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Abstract

A variety of formulas can be found in the literature to convert geochemical data into absolute
palaeotemperatures. In the present study, we test a formula for calculating the Early Permian
(Artinskian) palaeotemperatures based on major element values from continental red-bed deposits
of the Tambach Sandstone Member (Tambach Formation, Rotliegend Group) in Germany.
The geochemical data used herein were extracted from a previous study on the Bromacker section.
Applying the literature-based dataset constitutes the first approach aimed to a better understanding
of certain local palaeoclimate aspects (i.e., mean annual temperature) and can be easily expanded
to wider stratigraphic and palaeogeographic ranges through future studies.

Keywords: Permian, Artinskian, Rotliegend, climate, temperature, red beds, Bromacker,
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Introduction

Quarries, excavations, and drill cores at the Bromacker locality near Tambach-
Dietharz in the Thuringian Forest Mountains (Thuringia, Central Germany) expose the
Early Permian (Artinskian) red-bed deposits of the Tambach Formation (Figs. 1, 2).
The Bromacker outcrop section is a fossil lagerstétte [1, 2], which is famous for its
contents of both tetrapod skeletons [3-5] and tetrapod trace fossils [6-9] (Fig. 3).
Additionally, arthropods (i.e., conchostracans, myriapods, and insects), plant remains,
and invertebrate ichnia occur frequently (e.g., [L0-13]). The most common ichnia are
Tambia spiralis Miiller, 1969 [11, 14], Striatichnium bromackerense Martens, 1982 [15],
Scoyenia gracilis White, 1929 [12], and some others [15], which are probably part of
the characteristic continental Scoyenia ichnofacies [16, 17] indicating temporary
restricted moist “wet red beds” [18] deposited on alluvial plains and floodplains.
Previous sedimentological studies of the Bromacker section and adjacent outcrops of
the Tambach Formation have been performed by several researchers (for details see [12,
19-22]); a list of fossils found at the Bromacker section has been compiled (see [2, 23]).
In the present study, major element contents of fine-grained sedimentary rock samples
from both surface and drill core sections at the Bromacker locality were used to
calculate palaeotemperature values. The particular geochemical data were obtained
from a previous publication authored by T. Martens and colleagues [20]. These data were
converted into palaeotemperatures based on formulas established by N.D. Sheldon
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Fig. 1. Present day outcrop situation of the Tambach Sandstone Member (middle part of
the Tambach Formation, Rotliegend Group; Artinskian, Early Permian) in a quarry section at
the Bromacker locality (Thuringia, Central Germany)
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Fig. 2. Geographic position of the study area [28]. a — Map of Germany presenting Thuringia
and the Tambach-Dietharz Basin in the Thuringian Forest Mountains. b — Geologic map of
the Tambach-Dietharz Basin presenting the lithostratigraphic subdivision of the Tambach
Formation into three units: the Bielstein Conglomerate Member (roTcl), the Tambach
Sandstone Member (roTs), and the Finsterbergen Conglomerate Member (roTc2)

and colleagues [24, 25]. The herein proposed absolute degree Celsius (°C) values for
the palaeotemperature at the time of sedimentation may serve as a basic regional
contribution to further studies dealing with the Late Carboniferous—Early Permian
palaeoclimatic conditions in general [26, 27].
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Fig. 3. Sedimentary structures and tetrapod trace fossils observed frequently in the Bromacker
section (Tambach Sandstone Member; Artinskian, Early Permian): a — Horizontal mudstone
drapes in the sandstone bed; a 30-cm long hammer for scale; b — tetrapod trace fossil
identified as Ichniotherium sphaerodactylum (Pabst, 1895); ¢ — bottom view on the bedding
plane showing desiccation cracks; 5-cm lens cap for scale; d — intraformational clay-/siltstone
rip-up clasts in a sandstone bedding plane

1. Geologic Setting

The Bromacker section is exposed by abandoned and active quarries, a scientific
excavation, and shallow core drillings (Fig. 4), all located in an area about 2 km north
to the city center of Tambach-Dietharz (Southern Thuringia, Central Germany).
The Thuringian Forest Mountains belong to a tectonically uplifted block of the
Variscan basement, which is affected by predominantly NW-SE trending faults and
flexures. The Variscan basement is composed of various metamorphic rocks with
plutonic intrusions, deeply incised or covered by the Late Carboniferous—Early Per-
mian sediment fillings of the Thuringian Forest Basin that are nowadays widely
exposed through surface outcrops in the Thuringian Forest Mountains. These sedimen-
tary deposits, with in places intercalated acidic (rhyolitic) and mafic (doleritic) vol-
canic rocks, belong to the Gehren Subgroup and the Rotliegend Group, which can be
further subdivided lithostratigraphically in multiple formations (see [28] for a detailed
lithostratigraphy; see [29] for a high-resolution geochronology). The Tambach Formation
at the Bromacker site bears a rich tetrapod and arthropod (i.e., conchostracan) fauna.
According to J.W. Schneider and colleagues [30], these faunal elements are biostrati-
graphically indicative of the Artinskian (Cisuralian, Early Permian) age, although
the Asselian [31] or Sakmarian [32] age has also been mentioned. The occurrences
of Thuringothyris, Seymouria, Diadectes, and Tambachia in the Tambach Formation
at the Bromacker section point to the Seymouran land-vertebrate faunachron [33],
which is correlated with both the Wolfcampian Stage in North America and the global
Artinskian Stage [30].



EARLY PERMIAN PALAEOTEMPERATURE VALUES... 341

| o R

Fig. 4. Examples of the core boxes from the Bromacker FB2/2004 drill core section with fine-
grained siliciclastics from the Tambach Sandstone Member (depths 4-5 m, 22-24 m; scale
bar in the centre is 1 m in length)

The area around Tambach-Dietharz belongs to a sedimentary basin, the so-called
Tambach-Dietharz Basin, in which surface outcrops of the Tambach Formation extend
10 km from south to north and about 8 km from west to east (Fig. 2). This basin forms a
small part of the superordinate Thuringian Forest Basin. The Bromacker section is
situated in the centre of the Tambach-Dietharz Basin. Therein, the Tambach Formation is
subdivided lithostratigraphically into three members in ascending order: the Bielstein
Conglomerate (also designated as ‘Lower Conglomerate’), the Tambach Sandstone,
and the Finsterbergen Conglomerate (also designated as ‘Upper Conglomerate’) [28].
The Bielstein Conglomerate Member is a predominantly coarse-grained conglomerate
composed of rhyolite debris, which are the erosional products of the directly adjacent
Oberhof Rhyolite Complex that is flanking the Tambach-Dietharz Basin and well-
exposed along the southwestern to southeastern margins of the latter. Here it is depo-
sited in canyons that are locally incised into the underlying rhyolitic volcanites. In its
proximal setting, the conglomerates were transported and deposited by wadi-like
flash floods and debris flows, which towards the basin center gradually shift into
conglomerates of smaller clast sizes deposited by braided rivers. The overlying
Tambach Sandstone Member represents a more basinal facies, which yields a wide
spectrum of lithologies, including cross-bedded and massive sandstones of high-
energy fluvial channels. They often form decimeter- to meter-thick sandstone beds,
which are separated horizontally by millimeters- to centimeters-thin mudstone drapes
(Fig. 3, a) that can yield tetrapod trace fossils (Fig. 3, b). Desiccation cracks (Fig. 3, ¢),
intraformational claystone rip-up clasts (Fig. 3, d), scour marks (Fig. 5, a), and, less
frequently, ripples (Fig. 5, b) and millimeters to centimeters small-sized load casts
(Fig. 5,c) are common. Additionally, the Tambach Sandstone Member of the
Bromacker section also contains a few meters thick horizon of massive to partially
laminated siltstone with predominantly horizontal bedding. This interval (the ‘Bro-
macker Horizon’ [20]) also includes claystone intraclasts-rich mudstones and weakly
developed palaeosoil intervals of locally varying thickness. The palaeosoils can contain
centimeter-small carbonate nodules; remains of fossil roots are locally frequent. The par-
tially overlying Finsterbergen Conglomerate Member is generally finer-grained than
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Fig. 5. Sedimentary structures observed on lose blocks in the present day Bromacker section
(Tambach Sandstone Member; Artinskian, Early Permian): a — scour marks on the bottom side of
a sandstone bed; a 30-cm long hammer for scale; b — ripples on a fine-grained sandstone surface;
¢— numerous sub-centimeter small load casts on the bottom side of a fine-grained sandstone
block, separated secondarily by desiccation cracks; d — raindrop marks of various diameters

the Bielstein Conglomerate Member. The Finsterbergen Conglomerate Member is
composed primarily of horizontally stratified, fine-grained conglomerates, which can
be interpreted as deposits on alluvial braidplains. The Finsterbergen Conglomerate
Member shows a polymictic composition that involves the clasts of granite, metamor-
phic quartz, and rhyolite, as well as, to some extent, the clasts of schist-/gneiss-like
metamorphic rocks and mafic volcanites. Among them, particularly the granitic clasts
indicate a change in the delivery area with the sediment coming from the more distant
Ruhla Crystalline basement.

In general, the transitions of both the Bielstein Conglomerate Member—Tambach
Sandstone Member and the Tambach Sandstone Member—Finsterbergen Conglomerate
Member are gradual with the intervals composed of vertical and lateral intercalations
of several meters-thick conglomerate and sandstone units. The rock color of the
Tambach Formation is entirely red, with only some minor differentiations that can be
made between purplish red (i.e., the Bielstein Conglomerate Member) and greenish-
greyish colors in bleaching stains of millimeters to centimeters diameters within
claystone/siltstone to fine-grained sandstones (i.e., the Tambach Sandstone Member).

2. Materials and Methods

The source data for this work were obtained from the study by T. Martens and
colleagues [20] on major element contents of the Tambach Sandstone Member at
the Bromacker section. Particularly, they investigated fine-grained siliciclastic rocks
from three sections (see [20, tables 1, 2]): a scientific excavation site, an active quarry,
and the drill core Bromacker FB2/2004 (Fig. 4) (see [34] for coordinates of this drill
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core section). Among them, the content values of Al,O; and SiO, were selected and
processed for subsequent palaeotemperature calculation, following the methodology
described by N.D. Sheldon and N.J. Tabor [25]. As the first step, the Al,Oz and SiO,
values were converted into the molar masses of Al and Si, respectively. Secondly, the
“clayness” (=C) was calculated according to the formula provided by N.D. Sheldon
and N.J. Tabor [25]: C = Al/Si. Finally, the palacotemperature (=T) in °C was
calculated (according to [25, p. 16]) as follows: T = 46.9-C+4, whereby the empirical
accuracy of the T values is + 0.6 °C. The resulting values represent mean annual
temperature values. The T values reflect the local temperature at the time of the sedi-
ment deposition.

3. Results

The results of the present study are given in Table 1. The contents of major element
oxides from fine-grained siliciclastics of the Tambach Formation (Tambach Sandstone
Member) at the Bromacker section were derived as multiple measurement values (15
from the excavation site, 9 from the active quarry, 28 from the Bromacker FB2/2004 drill
core section; for details see [20, table 1]) and from another set of seven rock samples (see
[20, table 2]). Their original sample numbers given by T. Martens and colleagues [20]
were maintained in the present study. Following N.D. Sheldon and N.J. Tabor [25,
table 4], the molecular masses of 101.96 and 60.09 g/mol for Al,O; and SiO,,
respectively, were used for converting the respective oxides [20] into molars (i.e., Al
instead of Al,QOj; Si instead of SiO,). The resulting T values range between 10.9 °C
and 15.0 °C (Table 1). Their average value is 12.7 °C.

Table 1. Calculation of the palacotemperature values based on major element data from
the analyses of fine-grained red-bed deposits of the Tambach Sandstone Member (Tambach
Formation, Early Permian) of the Bromacker section (Thuringian Forest Basin, Germany).
The oxide contents and sample numbers given according to T. Martens and colleagues (see [20,
therein tables 1, 2])

Sample number
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SiO,
Oxide [in weight-%] 526 | 59.4 | 585 | 54.2 | 60.9 | 64.1 | 59.7 | 57.1 | 57.1 | 53.8
contents Al,O3

[in weight-%] 21 | 169 | 175 | 195 | 154 | 161 | 175 | 178 | 18.7 | 20.5

Si [in molars] | 0.875 | 0.989 | 0.974 | 0.902 | 1.013 | 1.067 | 0.994 | 0.950 | 0.950 | 0.895

Molar mass 1= rofars] | 0.206 | 0.166 | 0.172 | 0.191 | 0.151 | 0.158 | 0.172 | 0.175 | 0.183 | 0.201

Clayness (C) C = Al/Si 024 | 017 | 018 | 0.21 | 0.15 | 0.15 | 0.17 | 0.18 | 0.19 | 0.22

Palaeotempe-| T=46.9C+4 | 1o | 179 | 123 | 139 | 11.0 | 109 | 121 | 126 | 131 | 145
rature (T) [in °C]

5. Discussion

The calculated temperature values of 10.9-15.0 °C (12.7 °C on average) are
proposed to reflect a mean annual temperature during the deposition of the Tambach
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Sandstone Member (middle part of the Tambach Formation; Rotliegend Group;
Artinskian, Early Permian) at the Bromacker section. According to N.D. Sheldon and
N.J. Tabor [25, p. 16], the formula used for the palaeotemperature calculation applies
to inceptisols, which is the immature type of modern and fossil soil that can often be
found on mountain slopes. Basically, distinctive immaturity of inceptisols corresponds to
a weak degree of palaecopedogenesis that can be generally observed in the Bromacker
section; however, the palaeosoil from the Bromacker section cannot be determined as
an inceptisol sensu stricto. Instead, this interval of the Tambach Sandstone Member
is designated as a palacopedogenic poorly developed, immature (‘inceptisol-like’)
palaeosoil that is characterized by high sedimentation rates, whereas the latter prevented
a mature palaeosoil formation. On the contrary, some characteristic features of vertisols
can also be observed at the Bromacker section, such as alternating drying up and wet
phases indicated by frequent desiccation cracks and rooting, respectively. However,
pronounced swelling and shrinking of clay minerals and the resulting destruction of
the primary sedimentary bedding in vertisols are not characteristic of the immature
type of palaeosoil in the Bromacker section. Consequently, the inceptisol-based
formula proposed by N.D. Sheldon and N.J. Tabor [25] was applied to the palaeosoil
interval of the Tambach Sandstone Member at the Bromacker section to test the palaeo-
temperature calculation.

Compared to the literature data, the herein calculated palaeotemperature values
are lower than the proposed palaeotemperature of 29-34 °C, which was calculated from
oxygen isotopes values measured in marine brachiopod shells from the Early Permian
(Artinskian) in the Southern Urals region [35, p. 346]. The latter corresponds to a sea-
water palaeotemperature, whereas the Bromacker palaeotemperature values account for a
continental hinterland realm. The regional differences in the palaeotemperature might
reflect palaeo-latitudinal effects that can result in the decreasing palaeotemperatures
from low latitudes towards high latitudes [36]. Further, the comparability between
isotopic-based and major element-based palaeothermometers must be viewed critically.
Although both the Bromacker section (the present study) and the Southern Urals [35]
are dated to the Artinskian age, it should also be considered that the calculated lower
palaeotemperature values for the Bromacker section were strongly controlled by the
local palaeoenvironmental conditions in contrast to the seawater palaeotemperature.
In particular, a continental hinterland realm might have been more intensively affected
by its palaeolandscape morphology (i.e., variation in altitude), locally varying solar
radiation, airflow temperatures, and humidity, as well as palaeotemperature
variations. Consequently, multiple aspects of litho- and biofacies should be discussed
regarding both the Tambach Formation in detail and the Rotliegend Group in general
in order to better understand the palaeoenvironmental gradients inthe continental
realm.

The succession of the Rotliegend Group of the Thuringian Forest Basin represents
a variety of alluvial, fluvial, and lacustrine sedimentary rocks, all deposited in an intra-
montaneous region that was likely located far distant from any palaeogeographic
coastline. The changes of the sediment rock color within the Rotliegend Group from grey
at its base towards red at its top reflect a general aridization trend [26]. The deposits of
the Rotliegend Group in the Thuringian Forest Basin represent this increasing aridization
by a change from the semi-humid to semi-arid conditions, whereas this trend was
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temporarily interrupted by a few wet phases [26]. In the study area, this can be observed
by the records of grey colored, laminated, and fine-grained lacustrine deposits of
the Oberhof Formation in the Leinagrund valley (Wintersbrunnen section; e.g., see [37])
at the margin of the Tambach-Dietharz Basin, whereas in other sections of the Thurin-
gian Forest Mountains the red colored playa-facial sediments of the Rotterode Formation
clearly indicate a shift in the palaeoclimate to more semi-arid conditions [26, 38].
The depositional setting of the overlying Tambach Formation was characterized
by D.A. Eberth and his colleagues [21] as a small, drainless upland basin; however,
a pronounced inland character of the sedimentary facies was not described in detail.
Temporary heavy rainfall [39] may have triggered the deposition of massive to hori-
zontally bedded sandstone beds. In contrast, the frequently observed cross-bedded,
channel-shaped sandstones indicate braided river environments (e.g., [38, p. 136]).
The predominantly clayey and silty interval (‘Bromacker Horizon 1°, see [2, fig. 16])
of the Tambach Sandstone Member at the Bromacker section can be interpreted as
resulting from the intensive run-off through mud flows [38]. The frequent occurrences of
both desiccation cracks (Fig. 3, c) and raindrop marks (Fig. 5, d) on the claystone and
siltstone bedding planes indicate periodic, at times, heavy precipitation [12]. Locally
resulting ephemeral freshwater ponds were formed during intervals between precipitation
and evaporation, which favored the temporary living conditions of conchostracans [13]
and jellyfish [40]. A successive dry out led to the palaesopedogenic overprinting processes
resulting in a formation of immature, inceptisol-like palaeosoils. The occurrences of
predominantly reptile-like tetrapods, as well as the records of tetrapod ichnia (e.g.,
Megatambichnus [41]), in the Tambach Sandstone Member indicate the pronounced
terrestrial conditions [23]. The flora of the Bromacker section contains mainly cones
of calamites and fronds of xerophilic conifers, which were also adapted to drought [10].
The water level marks (evaporation marks; e.g., see [21, fig. 5¢c]) and some other
sedimentary structures, interpreted either as ice crystal marks [19, plate XIV] or as
presumed ice layer marks [22], support the assumptions on possible daily palaeotem-
perature variations, which also involves temporary frost conditions during night.

Conclusions

It is well-known that the global paleoclimate at the end of the Late Palaeozoic is
characterized by the increase in aridization during the Early Permian—-Middle Permian
[42]. This aridization, temporarily interrupted by several wet phases, is also recorded
in the continental sedimentary rocks of the Rotliegend Group in Western and Central
Europe [26]. In order to better understand the local palaeoclimate conditions of this
time span, values of 10.9-15.0 °C (12.7 °C on average) are proposed to reflect
the mean annual palaeotemperature for the Tambach Sandstone Member at the Bro-
macker section. The present interdisciplinary study hopefully will promote the ongoing
discussions on the Early Permian palaeoclimate proxies for the Rotliegend Group
in Europe. The locally prevailed palaeoenvironmental conditions during the inland
red-bed deposition, such as the gradients in altitude or the temporary (periodic?)
changes in both humidity and temperature, may best explain a deviation from the
Early Permian seawater palaeotemperatures that were calculated previously [35] by
using oxygen isotope palaeothermometers. Calculating palaeotemperatures based on
major element contents of palaeosoils, by using a variety of published formulas from
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the literature [24, 25, 43], bears a high potential for successive studies. Palaeosoil data
from other red-bed deposits [44—46] of a broader Permian time span should become
integrated in order to better understand the palaeoclimate evolution in the continental
realm.
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AHHOTAIUS

Jns mpeoOpa3oBaHUs JAHHBIX TEOXHMHU B a0CONIOTHBIE 3HAYCHUS MaJeOTEMIIEpaTyp H3BECTHO
JOCTaTouHo MHOro ¢QopMmyin. B HacrosmeM uccleZJoBaHWM TIpoBepsieTcss ofgHa W3 (OpMyN pacdera
HaseoTeMIepaTyp paHHeH epMu (apTHHCKOTO Spyca), OCHOBAaHHAS HA 3HAYEHUSIX KIIFOYEBBIX HJIEMEHTOB U3
KOHTHHEHTAJIbHBIX KPACHOLBETHBIX OTJIOXKEHMH mMauky necuaHnkoB Tambax (popmaums Tambax, rpymma
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Hwxunii kpacHsiil nexens) ['epmanun. ['eoxumudeckue NaHHBIE B3STHI M3 paHee OMyOIMKOBAHHBIX
paboT mo wuccnenoBaHuIO paspe3a bpomakep. Mcmoms3oBaHne Habopa JaHHBIX, OCHOBAaHHOTO Ha
JIUTEPATYpPHBIX HMCTOYHMKAX, SIBISETCS HOBBIM MOJXOJIOM, HANpPaBIEHHBIM Ha Jydlllee ITOHUMAaHHE
HEKOTOPBIX MalCOKIMMAaTHYECKHX acHeKTOB (CpefHel ToIOBOM TeMmeparypbl), XapaKTepHBIX I
KOHKPETHOH M3ydaeMOl TEppHTOpHH, M MOXKET INPHMEHAThCS B Ooliee MIMPOKUX CTpaTHrpaduuecKux
1 nasieoreorpaMuecKyx JUarna3oHax MpH MOCIIEIYIOIINX HCCITeIOBAHMUSX.

KiroueBble ci10Ba: nepmb, apTUHCKHUH sipyc, PoTiaurenn, knumar, Temneparypa, KpacCHOIBETHbIE
nnactel, bpomakep, TropuHreHcKuit nec
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