportunities that include hybrid and shale-

oil potential are possible in the study area.
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Introduction

A sedimentologic and sequence stratigraphic evaluation of

the Upper Permian Zechstein Group in the northern Ger-

man states of Brandenburg and Mecklenburg-Vorpommern

was conducted to evaluate the unconventional reservoir

potential of slope and basinal deposits for mudrocks and

carbonates of the lower portion of the Zechstein units (Z1

and Z2 cycles; Richter-Bernburg 1955, 1982). The lower

unit of the Zechstein Group, namely the Stassfurt Car-

bonates (Ca2) has been a prolific conventional exploration

target in the North German Basin of the German States of

Schleswig–Holstein, Niedersachsen, and in the Nether-

lands, England, and Poland. Recent interest through the
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unconventional shale-gas and shale-oil boom in the USA

(e.g., Barnett, Haynesville, Eagle Ford, Marcellus, Utica,

and Bakken Shales) encouraged many oil companies to

investigate the shale-gas and shale-oil potential in Europe.

Previous evaluation of the shale-gas potential of the

Zechstein Z2 Stassfurt basinal mudstones in the State of

Brandenburg by Hartwig and Schulz (2010) precluded the

occurrence of commercial shale-gas reservoirs in the

basinal Ca2 mudstones because of low TOC, thickness

limitations, and gas-prone kerogen type II/III. However, a

comprehensive study of the unconventional reservoir

potential and sequence stratigraphy and facies of the Z1

and Z2 in the Brandenburg and Mecklenburg-Vorpommern

area is lacking to date. In this study, additional data was

collected to evaluate the unconventional reservoir potential

of the northern and southern slope and other parts of the

basin including Z1 and Z2 Zechstein cycles (Richter-

Bernburg 1955, 1982). Source-rock potential of the mud-

rocks of the Kupferschiefer (e.g., Bechtel et al. 2000) and

laminated mudstones of the Ca2 (e.g., Karnin et al. 1996;

Müller et al. 1993) exists and might be accessed for

unconventional reservoir potential. Therefore, a compre-

hensive data set, consisting of cores and logs, was gathered

from the geological surveys of Brandenburg and Meckl-

enburg-Vorpommern with the goal to generate transects

across different stratigraphic intervals and depositional

settings spanning geographically from the northern to the

southern rims of the northern German Southern Permian

Zechstein basin (Fig. 1). The specific objectives are to

document sedimentary features of the mudrocks and the

carbonates, to identify stratigraphic sequences, to conduct

geochemical analyses, and to evaluate the unconventional

reservoir potential of the slope and basinal mudstones.

Geologic setting

The study area lies within the Southern Permian Basin that

extended from Poland through Germany, Netherlands into

England in an east–west direction (Fig. 1; e.g., Ziegler

1990; Wagner and Peryt 1997; Lokhorst 1997; Geluk

2007). The North German Basin, which is part of the

Central European Basin System, developed as a foredeep

during Early Paleozoic Variscan orogeny as a result of

regional thermal destabilization and transtensional stress-

field. Wrench-related movement along NNE–NNW ori-

ented fault systems in the late Carboniferous followed by

Fig. 1 a Paleogeography of the Z2 Southern Permian Basin

illustrating platform and basin areas (modified from Geluk 2007).

Inset shows location map of study area in C. b Stratigraphic terms of

the Zechstein Formation-Group from United Kingdom (after Tucker

1991) to Germany (after Richter-Bernburg 1955) and Poland (after

Wagner 2008). c The location map showing Zechstein 1 location of

wells (blue dot), Zechstein Z2 wells (red dots) and Hartwig and

Schulz (2010) wells (purple dots) used in the study of Brandenburg

and Mecklenburg-Vorpommern. Black circles around well dots

indicate wells used in cross sections (Figs. 2, 8). Green circles

around well dots and green numbers indicate wells used in Table 1.

Green stippled lines indicate boundaries of platform, slope and basin
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thermal subsidence led to the formation of the Permian

Basin (e.g., Ziegler 1990; Plein 1994; Geluk 2000). Vol-

canism in local pull-apart basins occurred throughout the

basin in the Early Permian followed through middle

Permian by deposition of up to 3 km thick sandstone

succession of the Rotliegend in the basin. Thick volcanic

deposits in the study area during Early Permian times

created a regional high that persisted through deposition of

the Rotliegend and Zechstein Groups (e.g., Ziegler 1990;

Geluk 2007). Thermal contraction and subsidence coupled

with a transgression from the Panthalassa Ocean in the

north resulted in Upper Permian sedimentation of the

Zechstein Group, comprising cyclic deposition of clastics,

carbonates and evaporites (e.g., Ziegler 1990; Van Wees

et al. 2000). Late Permian to Early Cretaceous salt mobi-

lization and subsequent extensional reactivation of faults

concluded the basin formation creating tectonic traps for

prolific oil and gas reservoirs (e.g., Plein 1994; Strohm-

enger et al. 1996).

The Upper Permian Zechstein carbonates and evapor-

ites are divided into seven cycles (Strohmenger et al.

1996; Käding 2000): Z1 = Werra; Z2 = Stassfurt;

Z3 = Leine; Z4 = Aller; Z5 = Ohre; Z6 = Friesland;

Z7 = Fulda (Fig. 1). Not all of these cycles are present

across the Permian Basin (Fig. 1) but are developed in the

study area (i.e., Northern German Zechstein basin). Des-

ignation of lithologic units in the Z1 and Z2 cycles are T1

for the Kupferschiefer, Ca1 for Werra carbonate, Ca2 for

Stassfurt carbonate, A1 for Werra Anhydrite, and A2 for

Basal Anhydrite. These lithologic units were subdivided

into genetically linked sequences that are stacking into

sequences and smaller-scale cycles. The whole Zechstein

represents a second-order sequence (Tucker 1991) but

smaller-scale cycles stack into third- to fifth-order

sequences. Sequence stratigraphic subdivisions of the

seven classic cycles followed by Tucker (1991) into seven

sequences ZS1–ZS7 and eight sequences by Strohmenger

et al. (1996), where Tucker interpreted all major anhydrite

cycles deposited as lowstand systems tracts (LST) while

Strohmenger et al. (1993, 1996) and Kaiser et al. (2003)

interpreted the anhydrites to be part of the highstand

systems tract (HST) and only the uppermost basinal

anhydrite as part of the LST. This study uses and refines

the large sequence stratigraphic framework produced over

the years from these various authors, and adds a new,

well-constrained correlation from shelf to basin showing

the regional and stratigraphic variability of lithofacies

types and their spatial arrangement in small- and medium-

scale cycles. This level of information is essential to

assess in detail shale-gas/oil and hybrid unconventional

plays, especially where interfingering organic-rich mud-

stones and carbonates might present new exploration

possibilities.

Previous studies

A comprehensive study of the unconventional reservoir

potential and sequence stratigraphy of platform, slope and

basinal facies of the Z1 and Z2 is lacking to date. Platform

carbonates have been subject to many studies ranging from

Poland to England (e.g., Tucker 1991; Strohmenger et al.

1996; Becker and Bechstädt 2006; Peryt et al. 2012; and

many others) that concentrated mainly on the platform

carbonates and evaporites. However, slope and basin facies

did only just recently spike the author’s interest because of

their potential for shale gas and/or shale oil. Hartwig and

Schulz (2010) evaluated the shale-gas potential of the

organic-rich mudrocks in Z2 basinal and slope deposits of

southern Brandenburg (see Fig. 1) addressing limited

shale-gas potential due to low TOC and low formation

thickness. Kupferschiefer geochemical papers are docu-

mented only from other parts of the Zechstein basin, such

as Poland (Bechtel et al. 2000), Rheingraben (Bechtel and

Püttmann 1997), Hessen Basin (Becker 2002; Becker and

Bechstädt 2006). Paul (1986a, b, 1991, 2006) studied the

Kupferschiefer sequence stratigraphy and facies in western

Germany and compared to English Zechstein sequence

described by Smith et al. (1986). Gerling et al. (1996a, b)

evaluated source rock potential of the Ca2 from basin to

lagoon and correlation to oils establishing the Ca2 as an

actively generating hydrocarbon source rock in the states of

Brandenburg, Mecklenburg-Vorpommern, Sachsen-Anhalt

and Thüringen. Bechtel and Püttmann (1997), Bechtel et al.

(2000), Kaiser et al. (2003), and Strohmenger et al. (1993,

1996) established a sequence stratigraphic model for the

Stassfurt Formation. Petroleum potential of Polish Zech-

stein cores generated a slew of papers by the Polish Geo-

logical Survey. Some of these publications, namely

Dyjaczynski et al. (2001), Kotarba and Wagner (2007), and

Slowakiewicz and Mikolajewski (2009) and references

therein established both the Kupferschiefer and Stassfurt

basinal mudrocks to be actively generating source rocks for

oil in low maturity settings.

Methods

This study is based on 17 cores that were described and

selectively sampled at core repositories of geological sur-

veys of Brandenburg and Mecklenburg-Vorpommern fol-

lowing a profile from the southern platform across the

basin onto the northern shelf margin (Fig. 1). The depths

ranged from 964 to 4,934 m. These cores were drilled

during 1950–1970s as part of the research coring program

that the former East German Erdgas Erdoel Gommern oil

company conducted to evaluate the hydrocarbon potential

in northern Germany.
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Macroscopic core description, facies descriptions, thin-

section petrography, and photomicroscopy were conducted

on approximately 120 samples for the Z1 and Z2 intervals.

Core material was partially incomplete and not always

fully covering the full stratigraphic length of the drilled

interval. These are marked in core descriptions. The cores

were compared when possible to geophysical logs where

logs were present or available. Thin-sections were exam-

ined to determine facies, grain types, and cementation. To

evaluate the pore space on a micro-scale, selected samples

were prepared with Ar-Ion milling technique (Loucks et al.

2012) or polished and examined under backscatter scan-

ning electron microscope and environmental scanning

electron microscope.

Selected samples were analyzed for TOC, thermal

maturity, and significant minerals (Table 1). TOC analyses

were conducted using a CHNOS Vario Elemental analyser

by Elementar at the University of Potsdam. Geomark

Laboratory, Houston, USA performed Rockeval pyrolyses

and vitrinite reflectance measurements. Major minerals

were determined with a Siemens Diffractometer D5005 in

Bragg–Brentano reflection geometry. The diffractometer

was equipped with a copper tube, a scintillation counter,

automatical incident- and diffracted-beam soller slits and

with a graphite secondary monochromator. The generator

was set to 40 kV and 40 mA. All measurements were

performed with sample rotating. Data were collected dig-

itally from 3 to 70� 2h using a step size of 0.02� 2h and a

count time of 4 s per step.

Archival data

The LBGR and LUNG (Geological Surveys of Branden-

burg and Mecklenburg-Vorpommern, respectively) geo-

logical archives were used for gaining insight into reports

generated by the former East German oil company, Erdgas

Erdoel Gommern. These reports documented the stratig-

raphy, lithology, petrophysics, and geochemistry of selec-

ted intervals of the cores. Some of these data, such as

porosity and permeability measurements, were used to gain

insights into the drilled lithologies where core material was

missing and is indicated in text.

Depositional environments, facies, and cyclicity

The Southern Permian Basin is characterized by several

low-frequency and numerous high-frequency cycles rela-

ted to sea-level fluctuations that are well documented and

correlative across the basin (e.g., Peryt 1986; Paul 1991;

Strohmenger et al. 1996). The underlying Rotliegend

Group is composed of tan to red silt- and sandstones of

fluvial and playa lake origin (e.g., Gebhardt et al. 1991; T
a
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Gaupp et al. 2000; Legler et al. 2005). Related to the

ensuing transgression of the basin from the northwest the

Kupferschiefer (T1) with blackish to dark-greyish colored,

organic- and clay-rich shale was deposited. Overlying the

shale is the Werra carbonate (Ca1) followed by dolomite

and the Werra Anhydrite. The limestones and dolomites of

the Stassfurt carbonate (Ca2) on the shelf and the Stinks-

chiefer (‘‘smelly shale’’) in the basin were overlain by the

Stassfurt anhydrite completing the Z2 cycle in the Permian

Basin. Although major sequence boundaries can be corre-

lated across the basin, facies and variations in cycle

thickness are predominant in subbasin-depressions and

subbasin-highs related to paleogeographic variations rooted

in Middle Permian Rotliegend time. For example, the study

area is underlain by a volcanic plateau that spread across

the area and created a high during subsequent fluvial

Rotliegendes and Zechstein deposition (see Geluk 2005;

Scheck-Wenderoth and Lamarche 2005; Peryt et al. 2010).

This intrabasinal high seemed to have been responsible for

subsequent facies differentiation in overlying formations

ranging from Upper Permian to Cretaceous.

Three major depositional domains, platform, slope, and

basin, can be differentiated in the Z1 and Z2 Zechstein

units from the platform in the north across the basin to the

platform in the south (Fig. 1).

Zechstein 1

The Zechstein 1 represents a complete transgressive to

regressive cycle. In detail this sequence is composed of two

higher-frequency sequences that exhibit different character

depending on the position of the section in the basin

(Fig. 2). In the first sequence, ZSI-1, organic-rich shales

and marine carbonates dominate, shallowing upward into

grain-dominated carbonate facies. The second sequence

ZSI-2 grades from sabkha and tidal flat facies into do-

lomitized limestones and anhydrite (Fig. 2). In contrast to

the basin and swell facies of the western part of the

Permian Basin (e.g., Paul 1986a, b) the study area of

Brandenburg and Mecklenburg/Vorpommern does not

exhibit a fragmented paleogeography or reefal structures in

the Z1. In fact, the Z1 depositional profile does not indicate

much facies variability from slope to basin (Fig. 2).

Strohmenger et al. (1996) and Becker and Bechstädt (2006)

proposed sequence stratigraphic subdivisions of two 3rd-

order sequences for the Z1 cycle: the ZS1 and ZS2

sequences, which correspond to this paper’s two sequences,

ZSI-1 and ZS1-2. However, a major exposure surface

between the two sequences, as indicated by Strohmenger

et al. (1996) has not been observed, which agrees with

Becker and Bechstädt’s findings of this surface being

restricted to intrabasinal highs. New age dates (e.g., Men-

ning et al. 2005; Szurlies 2013), however, suggest shorter

duration and therefore higher-frequency order for these two

sequences of probable 4th-order duration. Szurlies (2013)

estimated a duration of up to 3.5 m.y. for the whole

Zechstein with the Z1 and Z2 cycles lasting about 2 m.y.

According to sequence stratigraphic convention (e.g., Vail

et al. 1977; Haq et al. 1988) a third-order cyclicity might be

assigned to these two cycles instead of second-order cycle

as suggested by Strohmenger et al. (1996). Six facies types

were identified that are stacking into two sequences. The

ZSI-1 sequence is subdivided into three smaller-scale

cycles ZC1-1 through ZC1-3 (Fig. 2). These sequence

subdivisions were also recognized by Strohmenger et al.

(1993, 1996). The first sequence is dominated by four

distinct facies types illustrating the transition from a fluvial

to playa lake dominated environment of the underlying

Rotliegend Group to marine transgressive facies of the

Zechstein ranging from clay-rich mudstones to carbonate-

dominated facies (facies types ZF1-1 to ZF1-4). The sec-

ond sequence, ZS1-2, is dominated by evaporite facies

expressed in dolo-mudstones and anhydrites (facies types

ZF1-5 and ZF1-6) and contains one cycle ZC1-4. The

thickness of the Z1 carbonates and mudrocks (not includ-

ing the anhydrite and salt) varies from fairly uniform in the

basin of \10 to 15–20 m on the slope, and [20 m on the

platform (Fig. 2). Porosity ranges from 1 to 6 % and per-

meabilities \0.001 in mudrocks to 1 mD in carbonates.

Depositional facies are described below to identify stack-

ing patterns that can be traced into genetically linked units.

The facies are varying across the basin from mudrocks to

evaporites and present interfingering source rocks, seals,

and reservoirs, as discussed below.

Zechstein 1 facies types

ZF1-1: calcareous laminated organic-rich mudrock This

heavily compacted facies is composed of 0.1–1.2 m thick,

laminated, organic-rich shales that contain grains com-

posed of apatite, albite, quartz, biotite, pyrite, and musco-

vite amongst layers of clay, organics, and calcite crystals

(Figs. 3, 4). Sedimentary structures of these laminated

shales include rare burrows and cross-laminations that are

predominantly located in slope areas. The shales exhibit

low porosity mainly in interparticle pores and in micro- and

nano-pores within the organic material. Bulk porosity is

typical\2 % and permeability\0.001 mD. This facies can

be traced across the Southern and Northern Permian basins

and was deposited in response to flooding of the Permian

Basin from the northwest (e.g., Paul 1986a, b; Ziegler

1990; Kopp et al. 2006; Geluk 2007) from shelf to basin in

fairly uniform thickness of 0.5 m in most sections (Fig. 2).

It is one of the prolific source rocks in the Permian Basin

for many of the overlying reservoirs stretching from Poland

(e.g., Bechtel et al. 2000) to England with TOC content
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ranging from 1.6 to 6 % and maturities ranging from oil

window on the slope and platform to overmature in the

basinal area of the study area (Table 1).

ZF1-2: calcareous laminated mudstone Main constitu-

ents of mudstones and laminated mudstones are composed

of layers of micrite, calcite, clay, and organic material.

The mudstones occur at the bottom of each ZF1 sequence

but above the Kupferschiefer (Figs. 3, 4). This facies

gradually overlays the organic-rich shales with dark-grey

laminated to massive, calcitic mudstones. Bioturbation is

present in some of the samples but rare. High-amplitude

and micro stylolites are common in this facies. Cross-

stratification in samples from the slope indicate current

action. TOC content of this calcareous facies is \0.5 %

(Table 1).

ZF1-3: calcareous oncoid peloid intraclast wacke-/pack-

stone Slope and basin environments are characterized by

coated grain, oncoid, peloidal, intraclast wacke- to pack-

stones overlying laminated mudstones (Fig. 3). Main con-

stituents in a predominantly micritic matrix are oncoids,

peloids, intraclasts, skeletal grains, and diverse silt-sized

grains. The matrix is micritic but sparite is present between

some of the oncoids and peloids. Where oncoids are

cemented, they appear as interclasts in micritic matrix.

Oncoid size ranges from micrometer to 2 mm. Porosity is

present in rare intra- and interparticle pores.

ZF1-4: calcareous thrombolite wackestone to bind-

stone Microbially bound mud- and wackestones are

abundant in the slope and basin environment of the Z1

rocks. This facies is characterized by micritic matrix with

clotted microbial fabrics (mesoclots sensu Kennard and

James 1986). Cauliflower shaped clumps of microbial

microstructures form mesoclots that are bound by micro-

bial mats (Fig. 3). This framework is due to in situ calci-

fication that is creating a rigid framework (Kennard and

Fig. 2 Cross section from north to south platform across the basin

showing Z1 sequences, cycles, and lithology. Two sequences ZSI-1

and ZSI-2 showing shallowing-upward patterns on platform, slope

and basin. These sequences compare to Strohmenger et al. (1996)

sequences. ZSB3 is sequence boundary on top of Lower Werra

Anhydrite. The Na1 salt and A1b Upper anhydrites were not logged in

this study. Not to horizontal scale. Note scale change in last sequence

(anhydrite)
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James 1986). The thrombolite facies occurs associated with

facies ZF1-3 or overlies the oncoid facies. Its porosity

occurs mainly in moldic and intercrystalline pores but is

usually below 6 %.

ZF1-5: dolo-mudstones The top of the platform to basin

Z1 cycle is characterized by structureless carbonate mud-

stones that are often dolomitized (Figs. 3, 4). These mud-

stones contain anhydrite nodules and anhydrite crystals due

to proximity of overlying anhydrite. Dolomite/anhydrite

dominated facies is prevalent on the top of the basinal

facies as \1 m thick dolo-mudstone with anhydrite

nodules.

ZF1-6: anhydrite facies The transition to the Werra

Anhydrite is gradual from interbedded dolomite and

anhydrite grading into mosaic and massive anhydrite within

\1 m (Fig. 4). The Z1 anhydrite is divided into a lower

and an upper anhydrite package. In some areas the anhy-

drite units are intercalated with salt. The anhydrite package

is thickest on the slope and platform but thinner in the

basin. Frequently, this anhydrite package is intercalated

with salt, called the Na1, within the Werra stratigraphic

section.

Interpretation Z1 stacking patterns and sequence

stratigraphic framework

Above the Rotliegend unconformity the transgressive sys-

tems tract (TST) of the Z1-1 cycle is expressed as marine

sandstones, conglomerate and organic-rich mudrocks. The

mudrocks or shales were deposited under anoxic to disoxic

conditions below a stratified water column as evidenced by

the almost complete absence of fossils, high amount of

preserved organics, and botryoidal pyrite (see also Paul

(2006) for genesis of Kupferschiefer). Laminations of more

calcite-rich and clay-rich layers indicate suspension fallout

of very fine-grained clastic and organic-rich material.

Bioturbated units represent times of more oxygenated

conditions related to small-scale sea-level fluctuations or

episodes of increased freshwater runoff which would

temporarily increase oxygenation. Following the wide-

spread transgression were an increase in sea level that

established more normal marine conditions in the basin and

Fig. 3 Thin-section photomicrographs and whole core examples of

Z1 basinal facies of Rhinow 5h/71 well: a Facies type ZF1-1—Core

Kupferschiefer/Rotliegend boundary showing contact of sandstone to

claystone. b Facies type ZF1-2—laminated bioturbated mudstone;

c Facies type ZF1-3—Coated-grain peloid packstone; d Facies type

ZF1-4—thrombolitic, calcareous wacke- to packstone. Legend is

applicable to Figs. 3–8
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evaporitic conditions on the platform (Ziegler 1990; Van

Wees et al. 2000). Above an exposure surface on the shelf

and parts of the basin the second Z1-2 sequence indicated a

change to more arid conditions resulting in thick anhydrite

and salt deposits.

Stacking-patterns and facies development of each of the

two sequences ZSI-1 and ZSI-2 illustrate the overall

regressive nature and interfingering of mudrocks and car-

bonates in the basin and along the slope. ZSI-1 is divided

into three smaller-scale cycles ZC1-1, ZC1-2, and ZC1-3.

Fig. 4 Z1 platform facies and

core log of Spremberg 2 well:

thin-section photomicrographs

of the platform showing

laminated organic-rich

mudstone of facies type ZF1-1

(a); calcareous laminated

mudstone of facies type ZF1-2

(b); dolomitic mudstones of

facies type ZF1-5 (c, d); and

dolomite with anhydrite crystals

(d). See Fig. 3 for legend
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This subdivision was also recognized by Becker and Bec-

hstädt (2006) and Strohmenger et al. (1996). Each cycle is

shallowing-upward and capped by oncoid packstones or

thrombolite wackestones becoming progressively thinner

toward the top of ZSI-1. The second sequence ZSI-2 is

dominated by transgressive organic-rich dolomites and

anhydrite composing the HST.

The TST of each sequence is composed of organic-rich

mudrocks and mudstones (Figs. 2, 3). In the ZSI-1

sequence these mudrocks are representing the Kupfers-

chiefer equivalent, an organic-rich mudrock of ZF1-1

facies with TOCs reaching 6 % in the study area (Table 1).

Platform mudrocks are slightly more calcitic but also

contain high amounts of organics evidenced by a current

value of 4.5 % TOC. Three smaller-scale cycles were

reported by other authors (e.g., Rentzsch 1965; Gerlach and

Knitzschke 1978; Paul 2006) within the Kupferschiefer

organic mudrocks. However, these three cycles were not

observed in the study area and are mostly present on the

platform. The maximum flooding surface is expressed

within the organic-rich mudrocks. The HST in cycle ZSI-2

is typically composed of laminated mudstone of facies type

ZF1-2 above the organic-rich mudstones. In the basin,

these are sharply overlain by oncoid-peloid packstones and

grainstones of facies type ZF1-3 indicating shallowing and

wave-base influence. Although, Füchtbauer (1968) inter-

preted oncoids for the Zechstein in northern Germany to be

of subtidal origin deposited in relative quiet water depths

larger than 30 m, the association of oncoids, aggregate

grains, and ooids of varying sizes supports deposition

influenced by some current/wave activity. These basinal

oncoid packstones interfinger and are overlain by thromb-

olite wackestones of facies ZF1-4. Thrombolites suggest

fixation of the sediment by microbial interaction as evi-

denced by the clotted nature (e.g., Kennard and James

1986; Fig. 3). Thrombolite and oncoid grainstone facies

compose the tops of each cycle. In some cores these facies

also exhibit exposure surfaces and karst dissolution fea-

tures related to subaerial exposure. Platform cycles above

the organic-rich shale are dominated by dolomitized

mudstones of alternating ZF1-2 and ZF1-5 facies that

reflect subtidal to tidal-flat environments. Scarce forami-

nifera are present in the massive lime mudstone overlying

the organic-rich mudstone but most platform facies are

devoid of organisms. Most depositional textures are

destroyed higher up in the section due to pervasive dolo-

mitization. Towards the top of each platform cycle anhy-

drite is increasing in form of nodules and crystals either

caused syndepositionally or later diagenetically.

The second sequence, ZSI-2, of the Z1 cycle is char-

acterized by dolomitized limestones and mudstones with

anhydrite nodules and crystals indicating a shallowing

from subtidal to tidal flat conditions, as well as an increase

in evaporitic conditions (Fig. 2). Basin and platform show

similar facies in this second cycle indicating an overall

shallowing and increase in salinity and likely evaporitic

conditions across the basin (e.g., Richter-Bernburg 1985;

Becker and Bechstädt 2006). This second sequence

encompasses the thick section of Werra Anhydrite that

dominated the late HST with thick deposits on the slope

and platform but thinner deposits in the basin. Continued

subsidence and accommodation space facilitated deposi-

tion of basinal anhydrite during highstand conditions

completing the Z1 sequence. The top of this second

sequence, ZSB3 is characterized by a widespread exposure

surface and evaporite karst (e.g., Steinhoff and Strohm-

enger 1996; Strohmenger et al. 1996; Leyrer et al. 1999).

Exposure surfaces and karst features were recognized in

cores on the platform and shallow slope; the ZSB3 in the

basin is distinguished by an abrupt transition from anhy-

drite to calcareous mudstone that is correlating to the

exposure event on the platform.

Zechstein 2

Z2 cycle, ranging in thickness from 15 to 20 m in the basin

and 20 to 30 m on the slope and platform, also comprises a

series of stacked cycles. In contrast to the Z1 sequence

significant differences in morphology from platform to

basin were established by differential compaction and

establishment of thick anhydrite- and salt-dominated, wall-

like structures which separate the marginal platform from

slope and basinal deposits (e.g., Richter-Bernburg 1985;

Strohmenger et al. 1996). The Z2 sequence rests uncon-

formably above the Werra Anhydrite. Dolomitized, lami-

nated, mud- and wackestone dominate the facies in the

platform area whereas the basin exhibits organic-rich

laminated mudstone and calcareous and dolomitized

mudstones. Most of the marginal deposits of the Spremberg

area are characterized by micritic carbonates that were

dolomitized starting very early in the post-depositional

history, organized in cycles shallowing-upward into tidal-

flat strata with typical features like bird’s-eye structures

and nodular anhydrite typical of coastal sabkha environ-

ments. This sequence is in turn overlain by the Basal

Anhydrite that blanketed and filled in the depositional

geometry across the basin.

Zechstein 2 facies types

ZF2-1: laminated dolo/lime mudstone facies The lami-

nated mudstone facies is the dominant facies of the Z2

basinal and slope carbonate section and characterized by

mm- to cm-thick layers of calcite, dolomitized calcite,

dolomite, and mm-thick, dark layers composed of finely

crystalline dolomite, organics, clay, and silt (Fig. 5).
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Stylolites along bed boundaries are commonly filled with

bitumen, clay and silt (Fig. 5). These stylolites also cross-

cut some of the laminae. This facies is more prevalent on

the slope and shallower parts of the basin and towards the

top of cycles. Where this facies is dolomitized within close

range of any of the Werra or Basal Anhydrite, anhydrite

nodules are present.

ZF2-1A: crinkled varve-laminated mudstone facies The

varve-like appearance in these calcitic mudstones ranges

from perfectly horizontal laminae to crinkled laminae

(Figs. 5, 6). The laminae consist of wavy layers of light-

colored calcite and dark layers composed of fine-crystalline

dolomite, clay, bitumen, and silt. The lighter colored layers

are cm- to mm-thick and thicker where convex upward,

whereas the dark layers are lm- to mm-thick laminae. The

crinkly varve-laminated mudstone facies occurs only in the

basin and slope environments. Overall thickness of the

crinkled varve laminite facies is 4–6 m in the basin but

10? meters on the slope; each crinkled bed is cm to dm

thick intercalated between laminated beds that are also cm

to dm thick (Fig. 5).

ZF2-2: organic-rich laminated mudstones facies The

organic-rich laminated mudstone facies is dominating the

basinal and slope section of the Z2 cycle. Millimeter- to

centimeter-thick laminae consist of mm- to cm-thick cal-

cite layers and mm-thick layers of organics, clay, silt, and

pyrite (Fig. 5). Some intercrystalline pores are filled with

bitumen. Where this section is deeply buried and over-

mature the carbonates exhibit a dark brown to black fissile

appearance and hydrocarbon smell (e.g., Stinkschiefer

facies) related to deep burial and maturation (Fig. 5).

Within slope and basin sections, this facies contains thin-

Fig. 5 Z2 basinal facies and

core log and thin-section of

Zootzen 1/75 well: core

photograph of bituminous

laminated calcareous mudstone

(a); thin-section

photomicrograph of bituminous

laminated calcareous mudstone

(b); Crinkled varve-laminated

mudstone showing alternate

layers of calcite and clay, silt,

and organics (c); ZF2-3 facies

showing dolo-mudstone with

layer of dolomitized mudstone,

dolomite and clay. Black specs

are pyrite (d); Skeletal

wackestone of facies ZF2-3

showing high-amplitude

stylolite filled with bitumen and

clay (arrow). See Fig. 3 for

legend
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bedded turbidites composed of fine-grained lime-mud

(Fig. 6).

ZF2-3: dolomitized/calcareous-mudstone facies This

mudstone facies is characterized by dolomitized mud-

stones, with fine to medium crystal size. When dolomi-

tized, the depositional fabric has been completely replaced.

This facies, macroscopically, comprises massive beds with

either cryptic laminations or traces of bioturbation. Occa-

sionally, this facies is characterized by high amounts of

porosity and by fractures filled by calcite cements. This

facies is predominant on the platform but also present at

cycle tops within the slope and basin (Fig. 7). In basinal

settings this facies appears to be massive and contains

fossil debris, stylolites, cross-bedding and bioturbation

(Fig. 6). The dolomite fabric is tight with scarce porosity in

intercrystalline pores. In some areas of the basin these

mudstones show cross-bedding indicating some current

action in the basin and along the slope (Fig. 6).

ZF2-4: fenestral fabric dolo-mudstone facies This facies

composes the uppermost carbonate facies of each individ-

ual platform cycle and is characterized by finely crystalline

dolomite, with laminations, likely related to microbial

activity, fenestral fabrics and local anhydrite nodules

(Fig. 7). As in Facies ZF2-3, the dolomitization has com-

pletely replaced the depositional fabric, precluding more

specific characterization. This facies exhibits higher

porosity in the fenestral fabrics and intercrystalline poros-

ity when dolomitized. A more detailed diagenetic study

would be required to assess in more detail the relationships

between depositional fabrics, dolomitization events, dis-

solution and fracturing as well as later burial features. Such

a study is currently underway.

Interpretation of Z2 stacking patterns and sequence

stratigraphic framework

In contrast to the Z1 sequences, where facies changes are

lithologically pronounced, changing from a more argilla-

ceous to calcite- and evaporite-dominated lithologies, the

Z2 facies are characterized by low to absent clay and

complete dolomitization of the primary carbonate. These

features are compatible with a stronger evaporitic regime in

response to an overall 2nd-order fall in sea level towards

the end of the Permian and resulting change in sea-water

chemistry (e.g., Richter-Bernburg 1985; Strohmenger et al.

Fig. 6 Z2 slope core and thin-section photomicrographs of Barth

1/63 well showing crinkle varve-laminated bedding (a), calci-

turbidite representing coarser layer on top of organic-rich mudstone

(bottom layer) (b), cross-bedding in laminated mudstone (c), and

laminated mudstones of Z2-1 facies type (d). See Fig. 3 for legend

b
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Fig. 7 Z2 platform core and

thin-section photomicrographs

of Spremberg 2 well showing

dolo-mudstone facies ZF2-3 and

ZF2-4. ZF2-3 is composed of

tight dolo-mudstones (a, b) with

sparse depositional textures.

The ZF2-4 facies exhibits

laminations with fenestrae

fabrics (c) and rootlets (d). See

Fig. 3 for legend
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1996; Leyrer et al. 1999). This change from the Z1 to the

Z2 cycle is probably related to climatic change from wet to

dryer conditions towards the end of the Permian (Roscher

and Schneider 2006), but could also be seen in the context

of mega-monsoon related changes in precipitation versus

evaporation typical of the Pangean continent (Mutti and

Weissert 1995). Three medium-scale sequences, ZSII-1,

ZSII-2, and ZSII-3, and four higher-frequency cycles, were

identified in basin to platform sections with pronounced

facies differences in each sequence (Fig. 8). These cycles

are in contrast to Strohmenger et al. (1996) and Kaiser et al.

(2003) who grouped the four higher-frequency cycles into

two sequences of the Z2 cycle.

Above the Werra Anhydrite, which forms a major

sequence boundary (ZSB3) (e.g., Strohmenger et al. 1993;

Kaiser et al. 2003; Fig. 8) that exhibits karst solution fea-

tures on the platform (Kaiser et al. 2003), occurs a mostly

calcitic mudstone facies (ZF2-1) in the basin. While on the

platform the maximum flooding surface lies directly on the

Werra Anhydrite (e.g., Steinhoff and Strohmenger 1996),

in the basin the TST is expressed as a sharp boundary

between massive anhydrite and calcitic mudstone with

abundant anhydrite nodules. These mudstones represent the

TST of ZSII-1 (see also Strohmenger et al. 1996) and grade

upwards into laminated lime mudstones and crinkled var-

ve-laminated mudstones representing the HST on the slope

and basin. According to Richter-Bernburg (1985) and

analogues from the Permian Castile Formation in West

Texas (e.g., Anderson et al. 1972) these varve-like lami-

nated mudstones were caused by cyclical variations in

salinity during evaporation in the basin and slope. The

crinkled laminated mudstones above ZSB3 might have

originally been composed of anhydrite but were later dia-

genetically modified to calcitic mudstone. These laminae

can be correlated across the Permian Basin indicating

basin-wide cyclical changes in salinity probably related to

climatic fluctuations (e.g., Richter-Bernburg 1985). Basinal

to slope environments are typical for this facies that does

not occur on the platform (Peryt et al. 1993; Anderson et al.

1972). An abrupt change to organic-rich dolomitized

mudstone lithology of facies type ZF2-2 indicates deep-

ening and/or restriction in the basin and deposition of

second cycle ZSII-2. Two higher-frequency cycles domi-

nated by organic-rich mudstones and dolomites (Stinks-

chiefer, Stinkkalk) characterize this second cycle in the

basin. Organic-rich mudstones are overlain by laminated

calcareous mudstones of Facies ZF2-3. This facies also

contains turbidite intercalations with fine-grained carbon-

ate mud or bioclastic debris flows transported from the

platforms. This facies is then overlain by a dolomitic,

microbial-laminated mudstone that forms the cycle top of

each stacking packet. The third sequence contains organic-

rich mudstones that are abruptly overlain by dolomitized

laminated mudstones and evaporites in the basin indicated

shallowing and change to more evaporitic environments.

The Z2 platform facies are organized in stacked cycle sets,

with the ZF2-3 dolo-mudstone facies at the base, grading

upward into the ZF2-4 laminated fenestral fabric dolo-

mudstone facies, likely recording shallowing-upward

cycles of the HST. At the top of the Z2 cycle, the ZF2-3

dolo-mudstone facies is directly overlain by evaporites

reflecting an abrupt shift from subtidal to supratidal envi-

ronment as seen in the basin. The depositional character-

istics, despite the strong dolomitization overprint, are

compatible with deposition on a shallow, low-energy shelf,

periodically exposed to inter- to supra-tidal conditions. At

the end of the Z2, the deposition of the Basal Anhydrite

records the onset of a widespread evaporitic phase.

Distribution of facies and depositional geometries

Basin geometry and paleotopography (depositional relief)

determine the detailed distribution of the different facies

(Fig. 2). In the study area, the underlying Rotliegend

Group is composed of mainly fluvial sediments compared

to more salt-pan sediments in the basins towards the east

and west (e.g., Poland, northwest Germany, Netherlands;

Leyrer et al. 1999; Geluk 2005, 2007). This difference is

related to a previous high that was caused by lower

Permian volcanics that spread across the Brandenburg and

Mecklenburg-Vorpommern area. As soon as marine con-

ditions were established from a transgression from the

north (Ziegler 1990) minimum facies and thickness varia-

tions from platform to basin suggests that bathymetric

differences were not extensive during Z1 mudrock and

carbonate deposition in the study area (Fig. 2). Thickness

of the T1 mudrock facies (Kupferschiefer) is fairly thin

across the basin ranging from 30 cm to 1 m (0.4 m aver-

age) filling in the relief of the underlying Rotliegendes

Group. The overlying carbonate facies of the Ca1 exhibits

similar facies associations across slope to basin with cal-

careous mudstones, wackestones and oncoidal and throm-

bolytic packstones except in low-lying areas on the

platform such as the lagoon of the Spremberg Structure.

Here the facies is mostly micritic, suggesting deposition in

a semi-restricted lagoon, repeatedly shallowing upward

into sabkha environments with dolomite and anhydrite

nodules enhancing the depositional profile to double the

thickness as the basin. The slope environments also show

increased thickness yet similar stacking of grain-dominated

and mud-dominated fabrics as the basin. The cyclicity is

expressed in the rest of the basin by the repeated super-

position of oncoid–peloidal and thrombolytic packstones,

wacke- and mudstones, indicating fluctuations of wave

base in basin and slope environments. An interpretation of

in situ deposition of the pack- and grainstones is favored

Environ Earth Sci (2013) 70:3797–3816 3809

123



because of the lack of sedimentological evidence indicating

mass-flows deposited in the basin as might have been

possible from platform-rimmed carbonate platforms (e.g.,

Playton and Kerans 2002; Janson et al. 2012). Similar

deposits were also observed in Poland and interpreted as

in situ deposited basinal facies (e.g., Peryt et al. 2010,

2012). These data, together with the minimal differentia-

tion of facies across the depositional domains, indicate that

in the paleotopographic relief during the deposition of the

Z1 unit of mudrocks and carbonate was fairly low. This

geometrical configuration suggests that the vertical stack-

ing of mudrocks and overlying, partially interfingering

carbonates can be traced laterally across the basin. Only

during anhydrite and salt deposition of the Werra Anhy-

drite, a pronounced platform-rimming basin topography

was established (Richter-Bernburg 1985; Strohmenger

et al. 1996).

Z2 stacking-patterns and facies commenced above the

karsted Werra Anhydrite unconformity with three higher-

frequency cycles with varying thicknesses on top of the

overall second-order sea-level lowstand (ZSB3; Fig. 8).

The geometry of the basin was now more pronounced with

establishment of carbonate platforms through thick evap-

orite deposits rimming the basin (e.g., Füchtbauer 1968;

Strohmenger et al. 1996; Kaiser et al. 2003; Slowakiewicz

and Mikolajewski 2009). The stacking-patterns of the first

two sequences reflect an overall deepening-upward pattern

with calcareous varve-laminated mudstone and wackestone

in the basin which are followed by organic-rich calcareous

mudstones suggesting drowning and retrogradation during

the overall sea-level rise. Deepening upward is further

manifested in the second cycle where laminated, bitumi-

nous mudstones form the TST of higher-frequency cycles

that are followed by laminated dolo-mudstones in the slope

Fig. 8 Z2 cross section from north to south platform showing

cyclicity and facies variations in cores. Three sequences, ZSII-1,

ZSII-2, and ZSII-3, are correlated from basin to platform. ZSII-1 and

ZSII-2 sequences show deepening upward patterns whereas ZSII-3

showing progressively shallowing-upward pattern. The upper

sequence, ZSII-3 is culminating in thick anhydrite and salt deposits

of the Basal Anhydrite and Stassfurt salt illustrated in light blue to top

of section. Not to horizontal scale. See Fig. 3 for legend
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and basin. The deepening in the middle of the Z2 cycle has

also been observed by Kaiser et al. (2003) on the northern

slope of the basin where characteristic smelly carbonate

and shale facies (Stinkschiefer, Stinkkalke) developed in

euxinic and anoxic environments. The slope shows fre-

quent lime-mud and skeletal calcareous turbidites that

occurred during highstand shedding from the platform

scouring the organic-rich mudstones. Cross-bedding indi-

cates currents along the slope and basin and possibly wave-

action during small-scale sea-level fluctuations. The plat-

form is characterized by shoals rimming the basin and

sabkha environments dominating the lagoon. The third

sequence (ZSII-3) culminates as a shallowing-upward

sequence on the top of the relatively thin (\5 m) Basal

Anhydrite followed by thick salt and anhydrite. The halite

represents the lowstand systems tract and blanketed most

of the basin (Kaiser et al. 2003).

Unconventional reservoir potential

General requirements to classify as shale-oil and/or shale-

gas reservoir are TOC contents [2 %, maturity in oil

window or above (i.e., Ro [ 0.7 and [ 1.4 %, respec-

tively), and a minimum thickness of 20 m (depending on

many variables including economics), predominant kero-

gen type II, and a favorable free/adsorbed gas ratio (EMD

annual report 2011; Roth 2011). Some of these require-

ments, but not all, are indeed met by the Z1 and Z2

mudrocks. Hartwig and Schulz (2010) determined that the

Z2 basin and slope mudrocks in the Brandenburg area have

limited shale-gas potential. This conclusion was based on

the low TOC, relatively thin interval of Z2 organic-rich

mudrocks, and low hydrocarbon potential. However,

additional assessment of Z1 and Z2 basinal and slope

deposits present possible unconventional reservoir poten-

tial in interfingering packstones and organic-rich mud-

stones in the Z1 and in the slope deposits of the Z2

microbial organic-rich mudstones (Fig. 9).

Z1 shale-gas/oil potential

Z1 mudrocks were assessed for their shale-oil/gas poten-

tial. Z1 mudrocks (i.e., Kupferschiefer) represent oil and

gas-generating source rocks in slope and basinal settings

(Table 1). Reservoir characterization of these source rocks

were performed using Ar-ion milled samples (see Loucks

et al. 2012 for technique) under Environmental SEM and

SEM, performing XRD, XRF and TOC analyses to assess

the character of these mudrocks. The current TOC of

limited samples of the Kupferschiefer was determined to

range between 2 and 6 % (Fig. 10) and the Hydrogen Index

(HI) is in the 100–200 mg HC/g TOC range (Fig. 10). The

kerogen type was analyzed to be marine Type II and the

maturity ranges from 0.7 to 3.8 % Ro at burial depths from

2,000 m to greater than 4,000 m. The lithologic character

is dominated by argillaceous mineralogies such as clay,

illite, quartz, calcite, dolomite, albite, pyrite and organic

matter (Fig. 10). Porosity and permeability in these heavily

compacted mudrocks are low and mainly in micro- and

nano-pores of organic matter and interparticle pores

(Fig. 9). Thickness of these mudrocks ranges from 30 cm

to 1 m across the basin.

Most of the Z1 Kupferschiefer characteristics are similar

to shale-gas and shale-oil reservoirs in the US (e.g., Loucks

and Ruppel 2007; Hammes et al. 2011; Loucks et al. 2012),

however, the overall thickness of the Z1 mudrock is too

thin to be a viable candidate for horizontal drilling. How-

ever, as an alternative, unconventional reservoir potential is

suggested in so-called ‘‘hybrid’’ reservoirs where slightly

more porous rocks (i.e., carbonate facies) are sandwiched

between organic-rich mudrocks similar to the Bakken

Formation, USA (e.g., Fincham and Hill 2011 and refer-

ences therein). A sandwich-principle may be applied to the

Z1 mudrocks because of the evaporitic seal. Interfingering

of slightly more porous grain- and packstones with organic-

rich mudrocks on the slope might present a hybrid possi-

bility for exploring this organic-rich mudrock (Fig. 11).

Z2 shale-gas/oil potential

The Z2 basinal mudstones were also analyzed using the

techniques described above for their shale-gas/oil potential.

TOC content of the organic-rich mudstones reach up to

0.88 % in most basinal sections of the ZSII-2 cycle and

maturity ranges from 0.7 to 3.8 % Ro at burial depths from

2,000 m to greater than 4,000 m. The lithology is carbon-

ate dominated with calcite and dolomite as prevalent

minerals and minor clay, organic matter, feldspars, apatite,

biotite, pyrite, and coelestine (Fig. 10). The HI of the

basinal mudstones is slightly higher than the Z1 of above

200 mg HC/g TOC (Fig. 10). Kerogen type was analyzed

to be of Type II amorphous organic matter with increasing

liptinites in less mature samples. The porosity type is pri-

marily in intercrystalline pores (Fig. 9) and ranges

0.8–4 %, and permeability ranges between 0.01 and 1 mD.

The overall thickness of the organic-rich carbonates ranges

from 8 to 15 m in the basin and up to 30? meters on the

platform. Although the Z2 basinal and slope organic-rich,

algal-laminated calcareous and dolomitic mudstones do not

match the classic source rock and shale-gas/oil criteria

mentioned above, these mudstones are known self-sourced

source rocks in the Zechstein Z2 cycle of Poland (e.g.,

Kotarba et al. 2011; Slowakiewicz and Mikolajewski 2011)

and northern Germany (e.g., Gerling et al. 1996b). In

addition, oil staining and oil oozing from these deposits are
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Fig. 9 Reservoir characteristics of Z1 and Z2 organic-rich mud-

stones: a Backscatter SEM image of Z1 Kupferschiefer organic-rich

mudstone showing densely compacted layers of calcite, illite, pyrite,

albite, clay, and organics. b Ar-ion milled backscatter SEM photo of

organic material within Kupferschiefer showing nanopores located

within the organics (red arrow). c Laminated organic-rich calcareous

mudstone showing layers of calcite (light colored) and microbial

layers (black). White horizontal fractured areas are cracks from

sample preparation. d Laminated organic-rich mudstone showing

layers of organics and bitumen (black), dolomitized calcite (grey),

and a pyrite crystal (arrow). e Backscatter SEM image of Z2

laminated mudstone showing calcite (light grey), dolomite (dark

grey) and organic layers (black). Note that dolomite is concentrated

along bedding planes laminated with microbial mats. f SEM photo-

graph of dolomitized layer showing interparticle pores (black), calcite

(C, light grey), dolomite (D, dark grey), clay filling pores (red arrow),

and pyrite (bright specs). Note porosity between grains but also

within crystals
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Fig. 10 a XRD results from selected Z1 and Z2 mudrock and

mudstone samples. The Kupferschiefer T1 source rock has higher

clay and quartz but lower carbonate content. The Z2 mudstones and

Ca1 carbonates are dominated by carbonate. b TOC values for Z1 and

Z2 mudstones and Kupferschiefer T1 mudrocks showing the higher

TOC in the clay-rich mudrocks. c Pseudo-VanKrevelen diagram

showing HI versus OI indices of Z1 and Z2 mudstones

Fig. 11 Conceptual model of

Zechstein Z1 and Z2 potential

unconventional reservoirs

showing interfingering of

carbonate and mudrock facies

creating potential hybrid

reservoirs and microbial slope

carbonates for horizontal

drilling opportunities
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indications of an active hydrocarbon system particularly on

the northern slope area of Mecklenburg-Vorpommern (own

observations; Schulz and Waldmann 1968). Similar sorts of

microbial carbonates are interpreted to source prolific oil

and gas reservoirs in the Middle East, the Devonian of

Canada, the Paradox Basin of the USA, and others (e.g.,

Kirkland and Evans 1981; Warren 1986; van Buchem et al.

2005 and references therein). Not only is the preservation

potential high, but also the deposition in a mesosaline

environment such as the Z2 mudstones favors accumula-

tion of organic matter in restricted basins such as the

Epeiric Sea of the Southern Permian Basin.

At first glance, the basinal mudstones exhibit charac-

teristics of shaly source rocks such as fissility, black color,

and a strong hydrocarbon smell. However, these mudstones

are mainly composed of carbonate with a few accessory

minerals rather than the classic carbonate-rich black shale

such as the Barnett Shale in Texas (e.g., Loucks and

Ruppel 2007) or the Eagle Ford Shale in South Texas (e.g.,

Driskill et al. 2012) whose lithology are rather clay/silica-

rich carbonates. Instead, the basinal Z2 carbonates show

evidence of densely laminated organic material on top of

calcite and evaporite layers (Fig. 9) similar to modern

organic-rich sabkha environments (e.g., Malek-Aslani

1980; Kirkland and Evans 1981). These layers of organic

matter are commonly enriched in lipids and therefore

present an important contribution to hydrogen-rich kerogen

(Gehman 1962; Malek-Aslani 1980). Although today’s

TOC content is below the requirements for shale-gas cri-

teria, the organic matter that converts to hydrocarbons in

carbonate rocks is three to four times higher than in shales

(Gehman 1962). This implies that not only the basinal but

also the slope microbial carbonates have potential to serve

as source rocks (Fig. 11). Therefore, unconventional res-

ervoir development in the slope deposits of the Z2 for-

mation, where tight organic-rich microbial mudstones are

within the oil zone, might serve as horizontal drilling tar-

gets that might produce economic results.

Conclusions

A sequence stratigraphic and sedimentologic assessment of

the Upper Permian Zechstein Group revealed unconven-

tional reservoir potential. Cyclic sedimentation related to

relative sea-level fluctuation resulted in deposition of

shale-dominated source rocks of the Kupferschiefer that

blanketed the Southern Permian Basin from Poland to

England. These transgressive shales were subsequently

overlain by several cycles of shallow-water carbonates

culminating in a thick anhydrite section on the top of the

Z1 cycle (e.g., Werra Anhydrite). The platform and lagoon

contains thick sections of predominantly dolomite and

evaporites resulting from arid to semi-arid climates in the

Upper Permian (Roscher and Schneider 2006). Potential

unconventional reservoirs as hybrid reservoirs in Z1 in-

terfingering of organic-rich mudrocks and grain-dominated

fabrics along the southern and northern slopes. The over-

lying thick anhydrite section of the Werra series provides a

seal for potential tight carbonate reservoirs. The next

complete sequence above the Werra Anhydrite continued

with evaporitic lithologies of dolomites and limestones

across the basin and dolomites on the platform. The

transgressive sequence is characterized by organic-rich

microbial calcareous mudstones (Stinkschiefer) in the

basin and laminated calcareous mudstones on the slope.

The platform and lagoonal environments in the Branden-

burg area were dominated by microbial-laminated dolomite

and anhydrite lithologies. Potential unconventional reser-

voirs might be explored in laminated organic-rich mud-

stones within the oil window along the northern and

southern slopes of the basin. Although the Zechstein Z1

and Z2 cycles might have limited shale-gas potential

because of low thickness and deep burial depth to be

economic at this point, unconventional reservoir opportu-

nities that include hybrid and shale-oil potential are pos-

sible in the study area.
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Füchtbauer H (1968) Carbonate sedimentation and subsidence in the

Zechstein Basin (northern Germany) Germany. In: Füchtbauer H

(ed) Recent developments in carbonate sedimentology in central

Europe. Springer, New York, pp 196–204

Gaupp R, Gast R, Forster C (2000) Late Permian Playa Lake Deposits

of the Southern Permian Basin (Central Europe). In: Gierlowski-

Kordesch EH, Kelts KR (eds) Lake basins through space and

time: AAPG Studies in Geology, vol 46, pp 75–86

Gebhardt U, Schneider J, Hoffmann N (1991) Modelle zur Stratig-

raphie und Beckenentwicklung im Rotliegend der Norddeuts-

chen Senke. Geologisches Jahrbuch Reihe A 127:405–427

Gehman HM Jr (1962) Organic matter in limestones. Geochemica et

Cosmochimica Acta 2:885–894

Geluk MC (2000) Late Permian (Zechstein) carbonate-facies maps,

the Netherlands. Geologie en Mijnbouw Netherlands J Geosci

79–1:17–27

Geluk MC (2005) Stratigraphy and tectonics of Permo-Triassic basins

in the Netherlands and surrounding areas. Dissertation, Univer-

sity Utrecht

Geluk MC (2007) Permian. In: Wong ThE, Batjes DAJ, De Jager J

(eds) Geology of the Netherlands. Royal Dutch Academy of Arts

and Science, Amsterdam, pp 59–79

Gerlach R, Knitzschke G (1978) Sedimentationszyklen an der

Zechsteinbasis (Z1) im SE Harzvorland und ihre Beziehung zu

einigen bergtechnischen Problemen. Zeitschrift der angewandten

Geologie 24:214–221

Gerling P, Piske J, Rasch H-J, Wehner H (1996a) Paläogeographie,
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