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a b s t r a c t

Drill cuttings, though rarely used, are crucial subsurface samples to understand petrographic properties 
affecting reservoir quality. Unlike core material, cuttings are continuously available along the wellbore 
and can be used during drilling to monitor progress. Therefore, cuttings may allow a semi-quantitative, 
statistical calibration of rock properties from the subsurface, but they are often underutilized. Although 
fracture and vein orientations cannot be reconstructed from drill cuttings, the presence of veins and 
their internal textures (open, partially sealed or sealed) in specific formation sections and depths can be 
identified  and analyzed using e.g., transmitted light microscopy and cathodoluminescence to supple
ment characterization at the well site and subsequently assess production behavior. Borehole gamma 
ray logs in combination with handheld portable X-ray fluorescence (pXRF) analyses on cleaned and 
dried drill cuttings can be used to further improve the depth accuracy of the cutting samples and to 
geochemically fingerprint  the samples, based on the Si/Al ratio, as a proxy for sandstone-rich and 
mudrock-rich sections of the well. In this study, eighty-three sandstone cutting samples from two wells, 
covering ~400 m of stratigraphy targeting the Paleocene-Eocene Greifenstein Fm. equivalent (Glauconite 
Sandstone, GLS) in the Vienna Basin (Austria), were studied. They also cover parts of three different 
reservoir sections (1. to 3. GLS). The Flysch play in the Vienna Basin hosts several sandstone-mudrock 
interbeds and is composed of several nappes, forming complex reservoir compartments. The glauco
nite contents vary between different sections of the GLS, where the highest is observed in the 3. GLS. 
The sandstones are predominantly cemented by ferroan calcite, resulting in low optical porosity (<5 %) 
in both wells, with only individually elevated porosity, related to partially dissolved K-feldspar grains. A 
paragenetic sequence solely based on cuttings further highlights that reservoir quality in the studied 
section is independent of sandstone compaction, but is related to lower optical porosity in finer-grained 
sandstones and higher carbonate vein cement contents. Furthermore, productive intervals are related to 
lower Fe + Mg contents. The understanding of reservoir properties, diagenesis, and their influence on 
fluid flow is crucial for successful exploration and reduction of uncertainty in reservoir production and 
development. The diagenetic variations from cuttings and the geochemical fingerprint  by pXRF are 
linked to reservoir quality and production performance of individual well perforations. This approach 
can provide additional information on reservoir quality where core material is unavailable.

© 2025 Petroleum Exploration and Production Research Institute Corporation, SINOPEC. Publishing 
services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under 

the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Reservoir assessment and a better understanding of reservoir 
quality variations are critically important for successful explora
tion, reduction of uncertainties and help to understand the 
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economic viability of natural resources (e.g., Ozkan et al., 2011; 
Camp et al., 2018; Worden et al., 2018; Ciriaco et al., 2020). 
Reservoir quality assessment therefore is of importance particu
larly for exploration and production of hydrocarbons or 
geothermal water in areas with increasingly challenging 
conditions.

While drilling a well, drill cuttings are the first opportunity to 
directly analyze the subsurface rocks on-site, though these are 
only rock fragments and have undergone damage by the drilling 
process. Furthermore, drill cuttings are the only geological sam
ples in oil, gas or geothermal wells that are usually continuously 
taken and can provide direct information on rock properties such 
as the mineralogy of detrital grains, authigenic cementation, vein 
composition and optical porosity. Drill cuttings are used to assess 
formation properties and to improve the drilling performance in 
an inexpensive way (e.g., Tiainen et al., 2002) and have been in
tegrated with gamma ray and other borehole measurements to 
better assess reservoir characteristics (e.g., Gulf of Suez Rift, 
Radwan, 2022). The potential of drill cuttings to better under
stand the reservoir performance or source potential was assessed 
e.g., for fields  in the Vienna Basin of Austria (Rupprecht et al., 
2017), the Volga-Ural Basin in Russia (Ibrahem and Morozov, 
2024), the Montney tight gas siltstone play in Canada (Sanei 
et al., 2020), and at onshore blocks in the Sultanate of Oman 
(Swami et al., 2022).

Geochemical fingerprinting  is based on several geochemical 
techniques as e.g., fluid inclusion techniques, light stable isotope 
analyses or C-O clumped isotopes to analyze diagenetic or sedi
mentary features (Worden et al., 2018; Mamdouh et al., 2024). 
However, mineralogical analyses of core samples or cuttings is 
often performed using laboratory X-ray diffraction (e.g., Gier et al., 
2018), infrared techniques and point counting using a microscope 
(Worden et al., 2018). Chemical analysis on core or cutting samples 
is used less, but can be performed using e.g., benchtop X-ray 
fluorescence  and portable X-ray fluorescence  (pXRF) devices 
(Worden et al., 2018). The pXRF analyzer provides low-cost, rapidly 
available data of both cleaned core and cutting material and is used 
for e.g., chemostratigraphy and detection of trace metal contami
nants in aquifers (e.g., Zambito et al., 2022). Results of pXRF 
measurements of geothermal drill cuttings have been shown to be 
comparable in accuracy with laboratory XRF results for many el
ements, especially elements with atomic numbers >17 
(Mauriohooho et al., 2016). Being a non-destructive method, pXRF 
allows to reuse the cuttings for petrographic analysis. Alternative 
works utilizing drill cuttings in industry approaches shown by 
Swami et al. (2022) and by Pandion Energy in Norway (Offshore, 
2021) are employing automated mineralogy mapping techniques 
using a SEM platform. However, sample preparation and analysis is 
time consuming and ultimately lags behind drilling operations. 
Therefore, linking pXRF measurements to cuttings on the well site 
and calibrating the process to standard petrographic workflows 
may enable the use of pXRF measurements to assess likely pro
ducing intervals in future wells. Caja et al. (2019) also described 
the combination of petrography and geochemistry methods for 
analysing cutting material using virtual microscopy, automated 
mineralogy and digital petrophysics.

In general, the primary composition of sandstones is controlled 
by factors such as the provenance and plate tectonics (e.g., 
Dickinson and Suczek, 1979), the depositional system, transport 
energy, transport distance (e.g., Bjørrlykke, 1998; Lupin and 
Hampson, 2020) and therefore grain size and sorting, which can 
affect reservoir properties (e.g., Coskun et al., 1993; Griffiths et al., 
2019). However, diagenetic processes such as compaction and 
cementation or dissolution can overprint primary sedimentary 
controls on reservoir properties, resulting in either improvement 

or reduction of given matrix permeability and porosity of the 
reservoir rock (e.g., Bjørlykke, 1988; Coskun et al., 1993; Dutton 
and Loucks, 2010; Morad et al., 2010; Busch et al., 2024). Quartz 
cement can either result in reduction of pore space and therefore 
the deterioration of reservoir quality (e.g., Bjørlykke and Egeberg, 
1993; Morad et al., 2010) or in preservation and stabilizing of the 
framework and pore space (if not filling  the pore space 
completely), improving the reservoir quality (Molenaar, 1986; 
Makowitz et al., 2006; Busch et al., 2022). Furthermore, in tight 
rocks, natural fractures play an important role for reservoir 
exploitation as they are the main fluid conduit (besides faults) (e. 
g., Olson et al., 2009; Bahrami et al., 2012; Khelifa et al., 2014). 
Whilst all these are established from core, and outcrop analyses, 
our motivation was to test if some of these correlations can be also 
recognized on drill cuttings.

In the study area, the Upper Cretaceous to Paleocene Flysch 
play is assessed, as it is interpreted as a fractured reservoir play 
leading to the fact that exploration and production wells 
commonly deliver mixed results. As fractures are commonly pre
sent in the investigated sections (M€obius et al., 2023), fracture and 
vein characteristics are likely to influence  reservoir quality and 
productivity. Cores are not continuously available, therefore cut
tings were used to better understand the influence of petrographic 
properties. An in-depth assessment of vein cement textures was 
undertaken to better assess their influence  on reservoir quality. 
Therefore, the petrography, diagenesis and geochemical finger
print of sandstone drill cuttings from reservoir rocks from two 
wells are presented in this study. Detailed petrographic studies 
will provide a paragenetic sequence for this reservoir section 
based on cuttings only.

The Flysch play in the Vienna Basin, Austria, was already 
discovered to be prolific to produce oil and gas since the beginning 
of the 20th century. Production volumes peaked in the 1940s, 
however the area is still actively producing. Furthermore, detailed 
structural diagenetic assessments on veins and partially sealed 
fractures will shed light on the effect of fractures in the reservoir 
section of the lithology. The geochemical fingerprint  measured 
with a portable X-ray fluorescence analyzer (pXRF) is used in 
combination with petrographic data obtained from thin sections 
and borehole gamma ray (GR) logs. By comparison with informa
tion on producing and non-producing intervals, possible proxies 
from pXRF data for reservoir quality assessments were derived. 
Such proxies may be used directly on the wellsite. Using 
geochemical proxies based on pXRF analyses may close that time- 
gap from analyses such as SEM-based automated mineralogy 
mapping techniques, as cuttings can be already washed and dried 
directly at the wellsite for their description. The presented pXRF 
approach, if calibrated to standard reservoir quality analyses, may 
thus enable the assessment of suitable reservoir quality intervals 
directly on the well site. It can therefore be used to accelerate 
completion and perforation decisions, influence well continuation 
and data acquisition needs and thus may reduce total well cost. 
Furthermore, such a calibration can be similarly applied on historic 
cuttings of intervals that were not of interest at the time of drilling 
(e.g., dry holes in the hydrocarbon industry). However, such may 
meanwhile be of interest for geothermal development or to eval
uate the quality of subsurface storage locations.

2. Geological setting and tectonic evolution

The Vienna Basin, a major hydrocarbon province in Central 
Europe (Fig. 1a), is a NE-SW-trending, 200 km long and up to 
60 km wide, Tertiary thin-skinned intramontane pull-apart basin 
in Austria, Czech Republic and Slovakia (Ladwein, 1988; Piller et al., 
1996; Arzmüller et al., 2006; Strauss et al., 2006; Rupprecht et al., 
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2017). It is part of the Neogene Paratethys Basin System and forms 
a structural evolution along the junction of the Eastern Alps in the 
West, the southeast Pannonian Basin System and the Western 
Carpathians in the NE (Royden et al., 1985; Wagreich and Schmid, 
2002). The basin hosts crystalline basement rocks from the 

Bohemian Massif, Mesozoic autochthonous sediments and fore
land basin deposits from the Cenozoic, and a Neogene clastic basin 
fill (Fig. 1b) (Ladwein, 1988; Rupprecht et al., 2017). During Alpine 
subduction of the European lithosphere, thrusting occurred and 
led to the deposition of flysch in the Carpathian foredeep (Royden 

Fig. 1. Location and profiles of the Vienna Basin. (a) Location of the Vienna Basin (VB) in the NE part of Austria, SE part of the Czech Republic and W part of Slovakia redrawn from 
Rupprecht et al. (2018). (b) Overview map of prominent units and the regional geology of the Vienna Basin, redrawn & modified from Rupprecht et al. (2018) and references 
therein. Vienna is marked with a black rectangle. Oil (green), gas (red) and oil & gas (green with red dots) fields adapted from Arzmüller et al. (2006), the study area is marked 
with a blue box. (c) Magnification of the blue box in b) showing the study area and marked profiles in d) and e). (d) Simplified W-E profile along the line A-A′ with early thrusts and 
later normal and strike-slip faults, highlighting the Zistersdorf (Zist) and G€osting (Goe) units (redrawn and modified after Berka, 2015). Spontaneous potential (SP) log (purple low, 
green high) is available for the whole Zis and Goe units, whereas gamma ray log data (GR) is in historic wells often only available for intervals of particular interest (reference well 
provided by OMV). (e) NW-SE to NE-SW profile along B-B′ with interpreted lithological sequence for 3 to 5 (redrawn and modified after Wessely, 2006). The vertical dashed line 
indicates the change of orientation of the profile (parallel to the Steinberg fault from dashed line to B′).
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et al., 1985). The flysch is composed of submarine sediment-flows 
to turbidity currents (e.g., Rammel, 1989 and references therein). 
The basin locally hosts Alpine thrust sheets of Cretaceous to 
Miocene flysch, as well as subordinate molasse deposits (Fig. 1c) 
(Royden et al., 1985). Neogene sedimentary rocks of the Vienna 
Basin are sandstones, marls and subordinate carbonates, which 
can exceed thicknesses up to 5000 m in the depocenters (Ladwein, 
1988; Gier et al., 2008). At the base of the Neogene part of the 
section, Late Burdigalian sediments were deposited in a fluvial to 
lacustrine environment (Piller et al., 1996; Gier et al., 2008). In the 
Early Badenian, a marine transgression started and evolved to 
brackish conditions during the Sarmatian (Piller et al., 1996; Gier 
et al., 2008). The decrease in salinity leads to the deposition of 
fluvial to lacustrine deposits in the Pannonian (Piller et al., 1996; 
Gier et al., 2008, and references therein). The Vienna Basin was 
separated into fault blocks during the pull-apart phase, which may 
have resulted in local variations in sedimentary evolution (Strauss 
et al., 2006).

Strike-slip faulting, back-arc extension and retreating subduc
tion led to the formation of Miocene pull-apart basins in the Alps 
such as the Vienna Basin (Royden et al., 1985; Decker, 1996; Decker 
et al., 2005). The Vienna Basin started to form as a piggy-back 
basin along a sinistral fault system during the Early Miocene, 
and continued evolution as a rhombic shaped pull-apart basin 
until the Late Miocene when W-E compression started, which also 
led to regional basin inversion (Royden et al., 1985; Decker, 1996). 
From the Pleistocene to recent time W-E extension started 
(Decker, 1996).

One of the main tectonic units of the flysch  in Austria (Wie
nerwald Flysch, Cretaceous-Eocene) and also the northernmost is 
the Greifenstein Nappe, containing the Altlengbach Fm. (Upper 
Cretaceous), Glauconite Sandstone Series (Paleocene-Eocene) and 
Steinberg Flysch (Eocene) (G€otzinger et al., 1954; Rammel, 1989; 
Mattern and Wang, 2008) (Fig. 2a). The Greifenstein Nappe itself 
is subdivided into the G€osting and Zistersdorf units, separated by 
internal thrusts, leading to a stacking of Upper Cretaceous to 
Eocene lithologies (Fig. 2b) (G€otzinger et al., 1954; Rammel, 1989). 
This stacking is supported by biostratigraphic studies (Wessely, 
2006 and references therein), and the repetition of log responses 
(two sections of low SP response in Fig. 1d, GR in Fig. 2b).

2.1. Reservoir system

Exploration for oil and gas in the Vienna Basin started around 
150 years ago and first  economically producible discoveries of 
conventional oil and gas fields in the flysch were made in the early 
1930s (Arzmüller et al., 2006; Rupprecht et al., 2017; M€obius et al., 
2023). About 6000 wells have been drilled there since the 20th 
century (Arzmüller et al., 2006) and the Vienna Basin is a well- 
studied area in terms of the stratigraphic history and deposi
tional settings (see Harzhauser et al., 2020 and references therein). 
Although the source rock is well known (e.g., Schulz et al., 2010; 
Rupprecht et al., 2017; Schicker et al., 2021), the reservoir rock 
properties in sandstone reservoirs in the Flysch play of the Vienna 
Basin is not fully understood due to the small-scale reservoir 
compartmentalization and the lack of comprehensive modern 
data within the flysch. Furthermore, only few studies highlight and 
focus on the impact of diagenesis on the reservoir quality in other 
sandstone units of the Vienna Basin (e.g., Gier et al., 2008). The two 
studied legacy wells captured the Greifenstein Fm. equivalent 
Glauconite Sandstone (GLS, Zistersdorf unit) in the flysch  of the 
Vienna Basin. Production from the 1. and 2. GLS (Paleogene) and 
the 3. GLS (Upper Cretaceous) are restricted to the footwall of the 
Steinberg Fault and hanging wall of the Hochleiten–Pirawarth 
faults (cf. Sachsenhofer et al., 2025 and references therein). The 

dominant hydrocarbon source rocks in the Vienna Basin are 
mudstones from the autochthonous Malmian Mikulov Fm. (e.g., 
Rupprecht et al., 2017; Sachsenhofer et al., 2025). The marly 
limestones from the Falkenstein Fm., which show a thickness of 
more than 1 km and overlie the crystalline rocks of the Bohemian 
Massif, and the Middle Jurassic Gresten Group additionally show 
source potential (Piller et al., 1996; Rupprecht, 2017; Rupprecht 
et al., 2017; Schicker et al., 2021; Sachsenhofer et al., 2025). The 
flysch reservoir is sealed by interlayering mudstones and overlain 
by the Miocene reservoir formation (Sachsenhofer et al., 2025). 
Hydrocarbon migration is interpreted as pre-Miocene to Miocene, 
and likely follows basal flysch overthrusts (Rupprecht, 2017). The 
Malmian Mikulov Fm. may also host a significant shale gas/shale 
oil potential besides the important role for conventional oil and 
gas (Schulz et al., 2010).

Generally, the flysch in the Vienna Basin represents a sandstone 
reservoir rock with poor matrix porosities which can only locally 
reach up to a maximum of 15 % porosity and with generally low 
matrix permeabilities, often below 0.1 × 10− 3 μm2 (M€obius et al., 
2023). Reduced permeability values are interpreted due to 
quartz cementation and glauconitic clay mineral content (Sauer 
et al., 1992). Predictive and reliable controls on reservoir quality 
are not established. This leads to a challenge for well planning, as 
finding  high reservoir quality intervals with open or partially 
sealed fractures, which can only partially be resolved by seismic 
data, is complex (M€obius et al., 2023). As the reservoir contains 
stacked producing intervals with thicknesses from 5 to 20 m 
(Fig. 2b) distributed along the wellbore and core runs do not 
exceed 20 m, they are unlikely to allow the study of reservoir 
quality controls. However, as cuttings are continuously sampled 
along the whole well (Fig. 2b), the assessment may unlock a better 
understanding of the distribution of producing and non-producing 
intervals.

3. Materials and methods

For this study, eighty-three cutting samples covering an inter
val of ~400 m stratigraphy were collected from two wells targeting 
the Paleocene-Eocene Glauconite Sandstone (GLS, Greifenstein 
Fm. equivalent) of the Vienna Basin. Well 1 covers 22 samples from 
the 1. GLS (depth: 1190–1235 m) and 2. GLS (depth: 1275–1295 m), 
covering a total depth range of 105 m. Well 2 covers 61 samples 
from the 1. GLS (depth: 930–995 m), 2. GLS (depth: 1035–1095 m), 
and 3. GLS (depth: 1100–1270 m) covering a total depth range of 
340 m. The lateral distance of the two wells is less than 1 km. 
Cuttings in the present wells were regularly sampled (every 2.5, 
5.0, or 7.5 m), however, the provided cutting samples are not 
representing a single depth, but likely represent a depth interval. 
Here, we interpreted the cuttings to represent an average rock 
composition of the respective 2.5, 5.0, or 7.5 m interval (for specific 
depths, see supplementary material). This accounts for the 
possible mixing of cutting material happening during the drilling 
process, therefore the described cuttings are treated as average 
composition for a well section as also noticed by e.g., Traineau et al. 
(1991). Furthermore, claystones/mudstones and soft siltstones can 
be disaggregated and fine  sand can be entrained in the drilling 
mud.

The provided samples of rock chips are between 25 g and 50 g. 
The samples were placed into a plastic cup, cleaned with tap water, 
then placed into an ultrasonic bath for maximum durations of 30 s 
in order to remove residual drilling mud. No disaggregation of 
cuttings or removal of depositional clay mineral matrix was 
observed when compared with thin section samples from core 
material. In addition to remaining drilling mud residue, this step 
removed metal shavings as well as wood remnants from the 
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wooden storage boxes. As all cutting samples were equally cleaned 
using this process, petrographic and geochemical data are com
parable within this dataset. The cleaned cuttings were dried in a 
vacuum-oven at 40 ◦C for at least three to four days until weight 
constancy was achieved. Samples are subsequently documented 
photographically using an Optika SZN-4 binocular microscope 
with a mounted Jenoptik Progres Gryphax Subra camera (Fig. 3).

3.1. Portable X-ray fluorescence (pXRF) and gamma ray (GR) well 
log

Elemental concentrations of drill cuttings were determined 
using a Bruker S1Titan800 pXRF operating with an electric power 
of 4 W, an electric current of max. 200 μA, and a voltage of max. 
50 kV in GeoExploration mode, which can measure elements from 
Mg to U. The device is composed of a Rh-target X-ray tube, an 
Ultralene window and a Graphene window silicon drift detector. 
As pXRF measurements are non-destructive, they are preferred for 
the analyses of small amounts of samples, which should also be 
studied petrographically. The reproducibility using standards 
delivered with the pXRF device is shown by Quandt et al. (2024).

The bulk rock geochemistry measurements were performed on 
83 rock cutting samples after cleaning and drying but before 
selecting cuttings for petrographic analyses. The rock chips were 
placed in a ceramic bowl for measurement. Each sample was 
measured three times for 20 s (cf. Quandt et al., 2024). 

Concentrations of Si, Al, Fe, Ca, K, S, Ti, Mn, Sr, Zr, Ba, Ni, Cu, Zn, Rb, 
Y, Nb and Pb were measured in this study. Element concentrations 
showing an average for the individual well below 0.01 wt% are 
classified as trace elements. For comparison with the gamma ray 
well log trends, the Si/Al ratio is determined from the pXRF mea
surements (see Craigie, 2018). As the provided cutting samples are 
mostly taken in a 5 m interval, the provided gamma ray log data 
provided by the operator was also averaged (arithmetic mean) 
over 5 m intervals to better compare it to the average rock com
positions. Where the gamma ray value is increasing, a decrease in 
the Si/Al value is expected, and vice versa.

3.2. Petrography

Sandstone cuttings were picked from the bulk cutting samples 
using the binocular microscope for subsequent thin section prepa
ration and further diagenetic studies and the assessment of optical 
porosity. Different sizes of cuttings were combined to reflect  the 
distribution of each sample bag. In addition, sandstone and 
mudstone cuttings containing veins and individual vein fragments 
were preferentially sampled to enable studying the vein paragenesis 
and fracture porosity of the fractured sandstone reservoir. Fracture 
porosity is restricted to intragranular fractures, as these are also 
observed in thin sections from core material. Whereas most unce
mented intergranular fractures are interpreted to be induced by 
drilling, as they are absent in thin sections from core material. The 

Fig. 2. Regional stratigraphy. (a) Simplified stratigraphy of the Vienna Basin Flysch, modified after Wessely (2006) and references therein, colors are adapted from the inter
national chronostratigraphic table by Cohen et al. (2024). (b) Simplified subdivision of the Greifenstein Nappe including 1. to 3. GLS (Glauconite Sandstone), thrusting results in 
repetition of lithologies, modified after Wessely (2006) and references therein. Colors for the flysch (Cretaceous to Paleogene) are related to the profile in Fig. 1d for Zistersdorf and 
G€osting unit. GR well log data provided by OMV is given for the studied sections, showing similar log responses. Due to thrusts, layer doubling of sandstone and mudstone units 
are shown in the GR from reference/example wells, were the Greifenstein equivalent was continuously logged. The typical thickness of single production perforations is between 
5 m and 20 m, whereas the typical length of a core section is < 20 m, but cuttings are available along the whole section (blue field).
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selected drill cuttings were then embedded in blue-dyed epoxy to 
enable the optical determination of porosity and were prepared to a 
thickness of 30 μm for thin section analysis. Of total eighty-three 
thin sections prepared, sixty-nine were stained with Alizarin Red 
S and potassium ferricyanide in 0.3 % HCl to distinguish different 
carbonate phases according to Dickson (1965) and covered with a 
glass cover slip. Therefore, calcite stains pale pink to red, ferroan 
calcite royal blue to purple or mauve, ferroan dolomite pale to deep 
turquoise whereas dolomite remains colorless (Dickson, 1965). 
Additional fourteen thin sections were polished and analyzed using 
cold cathode cathodoluminescence (CITL CL8200 Mk5-2 Optical 
Cathodoluminescence System mounted on a Leica DIALUX 20 ES) (e. 
g., Monsees et al., 2020b) at an acceleration voltage of 10.3 kV and a 
current of 325 μA. The luminescence of carbonates is influenced by 
the amount of Mn or Fe (Budd et al., 2000). A bright orange lumi
nescence is mostly related to Mn-enrichment, whereas a darker 
luminescence may indicate a higher amount of Fe (Budd et al., 
2000).

Grain sizes were analyzed on each thin section from sandstone 
cuttings using thin section microphotographs and ImageJ. There
fore, a grid adjusted to the maximum grain size of each sample was 
applied to the images and the long axis of at least 100 grains in each 
sample were measured to obtain area-weighted results (e.g., Busch 
et al., 2018). The arithmetic mean is given as the grain size per 
sample. Grain size thresholds are taken from Folk (1980) with size 
classes after Wentworth (1922). Sorting was calculated according to 
Folk and Ward (1957). Rock composition was analyzed using a semi- 
automatic Pelcon point counting stage installed on a Leica DMLP 
transmitted light microscope. For each sample, 300 points were 
counted with a step-length adjusted to the maximum grain sizes 
(supplementary material) (e.g., Quandt et al., 2024). The point 
counting only covers the cuttings, whereas the blue dyed epoxy 
resin and non-sandstone grains in between sandstone cuttings 
mounted on the same slide are skipped. Point counted categories 
are based on the Touchstone™ point counting scheme (Busch et al., 
2018). The differentiation between glauconite “sensu stricto” and 

other glauconitic minerals (Odin and Fullagar, 1988) is not possible 
using transmitted light microscopy. Therefore, the term glauconite 
to describe most likely detrital green grains showing different 
shaped pellets, but the same interference color under crossed 
polarizers is used here. Glauconite can have several origins and the 
genesis of glauconite is still under debate (e.g., Triplehorn, 1966; 
Odin and Fullagar, 1988; L�opez-Quir�os et al., 2020; Wilmsen et al., 
2024). From point counts detrital quartz (Q), feldspar (F) and rock 
fragments (R) were normalized and plotted in the QFR diagram after 
Folk (1980). However, as an individual thin section made from 
cuttings may contain sandstone cuttings of different rock types, the 
presented QFR compositions may not accurately represent indi
vidual beds, but changes along the studied well sections may still be 
assessed. Optical porosity was obtained from point counting and 
differentiated in intergranular, intragranular porosity (in K-feldspar, 
carbonate or undifferentiated rock fragments), and fracture 
porosity. Microporosity present in e.g., clay minerals and chlorite 
cannot be point counted using transmitted light microscopy (e.g., 
Nadeau and Hurst, 1991). The intergranular volume (IGV) was 
calculated based on point counting results and represents the sum 
of intergranular pore space (Pintergranular), depositional clay mineral 
matrix (Mdepositional), and intergranular cements (Cintergranular) and 
indicates the degree of compaction (Paxton et al., 2002). Similar to 
the QFR composition, derived IGV does not represent individual rock 
types, but may show variation along the studied well sections.

4. Results

4.1. pXRF

The main geochemical elements for well 1 and well 2 are Si 
(avg.: 22.87 wt% and 14.59 wt%), Al (avg.: 4.27 wt% and 2.36 wt%), 
Ca (1.71 wt% and 2.14 wt%), K (avg.: 0.97 wt% and 0.82 wt%), and Fe 
(avg.: 1.87 wt% and 1.51 wt%) (Fig. 4). Trace elements for both wells 
are S, Ti, Mn, Sr, Zr, Ba, Ni, Cu, Zn, Rb, Y, Nb, and Pb (supplementary 
material). Si contents in well 1 are higher than in well 2 (Fig. 5a), 

Fig. 3. Photographs of individual cuttings from wells 1 & 2. (a) Fine grained sandstone-mudrock transition (well 1, depth 1215 m). (b) Sandstone and mudrock cuttings with white 
ground-up host rock clasts showing S-C-shear structure (S-C-clast) in thin sections (well 1, depth 1220 m). (c) Partially sealed vein in mudrock cutting (well 2, depth 940 m). (d) 
Mudrock and sandstone cuttings with a vein penetrating a cutting (well 2, depth 960 m).
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whereas the other elements do not show any trend within well 
depth and GLS subdivision. Higher Ca contents are recorded only 
within a section from 1160 m to 1210 m in the 3. GLS of well 2 and 
related to higher contents of carbonate rock fragments and calcitic 
bioclasts (Fig. 4d).

4.2. Borehole gamma ray data and correlation to Si/Al bulk rock 
ratio

The provided gamma ray data for well 1 originate from well 
depth 1185 m–1295 m and range between 42 API and 143 API. The 

Fig. 4. The main geochemical components. For well 1 (blue) and well 2 (red) the main geochemical components are (a) Si, (b) Al, (c) Fe, (d) Ca, and (e) K. The samples cover 
different GLS, which are shown as circles (1. GLS), triangles (2. GLS) and stars (3. GLS).
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data for well 2 originate from well depth 900 m–1241 m and range 
between 45 API and 166 API. The 5 m-averages (arithmetic mean) 
for the gamma ray log from well 1 range from 55 API to 137 API, 
and for well 2 from 68 API to 138 API. The Si/Al ratio for well 1 vary 
between 2.1 and 20.1, and for well 2 between 2.8 and 35.3. Both GR 
and Si/Al data vary with well depth. On average, higher Si/Al ratios 
and lower GR values are found in the 1. and 3. GLS and lower Si/Al 
showing higher GR values are found in the 2. GLS (Fig. 5). Gener
ally, the shape of GR and Si/Al ratio curves are comparable; how
ever, individual sections do not show the same relation between 
GR and Si/Al ratio.

4.3. Petrography

4.3.1. Grain size and sorting
For well 1, the mean grain size ranges between 0.101 mm and 

0.245 mm (very fine to fine sand) and for well 2 from 0.085 mm to 
0.233 mm (very fine to fine sand). Whereas no difference is visible 
between the 1. and 2. GLS for well 1, the 2. GLS in well 2 shows on 
average finer grain sizes than the 1. and 3. GLS (Fig. 6a). Sorting 
coefficients after Folk and Ward (1957) for well 1 ranges between 
0.78 and 1.53 (moderately sorted to poorly sorted), and no differ
ence between the 1. and 2. GLS is seen. Sorting for well 2 ranges 

Fig. 5. Gamma Ray well log and Si/Al ratio. Log GR data in API for well 1 (a) and well 2 (d), arithmetic mean of GR data in API in 5 m intervals for well 1 (b) and well 2 (e), and Si/Al 
ratio observed from bulk drill cuttings from well 1 (c) and well 2 (f). Note that the Si/Al axis is inverted to more easily compare trends, circles represent samples from 1. GLS, 
triangles 2. GLS, and stars 3. GLS. Si/Al values of >8 in (c) and (f) are indicative for non-argillaceous sandstones (dashed line as sandstone cut off) after Craigie (2018).
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between 0.53 and 1.23 (moderately well sorted to poorly sorted), 
where the 2. GLS shows on average a slightly better sorting than 
the 1. and 3. GLS (Fig. 6b). Samples from well 2 also include ma
terial from thin intercalated sand bodies in the finer-grained 2. GLS 
(indicated by higher GR values in Fig. 5d), resulting in generally 
better sorting and finer grain sizes. Samples from the 2. GLS of well 
1 are mostly taken in a coarse-grained section below a finer 
grained interval (indicated by lower GR in Fig. 5a).

4.3.2. Detrital components
4.3.2.1. Well 1. The main detrital components are quartz grains 
(47.3 %–80.7 %), K-feldspar (0.3 %–10.0 %), and glauconite (0.3 %– 
4.3 %) (Fig. 7a). Other detrital components are plagioclase 
(0–0.3 %), muscovite (0–3.0 %), biotite (0–3.0 %), brownish and 
greenish chlorite flakes  (0.3 %–2.0 %), mudrock fragments (RF) 
(0–5.3 %), siltstone RF (0–2.7 %), sandstone RF (0–2.3 %), siderite 
grains (0–1.7 %), calcitic RF and foraminifera (0–1.7 %), ferroan 
calcitic RF and foraminifera (0–0.3 %), chert (0–3.0 %), phyllite 
(0–0.7 %), undifferentiated ductile RF (0–0.7 %), metamorphic RF 
(0–0.7 %), and quartzite (0–0.3 %). Detrital clay minerals are glau
conite rims (0–3.3 %), pore-lining illite (0–1.0 %), and pore-filling 
illite (0–0.7 %). Accessories are rutile (0–0.7 %), zircon (0–1.0 %), 
tourmaline (0–0.3 %), phosphate grains (0–0.3 %), iron oxide grains 
(0–0.7 %), and undifferentiated opaque phases (0–0.7 %).

4.3.2.2. Well 2. The most abundant detrital components are 
quartz grains (37.7 %–73.3 %), K–feldspar (1.3 %–8.0 %), and glau
conite (0.7 %–11.7 %) (Fig. 7b). Other detrital components are 
plagioclase (0–1.7 %), muscovite (0–3.0 %) (Fig. 7c), biotite 
(0–2.3 %), brownish and greenish chlorite flakes (0–1.3 %), mudrock 
RF (0–15.7 %), siltstone RF (0–0.7 %), sandstone RF (0–0.7 %), 
siderite grains (0–3.0 %) (Fig. 7c), calcitic RF and foraminifera 
(0–3.7 %), ferroan calcitic RF and foraminifera (0–3.3 %) (Fig. 7d), 
chert (0–2.0 %), phyllite (0–3.0 %), plutonic RF (0–0.7 %), undiffer
entiated ductile RF (0–1.7 %), metamorphic RF (0–2.3 %), volcanic 
RF (0–0.3 %), and quartzite (0–2.0 %). Detrital clay minerals are 
mainly chlorite (0–5.7 %), glauconite rims (0–3.7 %) and pore-lining 
illite (0–2.7 %), and pore-filling  illite (0–1.0 %). Accessories are 
rutile (0–1.3 %), zircon (0–0.7 %), tourmaline (0–0.3 %), phosphate 
grains (0–2.0 %), iron oxide grains (0–1.3 %), and undifferentiated 
opaque phases (0–0.7 %).

4.3.3. Rock composition
The most prominent rock types for well 1 are sublitharenites 

and subarkose, and subordinately quartzarenites and lithic arkose 
(Fig. 8). The normalized quartz content varies between 74.3 % and 
95.3 %, feldspar between 0.5 % and 13.7 % and rock fragments 
between 0.4 % and 15.7 %. For well 2 the most prominent rock 
types are sublitharenites, feldspathic litharenites and subordi
nately litharenites and subarkose (Fig. 8). The normalized quartz 
content in well 2 varies between 59.8 % and 86.7 %, feldspar be
tween 2.7 % and 15.1 % and rock fragments between 5.6 % and 
30.3 %.

4.3.4. Authigenic phases
4.3.4.1. Well 1. The most abundant authigenic phases are quartz 
cement (1.7 %–7.0 %), blue-stained pore-filling  ferroan calcite 
cement (0.3 %–18.3 %), and pore-filling siderite cement (0–2.3 %). 
Furthermore, K-feldspar cement (0.2 %–0.3 %), pore-filling calcite 
cement (0–2.3 %), purple-stained pore-filling  ferroan calcite 
cement (0–1.3 %), pore-filling  dolomite cement (0–1.0 %), pyrite 
(0–2.0 %), kaolinite cement (0–0.7 %), and Fe-oxide cement 
(0–0.3 %) occur. Also, partially pore-filling  cements as ferroan 
calcite (0–0.3 %), and dolomite (0–0.3 %) are present. Vein cements 
are grouped into calcite veins (0–0.3 %), ferroan calcite veins 
(0–4.7 %) and intragranular ferroan calcite veins (0–1.3 %). Repla
cive phases are subdivided into kaolinite replacing muscovite 
(0–0.3 %), kaolinite replacing K-feldspar (0–2.0 %), illite replacing 
kaolinite (0–0.7 %), illite replacing K-feldspar (0–1.0 %) and Fe- 
calcite replacing K-feldspar (0–1.3 %).

4.3.4.2. Well 2. Quartz cement is the main authigenic phase 
(1.3 %–11.7 %), followed by blue-stained pore-filling ferroan calcite 
cement (0.3 %–24.7 %), and pore-filling siderite cement (0–4.3 %). 
Furthermore, K-feldspar cement (0–1.3 %), pore-filling  calcite 
cement (0–0.3 %), purple-stained pore-filling  ferroan calcite 
cement (0–1.7 %), pore-filling  dolomite cement (0–1.3 %), pyrite 
(0–1.0 %), kaolinite cement (0–1.0 %), and Fe-oxide cement (0–1.0 %) 
occur. Also, partially pore-filling  cements as purple- and blue- 
stained ferroan calcite (0–0.7 %), partially pore-filling siderite ce
ments (0–1.7 %) and dolomite (0–0.3 %) are present. Vein cements 
are calcite veins (0–0.3 %), ferroan calcite veins (0–3.3 %) and 
intragranular ferroan calcite veins (0–0.7 %). Replacive phases 

Fig. 6. Grain size and sorting distribution. Cross plot of (a) mean grain size and (b) sorting versus well depth for well 1 (blue) and well 2 (red). The 1. GLS is indicated by circles, the 
2. GLS by triangles, and the 3. GLS by stars. (a) Grain sizes for both wells vary between very fine- and fine-grained sand, whereas the top interval between 930 m and 995 m (1. 
GLS) and the bottom area (1100–1270 m) (3. GLS) comprises on average larger grain sizes than the middle interval (2. GLS) between 1035 m and 1100 m. (b) Sorting for both wells 
vary between moderately well sorted and poorly sorted. The middle (2. GLS) interval for well 2 shows on average the best sorting (1035–1100 m).
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occur as kaolinite replacing muscovite (0–0.7 %), kaolinite 
replacing K-feldspar (0–0.7 %), illite replacing kaolinite (0–0.3 %), 
illite replacing K-feldspar (0–1.0 %) and Fe-calcite replacing K- 
feldspar (0–2.0 %).

4.3.5. Optical porosity
4.3.5.1. Well 1. Optical porosity is mainly represented by inter
granular porosity (0.3 %–1.7 %) and intragranular porosity (0–1.7 %) 
mainly after K-feldspar dissolution. Additionally, intragranular 
porosity in undifferentiated RF (0–0.3 %), and fracture porosity 
(0–2.3 %) occur.

4.3.5.2. Well 2. Intergranular porosity (0–2.3 %) is the main type of 
optical porosity (Fig. 11d), followed by intragranular porosity in K- 
feldspar (0–2.3 %) (Fig. 11g). Additionally, intragranular porosity in 
carbonate grains (0–0.3 %), and in undifferentiated RF (0–1.0 %) 
occurs.

4.4. Intergranular volume (IGV)

The IGV for well 1 range from 7.7 % to 25.7 %, and for well 2 from 
9.0 % to 31.7 %. The IGV shows no correlation to the GLS formation 
or depth (Fig. 9a), and low correlations with detrital quartz and 
feldspar contents (Fig. 9b) for wells 1 and 2, showing lower IGV at 
higher detrital quartz and feldspar contents. A general correlation 
with sorting (Fig. 9c) with well to moderately well sorted samples 
showing higher median IGV than poorly sorted samples (Fig. 9c). 
Furthermore, a slightly negative correlation between IGV and grain 
size can be seen in samples from well 2 (Fig. 9d). While only two 
samples from well 1 fall in the very fine sand category, the overall 
decrease in IGV with increasing grain size, based on the median 
values can still be matched between both wells. The main pore- 
filling cement types (quartz and carbonates) show different cor
relations to the IGV. The impact of quartz cement on IGV is only 
minor (Fig. 9e), and more pronounced for pore-filling and partially 
pore-filling  carbonate cements (Fig. 9f), especially for well 1 
(R2 = 0.93).

Fig. 7. Thin section microphotographs of individual cuttings from well 1 and well 2 from different depths. (a) Well 1 (depth 1190 m), individual sandstone cuttings show smaller 
grain sizes and are composed of e.g., detrital quartz (Qtz), foraminifera (foram) with calcitic tests (Cal), glauconite (Glt), and inter- and intragranular ferroan calcite cements (Fe- 
Cal). (b) Well 2 (depth 940 m), intragranular porosity (intragran poro) in former feldspar and intergranular (intergran poro) porosity is visible as optical porosity. Besides detrital 
quartz, glauconite and feldspar occur, as well as pore-filling (pf) Fe-Cal. (c) Well 2 (depth 1150 m), siderite (Sd), quartz grains, glauconite occurs as well as muscovite (Ms). (d) Well 
2 (depth 1045 m), some individual cuttings are rich in bioclasts, e.g., foraminifera and echinoderm fragments. Ferroan calcite cements (Fe-Cal) fills former pores in bioclasts (e.g., 
echinoderm fragments).

Fig. 8. Ternary classification for sandstones (Q = quartz, F = feldspar, R = rock 
fragments) according to Folk (1980) for well 1 (blue) and well 2 (red). Sandstone 
cuttings are in general quartz rich, showing rock compositions of sublitharenites, 
subarkose, and subordinate quartzarenites and lithic arkose for well 1, and sub
litharenites, feldspathic litharenites and subordinate litharenites and subarkose for 
well 2.
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4.5. Correlation of grain size, sorting, and glauconite content

Grain size and sorting show a positive correlation for well 2, but 
not for well 1 (Fig. 10a). The glauconite content varies with well 
depth and shows a positive correlation for well 2, but no correla
tion for well 1 (Fig. 10b). However, the glauconite content in well 2 
is especially elevated in the 3. GLS (stars in Fig. 10b), which was not 
sampled in well 1. The glauconite content in the 1. and 2. GLS of 
wells 1 and 2 is comparable.

4.6. Paragenetic relationships

As the paragenesis and mineralogical composition of individual 
cuttings in the two observed wells show no large difference, the 
paragenetic relationships are described together for the studied 
sections of the GLS in the Vienna Basin Flysch play.

Quartz grains display syntaxial quartz overgrowth cements. 

Glauconite or chlorite rims which are occasionally present outline 
grains such as quartz or occur between quartz grains and their 
syntaxial overgrowths (Fig. 11a and b). Beside chlorite and glau
conite, pore-lining tangential illite is rarely encasing detrital grains 
such as quartz. Quartz grains and their syntaxial quartz over
growths are encased by pore-filling Fe-Cal (stained blue, Fig. 11a) if 
present, which also fills former pores in bioclasts (Fig. 7d). The Fe- 
Cal can also occur partially pore-filling in individual cuttings. Be
sides the blue-stained (partially) pore-filling  Fe-Cal, purple- 
stained Fe-Cal or calcite (red staining, Fig. 7a) pore-filling  ce
ments show the same paragenetic relationships as Fe-Cal. The 
partially pore-filling  siderite is present as brownish elongated 
rhombs with a high relief (Fig. 7c and 11e), either embedded in 
chloritic matrix or outlining detrital grains, and occasionally 
encased in quartz cement. Chlorite and glauconite also fill cham
bers of foraminifera with calcitic tests. Pyrite occurs as framboidal 
or cubic aggregates in some cuttings (Fig. 7a), in rock fragments or 
filling  individual foraminifera tests and is most prominent in 
samples rich in limestone rock fragments (Fig. 11c). Furthermore, 
pyrite occurs at the host rock-vein interface in one sample 
(Fig. 11j). Intergranular Fe-oxide cements occur only rarely, 
showing a red color at the rim of opaque grains.

In some individual cuttings feldspar grains, feldspar cement 
and/or intragranular feldspar dissolution can also be observed, the 
latter resulting in intragranular porosity (Fig. 7b). In some samples 
the intragranular dissolution pores from K-feldspar (K-Fsp) grains 
are filled by replacive Fe-Cal cement (Fig. 11f), but these uncom
pacted intragranular pores can locally be filled  with kaolinite, 
showing a vermicular structure (Fig. 11g). However, individual 
open intragranular pores are also noted within K-Fsp and undif
ferentiated RF. Besides the replacement of K-Fsp, kaolinite replaces 
muscovite in individual cuttings, and can also occur as cement 
filling intergranular pores. Illite replaces individual kaolinite par
ticles or K-Fsp grains.

Based on optical evaluations, different fracture and vein gen
erations are identified.  In general, the veins are of calcitic or Fe- 
calcitic composition and can also occur as trans- or intragranular 
veins (Fig. 11c). Some of the Fe-calcitic veins are not only stained 
blue, but also purple. Additionally, blue-stained partially sealed 
veins occur (Fig. 11i). The veins will be further evaluated in the 
next section.

Cataclastic shear bands composed of small, angular, and 
densely packed quartz grain fragments, preserving little to no 
optical porosity (Fig. 12a and b), are found only rarely within in
dividual cutting fragments of both wells, and some of them are 
crosscut by carbonate veins (Fig. 12c). The shear bands do not show 
intergranular carbonate cement and are devoid of deformed 
glauconite grains (Fig. 12a and b).

In contrary, artificial  cataclastic fragments show high optical 
porosity and parallel fracturing within grains in all studied cutting 
samples (Fig. 12d). They are prominently visible as white cutting 
fragments (S-C clast in Fig. 3b). Here, the cataclastic zone contains 
ground-up intergranular ferroan calcitic cements and deformed 
glauconite grains.

4.7. Cold cathodoluminescence

Cathodoluminescence (CL) on polished thin sections show 
different brightness of luminescence for Fe-Cal cements and Fe-Cal 
vein generations (Figs. 13 and 14). Furthermore, the luminescence 
of detrital K-Fsp grains is bright blue, detrital quartz grains show a 
mostly dark blue luminescence, whereas quartz overgrowth ce
ments are non-luminescent (Fig. 13a–d). Siderite shows no lumi
nescence, whereas the interstices are filled  with orange 
luminescent Fe-Cal. Pervasively sealed veins generally show a 

Fig. 9. IGV cross plots with depth, detrital quartz + feldspar content, sorting, grain 
size classes, quartz cement and carbonate cements. (a) IGV shows no correlation with 
well depth, nor with the 1., 2. or 3. GLS. (b) IGV shows low correlation with detrital 
quartz and feldspar content for wells 1 and 2. (c) Overall, better sorting is correlated 
to higher IGV, whereas moderately well sorted samples from well 2 show highest IGV, 
ps: poorly sorted, ms: moderately sorted, mws: moderately well sorted. (d) Very fine 
sand grain size class in well 2 shows higher IGV values compared to fine sand. (e) IGV 
shows no correlation with quartz cement. (f) IGV versus pore-filling (pf) and partially 
pore-filling (ppf) carbonate cements with a very high positive correlation for well 1 
and a high correlation for well 2.
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slightly brighter orange luminescence, whereas the pore-filling 
cement shows a darker luminescence (Fig. 13a), although the dif
ferences may be minute (Fig. 14). Based on the cross-cutting re
lationships of the pervasively sealed veins, three generations can 
be differentiated. The first generation shows a dull luminescence, 
and is crosscut by the two following generations (Fig. 13a and b). 
The two other generations show a bright and dull luminescence, 
respectively. The bright luminescing phase is crosscut by the dull 
luminescing phase in other cutting samples (Fig. 14b).

Partially sealed veins show an orange luminescence at the 
center of rhombic crystals composed of Fe-Cal and a dull rim of Fe- 
Dol (Fig. 13b and c). Intercrystalline porosity is preserved within 
partially sealed carbonate veins containing euhedral rhombs 
(Fig. 13c). Additionally, some cuttings show formerly fractured 
quartz grains, which are healed by quartz cement, showing no 
luminescence (Fig. 13d).

4.8. Bulk drill cutting pXRF comparison to petrography

Iron and magnesium contents obtained from bulk drill cuttings 
pXRF may suggest a generally positive relation with the sum of the 
mostly ferroan calcitic carbonate cements including veins 
(Fig. 15a) and with minerals containing iron (glauconite, Fe-calcite, 
siderite, pyrite, opaques, Fe-oxides, mudrock RF, biotite, and 
chlorite) (Fig. 15b) obtained from point counting. While R2 values 
are moderate to low (R2 from 0.2 to 0.4) for the correlation of 
Fe + Mg contents with both mineral contents, median values of 
Fe + Mg contents increase with increase in carbonate cement (incl. 
veins) and Fe-bearing mineral contents.

4.9. Correlation to production data

To find  potential proxies for production intervals from drill 
cuttings, several properties and results were compared with 
known producing and non-producing intervals for both wells. 
Based on the overlap of interquartile ranges (IQR, P25 to P75), we 

decide between distinctly different and indifferent properties. 
Therefore, the IQRs of either producing and non-producing in
tervals should not overlap with each other for more than 25 % (50 % 
of the IQR). Producing intervals show lower Fe + Mg ratios, lower 
optical porosity, and contain more total vein cements (Fig. 16b–e, 
f). The Si/Al content observed from pXRF, the Ca/Mn, and total 
carbonate cement content including veins for producing and non- 
producing intervals are largely overlapping and may therefore not 
be good criteria to assess the producibility of prospective intervals 
(Fig. 16a, c, d).

5. Discussion

5.1. GR and pXRF

The 1. to 3. GLS are composed of roughly 70 % of massive 
sandstone beds of proximal turbidites (Rammel, 1989). The com
parison between the geochemical fingerprint i.e., lower Si/Al ratio, 
obtained from pXRF measurements, fits well with higher GR data 
in areas of higher clay content (Fig. 5). Generally, higher Si/Al ratios 
(>8) and low GR values are indicative for sandstone (e.g., Rider and 
Kennedy, 2011; Craigie, 2018). However, the mineralogical 
composition of the studied sandstones contains K-bearing min
erals as feldspar or mica, K-bearing phyllosilicates such as glau
conite and illite, and mudrock RF. This may enhance the amount of 
potassium, thorium and uranium, leading to overall higher GR 
signals, even in sandstone-rich sections (e.g., Rider, 1990; Johan 
and Neil, 2001; Rider and Kennedy, 2011).

A minor shift between the depth ranges of peaks in Si/Al and GR 
plots is observable in some intervals (Fig. 5), which might result 
from averaging GR data over 5 m intervals to match the sample 
depth ranges. As the provided bulk cutting samples also contain 
mudrock fragments, it is not excluded that the mudrock content is 
underrepresented within the samples as mudrocks are more easily 
ground up especially along the planar lamination of the mudrocks. 
This may influence  the pXRF measurements, but the impact is 

Fig. 10. Sorting vs. grain size and glauconite content vs. depth cross plots. (a) Sorting after Folk and Ward (1957) and grain size after Wentworth (1922) in Folk (1980) show a 
positive correlation for well 2 (red), whereas well 1 (blue) shows no correlation. The different GLS intervals are given in circles (1. GLS), triangles (2. GLS) and stars (3. GLS). (b) The 
glauconite content obtained from point counting shows elevated glauconite contents in the 3. GLS as opposed to the 1. and 2. GLS in well 2.
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Fig. 11. Photomicrographs showing mineralogical and structural elements. (a) Quartz grains (Qtz) and quartz cement (Qtz cem) with grain lining chlorite (Chl), and crossed- 
polarized in (b) (well 2, depth 950 m). (c) Well 1 (depth 1190 m), individual cuttings, containing calcite grains (Cal, stained red) are cemented by pore-filling ferroan calcite 
(Fe-Cal, stained blue). Veins are either composed of blue Fe-Cal or purple Fe-Cal. The veins outlining or penetrating grains as well as forming intragranular veins (intragran vein) in 
detrital grains such as quartz. (d) Individual cuttings show carbonate veins with pyrite (Py) at the transition to the host rock (well 2, depth 955 m). (e) Siderite (Sd) occurs as single 
crystals filling intergranular pores (well 1, depth 1233 m). (f) Detrital quartz is enclosed by brownish chlorite, which is encased by pore-filling Fe-Cal (blue) and also replaces K- 
feldspar (K-Fsp) (well 2, depth 1140 m). (g) Detrital siderite grain (Sid RF). The dissolution of K-Fsp leads to the formation of intragranular porosity (intragran poro) (well 2, depth 
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interpreted as minor, as the Si/Al ratio is comparable to borehole 
GR data (Fig. 5). For an individual section from 1160 m to 1210 m, a 
higher Ca content is measured and is related to higher contents of 
carbonate rock fragments and bioclasts observed in microscopic 
analyses. As log trends can be used to assess stratigraphic prop
erties (Milton and Emery, 1996), their comparison to Si/Al trends 
may thus enable the cross check if the derived cutting depth in
terval may be linked to log depth and evaluate the representa
tiveness of cutting composition (i.e. relative proportions of 
sandstone and mudrock cuttings).

Natural fractures play an important role for reservoir explora
tion, production and well planning, as they may be the main fluid 
conduit in tight sandstone reservoirs and many carbonate reser
voirs (e.g., Olson et al., 2009; Bahrami et al., 2012; Lamarche et al., 
2012; Khelifa et al., 2014; Becker et al., 2018). Care has to be taken 
when assessing fractures as open, uncemented fractures are not 
preserved in cuttings. Thus, their intensity (i.e. number of fractures 
per meter) and aperture cannot be reconstructed from cuttings, 
but could be deduced from borehole image logs (e.g., resistivity or 
acoustic image logs) (e.g., Fern�andez-Ib�a~nez et al., 2018) or core 
material. However, partially sealed veins and their composition 
may not be visible in image logs due to, e.g., uncertainties of log 
interpretation (Fern�andez-Ib�a~nez et al., 2018) and the resolution of 
the measurements. Consequently, cuttings and petrographic ana
lyses are a way to show if a fracture is partially sealed and with 
which mineral. The assessment of the amount and locations of 
partially sealed fractures affects the reservoir development e.g., 
during acidizing in carbonate-bearing lithologies (Knox and 
Ripley, 1979). However, depending on the well direction, only 
certain fracture orientations are observed (Terzaghi, 1965). In the 
absence of orientated core material, the occurrence of veins and 
partially sealed veins can be identified  from cuttings, by using a 
binocular microscope (Fig. 3) (e.g., Tiainen et al., 2002). Cuttings 
may therefore still preserve information on vein paragenesis to 
further constrain the amount and temporal succession of several 
natural fracturing events.

The pXRF-based Fe + Mg measurements were conducted on 
bulk drill cutting from respective sample depths, composed of 
different sandstone and mudrock lithotypes. Carbonate cement in 
pores and veins is reflected by mostly ferroan calcite, dolomite and 
siderite in sandstone cuttings. With increasing carbonate cement 
contents (incl. veins) a general increase in median Fe + Mg con
tents can be observed (Fig. 15a). As carbonate cements are the 
main pore-filling and vein cement phases, this correlation may be 
used as a first pass RQ assessment if producing intervals are related 
to elevated vein cement contents (Fig. 16f).

5.2. Mineralogy and texture

The two studied wells show a similar mineralogic composition 
using petrographic tools such as point counting, whereas the 
quartz-content varies slightly within the wells (higher in well 1, 
Fig. 8) and GLS but is largely comparable for the 1. GLS in both 
wells (avg. 1. GLS well 1: 67.8 %, avg. 1. GLS well 2: 59.6 %). However, 
well 1 also shows higher amount of Si measured with pXRF 
(Fig. 4a), which can explain the higher quartz content of well 1 
samples in the QFR plot (Fig. 8). The overall rock types (sub
litharenites, subarkose, quartzarenites, and lithic arkose for well 1; 
sublitharenites, feldspathic litharenites, litharenites, and sub
arkoses for well 2) are in accordance to rock descriptions by 

Rammel (1989), analyzing the equivalent sediments from the 
Wienerwald Flysch, where the sandstones are described as mostly 
quartzarenites, and also sublitharenites and subarkose. Likewise 
the observed moderate to poor sorting of the cutting samples 
(Fig. 6) is comparable to the core study by Rammel (1989). The 
distance between the two observed wells is less than 1 km and 
both samples are covering the same formations (1. to 3. GLS) of a 
turbidite sequence which is known to be regionally present. This 
explains the observed similarities of the petrographic results from 
both wells.

The 3. GLS shows higher glauconite contents than the overlying 
1. and 2. GLS. As only well 2 covers all three GLS sections (Fig. 10b), 
this could not be verified in well 1. The average glauconite content 
for well 1 (1.8 %) is lower as described in Sauer et al. (1992) but 
average glauconite content in well 2 (4.2 %) is in general in 
accordance, as the glauconite content in the Glauconite Sandstone 
Fm. is given between 5 % and 10 %. While generally the glauconite 
content in sediments increases in transgressive stages at climate 
optima (Amorosi, 2013; Santanu et al., 2016; Baioumy et al., 2020; 
Tribovillard et al., 2023), the studied sedimentary rocks of the GLS 
represent turbidite deposits (Rammel, 1989). Therefore, we inter
pret the glauconite as redeposited. Nevertheless, the turbidite 
deposits may still record the changes affecting the “glauconite 
factory” (sensu Tribovillard et al., 2023) in shallower water depths, 
prior to redeposition. Although absolute age data for the studied 
lithologies are not available, the recorded change in glauconite 
content may be linked to the “Paleocene/Eocene Thermal 
Maximum, Middle Eocene Climatic Optimum” and subsequent 
climatic deterioration and cooling (Sotak, 2010) known to have 
affected the nearby Pannonian and Carpathian Basins. Higher 
glauconite contents in the 3. GLS are therefore interpreted to result 
from higher glauconite production in shallow water depth at 
higher surface temperatures, whereas a lower glauconite pro
duction during the deposition of the 1. and 2. GLS is interpreted to 
be linked to subsequent climatic cooling (Sotak, 2010).

Individual samples are affected by different grade of carbonate 
cementation (e.g., pore filling and partially pore filling carbonate 
cements in well 1: 0.7 %–20.3 %, and well 2: 1.0 %–30.7 %). Within 
the samples, individual cuttings show fully cemented pores by e.g., 
Fe-Cal (Fig. 11h), whereas in others the pores and veins are only 
partially cemented. Additionally, locally found loose quartz grains 
within the samples indicate less intensely cemented sections, 
which were then very likely disaggregated during the drilling 
process. This is in contrast to Sauer et al. (1992) where quartz 
cement and glauconitic clay minerals are mentioned as main 
permeability reducers.

5.3. Compaction and porosity

The IGV shows no correlation with depth or the GLS subdivision 
(Fig. 9a), and also low correlation with the detrital quartz and 
feldspar content for wells 1 and 2 (Fig. 9b). For well 1, the IGV is 
lower for samples containing higher detrital quartz and feldspar 
grain contents, while typically the IGV should be higher with 
increasing detrital quartz and feldspar contents as they act as rigid 
grains, where mechanical compaction is less severe than in rocks 
with higher contents of ductile components (Rossi and Alaminos, 
2014). Well to moderately well sorted samples show in general 
higher median IGV than only poorly sorted samples (Fig. 9c). 
Additionally, the IGV show slight negative correlation with grain 

1140 m). (h) Sandstone cutting with detrital quartz grains, pore-filling ferroan calcite cements, glauconite and broken bioclasts (well 1, depth 1250 m). (i) Completely cemented 
and partially sealed veins with Fe-Cal in cutting fragment containing ductile RF (well 2, depth 1060 m). (j) Individual cuttings contain carbonate veins with pyrite at the transition 
to the host rock (well 2, depth 955 m).
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size in well 2 (Fig. 9d), thus, samples with smaller grain sizes show 
higher IGV (Fig. 9d). Theoretically, finer grained and more poorly 
sorted samples should be characterized by a lower IGV (Beard and 
Weyl, 1973). Therefore, the observed correlation indicates that 
finer grained sediments have generally higher IGV, due to higher 
carbonate cement contents, as pore-filling  and partially pore- 
filling  carbonates show a positive correlation with IGV (Fig. 9f, 
well 1 R2 = 0.93, well 2 R2 = 0.71). Furthermore, the lower degree 
of compaction in finer grained samples may be due to detrital clay 
mineral matrix contents.

Low optical porosity is therefore due to both cementation and 
detrital clay mineral matrix contents (in very fine  sand sized 
samples) and compaction (in fine sand sized samples), as seen in 
deformation of ductile RF and undifferentiated RF (Fig. 11i). 
However, investigating samples with increasing depth would be 
difficult  to establish on core data as cores are never continuous 
taken. Our investigation can therefore be used to confirm  and 
refine the (indirect) log interpretation.

5.4. Paragenetic sequence

For this study the diagenetic sequence is subdivided into early 
and burial diagenesis. Furthermore, indicators for telogenesis and 
thus interaction with meteoric water following burial diagenetic 
conditions are missing. Though the studied succession is sub
divided into three sections (1.–3. GLS) the units in the two 
observed wells show similar mineralogical characteristics. There
fore, one summarizing paragenetic sequence is presented (Fig. 17).

5.4.1. Early diagenesis
As chlorite and pore-lining illite rim individual grains or are 

present between grains such as e.g., quartz and their syntaxial 
overgrowth cement (Fig. 11a), a depositional origin before 
compaction and cement formation is interpreted. This is in 

agreement with depositional models for turbidite/flysch deposits 
(Cummins, 1962). Glauconite occurs as individual grains (e.g., 
Fig. 7b) or as rims outlining grains in individual cuttings. Glauco
nite is described as the earliest stage in the paragenesis, as the 
differentiation between authigenic and detrital glauconite is not 
possible since the flysch  consists of turbidite layers (Rammel, 
1989).

Siderite rhombs are observed embedded in chlorite matrix, 
outlining detrital grains and encased in quartz cement. Therefore, 
an early diagenetic origin is interpreted. This is in agreement with 
interpretations from other marine and deltaic sections which are 
also occasionally found to be glauconite bearing (Morad et al., 
2002; Adamolekun et al., 2022; Greve et al., 2024). Siderite most 
likely formed in iron reduction zones (Morad, 1998).

Pyrite observed as cubic crystals in intergranular pores, fram
boids and pore-filling in bioclasts such as foraminifera most likely 
originate from bacterial sulphate reduction (BSR) processes in 
shallow burial environments (Berner, 1970; Coleman, 1985; 
Morad, 1998). Therefore, the pore water needs to be anoxic and a 
certain amount of dissolved sulphate must be available (Morad, 
1998). The BSR leads to an increase in alkalinity, which may 
enhance the precipitation of carbonate cements (Berner, 1970; 
Morad, 1998).

5.4.2. Burial diagenesis
Mechanical compaction, grain rearrangement and deformation 

of ductile components such as ductile rock fragments or phyllo
silicates, squeezed into pore spaces, reduces porosity and IGV. 
Compaction is interpreted to initiate during early diagenesis, 
following the emplacement of the chloritic and illitic matrix, as 
both minerals are prominently found in between detrital grains (e. 
g., Busch et al., 2024).

Quartz cements partially encase chlorite and siderite, and all 
three phases are encased in Fe-Cal. Thus, the formation of Fe-Cal 

Fig. 12. Cataclastic shear bands in individual cuttings. Natural cataclastic shear band (a), grain rearrangement and angular small grain sizes are more visible under crossed 
polarizers (b) (well 1, depth 1197.5 m). (c) An individual cutting contains a natural cataclastic shear band with angular, densely packed small grains. The shear band is cross cut by a 
carbonate vein (xpl, well 1, depth 1212.5 m). (d) Artificial shear bands are mostly seen at cutting boundaries, and missing parts of grains (now intragranular porosity, intragran 
poro), contain ground up Fe-Cal cements, and unsealed, fractured grains around the shear band (well 2, depth 1135 m).
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postdates chlorite emplacement, siderite, and quartz cement for
mation. Generally, quartz precipitation rates are elevated at tem
peratures above 70 ◦C (Walderhaug, 2000; Lander et al., 2008) and 
is related to burial diagenesis (Morad et al., 2002). Authigenic 
quartz cements including fracture healing cements in quartz 
grains (Fig. 13d) show dark and non-luminescent areas in CL 
around or inside detrital quartz as described by Demars et al. 
(1996). The blue luminescing detrital quartz grains may be indic
ative of an igneous origin or fast cooled high-grade metamorphic 
rocks (G€otze et al., 2001 and references therein). The healed 
intragranular fractures in quartz grains (Fig. 13d) may indicate 
grain fracturing during mechanical compaction (Wilson et al., 
1994), pre-dating quartz cementation. As chemical compaction 
with convex-concave and sutured contacts is rarely observed, the 
main source for quartz cement is interpreted to be from K-Fsp 
dissolution and clay mineral recrystallization (e.g., Worden and 
Morad, 2003).

Partially dissolved K-Fsp grains still retain their grain shape, 
therefore, dissolution of K-Fsp is interpreted as a burial diagenetic 
process ensuing after compaction, rarely followed by the forma
tion of kaolinite (e.g., Morad et al., 2010). Feldspar dissolution is 
most likely the result of interaction with acidic formation waters 
(Worden and Morad, 2003), which is supported by the preserva
tion of kaolinite, the latter is stable at low K+/H+ ratios (Lanson 
et al., 2002). The analyzed samples show a sandstone-mudrock 
alternation, organic acidic fluid  may originate from maturation 
of organic matter in mudrock layers or associated to source rock 
maturation (Lanson et al., 2002 and references therein). Thus, 

kaolinite can form due to acidic fluids  and the reaction with 
feldspar. The distribution of illite/kaolinite or the replacement of 
kaolinite by illite depends on the availability of potassium. Po
tassium may be derived from influx of potassium-rich waters or 
dissolution of potassium-bearing minerals e.g., K-Fsp and tem
perature (Lanson et al., 2002). Therefore, a low potassium-content 
and low temperatures inhibit the alteration of kaolinite to illite, as 
well as low K+/H+ ratios, which favors kaolinite formation (Lanson 
et al., 2002). The formation of illite from kaolinite is often shown in 
relatively deeply buried sandstones as opposed to precipitation 
from a kaolinite precursor in relatively shallowly buried sand
stones, e.g., on the Norwegian Continental Shelf (Lanson et al., 
2002 and references therein). Furthermore, kaolinite replacing 
mica was observed in individual cuttings. Kaolinite replacing mica 
is one of the dominant types of diagenetic kaolinite in sandstones 
(Lanson et al., 2002 and references therein). The other dominant 
types are vermiform and blocky kaolin, whereas their crystalliza
tion conditions are controversial (Lanson et al., 2002). One of the 
hypotheses is the formation of vermiform and blocky kaolin at 
shallow burial depth by interaction with fluids of meteoric origin 
during early diagenesis or after inversion. The other hypothesis is 
that the mixture of meteoric fluids and organic acid-rich or CO2- 
rich fluids  might be responsible for feldspar alteration and 
kaolinite precipitation, with the altering fluids  resulting from 
maturation of organic matter, e.g., from mudrocks (Lanson et al., 
2002 and references therein). As the kaolinite booklets are pre
served in uncompacted intragranular pores, the latter formation 
pathway is interpreted for the studied samples.

Fig. 13. Photomicrographs of cold cathodoluminescence showing luminescence properties of detrital and authigenic minerals, and veins for individual drill cuttings from well 1 
and well 2. (a) Pore-filling (pf) Fe-Cal shows dull luminescence, whereas the veins, penetrating the host rock and individual grains, show a brighter luminescence. Quartz shows a 
dark blue luminescence and K-feldspar (K-Fsp) bright blue (well 2, depth 935 m). (b) Euhedral shaped carbonate crystal with zonation, showing a bright center, followed by a less 
bright zone, and a dull Fe-Dol rim. The host rock cement luminescence is less bright than the vein. The euhedral crystal shape and absence of pervasive cements indicates a 
partially sealed vein (well 2, depth 1035 m). (c) The partially sealed vein with euhedral crystal facets shows a brighter luminescence than the pore-filling cement in the host rock. 
Also, the euhedral shape preserves intercrystalline porosity (intercryst poro), and they are encased by a dull Fe-Dol phase (well 2, depth 1090 m). (d) Fractured and cemented 
quartz grains showing no luminescence quartz cement (well 1, depth 1215. m).
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Illite is rarely observed to replace K-Fsp and kaolinite, and 
occurrence of both is possible due to slow reaction rates at lower 
temperatures (Worden and Morad, 2003 and references therein). 
Given that illite authigenesis is generally related to temperature 
(Morad et al., 2002) and common at temperatures >70 ◦C, a burial 
diagenetic formation is supported. However, as individual feldspar 
grains show replacement by Fe-Cal (Fig. 11f) but other K-Fsp grains 
preserve intragranular pores, two phases of K-Fsp dissolution and 
alteration before and after carbonate cementation are interpreted. 
As kaolinite and illite replacements are not observed encased in 
carbonate cement, their formation is interpreted to postdate Fe- 
Cal cement precipitation. The occurrence of dissolved feldspar 
and the formation of secondary porosity or replacement by 
kaolinite or carbonate cement is comparable to the description by 
Gier et al. (2008) for Miocene sandstones from the Vienna Basin.

The ferroan calcite cements (Fe-Cal) encase quartz cement 
overgrowths, partially pore-filling  siderite, and fill  residual 
porosity remaining in clay mineral matrix-rich sandstone cutting 
samples, thus the formation of Fe-Cal is interpreted to post-date 
the formation of all other diagenetic products. The formation of 
Fe-Cal cements in sandstones can be caused by elemental uptake 
from claystones as described by Miocic et al. (2020), which would 
match the interstratified depositional sequence of flysch deposits. 
A direct relation to marine carbonate cementation is unlikely as 
Fe-calcite cement postdates most burial diagenetic phases. Simi
larly, in a different study of Neogene sandstones from the 
Aderklaa-78 well in the Vienna Basin, the Fe-Cal cement is the 
most important porosity reducer (Gier et al., 2008). However, the 
Fe-Cal cements from the Aderklaa-78 well are interpreted to 
originate from dissolved detrital limestone rock fragments (Gier 
et al., 2008). In the studied samples, the detrital carbonate rock 
fragments are still intact (Fig. 11c), therefore we do not imply a 
similar source.

5.4.3. Structural diagenesis
Natural shear bands, such as deformation bands, are localized 

deformation structures and characterized by their microstructure 

Fig. 14. CL photomicrograph highlighting vein generations. CL photomicrograph 
showing three generations of sealed veins crosscutting each other of an individual 
cutting (well 1, depth 1212 m). (a) The different generations (I, II, III) are distinguished 
using the CL luminescence color, indicating a slightly change of Mn and Fe-contents. 
(b) Crosscutting relation of vein generation II and III.

Fig. 15. Box-and-whisker bars plotted for bulk drill cuttings pXRF and petrographic point-counting results, combined for both wells. Iron (Fe) plus magnesium (Mg) content (wt%) 
is in general higher in samples with higher amount of (a) carbonate cements (incl. veins) and (b) minerals containing Fe.
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and the occurrence of grain rearrangement, cementation and/or 
cataclasis (Fossen et al., 2007; Ballas et al., 2013) (cf. Fig. 12). They 
often form in poorly consolidated, porous sand(stones) 

(Antonellini and Aydin, 1995; Fossen, 2010; Ballas et al., 2012; 
Soliva et al., 2013). As the observed shear bands in the studied 
wells are characterized by a reduced grain size, porosity reduction, 

Fig. 16. Box-and-whisker bars plotted for geochemical data (a–c) derived from pXRF, and petrographic data (d–f) obtained from point counting, and producing (grey)/non- 
producing (red) intervals for well 1 and well 2 (N = 42). The producing interval has on average lower Fe + Mg content (b), lower optical porosity (e), and higher amount of total 
vein contents (f). But properties like Si/Al (a), Ca/Mn ratio (c), and the total carbonates including veins (d) are overlapping and cannot be used to distinguish between producing 
and non-producing intervals for the two wells.

Fig. 17. Paragenetic sequence for well 1 & well 2 subdivided into relative early and burial diagenesis. The diagenetic sequence is established using transmitted light microscopy 
and CL analyses to differentiate vein and cement generations based on their luminescence color and texture. Black boxes mean mineral phases are found in almost all samples, 
grey mineral phases occur in individual samples, and the colors for Fe-calcite cement generation and veins relates to the respective CL luminescence color (non-luminescent, dull, 
and bright orange).
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and grains showing an angular shape, the bands can be classified 
as cataclastic deformation bands. Porosity reduction due to 
deformation band formation is caused by crushed and small grain 
fragments which block pores (Antonellini and Aydin, 1994; Ballas 
et al., 2013), as it is also observed in this study (Fig. 12). The 
crushed grains may further act as precipitation sites for syntaxial 
quartz cements, further reducing porosity. However, the lateral 
continuity, which is important for the interpretation of an influ
ence on fluid flow (Saillet and Wibberley, 2013; Busch et al., 2015), 
cannot be ascertained by using drill cuttings. While deformation 
bands may limit flow  perpendicular to the deformation band, 
some studies suggest enhanced permeability in the plane of the 
deformation band (Fowles and Burley, 1994). The cataclastic 
deformation bands in this study are interpreted to predate the 
formation of quartz and carbonate cementation, as no crushed 
carbonate cements are obtained within the fine grained, angular 
and densely packed zones in the deformation bands (Fig. 12) and 
intragranular fractures in quartz grains are filled  by syntaxial 
quartz cements (Fig. 13d). Furthermore, the cataclastic lenses are 
encased in Fe-Cal vein cements indicating shear band formation 
prior to vein formation (Fig. 12c). On the other hand, the artificial 
shear bands, only observed on the outside of cutting fragments 
and as individual cutting fragments, are most likely related to 
drilling. However, they can easily be differentiated from natural 
shear bands in the studied samples by high porosity in the artificial 
shear band and ground up pore-filling Fe-Cal cements.

Based on the luminescence color from CL analyses and the 
crosscutting relation of veins (Figs. 13 and 14), three pervasively- 
sealed vein cementation phases, and three partially-sealed car
bonate vein cement generations are observed. Partially-sealed 
veins show euhedral crystal facets composed of orange lumines
cence Fe-Cal, which is brighter than the pore-filling Fe-Cal cement 
(Fig. 13b and c). Partially-sealed veins show an outer rim of dull 
luminescent Fe-Dol in all studied samples, which is interpreted to 
be the last generation of fracture cements. Additionally, one 
pervasively sealed vein shows a dissolved Fe-Cal rim. However, 
interpretation solely based on luminescence colors and texture 
cannot be considered to account for different fracture orientations 
as this information is not available from cutting fragments. The 
most prominent fracture mineralization is Fe-Cal, with minor 
contents of Fe-Dol forming the dull to non-luminescent outer rim 
in partially sealed veins (see also Hilgers and Urai, 2002; Greve 
et al., 2024 for further information on CL color). At the host rock- 
vein interface, some veins show the occurrence of pyrite 
(Fig. 11j). Pyrite may result from fluid-rock interactions possibly 
including Fe released from ongoing fluid expulsion from interca
lated mudrocks (Miocic et al., 2020; Greve et al., 2024).

5.5. Reservoir quality controls and application of cutting analyses 
in reservoir geology

The overall poor matrix porosity of the sandstones within the 
two studied wells is controlled by compaction and cementation of 
former pore spaces predominantly by Fe-Cal. While cementation 
in sandstones can occasionally enhance reservoir quality by 
inhibiting mechanical compaction (e.g., Busch et al., 2022), further 
ongoing cementation reduces reservoir quality (e.g., Houseknecht, 
1987; Morad, 1998; Busch et al., 2024).

Intragranular porosity is mostly present in individual K-Fsp 
grains and/or partially preserved if kaolinite is formed as an 
alteration product. The intragranular porosity is only up to 2.3 % 
and thus unlikely to improve permeability, as it is mostly not 
connected in 3D (Pittman, 1979; Kumar et al., 2023). Microporosity 
e.g., in chlorite, kaolinite, mudrock RF or illite is not visible in 
transmitted light microscopy, but could enhance the porosity in 

total (e.g., Nadeau and Hurst, 1991). Considering the low optical 
porosity (0–5 %), flow  is likely restricted to open fractures and 
partially sealed veins rather than the matrix porosity. This obser
vation is in line with the typical production behavior of this 
reservoir, which is historically characterized by high initial rates 
followed by a rapid decline (M€obius et al., 2023). Additionally, 
Sauer et al. (1992) describes that the reservoir quality of the 
flysch  is depended on open fractures and mylonitized fracture 
zones (cp. cataclastic deformation bands). The observation of 
overall higher contents of vein cements in samples from producing 
intervals as opposed to non-producing intervals (Fig. 16) and 
including the fact that such are often only partially filling  the 
fractures, may be a useful proxy to differentiate productive and 
non-productive zones. Especially partially sealed veins have been 
shown to preserve permeability in reservoir sandstones (e.g., 
Lander and Laubach, 2015 and references therein). In tight reser
voirs, the understanding of fracture systems, or partially sealed 
veins, and their connectivity is crucial to reduce uncertainties in 
production (e.g., Narr, 1996; Bahrami et al., 2012; Becker et al., 
2018). Future work in the Flysch play should include samples of 
known orientation to assess partially and completely sealed frac
tures in relation to the present-day stress field (e.g., Allgaier et al., 
2024).

Cataclastic deformation has been described in reservoirs from 
the Vienna Basin (Gier et al., 2008). In the investigated samples, 
their formation is interpreted to predate the formation of fractures 
and veins (Fig. 12c). Therefore, we interpret that any compart
mentalization due to deformation bands is overcome by fracturing 
and that production performance is linked to low matrix porosities 
and fracture-bound fluid flow.

For the two studied wells, producing intervals are characterized 
by mostly lower Fe + Mg contents (Fig. 16b) and a higher content of 
carbonate vein cements (Fig. 16f). As the total carbonate cement 
content (incl. vein cements) (Fig. 16d) is not a suitable criterion to 
differentiate producing and non-producing intervals, the inclusion 
of petrographic studies assessing vein cement contents and tex
tures, in addition to pXRF measurements (Fig. 16b, f), is needed.

Utilizing a combined petrographic and handheld pXRF 
approach on cuttings in concert with historical production data 
may additionally enable future assessments of producing/non- 
producing intervals in case core material is not available. Reser
voir sandstones in general cover a wide range in detrital and 
authigenic composition and reservoir quality controls which differ 
from region to region. Thus, case specific  calibration of this 
approach is required.

Although the outlined pXRF analyses are non-destructive and 
petrographic analyses can still be performed on the same samples, 
as presented here, some other pXRF approaches require crushed 
sample material and calibration with a known standard (e.g., 
Weedmark et al., 2014). The presented approach, also utilized by 
Quandt et al. (2024), can be used directly on cutting and core 
samples and can be checked during measurements against a 
known standard to allow deployment at the well site in parallel to 
standard optical cutting analyses.

Although fracture and vein orientations cannot be recon
structed by analyzing drill cuttings, the presence of partially sealed 
veins and their occurrence in specific  formation intervals can be 
identified  and used for reservoir quality assessments. While po
rosities may be estimated based on thin sections of cuttings or 
standard lab measurements, direct measurements of permeability 
or mechanical properties are difficult  using cutting material for 
reservoir quality assessment, a gap may be bridged by utilizing 
digital rocks (Monsees et al., 2020a). The inability to accurately re- 
orient cuttings to gain information on sediment structures and 
vein/fracture orientations, however, requires core- and logging 
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data and a structural model. Especially partially sealed veins, 
which may preserve open fracture porosity in the present day 
stress field (Laubach et al., 2004), may need to be further evaluated 
in these naturally fractured reservoir lithologies, and knowledge 
about their orientation is essential for dilation- and shear- 
tendency evaluations (Allgaier et al., 2023).

In cases where core material is unavailable, drill cutting anal
ysis using petrography, pXRF, and geophysical log measurements 
can be a powerful tool to bridge knowledge gaps and enhance the 
utilization of reservoir systems worldwide.

6. Conclusion

A detailed petrographic study of sandstone drill cuttings from 
the Glauconite Sandstone (GLS) in the Vienna Basin highlights low 
optical porosity (<5 %) in samples from both wells due to 
cementation with mostly Fe-Cal. This study enables the assess
ment that fracture formation is postdating the formation of 
deformation bands, which enhances reservoir properties. The 
reservoir quality in the studied section is independent of 
compaction of the sandstones and is only related to fractures and 
partially sealed veins in sandstones with lower optical porosity, 
higher carbonate vein contents, and lower Fe + Mg contents from 
pXRF analyses.

Further geochemical data obtained from pXRF as e.g., the Si/Al- 
ratio to distinguish between mudrock-rich and sandstone-rich 
intervals, can additionally be used to cross-check formation 
depths of cuttings to relate them to log-derived gamma ray mea
surements and other well-log data. As μm-wide partially sealed 
veins are not visible in image logs, cuttings can additionally inform 
about microstructures that may influence  reservoir-scale fluid 
migration. Furthermore, cutting examination highlights that the 
glauconite content in the 1. and 2. GLS is lower than that in the 3. 
GLS. Cuttings can thus be used to derive meaningful paragenetic 
sequences, assess reservoir quality controls, and deliver informa
tion about changes in the detrital mineralogy.

Due to the observed low pore volume the most critical factor 
contributing to reservoir quality are open fractures or partially 
sealed veins. Partially sealed veins preserved in cuttings, derived 
from petrographic analyses and pXRF measurements may thus 
indicate producing reservoir intervals in the low porosity reser
voirs studied. This may support log-derived petrophysical in
terpretations in particular in the absence of core material e.g., 
when working on historic data sets.
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