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of depositional environments (along-slope or downslope). For that, it is crucial to
have multiple measuring methods at hand to apply palaeocurrent analysis with
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a wide range of different datasets (outcrops, cores and photographs). Here, two
relatively underexploited palaecocurrent measurement techniques are assessed

when applied to trough cross-stratification observed in the Arenazzolo Formation
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at Eraclea Minoa (Sicily). The first technique is a novel design of a qualitative ap-
proach to infer palaeocurrent directions from photographs of two-dimensional
sedimentary structures. The second technique involves measurements of the

Funding information anisotropy of magnetic susceptibility from drilled samples. A broad agreement,
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with overlapping uncertainty boundaries, is observed between results from both
techniques. This agreement validates the use of trough cross-strata to infer pal-
aeocurrent directions. Moreover, the addition of photographs improves reproduc-
ibility and prevents a bias towards the best-exposed troughs. The application of
both techniques to outcrops and sedimentary cores provides new opportunities

for palaeocurrent analysis in any type of sedimentary environment.
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1 | INTRODUCTION

interpreting the depositional environment of a sedimen-
tary deposit (e.g. along-slope vs. downslope currents).

Palaeocurrent analysis is an important tool for basin anal-
ysis (Potter & Pettijohn, 2012) in the reconstruction of
sediment-routing systems (Jipa & Olariu, 2013) and for
provenance analysis (Amajor, 1987; Zhao et al., 2020).
In addition, palaeocurrent directions can be crucial for

Palaeocurrent analysis is often based on cross-stratification
for which three-dimensional structures and a sufficient
number of measurements are required. Therefore, con-
ventional palaeocurrent analysis in the field is often
problematic since proper three-dimensional structures
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are scarcely exposed. To tackle this problem, DeCelles
and Langford (1983) developed a qualitative technique to
infer palaeocurrent directions from two-dimensional sed-
imentary structures. Despite its potential, this technique
has experienced only limited field application. Here, this
technique is optimised by integrating the use of photo-
graphs taken perpendicular to outcrops. The major asset
of using photographs is that they prevent a bias towards
the clearest exposed troughs. In addition, measurements
are not limited by the available time in the field, and re-
producibility is enhanced. Here, this trough cross-strata
photographic method is validated with the anisotropy of
magnetic susceptibility (AMS) approach as an indepen-
dent technique for inferring palaeocurrent directions.

1.1 | Geological setting

Studied outcrops are located on Sicily, along the coast near
Eraclea Minoa (37.391° N, 13.279° E). The outcrops are ex-
posed by tectonic uplift related to the development of the
Sicilian fold-and-thrust belt. The youngest structural unit
of this fold-and-thrust belt is the southward-migrating
Gela Nappe (Lickorish et al., 1999; Butler et al., 2019).
The Gela Nappe hosts the Caltanisetta Basin which was
filled by a thick sedimentary succession of Messinian de-
posits (Hsii et al., 1973; Roveri et al., 2014). This succes-
sion includes shales, sands and gypsum of the informal
Pasquasia Formation (Selli, 1960) or upper gypsum (UG)
(Manzi et al., 2009). The uppermost part of this UG con-
sists of the latest Messinian Arenazzolo Formation (Manzi
et al., 2009); an ca 8 m thick sandy unit directly underlying
the official base of the Pliocene series and Zanclean stage.
The global boundary stratotype section and point of the
Zanclean was defined at the Eraclea Minoa section (Van
Couvering et al., 2000).

The Arenazzolo Formation has been linked to a
small deltaic system (Schreiber et al., 1976; Roveri
et al., 2008; Manzi et al., 2009) at the edge of a lake (Cita
& Colombo, 1979) when the Mediterranean was discon-
nected from the Atlantic Ocean. Others have proposed
that the Arenazzolo Formation is a transgressive sequence,
linked to the Zanclean reflooding of the Mediterranean
(Brolsma, 1978; Londeix et al., 2007; Bache et al., 2012;
Popescu et al., 2021). Recently, it was interpreted as an
along-slope contouritic deposit, based on palaeocurrent
directions among other criteria, related to a terminal
Messinian flooding event (Van Dijk et al., 2023). Two
trough cross-stratified cosets of the Arenazzolo Formation
that are exposed in two coastal outcrops with an 80° angle
between them are analysed here (Figure 1). This mutual
angle provides an excellent setting to test and compare
both palaeocurrent analysis techniques.

FIGURE 1 Aerial image of the study area (37°23'28" N,
13°16’45” E) indicating two studied outcrops at Eraclea Minoa
(ERA and ERB). Basemap source: ArcGIS World imagery basemap;
ESRI 2016. Nov. 19-2022.

2 | EXISTING METHODS
FOR PALAEOCURRENT
DETERMINATION

2.1 | Geometry of various trough
cross-sections

The conventional method for palaeocurrent determination
using trough or tabular cross-stratification is by the meas-
urement of foreset planar surfaces. Cross-stratification
(tabular and trough) results from the downcurrent migra-
tion of dunes, bars or ripples (Hamblin, 1961; Allen, 1963;
Harms et al., 1975). Sinuous-crested bedforms develop
trough cross-stratification where the trough axes gen-
erally correspond to the flow direction. The trough
is a semicylinder (Figure 2) that narrows down to a
steeply plunging scoop-shape, upcurrent at the end of
the trough (Slingerland & Williams, 1979; DeCelles &
Langford, 1983). Within the trough, foreset fronts accu-
mulate in the down current direction and form the infill-
ing laminae. Hence, the downdip direction of the infilling
laminae indicates the palaeocurrent direction, assuming
a symmetrical infill. To account for the natural variability
in the downdip directions, a statistically sufficient large
dataset (ca 30) is required.

A set of trough cross-strata has curved laminae that are
symmetrically dispersed with respect to the trough axis.
Therefore, a section perpendicular to the trough axis, the
strike section, has symmetrical semi-ellipsoidal trunca-
tions (Figure 2A). The other end-member section parallel
to the trough axis, the dip section, has straight or tangen-
tial truncations of the successive foresets (Figure 2C). All
other possible sections have their geometry somewhere in
between. For example, an oblique section at a 45° angle
to the trough axis has non-symmetrical curved laminae
truncated by the lowermost set boundary (Figure 2B). The
relationship between the geometry of the laminae and the
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FIGURE 2 Trough cross-strata A
sections exposed at a vertical cut from
various angles and cross-section views.
(A) Perpendicular view, (B) oblique view
at 45° and (C) parallel view. (D-F) Plan
view of trough cross-strata sets. The blue
arrows indicate the directions of the
palaeocurrent that can be derived from
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plane of the section at which the trough is exposed can be
exploited to recover the trough axis and thereby estimate
palaeocurrent directions (DeCelles & Langford, 1983).

The relationship between the geometry of the trun-
cated foresets and the palaeocurrent direction varies for
each section. A section perpendicular to the trough axis
(strike section) indicates two possible palaeocurrent direc-
tions parallel to the trough axis (Figure 2D). Alternatively,
a section parallel to the trough axis (dip section) yields
only one possible current direction in vertical outcrops, the
downdip direction of the successive foresets (Figure 2F).
For oblique sections two possible palaecocurrent directions
can be inferred, each mutually at the same angle with to
the plane of view (Figure 2E). The relationship between
palaeocurrent directions and the two-dimensional vertical
sections is best visualised with a bird's-eye view of the ver-
tical section and an imaginary mirror plane through the
trough (Figure 2D,E,F).

2.2 | Anisotropy of magnetic
susceptibility

Anisotropy of magnetic susceptibility is a proxy for grain
fabric and is a commonly used method for bulk three-
dimensional determination of grain orientation (Channell
et al., 1979; Baas et al., 2007). Comparison with petro-
graphic techniques demonstrated an overall agreement
between petrographic fabric and magnetic fabric (Taira
& Lienert, 1979). When a fabric contains a preferred
orientation of long grain axes, the fabric is anisotropic;
with randomly oriented grains the fabric is isotropic
(Pettijohn, 1975; Collinson & Thompson, 1982). In a sedi-
mentological context, a preferred orientation (i.e. aniso-
tropic fabric) can be produced by currents affecting the
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grains during deposition. When ferromagnetic or para-
magnetic minerals are present, the hydrodynamically
generated grain fabric is represented by the magnetic fab-
ric which can be measured. Therefore, AMS has been used
to estimate palaeocurrent directions from both drill cores
(Ellwood & Ledbetter, 1979; Hassold et al., 2006; Parés
et al., 2007) and exposures (Crimes & Oldershaw, 1967;
Hiscott & Middleton, 1980; Piper et al., 1996; Felletti
et al., 2016). The AMS of rocks is represented by a second-
order tensor, visualised as an ellipsoid having three princi-
pal axes (K, Kine Knin) in @ Cartesian coordinate system
(Borradaile, 1991). The AMS ellipsoid can be described by
various AMS parameters (Tarling & Hrouda, 1993). The
corrected anisotropy degree (Pj), which describes the de-
gree of alignment relative to the bulk susceptibility (K,,),
the foliation parameter (F), which describes the degree of
bedding-parallel alignment, and the lineation parameter
(L), which describes the alignment in a specific direction
(Jelinek, 1981), are used here.

3 | METHODOLOGY FOR A
NOVEL TECHNIQUE USING
PHOTOGRAPHS

The studied outcrops (ERA and ERB) of the Arenazzolo
Formation are located along the beach southwest of
Eraclea Minoa village (Figure 1). At the outcrops, the
width, amplitude and stratigraphic position of two-
dimensional exposures of trough cross-sets were meas-
ured. The orientation of the plane of the exposures (i.e.
plane at which troughs are cut) and the bedding attitude
were measured as well. Photographs were made using a
Nikon D810; their contrast and texture were enhanced
in Adobe Inc (2021) Photoshop, 2021 version (Table S1).
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Subtle editing of the photographs allowed for better vis-
ualisation of the sedimentary structures. Subsequently,
these sedimentary structures were exploited for a qualita-
tive palaesocurrent analysis.

3.1 | Two-dimensional
palaeocurrent estimator

For the determination of palaeocurrents, an optimised
procedure adopted by DeCelles and Langford (1983) was
followed: sections at which the troughs are exposed in the
field are grouped into four categories based on the angle
between the cut-section and the trough axis (Figure 3).
Each group represents an approximate range of exposure
orientations and their corresponding palaeocurrent direc-
tions. Every group has distinct geometries (Figure 3).

A.This bedform is perpendicular to the trough axis
(Figure 3A). The infilling laminae of the trough are
typically concentric and are to a large degree con-
formable with the base of the trough. The foresets are
not, or only slightly, truncated by the trough base.

B. This bedform is oriented slightly oblique at a 30° angle
to the trough axis (Figure 3B). Any degree of obliquity
will result in a widening of the trough base. An oblique
cut generates an asymmetric structure in which foresets
at one side are truncated by the trough, while they are
at the other side concentric and conformable with the
trough base.

C. This bedform resembles B (Figure 3B) but shows a
higher degree of foreset truncation at the base of the
trough, corresponding with a smaller angle of the expo-
sure plane with respect to the trough axis (Figure 3C).
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FIGURE 3

Conceptual relationship between a trough with
concentric laminae and their appearance at different angles in an

outcrop. Four different ranges of trough exposures are defined in
groups (A-D). The corresponding two-dimensional cross-sections
are depicted. Note that geometries are grouped within a bin size
of 30°.

D. Longitudinal cuts are parallel to the trough axis and
contain a uniform series of foresets that downlap
onto the trough base (Figure 3D). Longitudinal expo-
sures can be hard to distinguish from any type of two-
dimensional exposure of tabular cross-stratification.
However, when encountered within a trough cross-
stratified coset, it can be assumed that this geometry
also represents trough cross-stratification.

These four groups can be split into seven groups when
incorporating the orientation of the foresets (Figure 4).
For instance, a slightly oblique section (group B) can have
a component of preferred dip direction towards either
the left or the right. Therefore, this group represents two
different geometries and can be split into two subgroups.
In ERA, a total of 98 sets were measured, 74 sets of the
same coset that has been subjected to AMS and 24 sets
from a correlative coset (ERB) 269 m apart (Figure 5). This
coset was correlated to the other cross-stratified cosets
after constructing a fence diagram. The two possible pa-
laeocurrent direction ranges determined with this method
are plotted in rose diagrams with a non-linear frequency
scale according to the procedure of Nemec (1988). In ad-
dition, the approximate means of the cosets are calculated
using the central direction of each group and the number
of counts in each group (Supplementary Material S2).

3.2 | Testing results with AMS
measurements

Samples were collected using a portable battery-powered
drill. In total, 50 standard size (25mm diameter) cores
were drilled at five sites from the same outcrop. The
bedding attitude was measured using a standard com-
pass and a 3.4° counter clockwise declination correc-
tion was applied (BGS, 2023). Four sites were drilled
from various stratigraphic levels in one coset of trough
cross-stratified fine sandstone (Figure 5). The remain-
ing site was drilled in a structureless mudstone underly-
ing the cross-bedded sandstone. The mudstone was not
subjected to palaeocurrent analyses but was studied to
gain an indication of a possible tectonically induced fab-
ric. Cores were cut in the laboratory into specimens of
22mm height. The AMS measurements were performed
using an AGICO Kappa Bridge MFK1-Fa instrument
(AGICO Inc., Brno, Czech Republic) at room tempera-
ture at the palaeomagnetic laboratory Fort Hoofddijk
(Utrecht University, The Netherlands). Specimens were
measured in an applied field strength of 200 Am™" at
976 Hz, after calibration and sample holder correction.
Measurements were performed using the spinning spec-
imen method; susceptibility is volume normalised. All
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FIGURE 4 Seven geometry
subgroups of trough cross-strata and their
corresponding range of palaeocurrent
directions in a rose diagram. The
orientation of the plane of the outcrop

is indicated by the red dashed line.
Photographs were made perpendicular to
the plane of cross-section (dashed line).
Note west is up.

specimens were measured within 1month after their
collection in the field.

3.3 | Petrographic analysis

Thin sections polished from oriented samples from the
coset corresponding to the AMS analysis have been stud-
ied to provide mineralogical constraints. The fabric, tex-
tures and compositions were studied with a petrographic
microscope and a tabletop scanning electron microscope
(TTSEM) at Utrecht University (Netherlands). The scan-
ning electron microscope allowed for spot analysis using
energy-dispersive X-ray spectroscopy. Spot analysis was
done to identify the elemental composition of individual
grains. Prior to TTSEM, three polished thin sections were
carbon coated to prevent electric conduction. These three
thin sections were selected from a total of eight that were
first analysed using a petrographic microscope.

4 | RESULTS

The Arenazzolo Formation consists of semi-consolidated
fine-grained sandstones with planar-laminated, structureless
and trough cross-laminated cosets (Figure 5). Bioturbation is
nearly absent (Rodriguez-Tovar et al., 2023) and no tectonic
or diagenetic structures (e.g. deformation bands, veins or
pressure solution structures) have been observed.

4.1 | Palaeocurrent estimation

The outcrop face of the trough cross-stratified coset ERA
has a strike of 2° (Figure 1). The troughs have a typical
average width of 6cm, although some range up to 14cm
(Figure 6). The troughs were categorised based on their

geometry from photographs according to the procedure
explained previously. In total, 74 sets were categorised
from ERA. This yields two palaeocurrent groups in rose
diagrams; possibility A has a dominant eastward-oriented
palaeocurrent direction, while possibility B has a dominant
westward-oriented palaeocurrent direction (Figure 7).

To determine the actual transport direction, a second
correlative trough cross-stratified coset from section ERB
was analysed (Figures 5 and 7). This correlative coset
has an outcrop strike of 78° and contains mostly oblique
trough cross-stratified sets. The typical average width is ca
10cm and can range up to 30cm. These sets correspond
to either a north-eastward or a south-eastward palaeocur-
rent direction (Figure 7D).

4.2 | Anisotropy of magnetic
susceptibility

The bulk susceptibility varies between 100x107° SI
in the mudstone and 280x107°® SI in the sandstones
(Table S3). The AMS ellipsoid of all sites is triaxial
with three well-developed clusters on the stereograms
(Figure 8A through E). These clusters give rise to a weak
magnetic lineation (L =1.011). Next, the four sites of the
Arenazzolo sandstones are merged to represent a com-
posite projection of one coset (Figure 8F). It shows that
both K,,,,, and K;,,; are not exactly parallel to the bedding
plane, and K, is tilted off-vertical (Figure 8). The azi-
muth of the mean lineation of the maximum principal
axis is 145° in stratigraphic coordinates. Moreover, the
corrected degree of anisotropy (Pj) is ca 7%. One speci-
men corresponds to a negative shape parameter (T) and
has been rejected from the dataset (Table S4).

The mudstone has the K, clustered in the west, at a dif-
ferent direction compared to the Arenazzolo (Figure 8E).
The azimuth of the mean lineation of the maximum
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— FIGURE 5 Stratigraphic logs with
= lithostratigraphic correlation of ERA and
o
= ERB. The correlated studied cosets are

indicated with a red dotted line. Modified
from van Dijk et al. (2023).
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principal axis of the mudstone is 95° in stratigraphic co-
ordinates (Figure 8E). Both the mean magnetic lineation
(L=1.006) and the corrected degree of anisotropy (Pj=3%)
are lower in the mudstone than in the Arenazzolo sand-
stones (Supplementary Material S5).

= gypsarenite

=siltstone

4.3 | Petrographic results

Thin-section micrographs show a mixture of bioclasts, litho-
clasts and quartz contained in a clayey matrix (Figure 9).
Cement is lacking and a diagenetic or ichnofabric is unob-
served (Supplementary Material S6 and S7). The lithoclasts
mainly consist of phyllosilicates with a rightwards downdip

= AMS site

= Palaeocurrent
directions

direction (Figures 9 and 10) parallel to foreset laminae
(Figure 9C). Alternating 0.5-3mm thick bands are present
along the foreset laminae consisting of layers with concen-
trated quartz grains with less matrix and bands of concen-
trated lithoclasts with more clayey matrix (Figure 9C). The
grain fabric is foliated and heavy minerals (e.g. magnetite)
are equant and randomly dispersed (Figure 10).

5 | COMPARISON OF RESULTS
AND TECHNIQUES

The goniometric relationship of troughs with the orien-
tation of the cut results in an ambiguity of oblique and
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FIGURE 6 (A) Photograph of trough
cross-stratified coset. (B) Interpretation

of trough cross-stratified coset visible in
the photograph. The interpreted geometry
of the troughs serves to determine the
palaeocurrent directions.

FIGURE 7 Palaeocurrent estimate (
from two lithostratigraphic correlated “
outcrops. (A) Photograph of cross-
stratified coset ERA. (B) Photograph of
the correlated trough cross-stratified coset
ERB. (C) Rose diagram (bin size 30°)
indicating the estimated palaeocurrent
range corresponding to photograph A.
The black line indicates the outcrop plane.
(D) Rose diagram (bin size 30°) indicating
the estimated palaeocurrent range of
ERB. Note two possibilities are provided
of which only one represents the actual
palaeocurrent. The overlapping ranges
pertain to both possibilities.

perpendicular cut troughs (Figure 2). Therefore, a coset
must be compared with a correlative coset exposed at a
different angle (Figure 7). Under the premise that the
flow is not bimodal bipolar (i.e. it comes in two direc-
tions at a mutual 180° angle), the direction towards the
ESE is interpreted to be the true palaeocurrent direction,
because this is the overlapping palaeocurrent direction
(Figure 7). The assumption of a non-bimodal bipolar
flow seems valid as no evidence for such flow behaviour
(e.g. tidal facies) exists. The data corresponding to the
ESE population have a mean direction of 115.43°+25°,
with a sample mean of 108.5° for ERA and of 136.75° for
ERB (Figure 11). Deriving palaeocurrent directions from
two-dimensional troughs comes with an uncertainty
range; a computational model demonstrated that oblique
cut troughs can estimate the palaeocurrent direction to

[ Possibility A
[ Possibility B

. Overlapping

within an ca 25° error range (DeCelles & Langford, 1983).
Hence, the procedure delivers an estimate rather than a
precise determination of the palaeocurrent direction.

The palaeocurrent direction inferred from the magnetic
fabric measured at Eraclea Minoa is unimodal. The cluster-
ingof the K, with aslightly off-vertical K ,,;,, is characteristic
for a current induced fabric with imbrication (Tauxe, 2010).
Imbrication results in offset of the K ;, from the vertical,
typically towards the palaeocurrent direction with a 10-20°
angle (Taira, 1989). The K., is clustered resulting in a strong
magnetic lineation (L=1.011). Like the trough cross-strata
photographic technique, the AMS approach comes with an
inherent uncertainty. The maximum deviation within the
95% confidence ellipse is 19° from the mean AMS direction.
This provides a mean palaeocurrent direction towards the
south-east with an angle of 145°+19° to north.
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shows the merged Arenazzolo sandstone sites (panels A-D), while panel E shows the mudstone site.

Comparison of the results of both techniques implies
that the mean direction recovered from photographs of
trough cross-strata falls within the bounds of uncertainty
of the AMS approach (Figure 12). This agreement corrob-
orates the accuracy of palaeocurrent estimates using the
geometry of trough cross-stratification, despite its some-
what inherently low precision. Nevertheless, an up to 30°
deviation in grain fabric and flow direction is considered
reasonable in palaeocurrent analysis (Sakai et al., 2002),
suggesting that any palaeocurrent analysis comes with an
inherently low precision. The broad agreement between
results from both techniques mutually validates AMS and
the two-dimensional trough cross-strata photographic
technique as a palaeocurrent estimator.

6 | DISCUSSION

6.1 | Complications of using
two-dimensional troughs

There are some complications with estimating palaeocur-
rent directions from two-dimensional troughs. First, the
approach assumes that troughs are filled symmetrically.

According to Slingerland and Williams (1979), about
50%-70% of foreset laminae are indeed symmetrically dis-
persed about the trough axis. Therefore, the basic assump-
tion is generally valid, albeit it comes with an uncertainty
range (DeCelles & Langford, 1983). A second complica-
tion is that non-cylindrically filled troughs cannot be ana-
lysed (DeCelles & Langford, 1983). This problem must be
overcome statistically as ca 80% of all troughs exposed are
cylindrical (Slingerland & Williams, 1979). Therefore, a suf-
ficiently large dataset minimises this problem. Moreover,
as with all types of palaeocurrent analyses, a bias can be
introduced as a result of preservation potential. Structures
formed by stronger currents could never have been pre-
served, as they erode rather than preserve sediments.

The addition of using photographs to the procedure of
DeCelles and Langford (1983), as presented here, has advan-
tages. First, analysing photographs forces one to interpret all
troughs, whereas the analysis of the outcrop is prone to bias,
as troughs that are more recognisable (e.g. strike sections)
are probably to be preferred over structures with a complex
morphology or poorer exposure. Second, edited photographs
(by adjusting brightness and contrast) allow for better visu-
alisation of sedimentary structures, which helps with the
interpretation of the trough geometry. Third, considerably
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FIGURE 9 (A, C, E)Plane-polarised
light (PPL) micrographs of trough cross-
stratified coset and (B, D, F) illustrations
depicting a selection of grains from
corresponding micrograph. Micrographs
show grains in a clayey matrix with a
preferred orientation of phyllosilicates
with rightwards downdip direction and a
compositional banding along successive
foreset laminae.

FIGURE 10 (A, B) Backscattered
electron micrographs showing foliated
grain fabric of the trough cross-stratified
coset. (1) Foraminifer bioclast, (2)
phyllosilicate, (3) heavy mineral in (A).
Note that grains with high reflectance
values (i.e. heavy minerals) are equant
and randomly dispersed.

less time consuming trough measuring work in the field is
required, the photographs suffice. Finally, the palaecocurrent
analysis becomes more reproducible and transparent. Thus,
the addition of photographs to the procedure of DeCelles
and Langford (1983) helps to acquire a trough dataset as

comprehensive as possible.

6.2 | Magnetic fabric pitfalls

Generally, grains are aligned with the direction of the
depositional current. Nevertheless, if the flow is vigor-
ous, elongated grains orient themselves perpendicular
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FIGURE 11 Histograms showing categorical data derived from two-dimensional trough cross-strata and their statistics. (A)

Palaeocurrent distribution of ERA and (B) palacocurrent distribution of ERB. Categories and their corresponding central direction (°) are

plotted along the X-axis and the number of counts are plotted along the Y-axis. Note that counts are plotted along a non-linear axis in rose

diagrams to correct for graphic distortion of the histogram (Nemec, 1988). Formulas used to calculate means are appended (Supplementary

Material S8).
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FIGURE 12 (A, B) Rose diagrams indicating approximated palaeocurrent directions from trough cross-bedded cosets. Trough cross-

stratification is denoted as TXB. (C) AMS-derived palaeocurrent directions after interpreting K., current-parallel with grain-long axes. The

range is defined by the 95% confidence ellipse. Python script for plotting the rose diagram is appended (Supplementary Material S9).

to the current due to the rolling of the grains (Ellwood
& Ledbetter, 1977). This flow-perpendicular fabric is ex-
pected at the base of coarse-grained turbidites where en-
ergy levels were substantially high. These primary fabrics
can be altered due to deformation, thereby obscuring the
sedimentary fabric. In this study, the magnetic fabric of
the Arenazzolo sandstones was compared with the mag-
netic fabric of the underlying mudstones (Figure 8E)
and the overlying pelagites of the Trubi Formation from

literature (Duermeijer & Langereis, 1998). The mag-
netic fabric of the underlying mudstones and the overly-
ing Trubi pelagites are in mutual agreement and may
correspond to a north-to-south compression, whereas
the intercalated Arenazzolo sandstones have deviating
magnetic fabrics (Figure 8). Hence, the magnetic fab-
ric of the Arenazzolo sandstones probably expresses
its depositional fabric and is suitable for palaeocurrent
estimation.
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Besides tectonic overprinting of the depositional fab-
ric, some other complexities can arise with palaeocurrent
determination using AMS. For instance, some magnetic
fabrics may have a better preservation potential than oth-
ers. Magnetic fabrics predominantly reside in elongated
flaky phyllosilicates (e.g. biotite and muscovite) within the
sediment (Martin-Herndndez & Hirt, 2001). The larger
troughs that are produced by stronger currents contain
less elongated phyllosilicates due to the effect of winnow-
ing. Therefore, the palaeocurrent direction derived from
AMS may represent only the palaeocurrent direction of
the weaker currents. If there is friction between water
masses, the strength of a current influences the direc-
tion of the current. Therefore, the magnetic fabric can be
somewhat different from the palaeocurrent direction of
the troughs that lack this lithological effect.

Moreover, a bias in the AMS could occur as a result
of an oblique grain fabric. An oblique grain fabric has
been reported in microscope studies (Potter & Mast, 1963;
Spotts, 1964; Sestini & Pranzini, 1965; Scott, 1967; Onions
& Middleton, 1968; Parkash & Middleton, 1970; Davies
& Walker, 1974; Johansson, 1976; Channell et al., 1979).
Likewise, AMS studies regularly contain an enigmatic
but consistent offset with visible sedimentary structures
in the same strata (Crimes & Oldershaw, 1967; Felletti
et al., 2016). This offset was also observed in empirical
studies integrating flume experiments and AMS (Rees &
Woodall, 1975). A reassessment of a grain fabric study
by Baas et al. (2007) showed that there is a statistically
significant oblique flow mode, whereby the mean grain
long axis tends to align at an average 40° angle with re-
spect to the current direction. Baas et al. (2007) argues
that oblique fabrics may be more common than literature
suggests since minor offsets could have been ignored and
thus remain unreported. Several mechanisms that create
oblique fabrics are proposed: (1) spatial current variability
(Parkash & Middleton, 1970; Davies & Walker, 1974), such
as current interaction (e.g. superimposed downslope and
along-slope currents; Scott, 1967); (2) incomplete reorien-
tation of a flow-aligned fabric into a rolling fabric (Hughes
et al., 1995); or (3) soft sediment deformation (Onions &
Middleton, 1968). All three mechanisms are common dep-
ositional processes and hence, an oblique fabric should be
accounted for when using AMS.

6.3 | Magnetic mineralogy

The mineralogy (i.e. content, crystal sizes and crystal
shapes) and hence diagenesis affect the magnetic fabric
and can cause counterintuitive AMS results (Borradaile
etal., 2012). To exclude potential mineralogical pitfalls and
postulate a magnetic carrier, thin sections were analysed.

The thin section micrographs show a foliated grain fab-
ric with large (up to 500pm) phyllosilicates oriented
along foreset laminae (Figures 9 and 10). Phyllosilicates
generally exhibit a strong control on the magnetic fabric
alongside trace amounts of magnetite (Parés, 2015). In
particular, iron-bearing and magnesium-bearing phyl-
losilicates can dominate the magnetic fabric (Borradaile
et al., 1986). In micrographs of the Arenazzolo Formation,
phyllosilicates are abundant, while heavy minerals (e.g.
magnetite) have an isometric shape and are randomly
dispersed (Figure 10). Therefore, the dominant carriers
for the low-field AMS of the Arenazollo Formation are
interpreted to be dominated by phyllosilicates, while the
contribution of magnetite is probably marginal at best (see
Biedermann & Bilardello, 2021).

Besides phyllosilicates, micrographs reveal inclined
compositional bands of alternating diamagnetic and para-
magnetic minerals (Figure 9). These millimetre-thick
bands correspond to the foreset laminae of the trough cross-
stratification and arise from avalanches down the lee side
of ripple crests (Schieber & Southard, 2009). Compositional
banding arising from such preferential concentrations of
magnetic grains along specific planes can contribute to a
distribution anisotropy (Biedermann & Bilardello, 2021).
Since the compositional bands correspond with the suc-
cessive foreset laminae, the distribution anisotropy arising
from these bands relates to the palaeocurrent direction,
apart from a preferred grain alignment. Therefore, these
compositional bands may add to the magnetic fabric and
describe hydrodynamic conditions.

6.4 | Reconstructing depositional
environments using palaeocurrents

Palaeocurrent directions are important for palaeorecon-
structions and can help to interpret the depositional envi-
ronment of sedimentary deposits. For example, contourites
characteristically correspond to palaeocurrents directed
along a depositional slope. Contourites are underrepre-
sented in the geological rock record (Stow & Lovell, 1979;
Shanmugam, 2017, 2021; Stow & Smillie, 2020). Hence,
more methods to conduct palaeocurrent analysis can help to
fill the existing gap in the stratigraphic record by identifying
contourites. The mutual validation of the two techniques
presented here demonstrates that these techniques are good
candidates to alleviate existing controversy around contour-
ites (Shanmugam, 2000, 2008; Stow & Smillie, 2020).

In summary, the photograph technique using two-
dimensional troughs combined with AMS is a powerful
tool for palaeocurrent analysis. The magnetically inferred
palaeocurrent direction typically corroborates the visu-
ally determined palaeocurrent direction. Conversely, the
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palaeocurrent estimates from troughs can confirm the
preservation of the primary magnetic fabric. Moreover,
specimens used to measure AMS can also be used for the
measurement of the natural remanent magnetisation. By
doing so, the orientation of the plane at which the core
was cut can be fully restored by undoing post-depositional
possible tectonic rotation. The application of both AMS
and the geometry of two-dimensional trough cross-strata
offers possibilities to conduct palaeocurrent analysis on
outcrops and oriented cores.

7 | CONCLUSIONS

Photographs of two-dimensional exposures of trough cross-
strata from vertical outcrops can be used to approximate
palaeocurrent directions. In this study, palaeocurrent di-
rections are estimated by analysing photographs of two-
dimensional trough cross-strata made perpendicularly to
vertical outcrops. This approach is an optimisation of the
procedure of DeCelles and Langford (1983) with the addi-
tion of photographs and the AMS methodology. The main
advantage of using photographs is that one is forced to in-
terpret all structures present in the outcrop, rather than
only the best recognisable ones. In addition, photographs
allow for better visualisation using software and they im-
prove the reproducibility of the palaeocurrent analysis. As
a result, photographs provide a more complete interpreta-
tion of trough cross-stratified cosets, thereby preventing a
bias. Furthermore, the AMS method can be added as an
independent control point to corroborate results. It has
been demonstrated here that palaeocurrent estimates of
the Arenazzolo Formation derived from AMS are in broad
agreement with palaeocurrent estimates derived from the
geometry of two-dimensional troughs. This agreement
confirms the validity of both methods as palaeocurrent
indicators.
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