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ABSTRACT

Radish concretions exhibit a typical columnar to pear-shaped, stipe down-
ward geometry. In Middle Jurassic mudrock in south-west Germany, radish
concretions started to form around an iron-sulphide lined tube by pervasive
cementation constituting an ellipsoidal parent domain in uncompacted sedi-
ment at burial depths of <5 to 8 m as recorded by 75 to 80% minus-cement
porosity. Thereafter, the concretions grew vertically in compacting sediment
as evidenced by laminae within the concretions being increasingly inclined
towards the tips, and concomitantly decreasing minus-cement porosity. Dur-
ing early diagenesis, prior to septarian crack formation, bicarbonate generat-
ing the microbial cement originated within the sulphate reduction zone
chiefly from anaerobic oxidation of methane and to a lesser degree of organo-
clastic material. Later, at 50 to 70 m burial depth, septarian cracks formed as
evaluated by sedimentation-compaction analysis based on minus-cement
porosity data and compressibility of similarly composed sediments. The
outward-narrowing septarian cracks indicate that they formed when the con-
cretions were still in a plastic state but already cemented sufficiently to be
resistant against compaction. In this stage, up to one-quarter of the pore vol-
ume of the concretions was still open as suggested by shrinkage experi-
ments. This pore volume, and the septarian cracks, were filled with cement
termed late diagenetic. In the study area, the decompacted net-sedimentation
rate was low, about 2 to 3 cm kyr™", for ca 2.5 Myr, allowing the concretions
to reside for a long time within the sulphate reduction zone and to grow.
Radish concretions formed within the transition zone from thick, rapidly
deposited to long-term, slowly accumulating sediment.

Keywords Anaerobic oxidation of methane, burial history, concretion,
mudrock, sedimentary hiatus.

INTRODUCTION

Early diagenetic concretions have attracted geol-
ogists for a long time because they represent
containers resistant to compaction and, there-
fore, they may preserve the initial sediment fab-
ric, primary and bioturbational sedimentary
structures, as well as fossils in three dimensions
(e.g. Oertel & Curtis, 1972; Blome & Albert,
1985; Allison & Pye, 1994; Wetzel & Reisdorf,

2007; Day-Stirrat et al., 2008; Hall & Savrda,
2008; Lash, 2018). To evaluate the onset of con-
cretion growth, minus-cement porosity is usu-
ally determined (e.g. Lippmann, 1955; Sramek,
1978; Lash & Blood, 2004). Concretions may
form at wide burial depth ranges and therefore
can record geochemical conditions in the diage-
netic environment during their formation (e.g.
Hudson, 1978; Coleman & Raiswell, 1993; Boja-
nowski et al., 2014). Furthermore, the chemical
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composition and petrography of cement pre-
serves information about depositional and diage-
netic environments (e.g. Mozley & Burns, 1993).
It has also been suggested that the shape of the
concretions is roughly controlled by permeabil-
ity and porosity of the host sediment (e.g.
Sellés-Martinez, 1996; and references therein;
Seilacher, 2001). In uncompacted, isotropic sedi-
ments, spherical concretions can grow during
early diagenesis, whereas in already compacted
and/or laminated mudstone, ellipsoidal concre-
tions develop because solute transfer and diffu-
sion are optimized parallel to lamination.

Concretions may form due to pervasive
cementation of a rather constant sediment vol-
ume or concentric outward growth by the suc-
cessive radial addition of cement layers that
were successively sealed off from each other
and from the surroundings (e.g. Mozley, 1996;
Raiswell & Fisher, 2000). The presence of
outward-narrowing septarian cracks is taken as
evidence of internal shrinkage of the forming
concretion and implies that growing concretions
were still in a plastic state and incompletely
lithified prior to crack formation, and hence that
subsequent cement could precipitate in the con-
cretion at a later stage (e.g. Wetzel, 1992; Hud-
son et al., 2001; Hendry et al., 2006; Loyd &
Berelson, 2016). The initially formed cement
makes the initial concretion bodies resistant to
compaction but they still lack rigidity, otherwise
the formation of outward-narrowing cracks
would be geometrically impossible (Wetzel,
1992). In fact, only partially lithified concretions
have been encountered a few metres below the
sediment surface at a modern methane seep site
(Franchi et al.,, 2017). In contrast, bored and
encrusted early diagenetic concretions imply a
more rapid and complete cementation (e.g. Hes-
selbo & Palmer, 1992; Wetzel & Allia, 2000;
Zaton et al., 2011). During exhumation however,
carbonate precipitation might have been
enhanced due to the alkaline conditions pro-
duced by degrading (microbial) amino acids
within the concretions (cf. Duck, 1995).

For concretions grown during compaction and
having a columnar to elongate, roughly axially
symmetrical shape, Seilacher (2001) introduced
the term ‘radish concretions’. So far, only a few
studies have addressed concretions exhibiting
such a shape (e.g. Durga Prasada Rao et al,
1982; Melezhik et al., 2007; Leonowicz, 2015).
In contrast, elongate concretions that formed in
association with fluid conduits at methane seep
sites are more frequently described (e.g. de
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Boever et al.,, 2006; Nyman et al., 2010). Seila-
cher (2001) invoked burrows to explain the
shape of radish concretions; these findings
relied on detailed macroscopic observations and
investigative comparisons with concretions of
various morphologies, but Seilacher did not
study either the concretions’ internal structure
or geochemistry.

The aims of this paper are: (i) to analyze rad-
ish concretions with respect to their shape and
internal structure; (ii) to decipher the meaning
of their geometry; (iii) to determine cement vol-
umes and bulk carbon and oxygen isotope com-
positions; (iv) to characterize the diagenetic
environment in which they formed; (v) to inter-
pret their growth history and the influencing
factors; and (vi) to discuss the sedimentological
significance of radish concretions.

GEOLOGICAL SETTING

Radish concretions of this study were found in
Middle Jurassic mudrock from south-west Ger-
many (Fig. 1). During the Mesozoic, the study
area formed part of an epicontinental basin sys-
tem that developed in central Europe (e.g. Zieg-
ler, 1990). In the study area, subsidence and
deposition started during the early Triassic;
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Fig. 1. Location of the study area in south-west Ger-
many.
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until the late Early Jurassic, no deposits accu-
mulated that could act as hydrocarbon source
rocks (e.g. Geyer & Gwinner, 2011). The radish
concretions occur in mudrock of the upper part
of the Opalinuston Formation that formed dur-
ing the Aalenian in the southern part of the cen-
tral European epicontinental basin, with two-
thirds to three-quarters of the basin surrounded
by land (e.g. Ziegler, 1990; Franz & Nitsch,
2009). During the Aalenian opalinum Zone,
which lasted ca 1.2 Myr (Hardenbol et al.,
1998), the ca 120 m thick uniform, greyish,
mudrock of the Opalinuston Formation, which
is characterized by a variable sand content and
intercalated sandstone beds, accumulated at an
average decompacted sedimentation rate of ca
30 to 40 cm kyr ' (e.g. Wetzel & Allia, 2003).
Due to palaeogeography and large freshwater
inflow from the adjacent land, the seafloor was
poorly oxygenated except during periods of
enhanced current activity (e.g. Schmidt, 1996;
Wetzel & Allia, 2003). Bioturbational structures
with indistinct outlines and produced close to
the sediment surface are typical of these settings
(e.g. Wetzel et al., 2011; Campetella et al., 2020).
The Opalinuston Formation contains 0.5 to
2.0% Coyg (e.g. Elie & Mazurek, 2008).

Depositional water depth was around storm-
wave base or somewhat below, as indicated by
hummocky cross-stratification, long wave length
sandstone ripples, exhumed, encrusted and
bored concretions, and crinoid lagerstitten cov-
ered by storm sand (Wetzel & Allia, 2000; Wet-
zel & Allia, 2003; Wetzel & Meyer, 2006).
Tempestites have been calculated to be depos-
ited in about 30 to 40 m water depth based on
amplitude, wavelength and grain size of ripples
(Allia, 1996).

At the end of the opalinum Zone, the subsi-
dence rate decreased allowing for repeated sedi-
ment reworking that is documented by an
increasing number of erosively-based sandstone
beds and a concomitant upward increasing sand
content towards the so-called Wasserfall beds
and the calcareous Wilflingen Bed (previously
Comptum Bed; Dietze etal., 2021), which
locally contains exhumed, bored and encrusted
concretions. During accumulation of the overly-
ing Achdorf Formation, sediment reworking,
omission and erosion continued and caused an
overall low net-sediment aggradation rate of
<5 cm kyr_1 (Fig. 2; Franz & Nitsch, 2009; Geyer
& Gwinner, 2011).

Sedimentation continued at least until the
Late Jurassic and very likely into the Early

Cretaceous, but with latter deposits subse-
quently removed by erosion, as suggested by
one-dimensional basin modelling and evaluation
of the thermal history for several deep drill
holes in northern Switzerland, about 50 to
80 km to the south of the study area (for details
see Mazurek et al., 2006; Villagémez-Diaz et al.,
2021). Based on this modelling, the Opalinuston
Formation experienced a maximum burial tem-
perature of about 75 to 85°C (Mazurek et al.,
2006; Elie & Mazurek, 2008).

Through the early Aalenian, the isotope com-
position of seawater in Eurasian epicontinental
seas showed an increase for &'°0 from
—1.5 £ 0.5%0 to —0.5 + 0.5%0 Vienna Standard
Mean Ocean Water (V-SMOW) and an increase
for 8'°C of dissolved inorganic carbon (DIC)
from +1 4+ 0.5%0 to +2 + 1%. Vienna Pee Dee
Belemnite (V-PDB; Dera et al.,, 2011). For the
purposes of calculations in this study, represen-
tative early Aalenian mean values used are —1%o
for 8'%0 and +1.5%0 8'3C (Dera et al., 2011).

MATERIAL AND METHODS

Radish concretions were collected during 1981
at a road construction site 2 km south-west of
the village of Zillhausen (south-west Germanys;
coordinates 48°14'54"N, 8°54'50"E). Thirty con-
cretions, some of them in place, were collected
from the Middle Jurassic Opalinuston Formation
in a rather confined interval, about 3 to 4 m
below the Wilflingen Bed (previously Comptum
Bed, Dietze et al., 2021; Fig. 2). Today, the out-
crop is covered by pavement or overgrown by
vegetation. The concretions described in this
paper are stored at the Museum of Natural His-
tory (Basel, Switzerland).

Concretion size was measured and shape was
determined. Their internal structures were stud-
ied on polished or etched surfaces. Four concre-
tions were serially sectioned into 6 to 8 mm
thick slices to calculate the volume of septarian
cracks. Petrographic thin sections were exam-
ined via standard light microscopy and cold
cathodoluminescence microscopy. Two systems
were used: (i) the CITL Mark II; and (ii) the CITL
Mk5-2 (Cambridge Image Technology, Cam-
bridge, UK). Scanning electron microscopic
(SEM) analyses were carried out on dried, pol-
ished samples sputter-coated with Au with a
Philips ESEM 5000 (Philips, Eindhoven, The
Netherlands) equipped with an X-ray energy-
dispersive elemental analysis system (EDAX);
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Fig. 2. Schematic stratigraphic section close to the
studied site (after Geyer & Gwinner, 2011); interval
housing the studied radish concretions marked by an
arrow; * ammonite zones below the torulosum Zone
are not shown.

and on thin sections sputter-coated with C by
using a ZEISS Sigma Variable Pressure Field
Emission SEM (Zeiss AG, Oberkochen, Ger-
many) equipped with two Bruker XFlash 6110
SDD type detectors (Bruker Corporation, Biller-
ica, MA, USA) for energy-dispersive analysis as
well. All quantitative elemental data for
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carbonates presented in this work were acquired
with the field emission ZEISS Sigma SEM; the
analyses were standardless, but the detection
limit and the precision were ca 0.1 wt.% for the
elements analyzed (Ca, Mg, Fe, Mn).

For mineral identification by X-ray diffraction
(XRD), bulk powdered samples were put into an
aluminium trail and analyzed with a Siemens D
5000 diffractometer (Siemens, Munich, Ger-
many). Cu Kal radiation was used measuring
0.05-20 steps for 25 min. The software package
Diffracto plus (EVA and TOPAS) provided by
Bruker Analytical X-Ray Systems was used for
mineral identification.

Carbonate content was quantified on a Carmo-
graph 6 (Wosthoff GmbH, Bochum, Germany)
using calcite standards for calibration and 2N
H3PO, for sample acidification; the machine mea-
sures the amount of deliberated CO, conducto-
metrically. To quantify the amount of Ca and Mg,
carbonate was dissolved in 1N HCI. The Ca and
Mg of the solution were measured using induc-
tively coupled plasma (ICP) mass spectrometry
on the EOP SPETRO Ciros Vision spectrometer
(Spectro Analytical Instruments, Kleve, Ger-
many). Organic carbon was determined by mea-
suring the carbon content of carbonate-free
material on an Erba Science NA 1500 Elemental
Analyzer (Carlo Erba Limited, Cambridge, UK).

Bulk samples for measurements of carbon and
oxygen isotopes were taken by a dental drill from
macroscopically defined domains on polished
slabs. The isotopes were measured by a VG Isogas
PRISM and a Gasbench II coupled to a Delta V
Plus mass spectrometer (Thermo Fisher Scien-
tific, Bremen, Germany). The carbon and oxygen
isotopic compositions were calibrated against
international carbonate isotope reference materi-
als (NBS19, NBS18, LSVEC) and expressed as
8'°C and 8'°0 in %o relative to V-PDB. Based on
routine analyses of the carbonate isotope stan-
dards analytical precision was <+0.1%. for §'°C
and <+0.2%o for §'®0. For temperature calcula-
tion the empirical equation given by Anderson &
Arthur (1983) was used.

Minus-cement porosity was calculated by sub-
tracting the carbonate content of the host rock from
that of a concretion sample and expressing it as
porosity by using a density of 2.72 g cm™? for cal-
cite and 2.67 g cm™ for siliciclastic material. For
example, a given concretion contains 80% carbon-
ate and occurs in a siliciclastic host sediment with
grain density ps = 2.67 g cm™® containing 3.5%
detrital carbonate (see Results; ps = 2.72 g cm™3);
subtracting the detrital carbonate from that of the
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concretion, 80% — 3.5% = 76.5%, equals the
cement content (= cement filled porosity) of the
concretion. A 100 g sample of such concretion
consists of 76.5 g of calcite cement that equals a
volume of 76.5 g :2.72 g cm™ = 28.1 cm®. The
sediment within the 100 g concretion consists
of 20g of siliciclastic material representing
20 g:2.67 gcm™ = 7.5 cm® and of 3.5 g detrital
carbonate representing 3.5g:2.72gcm "’ =
1.3 cm?®, in total 8.8 cm®. The minus-cement
porosity is cement volume — total volume,
28.1 — (28.1 +8.8) = 0.76 (or 76%).

The shrinkage limit giving the water content
when mud changes from plastic to brittle behaviour
was determined following the procedure given by
the German Bureau of Standards (DIN 18122-2,
2000). Water is added to a completely disintegrated
mud sample until saturation. Then it is dried at
room temperature, and sample volume and weight
are repeatedly recorded until volume loss ceases.
Finally, the sample is dried for 24 h at 110°C. The
shrinkage limit is given at the water content when
the sample volume did not change any longer. The
determinations were carried out on four completely
disaggregated samples of the mudrock hosting the
concretions in 1981. Supposedly, clay mineralogy
was not severely affected by diagenesis because of
the low temperature the Opalinuston mudrock
experienced during burial (see above).

The burial history was evaluated by sedimenta-
tion—compression analysis quantifying the
decrease of pore-volume with depth (e.g. Lee,
1973). Because the compressibility of mud corre-
lates fairly well with its porosity near the sediment
surface (= initial porosity (n,); Rieke & Chilingar-
ian, 1974; Wetzel, 1990; Hong et al., 2020), the
pore volume in burial depth d,, expressed as void
ratio e, [e = n/(1 — n) with porosity n given as dec-
imal] can be calculated by using the equation:

ex = ey — C¢-log,,(dx/do) (1)

wherein C; is compression index and ey refers
to the void ratio near the sediment surface in
depth d, (e.g. Rieke & Chilingarian, 1974; Mitch-
ell, 1993). The initial porosity n, was estimated
from the effective minus-cement porosity having
been corrected for the carbonate content of the
host sediment and the volume of the septarian
cracks. The determined initial porosity was
compared with empirical pore volume and com-
pressibility data of modern sediments (Wetzel,
1990; Al-Khafaji et al., 1992; Hong et al., 2020).
This equation applies for ‘pure’ mechanical
compaction that very likely affected the host

sediment during the early stages of concretion
formation. The equation is compatible with
‘classical’ compaction curves as established, for
instance by Athy (1930), for the upper few hun-
dreds of metres of burial (Bayer & Wetzel, 1989).
The burial history of the radish concretions was
evaluated by applying geohistory analysis (van
Hinte, 1978; Wangen, 2010) and using the time
scale of Hardenbol et al. (1998). Sediment thick-
ness was restored by using the sedimentation—
compression diagram (see above) for the five
stratigraphic intervals above the concretions.

RESULTS

Occurrence, shape and size

On average, one radish concretion was found
within a bed surface area of about 25 m*. The
long axis of a concretion is oriented nearly per-
pendicular to bedding (Fig. 3). The host sediment
is deformed around a concretion; the interval
bent around the lower part is about two times
thicker than that around the upper part. Unde-
formed horizontal laminae may pass from the
host sediment into the concretion roughly
between the upper third and the middle third; an
interval where many radish concretions reach
their maximum diameter and exhibit laminae rich
in silt and fine sand (Fig. 4). The host sediment
contains 3.0 + 0.2% micritic carbonate and 0.8 to
2.7% organic carbon. The carbonate content
below, above, beside and at about 10 to 20 cm dis-
tance from the concretions does not vary consid-
erably. In the completely disintegrated,
remoulded host sediment, shrinkage cracks
formed if the water content dropped below 32 to
34% relative to the dry weight of the sample
(= 47 + 1% porosity; void ratio e = 0.88).

The radish concretions have a nearly circular
cross-section, and their overall geometry varies
from columnar to inverted pear-shaped (stipe-
downward). The concretions measure up to 19 cm
in length and 12 cm in diameter. The smallest
specimen is 5 cm high and 4 cm wide. On average
they are 11.5 cm high and 6.5 cm wide (Table 1).
In one case, two concretions have grown laterally
together (Fig. 4). Geometrically, the concretions
comprise three parts: (i) an upper obtuse cone; (ii)
a roughly cylindrical middle part that commonly
exhibits the largest diameter; and (iii) a lower part
resembling a downward acute cone (Fig. 4).
Despite their variability in shape and size, both
the upper and the lower tip of the concretions
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Fig. 3. An excavated radish concretion in place (pho-
tographed in 1981); around the concretion, sedimen-
tary laminae were deformed (marked with white
stippled lines) and shear planes developed along the
lower and upper tip (marked by white lines).

show a rather uniform angle of aperture, 115 + 5°
and 65 + 5°, respectively (Table 1; Fig. 4).

In the upper part, the concretion surface is
rather smooth. Within the interval of largest
diameter, some remnants of sedimentary lamina-
tion can be present. The surface of the lower
part exhibits some upward ramp-step structures
as well as vertically oriented striations (Fig. 5).
These are subparallel to each other and do not
cross-cut. Pyrite can occur at the upper termina-
tions of the striations (Fig. 5).

Internal structures

In longitudinal section, the concretions display
three macroscopically different features: (i) an

Radish concretions grown in compacting mud 755

axial part rich in pyrite; (ii) the concretion body;
and (iii) septarian cracks cutting through both
the body and axial part (Figs 6 and 7). The for-
mation of septarian cracks marks the transition
between ‘early diagenetic’ processes and ‘late
diagenetic’ processes as categorized below. This
terminology is used throughout the following
sections.

Axial part
Two features are observed in the axial part:

1 An irregular, but nonetheless nearly vertical
pyrite-rich axis traverses the whole concretion
in the centre and crops out at its upper and
lower tip.

2 Following along sedimentary laminae, zones
of disseminated to pervasive authigenic pyrite
extend outwards from the central axis at varying
distances.

In coarse-grained layers pyritization extends far-
ther outward than in fine-grained material
(Fig. 4). There is no sharp boundary between the
pyrite-rich axis and the laterally dispersed pyr-
ite. Pyrite occurs in the axial part as massive
mineralization with rare siliciclastic inclusions.

Concretion body

Material in the body of the concretion is dark
greyish in colour, and accentuated by faint,
dark-brown millimetre-thick, silt to fine-grained
sand laminae. Within the upper part of the con-
cretions, the laminae are slightly inclined down-
ward towards the margin of a concretion, in the
middle, commonly widest part, they are nearly
horizontal, and in the lower part, they become
increasingly inclined downward towards the
centre, reaching the maximum dip at the lower
tip of the concretion (Fig. 4). The middle part of
a concretion characterized by undeformed hori-
zontal laminae is called parent domain. Some
intervals appear uniform, probably mixed by
burrowers producing indistinct biodeformational
structures that occasionally were overprinted by
preferentially horizontal, tubular traces <1 cm
in size.

Table 1. Geometrical measurements of 30 radish concretions

Height of Length of Length of Total Maximum

upper part hy middle part h,  lower part h; length diameter Angle at  Angle at

[cm] [cm] [cm] [cm] [cm] upper tip  lower tip
Mean 4.6 1.1 9.5 11.5 6.5 116° 63°
Minimum 1.9 0.0 3.7 5.0 4.0 110° 60°
Maximum 5.6 4.7 13.6 19.0 12.0 120° 70°

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 69, 750-774



756 A. Wetzel and M. Bojanowski

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 69, 750-774




Radish concretions grown in compacting mud 757

Fig. 4. Radish concretions display shapes varying from pear-shaped (A), columnar (B) to coalesced (C). Internal
structures suggest concretion growth during compaction as indicated by lamination becoming increasingly
inclined towards the tips of the concretions (marked by white stippled lines). Undeformed nearly horizontal lami-
nae characterize the part that was cemented first (PD = parent domain having the height h,). The upper and the
lower domains grown during compaction have heights h, and hj (see Table 1). Concretions formed around an
axial part consisting of pyrite (p) comprising a central pyrite axis (pa) and lateral pyrite impregnations (pi). All
structures are cross-cut by septarian cracks filled with white calcite spar (s) but may also exhibit some open voids
(ov); locally uniform intervals (ui) homogenized by burrowing organisms and tubular burrows (tb) occur. Typical
angles of aperture at the top (a) and at the base (p) characterize sediment behaviour during compaction and con-

cretion growth (Table 1).

Fig. 5. Striations (white stippled lines) on the surface
of the lower part of a radish concretion document dif-
ferential compaction and sediment failure and pyrite
crystals (p) appear to have sculpted the surface (for
details see text); framed area by broken line is shown
in the inset; at the end of striations, ramp (white
arrows) and down stepping (1) structures may be
present.

The concretions appear to be fully cemented
and contain up to 87% CaCOg; the remainder
are siliciclastics and pyrite but they have not
lost the potential to shrink since subtle fis-
sures opened after they had been stored for
about 40 years in a dry environment at room
temperature, as documented by a picture of a
transverse section taken 1982 and published a
few years later (Wetzel, 1992, fig. 1). The

hairline to approximately 1 mm wide cracks
originate on the surface and narrow inward
(Fig. 6) and are thus distinct from (and locally
cut) the outward-tapering, cemented, septarian
cracks.

The cement is micritic and contains small pyr-
ite grains rarely exceeding 20 pm in size (Fig. 8A
and B). They are usually anhedral and massive
and do not show a grape-like structure. Although
rare, true framboidal grains occur as well. Micro-
scopic analyses do not provide any evidence for
displacive growth of the authigenic carbonate
minerals such as grain-enveloping rims or radial
fibrous calcite cements (e.g. McBride et al.,
2003). Within the concretion body no detrital
carbonate grains could be identified and the cal-
cite displays a micritic texture. The calcite com-
prising the concretion body shows an overall
moderate orange cathodoluminescence colour
with up to 10 to 15% tiny brighter yellow and
dark brown calcite grains dispersed throughout
(Figs 8D and 9C).

Septarian crack fill

Cemented septarian cracks are present in all
studied concretions and cut through both the
pyrite-rich axial part and the surrounding
concretion body. They are widest in the concre-
tion centre, and taper outward to become very
narrow and disappear before reaching the con-
cretion surface. Some septarian cracks appear to
follow silt and fine sand-bearing laminae
whereas others are curved and tend to orient
either parallel or perpendicular to the concre-
tion surface. Opposite surfaces bounding wide
septarian cracks do not exactly match (Fig. 6).
For five concretions, the volume of the septarian
cracks was quantified as being 9.8 £+ 3.2%. Geo-
metrically, the septarian cracks are very similar
to those formed within the host sediment during
shrinkage experiments (Fig. 7).
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Fig. 6. Cross-section of a radish concretion with newly formed cracks. (A) Freshly cut concretion (picture taken
in 1982). (B) Same picture as (A), carbonate-cement content (black encircled numbers; published by Wetzel, 1992,
fig. 1) and 8"°C values of the same samples given in %o (white negative numbers). (C) Same sample as in (A) and
(B) after long-term (ca 40 years) storage under dry conditions with newly formed shrinkage cracks marked by

white arrows.

Macroscopically, the septarian cracks are filled
with millimetre-sized, blocky, clear to translucent
whitish calcite crystals. Occasionally, the central
part of a septarian crack contains an open void
(Fig. 4). Two generations of septarian cracks and
their infill are distinguished petrographically.
The first crack generation (sc-1) commonly has a
thin, macroscopically visible lining of pyrite crys-
tals (<0.2 mm large) that exhibit subhedral to
euhedral morphology seen at high magnification
and/or is filled with calcite-1 (sc-1/1) forming
an up to 0.2 mm thick lining having acute crys-
tal terminations towards the centre of the cracks
and showing a moderately bright orange to yel-
low cathodoluminescence colour similar to that
of the concretion body (Figs 8D and 9). The sec-
ond generation of septarian cracks (sc-2) is not

lined with pyrite (Figs 8B to D and 9) and exhi-
bits a fill with equant calcite-2 spar (<1.5 mm
large; sc-2/2) that occasionally occurs in the
central part of the first-generation cracks (sc-1/2)
and has a dull brown cathodoluminescence col-
our (Figs 8D and 9).

Geochemical data

The carbonate content of the concretion body
varies depending on sediment grain-size and
position within the concretion (Table 2; Fig. 10).
The parent domain has the highest carbonate
content of ca 80%. Towards the margins, the
carbonate content decreases, particularly within
the lower cone-shaped concretion part to below
70%, reaching a minimum of ca 55% at the

Fig. 7. Mud cracks and septarian
cracks. (A) Mud cracks (mc) formed
during tests to determine the shrinkage
limit of the host sediment (m); note
widening of crack inward. (B) Cross-
section of a radish concretion
displaying similar arrangement of
septarian cracks (sc) as shown in (A);
cb = concretion body, p = pyrite
constituting the axial part of the
concretion.
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Fig. 8. Differences in texture and elemental composition between different generations of calcite cement. (A) and
(B) Concretion body (cb) is predominantly composed of low-Mg micritic calcite with dark grey colour in BSE
images, but also slightly brighter crystals with increased Fe content (white circles). Pyrite (p) occurs as small grains
in the concretion body and as large subhedral to euhedral crystals lining the walls of the first generation septarian
cracks (sc-1); calcite-1 cement in the first-generation septarian cracks (sc-1/1) exhibits analogous elemental compo-
sition and BSE image contrast to the dominant calcite in the concretion body, whereas the calcite-2 filling the sec-
ond generation of septarian cracks (sc-1/2) exhibits increased Fe content and is brighter in the BSE image (B). (C)
and (D) Paired photomicrographs [plane parallel transmitted light in (C) and cathodoluminescence image in (D)] of
two generations of septarian crack fill; the first one (sc-1) is lined with pyrite and calcite-1 (sc-1/1; moderate orange
and brighter yellow cathodoluminescence colour) followed by calcite-2 (sc-1/2; dull brown cathodoluminescence
colour) whereas the second crack generation (sc-2) is filled only with calcite-2 (sc-2/2). The calcite-1 (sc-1/1) exhi-
bits mostly the same cathodoluminescence colour as in the concretion’s body; additionally calcite with the distinc-
tive brighter yellow cathodoluminescence colour occurs both in the early septarian calcite (sc-1/1) and in the
concretion body (encircled). Note that the generally dull brown luminescent late septarian calcite contains apparent
brighter luminescence along crystal boundaries and cleavage cracks, which indicates that this is an edge effect.

lower tip (Fig. 10). Considering the rather uni-
form carbonate content (3.0 + 0.2%) of the host
sediment close to and at 10 to 20 cm distance
from the concretions, and the effects of volume
change due to septarian crack formation, the
effective minus-cement porosity in the parent
domain is ca 75%, and decreases to ca 60% at
the upper tip and to ca 50% at the lower tip.
The non-carbonate phase consists of siliciclastic
clay, silt, minor fine-grained sand and pyrite.
The concretion body is cemented by low-Mg
calcite containing 1.4 to 4.4 mol% MgCOs. In
the cement of some concretion bodies, dissemi-
nated crystals of FeCOj increase to 1 mol%, and

show a brighter grey colour in back-scattered
electron images (BSE; Fig. 8A and B). The first-
generation septarian calcite exhibits similar or
slightly higher MgCO; content (<6 mol%),
whereas FeCOj is usually below detection limit.
Similar elemental composition of concretionary
and first-generation septarian cements is also
reflected in their similar BSE intensity and
cathodoluminescence colours (Fig. 8B to D). The
second-generation septarian, blocky calcite con-
tains less MgCOj; (<1 mol%), whereas its FeCO3
content increases to 1 to 3 mol%, with a corre-
sponding brighter intensity in BSE images
(Fig. 8B). The elevated FeCO; content is
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Fig. 9. Two types of calcite-filled septarian cracks formed within radish concretion bodies (cb). (A) and (B) Back-
scattered electron images of both crack types. (A) first generation (sc-1) is lined by pyrite (p) and the second genera-
tion (sc-2) is not; white frame marks detail shown in (B). Note the euhedral crystal morphology of pyrite in (B). (C)
Cathodoluminescence photomicrograph of concretion body (cb) containing K-feldspar (white-blue, k), traversed by
the first generation septarian crack. Along the crack surface (stippled black line), luminescent euhedral crystals of
calcite-1 (white arrows; sc-1/1) grew approximately perpendicular to the crack wall (black broken line). The crack fill
is blocky calcite-2 with a dull brown cathodoluminescence colour (sc-1/2) indicating elevated Fe-content. Calcite
displaying the same cathodoluminescence colours to those represented by both septarian calcite generations are also
present in the concretion body, bright yellow (white encircled) and dull brown (black encircled).

responsible for the dull luminescence of this
calcite (Fig. 8C and D) due to the quenching
effect of Fe?" in calcite (Machel, 1985).

The C and O isotope composition of bulk sam-
ples from five concretions was measured (Table 2;
Fig. 11). All concretions show similar isotopic
values; 8'°C ranges from —36.1 to —29.6%. (aver-
age —32.6%o) and 530 from —3.0 to —0.4%o (aver-
age —2.1%.) for the concretion body (n = 38),
whereas §'°C ranges from —3.0 to —0.7%. (average
—1.3%0) and 8"®0 from —10.9 to —10.4%. (average
—10.6%0; n = 7) for the late septarian crack fill.
The parent domain exhibits the lowest §'°C val-
ues but does not show a radial centre-to-edge
trend (Fig. 10) although §'°C values increase from
the parent domain upward and downward
towards the concretion tips (-36 to —31%o;
Fig. 10). Furthermore, the §'°C values tend to
increase with decreasing carbonate content
(r = -0.50; Fig. 12). Oxygen and carbon isotope
data also follow a pronounced negative covariant
trend exhibiting a rather high correlation coeffi-
cient r = —0.66. The host sediment carbonate has
average isotope values of §'°C —2.5 4 0.4%0 and
5'®0 —3.6 + 0.4%0 (n = 4; Fig. 11).

INTERPRETATION AND DISCUSSION

The concretions occur within a sediment succes-
sion that experienced recurrent reworking and
discontinuous deposition and, thus, represented
a period of low sediment net-aggradation (Franz
& Nitsch, 2009; Geyer & Gwinner, 2011). This sit-
uation matches the scenario that mud-hosted con-
cretions commonly need to reside for several
hundreds to a few thousands of years within a
geochemical zone favourable for their growth (e.g.
Raiswell & Fisher, 2004). The radish concretions
developed under rather stable geochemical condi-
tions within the sulphate reduction zone because
pyrite and carbonate co-occur and are adjacent to
each other; pyrite constitutes the vertical axis in
the centre and is also finely dispersed within the
surrounding calcite-cemented concretion body.

Geochemical data

The 8"°C values ranging from —36 to —30%., as
well as the co-occurrence of pyrite and authigenic
carbonate, indicate that the alkalinity providing
carbonate cement originated in the sulphate
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Table 2. Geochemical data of radish concretion bulk reduction zone where organic compounds
samples became oxidized (e.g. Irwin et al., 1977; Whiticar,
5'%0 5C  Carbomate  MgCO, 1999; Hudson et al., 2001). Two gross-reactions
No. Sample* [%] [%] content[%] [%mol] for the anaerobic oxidation of organoclastic mate-
rial (OSR; Eq. 2) and the anaerobic oxidation of
116 pd -1.6 -35.2 78.0 methane (AOM; Eq. 3) are responsible for generat-
117 cb —2.0 -31.8 66.4 3.9 ing alkalinity and sulphide, which simultane-
118 pd -18 —-32.9 76,5 3.7 ously fostered the concomitant precipitation of
119 pd -1.6 -33.8 78.2 4.3 . .
120 b _17 —337 680 36 carbonate and Fe-sulphide (e.g. Burdige, 2006):
121 cb -2.5 -30.9 66.5 3.9 _ _
122 cb ~2.1 -32.2 68.8 4.4 2CH,0+S0;™ =2HCO; +H,S (2)
123 c¢b -2.4 -31.0 61.9 3.8
124 cb -2.0 32.8 549 3.6 CH, + soi— =HCO; +HS™ +H0 (3)
125 pd -04 -32.0 - -
126 pd -1.3 =357 - - The isotope data measured for the different
gi Isjél _Igg _Eéé 1(7)38 - concretions match the same trend (Fig. 11). The
132 sc 108 -11 100.0 _ datapoints on the isotope plot are parallel to the
133 sc ~10.5 —0.8 100.0 _ line modelled by Bojanowski (2012, fig. 9) for
301 cb -2.5 —-32.7 79.8 - mixing between two bicarbonate sources,
302 c¢b -2.1 -33.5 805 - namely OSR and AOM characterized by distinc-
303 cb -3.0 -30.3 823 - tively different isotope signatures. Besides pro-
304 pd -1.6 -359  86.7 - nounced fractionation of carbon isotopes (e.g.
382 Eg :1(53 :223 gg; ~ Irwin et al., 1977; Burdige, 2006), OSR may also
500 pd 924 —32.4 822 _ lead to oxygen isotope fractionation (e.g. Sass
501 pd 2.0 -32.9 85.7 _ et al., 1991; Thaler et al.,, 2020). These micro-
502 pd -2.2 -32.9 84.4 - bially mediated reactions take place within the
503 cb -2.1 -33.6 85.6 - sulphate—methane transition zone (Claypool &
504 cb -24 -31.8 714 - Kaplan, 1974; Barnes & Goldberg, 1976). The
505 cb -2.5 —3L7 827 - positive correlation between §'°C and §'°0 sug-
gg? El; :gg _Egé 7;1 1.5 gests the mixing of two different sources of
702 hs 31 -23 2.8 1.0 bicarbonate (Snyder et al., 2007; Mavromatis et al.,
703 hs 39 -29 2.9 1.0 2014). Although the isotope composition of the
704 hs -3.8 -21 3.2 1.4 concretion body could be explained by mixing of
711 sc -10.4 -3.0 100.0 1.4 AOM-derived and late diagenetic bicarbonate, the
712 sc -10.9  -0.7 100.0 1.3 latter having datapoints on the isotope plot
721 cb -2.3 -30.5  68.0 3.2 roughly along the trend line for concretion bod-
;Z; EE :;é :ggg g;? 2(15 ies (Fig. 11); in organic-rich mud, OSR is a ubig-
794 cb —20 -31.0 77.8 3.4 uitous process (e.g. Burdige, 2006; Raiswell &
795 cb 91 —-32.6 76.4 _ Canfield, 2012) and, hence, has to be taken into
726 cb -2.1 -31.6 76.0 3.7 account. It is important to note that the deposi-
727 cb -2.1 -32.5 74.6 3.8 tional and palaeoceanographic conditions in the
728 cb —-2.3 -32.2 749 3.6 basin examined were different from those in
729 cb -24 -31.6  69.2 3.4 Central Paratethys (e.g. Bojanowski et al., 2018)
gg; ES :;2 :323 - - where the rocks investigated by Bojanowski
904 cb 26 —31.6 - B (2012) were deposited. So it is not possible to
905 cb _92.2 _32.9 - _ directly apply the isotope composition of the
906 sc -10.4 -2.0 - - OSR and AOM endmembers from Bojanowski’s
907 sc -10.7 -0.9 - - model (Bojanowski, 2012) to this work. How-
ever, the striking similarity of the isotope trend
* cb = concretion body; hs = host sediment; pd = par- of the radish concretions to that modelled by

ent domain; sc = septarian crack fill. Bojanowski (2012) indicates that their isotope
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Fig. 10. Variability of bulk carbon isotope values (negative numbers) and carbonate content (bold numbers) along
a longitudinal central section of a radish concretion; the parent domain (PD) of the concretion is characterized by
undeformed sediment laminae (sl); carbonate content decreases away from the parent domain while the carbon
isotope values increase. Away from the central pyrite axis (p, pa), pyrite cemented (pi) the concretion body prefer-
entially along laminae, septarian cracks (sc) cross-cut the central pyrite-rich part as well as the concretion body.

Black dots indicate where concretion was analyzed.

composition was chiefly controlled by mixing
between these two bicarbonate sources, namely
OSR and AOM. Furthermore, a marine bicarbon-
ate component contributed a rather constant and
considerable amount, supposedly 10 to 30%, to
the cement as implied by the tight covariation of
oxygen and carbon isotope values.

The rather uniform §'°C values around —35%o
within the parent domain imply rapid, pervasive
cementation (e.g. Raiswell & Fisher, 2000). At a
later stage, when the concretions grew upward
and downward, the carbon isotopes became
slightly heavier with values of §'°C about —30%o.
This 8'"°C shift to higher values could be
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Fig. 11. Bulk carbon and oxygen isotope values of
several radish concretions, host sediment and refer-
ence line indicating the mixture of bicarbonate pro-
duced within the sulphate reduction zone by
anaerobic oxidation of organoclastic material (OSR)
and methane (AOM) at varying proportions (for
details see Bojanowski, 2012). The trend of the iso-
tope data of the concretion body (r = —0.66) is parallel
to the OSR-AOM trend (solid line) but shows a shift
(marked by broken line) towards early Aalenian mar-
ine carbonate (marked by asterisk representing a sim-
plified mean value as seawater composition varies for
8'°0 = -1+ 05% and 8'°C=+1.5+ 1.5%; for
details see text).

explained by several processes, such as a prefer-
ential supply of isotopically heavier methane
since '*C is more rapidly consumed due to the
kinetic isotope effect associated with AOM (e.g.
Whiticar, 1999) or an increasing proportion of
alkalinity provided by fermentation during
methanogenesis or by OSR (e.g. Whiticar, 1999;
Wheeler & Stadnitskaia, 2011). The latter seems
more probable, because sulphate reduction oper-
ated during the precipitation of the early septar-
ian calcite, attested by the association with
euhedral pyrite, which is presumably coeval to
the late generation of microcrystalline calcite in
the concretion body. Yet, the increase of §'°C
values is associated with concomitant decrease
of carbonate content in the upper and lower
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Fig. 12. Carbonate content versus 6'°C values of the
concretion-body cement showing some covariation
(correlation coefficient —0.50; for details see text).

domain (Figs 10 and 12), which allows another
interpretation. The C isotope outward trend may
simply reflect the outward increasing ratio
between detrital and authigenic carbonate due
to increasing compaction during concretionary
outward growth.

Internal structure and geotechnical aspects

The sparse bioturbational structures preserved
within the concretions are typical of a low-
oxygenated depositional environment, which are
commonly produced by organisms living at a
shallow depth below the sediment surface (e.g.
Wetzel et al., 2011; Campetella et al., 2020).
Inclined laminae within the concretions docu-
ment their growth in compacting mud. Cementa-
tion started around a nearly vertical, Fe-sulphide
enriched axis in the parent domain because the
sedimentary laminae are + horizontal and unde-
formed and the minus-cement porosity is highest
(75 to 80%). Such high porosity values suggest
an onset of concretion growth in a very shallow
burial depth (<10 m; e.g. Baldwin & Butler, 1985;
Dix & Mullins, 1987; Wetzel, 1990; Duck, 1995).
The Fe-sulphide rich axis is interpreted to have
been a dewatering tube that formed below the
porous surface sediment layer, as observed in
modern sediments (Fig. 13). It probably acted as
a preferential migration pathway for both
methane from below and sulphate from above as
it crops out at both tips of a concretion. In mod-
ern sediments, such thin tubes occur at depths of
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Fig. 13. Fe-sulphide lining within dewatering tubes
in modern deep-sea mud (Sulu Sea; core 14224-1, 154
to 161 cm below sediment surface; for location see
Wetzel, 1983; X-ray radiograph negative; mud - dark,
Fe-sulphides — light). Numbers refer to different stages
of development; Fe-sulphide precipitation along
dewatering tubes being diffuse (1, 2), discontinuous
(3) and massive (4); the lower tips of the tubes
(marked with white and black arrows) being diffuse
(1, 2), sharp (3) or diffuse funnel-like (4). Two tubes
may form adjacent to each other (1, 2). Around the
Fe-sulphide tubes no carbonate cementation is evi-
dent that would result in higher X-ray attenuation
and, hence, lighter tone; therefore, the Fe-sulphides
likely precipitated in the upper part of the sulphate
reduction zone.

1m or less, and are interpreted to represent
dewatering structures or small burrows, such as
Trichichnus (Fig. 13; Wetzel, 1981, 1983, fig. 3;
Lowemark, 2003). Both tube types can reach a
length of >1m (Wetzel, 1981; Weaver &
Schultheiss, 1983).

The permeability of the host sediment affected
the growth of the concretions, in particular dur-
ing the initial phase. In the parent domain, the

largest diameter of the radish concretions coin-
cides with silty to fine-grained sandy layers that
had an enhanced permeability because of the
coarser grain size when compared to the mud
above and below (e.g. Mitchell, 1993). Such lay-
ers become preferentially cemented (e.g. Einsele
& Kelts, 1982; James, 1985). Seawater carrying
sulphate and Ca*" was supplied by diffusion or
via the central tube while methane migrated
upward from below into the more permeable
layers. AOM and OSR produced oversaturation
of (bi)carbonate that precipitated around the
tube and within the more permeable layers, and
led to formation of the parent domain. In con-
trast, tubular radish concretions not exhibiting
an enlarged diameter of the parent domain do
not contain layers considerably enriched in
coarse silt or fine sand.

After initial cementation, the parent domain
was evidently resistant against compaction and
did not deform any longer (Fig. 4). In contrast,
the sediment above and below the parent domain
was affected by differential compaction during
further burial as recorded by the increasing incli-
nation of the laminae and the concomitant
decrease in minus-cement porosity towards the
tips of the concretions (Fig. 10). As methane kept
seeping upward and calcite precipitation contin-
ued below and above the parent domain, the lay-
ers already deformed by compaction became part
of the concretions. The prevailing downward
growth of the concretions implies that methane
migrated upward by diffusion or by advection of
pore water expelled during compaction (see Ein-
sele, 1977). In addition, the upstreaming pore
water might have provided (bi)carbonate. Evi-
dently, not all upward-migrating methane and
(bi)carbonate was consumed at the base of a con-
cretion and moved further up to cement the upper
domain. These processes added successive incre-
ments to the base and the top of the concretions
and may have invoked fluid mixing during
increasing compaction until pyrite clogged the
tube and/or compaction significantly reduced
mud permeability. Then concretion growth
ceased because methane could no longer react
with sulphate at the concretion sites.

Both deformed laminae within the concretions
and striations on their surfaces record part of
their formation history. The striations were
formed by pyrite after the concretions’ growth
had ceased but the mud was still being com-
pacted (see below). These features indicate differ-
ential movement between the host sediment and
the concretions. The deformed laminae at the
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base and the top of the concretions exhibit rather
uniform angles of inclination and can be inter-
preted in terms of earth pressure theory that
addresses the interaction between soil and man-
made construction features such as walls and
foundations. If a soil/sediment volume initially
under at-rest stress condition is allowed to yield
by compression in a vertical direction while
spreading laterally, then the horizontal earth
pressure coefficient decreases until it reaches a
failure condition. The same is true for horizontal
compression causing vertical displacement of
soil/sediment. The two failure conditions are ter-
med active and passive earth pressure, respec-
tively (Mitchell, 1993). In case of the studied
concretions within compacting mud, the lower
part of the concretion is pressed relatively down-
ward while the mud is displaced somewhat out-
ward and, thus, matches the case of active earth
pressure as indicated by the striations on the con-
cretion’s surface which document failure condi-
tions in a geomechanical sense. In contrast, the
mud above the top of the concretion moved rela-
tively downward and, thus, matches the case of
passive earth pressure. First, sediment laminae
around the concretion deformed and finally the
failure planes accentuated by the striations on the
concretion surface developed (Fig. 5). The incli-
nation of the planes reflects the properties of the
host sediment including the critical angle of fail-
ure (0). At the top of a concretion, the slip plane
inclination is related to the passive earth pressure
(6p) given by the formula:

Op =45°— /2 (4)

with ¢ as angle of internal friction of the sedi-
ment (e.g. Mitchell, 1993). At the base, the incli-
nation of the slip plane is related to active earth
pressure (6,) given by:

0. =45°+¢/2 (5)

The half angle of aperture at top (@) and base (5)
of the concretions was used to calculate the
angle of friction (¢) of the sediment during the
final phase of concretion formation; ¢ = 28 + 2°
(Table 1; Fig. 4). This value matches quite well
¢ data determined for silt-rich mud to muddy
fine sand of 27 + 5° (geotechdata, 2013). The rel-
atively small variation of the angles at the base
and top of the 30 concretions measured supports
the application of earth pressure theory. As an
analogue, the deformation phenomena around a
growing radish concretion match the soil
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mechanical considerations for a solid body such
as a pipe embedded in soft material (e.g.
Voellmy, 1937; figs 58 and 59).

The effective minus-cement porosity values of
the concretions in combination with geotechnical
data of modern fine-grained marine sediments
allow estimation of the depth in which the
growth of the concretions started and ceased
(Fig. 14). Given an initial porosity of 75 to 80%
and an onset of concretion growth in 5 to 10 m
depth, modern equivalents of the host sediments
have a compression index of ca 1.4 (e.g. Wetzel,
1990; Al-Khafaji et al., 1992; Hong et al., 2020).
Lastly, at the lowest effective minus-cement
porosity of 50 to 55% concretion growth ceased,
corresponding to ca 100 m burial depth. This
value, however, is an extreme obtained for the
lower tip of concretions that experienced differ-
ential compaction (see above). When considering
the effective minus-cement porosity of the upper
tip of the concretions that is little affected by dif-
ferential compaction, as indicated by the only
slightly inclined laminae, the minus-cement
porosity is in the range of 60 to 65%, which corre-
sponds to a burial depth of 40 to 60 m (Fig. 14).
Evidently, during concretion growth, sulphate
could diffuse or migrate downward to this depth
that is still in the range observed in modern,
slowly accumulating sediments (e.g. Loyd &
Berelson, 2016).

A downward expansion of the sulphate reduc-
tion zone keeping pace with deposition is likely as
suggested by: (1) geohistory analysis (Fig. 15); and
(2) pyrite-induced striations on the concretions’
surface. Both (1) and (2) are discussed below.

1 The deposits directly above the strata host-
ing the radish concretions are characterized by
discontinuous slow accumulation, and recurrent
reworking (e.g. Franz & Nitsch, 2009; Geyer &
Gwinner, 2011; see above). These 20 to 25 m
thick deposits (decompacted thickness of ca 45
to 55 m) accumulated within 2.5 Myr (upper
part of the comptum Subzone to the base of the
sowerbyi Zone). Therefore, the period favourable
for concretion formation could have lasted for
up to 2.5 Myr during which the net-aggradation
of sediment was <3 cm kyr™".

2 The pyrite creating striations on a concre-
tion’s surface was either already present within
the sediment or it precipitated on the surface. In
the latter case, Fe-sulphide precipitation
occurred in the upper part of the sulphate
reduction zone where acidity is buffered by car-
bonate dissolution (e.g. Canfield & Raiswell,
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Fig. 14. Sedimentation—compression diagram [void
ratio versus log(burial depth)] of a mud having a simi-
lar initial porosity as the host sediment of the radish
concretions; the effective minus-cement porosity of
the radish concretions (corrected for carbonate con-
tent of the host sediment and the septarian crack vol-
ume) provides information about onset (maximum)
and termination (minimum) of concretion growth,
occurring at <5 to 10 m and 60 to 100 m depth,
respectively; value for shrinkage limit implies that
septarian cracks might have formed at a greater depth
(for details see text).

1991). If so, this pyrite indicates a downward
expansion of the sulphate reduction zone after
concretion growth has ceased but with further
differential compaction occurring afterwards.

Septarian crack formation and fill by
precipitation of ‘late’ cement

After AOM ceased, the microbial biomass
related to AOM started to decay. The
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Fig. 15. Geohistory diagram (after van Hinte, 1978)
showing the burial history of the interval containing
the radish concretions using the initial sediment thick-
nesses; the decompaction factor was derived from the
sedimentation—compression diagram (Fig. 14); simi-
larly, compaction of the buried strata was calculated by
the same method; time scale after Hardenbol et al
(1998). For each interval defined by an ammonite zone
the uncompacted sedimentation rate was calculated.

degradation of microbial substances and the
dehydration of organo-mineralic complexes
might have caused septarian crack formation
(e.g. Duck, 1995; Hendry et al., 2006). Organic
matter enhances plasticity of mud and its
shrinkage limit (e.g. Mitchell, 1993; Izdebska-
Mucha & Wodjcik, 2013). Therefore, shrinkage
cracks would form at a higher porosity (e.g.
Izdebska-Mucha & Wéjcik, 2013). Based on this
finding, there is no reason that this is also not
valid for the enrichment of a concretion’s inte-
rior by microbial substances. Therefore, the
porosity data obtained by shrinkage experiments
represent minimum values. Unfortunately, the
role of microbial substances in septarian crack
formation can hardly be quantified because its
amount and composition is not known because
it is already degraded (Hendry et al., 2006). The
outward narrowing shape of septarian cracks
implies their formation in still plastic material
(e.g. Wetzel, 1992; Hudson et al., 2001; Loyd &
Berelson, 2016). The mismatch of surfaces
bounding opposite parts of a septarian crack
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supports this deduction. In the cracks, both
well-developed pyrite as well as thombohedral
calcite crystals started to grow and their
idiomorphic morphology and large size are typi-
cal of slow growth in open voids (Fig. 9; Tucker
& Wright, 1990).

The different fillings of the septarian cracks
document a change in the geochemical composi-
tion of the pore fluid. The fill of the first-
generation cracks started within the sulphate
reduction zone where reactive Fe was also avail-
able as indicated by the pyrite lining the cracks.
The euhedral nature of the pyrite suggests a low
supply of Fe and/or sulphide (e.g. Taylor & Mac-
quaker, 2000). In contrast, the fill of the second-
generation of cracks does not show a Fe-
sulphide lining, but is filled with blocky, dull-
luminescent calcite with elevated Fe** content.
This shows that reactive Fe was still available,
but sulphate reduction no longer operated. The
concretions apparently entered a diagenetic
zone, where the calcite within the septarian
cracks precipitated from completely different
fluids, which resulted also in their higher Fe
content, relatively heavy carbon (§"°C ~ —1.5%o)
and light oxygen isotopes (8'°0 ~ —10.5%o). This
was probably a deep burial setting, where HCO;
was mobilized from carbonates in the surround-
ing rocks, as suggested by very similar §'°C val-
ues for the septarian calcite and the detrital
carbonate in the surrounding mudstone. The ele-
vated burial temperature relative to the depth of
concretion growth may explain the strong '°0
depletion in the septarian calcite (Bojanowski et
al., 2014). Based on the assumption that the
pore fluid had a seawater composition, septarian
fill calcite was precipitated at a temperature of
60 to 70°C. These values are rather close to the
maximum temperature range that the upper part
of the Opalinuston Formation experienced (75
to 85°C; Mazurek et al., 2006; Elie & Mazurek,
2008). Therefore, precipitation of septarian crack
fill during exhumation is much less likely, as
flux of meteoric fluids typically leads to deple-
tion of both *C and *®0 in bicarbonate (Swart,
2015), which is not observed here. Alkalinity
was probably provided at a low rate as indicated
by the large calcite crystal filling the cracks (e.g.
Bathurst, 1975).

The formation of shrinkage cracks after the con-
cretions were kept under dry conditions for about
40 years has implications for the interpretation of
the bulk carbon and oxygen isotope data. Despite
a high cement content of up to 83%, the concre-
tions still contained open pores; otherwise the
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shrinkage cracks could not form (e.g. Mitchell,
1993). Pervasive cementation, therefore, did not
necessarily eliminate all porosity. Therefore, dur-
ing late diagenesis after septarian crack forma-
tion, the ions constituting the septarian crack fill
could diffuse or migrate within water films along
grain boundaries or within micropores through
the concretion body because the septarian cracks
did not reach the concretion’s surface. Thus, car-
bonate precipitated not only in the septarian
cracks but also very likely in the still open pores
within the concretion body as evidenced by the
yellow and dull calcite crystals within both the
septarian cracks and the concretion body (Figs 8
and 9).

The amount of late cement is hard to quantify
because it is dispersed throughout the concre-
tion body, but cathodoluminescence micro-
scopic analyses and shrinkage experiments
allow for a rough estimate. When the septarian
cracks formed, the maximum value of the not-
yet-filled pore volume is given by that obtained
at the shrinkage limit of the host sediment, in
the range of ca 47% porosity. This value is only
an estimate because organic matter affects the
plasticity of mud and the shrinkage limit of fine-
grained sediments (e.g. Busch & Keller, 1981;
Keller, 1982; Izdebska-Mucha & Wojcik, 2013).
The minus-cement porosity of those parts of the
concretions traversed by the outermost tip of the
septarian cracks indicate that they started to
form at a minus-cement porosity of 60% or less.
This value is used for a simple volume calcula-
tion (Fig. 16). The minus-cement porosity of the
parent domain is ca 80% (having v, :vs=4:1
where v, = volume of pores, vy = volume of
solids) that became filled by early cement until
septarian cracks formed at 60% porosity
(vp : vs =1.5:1). If so, early cement filled 2.5
volume units and 1.5 volume units were still
open; of that, 0.5 volume units were transformed
into septarian cracks. Consequently, 1 volume
unit within the concretion body was available
for precipitation of late cement (Fig. 16).

To estimate the composition of the diagenetic
fluids, a maximum and minimum value was set
for the amount of early and late cement at 75%
and 25% (Case I in Table 3) and 87.5% and
12.5% (Case II in Table 3), respectively. For
Case I, the composition of the early cement
would have been 8"°C —47.5%0 and 8'°0 +0.8%o
(Fig. 17) after correction for the detrital carbon-
ate (Table 3). For Case II, these values would
have been -40.9% and -0.8%., respectively.
Considering that the early cement contains also
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Porosity Volume Void
[%] units ratio
83 _| 6 5

80 | 5 4

early

75 | cement | 4 3

66 | 3 2

60 :

50 | | Separancracks | | o

0 1 0

0

Fig. 16. Pore volume (given as porosity and void
ratio) filled by different cement phases. The amount
of late cement precipitated after septarian crack for-
mation was estimated from cathodoluminescence
microscopy and shrinkage limit tests (for details see
text).

seawater-derived  bicarbonate, the purely
microbial-generated bicarbonate must have had

values calculated for both cases. The tight
covariation of §'°C and §'®0O values indicates
that the contribution of seawater-derived bicar-
bonate component was rather constant during
concretionary growth. If it is tentatively
assumed that the seawater-derived bicarbonate
provided between 10% and 30% of the early
cement, the purely microbial-generated bicar-
bonate in Case I would have had §'°C values
between —68.5%0 and —52.9%., and in Case II,
8'3C values would have been between —45.6%o
and —59.1%o, respectively. Knowing that OSR
produces bicarbonate with §'°C ca —25%. (Irwin
et al., 1977), that biogenic methane at modern
seep sites exhibits §'°C values mostly between
—70%0 and —60% (e.g. Suess et al., 1999; Faure
et al., 2010), and that AOM causes a slight 3¢
depletion in the bicarbonate produced (Whiticar,
1999), results of these calculations confirm that
AOM was the main source of bicarbonate pre-
vailing over OSR.

Formation of radish concretions

Elongate radish concretions are morphologically
similar to tubular concretions that formed along
conduits of methane-charged fluids within the
sulphate reduction zone (e.g. Nyman et al.,
2010; van de Schootbrugge et al., 2010; Cavagna
et al., 2015). Such tubular conduit-related con-
cretions support the above interpretation that
radish concretions formed along fluid-flow struc-

the 8'°C composition even lighter than the tures. Conduit-related, tubular concretions,
Table 3. Isotopic composition of concretion body, cements and diagenetic fluids
Relative Proportion

8'3C proportion of total carbonate
(Bi)carbonate type (%o) (%) (%)
Concretion body (without septarian crack fill) -35.0 100.0 100
Detrital carbonate -2.5 3.0 3
Concretion body cement (without septarian crack fill) -36.0 97.0 97
Case I — Concretion body cement (Early cement : late -36.0 100.0 97
cement = 75 : 25)
Late diagenetic cement* -1.5 25.0 24
Early diagenetic cement* —47.5 75.0 73
Case II — Concretion body cement (Early cement : late -36.0 100.0 97
cement = 87.5 : 12.5)
Late diagenetic cement* -1.5 12.5 12
Early diagenetic cement* —40.9 87.5 85

" ‘Early diagenetic’ and ‘late diagenetic’ refer to authigenic carbonate precipitated in the concretion body before

and after formation of the septarian cracks, respectively.
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Fig. 17. Schematic representation of radish concretion formation (from left to right); sediment aggradation during
concretion formation is not shown. (A) Initial stage, below the redox potential discontinuity (RDP) upward-
migrating methane becomes anaerobically oxidized by reduction of sulphate supplied from above, while a central
tube acted as fluid conduit. (B) Due to increasing overload, differential compaction affects host sediment that is
deformed below and above the concretion and subsequently becomes partly incorporated into the growing concre-
tion. (C) Final stage, due to further compaction and concretion growth additional increasingly deformed host sedi-
ment becomes part of the concretion. Formation of septarian cracks is not shown.

however, do not exhibit clear evidence of
growth during compaction such as concretions
from Jurassic mudrock in France: These concre-
tions display the same architecture as the radish
concretions of this study; with a central Fe-
sulphide rich axial part surrounded by the con-
cretion body which is cross-cut by septarian
cracks, but the French concretions do not exhi-
bit any inclined layers internally (van de
Schootbrugge et al., 2010, fig. 4C). Evidently, the
conduit-related concretions became cemented
around the axial tube before the host sediment
experienced considerable compaction because of
a high methane supply that resulted in more
rapid growth than the radish concretions.

The radish concretions formed in highly por-
ous mud around distinct dewatering structures
that could be maintained as long as pore water
was expelled out of the Opalinuston Formation
mud underneath. Very likely, the present-day
ca 80 m thick, lower muddy part of the Opali-
nuston Formation was underconsolidated for a
considerable time because the increase in over-
burden due to rapid deposition (30 to
40 cm kyr™") exceeded the threshold value for

normal consolidation of ca 20 cm kyr™' (Ein-
sele, 1977). Therefore, pore water was still mov-
ing upward although sediment accumulation
had already slowed down. Both the thick, still
delayed compacting and dewatering mud
underneath and the slowly accumulating sedi-
ment above preconditioned the long-term
growth of the radish concretions due to local-
ized upward pore water migration. The occur-
rence of Fe-sulphide lined tubes similar to
those acting as dewatering structures in modern
sediments supports this hypothesis (Fig. 13) as
they likely facilitated the supply of biogenic
methane from below. Rather rapid delivery of
methane into the sulphate reduction zone might
have initiated the pervasive cementation of the
parent domain (Fig. 17A). At that time, the sul-
phate—methane transition zone must have been
located at a shallow sediment depth as
recorded by the high initial porosity of 75 to
80% (e.g. Baldwin & Butler, 1985; Duck, 1995;
Hong et al., 2020). After the parent domain was
pervasively cemented, the concretions grew
only in a vertical direction, probably guided by
the Fe-sulphide lined vertical tube while Fe-
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sulphide and carbonate precipitated simultane-
ously (Fig. 17B and C). The small range of the
bulk carbon and oxygen isotope values of the
concretion body documents that geochemical
conditions varied only little during the time
when the radish concretion resided and grew
within the sulphate—methane transition zone,
and slow sediment accumulation on the sea-
floor did not affect these conditions. The pro-
nounced asymmetry of the radish concretions is
indicative of a considerable contribution of
upward-migrating pore fluid (Raiswell, 1988)
out of the compacting muddy Opalinuston For-
mation.

The growth of early diagenetic, ellipsoidal car-
bonate concretions has been calculated by diffu-
sion equations to be in the range of several
thousands to a few tens of thousands of years
depending on their size (Raiswell & Fisher,
2004; Blouet et al., 2021). Therefore, the long-
term formation of radish concretions appears to
have been facilitated by recurrent sediment
reworking and slow net-deposition that might
have lasted for up to 2.5 Myr, as suggested by
the geohistory analysis (Fig. 15).

The concretions remained in an incompletely
lithified/cemented, plastic state as recorded by
the presence of narrowing-outward septarian
cracks (Wetzel, 1992; see above). Similarly,
poorly lithified concretions occur in modern
sediments at methane seep sites (Franchi et al.,
2017) or within Holocene estuarine deposits
(Wetzel et al., 2017), respectively. These find-
ings agree with petrographic studies of concre-
tions from various formations revealing that
early and late diagenetic cements co-occur
within concretions (see Mozley, 1996; and refer-
ences therein). Therefore, it is justifiable to con-
sider that the body of radish concretions
contains a mixture of early and late diagenetic
cement precipitated before and after formation
of septarian cracks, respectively.

Although organic-rich mud generating micro-
bial methane and having been affected by pro-
nounced fluctuations in deposition rate occur
widely in various basins, the presence of radish
concretions is not observed often. Their rare
occurrence is probably due to the very peculiar
conditions required for their formation. During
the prolonged span of time when mud is under-
going considerable compaction due to seafloor
deposition; radish concretions need to reside
within the sulphate—methane transition zone,
which is typically 1 m or less in thickness (e.g.
Pohlmann et al.,, 2013) where the flux of

methane from below is balanced by sulphate
supply from above. Downward transfer of sul-
phate is affected by: (i) sedimentation rate
increasing the distance between the seafloor and
the depth at which concretions occur; and (ii)
deposition of organic matter which leads to con-
sumption of sulphate. If one of these factors is
too high, the sulphate-methane transition zone
migrates upward as it does if methane flux
increases (e.g. Whiticar, 2002). If the transition
zone migrates upward, an initially cemented
parent domain of a concretion can no longer
grow, and it is preserved in the rock record as
an ellipsoidal concretion. At a high methane
flux, the sulphate—methane transition zone
tends to thin (e.g. Regnier et al., 2011) and tubu-
lar concretions traverse it completely and form
rather rapidly, similar to what occurs at methane
seep sites. Thus, it is highly unlikely that sedi-
ment deformed by compaction is incorporated
into these tubular concretions. Nonetheless, in
all cases, the compaction behaviour of the host
mud can be estimated from the minus-cement
porosity of the parent domain that allows (re)-
constructing of a porosity-depth path of the host
sediment and relating concretion growth to bur-
ial depth.

If septarian cracks are present, the minimum
depth of their formation can be estimated from
the minus-cement porosity at the crack’s tips. If
cracks exhibit the typical features of shrinkage
phenomena, there was still porosity left open
within the concretion body after crack formation
wherein cement could precipitate and also fill
the cracks. The shrinkage behaviour of the host
mud provides an upper limit for the porosity
available when cracks formed.

CONCLUSIONS

1 Radish concretions typically exhibit a
columnar to pear-shaped, stipe-down geometry
that developed when they grew during com-
paction within early Aalenian muddy host sedi-
ment. Around a Fe-sulphide lined tube, an
initial parent domain became pervasively
cemented at a minus-cement porosity of 75 to
80% that corresponds to a shallow sediment
depth of 5 to 10 m or less. The parent domain
acted as a relatively rigid body when the host
mud further compacted during burial and,
hence, the increasing overburden resulted in
active earth pressure at the base and passive
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earth pressure at the top of the growing concre-
tion. The resulting stresses modulated the defor-
mation of the sedimentary laminae above and
below the concretion, which became inclined
and later incorporated into the concretions.

2 Simultaneous precipitation of carbonate
and Fe-sulphide as well as the bulk C and O
isotope data demonstrate that the radish con-
cretions grew within the sulphate reduction
zone wherein anaerobic oxidation of methane
(AOM) and organoclastic material (OSR)
occurred while sulphate was reduced. These
microbially mediated reactions lasted for a pro-
longed time period of up to 2.5 Myr. This was
possible because sediment net-aggradation in
the study area was low (<2 to 3 cm kyr ') dur-
ing the late Aalenian and early Bajocian and,
hence, the interval wherein the concretions
were growing could reside within the sulphate
reduction zone.

3 Concretion growth continued for such a
long time because the compaction of the
present-day 120 m thick, rapidly accumulated,
grey mudrock containing 0.5 to 2.5% C,,, under-
neath was retarded due to its low permeability
that in turn conditioned a long-term active, but
slow, compaction flow. This provided methane
for a long period of time.

4 Concretion growth ceased, because sulphate
supply declined due to increasing distance to
the seafloor and decreasing permeability of the
cover sediment. The decay of the AOM-related
and OSR-related microbial biomass could have
caused the formation of septarian cracks at a
burial depth of about 50 to 70 m.

5 The narrowing-outward septarian cracks
indicate that the concretion body was still in a
plastic state when the cracks formed. Because
the cracks terminate in concretion domains hav-
ing a minus-cement porosity of 60%, the pore
volume still open after septarian crack formation
is estimated to have been in the range of 25%.
Because the septarian cracks did not reach the
concretion surface they were filled by cement
provided by ions diffusing or migrating within
water films along grain boundaries or within
micropores through the concretion body. There-
fore, cement filling the septarian cracks could
also precipitate in open pores of the concretion
body as evidenced by its dull cathodolumines-
cence colour and relatively light back-scattered
electron colour related to increased Fe** con-
tent. Consequently, it is difficult to interpret
centre-to-edge changes in terms of evolving dia-
genetic changes.
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6 Considering the amount and composition of
this late diagenetic cement (precipitated after sep-
tarian crack formation), the fluid providing the
early diagenetic cement (precipitated before sep-
tarian crack formation) had, prior to mixing with
seawater, a 8°C composition, (assuming that
seawater-derived bicarbonate accounted for 10 to
30% of early diagenetic cement) ranging between
ca —45%o and —70%., which indicates that it was
chiefly derived from AOM prevailing over OSR.
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