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High-resolution digital outcrop models of
fossil-rifted margins: 3D imaging of extensional

detachment systems

Peter Betlem'?*, Geoffroy Mohn?, Julie Tugend® and Gianreto Manatschal,

Abstract

Few localities are as important as the outcrops of the remnants of the Alpine Tethys margins exposed in European Alps
in the development of new concepts on the temporospatial evolution of magma-poor rifted margins. The Tasna and Err
detachment systems are among the best exposed and preserved structures related to extreme crustal thinning and mantle
exhumation world-wide. These detachment systems shaped the most distal parts of the fossil Alpine Tethys magma-poor
rifted margins and are key analogues of present-day deep-water examples that can only be imaged through geophysical

methods. We present the first digitalisation and integration of the Err and Tasna detachment systems using structure-
from-motion photogrammetry. The resulting high-resolution models offer details down to 7 cm and cover multi-
kilometre cross-sections from various angles. Comparing these 3D digital outcrop models with high-resolution seismic
images from the Galicia distal margin allows us to constrain interpretations of the structures and processes that control
the formation of distal passive margins. All data are openly available under FAIR (Findable, Accessible, Interoperable,
and Reusable) conditions to the geoscientific community, and we hope this contribution will be the first of many that
contribute to the ongoing digitalisation of key outcrops of the fossil Alpine Tethys margins in the European Alps.

Introduction

The integration of seismic, borehole and other sub-surface data
with outcrop observations is a holistic approach commonly used
in the successful exploration of mineral and energy resources.
Outcrops bridge seismic and borehole scale observations, provide
high-resolution, quantitative constraints, and provide access to
unlimited physical and geophysical sampling. In the case of distal
rifted margins, buried below thick sediments and/or deep water,
access to seismic-scale field analogues provides a unique opportu-
nity to ground truth seismic interpretations. Field analogues enable
us to investigate and characterise the complex 3D geometries
and fault zone deformations that are fundamental to understand
rifting processes and the related fluid flow history. Technological
advances over the past two decades have significantly increased
the scalability of outcrop analogue studies through the advent
of user-friendly mapping tools such as lidar, drones and photo-
grammetry toolchains [e.g., Marques et al., 2020; Pringle et al.,
2006]. At a fraction of the time and cost of traditional methods, it
is now possible to swiftly generate correctly scaled and oriented,
high-resolution digital outcrop models (DOMs) and seismic-scale
digital field sites [e.g., Anell et al., 2016; Westoby et al., 2012];
i.e. digital twins. The acquisition of high-resolution 3D outcrop
data is critical for testing and calibrating tectonic models as well as
developing new concepts and ascertaining the details of complex
geological systems [e.g., Howell et al., 2014].

No longer limited by the ‘local’ nature of single outcrops,
geo-referenced representations of multi-outcrop field sites truly
bridge the resolution gap from seismic to well data [Marques et
al., 2020; Senger et al., 2022]. It is thus unsurprising that DOMs
have become the de-facto standard for rigorous outcrop studies,
and their importance is evident from the emergence of several key
DOM databases [e.g., Betlem et al., In Review; Buckley et al.,
2022; Senger et al., 2021]. In addition to providing quantitative
data, DOMs provide easy access to otherwise inaccessible areas
(e.g., steep cliffs, inhospitable environments) or localities that
have since become inaccessible [e.g., Burnham et al., 2022;
Senger et al., 2021]. Increasingly, the digital outcrop data sets are
made available to the scientific community under FAIR principles
[i.e. Findable, Accessible, Interoperable and Reusable; Wilkinson
et al., 2016], enabling archiving, temporal studies and reprocess-
ing long after the outcrop is gone [Burnham et al., 2022].

The acquisition and processing of DOMs is well covered in
the literature [e.g., Betlem et al., 2022; Betlem and Rodes, 2022;
Over et al., 2021; Westoby et al., 2012]. Similarly, there are
numerous quantitative data applications, including deciphering
the sedimentological and structural evolution and stratigraphic
architecture of areas [Corradetti et al., 2018; Tomassetti et al.,
2018], and well-documented workflows for follow-up geosci-
entific processing have been proposed [e.g., de la Varga et al.,
2019; Nyberg et al., 2018; Schaaf et al., 2021]. As such, digital
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outcrops represent ideal input data for outcrop-based geo-models
[e.g., Enge and Howell, 2010; Howell et al., 2014; Larssen et al.,
2020], suitable for e.g. flow simulations [Cabello et al., 2018] and
the generation of synthetic seismic images [Anell et al., 2016;
Lubrano-Lavadera et al., 2018].

Outcrops preserving remnants of the Alpine Tethys have
long played a major role in improving our understanding and in
the development of new concepts on the formation and evolution
of rifted margins [Lagabrielle and Cannat, 1990; Lemoine et al.,
1987; Manatschal et al., 2022; Masini et al., 2013; Mohn et al.,
2012; Triimpy, 1975]. Yet, very few — if any — of these unique,
kilometre-scale outcrops are digitally documented, let alone as
high-resolution, georeferenced DOMs. In this study, we present
the first digitalisation and integration of two of the most impres-
sive examples, which are the Err and Tasna detachment systems
(Figure 1). Both systems are among the world’s best exposed and
preserved examples of detachment systems assumed to shape the
most distal parts of present-day, deep-water, magma-poor rifted
32
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—— high-angle faults
— detachment faults

Manatschal and Nievergelt [1997] and Florineth and
Froitzheim [1994)). C) Palinspastic reconstruction of
the Alpine Tethys margins (modified from Manatschal
and Mintener [2009]). Note that the three sites are
projected and are not direct conjugate lines.

margins. The presented outcrops are exceptional in the sense that
they preserve the rift-structures and their relation to sediments at
a kilometre scale, which makes them perfect for the integration
with seismic observations and crucial for understanding modern
rift-related detachment systems.

Remnants of the Ancient Tethys Margins
With over a century of scientific publications, the present-day
Alpine orogen and former Alpine Tethys rift system are among
the best-described tectonic systems in the world [Triimpy, 1975;
Lemoine et al., 1987; Mohn et al., 2010; Manatschal et al., 2022].
In particular, the Alps, in south-eastern Switzerland, preserve the
remnants of magma-poor rifted margins that were weakly deformed
during Alpine orogeny. There, remnants of rift-related structures
of the former Jurassic Alpine Tethys are spectacularly exposed
(Figure 1), including the Err and Tasna detachment systems.

The Err detachment system is exposed in the Lower Aus-
tro-Alpine Err nappe (Figure 1), north of St. Moritz. This



system was first mapped by Froitzheim and Eberli [1990] who
interpreted it as Jurassic low-angle detachment faults. Follow-up
studies [Manatschal and Nievergelt, 1997; Masini et al., 2011,
2012; Epin and Manatschal, 2018] supported this interpretation
and mapped the detachment system over 200 km? Primary
pre-Alpine relationships are preserved between Mesozoic pre-,
syn-, and post-rift sediments in the hanging wall and exhumed
upper crustal granites and gneisses in the footwall (Figure 1). The
Err detachment system is interpreted as having formed during the
final stage of rifting, related to the exhumation and extreme thin-
ning of the continental crust in the future distal Adriatic margin.
A succession of at least three in-sequence detachment faults are
now recognised [Epin and Manatschal, 2018], among which the
Err and Jenatsch detachment faults shown in our 3D model. These
structures are associated with deca-to-kilometre-scale extensional
allochthons and Middle Jurassic syn-rift sediments (recognised
outside the study area, see Masini et al., [2012]). Reworking of
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the characteristic black and green fault rocks within the overlying
Middle Jurassic sediments confirms the syn-rift nature of the
detachment system [Froitzheim and Eberli, 1990].

The Tasna detachment system is exposed in the Penninic
Tasna nappe in the Engadine window north-west of Scuol in
south-easts Switzerland (Figure 1). Florineth and Froitzheim
[1994] were the first to interpret this structure as part of a former
Ocean Continent Transition (OCT) of the Briangonnais/European
margin of the Alpine Tethys. The outcrop covers a roughly 5 km
N-S striking section and exposes exhumed subcontinental mantle
that underlies a wedge of thinned mid-to-lower continental crust
composed of pre-rift migmatites and Permian gabbros [Florineth
and Froitzheim, 1994; Manatschal et al., 2006]. Both the contact
separating the crust and the mantle as well as the top of the crust
are interpreted as detachment faults, referred to as the Lower and
Upper Tasna detachments [Florineth and Froitzheim, 1994]. The
Tasna detachment system is sealed by Upper Jurassic to Lower
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Tasna 1220 Highest quality: High quality, High quality, dense ~ 0.126774 m 7.13 cm/pixel;
defachment (5816317) mild filtering: cloud (17618750) 0.120197 m 2.24 km?
system RU-filter: 15 (215308830) 0.0484858 m

(1688942); PA-filter: 3 MCCS-filter: 99% 0.174694 m

(1635955); RE-filter: DCC-filter: 4-255; (17122113) 0.1813 m

0.3 (519242) (115876868)
Err 1082 Highest quality: High quality, High quality, dense ~ 0.177225 m 6.82 cm/pixel;
detachment (5902134) mild filtering: cloud (35665670) 0.144288 m 1.96 km?
system RU-filter: 15 (2600621);  (598101233) 0.0877425 m

PA-filter: 3 (2409704); MCCS-filter: 99% 0.228534 m

RE-filter: 0.3 (927732)  DCC-filter: 5-255; (35069772) 0.244799 m

(168743451)

Table 1 Acquisition and processing metadata. RU: reconstruction uncertainty; PA: projection accuracy; RE: reprojection error; DCC: dense cloud confidence; MC: mesh

confidence; MCCS: mesh connected component size.

Input imagery and  Available for download; including acquisition
GNSS dafa parameters, and rover/ground station GNSS
data.

Data processing Available for download; Agisoft Metashape

project projects and processing reports.

Digital model, Available for download; Various processing
orthomosaics, products, including textured mesh in .obj
DEM and format, orthomosaics in geotiff format, and

processing reports  processing reports-

Digital model High-resolution, web-based platform
(textured) with interpretation possibilities (V3Geo).
Data were submitted to V3Geo using the
EPSG:32632 coordinate reference system.
Digital model Web-based platform with virtual reality
(fextured) integration (SketchFab).

Tasna detachment system:
doi: https://doi.org/10.11582/2023.00003 [Betlem ef al., 2023b]

Err detachment system:
doi: https://doi.org/10.11582/2023.00002 [Betlem ef al., 2023a]

Tasna detachment system: https://v3geo.com/model/474

Err detachment system:
https://v3geo.com/model/475

Tasna detachment system:
https://sketchfab.com/3d-models/05b270df7e424f7a8¢86138aa10ef8c4

Err detachment system:
https://sketchfab.com/3d-models/3a19ff2890394f2ba81283¢89e1b9d4b

Table 2 Summary of all data made available to the geoscientific community. Please note that Web-based platforms generally have lesser quality than the downloadable data

packages.
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Cretaceous deep-marine post-rift sediments, which together
with “Ar-*Ar dating on phlogopite and stratigraphic constraints
suggest a late Middle to early Late Jurassic exhumation age
[Manatschal et al., 2006; Ribes et al., 2020].

Thus, both the Tasna and Err detachment systems formed
during the Jurassic opening of the Alpine Tethys, and they
provide a unique opportunity to study the processes controlling
the separation and final break up of continents in magma-poor
settings.

Acquisition and processing
Image acquisition of the Tasna and Err detachment systems
was conducted on 9-10 August 2022 using an unmanned aerial
vehicle (UAV; Mavic 2 Pro, 20 MP Hasselblad camera) with
a TopoDrone post-processed kinematics (PPK) upgrade (L1/
L2 GNSS receiver with built-in IMU). Photographs were taken
automatically at set time intervals (e.g., 1 photo every 5-10 sec-
onds) in manual flight. All images were manually inspected for
quality and, where necessary, provided with masks to cover distal
backgrounds and skies. Structure-from-motion photogrammetry
processing followed Over et al. [2021] and best practices outlined
by the Svalbox project [Betlem et al., In Review].

Data products include high resolution sparse and dense
clouds, textured and tiled models, and view-specific orthomosa-

Northing (m) 1158000

ics. Table 1 lists the project-specific processing parameters and
metadata.

Filtering of the point clouds and mesh introduced few
low-point-density areas, mostly affecting out-of-view slopes
away from the primary interests. Low-resolution areas observed
in the view-specific orthomosaics were replaced with high-res-
olution textures by manually inserting and assigning specific
images to seamlines in Agisoft Metashape. Georeferencing of
the outcrops implemented PPK processing using the SwissTopo
network, specifically the AGNES stations SAM2 and ARD2, as
reference data. The resulting data products are presented in the
Swiss national CH1903+ / LV9S (EPSG:2056) projection and are
openly available through the links provided in Table 2.

Visualisation, integration and contextualisation

The full data sets, including input imagery and differential
GNSS data, processing reports, textured and tiled models, and
orthomosaics (as cloud-optimised geotiffs), have been made
available under a CreativeCommons BY-NC 4.0 licence, guar-
anteeing free usability for non-commercial use. The various
data products can be visualised and interpreted in both freeware
(e.g., Blender [Blender Online Community, 2018], VTK viewers
[Schroeder et al., 2006; Sullivan and Kaszynski, 2019], QGIS
[QGIS Development Team, 2022]) and subscription services

150 m

Upper Triassic
[ LowerTriassic

M Polymetamorphic basement
M Albula Granite

ESE Piz Jenatsch WN

Figure 2 The Err detachment systems exposed at the
Piz Laviner distal rifted margin, highlighting A) the
extent and quality of the DOM. The inset B) shows

the location in Switzerland. The cross-section C) and
interpretation D) indicate the main lithostructural
elements, including the location of the Err and
Jenatsch detachments along the profile. The close-up
E) shows the Err detachment, gouge, and cataclasites
found within the altered Albula Granite (footwall)

and polymetamorphic strongly altered basement in
the hanging wall. JD: Jenatsch defachment; ED: Err
detachment.

34 FIRST BREAK | VOLUME 41 | MAY 2023



TECHNICAL ARTICLE @

Piz Chembels

W ED surface

Upper Triassic
I Lower Triassic

Piz Laviner

W Polymetamorphic basement
M Albula Granite

Figure 3 Cross-sections from Piz Chembels to
Piz Laviner showing the Err detachment imaged
in Figure 2. The south-looking A, B) and north-
looking C) cross-sections illustrate the benefits of
3D visualisation in the deciphering of structural

complexities. ED: Err detachment.

such as LIME [Buckley et al., 2019] and VRGS [Hodgetts et al.,
2015]. The textured models have further been made available as
viewable, online resources through V3Geo [Buckley et al., 2022]
and SketchFab (Table 2).

With low mean-absolute-position errors and high resolutions
(Table 1), the Err and Tasna detachment system DOMs can be
directly integrated with existing data sets and literature. The

processed outcrop models allow quantitative interpretation of
features with details down to the sub-decimetric scale. Veins,
fractures, gouges, bedding, and horizons can be readily distin-
guished in the models (e.g., Figure 2-4), traced in 3D, and used
as input for outcrop-constrained geo-models. Though useful on
their own, the DOMs are most powerful when integrated directly
with other data sets.

The Err Detachment sysiem

The Err detachment system, exposed in the area of Piz Laviner,
preserves the 3D rift architecture of the distal Adriatic rifted mar-
gin (Figure 2A). The main structural elements are two sub-hori-
zontal detachment surfaces, the Err Detachment (ED) and the
Jenatsch Detachment (JD). Both detachments show a top to the
W sense of shear (Figures 2 and 3). Epin and Manatschal [2018]
interpreted these detachment faults as forming in sequence,
with the ED truncated by the JD west of the study area. The
footwall of the two detachments correspond to Late Paleozoic
granite (i.e., Albula granite) and polymetamorphic basement.
The core and damage zones of the detachment faults are several
hundred metres thick, with black gouges passing downward to
greenish silica-impregnated cataclasites (Figure 2E). The strong,
syn-tectonic silica impregnated fault rocks resisted erosion
and are the reason why the detachment surfaces are so well
expressed morphologically. Geochemistry on fault rocks indicate

the presence of mantle-derived fluids that were channelled along
the detachment system and are responsible for the green and red
alteration of the footwall and hanging wall rocks [Figure 2E;
Pinto et al., 2015].

The ED forms a complex surface, locally cross-cut by late
high-angle faults (Figures 3A and 3B). The hanging wall of both
the ED and JD is made of extensional allochthons (Figure 3)
consisting of polymetamorphic basement and pre-rift Triassic
sediments. The relation between the two detachment faults is
illustrated in Fig 2 and shows that the JD is laterally located
on the hanging wall of the ED. Perhaps the most important
observation derived from the DOMs relates to the complex and
polyphase deformation history of the hanging wall structures; it
predates the final emplacement over the detachment and explains
why allochthons cannot be easily restored.

The Tasna Detachment system

The Tasna detachment system, also referred to as the Tasna OCT,
is unique in the sense that it exposes the transition from hyper-
thinned continental crust to exhumed mantle in a continuous,
about 5 km south-north trending outcrop (Figure 4A). This
seismic-scale outcrop shows a crustal wedge that is bounded by
two detachment faults, the Upper and Lower Tasna detachments
(UTD and LTD; Figure 4C and 4D). To the south, the UTD
caps continental basement some hundreds of metres thick that
spans a complex Palaeozoic to Mesozoic evolution [Froitzheim
and Rubatto, 1998; Ribes et al., 2019]. Its footwall comprises a
wide damage zone consisting of altered and silica-impregnated
continental rocks that show evidence for polyphase brittle
faulting. Up-section, the damage zone transitions into gouges,
forming the core zone of the detachment, while down-section
the LTD forms the contact between the hyper-thinned crust and
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the mantle, corresponding to the petrological Moho. Thus far, the
cross-cutting relationship between the LTD and UTD remains
ambiguous because of their low angle dips. The high resolution
and unprecedented perspective provided by the Tasna OCT DOM
may be used to ascertain the timing and relationship between the
low-angle detachments in future work.

The northern section of the LTD is directly overlain by post-
rift Upper Jurassic to Early Cretaceous sediments [Ribes et al.,
2019] that are undeformed at the base (Figure 4F), indicating that
it was exposed at the seafloor during rifting. The footwall of the
LTD is made of serpentinised mantle rocks.

The fault zone of the LTD is several hundred metres thick. It
shows a transition from large, rotated and faulted serpentinised
mantle blocks that decrease in size up-section and are embedded
in a foliated, serpentine and chlorite rich matrix, forming foliated
cataclasites and gouges. The top of the exhumed mantle is partly
carbonatised [e.g., ophicalcites; Figure 4F; Coltat et al., 2020].
The presence of undeformed sediments over the fault zone of the
LTD corroborates the pre-Alpine age of this structure as well as
its interpretation as an exhumed detachment.

The Tasna detachment system DOM shows that the LTD is
truncated by normal faults with a few metres of offset. The faults
are furthermore sealed by the overlying post-rift sediments. The
occurrence of two extensional detachment faults affected by
high-angle faulting also testifies to the complex polyphase strain
evolution of rift-related detachment systems.

Implications for present-day systems
Modern examples of extensional detachment faults are found in
the metamorphic core complexes in the SE US Basin and Range

Elevation (m)

Province [Davis and Lister, 1988; John and Foster, 1993] and
from slow spreading Mid Ocean Ridges (MOR) [MacLeod et al.,
2009]. The presented digital outcrops are unique since they pre-
serve remnants of rift-related detachment systems that are rarely
exposed and preserved elsewhere. The outcrops capture extreme
thinning of the continental crust and exhumation of sub-continen-
tal mantle, both of which remain less well understood than MOR
or post-orogenic extensional systems [Whitney et al., 2013].

Like surface digitalisation methods, subsurface imaging
techniques have benefited from technological advances giving
increased resolutions. High resolution reflection seismic data
have enabled the imaging of structures and their geometrical
relationships at present-day distal rifted margins, which are modern
examples of the structures observed in the Err and Tasna examples
[Figure 5; Gillard et al., 2019; Lymer et al., 2019; Sapin et al.,
2021]. Specifically, the Galicia margin (north-west Iberian Penin-
sula) is commonly interpreted as analogous to the Alpine Tethys
[Manatschal, 2004] and benefits from the recent acquisition of a 3D
seismic block across its distal margin [Lymer et al., 2019]. Seismic
profiles extracted from this 3D block show an array of crustal
blocks limited by detachment faults soling out onto the so-called
S-reflection [Lymer et al., 2019; Reston et al., 1996].

It is generally accepted that velocities are non-unique [e.g.,
Karner et al., 2021], leaving significant uncertainty in the interpre-
tation of related lithologies on seismic sections. This is particularly
true for distal rifted margins, including exhumed mantle domains,
where most rocks have been hydrated and consequently lost their
initial rock-properties (e.g., sonic velocity and density). DOMs
can be compared directly with the structures and their geometrical
relationships observed in seismic sections, either as-is or through

B

Piz Minschun

Piz Oscar

Figure 4 The Tasna defachment system exposed east
at Piz Minschun, highlighting A) the extent and quality
of the DOM and B) location in Switzerland. The cross-
section C) and interpretation D) indicate the main

litho-structural elements, including the transition from

Serpentized mantle

a hyper-thinned crustal wedge to exhumed mantle
along the profile. The close-ups E) and F) illustrate
the detail available within the DOMs, including filled
veins and fractures in the serpentized mantle, and
the interface between the mantle and sediments.
LTD: Lower Tasna detachment; UTD: Upper Tasna
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Wedge of continental crust

Figure 5 A) Section faken from the 3D seismic block of the Galicia distal margin (north-western Iberian Peninsula, from Lymer et al., [2019]). B) Zoom over a crustal block
showing multi-stage extensional faulting. C) Zoom across the continental crust wedge. The Moho reflector is indicated as a green reflector. Modified from Lymer et al., [2019].

seismic modelling. Indeed, Holker et al. [2002] previously imple-
mented synthetic seismic models of the Tasna OCT to ascertain the
tectonic evolution and seismic response of offshore analogs; though
their efforts were limited by the low resolution of the geological
cross-section available at the time. The very high resolution offered
by the DOMs facilitates significantly more complexity in future
synthetic models and already provides sub-seismic information on
the lithologies and micro-to meso-scale structural observations. By
comparing the DOM data with the Galicia margin seismic data, two
main observations can be made:

1) Detachment systems show cross-cutting relationships
between single detachment faults, as shown in the seismic
example in Figure 5A. Figure 5C shows that the S-reflec-
tion, interpreted as a composite detachment surface [Lymer
et al., 2019], truncates a reflection interpreted as the crust
mantle boundary. This situation resembles the crustal wedge
observed at Tasna limited by the LTD and UTD (Figure 4).

2) Detachment systems are overlain by extensional allochthons
or syn-rift sediments (Figure 5B), a situation that is well
documented in our digital model data (Figure 2 & 3).
High-resolution 3D imaging shows that the extensional
allochthons suffered a complex, polyphase, extensional
deformation. This setting is comparable to that observed at a
larger scale in the 3D seismic images of the Galicia margin
where polyphase faulting has been recognised (see Figure
5B; Lymer et al. [2019]).

Detachment systems are thus complex and polyphase 3D struc-
tures overlain by deformed allochthon blocks, which makes their
restoration challenging.

Conclusion

After more than a century of scientific publications targeting
the Alpine Tethys rift system and its evolution, this study is the
first to make some of the key outcrops directly accessible to
the wider scientific community by using state of-the-art digi-
talisation tools. The aim was to present high-resolution DOMs

of detachment systems preserved in the Tasna and Piz Laviner
areas in the Alps of SE Switzerland. These outcrops are, to our
knowledge, the best exposed examples of detachment systems
linked to the extreme thinning of the continental crust and
exhumation of sub-continental mantle worldwide. The DOMs
show striking similarities to 3D seismic images of present-day
magma-poor rifted margins and, in addition, provide informa-
tion about the lithologies and deformation histories of these
systems. The integration of DOMs with multi-physical data,
such as high-resolution seismic, is a first yet important step to
elucidate the complex structures, geometries, rock types and
deformation fabrics of distal margins. Moreover, the DOMs
reveal previously inaccessible parts of the system in high
detail, resulting in new research questions and paving the way
for specific follow-up work on the macroscopic characterisa-
tion of such fault zones as well as to test structural models. All
data are openly available under FAIR — Findable, Accessible,
Interoperable, and Reusable — conditions to the geoscience
community, and we hope this contribution will be the first of
many that target the digitalisation of the European Alps.
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