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ABSTRACT

The formation of the supercontinent Pangaea during the Permo-Triassic gave
rise to an extreme monsoonal climate (often termed ‘mega-monsoon’) that has
been documented by numerous palaeo-records. However, considerable debate
exists about the role of orbital forcing in causing humid intervals in an otherwise
arid climate. To shed new light on the forcing of monsoonal variability in sub-
tropical Pangaea, this study focuses on sediment facies and colour variability of
playa and alluvial fan deposits in an outcrop from the late Carnian (ca 225 Ma)
in the southern Germanic Basin, south-western Germany. The sediments were
deposited against a background of increasingly arid conditions following the
humid Carnian Pluvial Event (ca 234 to 232 Ma). The ca 2-4 Myr long sedimen-
tary succession studied shows a tripartite long-term evolution, starting with a
distal mud-flat facies deposited under arid conditions. This phase was followed
by a highly variable playa-lake environment that documents more humid condi-
tions and finally a regression of the playa-lake due to a return of arid conditions.
The red-green (a*) and lightness (L*) records show that this long-term variability
was overprinted by alternating wet/dry cycles driven by orbital precession and
ca 405 kyr eccentricity, without significant influence of obliquity. The absence
of obliquity in this record indicates that high-latitude forcing played only a
minor role in the southern Germanic Basin during the late Carnian. This is dif-
ferent from the subsequent Norian when high-latitude signals became more pro-
nounced, potentially related to the northward drift of the Germanic Basin. The
recurring pattern of pluvial events during the late Triassic demonstrates that
orbital forcing, in particular eccentricity, stimulated the occurrence and intensity
of wet phases. It also highlights the possibility that the Carnian Pluvial Event,
although most likely triggered by enhanced volcanic activity, may also have
been modified by an orbital stimulus.
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INTRODUCTION

The formation of the supercontinent Pangaea
during the Permo-Triassic led to a distinct glo-
bal configuration of an azonal climate pattern
with a dominance of monsoonal wind systems
in (sub)tropical latitudes (Parrish & Peterson,
1988; Kutzbach & Gallimore, 1989; Sellwood &
Valdes, 2006) that caused the alternating occur-
rence of extreme wet and dry seasons over Pan-
gaea (Parrish & Peterson, 1988; Dubiel et al.,
1991; Mutti & Weissert, 1995). The development
of this ‘mega-monsoon’ originated from the
strong warming of Laurasia (Northern Hemi-
sphere) relative to Gondwana (Southern Hemi-
sphere) during boreal summer and vice versa
(Kutzbach & Gallimore, 1989; Kutzbach, 1994).
These steep interhemispheric continental tem-
perature contrasts led to a strong pressure gradi-
ent that in turn caused vigorous northward air
flow. During boreal winter, the pressure gradient
and subsequent air flow was reversed, causing
intensified precipitation over Gondwana; mean-
while, dry conditions prevailed over Laurasia
(Kutzbach & Gallimore, 1989; Sellwood &
Valdes, 2006). Whilst crossing the warm Tethys,
these air masses were charged with moisture
before being advected into the interior of Laura-
sia or Gondwana, respectively, where they
caused strong rainfall in the respective summer
seasons (Parrish & Peterson, 1988; Dubiel et al.,
1991). The strong expression of the Triassic
mega-monsoon was further promoted by high
atmospheric greenhouse-gas concentrations with
atmospheric pCO, levels of 2000 to 3550 ppm
(Tanner et al., 2001; Retallack, 2002; Kidder &
Worsley, 2004). These high pCO, concentrations
impacted the radiative forcing, thereby increas-
ing the land—ocean temperature contrast that
drives monsoonal wind systems (Lee & Wang,
2014; Mohtadi et al., 2016; Wang et al., 2017).
Based on proxy information from marine and
terrestrial archives, the maximum intensity of
the Pangaean ‘mega-monsoon’ was reached dur-
ing the mid-Carnian (Robinson, 1973; Wang,
2009), resulting in the so-called ‘Carnian Pluvial
Event’ (ca 234 to 232 Ma; Bernardi et al., 2018)
with a rather brief duration of ca 1-0 to 1-2 Myr
(Miller et al., 2017; Bernardi et al., 2018; Dal
Corso et al.,, 2018). The Carnian Pluvial Event
was apparently a quasi-global phenomenon,
because evidence for humid conditions is avail-
able from both low-latitude and high-latitude
settings. In the Germanic Basin of Central Eur-
ope (Fig. 1) this humid phase is represented by

the widespread, fluvial ‘Schilfsandstein’ (Stutt-
gart Formation; Aigner & Bachmann, 1992; Hor-
nung & Brandner, 2005; Ogg, 2015; Fig. 2).
Other examples include Kotel'nyi Island in
Siberia, where increased rainfall and fluvial
input are registered (Bragin et al., 2012), as well
as the Yangtze Platform (Zhang et al., 2015) and
Spiti in the Himalayas (Hornung et al., 2007),
where carbonate sedimentation was terminated
by increased siliciclastic influx. During the sub-
sequent Norian, a gradual aridification trend
developed across Pangaea that became most evi-
dent during the middle Norian at ca 215 Ma
(Nordt et al., 2015). The reason behind this arid-
ification trend is still controversially debated.
While some authors argue that it may have
at least partially resulted from the plate-tectonic
drift of formerly tropical sites into the subtropics
or mid-latitudes (Kent & Tauxe, 2005; Kent
et al., 2014), others argue that regional orogenic
effects may also have played a role in initiating
the demise of humid conditions (Nordt et al.,
2015). The relatively arid late Norian was fol-
lowed by a return to more humid conditions in
the Rhaetian (Berra et al., 2010; Mazza et al.,
2010; McKie, 2014).

The origin of the Carnian Pluvial Event is still
a matter of debate. It is most commonly attribu-
ted to volcanic CO, degassing from the Wrangel-
lia Large Igneous Province in concert with the
destabilization of clathrates; such a scenario
could readily explain the negative carbon iso-
tope excursions that occur during the Carnian
Pluvial Event (Furin et al., 2006; Miller et al.,
2017; Dal Corso et al., 2018). Other explanations
involve the uplift of Fennoscandia (Hornung &
Brandner, 2005; Arche & Ldpez-Gémez, 2014)
which modified large-scale atmospheric circula-
tion patterns and led to an intensification of
monsoonal rainfall, particularly in the Germanic
Basin.

Although the global expression of the Pan-
gaean mega-monsoon is well-documented by
proxy (Nairn & Smithwick, 1976; Parrish, 1993;
Preto et al., 2010; Tanner, 2018) and model evi-
dence (Kutzbach & Gallimore, 1989; Sellwood &
Valdes, 2006), uncertainties have remained
about the degree to which orbital forcing has
influenced Pangaean climate. This ultimately
raises the question of whether — and, if yes, to
what extent — Milankovitch cyclicities were
largely overprinted by autocyclical processes
and/or tectonic activity (Mertz & Hubert, 1990;
Kozur & Bachmann, 2010; Tanner, 2010; Arche
& Lépez-Gomez, 2014). In particular, the role of
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Fig. 1. Palaeogeographic map of the
Germanic Basin during the Carnian
(modified after Ziegler, 1990, and
Vollmer, 2005). Marine ingressions
from the Tethys through the
Burgundian (1), Silesian (2) and
Carpathian (3); gates are indicated
by blue arrows; LBM — London—
Brabant Massif, RM — Rhenish
Massif. Inset map shows global
palaeogeographic configuration
during the late Triassic (after
Scotese, 2004). The maps include
the location of the Hohenhaslach
section within the Stromberg
Trough (yellow star) and locations
cited in the text (white circles; B —
Blomidon Basin, ] -Junggar Basin, N
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obliquity forcing on the mega-monsoon under
late Triassic boundary conditions has remained
poorly understood. Since the influence of pre-
cession and eccentricity is intrinsic to low-lati-
tude climate systems such as the monsoon
(Kutzbach & Liu, 1997; Mohtadi et al., 2016;
Wang et al., 2017), the recognition of obliquity-
related cyclicity in recent monsoonal systems
(Lourens et al., 1996, 2001; Bosmans et al.,
2015a,b) is astounding. An obliquity influence
on monsoonal systems is unexpected because
the direct influence of obliquity variations on
solar irradiation in the low latitudes is negligi-
ble (Laskar et al., 2004). One concept to explain
the expression of obliquity in present mon-
soonal systems invokes an intensified interhemi-
spheric insolation and temperature gradient
during maximum obliquity; numerical simula-
tions of the African monsoonal system suggest
that such a strong temperature gradient
enhances the northward moisture transport and
feeds monsoonal rainfall in the Northern Hemi-
sphere (Bosmans et al., 2015a,b). Triassic low-
latitude records of monsoonal variability with
obliquity imprint have indeed been reported
from, for example, the Blomidon Formation in
the Fundy Basin of Nova Scotia (Mertz &
Hubert, 1990; Kent & Olsen, 2000), the Hubei

Province in Southern China (Wu et al., 2012; Li
et al., 2016a,b), and the Germanic Basin (Rein-
hardt, 2000; Reinhardt & Ricken, 2000; Vollmer
et al., 2008) (for locations see Fig. 1). On the
other hand, the imprint of obliquity on sedimen-
tary cycles has been debated for the tropical
deposits of the Newark Basin (Olsen, 1986; Kent
& Olsen, 2000; Kent et al., 2017). This raises the
question of whether obliquity generally exerted
control on the (late) Triassic mega-monsoon or
whether obliquity influence was merely a regio-
nal-scale phenomenon.

To shed new light on the role of orbital forc-
ing within the Pangaean mega-monsoon system,
this study has analysed the depositional dynam-
ics of alluvial fan/playa deposits of late Triassic
(Keuper) sediments from the southern Germanic
Basin. The sediments studied derive from the
Stromberg Trough in south-western Germany
(Fig. 1), a sub-basin of the Germanic Basin with
an extended and well-preserved section of upper
Triassic strata. The palaeogeographic setting of
the Stromberg Trough is located within ca
250 km distance to the shoreline of the Tethys
(Ziegler, 1990), the major moisture source for
monsoonal rainfall, making the region ideally
suited for palaeoclimate studies focusing on
monsoon dynamics. To investigate potential
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orbital control on late Triassic sedimentation in
the Stromberg Trough, high-resolution sediment
colour profiles have been obtained and
advanced statistical procedures applied that
allow for a robust assessment of potential orbital
cycles.

GEOLOGICAL SETTING AND
STRATIGRAPHIC FRAMEWORK

The Germanic Basin evolved after the end of the
Variscan Orogeny as a largely flat intracontinen-
tal basin with most of its sedimentary filling
being deposited during the Permian and the
Mesozoic. During the late Triassic, it stretched
from subtropical to lower mid-latitudes; it was
bordered by the Vindelician High in the south-
east, the Bohemian Massif in the east, and the
massifs of London-Brabant and Armorica in the
west and north-west (Ziegler, 1990; Fig. 1). The
Stromberg Trough is a geological sub-structure
within the south-western part of the Germanic
Basin. Located at the western border of the Vin-
delician High, it has a surface area of ca
500 km? (Carlé & Linck, 1949; Fig. 1). The oldest
strata of the Stromberg Trough belong to the
middle Triassic (Anisian) Muschelkalk Forma-
tion [LGRB (Landesamt fiir Geologie, Rohstoffe
und Bergbau), 2000; Fig. 2). They consist of
marly limestones intercalated with evaporites
that formed in an epicontinental setting as a
result of cyclic marine ingressions into the Ger-
manic Basin through the Burgundian, Car-
pathian and Silesian gates (Kozur & Bachmann,
2010; Fischer et al., 2012). Following the termi-
nal regression of the Muschelkalk sea during the
middle Triassic (Ladinian), terrestrial clastic
sediments of the subsequent late Triassic ‘Keu-
per’ were deposited in the southern and central
part of the Germanic Basin. They consist of
repeated alternations of marine-influenced del-
taic to brackish and terrestrial limnic to playa-
lake deposits intercalated with terminal alluvial
fans (LGRB, 2001) derived from the bordering
Vindelician High, resulting in an up to 1 km
thick sedimentary succession (Boigk et al., 1974)
deposited between the early Ladinian and the
end of the Rhaetian (Gradstein et al., 2012).
Within the up to 440 m thick succession of
late Triassic strata (Keuper, k) in the Stromberg
Trough (LGRB, 2000, 2001), the Mainhardt For-
mation (kmMh) comprises a 30 to 40 m thick
series of partially gypsiferous, multi-coloured
clays and dolomites representing playa-lake and
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Fig. 2. Stratigraphy of the late Triassic in the Ger-
manic Basin with the studied Mainhardt Formation
highlighted, following the stratigraphy of the late Tri-
assic after Kent et al. (2017). Note that the Carnian
Pluvial Event (CPE) is associated with the ‘Stuttgart
Formation’ (marked in blue; Aigner & Bachmann,
1992; Hornung & Brandner, 2005; Ogg, 2015). Grey
intervals denote major hiatuses. Note that the absolute
duration of the stratigraphic gaps is yet poorly con-
strained, but widely considered minor (Franz et al.,
2018).

distal alluvial plain-type environments (LGRB,
2001; Heunisch & Nitsch, 2011) of the Middle
Keuper (km). Intercalated arcose-type sandstones
represent alluvial fan deposits (Geyer et al.,
2011). The Mainhardt Formation is uncon-
formably overlain by fluviatile sandstones and
clays of the Lowenstein Formation (kmLw; for-
merly termed ‘Stubensandstein’; Fig. 2) that
were deposited in a more humid environment
than the Mainhardt Formation (Kozur & Bach-
mann, 2010; Bachmann & Kozur, 2015). Further
details of the geological units of the late Triassic
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in the southern Germanic Basin, including syn-
onyms of geological units and outdated local
names can be found in LGRB (2016).

The stratigraphic position of the Mainhardt
Formation has been previously constrained
through palynological evidence to the latest Car-
nian (Tuvalian) (Heunisch & Nitsch, 2011),
which is in line with stratigraphic evidence
from conchostracans (Kozur & Bachmann, 2005).
However, the playa sediments likely record only
part of this sub-stage because neither the Car-
nian/Norian boundary nor the underlying Tuva-
lian/Julian sub-stage boundary could yet be
identified in the region (Heunisch & Nitsch,
2011; Nitsch, 2018).

PREVIOUS EVIDENCE FOR ORBITAL
FORCING ON SEDIMENTATION IN THE
GERMANIC BASIN

Cyclical sedimentation patterns have been found
in several sections of the Germanic Triassic,
including the largely terrestrial formations of the
Buntsandstein (Geluk & Rohling, 1997; Szurlies,
2004, 2007) and Keuper (Aigner & Bachmann,
1989; Reinhardt, 2000; Reinhardt & Ricken,
2000; Vollmer, 2005; Vollmer et al.,, 2008;
Nitsch, 2018) as well as the marine Muschelkalk
(Kedzierski, 2000; Gotz, 2002; Gotz & Wertel,
2002). Commonly, the cyclicity observed in the
terrestrial settings of the Buntsandstein and Keu-
per has been interpreted to reflect water avail-
ability, a direct result of changes in orbitally
driven monsoonal rainfall (Kozur & Bachmann,
2005; Bachmann & Kozur, 2015).

In case of the playa-type setting of the Keuper
in the Germanic Basin, orbital precession has
been invoked as the main driver of cyclical facies
successions, interpreted to reflect changes in the
precipitation-evaporation balance (Fig. 3; Rein-
hardt, 2000; Reinhardt & Ricken, 2000; Vollmer,
2005; Vollmer et al., 2008). For the interpretation
of the facies succession at the studied section the
conceptual model put forward by these authors
is followed here (Fig. 3), which is briefly summa-
rized in the following: A playa-lake was estab-
lished during peak monsoonal intensity when
Northern Hemisphere summer insolation reached
its maximum during minimum precession. Dur-
ing this phase, clayey, dark grey mudstones
(Facies A in Fig. 2) were deposited. Through the
subsequent transition of the equinoxes through
perihelion, monsoonal rainfall weakened. As a
consequence, the lake level decreased and
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evaporitic dolomite layers formed (Facies B;
Fig. 3). This trend to drier conditions culminated
through the following summer insolation mini-
mum (and precession maximum) when the
playa-lake dried out completely and exposed the
sediment to oxidation, which resulted in the
deposition of reddish clay (Facies C; Fig. 3). Over
the course of the subsequent increase of summer
insolation, summer rainfall intensified. As a con-
sequence, increasing groundwater levels aided
the formation of pedogenic dolomite nodules
(dolocrete, Facies D; Fig. 3). The entire sedimen-
tary cycle recommenced when monsoonal activ-
ity peaked during the next precessional
maximum, causing the playa to re-submerge.
Intercalated gypsum layers (Facies E) typically
formed in the succession of mudstone, dolomite
and gypsum (Facies succession A-B-E) during
the evaporative drawdown of the lake when
monsoonal intensity became weaker. The orbi-
tally driven changes in water availability are
generally well-reflected by the colour of the sedi-
ments, as evidenced by the comparison of sedi-
ment colour with mineralogical and geochemical
data (Reinhardt & Ricken, 2000; Vollmer et al.,
2008). Here, greenish sediments represent reduc-
ing conditions during intense monsoonal activity
with reduced iron phases, while reddish sedi-
ments infer oxidizing conditions during dry
intervals characterized by the presence of hema-
tite as the dominant oxidized iron phase (Voll-
mer et al., 2008; Debret et al., 2011; Voigt et al.,
2017; Gastaldo et al., 2019).

MATERIAL AND METHODS

To investigate the nature of cyclical sedimenta-
tion patterns of the Mainhardt Formation, the
colour alternations (red-green variations repre-
sented by a* and lightness by L*) and sedimen-
tary composition of an outcrop comprising
181 m of the Mainhardt Formation were anal-
ysed. This outcrop lies within the Stromberg
Trough situated ca 0-5 km north-east of the vil-
lage of Hohenhaslach (coordinates: 49°00'21"N;
09°02’'06"”E) and comprises the longest continu-
ous section of Tuvalian deposits in the south-
western Germanic Basin (Figs 1 and 4).

After detailed lithostratigraphical logging,
spectrophotometric analyses were carried out on
freshly exposed sediments using a Konica Min-
olta CM-700d spectrophotometer (Konica Min-
olta, Tokyo, Japan) combined with a CM-A178
target mask (@ 8 mm, with plate). In total, 841
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Fig. 3. Evolution of a precession-controlled wet/dry cycle in the upper Triassic of the Germanic Basin (modified
after Vollmer, 2005). (A) Maximum Northern Hemisphere summer insolation caused maximum monsoonal rain-
fall, giving rise to the formation of perennial lakes and the deposition of greyish clays. (B) During equinoxes at
perihelion and aphelion, evaporation increased and dolomite beds were formed. (C) Insolation minima resulted in
a weaker monsoon, with evaporation exceeding precipitation resulting in the formation of well-oxidized, reddish
mudstones. (D) During the subsequent equinox monsoonal activity increased again, leading to a higher groundwa-
ter table that caused the formation of pedogenetic dolocrete within the red clays. The next insolation maximum

marks the onset of a new cycle.

colour measurements were taken at a spacing of
0-01 to 0-04 m (average: 0-02 m). Colour data is
reported in the CIELAB space using the L*a*b*
system, which is the most commonly used colour
space in sedimentology (Kirby et al., 1999; Piper
& Hundert, 2002; Weber et al., 2010; Debret et al.,
2011). The L*a*b* system represents a spherical
coordinate system with lightness recorded as one
axis by L* with a range from 0 to 100%. The two
axes are dimensionless chromaticity variables
with values from —60 to +60, with a* representing
the green (negative) to red (positive) axis and b*
the blue (negative) to yellow (positive) axis. To
calibrate the spectrophotometer, a Konica Min-
olta White Calibration Cap CM-A177 and Zero
Calibration Box CM-A182 were used. The spec-
trophotometric data is available in Appendix S1
accompanying this manuscript.

Spectral analysis of the colour data was per-
formed with multitaper method implemented in
the ‘astrochron’ package in R (R Core Team,
2013; Meyers, 2014) on the interpolated and

detrended data. Wavelet analysis with a Morlet
window was performed using the ‘biwavelet’ R
package (Gouhier et al., 2016). Average Spectral
Misfit (ASM) calculations were carried out to
assign dominant spectral peaks in the a* spec-
trum to orbital frequencies utilizing the ‘astro-
chron’ R software package (Meyers, 2014).

RESULTS

Lithology

The outcrop consists of an alternation of green-
ish, greyish and reddish claystones, with vary-
ing portions of intercalated gypsum and
dolomite layers (Figs 4 and 5). The interval from
the bottom of the studied section up to 7-50 m
is dominated by dusky to weakly red, greenish
grey and partially mottled claystones. Dolomite
beds with thicknesses of up to 0-15 m are inter-
calated in the greenish-grey claystone at 2-06 m,
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Fig. 4. (A) Image of the studied,
18-1 m high section of the
Mainhardt Formation at
Hohenhaslach (lowermost ca 1-9 m
of the section are not visible).
Person for scale is 1-68 m tall.
Arrows denote distinct lithological
features to facilitate direct
comparison with Figs 5 and 8. (B)
Lithological expression of a
precession cycle from the 14-3 to
14-7 m interval, reflected by red—
green couplets with intercalated
gypsum beds and dolomite
concretions. (C) Strata representing
a precession cycle within the 8-0 to
8-5 m interval, dominated by
greenish sediments with regularly
spaced gypsum layers. D —
dolomite, G — gypsum, P —
lithological expression of a
precession cycle.

540m and 6-50 m (Fig. 5). From 750 to
12-15 m, alternating greenish grey to dark green-
ish grey, bluish grey and reddish claystones
occur that are intercalated by greyish to reddish,
0-05 to 0-20 m thick irregular gypsum layers.
Two up to 0-15 m thick dolomite beds are pre-
sent at 11-70 m and 12-15 m.

The sediments that overlie the two dolomite
beds up to the top of the section at 18-10 m con-
sist of alternating red, oxidized, mottled and
greenish grey claystones. Red, wavy gypsum lay-
ers become increasingly common towards the top
of the section and often co-occur with increased
silt contents in the surrounding mudstones. A
prominent feature at 12-80 m is a ca 0-35 m thick
breccia of monomictic claystone clasts. The brec-
cia is succeeded by two ca 0-10 m thick dolomite
beds at 1335 m and 13-50 m. At ca 14-50 m,
16-20 m, 16-50 m and 16-90 m dolomite concre-
tions with a diameter of up to 0-20 m are
interbedded in reddish claystones, a feature not
present at 14-50 m. A dolomite bed from 17-90 to

Late Triassic mega-monsoon 957

18-10 m forms the top of the section. The top-
most dolomite bed is identified here as horizon
sEII after Brenner (1973, 1978a,b) in accordance
with earlier lithological descriptions of the
Hohenhaslach outcrop by Brenner (1978a,b) and
Reinhardt (2000).

Sediment colour

Sediment lightness (L*) generally increases from
the bottom to the top of the section with the
notable presence of light-dark cycles with peri-
ods between 1 m and 2 m above ca 7-50 m sec-
tion height (Fig. 5). The higher variability in
sediment lightness above this horizon coincides
with more distinct lithological alternations,
although the metre-scale cyclicity in L* is not
reflected by analogous lithological features.

In the red—green ratio (a*), a three-fold division
of the section becomes apparent, parallel to the
major lithological changes. The lower part of the
section until ca 7-50 m exhibits a relatively low

© 2019 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 67, 951-970



958 A. Bahr et al.

Green<— g* —> Red Dark <— [* —> Light
0 4 8 30 40 50 60
Depth (m) R R U S N RER AR
18 ] sEll
17 foem e
Fig. 5. Lithology of the
Hohenhaslach section with colour
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a* variability that reflects predominantly reddish
colours (i.e. high a*) with excursions to more
greenish hues at 0-5 to 1-0 m, around 2-15 m and
at 5-0 to 5-5 m. The middle part of the section,
from ca 7-50 m to ca 12-15 m, displays a distinct,
higher-frequency variability with a dominance of
greyish and greenish (a* close to zero) colours
interrupted by regularly spaced, decimetre-scale
spikes of higher a* that correlate with the inter-
calated gypsum layers. The upper part of the sec-
tion from ca 12-15 m onward is again dominated
by high a* (i.e. reddish colours), but with more
internal variability than in the lowermost

top of the section is marked by a
blue arrow.

section. A distinct trend to low a* is apparent
between 12:0 m and 13-2 m, with the a* mini-
mum around 13-0 m coinciding with the distinct
breccia at this depth.

DISCUSSION

Long-term evolution of the sedimentary
system in the Hohenhaslach section

The facies changes and the colour variability
documented in the Hohenhaslach section
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suggest a three-phase evolution of the sedimen-
tary system that was paced by distinct changes
in the hydrological regime. During its first
phase, which is represented by the lower part of
the section until ca 7-50 m, the sedimentary
sequence is dominated by hematite-rich, red
claystones (Fig. 5). In accordance with the facies
model developed for the Germanic Basin dis-
cussed above (Reinhardt, 2000; Reinhardt &
Ricken, 2000; Vollmer, 2005; Vollmer et al.,
2008), these sediments can be associated with
deposition during a phase of low playa-lake
level under arid conditions. Subaerial exposure
is documented by occasional greenish-grey mot-
tling of the reddish claystones, which is caused
by pedogenesis (Pimentel et al., 1996; Tanner
et al.,, 2003). However, intercalated layers of
greenish grey claystones point to more humid
episodes that caused reducing pedogenic condi-
tions; this is evident from the green colour of
the sediment that reflects the prevalence of Fe**
over Fe’" (hydro-)oxides (i.e. low a* values;
Lyle, 1983; Kemp & Coe, 2007; Debret et al.,
2011; Fig. 5). Short-term expansions of the
playa-lake during these episodes are further
indicated by the formation of intercalated dolo-
mite layers at 2:06 m, 5-40 m and 6-50 m. These
dolomite layers occur within green-coloured
intervals indicative of reducing conditions dur-
ing high lake level. The dolomite beds show
signs of polygonal cracking at their surfaces,
derived from subaerial exposure, pointing to a
marginal position within the playa-lake (Rein-
hardt & Ricken, 2000). Hence, the section until
7-50 m reflects predominantly arid conditions
that were interrupted by transient humid
episodes.

Between 7-50 m and 12-15 m, the depositional
regime of the Hohenhaslach section was dis-
tinctly different, characterized by a dominance
of greenish-grey claystones with rhythmically
intercalated gypsum layers (Fig. 5). The change
in sediment colour indicates predominately
reducing depositional conditions associated
with prolonged times of high playa-lake level
(Lyle, 1983; Zhang et al., 2007; Debret et al.,
2011). With regard to the long-term predomi-
nance of humid conditions, this phase resembles
the earlier Carnian Pluvial Event of the mid-
Carnian which has been associated with
re-occurring phases of exceptionally strong mon-
soonal rainfall (Arche & Lépez-Gémez, 2014;
Ogg, 2015; Lépez-Gémez et al., 2017). The pres-
ence of decimetre-scale-thick interbedded gyp-
sum layers suggests nonetheless short-term
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intervals of evaporation and regression of the
playa-lake system. Finely dispersed hematite
contributes to the red colour of the gypsum lay-
ers. Such alternations of mudstones and gypsum
layers are typical for the playa successions of
the Germanic Basin and represent the preces-
sion—driven fluctuation between wet and arid
phases (Reinhardt & Ricken, 2000; Vollmer
et al., 2008).

The increasing dominance of reddish clay-
stones associated with dolomite and gypsum
precipitation from 12-50 to 18-10 m suggests the
termination of the previous wetter climate phase
and the return of mostly arid conditions;
sedimentologically, this is documented by the
development of a marginal playa/mudflat depo-
sitional system. The recurring succession of
mudstone/gypsum/dolomite most likely repre-
sents precession cycles, as described from the
Steinmergel-Keuper (Vollmer et al., 2008). Here,
gypsum saturation occurred after the monsoonal
maximum (during minimal precession) when
the playa-lake was nearly dried out, leading to
gypsum co-precipitating with dolomite. Subse-
quent prolonged subaerial exposure during
times of weak monsoon (high precession) is
indicated by sediment mottling and dolocrete
formation. However, even during times of a
weak monsoon the groundwater table must have
still been high enough to feed dolocrete forma-
tion by ascending pore waters due to capillary
action (Rosen & Warren, 1990; Magee, 1991;
Voigt et al., 2017). The subordinate presence of
greenish sediment colours indicates that high
lake levels were rather short-lived episodes.
Monomictic clay clasts between 12-8 m and
13-15 m constitute a peculiar part of this sec-
tion; they might represent the remnant of a
flash-flood event when clayey overbank deposits
or the playa mudflat surface were eroded and
transported as ripped-up mud clasts.

The facies evolution in the Hohenhaslach sec-
tion as outlined above documents large-scale cli-
mate changes in the upper Carnian of the
southern Germanic Basin. This finding agrees
with recent evidence from both terrestrial and
marine archives documenting that a transitional
climate with relatively wet conditions persisted
in the northern Tethyan realm and the Germanic
Basin after the Carnian Pluvial Event (Hornung
& Aigner, 2002; Roghi et al., 2010; Stefani et al.,
2010; Arche & Lépez-Gomez, 2014; McKie, 2014;
Lopez-Goémez et al., 2017). Similarly humid con-
ditions are documented for tropical Pangaea,
such as on the Colorado Plateau (south-western
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USA; Nordt et al., 2015), in the Newark Basin
(New Jersey, USA; Kent et al.,, 2017), and in
Southern China (Sun et al., 2016), pointing to a
relatively strong monsoonal precipitation in the
low latitudes of Pangaea. In the following, this
study further investigates the nature of the dry/
wet phasing as observed in the Hohenhaslach
section. A particular focus will be on constrain-
ing the influence of orbital forcing on sedimen-
tation, which by extension will allow
reconstruction of sedimentation rates for the
Mainhardt Formation.

ORBITAL FORCING OF MEGA-MONSOON
VARIABILITY DURING THE LATE
CARNIAN

Previous studies of Triassic successions from
the Germanic Basin (Steinmergelkeuper; Vollmer
et al., 2008), the Newark Basin (Olsen & Kent,
1996; Kent et al., 2018; Olsen et al., 2018, 2019),
the Junggar Basin (North China; Sha et al., 2015)
and the Nanpanjiang Basin (South China; Fu
et al., 2016; Li et al., 2016b) have provided
strong evidence that their variability in sedimen-
tary facies was paced by orbital precession,
obliquity and eccentricity. In order to evaluate
to what extent orbital forcing has also exerted
influence on the late Carnian Gipskeuper depos-
its at Hohenhaslach, spectral analyses have been
conducted on the obtained colour data.
Integrated over the entire Hohenhaslach sec-
tion, the red-green (a*) record shows significant
periods (>95% confidence) of ca 3-30 m, ca
0-29 m, ca 0-21 m, ca 0-117 to 0-150 m and ca
0-102 m (Fig. 6). Spectral peaks of sediment
lightness (L*) are partially similar to those of a*,
with strong power between 0-104 to 0-137 m; in
contrast they exhibit only weak power within
the range of 0-20 to 0-30 m and long periods
rather form a broad peak in the range of 1-15 to
280 m. In order to quantify the fit of the
observed colour cycles to the orbital compo-
nents, the Average Spectral Misfit (ASM)
method was employed (Meyers & Sageman,
2007; Meyers et al., 2012). Via a Monte Carlo
simulation, this statistical method allows to test
whether the null hypothesis of no orbital signal
can be rejected for a given set of spectral peaks.
The dominant cycles of the a* power spectrum
were employed here, because these have been
used for cyclostratigraphic purposes in similar
continental settings of Triassic age (Kemp &
Coe, 2007; Vollmer et al., 2008). In this regard,

a* is preferred over L* because variations in sed-
iment lightness are ambiguous in their relation
to lithofacies, which renders them difficult to
interpret with respect to palaeoenvironmental
changes. The ASM spectrum was calculated
such that it allowed sedimentation rates to range
between 2 m and 100 m Myr ' (Fig. 7). This
assumption is based on sedimentation rates of
20 to 30 m Myr ' as they have been inferred for
the Norian Steinmergelkeuper Formation of the
central Germanic Basin (i.e. the Morsleben sec-
tion, Fig. 1; Vollmer et al., 2008). The ASM
results indicate that the best fit between spectral
peaks and orbital target frequencies is given for
a sedimentation rate between 7 m and 2 m Myr '
[average sedimentation rate: 12 m Myr™ ' reaching
the critical significance level of Hy (%) = 0-489].
This result shows that the null hypothesis H, of
no orbital forcing can be rejected (Fig. 7B).

In detail, the ASM results suggest that the
observed ca 3-30 m a* cycle relates to the ca
405 kyr period of eccentricity (E3), whereas the
0-29 m and 0-214 m cycles represent precession
(214 kyr and 17-9 kyr for P1 and P2, respec-
tively), and the 0-119 to 0-151 m cycles relate to
half precession (HP). Because the astronomical
configuration during the Triassic led to average
orbital periods that differed from today, the orbi-
tal periods calculated for the Mesozoic by Laskar
et al. (2004) were used. The assignment of the
ca 3-30 m period to the E3 cycle is supported by
the dominance of this period in the respective
3:30 m filter of both a* and L* with a notable
anti-phasing (Fig. 8). This strong 3-30 m cycle is
in line with previous findings, suggesting that
E3 is the most stable and strongest Milankovitch
cycle in climate records throughout Earth’s his-
tory (Laskar et al., 2004; Pilike et al., 2006;
Wang et al., 2010; Olsen et al., 2019). The per-
sistence of the E3 cycle is due to the absence of
any influence of tidal dissipation and the low
impact of the chaotic orbital resonance, for
example, in the Earth-Moon system (Lourens
et al., 2001). The dominance of the E3 cycle has
also been shown for sedimentary records from
the low-latitude (20 to 30°) records of the New-
ark and Germanic basins (Hambach et al., 1999;
Olsen & Kent, 1999; Reinhardt & Ricken, 1999,
2000; Reinhardt, 2000; Vollmer et al., 2008) as
well as from the high-latitude (60°) Junggar
Basin (Northern China; Sha et al., 2015). The
lack of a clear short eccentricity (E1+2, ca
109 kyr) cycle in the a* power-spectrum may
be due to the ice-free greenhouse climate condi-
tions of the late Triassic, which have been
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Fig. 6. Multitaper spectral analysis (with five tapers) of colour parameters a* (red—green ratio) and L* (lightness)
of the Hohenhaslach section, with periods of a* above the 95% significance level indicated by grey bars. Blue bars
denote spectral peaks that are significant above the 90% level in an F-test. E, eccentricity; HP, half precession;

P, precession.

argued to diminish the dominance of these
cycles (Beaufort, 1994; Machlus et al., 2008; Fu
et al., 2016). Considering the overall robustness
of the ca 3-30 m cycle within the a* and L*
records, and its association with the ca 405 kyr
cycle, this study estimates the total time repre-
sented by the Hohenhaslach section to comprise
six E3 cycles, which equals ca 2-4 Myr (Fig. 8).
A duration of about ca 2-4 Myr for the Hohen-
haslach section is within the limits of the yet

relatively poorly constrained duration of the
Mainhardt Formation (Heunisch & Nitsch, 2011;
Franz et al., 2018), and falls within the duration
of the Tuvalian sub-stage, which comprises
5-1 Myr (Fig. 2; Kent et al., 2017).

The influence of precession and eccentricity
forcing may also explain the occurrence of the
distinct humid phase between 750 m and
11-80 m in the Hohenhaslach section, which
stands out against the long-term aridification
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across the Carnian—Norian boundary (Tanner,
2018). The a* variability across this interval dis-
plays dominant periods of 0-20 m and 0-10 to
0-11 m (Figs 8 and 9). Filtering indicates that
the 0-20 m periods are best captured by the red/
green alternations (Fig. 10). These colour alter-
nations suggest abrupt shifts between pro-
nounced wet (predominance of greenish
sediments) and dry phases (predominance of
reddish sediments and gypsum precipitation) of
the playa-lake system that are paced by preces-
sion. Furthermore, the amplitude of the a* peaks
is clearly modulated in this interval (Figs 8 and
10) as would be expected for a ca 405 kyr eccen-
tricity maximum. Peak eccentricity causes a
maximum in the amplitude of orbital precession
and tropical summer insolation. As high sum-
mer insolation favours strong monsoonal rain-
fall, the intensification in precipitation might in
turn have initiated this prolonged humid phase,
as documented in the Hohenhaslach section.
The often-observed bifurcation of the a* peaks
might be attributed to semi-precession cycles,

(P = 0-0049), with the average
sedimentation rate centred at

12 m Myr . See text for further
discussion.

which are a typical expression of the double
insolation maximum in the low latitudes (Berger
et al., 2006; Verschuren et al., 2009). The pres-
ence of a semi-precession beat in subtropical
palaeolatitudes such as in Hohenhaslach is in
line with previous findings from the Norian of
the Germanic Basin (Vollmer et al., 2008). The
persistence of semi-precession signals across the
basin therefore supports the propagation of low-
latitude signals into higher latitudes via atmo-
spheric teleconnections as inferred for Quater-
nary boundary conditions (Crowley et al., 1992;
Sun & Huang, 2006). In addition, the HP signal
at Hohenhaslach might have been further ampli-
fied by the precipitation of dolomite and dolo-
crete layers when equinoxes were in perihelion
and aphelion, respectively (see previous discus-
sion of the facies model of Vollmer et al., 2008),
generating a carbonate double-peak during one
precession cycle.

Although the ASM does not confirm the pres-
ence of an obliquity-related signal in the a*
record, the ca 1:10 ratio of the 0-29 to 0-22 m to
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the ca 3-30 m cycles in a* contradicts the ca 1:21
ratio between E3 and P1/P2. Therefore, 0-29 to
0-22 m cycles might instead be attributed to
obliquity. However, the respective periods of the
a* signal are averaged over the entire section and
might vary depending on the dominant deposi-
tion regime. Changes in sedimentation rate might

also explain the discrepancy between the esti-
mated total duration of ca 2-4 Myr for the deposi-
tion of the entire Hohenhaslach section based on
the number of the E3 cycles (Fig. 8) and the
actual average sedimentation rate of ca
12 m Myr~ ', which would rather imply the sec-
tion to cover a time span of ca 1-8 Myr.
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Fig. 9. Multitaper spectra (with three tapers) of col-
our parameter a* (red—green ratio) for the three litho-
logically distinct sections of the Hohenhaslach
section (depth intervals indicated next to the respec-
tive spectra) with 90% confidence intervals indicated.
Grey bars indicate spectral peaks interpreted to repre-
sent precession (P) and half precession (HP). See text
for further discussion.

To investigate the impact of changes in sedi-
mentation rates on the a* and L* cycles, the
spectral inventory of the three distinct deposi-
tional phases in the Hohenhaslach section
were compared; these lithostratigraphic end-
members cover the intervals between 0-0 m
and 5-0m, 7.0 m and 124 m, and 13-5 m and
18-1 m. The individual spectral analyses of the
respective sections in fact suggest changes in
sedimentation rate (Fig. 9). Starting from the
above assumption that the ca 0-20 m periods
in the central unit represent precession and
the 0-10 to 0-11 m periods semi-precession, the
structure of the power-spectrum for the lower-
most unit indicates equivalent periods of
0-325 m and 0-138 m, respectively. In contrast,
the uppermost part of the section shows peaks
at 0-145 to 0-18 m and 0-07 to 0-075 m, respec-
tively. Based on these findings, the sedimenta-
tion rate declined from the bottom to the top
of the section by a factor of about two, which
caused the designated precession cycle to shift
from a ca 0-32 m period in a* (uppermost part
of the section) to an average 0-16 m period
(lowermost part of the section) (Fig. 9). Such a
change in sedimentation rate can readily

explain not only the offset between expected
and reconstructed dominant frequencies, but
also the relatively broad spectral peak at ca
3-:30 m and the bundling of different highly
significant peaks in the range of 010 to
0-15 m and 0-20 to 0-30 m for both a* and L*
(Fig. 6).

The lack of a significant obliquity impact on
the deposition of the strata preserved at Hohen-
haslach is in line with evidence from other low-
latitude settings, for example, the Newark Basin
(USA) where a dominance of precession/eccen-
tricity and a lack of clear obliquity modulation
has been argued for (Sha et al., 2015; Tanner &
Lucas, 2015; Olsen et al., 2019). At the same
time, the present analysis contradicts the obser-
vation of an obliquity-related cyclicity in the
Norian Steinmergelkeuper Formation of Morsle-
ben (Vollmer, 2005; Vollmer et al., 2008) from
the central Germanic Basin (Fig. 1). This mis-
match could be explained by the northward
shift of the Germanic Basin into higher palaeo-
latitudes by ca 15° during the Norian (Kent &
Tauxe, 2005; Kent et al., 2014). In addition,
Vollmer et al. (2008) argued that their obliquity
signal relates to dust input originating from the
higher latitudes of Northern China. The increas-
ingly drier and hotter climate during the Norian
might have led to more geographically extensive
deserts and subsequently to a stronger direct
dust flux southward into the low latitudes (Tal-
bot et al., 1994).

The consistency of the facies successions and
the relations of dominant frequencies in the colour
spectrum to orbital parameters, as documented in
the data here, strongly support an external, cli-
matic control on the depositional system exposed
in the Hohenhaslach section. The statistically
robust presence of Milankovitch-related periodici-
ties similar to those found in other late Triassic
sections from across the Germanic Basin (Rein-
hardt, 2000; Vollmer, 2005; Vollmer et al., 2008)
further argues in favour of semi-continuous depo-
sition interrupted by only minor hiatuses (Franz
et al.,, 2018). The presence of marker horizon
‘sEII’ (Brenner, 1973, 1978a; Reinhardt, 2000),
which can be correlated across the southern Ger-
manic Basin for more than 125 km (Brenner,
1978a,b, 1979; Reinhardt, 2000), also indicates
that the studied sediment succession reflects
regional-scale palaeoenvironmental changes.
Hence, the authors consider autocyclical pro-
cesses (Tanner, 2010) and regional tectonics (Hor-
nung & Brandner, 2005; Kozur & Bachmann,
2010; Arche & Lopez-Gomez, 2014) to be of
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cession (P), modulated by the E3 eccentricity cycle. See text for further discussion.

subordinate importance for the development of
the playa and alluvial fan system at Hohen-
haslach.

These findings also strongly advocate that
orbital pacing, in particular long eccentricity,
may have played a so far underestimated role
for pacing humid climate pulses during the Tri-
assic. The progressive uplift of the Fennoscan-
dian Massif may have played an important role
in this respect because it reached heights in
excess of ca 2000 m during the mid-Carnian
(Arche & Lopez-Gomez, 2014), an elevation con-
sidered as the orographic rainfall threshold
based on the Cenozoic uplift of the Himalayan
mountains (Ding et al., 2017). The uplift of the
Fennoscandian Massif might have caused
increased rainfall over the Germanic Basin dur-
ing the Carnian via orographic blocking and ini-
tiated widespread changes in atmospheric
circulation pattern that enhanced seasonal pre-
cipitation in the (sub)tropics (Arche & Lopez-
Gémez, 2014). An intensification of the wet sea-
son naturally increased the seasonality of the
annual precipitation cycle. The authors specu-
late that an enhanced seasonality would have
increased the sensitivity of the Pangaean
monsoonal system to orbital precession and
eccentricity via their control on the seasonal
low-latitude insolation cycle. The progressive
weakening of wet phases during the Norian
could then be attributed to the subsequent ero-
sion of the Fennoscandian Massif.

CONCLUSIONS

Playa and alluvial fan sediments from the Main-
hardt Formation of the Tuvalian (latest Carnian)
in the south-western Germanic Basin provide
new insight into the palaeoenvironmental evolu-
tion during the late Triassic against the back-
ground of the ‘mega-monsoon’ system prevailing
at that time. This study found distinct, statisti-
cally highly significant cyclicities in the red-
green (a*) and lightness (L*) spectra that reflect
recurring sediment-facies patterns. Arid phases
are dominated by distal alluvial fan fines and
reddish sediment colours (high a*), while more
humid phases are reflected by a higher playa-
lake level, increased pedogenesis and greenish
colours (low a*). The internal relation of domi-
nant spectral peaks in the a* record allows iden-
tification of precession and long (ca 405 kyr)
eccentricity-related periods. The dominance of
the precession signal testifies to the dominant
low-latitude forcing of the monsoonal system
during this time period. In turn, the monsoonal
system modulated moisture content and thus
playa-lake level and groundwater table.

A distinct obliquity signal could not be identi-
fied in these sedimentary records in contrast to
the Norian Steinmergelkeuper Formation of the
Germanic Basin. It is likely that the documented
long-term drought from the late Carnian to the
Norian and the northward drift of the Germanic
Basin played a profound role for the low-latitude
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propagation of the obliquity signal because dust
flux has been proposed as a major contributor to
the obliquity impact in the Steinmergelkeuper.

This study also found a prolonged phase of
high playa-lake level related to a ca 405 kyr-
eccentricity maximum that fostered exception-
ally strong monsoonal rainfall. This period bears
resemblance to conditions proposed to have
occurred during the Carnian Pluvial Event, indi-
cating the persistence of humid pulses during
the latest Carnian.
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