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Abstract: This study focusses on bleaching phenomena on the pore scale in an Olenekian (Upper Buntsandstein) sandstone
quarry. The study area exposes a 10 m thick red sandstone body with up to cm sized, greyish white laminae in sandstones.
Analyses focus on bleached and unbleached zones in the same cm sized samples.

Bleached zones show a larger grain size (by 27 um), less compaction and a higher porosity (by 3 %). They also exhibit
stronger cementation by all observed authigenic phases of quartz, illite, K feldspar and to a minor extent dolomite. Calcu
lated intergranular volumes and cementational porosity loss also correlate positively with bleaching. Meanwhile unbleached
zones contain more ductile grains (e.g. micas, detrital clay, rock fragments like phyllites and plutonic rock fragments) and
are affected by major porosity loss via compaction.

Bleaching is related to primary features like grain size selective lamination and associated higher permeability in coarse
grained laminae. It is also reliant onto an early framework stabilising cement phase, which keeps pathways open for uplift
related leaching of the detritus and few dolomite cements.

Kurzfassung: Die folgende Studie betrachtet Bleichungsphidnomene auf dem Porenmafstab in einem Sandsteinbruch des
Olenekiums (Oberer Buntsandstein). Das Untersuchungsgebiet umfasst einen 10 m méchtigen, roten Sandsteinkdrper, wel
cher bis zu cm méchtige, graulich weile Laminen enthélt. Fokus der durchgefiihrten Analysen sind gebleichte und unge
bleichte Zonen in einzelnen cm grof3en Proben.

Gebleichte Zonen besitzen eine grofiere mittlere Korngréfle (um 27 pm), zeigen eine weniger ausgepragte Kompaktion
und eine hohere Porositit (um 3 %). Quarz, Illit, K Feldspat und in geringem Malle Dolomit treten als authigene Zement
phasen in diesen Bereichen vermehrt auf. Berechnete intergranulare Volumina und die Porositdtsverluste durch Zementation
zeigen ebenfalls eine positive Korrelation mit gebleichten Bereichen. Derweil enthalten ungebleichte Zonen mehr duktile
Klasten (z. B. Glimmer, detritischen Ton, Lithoklasten wie Phyllite und plutonische Gesteinsfragmente) und sind vor allem
von Porosititsverlusten durch Kompaktion betroffen.

Die Bleichung ist verbunden mit primiren Gesteinseigenschaften wie korngroBenselektiv Lamination und einer damit
verbundenen hoheren Permeabilitét in grobkornigeren Laminen. Zugleich ist die Bleichung abhingig von einer frithen, das
Korngefiige stabilisierenden Zementphase, welche FlieBwege offen hilt fiir eine Alteration des detritischen Mineralbestands
und der wenigen Dolomitzemente wéhrend der finalen Hebung der Formation.
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1. Introduction

Various authors have described bleaching (discolouring) in
continental red beds, reflected by the disappearance of the
sediment’s original red colour. Bleached specimens have
been described from Lower and Middle Permian (Gaupp et
al. 1993; Hilse et al. 2010; Pudlo et al. 2012; Schoéner &
Gaupp 2005), Lower Triassic rocks in Central Europe (Beyer
etal. 2011, 2014; Hilse et al. 2010; Kasch et al. 2010; Kunkel
et al. 2018; Wendler et al. 2012), Jurassic rocks in Utah and
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Nevada, USA (Beitler et al. 2003; Chan et al. 2000; Eichhubl
et al. 2004; Parry et al. 2004) and elsewhere. Such phenom-
ena may be pervasive or lamina-bound bleaching, or may
have a speckled appearance or halos around clay clasts
(Beitler et al. 2003; Beyer 2015; Chan et al. 2000; Hilse et al.
2010; Pudlo et al. 2012; Schoner & Gaupp 2005). Tectonic
structures like joints, faults and deformation bands may also
be associated with bleached lithologies (Busch et al. 2017;
Eichhubl et al. 2004; Kasch et al. 2010; Parry et al. 2004;
Wendler et al. 2012). The sediment’s red colour originates
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from red pigments forming pigmented dust rims or continu-
ous coatings around detrital grains. The red colour forms via
the alteration of iron-bearing grains and infiltrated iron-bear-
ing clay under oxidising Eh-conditions and neutral to alka-
line pH in situ and after the settling of the sediment, respec-
tively (Amelung et al. 2018; Walker 1967a, b; Walker et al.
1978; Weibel 1998).

The process of bleaching may be a process initiated by
the migration of fluids causing a reducing environment at
low pH and elevated salinities (Chan et al. 2000; Parry et al.
2004; Schoner & Gaupp 2005; Weibel 1998). Potential re-
ducing and thus bleaching agents are hydrocarbons, meth-
ane, organic acids and hydrogen sulphide, which lower the
redox potential of the fluid that subsequently reduces the
hematite of the formation. Depending on the reactants, CO,,
water and sometimes pyrite are produced (Chan et al. 2000;
Eichhubl et al. 2004; Garden et al. 2001; Gaupp et al. 1993;
Gaupp & Schoner 2008; Haszeldine et al. 2005; Parry et al.
2004; Schoner & Gaupp 2005; Shebl & Surdam 1996; Wei-
bel 1998). The reduction of hematite leads to an increase in
mobile Fe?" in solution that is then available for local re-
moval. At higher Eh of the pore fluid, a proximal, subsequent
oxidation to Fe’" and re-precipitation as iron (and manga-
nese) oxide concretions is possible (Chan et al. 2000; Parry
et al. 2004). A reduction of hematite can also be triggered by
microbial activity with the organisms’ enzymes reducing the
metal species (Dong et al. 2014; Lovley et al. 1993). Alterna-
tively, bacteria can reduce sulphate consuming organic mat-
ter and forming e.g. H,S, which in turn reduces hematite
(Kirkland et al. 1995; Machel 2001; Schumacher 1996).
Bacterial sulphate reduction is commonly replaced by ther-
mochemical sulphate reduction at higher subsurface temper-
atures but also consumes organic matter (Machel 2001).
Similarly pedogenesis may lead to colour mottling where
e.g. stagnant groundwater locally constituted a reducing mi-
cro-environment (Amelung et al. 2018; Buurman 1980; Mo-
lenaar 1984). Wendler et al. (2012) also associate CO,-rich
fluids with bleaching and deduce a volcanic or meteoric ori-
gin. CO, influxes may cause a pH-decrease contributing to
iron mobilisation (Schoner & Gaupp 2005).

Pudlo et al. (2012) describe bleaching on a regional scale
to be restricted to specific depositional settings like fluvial
channel fills and aeolian dunes rather than sandflat or even
lacustrine deposits, while Beyer (2015) observes bleaching
principally in e.g. sandflat deposits. Beyer (2015) relates
bleaching to factors like grain size and cement content pro-
moting fluid-rock interactions. For the Lower Triassic in
Central Germany bleaching was associated with medium-
grained sandstones with early blocky cements, mostly car-
bonates and sulphates, which occur mostly in cross-bedded
sandstones and can be interpreted as sand sheet or channel
fill facies (Kunkel et al. 2018). Schoner & Gaupp (2005) de-
duce from bitumen staining that bleaching is not facies-
bound but merely correlates with bitumen impregnation or as
proposed by Beyer (2015) with acidic fluids preceding hy-
drocarbon emplacement. However, no consistent model can
be established. While some studies show that bleaching, pe-
trophysical properties, and lithofacies are related (Beyer

2015; Eichhubl et al. 2004; Pudlo et al. 2012; Reinecker et
al. 2015), other data neither suggest a correlatable impact of
those properties on bleaching nor do they deny it (Beyer
2015; Kunkel et al. 2018; Schoner & Gaupp 2005).

In this study, we present data on a Lower Triassic red bed
deposit with different amounts of decolouring, which is at-
tributed to bleaching. We discuss lamina-bound and speck-
led decolouring with respect to sandstone petrology attempt-
ing at a better understanding of textural characteristics influ-
encing the bleaching mechanism and evaluate its effect on
reservoir properties.

2. Geological Setting

The study area Rottbach is located 5 km N of the town
Wertheim, Central Germany, and is part of the German Trias-
sic (Hagdorn et al. 2009; Meschede & Warr 2019; Okrusch
et al. 2011). According to the regional stratigraphy, the
Lower Triassic deposits in the Rottbach quarry belong to the
Plattensandstein (Rt Formation) of the late Olenekian (Up-
per Buntsandstein; Menning 2018; Okrusch et al. 2011; Roh-
ling et al. 2018). They were deposited as marginal facies at
the southern border of the North German Basin (Freuden-
berger et al. 2013; Hagdorn et al. 2009; Okrusch et al. 2011;
Ziegler 1990). Source areas are primarily the Vindelician
High of Southern Germany and Switzerland to the SE and to
a minor extent the Ardennes and Gallic Massif of France and
Belgium to the W (Freudenberger et al. 2013; Hagdorn et al.
2009; Meschede & Warr 2019; Rohling & Lepper 2013;
Ziegler 1982; Fig. 1). Correlations of Buntsandstein se-
quences across the marginal facies of Southern Germany are
detailed in Rohling et al. (2018: Fig. 5).

The Lower Triassic sandstones evolved from braided
geometries in the Induan and early Olenekian (Early and
Middle Buntsandstein), towards occasionally ephemeral,
meandering streams during the late Olenekian to Anisian
(Upper Buntsandstein; Okrusch et al. 2011; Freudenberger et
al. 2013). Those meanders are described to have a relatively
constant position, low incision depth but may meander over
a large width (Freudenberger et al. 2013; Okrusch et al.
2011). The late Olenekian Lower R6t claystones have been
deposited in a sabkha to playa environment (Okrusch et al.
2011). They consist of silt- and claystones and can contain
salt or sulphate nodules (Freudenberger 2016; Mader &
Teyssen 1985; Okrusch et al. 2011).

The Plattensandstein, the focus of this study, has a thick-
ness of up to 34 m in the study area (Freudenberger et al.
2013). Triassic Olenekian rocks are overlain by Anisian sed-
iments, and locally crosscut by Upper Cretaceous to Tertiary
basaltic and phonolitic volcanic dykes in the study area
(Okrusch et al. 2011). The nearest reported exposure is a Ter-
tiary explosive tuff chimney of 200 x 150 m diameter situ-
ated 31 km WNW of the study area (Okrusch et al. 2011).
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Fig. 1: (a) Location of the study area on the geological map of the SE margin of the Spessart (after Okrusch et al. 2011). (b) Lithological
column displaying the stratigraphic position of the Plattensandstein, late Olenekian, (black box) in the footwall of the Lower R&t Claystone
Member, Rt Formation (Upper Buntsandstein Subgroup); after Okrusch et al. (2011), modified from Geyer (2002).

3. Materials and methods

3.1 Sampling

The sandstone samples were drilled from the quarry wall
(N = 306) as well as from mined m-sized blocks with distinc-
tive bedding (N = 7). The 43 one-inch plugs were cut to
lengths between 2.5 and 4 cm and oven-dried at 40 °C for
seven days. Thin sections were prepared from resulting plug
caps. Of those 43 samples, only eleven exhibit bleaching
phenomena, two of them are fully bleached (RB-06, RB-07;
Fig. 2, Supplementary Table). The nine partially bleached
samples, containing lamina-bound and speckled bleaching,
were used to compare the characteristics of the unbleached

and bleached material within one sample (RB-04, RB-05,
RB-17, RB-24, RB-26, RB-28, RB-35, RB-38, RB-42). All
other samples were completely unbleached and are used as a
reference for unbleached zones in samples with bleaching.

3.2 Petrography and porosity

Plug caps were impregnated with blue-dyed epoxy and thin
sections prepared from them with a thickness of 30 pm, nine
samples were stained with a combination of Alizarin Red S
and potassium ferricyanide to identify carbonate cements.
Grain size was measured separately for both unbleached
and bleached zones. Grain size analysis is done on a Leica



Fig. 2: Examples for different grades of bleaching in plugs. Partial bleaching occurred primarily lamina bound. Displayed is the range from
unbleached brownish red (a: sample RB 30) to partially bleached, yellowish to greyish white samples (b: sample RB 28, ¢: sample RB 38,
d: sample RB 42) and fully bleached yellowish white samples (e: sample RB 06).

DMLP microscope determining the length of the long axes
of 100 detrital grains per thin section on a grid adjusted to the
largest grain size to gain areca-weighted results of the appar-
ent grain size in 2D (Becker et al. 2017; Busch et al. 2020,
2019, 2017; Walderhaug 2000; Walderhaug et al. 2012;
Wiistefeld et al. 2017). Dust rims of hematite pigments trace
the original detrital grains and are used to distinguish them
from authigenic cement and assess the detrital grain size
(Busch et al. 2017). Subsequently, the grain size class was
determined according to the Udden-Wentworth scale (Udden
1914; Wentworth 1922) and the degree of sorting was calcu-
lated using the formula by Folk & Ward (1957). The bias of
the measurement introduced when measuring on 2D sections
is approximated in two samples (RB-10, RB-28) when mea-
suring the grain’s long axis with or without the dust rim on
20 grains. Measuring the dust rim as part of the grain re-
sulted in an average grain size larger by 6 to 8 pm. Grain
morphology for both bleached and unbleached zones was as-
sessed using the comparator after Fiichtbauer (1988).

Point counting was performed on a Leitz Aristomet trans-
mitted light microscope, fitted with a semi-automatic Pelcon
Point counting stage and the grid adjusted to the maximum
grain size. The specific modal composition was analysed
separately for both unbleached and bleached zones (300
steps for each zone) in the nine samples exhibiting partial
bleaching. Uniformly coloured thin sections and both un-
bleached and bleached zones in partly discoloured thin sec-
tions were point counted with 300 steps.

Each lithoclast or rip-up clast was counted once and their
internal components were not considered during point count-
ing. Two samples contained rip-up clasts of several mm in
diameter (RB-17, RB-19). Those were neglected during
point counting of the bulk thin section but RB-17 was in-
cluded in the selective point counts of the unbleached and
bleached zone. Iron oxide phases (pore-lining and filling) are
point counted as a detrital phase, since their ductile deforma-
tion due to compaction makes a clear distinction of authi-
genic and detrital iron oxide phases difficult. Dust rims were
used for the distinction between authigenic and detrital
phases of quartz (Busch et al. 2017). Comparison of cement
volumes deduced from transparent thin section and cathodo-
luminescence analysis shows that cement volumes can ac-
curately be assessed by transmitted light microscopy (Ma-

kowitz & Sibley 2001; Walderhaug 2000). Results for the
detrital composition are plotted in a QFR-plot according to
Folk (1980) with normalised amounts of detrital quartz (Q),
feldspar (F) and rock fragments (R).

The porosity was determined separately for both un-
bleached and bleached zones in the partially bleached sam-
ples by point counting. Microporosity was calculated from
point counts based on mean fractions of microporosities in
kaolinite, chlorite and illite after Hurst & Nadeau (1995) and
the average of those values for undifferentiated clay miner-
als. The sum of the calculated microporosity and point
counted primary and dissolution pore space constitutes the
total point counted porosity.

The type of grain-grain contacts and the reduction of ini-
tial porosity can quantify compaction. Grain contact descrip-
tion follows the classification of Taylor (1950) as tangential
or point (P-), long (L-), concavo-convex (C-) and sutured
(S-) contacts and is applied to bleached and unbleached
zones, reflecting increasing compaction (Taylor 1950). Ac-
cordingly, grains in loosely compacted sediments without
contacts are named floating grains (F-contacts). To quantita-
tively derive the degree of compaction those five categories
have been point counted among 100 grains in both un-
bleached and bleached zones. For each grain the contact was
counted, which exhibited the strongest indication for com-
paction. Additionally, the contact strength was calculated for
grain-to-grain contacts as a measure of compaction with
higher values representing a higher degree of compaction
(Fuichtbauer 1967). Intergranular volume (IGV) is calculated
from point counting data according to Paxton et al. (2002).
The IGV is the sum of the intergranular pore space, inter-
granular cement volumes and depositional matrix, it is in-
dicative of the degree of compaction (Paxton et al. 2002).
Subsequently, further parameters can be determined based
on the intergranular volume or minus-cement porosity as de-
fined by Lundegard (1992), which is optical porosity plus
intergranular cement volume. This includes porosity loss due
to compaction (COPL) and porosity loss due to cementation
(CEPL; Lundegard, 1992). The initial porosity is assumed to
be 45 % according to Wilson & McBride (1988) for uncon-
solidated sand in a fluvial environment. Porosity loss by
compaction is plotted against cementational porosity loss
(Lundegard 1992).



4. Results

Bleached versus unaltered material

Macroscopic description, texture and structure

Bleaching is primarily lamina-bound but not strictly limited
to a single lamina (see Figs. 2b, c¢). Such bleached laminae
are up to 1 cm thick and extend over >1 m. Of the eleven
bleached samples, two are completely bleached (e.g. Fig.
2¢), two exhibit bleached laminae of various thickness (up to
8 mm thick; Fig. 2b, approx. 1 mm thick in Fig. 2¢). The re-
maining seven display speckled but still bedding-parallel
bleaching up to 3 mm in diameter (Fig. 2d). The weathered
outcrop walls barely show bleaching; bleaching was visible
in mined blocks and after sampling. No indication of a spe-
cific propagation direction of the decolouration apart from
along laminae is given. Precipitation of iron phases either by
abiotic components (Liesegang) or by biotic components
(iron-oxide cement bands; Burgess et al. 2016) was not en-
countered.

For the eleven samples exhibiting bleaching, the average
grain size of bleached zones is 173 pm (max. 185 pum, min.
151 pm), while the respective unbleached zones in the same
samples have an average grain size of 146 pm (max. 163 pm,
min. 130 pm; Fig. 3a). In each of those samples a discrep-
ancy of 16 to 40 um between the average grain size of the
bleached and unbleached zone is found (Fig. 3b). The fully
bleached samples both have average grain sizes of 176 and
182 um (sample RB-06 and RB-07; Supplementary Table).

In samples with bleached laminae, all unbleached zones
are moderately sorted. For the bleached zones and fully
bleached samples, four of eleven samples are well sorted.
The grains’ roundness does not show any distinctive changes
between unbleached and bleached zones. Both contain sub-
angular to subrounded grains (Figs. 6a, b, Supplementary
Table).
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Petrography
Quartz grains constitute equally high fractions of the overall

mineral assemblage in both unbleached (avg. 35 %, max.
43 %, min. 27 %) and bleached zones (avg. 38 %, max.
46 %, min. 28 %) (Fig. 4). Detrital K-feldspar grains account
for on average 8 % (max. 11 %, min. 4 %) in unbleached
zones and for 11 % (max. 16 %, min. 7 %) in bleached zones.
Rock fragments are present with 7 % (max. 11 %, min. 4 %)
in unbleached zones. In bleached zones they make up 7 %
(max. 11 %, min. 4 %) of the rock.

Generally, bleached zones are characterised by more
blue-dyed intergranular pore space than is visible in un-
bleached areas (Figs. 5a, b). Intragranular macropores larger
than the average grain size occur only in bleached zones
(Fig. 5c). They are identified by their remaining dust rim
(Fig. 5¢), illite fibres surrounding the resulting pore space,
and meshwork illite partially filling such intragranular ma-
cropores (Figs. 5f, h). Both, unbleached and bleached zones,
are affected by intragranular dissolution with on average
0.4 % (max. 1 %, min. 0 %) and 1 % (max. 4 %, min. 0 %),
respectively (Fig. 6¢).

Grain contacts are primarily concavo-convex contacts in
unbleached zones (Figs. 5b, d, 6). On average 56.9 % of
concavo-convex, 3.7 % sutured, 37.5 % long contacts are
counted and the remaining 1.9 % are point contacts and
floating grains (Supplementary Table). A different trend is
observed in bleached zones: Only 23.1 % of the contacts are
concavo-convex, 0.3 % sutured, 47.3 % long and 24.2 %
point contacts as well as 5.1% floating grains (Supplemen-
tary Table). In all unbleached zones more than half of the
grain contacts are contributed by concavo-convex and su-
tured contacts (51 % to 77 %), while in bleached zones con-
cavo-convex and sutured contacts make up 15 to 33 % (Fig.
6). The contact strength after (Fiichtbauer 1967) ranges for
unbleached zones from 2.5 to 2.8 with an average value of
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Fig. 3: (a) Box whisker plot of average grain sizes (QGS) plotted for the three types of material: red unbleached zones, white bleached
zones and completely red thin section samples (grey). The mean average grain size of bleached zones (avg. 173 um) exceeds the un
bleached zones (avg. 146 um) by 27 um. Completely unbleached samples cover the grain size range of all unbleached zones and reach a
maximum grain size similar to the mean average grain size of the bleached zones. (b) The scatter plot for the nine partially bleached, indi
vidual samples shows that bleaching in each sample coincides with a constantly larger average grain size.
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Fig. 4: QFR plot after Folk (1980) displaying the detrital composition including quartz (Q), feldspar (F) and rock fragments (R) of the samples
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2.6. Bleached zones exhibit contact strengths from 1.9 to 2.2
with an average of 2.0 (Supplementary Table).

Iron oxides are present with on average 17.3 % in un-
bleached zones, bleached zones yield on average 0.5 %. A
qualitative assessment shows that iron oxides are present in
bleached zones constituting dust rims as pigmentation along
the grain outline and underneath authigenic cements (Figs.
Sa, ¢).

Quartz cements constitute 12 % in unbleached and 18 %
in bleached parts (Figs. 5c, f, g, h, 7a, b). Similarly, the illite
content in bleached zones (avg. 11 %) exceeds that in un-
bleached ones (avg. 8 %; Figs. Sc, f, 7a, c¢). K-feldspar ce-
ment represents 7 % in the bleached zones whereas un-
bleached zones contain on average 4 % of K-feldspar cement
(Figs. 5¢, f, g, h, 7a, d). Other authigenic phases are dolomite
(unbleached: avg. 0.1 %, bleached: avg. 0.5 %; Figs. 5h, 7a,
e), which may appear pore-filling, sometimes with euhedral
crystal habit and often a pitted surface, titanium oxide (un-
bleached: avg. 0.1 %, bleached: avg. 0.1 %), replacive illite
in alkali feldspars (unbleached: avg. 1 %, bleached: avg.
2 %; Figs. 5f, h) and accessory replacive kaolinite or chlorite
that essentially do not vary between bleached and unbleached
zones (Supplementary Table).

The arithmetic means of the main pore-filling authigenic
cements quartz, illite and K-feldspar exceed the mean val-
ues of the unbleached zones by 3 to 6 %, while the mineral
content of dolomite is too small to deduce a relationship
(Fig. 7a). Similarly, for most of the nine samples quartz and

11). Quartz is present in almost equal amounts in both sample types.

illite cement contents are lower in unbleached zones (Figs.
7b, c, e), while the K-feldspar cement content is constantly
higher in bleached zones (Fig. 7d). Authigenic minerals ac-

Fig. 5: Overview of mineral assemblage in bleached and un
bleached zones. (a) Bleached zone with point and long contacts as
well as minor iron oxide (FeOx) pigmented dust rims and with
overall larger grain size (RB 28). (b) Unbleached zone with con
cavo convex grain contacts, abundant deformed FeOx rich detritus,
smaller grain sizes and less pore space (RB 28). (¢) Intragranular
macropore with remaining pigmented dust rim in bleached zone
surrounded by pore filling illite (Il pf, plain polarised light/ppl
right, cross polarised light/xpl left). Also visible are authigenic
quartz (Qtza) limited by euhedral K feldspar overgrowths (Fspa) on
detrital grains (Qtz, Fsp, RB 17). (d) Close up of opaque and
strongly deformed iron oxide grains and concavo convex contacts
in an unbleached zone (RB 24). (e) Bleached zone with abundant
pore filling cements and open pores in ppl (RB 28). (f) Same pore
filling cements can be identified as K feldspar and quartz cements
in xpl (Fspa, Qtza) with quartz growth stopping at euhedral K feld
spar cements. Pore lining illite and illite replacing feldspars or rock
fragments are observed (Il pl, I1l rp, RB 28). (g) Unbleached zone
with less K feldspar and syntaxial quartz cements (Fspa, Qtza), the
latter stopping at the K feldspar overgrowth (RB 13). Abundant de
formed FeOx grains are present (ppl right, xpl left). (h) Authi
genic dolomite (Dol) growing in the pore space and on detrital
grains as well as cement surfaces of quartz or K feldspar (Qtza,
Fspa) and displaying a sometimes pitted appearance in ppl (left im
age). Illite replaces detrital grains (RB 28, ppl left, xpl left).
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Fig. 6: Cumulative curve of measured grain contacts for unbleached (red) and bleached (blue) zones in all partially and fully bleached
samples. The outline indicates the coherently different behaviour of unbleached and bleached zones with a much higher frequency of point
contacts in bleached zones, contrasted by primarily concavo convex contacts in unbleached zones.

count for 23 % of the unbleached and for 34 % of the
bleached zones.

Point counted porosities for unbleached zones range
from 7 to 15 % (avg. 11 %), while bleached zones exhibit
increased point counted porosities of 11 to 18 % (avg. 14 %j;
Fig. 8a). Values for all completely unbleached samples range
from 9 % to 17 % (avg. 12 %; Fig. 8a). The trend towards
higher porosities in bleached zones is also reflected by each
sample (Fig. 8b). Pycnometer analyses show porosities of
11 to 19 % (avg. 16 %) (Schmidt et al. subm.). The average
offset between petrophysical and point counted porosity ac-
counts for £3 % (Supplementary Table).

Compaction
The intergranular volume (IGV) of unbleached zones ac-

counts for on average 27 % while bleached zones have an
IGV of 39 % (Fig. 9). The average IGV value of 33 % of
completely unbleached samples (max. 38 %, min. 25 %)
matches the IGV of unbleached zones (max. 34 %, min.
14 %) and overlaps with lower values of bleached zones
(max. 43 %, min. 27 %; Fig. 9). The outlier exhibiting the
lowest IGV among the unbleached zones is a sample con-
taining rip-up clasts (RB-17).

Considering compaction, unbleached zones show a com-
pactional porosity loss (COPL) ranging from 17 to 36 %
(avg. 25 %) and a cementational porosity loss (CEPL) rang-

ing from 8 to 26 % (avg. 17 %; Fig. 10). In bleached zones
the COPL values range from 3 to 24 % (avg. 9 %), while
CEPL values range from 18 to 38 % (avg. 31 %; Fig. 10).
The calculations after Lundegard (1992) suggest that almost
all unbleached zones are dominated by compaction with the
exception of two samples, whereas all bleached zones (ex-
cept one sample) lose pore space primarily because of ce-
mentation (Fig. 10).

5. Discussion

5.1 Macroscopic description, texture and
structure

Several studies present lamina-bound bleaching of red sand-
stones (Eichhubl et al. 2004; Nover et al. 2013; Pearce et al.
2011; Pudlo et al. 2012; Wendler et al. 2012). Discontinuous
bleached spots of round to elliptical shape along a lamina
indicate that bleaching is an authigenic process, likely unre-
lated to fluid flow, affecting an otherwise red deposit (Eich-
hubl et al. 2004). Stratigraphic constraints for bleaching (e.g.
(Eichhubl et al. 2004) are not visible in the studied 10 m
thick sandstone beds. Thus, bleaching can be described as
occurring intraformational within the associated sandstone
beds. All bleached zones show irregular and diffuse transi-
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Fig. 7: (a) Box whisker plot of point counted cement contents (cmt) for all major authigenic phases. For quartz and K feldspar cements,
the 50™ percentile does not overlap and for all types of cement the mean volume in bleached zones exceeds that in the unbleached zones.
For carbonate (dolomite) cement, no quantitative proof can be given with regard to average volumes of <1 %. (b) Scatter plot for quartz
cement: The cement content of eight samples is higher where bleaching has taken place (outlier RB 35). (¢) Scatter plot for illite cement:
Cement occurrences are more frequent in bleached zones of five samples (outliers RB 24, RB 26, RB 28). (d) Scatter plot for feldspar ce

ments: All samples contain more K feldspar cement in bleached zones. (e) Scatter plot for dolomite cements: No quantitative proof can be
given for a preferential precipitation of dolomite cement with regard to small average volumes of <1 % and dolomite only being present in
five of nine samples.
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tions across laminae (Figs. 2b, ¢). Additionally, pore-lining
remnants of hematite dust rims, also underneath quartz or
K-feldspar overgrowths (Figs. 5a, c), are present in bleached
zones, which are known from the Lower and Middle Per-
mian or Lower Triassic (Busch et al. 2017; Kunkel et al.
2018; Schoner & Gaupp 2005). Thus, bleaching removed
hematite after its formation and after the associated redden-
ing of the bulk rock (Walker 1975, 1967b).

Grain size analyses reveal that bleached zones contain
larger grain sizes (avg. 173 pm) than the unbleached zones
(avg. 146 um). The latter matches well with the bulk sample
analysis of the same study area with an average grain size of
148 pm. Although differences are relatively small (on aver-
age 27 um; Fig. 3a) in the very fine- to fine-grained sand-
stones, this effect is shown for every partially bleached sam-
ple (Fig. 3b). This result is supported by other authors that
have qualitatively noted more coarse-grained lithologies
where bleaching took place (Chu et al. 2015; Eichhubl et al.
2004; Kunkel et al. 2018; Pudlo et al. 2012; Taylor & Barker
2002). Incorporating the thickness of a dust rim of 3 to 4 pm
can also not explain the observed difference in grain diame-
ters. Thus, grain size positively correlates with bleaching in
the study area. Better sorting is also reported to facilitate
bleaching (Beard & Weyl 1973; Pudlo et al. 2012) and may
be supported by our data (Supplementary Table).

5.2 Petrography

5.2.1 Detrital composition in bleached and
unbleached samples

The QFR-plot for bleached and unbleached zones in sand-
stones displays various rock compositions (Fig. 4, Supple-
mentary Table). The average composition regarding quartz,
feldspar and rock fragments varies insignificantly by at max-
imum 3 %. Equal amounts of quartz grains indicate a similar
transport distance of the detritus and thus maturity of the un-
bleached and bleached zones. This also negates that bleached
laminae are associated with depositional processes.

5.2.2 Authigenic composition in bleached and
unbleached samples

All major cement phases like quartz, illite, feldspar and to a
minor extent dolomite occur more frequently in bleached
zones (Fig. 7). Similarly, other studies report more pro-
nounced illitisation (Chu et al. 2015; Pudlo et al. 2012;
Schoner & Gaupp 2005), more pronounced quartz cementa-
tion (Chu et al. 2015; Schoner & Gaupp 2005) as well as
more iron-rich carbonate and chlorite cements in bleached
rocks (Beyer 2015; Kunkel et al. 2018; Pudlo et al. 2012;
Schoéner & Gaupp 2005). Such observations are contradicted
by some authors reporting major quartz cementation in un-
bleached Lower Triassic rocks (Reinecker et al. 2015).

The petrographic analyses (Figs. Sa, e, f) illustrate that
abundant pore space in the bleached zones was available for
higher quartz and K-feldspar cementation. In bleached zones

compaction has a minor effect on the morphology of grain
contacts with more than one quarter being point contacts and
floating grains (24.2 % and 5.1 %, respectively) as opposed
to 23.5 % of compaction-related concavo-convex and su-
tured contacts (Fig. 6). In unbleached zones more than half
of the grain contacts are compaction-related with 56.9 %
concavo-convex and 3.7 % sutured contacts. Hence, com-
paction in bleached zones must have been prevented by an
carly, framework stabilising cement phase in order to pre-
serve uncompacted grain contacts and more pore space for
quartz cementation during burial diagenesis. This is also
supported by the higher calculated contact strength for
bleached zones (Supplementary Table). The larger grain
sizes may have, with higher permeabilities, facilitated more
transport of available ions in the fluid for a more pronounced
early diagenetic cementation along those laminae (Wilson et
al. 2008).

A qualitative assessment yields that dolomite cements
occur predominantly in the bleached laminae, which is not
clearly visible from quantitative data (Fig. 7¢). Fragmented,
pore-filling dolomites have been linked to early diagenetic
formation (Worden et al. 2018; Worden & Burley 2003),
whereas sometimes euhedral, pore-filling dolomite growth
on quartz and K-feldspar cement is considered to be a burial
to uplift diagenetic process (Gaupp et al. 1993). The pitted
appearance of the dolomite cement patches can be assigned
to uplift diagenetic dissolution by meteoric waters (Fig. 5h;
Worden et al. 2018). Staining did not reveal any significant
iron content for the dolomites, nevertheless they could have
incorporated minor amounts of iron after bleaching. To de-
termine whether the iron left the system or was incorporated
into the mineral assemblage, further analyses are needed as
also chlorites replacing e.g. micas are only rarely observed
(<1.3 %).

Based on petrographic observations some dolomite and
euhedral K-feldspar cements predate quartz cements and
predate mechanical compaction (Figs. 5c, g, h). Thus, they
formed during early diagenesis and stabilised the grain
framework (e.g. Gaupp & Okkerman 2011). Their stabilising
effect inhibited compaction, preserving intergranular volume
to be cemented by later pore-filling phases. As some iron
oxide pigments are still recognisable in bleached zones un-
derneath syntaxial quartz- and also K-feldspar cements as
well as underneath some of the dolomite cement (Fig. 5a), it
can be assumed that bleaching and thus the removal of most
iron oxide phases took place during this period of feldspar
cementation and mostly prior to syntaxial quartz cementa-
tion.

Intragranular macropores are restricted to bleached
zones. Possible detrital grains, which might have been dis-
solved to form these intragranular macropores, are K-feld-
spar grains or rock fragments, which can be observed as
sometimes illitised remnants or voids (Figs. 5S¢, f, h). Schoner
& Gaupp (2005) have linked macropores to the dissolution
of feldspars and lithoclasts, while Kunkel et al. (2018) also
proposed the leaching of early cements, e.g. sulphate and
carbonate as well as feldspar. Feldspar dissolution consti-
tutes a source for potassium ions as well as relatively immo-



bile aluminum, allowing for a proximal precipitation of
pore-filling illite (Bjerlykke 2014; Hayes & Boles 1992;
Thyne et al. 2001). Feldspars thus constitute the most likely
origin for macropores with illitisation (Figs. 51, g).

Two types of burial diagenetic illite are more prominent
in the bleached zones (Supplementary Table). Dense, pri-
marily pore-filling illite is occasionally present around pig-
mented hematite dust rims surrounding intragranular ma-
cropores (Fig. 5¢), while meshwork illite locally also fills
intragranular macropores (Figs. 5f, h). In order to preserve
intragranular macropores, they must have formed after me-
chanical compaction. Similarly, illitisation of feldspar grains,
resulting in intragranular illite meshwork, likely postdates
intragranular macropore formation and compaction (Mole-
naar & Felder 2018). This process added secondary intra-
granular porosity (Figs. 51, h). Illite replacements are associ-
ated with temperatures of commonly above 100 °C and thus
burial diagenesis (Bjorkum et al. 1993; Lander & Bonnell
2010; Morad et al. 2010) although precipitation may also
start at lower temperatures (Bauer et al. 2000, 1998; Weibel
1999; Wilkinson et al. 2006; Ziegler 2006). Observations of
a pronounced illitisation in bleached samples also corre-
spond with other studies (Chu et al. 2015; Gaupp & Schoner
2008; Pudlo et al. 2012; Schéner & Gaupp 2005) and indi-
cate a burial diagenetic timing for the bleaching process.

The petrographic assessment yields 3 % more porosity in
bleached zones (Fig. 8a), which is consistent with several
publications (Gaupp & Schoner 2008; Kunkel et al. 2018;
Pudlo et al. 2012; Reinecker et al. 2015; Schoner & Gaupp
2005; Wendler et al. 2012) and also with observations in pet-
rographic images (Figs. 5a, b). However, the contribution of
dissolution and resulting intragranular macropores contrib-
utes with only 0.4 and 1.1 % to porosity in unbleached and
bleached zones, respectively (Supplementary Table). Higher
porosity and permeability are causally linked with larger
grain size as was shown for different grain size classes like
fine-grained and medium-grained (Bloch 1991; Chilingar
1964). For point counted porosities this correlation exists
also at small-scale grain size changes as they occur between
unbleached and bleached zones of this study (Fig. 3). Simi-
larly, sorting is described to positively correlate with poros-
ity and permeability (Beard & Weyl 1973), an effect that
might also be present in this data set (Supplementary Table).

5.3 Compaction

Unbleached laminae are more compacted than bleached lam-
inae, reflected by grain contacts and lower intergranular vol-
ume (avg. 27 %, max. 34 %, min. 14 %) than in bleached
laminae (avg. 39 %, max. 43 %, min. 27 %). The grain con-
tacts in unbleached areas (dominated by concavo-convex
and sutured contacts with 56.9 % and 3.7 %, respectively)
imply stronger pressure dissolution (chemical compaction)
at grain contacts often covered by an illitic clay mineral. This
reduction in intergranular volume results in smaller porosi-
ties and presumably permeabilities than in the bleached lay-
ers. The bleached layers contain more abundant K-feldspar

and quartz cements reflected by 29.3 % point contacts and
floating grains and almost no sutured contacts. All of which
can potentially preserve higher intergranular volumes via
framework stabilisation.

Values for porosity loss by compaction versus cementa-
tion are distinctly different for unbleached and bleached
zones. The COPL-CEPL plot after Lundegard (1992) sup-
ports the optical assessment in that unbleached samples
show a more pronounced compactional porosity loss than
the bleached samples (Fig. 10). The presence of early syn-
taxial K-feldspar cements in the now-bleached areas pre-
served the intergranular volume and preserved porosity and
now bleached permeability. The bleaching fluids then discol-
oured the more coarse-grained laminae with higher porosity/
permeability and larger fluid volumes to sufficiently react
with the surrounding minerals.

5.4 Deriving possible bleaching processes

Bleaching has been encountered in close paragenesis with
bitumen stains and thus organic matter, forming diagenetic
clay mineral phases and removing hematite in a variety of
case studies (Beitler et al. 2003; Gaupp & Schoner 2008;
Hilse et al. 2010; Pudlo et al. 2012; Schéner & Gaupp 2005).
Kunkel et al. (2018) describe bleached lithologies as a spe-
cial diagenesis type and link its formation to meteoric fluids.
Other studies analysed stable carbon isotopy of calcites as-
sociated with bleaching and interpreted a volcanic or mete-
oric source (Kasch et al. 2010; Wendler et al. 2012). The
absence of bitumen stains in samples from the study area and
a lack of evidence for hydrocarbon-bearing underlying strata
in the region suggests that no organic matter sourcing, e.g.
organic acids or methane, was involved in partial bleaching
of the red lithology (Beitler et al. 2003; Eichhubl et al. 2004;
Gaupp & Schoner 2008; Okrusch et al. 2011). The absence
of organic matter also affects bacterial and thermochemical
sulphate reduction, which can be excluded as major bleach-
ing mechanism (Machel 2001). The presence of volcanic
dykes in the Spessart region may point toward a volcanic
source of reducing fluids as it was proposed for Buntsand-
stein deposits in the Palatinate Forest (Baaske 1999; Peschel
2013). But as dykes are assigned to the Upper Cretaceous to
Tertiary (Okrusch et al. 2011), they can hardly coincide with
an early burial diagenetic bleaching process as it is proposed
in this study (Fig. 11). Pedogenesis, also known to cause a
colour alteration or colour mottling in Lower Triassic depos-
its, is ruled out as a cause, since characteristic features like
rootlets, nodular carbonate cementation, or calcrete forma-
tion have not been encountered in the outcrop (Molenaar
1984; Ortlam 1974).

Reducing brines from underlying salt are considered
equally unlikely as cause for the bleaching, because the
study area is situated at the former Triassic basin margin and
underlying evaporitic successions of the Upper Permian
Zechstein Group are unknown (Okrusch et al. 2011). Fur-
thermore, no pyrite neoformation was registered during
point counting, which would have indicated bleaching by
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H,S (Parry et al. 2004). However, reducing fluids from the
overlying Muschelkalk sea with local evaporation pans
(Okrusch et al. 2011) may have caused lamina-bound to per-
vasive bleaching in the sampled outcrop.

6. Conclusion

Bleached zones exhibit a grain size larger by 27 um and to a
minor extent better sorting. The present-day mineralogy is
similar but porosities are on average 3 % higher in bleached
laminae and thus reflect better reservoir quality. It can be as-
sumed that initially better porosity and permeability enabled
the fluid flow along specific laminae and their bleaching.

Compaction is higher in unbleached zones featuring pri-
marily concavo-convex and sutured contacts (61 % vs. 24 %
in bleached zones) and a lower IGV (27 % vs. 39 % in
bleached zones).

Early diagenetic cement phases (dolomite and K-feldspar
cement) stabilised the grain framework during compaction
in bleached zones, preserving initially higher porosities and
thus pathways that enabled bleaching. Bleached zones show
a larger intergranular volume available to burial diagenetic
quartz cementation, and exhibit 11 % more diagenetic min-
erals. Intragranular macropores are limited to bleached lami-
nae and form secondary porosity. They are occasionally
filled with illite fibres and formed post-compaction by the
dissolution of feldspars and rock fragments. The more
coarse-grained and more quartz- and feldspar-cemented
bleached laminae exhibit higher IGV and point counted po-

rosity. Those laminae also allowed subsequent leaching of
detrital grains (rock fragments and feldspars) and minor
amounts of carbonate cements during uplift diagenesis due
to their likely higher initial permeability. In contrast, finer-
grained laminae show more compaction reducing available
intergranular volumes for cementation and reducing porosity
and permeability and thus reservoir quality.

Overall, bleaching is promoted in laminae with larger ini-
tial grain size. Bleaching is thus the consequence and not the
cause of primarily better permeability along single laminae.
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