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Abstract 15 

High-resolution sedimentary facies analysis on ten profiles (252.24 m total length) reconstructed a 16 

complex depositional system characterised by cross-shelf sediment transport via (storm-modified) 17 

hyperpycnal flows in the Unnenberg Formation (Upper Eifelian, Middle Devonian) of the Eastern 18 

Rhenish Massif. The hyperpycnal-fed prodeltaic shelf system comprised proximal and distal lobe 19 

deposits (=hyperpycnal subaqueous delta) as well as deltaic mid-ramp deposits (=hyperpycnal littoral 20 

delta). Facies associations indicated that the hyperpycnal flows were fluctuation, resulting in the 21 

development of cyclic sequences of massive, laminated, and rippled sandstones. Plant-rich intervals 22 

provide a clear link to terrestrial sources. Hummocky cross-stratification, quasi planar-lamination and 23 

combined-flow ripples, suggest combined flow influences, driven by monsoonal dynamics. The 24 

presence of elementary depositional sequences (1.5–11 m thick) indicate progradational trends 25 

related to climate-driven hyperpycnal processes. Sedimentation rates of 0.15–1.12 m/kyr align with a 26 

monsoon-regulated half-precession cycle of 9.8 kyr, suggesting a direct link between climatic forcing 27 

https://orcid.org/0000-0002-9036-0557


 

3 
 

and sediment delivery. This research supports the role of hyperpycnal flows in transferring sandy 28 

sediments across continental shelves, reinforcing their importance in constructing clastic deltaic ramps 29 

and shelfal lobes during the Middle Devonian. The findings contribute to our understanding of 30 

sedimentary dynamics in ancient marine systems and highlight the importance of hyperpycnal flows 31 

as a key mechanism in sediment distribution from deltaic to deep-marine environments. 32 

Lay Summary 33 

Millions of years ago, powerful underwater currents transported sand and mud from ancient rivers 34 

into the ocean, shaping the seafloor. This study examines these currents, known as hyperpycnal flows, 35 

which played a crucial role in sediment transport during the Middle Devonian period (about 390 million 36 

years ago) in what is now Germany’s Rhenish Massif. By careful analysing the Unnenberg Formation, 37 

researchers identified different types of sandstone and mudstone deposits that reveal how these flows 38 

moved sediments across the continental shelf. The study shows that these flows were influenced by 39 

monsoonal climate cycles, which affected the volume and strength of river discharge into the ocean. 40 

The findings suggest that hyperpycnal flows helped build deltaic and deep-sea deposits. This improves 41 

our understanding of how sediments travel from land to deep marine environments, which is 42 

important for studying Earth’s history, natural resource distribution, and modern sedimentary 43 

processes. By linking climate cycles with sediment transport, this research highlights the impact of 44 

long-term climate patterns on marine geology—insights that are also relevant for understanding 45 

today’s changing environments. 46 

Keywords: Bergisches Land, Unnenberg Formation, combined flow, hummocky cross stratification, 47 

elementary depositional sequences 48 

1. Introduction 49 

The Eifelian strata of the Bergisches Land and Sauerland are dominated by clastic marine sediments, 50 

with ~3000 m thick sandstones, siltstones and claystones which accumulated in a shelf environment 51 

(i.e., the Rhenish shelf) at water depths of 25-300 m (Ribbert & Baumgarten, 2012). Throughout the 52 
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Mid-Devonian, transgressive-regressive cycles led to cyclic shifting of the coastline (Langenstrassen, 53 

1983; Reuter, 1993), with the coeval development of extensive deltaic systems distributing large 54 

volumes of sediments from Laurussia (=Old Red Continent) onto the Rhenish shelf (Fig. 1; 55 

Langenstrassen et al., 1979; Langenstrassen, 1982; Engel et al., 1983; Langenstrassen, 1983; Reuter, 56 

1993; Ribbert & Baumgarten, 2012; Ribbert et al., 2017). 57 

Three phases of pronounced sand deposition are described for the Mid-Devonian in this region. During 58 

these phases, closely linked delta-shelf-basin depositional systems developed. These periods of cross-59 

shelf transportation coincided with Mid-Devonian regressional phases (Fig. 2). One well-documented 60 

(Pfeiffer, 1938; Thienhaus, 1940; Ribbert & Baumgarten, 2012; Ribbert, 2013; Ribbert et al., 2017) but 61 

poorly understood system is the (herein termed) Brandenberg-Unnenberg system, which developed 62 

in the Upper Eifelian. This system can be subdivided into distinctive facies realms (i.e., inner shelf, outer 63 

shelf, shelf slope, basin). The NW of the system is characterised by deltaic deposits (siltstones, 64 

sandstones; Brandenberg Formation) with abundant red beds and conglomerates with an average 65 

sedimentation rate of 0.3 m/kyr (Langenstrassen et al., 1979; Reuter, 1993). These inner-shelf deltaic 66 

deposits can be correlated with outer shelf sandstones (Unnenberg Formation) which are herein 67 

interpreted as having been deposited from putative, sustained (or combined) hyperpycnal flows, which 68 

accumulated as shelf lobes. Adjacent shelf slope deposits comprise banded mudstones, with abundant 69 

(turbiditic) sandstones (Lennehelle Formation), while basin deposits are dominated by mudstones with 70 

rarer intercalated (turbiditic) sandstones (Ramsbeck Formation, Asten Formation, Raumland 71 

Formation, Eifel Quarzit). Common to all of the aforementioned deposits are accumulations of land-72 

derived plant fossils and detritus (Ebert & Müller, 1973; Mustafa, 1975; Clausen, 1978; Mustafa, 1978a, 73 

1978b; Langenstrassen et al., 1979; Ribbert, 2013). 74 
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 75 

Fig 1: A: Palaeogeography of the Eifelian (Scotese, 2016). Intertropical Convergence Zone (ITCZ), trade 76 

winds and low pressure cells (L) after de Vleeschouwer et al. (2012); marine currents after Suttner et 77 

al. (2021). B: Palaeogeographical map of the Eifelian of the Bergisches Land, compiled from Meischner 78 

(1971) and Ribbert et al. (2017).  79 

The recognition of hyperpycnal flows as a distinctive form of sediment-laden turbulent flow in areas 80 

transitional from river deltas to the shallow ocean was initially developed by Mulder et al. (2003). 81 

These authors suggested that a hyperpycnal flow forms due to the direct discharge of sediment-water 82 

mixtures by river floods, and that the subsequent deposits can be classified as hyperpycnites (Mulder 83 

et al. 2003). Despite some discussion (Shanmugam, 2018, 2019; van Loon et al., 2019; Zavala, 2019), 84 

hyperpycnal flows are broadly recognised as a major pathway of transferring material across the shelf 85 

into the deeper parts of a marine depositional basin (Steel et al., 2018; Heerema et al., 2020; Zavala, 86 

2020; Rodríguez-Tovar, 2022; Beelen & Wood, 2023; Grundvåg et al., 2023; Luo et al., 2023). A 87 

hyperpycnal flow develops as a result of the discharge of riverine waters with a high suspended load 88 

(i.e., bulk density of 35-45 kg/m3) into a body of water. When the bulk density of the incoming river 89 

flow exceeds that of the receiving water body, the fluvial discharge sinks and forms a hyperpycnal flow 90 

at the bottom of the water body. This also results in a downwelling of surface waters, forcing less dense 91 

extrabasinal material, such as plant debris (e.g.  leaves, branches, twigs, trunks) and charcoal (and 92 

possibly algal material) to sink and to be transported along with the hyperpycnal discharge (Mulder et 93 

al., 2003; Zavala & Arcuri, 2016; Zavala & Pan, 2018). Such flows can travel long distances across the 94 
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shelf area (Mulder et al., 2003; Steel et al., 2016; Zavala & Arcuri, 2016; Zavala & Pan, 2018) and flow 95 

times can last from weeks to months (Zavala & Pan, 2018). In contrast to intrabasinal (classical) 96 

turbidites (average velocity up to 7.2 m/s, Heerema et al., 2020), hyperpycnal flows are slow-moving 97 

(average velocity 0.2 m/s at the leading head, Zavala & Pan, 2018) dynamic jet flows (Hoyal et al., 98 

2003). Day- to month-long pulsing of rivers in flood (i.e., long-lived hyperpycnal flows) will generate a 99 

complex stacking of beds and bedsets (Zavala & Pan, 2018; Zavala, 2020). According to Zavala et al. 100 

(2011a), deposits of sustained hyperpycnal flows can be attributed to three main genetic facies groups, 101 

which broadly correspond to bed load, suspended load, and lofting transport processes, and thus 102 

represent a proximal-distal distribution within the depositional setting. 103 

Aims: This study suggests that a hyperpycnal, shuttling process transported fine-grained material from 104 

a deltaic coast, across the outer shelf, and into the neritic basin. This process is well-documented by 105 

the deposits of the Unnenberg Formation near Gummersbach in the Bergisches Land. Based on high-106 

resolution sedimentary facies analysis, the dominant depositional processes of the Unnenberg 107 

Formation will be elaborated and compared to hyperpycnal systems in order to precisely determine 108 

the depositional environment, and how it changed over time. 109 

2. Geological Setting 110 

Sedimentation throughout the Devonian occurred in a marine basin located close to the equator 111 

(Ribbert & Baumgarten, 2012; Ribbert et al., 2017; Franke, 2024). The basin was bounded to the N by 112 

Laurussia and to the S by the Mid-German High (Stets & Schäfer, 2002). This marine basin is commonly 113 

referred to as the Rhenish Trough, and is a peripheral basin of the narrow (about 250-530 km) but 114 

elongate (more than 2000 km) Rhenohercynian Basin. In this context, the Rhenohercynian Basin is 115 

considered to be a marginal basin of the Rheic Ocean (Stets & Schäfer, 2002; Königshof et al., 2016; 116 

Franke, 2024). Laurussia served primarily as a source area, providing several thousand metres of 117 

eroded sediment which resulted in significant sediment loading (possibly accentuated by external 118 

forces), and resultant crustal subduction in the area of the Rhenish Trough (Ribbert et al., 2017). 119 
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2.1 Unnenberg Formation 120 

Locus typicus: N 51.055754 E 7.617517 (Fuchs, 1919) 121 

The Unnenberg Formation (Fig. 2-3) comprises thin- to thick-bedded, mica-rich, fine-grained 122 

sandstones (Fuchs, 1922, 1923; Fuchs & Schmidt, 1928; Dietz & Fuchs, 1935; Grabert, 1969, 1970; 123 

Ziegler, 1970; Grabert, 1971; Ziegler, 1978; Jux, 1983; Ribbert, 2013). The sandstones are blueish-grey, 124 

though they weather to a reddish-brown. The sandstones are commonly intercalated with dark-blueish 125 

siltstones and blackish-grey silty to sandy mudstones. Fuchs and Schmidt (1928) noted that these 126 

siltstones and mudstones tend to dominate the Unnenberg Formation in the central Sauerland region. 127 

Thienhaus (1940) described lithofacies variations in the Attendorner syncline area (i.e. central 128 

Sauerland) where fine-grained sandstones, organic-rich sandy mudstones with intercalated 129 

sandstones, and banded mudstones with intercalated carboniferous quartzites tend to predominate. 130 

A range of sedimentary structures are described for the Unnenberg Formation, including cross-131 

bedding, planar-lamination, fining upwards sequences, and internal slumping, as well as ripple marks 132 

on bed tops and groove marks at bed bases. Furthermore, plant remains and bioclastic lags are 133 

abundant. Some beds are completely bioturbated (Fuchs, 1922, 1923; Fuchs & Schmidt, 1928; Dietz & 134 

Fuchs, 1935; Grabert, 1969, 1970; Ziegler, 1970; Grabert, 1971; Ziegler, 1978; Jux, 1983; Ribbert, 2013). 135 

Fossil lists of the Unnenberg Formation have been published by Thienhaus (1940) and Spriestersbach 136 

(1942).  137 
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 138 

Fig 2: Stratigraphic table of the Bergisches Land and Sauerland during the Eifelian. Stratigraphy after 139 

Ribbert  (1998a; 1998b, 1998c, 1998d, 1998e, 1998f, 1998g, 1998h, 1998i, 1998j, 1998k). Coastal onlap 140 

after Johnson et al. (1985), redrawn from Becker et al. (2020). Sea level and T-R cycles redrawn from 141 

Becker at al. (2020). 142 



 

9 
 

 143 

Fig 3: Geological map of the Bergisches Land and the Sauerland. Outcrops/Profiles (Fig. 9-10) are a. 144 

Hagen 2; b. Talbecke Ost 2, Talbecke Ost 2 Nebenbruch; c. Unnenberg lower level, Unnenberg upper 145 

level; d. Ratemicke West, Ratemicke Ost; e. Oesinghausen; f. Liefenroth; g. Vollmershausen.   146 

3. Methods 147 

To determine the depositional processes, which led to the deposition of the Unnenberg Formation 148 

near Gummersbach, ten sedimentary profiles with a total length of 252.24 m were measured during a 149 

field campaign extending from March to September of 2021. Outcrops were selected following a GIS-150 

based analysis of the study area, together with field observations.  151 

The sedimentary facies analysis which was carried out on the sediments of the Unnenberg Formation 152 

was informed by the genetic facies tracts of sustained hyperpycnal flows of Zavala et al. (2011). Thus, 153 
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each of the recognised sedimentary facies were described in terms of their sediment characterisation 154 

(e.g. sediment grain size, sorting), sedimentary structures (e.g. lamination, evidence of reworking, 155 

bioturbation), macrofaunal characterisation, the presence and nature of organic matter (e.g. plant 156 

remains), and the presence of sharp, erosional or gradual contacts. The sediments were also tested 157 

with dilute hydrochloric acid (10%) for carbonates.  158 

4. Results 159 

Petrographic analysis of the Unnenberg Formation sediments reveals that they are submature to 160 

mature and moderately to well-sorted. Individual grains are angular to subangular (some rounded 161 

grains were noted as well), with a low to moderate sphericity. Grain contacts tend to be long or 162 

concave-convex, and rarely sutured. A Q-F-L sandstone classification of the sandstones after Folk 163 

(1974) shows that the samples plot mainly within the sublitharenite field, with one specimen plotting 164 

within the subarkose field (Fig. 4). In addition to quartz, rare feldspars (plagioclase > K-feldspar), 165 

muscovite, biotite, chlorite, and rare zircon, rutile and garnet were noted. 166 

 167 
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Fig 4: Sandstone classification after Folk (1974). The sample from the Oesinghausen profile plots within 168 

the Subarkose field. The remaining samples plot within the Sublitharenite field.  169 

Tab 1: Facies description and interpretation of depositional origin: 170 

Facies 
Thickness 

[cm] 
Lithology 

Sedimentary 
structures 

Bioturbation Interpretation 
Facies 
Zavala 

Facies association 

F1 

F1a 5-300 
Fine-

grained 
sandstones 

Massive 

Branched 
and 

wielding, 
horizontal 
burrows 

Suspended 
Load, 

progressive 
aggradation by 

sustained 
hyperpycnal 

flows 

S1 

Sandy hyperpycnal 
flow 

F1b 32-250 

Fine-
grained 

sandstones, 
abundant 

crinoid 
columnals 

Massive 
Horizontal 
burrows 

As above; 
crinoid 

entrainment; 
dragging and 

rolling of 
crinoid 

columnals at 
the base of the 

suspension 
cloud 

F2 

F2a 5.5-220 
Fine-

grained 
sandstones 

Planar-
lamination, 

ball 
structures 

Straight, 
horizontal 
burrows; 
system of 

wielded and 
branched, 
horizontal 
burrows 

Suspended 
Load, 

gravitational 
collapse of 
sustained 

hyperpycnal 
flows 

S2 

F2b 17-749 

Fine-
grained 

sandstones, 
abundant 

crinoid 
columnals 

Planar-
lamination 

- 

As above; 
crinoid 

entrainment; 
dragging and 

rolling of 
crinoid 

columnals at 
the base of the 

suspension 
cloud 

F3 101 
Fine-

grained 
sandstones 

Climbing 
ripples 

- 

Suspended 
Load, traction 
plus fallout by 

overpassing 
and wanning 
hyperpycnal 

flow 

S3 

F4 3-50 
Siltstones 

and 
mudstones 

Massive, 
planar 

lamination 

(Cross-
cutting), 

horizontal 
burrows, 
complete 

bioturbation 
of beds 

Suspended 
load, fallout 

from stationary 
suspension 

cloud, which is 
produced from 

the dying 
turbidity 
current 

(hemiturbidite) 

S4 
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F5 10-60 

Fine-
grained 

sandstones, 
siltstones, 

plant debris 

Planar-
lamination 

Branched, 
horizontal 
burrows 

Lofting, fallout 
from lofting 

plumes 
L 

F6 16-25 

Fine-
grained 

sandstones, 
siltstone-

levels, plant 
debris 

Planar-
lamination 

- 

Suspended 
Load/lofting, 
gravitational 
collapse of 
sustained 

hyperpycnal 
flows at the 

channel margin 
or levee 

S2L 

F7 

F7a 19-400 
Fine-

grained 
sandstones 

Isotropic 
hummocky 

cross 
stratification, 

slumping 

Branched, 
horizontal 
burrows 

Suspended 
load, 

progressive 
aggradation 

storm-
modified (or 
combined) 

hyperpycnal 
flows; 

oscillatory 
component < 
unidirectional 

component 

S2h 

Sandy, storm-
enhanced/combined 

hyperpycnal flow 

F7b 18-600 

Fine-
grained 

sandstones, 
abundant 

crinoid 
columnals 

Isotropic 
hummocky 

cross 
stratification 

Branched, 
horizontal 
burrows 

As above; 
crinoid 

entrainment; 
dragging and 

rolling of 
crinoid 

columnals at 
the base of the 

suspension 
cloud; 

oscillatory 
component < 
unidirectional 

component 

S2h 

F7c 19-103 
Fine-

grained 
sandstones 

Quasi-planar-
lamination 

(Cross-
cutting), 

horizontal 
burrows 

As above; 
unidirectional 
component > 

oscillatory 
component 

S2h 

F7d 36-187 

Fine-
grained 

sandstones, 
abundant 

crinoid 
columnals 

Quasi-planar-
lamination 

- 

As above; 
crinoid 

entrainment; 
dragging and 

rolling of 
crinoid 

columnals at 
the base of the 

suspension 
cloud; 

unidirectional 
component > 

oscillatory 
component 

S2h 

F8 6-90 
Fine-

grained 
sandstones 

Wave ripples 
and wave-

ripple cross-
lamination 

- 

Suspended 
load, 

remobilisation 
by wave action 

S3w 
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or deposition 
from 

oscillatory (i.e. 
combined) 

hyperpycnal 
flows 

F9 

F9a  
Fine-

grained 
sandstones 

Small scale 
slumps 

- 

Soft sediment 
deformation 

structure 
(SSDS) 

triggered by 
storm wave 

loading 

- 
Mass wasting 

deposits 

F9b  
Fine-

grained 
sandstones 

Large scale 
slumps 

- 

Soft sediment 
deformation 

structure 
(SSDS) 

triggered by 
earth quake 

shock 

- 
Mass wasting 

deposits 

F10 12-18 
Bioclastic 

lags 

Chaotic, 
crinoid 

columnals: 
partial sub-
horizontal 
alignment, 
brachiopod 
valves: both 
convex-up 

and concave-
up 

- Storm surge - Tempestite 

 171 

4.1 Facies 172 

F1a – massive fine-grained sandstones 173 

Description: F1a comprises fine-grained, massive sandstones (5-300 cm), which are commonly 174 

amalgamated. Plant detritus and micas are commonly present throughout the sandstone and enriched 175 

along bedding planes. Rare ichnofossils (Paleophycus isp, Olenichus isp) are preserved hypichnially.  176 

Interpretation: Massive fine-grained sandstones suggest deposition within a low energy setting. Such 177 

deposits are common in fluvial (e.g. Horn et al., 2018) and marine mouthbar successions (e.g. Feng et 178 

al., 2019; J. Zhang et al., 2019). Fine-grained sands are transported as suspended load within 179 

hyperpycnal flows, and deposited due to gravitational collapse (Mulder et al., 2003; Zavala et al., 180 

2011a). Zavala et al. (2011a) and Zavala and Pan (2018) describe progressive aggradation from the 181 

bottom by sustained hyperpycnal flows which may inhibit the formation of primary sedimentary 182 

structures at the basal layer, resulting in the deposition of massive sandstones. Thus, F1a is interpreted 183 
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as having been deposited by sustained hyperpycnal flows and is correlatable with the S1 facies of 184 

Zavala et al. (2011a).  185 

F1b – massive fine-grained sandstone with bioclastic lags 186 

Description: These massive beds (32-250 cm thick, sometimes amalgamated, mica-bearing, abundant 187 

plant detritus) contain discrete lags (up to 10 cm) of disaggregated crinoids (sometimes showing 188 

subhorizontal alignment). Individual ossicles are also present within the sandstones. Rare horizontal 189 

ichnofossils (Palaeophycus isp) were also noted. 190 

Interpretation: The presence of bioclastic material within the massive sandstones would suggest 191 

possible deposition from hyperpycnal flows (i.e. as in F1a), passing over disarticulated crinoids present 192 

on the sea bed. A number of authors (e.g. Ponciano & Della Fávera, 2009; Scheffler et al. 2010; 193 

Ponciano et al. (2012) have suggested that episodic hyperpycnal flows can entrain the skeletal and 194 

disarticulated remains of macroinvertebrates (e.g. crinoids) during periods of low sedimentation rate 195 

(Fig. 5). Crinoid stems are transported as bedload by dragging and rolling at the base of the hyperpycnal 196 

flows (cf. Ponciano et al., 2012; Ausich, 2021), accumulating within the sand fraction as the flow energy 197 

decreases losing the competence to roll/drag them (Zavala & Pan, 2018). Thus, the crinoid fragments 198 

were deposited as a result of gravitational segregation within the sustained hyperpycnal flow during 199 

periods of flow slackening (Zavala & Pan, 2018). F1b can be considered as a variation of F1a (i.e. crinoid 200 

entrainment) and can be correlated with the S1 facies of Zavala et al. (2011a).  201 
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 202 

Fig 5: Concept of crinoid entrainment of hyperpycnal flows. A: Colonization of substrate by crinoids. B: 203 

Death and disarticulation of crinoids during a phase of non-deposition. C: Hyperpycnal flow entrains 204 
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disarticulated crinoids and transports these by dragging and rolling at the base of the flow. D: 205 

Recolonization of substrate by crinoids. 206 

F2a – planar-laminated fine-grained sandstones 207 

Description: This facies comprises planar-laminated fine-grained sandstones (5.5-220 cm) which are 208 

often amalgamated. Both mica and plant detritus are present. Ichnofossils (Paleophycus isp, 209 

Hormosiroidea isp) are preserved hypichnially. Soft-sediment deformation structures (e.g. ball & pillow 210 

structures) were also noted.  211 

Interpretation: Planar-laminated fine-grained sandstones are present in a variety of medium to high 212 

energy settings including, rivers (Plink-Björklund, 2015), distributary mouth bars in deltaic settings 213 

(Eilertsen et al., 2011) and turbiditic successions (Bouma, 1962). Dilute unidirectional flows in the 214 

upper flow regime, such as sustained hyperpycnal flows, will produce planar lamination (Simons et al., 215 

1965), due to hydrodynamic fluctuations at the base of the flow (Hesse & Khodabakhsh, 1998) during 216 

gravitational collapse of the suspended load (Mulder et al., 2003; Zavala et al., 2011a). Thus, F7 is 217 

interpreted to be deposited by a sustained hyperpycnal flow and correlates to the S2 facies of Zavala 218 

et al. (2011a). 219 

F2b – planar-laminated fine-grained sandstones with bioclastic lags 220 

Description: F2b comprises planar-laminated fine-grained sandstones with abundant disaggregated 221 

crinoid fragments. Individual beds are 17-749 cm thick, and frequently amalgamated. Indeed, internal 222 

stratification may appear to be discontinuous. The sands are rich in mica, while plant detritus may also 223 

be present.  224 

Interpretation: F2b is a variant of F2a, where unidirectional flows (i.e. hyperpycnal flows) of the upper 225 

flow regime, that produce planar lamination (cf. Simons et al., 1965), will entrain crinoid columnals 226 

(Ponciano & Della Fávera, 2009; Scheffler et al., 2010; Ponciano et al., 2012). F2b can thus be correlated 227 

to the S2 facies of Zavala et al. (2011a). 228 
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F3 – fine-grained sandstones with climbing ripples 229 

Description: Facies F3 comprises fine-grained sandstones with climbing ripples. This facies was only 230 

encountered in situ in one profile, although abundant climbing ripples were also noted in loose 231 

material on quarry floors. The measured bed is 101 cm thick, with the ripples inclined upstream at a 232 

bedding inclination of up to 20°. Mica is also present. 233 

Interpretation: F3 is interpreted as having been deposited in a low energy setting, where a high 234 

suspended sandy load was present (Mulder & Alexander, 2001; Sumner et al., 2008). Such deposits 235 

occur in a variety of settings including,  lakes (Stanley, 1974), tidal settings (Yokokawa, Kishi, et al., 236 

1995), as well as shelf and (Tanner, 1968) and turbiditic systems (Kuenen & Humbert, 1969; Mulder & 237 

Alexander, 2001; Sumner et al., 2008). Within a hyperpycnal system, climbing ripples are interpreted 238 

as forming due to a combination of traction and fallout processes, associated with high sedimentation 239 

rates during waning turbulent flow stage (Hunter, 1977; Zavala & Pan, 2018), or as part of a channel 240 

fill unit deposited from such a waning flow stage. F3 is considered to be equivalent to the S3 facies of 241 

Zavala et al. (2011a). 242 

F4 – massive siltstones and mudstones 243 

Description: F4 comprises massive siltstones and claystones (3-50 cm) which sometimes include 244 

planar-laminated siltstones and rarely plant detritus. Mica is common and often concentrated along 245 

individual bedding planes. Ichnofossils occur as simple (cross-cutting) horizontal burrows (e.g. 246 

Palaeophycus isp), with some beds completely bioturbated (Bioturbation Index = 4-6).  247 

Interpretation: Such fine-grained deposits are generally deposited in very low energy settings. Typical 248 

environments include, muddy tidal flats (Kvale et al., 1989), lagoons (Schaumann et al., 2021), lakes 249 

(Marshall & Fletcher, 2002), deltaic interdistributary areas (Hepp et al., 2019), muddy shelves (Safak 250 

et al., 2013), as well as deep-marine (Hüneke & Mulder, 2011), and turbiditic settings (Bouma, 1962). 251 

Such sediments are commonly interpreted as having been deposited due to normal settling (i.e. fallout) 252 

when flow movement completely stops (cf. Zavala & Pan, 2018). Thus, this facies may be useful in 253 
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recognising the boundaries between different hyperpycnal events. Stow and Wetzel (1990) introduced 254 

a new facies type in distal turbiditic systems, termed hemiturbidites. This facies is deposited from a 255 

stationary suspension cloud, which is produced from the waning turbidity current. The deposits are 256 

described as fine-grained, muddy sediments with aspects which are partly turbiditic and partly 257 

hemipelagic, as well as being commonly bioturbated (Stow & Wetzel, 1990). Thus, F4 can be 258 

interpreted as hemiturbidites. Since these deposits mark the uppermost part of distal turbiditic 259 

deposits (cf. Stow & Wetzel, 1990), they tend to be eroded or deformed (soft-sediment deformation, 260 

due to  subsequent loading; Allen, 1982) by subsequent turbidity currents (i.e. sustained hyperpycnal 261 

flows). Thus, the sediments of facies F4 were deposited as hemiturbidites from sustained hyperpycnal 262 

flows, and form part of the uppermost channel infill of distal shelfal hyperpycnal channels. This facies 263 

correlates to the S4 facies of Zavala et al. (2011a). 264 

F5– planar-laminated sandstones and siltstones with plant debris  265 

Description: This particular facies includes both planar-laminated, fine-grained sandstones and 266 

siltstones (which may be intercalated) in which plant debris is very abundant (Fig. 6). Bedsets vary in 267 

thickness from 10-60 cm, with individual beds ranging from a few millimetres to <2 cm. Both plant 268 

detritus and micas are present and often concentrated along bedding planes. Rare branched and 269 

simple horizontal burrows (Paleophycus isp) occur in some siltstone beds. 270 

Interpretation: The sediments of F5 were deposited in a low energy setting. Possible environments 271 

include tidal (Visser, 1980), lacustrine (Birks, 2001), and fluvial settings (Wing, 1984) as well as within 272 

turbiditic systems (Saller et al., 2006). The ability of hyperpycnal flows to transport extrabasinal plant 273 

detritus into marine basins is considered to be a distinctive criterion (Zavala et al. 2011b). So-called 274 

lofting rhythmites (after Zavala et al., 2006), which are composed of thin rhythmic sand-silt couplets 275 

with abundant plant materials, accumulate from a lofting plume (Zavala et al., 2011a; Zavala et al., 276 

2011b). 277 
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A hyperpycnal flow contains freshwater, which is less dense than the ambient water. Due to flow 278 

deceleration, a hyperpycnal flow is progressively depleted of its suspended load. Thus, it will 279 

consequently lift from the substrate as a result of buoyancy reversal (Sparks et al., 1993; Kneller & 280 

Buckee, 2000; Zavala et al., 2011b). A lofting rhythmite will then form from fallout of the suspended 281 

silts, fine-grained sands, and plant material, with normal grading often occurring. The plant material 282 

will remain in suspension due to its higher buoyancy and will, thus, only be deposited during a 283 

subsequent phase of sediment fall-out, thus forming a rhythmite (Zavala et al., 2011b). The deposits 284 

of F5 are interpreted as having been deposited, at least partly, from this lofting mechanism and can, 285 

thus, be  equated with the L facies of Zavala et al. (2011a).  286 

 287 
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Fig 6: A: Lofting facies (F5 = L) in the Talbecke Ost 2 profile. Note individual beds of discontinuous, 288 

massive sandstone beds (red in colour). B: Top of the lofting facies (F5 = L) with several plant fossils. C: 289 

Cut through the lofting facies (F5 = L) revealing the layered nature as a rhythmite. 290 

F6 – planar-laminated sandstones with siltstone-levels and plant debris 291 

Description: F6 comprises massive or planar-laminated, mica-rich, fine-grained sandstones with 292 

discontinuous, lenses of siltstones and abundant plant debris. Thus, F6 is quite similar to F1/F2 and F5. 293 

It can be distinguished from them by the presence of the siltstones. Individual bed thicknesses range 294 

from 16 to 25 cm. Plant detritus is, as noted, abundant and is present throughout the beds as well as 295 

being concentrated into discrete lenses or laminae and along bedding planes. 296 

Interpretation: The massive or planar-laminated fine-grained sandstones with discontinuous siltstone 297 

lenses and abundant plant debris were most possibly deposited in a low to moderate energy setting. 298 

While possible settings include tidal (Visser, 1980), lacustrine (Birks, 2001), fluvial (Wing, 1984) or 299 

turbiditic environments (Saller et al., 2006), the presence of features of both  F1/F2 as well as F5 300 

suggest that F6 is a transitional version of suspended load-transported materials (i.e. sandstones) and 301 

fallout-derived sediments (i.e. siltstones). It can be correlated with the S2L facies of Zavala, et al. 302 

(2011a). 303 

F7a – hummocky cross stratified fine-grained sandstones 304 

Description: F7a comprises isotropic hummocky cross-stratified, fine-grained sandstones and 305 

siltstones (19-400 cm). The heights of the hummocks vary from 19 to 50 cm, with a wavelength of 306 

between 40 cm to >200 cm. Amalgamation is very common. Some beds are scoured. Combined-flow 307 

ripples (F8) rarely occur at bed tops. Soft-sediment deformation structures (SSDS; F9a) are commonly 308 

associated. Mica and plant detritus are present in both the sandstones and the siltstones. Rare 309 

Paleophycus isp are preserved hypichnially.  310 

Interpretation: While hummocky cross stratification (HCS) is mostly associated with storm-dominated 311 

shelves (Chell & Leckie, 1993; Myrow, 2005; Peng et al., 2017; Grundvåg et al., 2021), it has also been 312 
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noted in deltaic settings (García-García et al., 2011) and even in fluvial environments (Cotter & Graham, 313 

1991). HCS forms as a result of the superposition of hyperpycnal flows by storm-wave action, creating 314 

a combined flow, where the unidirectional flow (i.e. hyperpycnal flow) is modified by an oscillatory 315 

component (i.e. storm wave oscillation) (Tinterri, 2011; Jelby et al., 2020; Grundvåg et al., 2021). The  316 

facies described herein is similar to that described by Jelby et al. (2020) as a field of: “complex 317 

hummocky cross-stratification generated by highly unsteady wave oscillations and hyperpycnal flows”. 318 

Thus, F7a is believed to have been deposited from a combined flow system and can be correlated with 319 

the hyperpycnal systems S2h facies of Zavala et al. (2011a). 320 

F7b – hummocky cross-stratified fine-grained sandstones with bioclastic lags 321 

Description: This facies comprises hummocky cross-stratified sandstones and intercalated siltstones 322 

(18-600 cm), with abundant bioclastic lags. Wavelengths vary from 50 cm to >200 cm with heights of 323 

18-40 cm. Amalgamation is very common. Some beds are scoured.  Mica and plant detritus are present 324 

in both the sandstones and siltstones. Rare Paleophycus isp are preserved hypichnially.  325 

Interpretation: This facies is interpreted as a variant of F7a, where a combined flow entrained crinoid 326 

columnals. Such crinoid columnals appear at the basis of the beds, often in scours, and their presence 327 

is probably related to current winnowing during waning storm conditions (Grundvåg et al., 2021). As a 328 

variation of F7a, F7b can be correlated with the S2h facies of Zavala et al. (2011a) as well. 329 

F7c – quasi-planar-laminated fine-grained sandstones 330 

Description: Beds of quasi-planar-laminated fine-grained sandstones range in thickness from 19-103 331 

cm, and show laminae inclinations of between 5°-18°. Mica and plant detritus are distributed 332 

throughout the sandstones and often concentrated on bedding planes. Some beds show evidence of 333 

coarsening upwards. Bed amalgamation was noted. Some beds are intercalated with HCS (F7a+b) and 334 

combined-flow ripples (F8). Paleophycus isp, where present, is preserved hypichnially.  335 

Interpretation: Quasi-planar lamination (QPL) was first reported by Arnott (1993) who also noted the 336 

linkage between such beds and those exhibiting hummocky cross stratification. QPL develops under 337 
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high-energy combined-flow conditions, where a weak (to possibly strong) unidirectional current 338 

combines with a long-period, high-velocity oscillatory current. In addition, QPL is believed to be the 339 

transitional facies towards isotropic or oscillatory forms of HCS, where the unidirectional component 340 

is stronger than it is during the formation of HCS (Arnott, 1993; Dyson, 1996; Tavares Calandrini de 341 

Azevedo et al., 2024). This is possibly related to the waxing and waning (i.e. pulsating) of the 342 

hyperpycnal discharge. Thus, F7c is interpreted as a variation of F7a, and could, therefore, be 343 

correlated with the S2h facies of Zavala et al. (2011a).  344 

F7d – quasi-planar-laminated fine-grained sandstones with bioclastic lags 345 

Description: F7d is derived from quasi-planar-laminated fine-grained sandstones with bioclastic lags 346 

(36-187 cm). Amalgamation is common. Laminae inclination ranges from 10°-15°. Some beds show a 347 

coarsening upwards trend or bioclastic lags in scours at the bed bases.  348 

Interpretation: Facies F7d can be considered to be a variant of F7c, where a combined flow, with a 349 

strong unidirectional component, entrained crinoid columnals. Thus, F7d can also be related to the 350 

S2h facies of Zavala et al. (2011a) as well. 351 

F8 – fine-grained sandstones with combined-flow ripples 352 

Description: F8 comprises fine-grained sandstones (6-90 cm) with ripples and/or ripple cross-353 

laminated sandstones which are often mica rich and amalgamated. The height of the ripples varies 354 

from 0.5-1 cm, while the wavelengths range from 5-18 cm. Ripples are asymmetrical with both 355 

rounded and occasionally sharp crests. Foresets exhibit a sigmoid configuration with convex-up lee 356 

and stoss sides (Fig. 7). Thus, the ripples are identified as combined-flow ripples. This facies is 357 

commonly intercalated with or within the HCS sandstones of F7a+b. 358 

Interpretation: Fine-grained sandstones with combined-flow ripples are interpreted to have been 359 

deposited from combined flows, where a unidirectional component is superimposed by a (storm)wave-360 

induced oscillatory component (Yokokawa, Masuda, & Endo, 1995; Yamaguchi & Sekiguchi, 2010; 361 

Basilici et al., 2012). The facies was deposited from oscillatory-dominated (i.e. combined) hyperpycnal 362 
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flows (cf. Zavala & Pan, 2018), and, therefore, correlates to the S3w facies of the proposed genetic 363 

facies tract of hyperpycnal systems of Zavala et al. (2011a). 364 

 365 

Fig 7: A: Handspecimen of a combined flow ripple. B: The handspecimen was cut and polished to reveal 366 

the sigmoid configuration of the laminae. C: Redrawing of the sigmoid-configurated laminae.  367 

F9a – small-scale slumps 368 

Description: Within the HCS sandstones of F8a+b, small-scale slumps occur frequently. These slumped 369 

beds vary in thickness from 5 to 30 cm. Lithologically, these slumps comprise fine-grained sands.  370 

Interpretation: Since the slumps are associated with HCS, which is indicative of storm activity, 371 

deformation most probably resulted from storm wave loading (see Owen & Moretti, 2011). Storm 372 

waves can induce liquidization (liquefaction and/or fluidization) in saturated and unconsolidated 373 

sediments (Allen, 1982; Q. Zhang & Suhayda, 1994; Molina et al., 1998; Alfaro et al., 2002). Three 374 

processes are associated with this: (1) remobilization of sediments during storms may result in 375 
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overloading (Kerr & Eyles, 1991; Molina et al., 1997); (2) impulsive loading (sensu Owen, 1987), due to 376 

direct impact of breaking waves in shallow marine environments (Henkel, 1970; Dalrymple, 1979); and, 377 

(3) increasing interstitial pore pressure due to cyclic stresses caused by pressure differences between 378 

the crests and troughs of successive wave trains during storms (Allen, 1982; Owen, 1987). Due to the 379 

continuous, combined-hyperpycnal deposition of the deposits above the slumps (i.e. no storm surge 380 

deposits), and the position of the hyperpycnal-fed system on the shelf with a putative water column 381 

of tens to hundreds of metres, the later triggering mechanism (3) is favoured herein.   382 

F9b – large-scale slumps 383 

Description: In the abandoned Unnenberg quarry an up to 2.6 m thick slump crops out (Fig. 8; for a 384 

detailed sketch see Jux, 1960, pp. 208–209). The slumped horizon can be traced for c. 25 m. It cuts 385 

down into the underlying beds to a depth of c. 2 m. The slumped sediments comprise mainly fine-386 

grained sandstones. Other similar and large-scale slumps (0.5-1.5 m) occur randomly within the 387 

measured profiles (e.g. Fig. 9-10).   388 

Interpretation: Larger-scale slumps can be induced by a variety of mechanisms including volcanic or 389 

tectonic activity. Extension-related volcanics have been described for the Middle Devonian in the 390 

Bergisches Land, Sauerland and the Lahn-Dill region (Meyer, 1981; Werner, 1988; Nesbor, 2004; 391 

Königshof et al., 2010; Schnapperelle et al., 2021). Furthermore, both Plessmann and Spaeth (1971) 392 

and Werner (1988) describe the presence of clastic dykes in the Wissenbach Formation (Upper Eifelian) 393 

near Menden (northern Sauerland) which they suggested were formed during earthquakes (although 394 

they may also result from overloading (Onorato et al., 2016) or storm wave loading (Molina et al., 395 

1997). The Wissenbach Formation represents the neritic continuum (“Hercynian facies”; see Jansen, 396 

2016) of the depositional basin of the Unnenberg Formation (Thienhaus, 1940; Spriestersbach, 1942; 397 

von Kamp et al., 2017). Thus, tectonic activity alone, or in combination with storm wave loading, is a 398 

possible mechanism for the large-scale slumping in the Unnenberg Formation. 399 

F10 – bioclastic lags 400 
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Description: The bioclastic lags comprise mainly disaggregated and broken fragments of crinoids, i.e. 401 

crinoid columnals. Very rare brachiopod valves were also noted. The lags are 12-18 cm thick. Individual 402 

crinoid columnals show partial sub-horizontal alignment. The very rare brachiopod valves are 403 

preserved in both convex- and concave-up positions. The bioclastic fragments are preserved within a 404 

very fine- to fine-grained sandy matrix.  405 

Interpretation: Bioclastic lags are interpreted as having been deposited in a high energy setting. Such 406 

lags are described from a variety of depositional settings, including tidal channels (Flemming et al., 407 

1992), storm-dominated shelfs and coasts (Banerjee, 1981; Mohseni & Al-Aasm, 2004), estuaries 408 

(Anderson & McBride, 1996), deltas (Longhitano et al., 2010), lakes (Michael J. Soreghan, 1996) and 409 

turbidite systems (Middleton, 1967) (also termed bioclastic turbidites; see Mehrtens, 1988). The main 410 

depositional process associated with their deposition are storm surges, where bioclastic material is 411 

first churned up and then redeposited as the storm abates. The process was originally termed storm 412 

turbulence (or storm-induced turbulence) (see Schultze et al., 2020). Thus, these deposits are 413 

considered to represent a tempestite facies within the depositional environment. 414 
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 415 

Fig 8: Hagen 2 quarry near Gummersbach. Amalgamated sandstones appear as tabular bodies, which 416 

are traceable over tens of metres. The quarry is approximately 20 metres high. B: Tempestite facies 417 

with disarticulated crinoid columnals (i.e. bioclastic lag) from the Hagen 2 quarry. C: Climbing ripples 418 

from the Hagen 2 quarry. D: Ball and pillow structure from the Talbecke Ost 2 Nebenbruch profile. E: 419 

Slumped interval from the Unnenberg quarry (Unnenberg lower level profile). F: Hummocky cross 420 

stratification with small scale slump at the base of the interval at the Unnenberg upper level profile. 421 

4.2 Facies associations 422 
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The 10 facies recognised and discussed above were subsequently grouped into three facies 423 

associations. Each of these represents part of a hyperpycnal-fed, foredeltaic environment, which 424 

developed either as a lobe system or within a ramp setting, depending on storm activity. 425 

FA1 – proximal hyperpycnal subaqueous delta lobe facies association 426 

Description: This facies association comprises thick (up to 7 m) amalgamated, tabular, fine-grained 427 

sandstones (F1-F4), which are capped by muddy deposits of the hyperpycnal lofting plumes (F5). 428 

Thereby, massive sandstones (F1/S1) are intercalating with planar-laminated sandstones (F2/S2) and 429 

rippled sandstones (F3/S3, F8/S3w). Individual beds/units are traceable over tens of metres.  430 

Interpretation: The deposits of fluctuating hyperpycnal flows form cyclic (albeit complex) sequences 431 

comprising massive, laminated and climbing ripple sandstones (Zavala & Pan, 2018). Zavala et al. 432 

(2011b) describe the process of lofting in hyperpycnal flows as a result of flow velocity deacceleration. 433 

Lofting plumes develop either in the distal parts of hyperpycnal flows or along channel margins 434 

(Zavalabet al., 2011a; Zavala et al., 2011b). Thus, the facies association is interpreted to represent 435 

proximal, shelfal lobes of a hyperpycnal subaqueous delta (HSD). 436 

FA2 – distal hyperpycnal subaqueous delta lobe facies association 437 

Description: FA2 comprises stacked associations (up to 3.5 m) of tabular, thin-bedded, fine-grained 438 

sandstones (F1-F4) and mudstones (F5-F6). The sandstones comprise a variety of sedimentary 439 

structures, including planar-lamination, ripple-cross lamination, and normal grading. Within the facies 440 

association, fine-grained sandstones are overlain by mudstones or graded beds (fS-vfS). FA2 is typically 441 

enriched in both plant remains and mica towards the top of the facies association. 442 

Interpretation: The deposits of FA2 are broadly similarly to those of FA1, though the individual beds 443 

and bedsets are thinner in the former. Thus, the FA2 units represent a more distal depositional setting 444 

towards FA1. Therefore, the deposits are interpreted as distal, shelfal lobes of a hyperpycnal 445 

subaqueous delta (HSD).  446 
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FA3 – hyperpycnal littoral delta mid-ramp facies association 447 

Description: Fine-grained sandstone beds and bedsets comprising HCS, QPL and combined-flow ripples 448 

(F7a-d/S2h, F8/S3w) alternate with planar-laminated sandstones (F2/S2). Tempestites (F10) often 449 

appear at the base of the FA3. Graded sandstones of F4/S4 cap the FA3. FA3 exhibits tabular 450 

geometries.  451 

Interpretation: The alternation of HCS and QPL with planar-laminated sandstones was described by 452 

Lamb et al. (2008) as the result of pulsating wave-enhanced (or combined) hyperpycnal flows. Thereby, 453 

hyperpycnal flows are superimposed by storm-wave energy, which aids the distribution of the fine-454 

grained sediments (i.e. sand-silt-clay) across large areas (hundreds of km’s) due to the construction of 455 

a low gradient, progradational, clastic, deltaic ramp (=hyperpycnal littoral delta of Zavala et al. (2021). 456 

According to Zavala et al. (2021) and Zavala et al. (2024), such hyperpycnal littoral deltas are partially 457 

equivalent to ‘subaqueous deltas’ (cf. Kuehl et al., 1986), ramp deltas (cf. Overeem et al., 2003), 458 

prodeltaic shelves (cf. Bhattacharya & MacEachern, 2009), muddy prodeltaic hyperpycnites (cf. Wilson 459 

& Schieber, 2014), river-dominated deltaic parasequences (cf. Ahmed et al., 2014), storm-flood-460 

dominated deltas (cf. Lin & Bhattacharya, 2021) and shelf hyperpycnites (cf. Olariu, 2023). Thus, FA3 461 

represents the mid-ramp area of the hyperpycnal littoral delta, where sediments accumulate as a 462 

result of traction-plus-fallout from unconfined wave-enhanced (or combined) hyperpycnal flows 463 

(Irastorza et al., 2021) 464 

4.3 Elementary depositional sequences (EDS) 465 

Elementary depositional sequences (sensu Mutti et al., 2000) are 1.5-11 m thick successions of 466 

shallowing upwards beds and bedsets, and their presence within the Unnenberg Formation would 467 

suggest that the hyperpycnal-deltaic system was broadly progradational. However, two EDS within the 468 

formation (Fig. 9-10) exhibit deepening upward configurations (i.e. retrogradational phases).  469 

Each EDS (both progradational and retrogradational) is bounded at its base by the occurrence of 470 

entrained crinoids above an erosive surface. As mentioned above, episodic hyperpycnal flows are able 471 
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to entrain skeletal remains of macroinvertebrates (i.e. crinoids) which completely disarticulated during 472 

periods of low sedimentation rate, suggesting a phase of non-deposition (Ponciano & Della Fávera, 473 

2009; Scheffler et al., 2010; Ponciano et al., 2012). Such bioclast-rich beds can, therefore, be used as 474 

sequence boundaries (cf. Davies et al., 1989; Banerjee & Kidwell, 1991; Kondo et al., 1998). Shallowing-475 

upward sequences comprise either bedsets of a single facies association or of alternating facies 476 

associations, suggesting rapid shifting and stacking of the HSD-lobes within the HLD-ramp setting. 477 

Moving up in the stratigraphy, each EDS is bounded by condensed intervals of bioturbated sediments 478 

of F4 (S4, after Zavala et al., 2011a) or F5 (L, after Zavala et al., 2011a), which mark the sequence 479 

stratigraphic boundary , or again by a basal erosive surface with entrained crinoids of the next EDS.  480 

In contrast to parasequences, which are controlled by relatively rapid sea-level rises (cf. van Wagoner 481 

et al., 1988; Arnott, 1995; van Wagoner et al., 1996), EDS are allocyclic controlled by long-term climate 482 

changes (e.g. increased runoff by increased precipitation during wet phases), and, therefore, by 483 

Milankovitch cyclicity (Mutti et al., 2000). Thus, climate-controlled hyperpycnal systems may show a 484 

progradational or retrogradational pattern, entirely independent of a rising or falling sea level.  485 
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 486 

Fig 9: Profiles of the Unnenberg Fm. For locality, see Fig 3. For legend, see Fig 9. 487 
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 488 

Fig 10: Profiles of the Unnenberg Fm. For locality, see Fig 3. 489 

5. Discussion 490 

5.1 Depositional model and paleogeographic reconstruction 491 

Based on the high-resolution facies analysis of ten profiles from the Unnenberg Formation near 492 

Gummersbach, with a combined length of c. 255 m, it was shown that the Rheic Shelf was supplied 493 

with large amounts of fine-grained sediments from a complex hyperpycnal, deltaic system. This system 494 

was part of a larger integrated, delta-shelf-basin depositional system, which will be described below 495 

(Fig. 11). 496 
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The interpretation of a linked delta-shelf-basin system is partly based on the early work of Pfeiffer 497 

(1938) and Thienhaus (1940), who suggested that the deltaic deposits of the Brandenberg Formation 498 

were related to the deposits of the Unnenberg Formation, although the precise nature of the 499 

relationship between the two areas was unclear. A number of authors including, Pfeiffer (1938), 500 

Langenstrassen et al. (1979), Langenstrassen (1983) and Reuter (1993) suggested that the deposits of 501 

the Brandenberg Formation were deposited in a high-destruction delta system, one where  strong 502 

erosional forces (i.e. wave action and/or tides) were active. A large deltaic lobe, related to the main 503 

deltaic system, developed in the Wuppertal-Beyenburg region (Pfeiffer, 1938; Langenstrassen et al., 504 

1979) while the adjacent coastline, comprising an alluvial plain with marine, brackish and limnic sub-505 

environments (Pfeiffer, 1938; Langenstrassen, 1983; Otto, 1999; Gosny, 2010), was located in the 506 

Düsseldorf-Wuppertal-Iserlohn region (c. 30-55 km to the NW of the Unnenberg Formation outcrops). 507 

According to Mustafa (1975, 1978a, 1978b), Schweitzer (1990) and Koch (2023), these coastlands were 508 

covered by some of the earliest land plants with species of Psilophyton, Pseudosporochnales and 509 

Aneurophytales all noted.  510 

Subsequent work on the depositional environment of the Unnenberg Formation suggested a 511 

reinterpretation as a tidal flat system (Grabert, 1971), a storm-dominated muddy shelf environment 512 

with shoal-like bodies or a barrier island system (Bininda, 1980), a prodeltaic (or foredelta) 513 

environment (Jux, 1983), or prograding, storm surge-generated sand bars (Ribbert & Baumgarten, 514 

2012; Ribbert, 2013). However, the results of this current work would suggest that the deposition of 515 

the Unnenberg Formation was either from sustained hyperpycnal flows, which formed the shelfal 516 

channels and lobes, or from wave-enhanced (or combined) hyperpycnal flows, which constructed a 517 

deltaic ramp. The deposits of the Unnenberg Formation primarily accumulated in the area of 518 

Gummersbach, where thick-bedded sandstone bodies are dominant. Moving away from this area, i.e. 519 

to the W/SW (Dietz & Fuchs, 1935), the S/SE (Fuchs & Schmidt, 1928; Ribbert, 2013), and the E 520 

(Clausen, 1978; Ziegler, 1978; Thünker, 2011) the sandstone beds are markedly thinner or may even 521 
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pinch out. Indeed, these areas lateral to the Gummersbach region tend to be dominated by 522 

mudstones. 523 

Work on the Lennehelle Formation (e.g. Langenstrassen (1972), Clausen (1978), Ziegler (1978), 524 

Thünker (2011), von Kamp et al. (2017) and Ribbert et al. (2017) established a correlation with the 525 

sediments of the Unneberg Formation, suggesting the possible genetic linkage of the two formations, 526 

and thereby, the depositional systems. This current study proposes that the sandstones of the 527 

Lennehelle Formation are turbidites, and that they accumulated as deep-marine lobes at the base of 528 

the continental slope. Such surge-like turbidity currents may have originally been hyperpycnal flows 529 

which changed as a result of flow transformation. 530 

Three other formations, namely, the Ramsbeck (Thienhaus 1940), Asten (Kunert 1965), and Raumland 531 

(Ribbert et al. (2017) formations, crop out in the eastern Sauerland region (Ostsauerland anticline), c. 532 

45-60 km to the SE of outcropping strata of the Unnenberg Formation, and can also be correlated with 533 

the deposits of  Unnenberg and Lennehelle Formations. The most distal deposits of this proposed 534 

depositional system are believed to be represented by the Eifel-Quarzit in the Wittgenstein and Dill 535 

synclines (c. 45-60 km to the SE of the Unnenberg Formation outcrops) (Klitzsch, 1959; Lippert et al., 536 

1970). The sediments of the aforementioned formations accumulated in deep-marine (sub-)basins of 537 

the Rhenoherzynian Ocean (cf. Krebs, 1979). The formations are all characterised by successions of 538 

mudstones with intercalated sandstone beds, these latter interpreted as turbidites (Ribbert et al., 539 

2017).  540 
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 541 

Fig 11: Schematic depositional model of the hyperpycnal subaqueous delta (HSD) and hyperpycnal 542 

littoral delta (HLD) of the Unnenberg Fm and both its connected coastal, deltaic (marine littoral delta = 543 

MLD; Brandenberg Fm) and deep marine (Lennehelle Fm, Ramsbeck Fm) continuum, which was 544 

controlled by monsoonal activity. 545 

5.2 Monsoonal drivers of hyperpycnal flow origin 546 

Monsoons are able to trigger hyperpycnal flows by either drastically increasing erosion during 547 

monsoon rains, or by the dilution of seawater during periods of  increased precipitation/runoff (Mulder 548 

et al., 2003; Bourget et al., 2010; Wang et al., 2010; Zheng et al., 2014). During the Eifelian, monsoon-549 

like dynamics were controlled by a half-precession cycle of 9.8 kyr and a precession cycle of 18 kyr (de 550 

Vleeschouwer et al., 2012), resulting in wet/very wet phases separated by dry phases (Cecil, 1990; 551 

Streel, 2000) and, thus, regulating the detrital influx (by precipitation and wind) onto the Rheic Shelf 552 

(Witzke & Heckel, 1988; de Vleeschouwer et al., 2012; Da Silva et al., 2013; de Vleeschouwer et al., 553 

2013; 2017). During monsoonal periods, winds will drastically increase wave height (Amrutha et al., 554 

2015; Andutta et al., 2019). Thus, oscillatory flow components are superimposed on the putative 555 

hyperpycnal flows, allowing the formation of combined flows (cf. Tinterri, 2011; Jelby et al., 2020; 556 
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Grundvåg et al., 2021). Therefore, monsoonal dynamics during the upper Eifelan would appear to be 557 

a feasible triggering mechanism for hyperpycnal flows within the depositional setting.  558 

If the EDS are considered to be equivalent of the proposed half-precession cycle of 9.8 kyr of de 559 

Vleeschouwer et al. (2012), they could be classified as a fifth-order sequence. Thereby, the averaged 560 

sedimentation rate of the EDS (thicknesses between 1.5 to 11 m) could be expressed as 0.15 - 1.12 561 

m/kyr. However, it should be noted that such a sedimentation rate is merely an estimate, since factors 562 

such as compaction, bioturbation, hiatuses are not considered herein. However, if this sedimentation 563 

rate is compared with the average sedimentation of the Middle Devonian of the Eastern Rhenish 564 

Massif of 0.3 m/kyr (Langenstrassen et al., 1979), the averaged sedimentation rate of the Middle 565 

Eifelian to Lower Givetain Eifel region of 0.13 m/kyr (Weddige, 1977; Kaufmann, 2006; de 566 

Vleeschouwer et al., 2012), and the sedimentation rate of the hyperpycnal-fed Bengal fan of 1.2 m/kyr 567 

(Worm et al., 1998), the values do not appear to be beyond the realm of possibility. This would suggest 568 

that the sequence stratigraphic interpretation is certainly realistic. 569 

6. Conclusion 570 

The depositional setting of the Bergisches Land and Sauerland (Rhenish Massif, Germany) in Eifelian 571 

(Middle Devonian) times was characterized by an extensive, hyperpycnal-fed, foredaltaic environment. 572 

This showed extensive development of hyperpycnites (derived from sandy hyperpycnal flows and 573 

sandy, storm-enhanced/combined hyperpycnal flows), hemiturbidites (transformed from hyperpycnal 574 

flows), tempestites and mass wasted deposits (slumps), all of which were deposited on the evolving 575 

Rheic Shelf. Elementary depositional sequences with an estimated sedimentation rate of 0.15 - 1.12 576 

m/kyr suggest a progradational configuration of the system, that was probably driven by monsoonal 577 

activity, which was controlled by a half-precession cycle of 9.8 kyr. During peak monsoon activity, 578 

oscillatory flow components were superimposed on the putative hyperpycnal flows, allowing the 579 

formation of combined flows. This resulted in the construction of a low gradient, progradational, 580 

clastic, deltaic ramp (=hyperpycnal littoral delta, Zavala et al. (2021). Hyperpycnal flows which 581 
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developed during phases of low or non-storm activity led to the construction of extensive shelfal lobes 582 

(=hyperpycnal subaqueous delta, Zavala et al. (2021). The present system is part of a larger delta-shelf-583 

basin system which extended from the deltaic coastline (Brandenburg Formation), across the shelf 584 

(Unnenberg Formation) and the shelf slope (Lennehelle Formation) towards the nereitic basin 585 

(Ramsbeck Formation, Asten Formation, Raumland Formation, Eifel-Quarzit). Sandstones which 586 

accumulated at the base of the continental slope and within the neritic basin are interpreted as deep-587 

marine lobes, which were fed by surge-like turbidity currents that may have originally been 588 

hyperpycnal flows which changed as a result of flow transformation. Thus, hyperpycnal flows played a 589 

major role in shuttling sandy material across the shelf of the Rhenoherzynian Ocean during the Eifelian. 590 

Such hyperpycnal flow-dominated systems are in important mechanism for the transport and 591 

deposition of  large volumes of sediment onto continental shelfs and beyond (e.g. Mutti et al., 2003; 592 

Pattison, 2005; Steel et al., 2018; Jelby et al., 2020; Grundvåg et al., 2023). 593 

A number of criteria for the recognition of hyperpycnal flow activity (amplified by monsoonal activity) 594 

in the Bergisches Land and Sauerland (Rhenish Massif, Germany), were noted. These include the 595 

presence of:   596 

1. Lofting rhythmites containing abundant extrabasinal plant detritus as recognized in several 597 

locations of the Unnenberg Formation. In general, the deposits described herein are typically 598 

enriched in plant material suggesting a sustained connection of the depositional system on the 599 

shelf with a riverine, land-derived source. 600 

2. Hummocky cross stratification which formed as a result of the superposition of a unidirectional 601 

flow (i.e. hyperpycnal flow) by an oscillatory component (i.e. storm wave oscillation). 602 

Hummocky cross-stratified sandstones are a dominant lithology across the region.  603 

3. Cyclic (albeit complex) sequences comprising tabular, massive, planar-laminated, graded and 604 

climbing ripple sandstones which suggest that deposition occurred from fluctuating 605 

hyperpycnal flows. 606 
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4. Hyperpycnal flows which were able to entrain disarticulated crinoid columnals and stems, 607 

suggesting a prior phase of non-deposition. Thus, such intervals could be used as a lower 608 

sequence stratigraphic boundary. An upper sequence stratigraphic boundary would have been 609 

represented by either lofted intervals or hemiturbidites, both of which mark the final phase of 610 

hyperpycnal deposition.  611 
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