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Abstract

While imaging of mass transport deposits (MTDs)ybismic reflection techniques commonly
reveals thrusts and large blocks that affect ed@osits, associated systems of folds are geyerall
less apparent as they are typically below the $imftseismic resolution. However, such sub-seismic
scale structures are important as they permititieettbn of emplacement, gross kinematics and
internal strain within MTDs to be determined. Here present a rigorous description of two outcrop-
scale MTDs exposed in La Pefa gorge, northwestegariina. These Carboniferous MTDs enable
us to illustrate structural changes from a compoess domain, marked by sets of imbricated
sandstone layers, into an extensional domain, cteized by sheared blocks of sandstone embedded
in a finer matrix. Folds may be progressively madifduring slump translation, resulting in
asymmetric folds, which undergo subsequent defaomdtading to sheared fold limbs together with
detached and rotated fold hinges. In order to camstransport directions within the MTDs, we
measured fold hinges, mud clast alignment, andthplanes as kinematic indicators. We propose

emplacement models for both MTDs based on the bdaformational behaviour of sandstone beds
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during translation. The first model is based onititernal geometries and structures of a fault-
dominated MTD, and the second model is based @r-lagrmal shearing in a fold-dominated MTD.
Keywor ds: Mass transport deposit, Kinematic indicators, Icdwe thust-faults, Layer-normal

shearing, Fold deformation, Sandstone blocks
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1 Introduction

Gravity-driven mass transport is an important psses in the downslope redistribution of large
amounts of sediment from the continental shelf-eafygt upper slope, thereby contributing to the
evolution of continental margins (e.g Hampton etl8PB6; Moscardelli and Wood 2008; De Blasio et
al. 2013). The deposits of these processes maiyaoastitute up to 80% of the stratigraphic sewti
(Gamberi et al. 2011) and thus control depositicth@ basin scale (Kneller et al. 2016). Mass
transport deposits (MTDs) are highly complex anchjgose the entire spectrum of deposits that
formeden masse, via processes such as creep, slide, slump, dbsissnd multiphase granular flow
(e.g. Lucente and Pini 2003; Posamentier and Mstir2011). These are part of a continuum of
processes that can evolve from one to anothertimiih (e.g. Stow 1986; Nemec 1990; Posamentier
and Martinsen 2011). Turbidity currents and thejpakits are not included in the classification ayov
however, with time, they can evolve into debrisvéo(e.g. Haughton et al. 2003; Weimer and Shipp
2004), or be generated by them (e.g. Mohrig and @®3; Felix and Peakall 2006). The term MTD
is generally used for a single event in outcrogesstudies, but which may contain more than one
flow phase (Jackson et al. 2009). Alternativel, tdrm mass-transport complex (MTC) is commonly
used in seismic interpretation, and refers to featthat can only be imaged on large seismic sarvey
(Weimer and Shipp 2004), or when several MTDs aesgnt but cannot clearly be distinguished
from one another (Weimer and Shipp 2004).

The integration of both seismic and outcrop-basgds®ts have helped to improve our
understanding of mass-transport processes anddibibution in deep water settings (e.g Mutti
1985; Posamentier and Kolla 2003; Martinsen e2@0.3; Dykstra et al. 2011). However, there is still
a gap in scale and resolution when comparing iréémpon and description of MTDs observed in
seismic and outcrop datasets (e.g Mutti 1985; Pestier and Kolla 2003; Martinsen et al. 2003;
Dykstra et al. 2011). Seismic data allow full thckmensional imaging of the sedimentary succession
and may be better suited for describing large-sfeateires (>100 m thick), such as erosion, internal
and external deformation, their relationship widitke other and their lateral distribution and evolut

(e.g. Prior et al. 1984; Posamentier and Kolla 288 et al. 2009; Ogata et al. 2014; Moscardelli
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and Wood 2015; Alves 2015). Outcrop observationghe other hand, are better suited to detailing
small-scale information within MTDs, such as lithgical distribution, structures, textures,
deformation style and detailed geometries, at saaleging from 18 to 10 metres. Outcrop studies
may therefore more effectively elucidate the typiegrocesses and kinematics associated with
MTD/MTC emplacement (e.g. Dykstra et al. 2011; @ggital. 2012; Alsop et al. 2016; Sobiesiak et
al. 2016b; Alsop et al. 2017).

To date, many studies have focussed on the stugglebslopes and consequently the inferred
overall direction of movement of MTDs, using slufofds as estimators to yield downslope direction
(e.g. Woodcock 1976 and 1979; Bradley and Hans@8;18lsop and Marco 2012). Such slump fold
patterns are widely used both in seismic (e.g Budl. 2009) and in outcrop assessments (e.g. Alsop
and Marco 2013; Alsop et al. 2016). As a slumpatés, folds may form with their axes orientated
parallel to the strike of the slope i.e. up to *86m the mean dip direction of the slope (Woodcock
1979; Strachan and Alsop 2006). As the slump teaesldownslope a consequent shear of stress is
imposed and folds are progressively deformed, tieguh fold axes rotating within the plane of flow
towards the downslope direction (e.g. Woodcock 1&I€op and Marco 2013).

The principal aims of this study are to providevesrs to the following questions:

* What are the different styles of deformation redlate MTDs in the case study and how
typical are they?

* How do sandstone layers with varying thicknessardpo deformation within a MTD?

* How can the main flow direction of MTDs be ascertai, and what types of kinematic
indicator are observed?

In order to achieve these aims, we present stridnuterpretations of two contrasting MTDs,
each showing a series of unique sedimentologitaktsiral and geomorphological features that we
describe in detail. The deposits are classifie€ither fault- or fold-dominated MTDs; the fault-
dominated MTD displays a rapid transition from anpoessional into an extensional domain, the
latter being marked by imbricated bodies of sanustboudinaged sandstone blocks, and ripped-up

clasts. The fold-dominated MTD is distinguishedatyyndant slump folds, which enable detailed
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kinematic analysis of the deposit. In addition,dedine five potential stages of fold evolution wder
asymmetric folds are the least deformed, whiledalith rotated and detached hinges represent the

most deformed.

2 Geological Setting

Carion de La Pefia (or simply ‘La Pena’) is a gomgessible via National Road 150 (RN 150),
near the western entrance of the Ischigualastoifiay Park, and is located at the border of SamJu
and La Rioja Provinces in north-western Argentifig.(l). La Pena is positioned towards the north-
eastern margin of the Late Paleozoic Paganzo BBsimmandez-Seveso and Tankard 1995; Limarino
et al. 2002) and is interpreted as a slope syst#improglacial influence. Paganzo is an epicratonic
basin that is the product of Gondwana consolidadioning the Ordovician and Early Carboniferous,
when three crustal terranes (Famatina, CuyanigCéldnia), were individually accreted to the
western margin of the craton (Limarino et al. 200&arino et al. 2006; Desjardins et al. 2009).

According to Fernandez-Seveso and Tankard (19@ppsition in the Paganzo Basin started
during the early Carboniferous, and lasted unélltate Permian. Such sediments sit unconformably
on Precambrian metamorphic rocks and Ordoviciaimsattary rocks that represent the basin
margins. The basin was affected by at least tw@ngast-glacial transgressive events during the
Late Palaeozoic Ice ages (LPIA), which were sulgidigiaccording to post-glacial association (marine
to continental facies) by Limarino et al. (20029dslso Valdez et al in press.). La Pefia is positio
where sedimentation styles change from open marittee western domain to brackish in the eastern
and central domains. Fernandez-Seveso and Tarka®8) lithostratigraphically divided the Paganzo
Group into three super-sequences; Guandacol, ara@bik sequence of proglacial sediments
ranging from distal turbidites, shales and MTDgwdtop-stones; Tupe, a 1300 m thick sequence of
fluvial, lacustrine and marine sediments; and Hatcu1300 m thick sequence of continental red bed
sediments, fluvial facies and playa lake deposigsrfandez-Seveso and Tankard 1995; Azcuy et al.

1999). The deposits described in this case stuliynpeo the Guandacol super-sequence.
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Carfion de La Pena is incised into the western ftditke Ischigualasto and Caballo Anca
Ranges. This is part of the basement uplift eastsvaf the crustal-scale Valle Fertil Fault, whichsy
active from the Early Palaeozoic and strongly ieficed sedimentation during the latter part of the
Palaeozoic until the Neogene. La Pefia exposes fiamksthe Guandacol Formation unconformably
overlain by Lower Triassic rocks. Previous mappimthe area by Milana et al. (2010) demonstrated
that the sedimentary succession is dominated Ilgast five Carboniferous MTDs intercalated with
black shale and turbidite intervals. The MTD donétksuccession is over 900 m thick and is
overlain by 200 m of turbidites and pro-deltaicisezhts capped by Triassic red beds (Milana et al.
2010). It has been suggested that the Carbonifgralesslope at La Pefia had an irregular shape, as
some MTDs suggest a transport direction towardNtRE, while others infer flow to the WNW

(Milana et al. 2010).

3 MTD sedimentology and structure

We describe two MTDs that crop out along river batisa Pefa, both possessing a sandstone
layer with variyng thickness that acts as a ussfaltigraphic marker and records the deformational
history within the deposits. According to the stuwes preserved within and adjacent to this
sandstone layer, we have broadly classified thesiepinto a stratigraphically lower fold-dominated

MTD, and an upper fault-dominated MTD within theaadacol Fm.

3.1 Fault-dominated MTD

The fault dominated MTD is exposed at locality peih, 2, 3 and 4 on Fig. 1b. The outcrops
encompass three distinctive units that can bedraogefidently for about 500 m and comprise (from
base to top): a heterolitic mudstone unit, thabimiposed of dark mudstone layers intercalated with
sandstone beds (up to ~ 15 cm thick); a pebbly tondgdebrite unit), which consists of granule to
small pebble sized quartz clasts embedded in a ynumddkix; and finally, a medium to coarse
grained, structureless sandstone unit, that caingato 7 m thick (Fig. 2). The MTD in this loaati

is characterised by the presence of imbricatedstands beds, marked by thrust planes dipping
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towards the SW (Fig. 2 and 3a), that evolve dovwgioreal dip into large sandstone blocks embedded
in a finer matrix (Fig. 2 and 4a).
Two styles of deformation are observed within thedstone unit, (i) imbricate-dominated (Fig.

2 and 3a) and (ii) block-dominated (Fig. 2 and 4a).

3.1.1 Imbricate-dominated sandstones

The imbricate-dominated sandstones, which are ##ick and can be traced laterally for over
~70 m, are characterised by a set of three thmisticate slices and a ‘pop-up block’. The ‘pop-up
block’ is bounded by two oppositely dipping thru@tgy. 3b). This structure passes into a thrustksta
with an emergent imbricate fan morphology (Fig.. 3dje thrust stack is composed of three internally
coherent imbricate slices, that diverge upwardsfeosole or ‘floor’ thrust. These imbricate slieege
separated by two sets of thrust planes, and ateebsed against the block-dominated portion of the
deposit (Fig. 3a). The imbricated sandstone layerlies a mudstone unit that is up to 2 m thick] an
is locally injected along the thrust faults betwéle® imbricated sands (Fig. 3a and c¢). The contact
between the mudstone and the sandstone is irredugeto remobilization and emplacement.
However, the presence of symmetric flame structsuggiest that a depositional contact may be
locally preserved between the sandstone and mugisaitthough the flame structures could also have
been formed during a later fluid scape event (&if).

A debrite unit is situated in the uppermost portsbthe mudstone, normally occurring a few
centimetres below the contact between the mudstodé¢he overlying sandstone (Fig. 3b, d and e).
The debrite is concordant with the mudstone bedding occurs as discontinuous bodies that locally
thicken and thin. The debrite is generally thin ¢rd) in comparison with the block-dominated
described below. Additionally, brittle deformationthe form of contractional faults with a few crh o
displacement propagate from the mudstone intoaghdstone (Fig. 3a and c) and locally affect the

debrite (Fig. 3e).
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3.1.2 Block-dominated sandstone:

This unit consists of large sandstone blocks thiagye from 2 to 4 metres in height (vertical axis)
and from 5 to 12 m in width (horizontal axis). Thddocks are embedded within the debrite
described above (Fig. 4a, b) and are almost epttgrounded by a thin layer of mudstone ranging
up to 30 cm in thickness. The basal contact obtbeks shows signs of interaction between the
sandstone, mudstone and the debrite (e.qg. irregalandaries, downward and upwards injections,
ripped-up clasts) (Fig. 4c, d, e and f) and areetioee very different from the imbricate-dominated
sandstone described above.

Where sandstone blocks are positioned on top aht@stone, it is possible to see downwards-
directed injections of sandstone into the mudstapers. The injections are shallow and the geometry
resembles small apophyses or ‘fingers’ that rangm 2 to 12 cm in length (Fig. 4c, d, e and f).
Locally, thin sandy layers within the mudstone @ folded (Fig. 4b). The short ‘middle’ limbs of
such folds are thicker than the upper long limht tire stretched and appear to have undergone
boudinage resulting in pinch-and-swell like struetu(Fig. 5a). Such folds are only found where the
debrite layer is positioned below the mudstone. umiaddition, the sandstone blocks display thin
seams of anastomosing mud injected upward at sk, while clusters of mud-clasts are observed
at the same horizon as the seams. (Fig. 5b, c).

The debrite forms the matrix in which blocks aratained; however they also occur at the base
of the deposit as discontinuous lenses that digplayounced lateral changes in thickness up to 30
cm. Locally, the debrite is injected downwards &mdcates the bedding in the mudstone (Fig. 5d).
The debrite also intrudes upwards into the mudstorfierm dykes and diapir-like structures that
deform the adjacent mud layers (Fig. 5e). Thesiigns also spread laterally as sills that form
pinch-and-swell like geometries (Fig. 5e). Whendhedstone is positioned above the debrite, it is
possible to see evidence of the debrite havingtegeupwards. The sandstone layers are locally
pulled apart and boudinaged, with debrite infillthg necked areas (Fig. 5f). Such injections and
intrusions erode and rip off fragments of sandstmed (more sporadically) mud, resulting in the

creation of ‘secondary’ clasts within the debrkgg( 5g and h). These ‘secondary’ sandstone clasts



189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

range in size from 5 up to 60 cm, with smaller tdakisplaying a moderate to high sphericity, ared ar

sub-rounded to rounded. Conversely, the largetsctae elongate and sub angular (Fig.5g and h).

3.1.3 Structural interpretation of the fault-dominated MTD

We interpret the geometries described above t@sept different processes and stages within
the same deformational event (Fig. 2). The imbeiciiminated geometries have a compressional
character represented by a pop-up block and tlee ihtbricates (Fig. 2 and 3a and b). They are
considered to have deformed the same continuouslager that was repeated and imbricated as in
classic thrust geometries (e.g. Butler 1982). Aerahtive explanation could relate to the imbrimati
and ‘collision’ of originally separate sandstonedis (rather than a continuous sandstone layer) due
to a change to overall compression. We suggesthisaits unlikely due to the similar character of
each sandstone imbricate, and the lack of delnfitérig the gaps between the sandstone blocks.

The change to compressional flow may be cause@)ychange in rheology due to expulsion
of water and/or addition of incorporated sedimewté that the frontal part of the imbricate hasgh h
proportion of debritic injection); (ii) a changetime geometry of the basal surface from a flat anto
ramp, thereby creating an accumulation zone;dithange in flow behaviour where the debritic layer
is absent, resulting in no ‘easy-slip’ or lubricatihorizon.

The block-dominated geometries are more extensiar@aracter and are translated in the form
of separate sandstone blocks surrounded by mudrasabed in the debrite (Fig. 2 and 4a). Such
blocks also show aspect ratios (long (x) axis veshort (y) axis) of around 3 in 2D section,
suggesting that they may have undergone boudinage.

Most of the sandstone blocks display mud clastswaumd seams at the base (Fig. 5b and c) and
downwards injection of sand (Fig. 4c, e and f)jdatve of interaction with the underlying mudstone
horizon. Such features are not observed in theioaters, suggesting two different stages of
disaggregation over a relatively short distancalif@hally recumbent folds are observed below
some of the blocks (Fig. 4b), suggesting that lomtizl contraction also occurred. In this case,dold
show a pinch-and-swell structure on the upper [{Fig. 5a), indicating overprinting of

compressional features by subsequent extension prgressive deformation when the deformed
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layer is locally oblique to the direction of shéarg. Van der Wateren et al. 2000; Dykstra et@1.12

Alsop and Marco 2013).

3.1.4 Emplacement Modéel

Here we suggest a simple model to explain the erapiant of the fault-dominated MTD,
according to field observations and the relatiom$t@tween the units (Fig. 6).The fault-dominated
MTD is sandwiched above and below by an interaatedif mudstones and bedded sandstone layers
(heterolitic unit) that extend for at least tensyadtres in both directions.

In our model, the pebbly mudstone (debrite) wasditpd on top of mudstone, and this was
followed by further mudstones and intercalated s with thin sandstone layers. Deposition of
these overlying mudstone may have trapped watéimtihe underlying pebbly mudstone. This
sequence was then ‘capped’ by the deposition loick {up to 8 m) sandstone package, that was
subsequently deformed (Fig. 6).

Our model places the detachment surface at thedfdlse pebbly mud while the sea floor was at
the top of the sand package (Fig. 6). Althoughttiggiering mechanism for slope failure can only be
inferred, the action of gravity on a rapidly depedithick sand package that overlies a wet pebbly
mud could be sufficient to create instability amaige failure. However a seismic event can not be
discounted as a possible trigger.

In order to generate the deformational featuresrd®sd above (sandstone blocks, sandstone
imbrication, sand and mud injections etc.) we asstimat the mudstone and sandstone were
unlithified at the time of the failure. Evidencetbfs is provided by interrelationships between the
three units, where mud seams, clasts and sandianje@re found at the base of sandstone blocks,
with pebbly mudstone injecting into all units aighbing off clasts in the process. As the MTD
translated downslope, the sandstone was fragmenitdblocks and individual fragments
boudinaged by the flow as they sunk into the mugstavhich then wrapped around the fragments
(Fig. 6a). In contrast, in the imbricate-dominasetting, the sandstone appears to have moved as a
single unit, undergoing limited deformation untilnas butressed and developed thrust imbrication

and infilling of fault planes with mud (Fig. 6b).
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The pebbly mudstone occurs as thin lenses belowrthiecate-dominated sandstone and appears
to be ‘squeezed out’ by the compressional charattiére imbricate-dominated zone. However,
downdip from the imbricates, the pebbly mudston@aagntly injects upwards into the mudstone and
sandstone, ripping up clasts from both units ariméng the flow matrix as it was pushed upwards
(Fig. 6b).

Moreover, the propagation of brittle structureshsas reactivation of thrust faults into the
mudstone (Fig. 3d), and the sharp thrust contaittarpebbly mudstone below the sandstone (Fig.
3e), are suggestive of post-depositional creegingd,either a rapid change in the rheological
properties of the pebbly mudstone into a rigidestpossibly due to dewatering, or a dramatic irsgea
in strain rate. Furthermore, the turbidite sequdocated below the MTD displays growth strata in
the form of a fanning shape geometry of its bedd,ia consistent with creeping (see Figure 13 from

Kneller et al. (2016)).

3.2 Fold-dominated MTD

The fold-dominated MTD crops out beside a dry sl just southeast of the RN 150 road
(point 5 on Fig. 1b). The exposure is up to 3 mhtdgd is ~ 40 m long, encompassing a ~2 m thick
slump unit composed of deformed mudstone with shimdstone turbidites (up to ~1 cm thick ) and an
outsized (up to ~ 30 cm thick) red sandstone batishbroken up into fragments (Fig. 7a). The MTD
is overlain by an intercalation of thin sandstond mudstone layers (up to ~2 cm), which form a ~ 18
cm thick unit that truncates the underlying folsisggesting an erosive contact (Fig. 7b). This
sequence is overlain by a further ~10 cm thicksaudstone layer, followed by a ~25 cm unit
composed of thin sandstone beds (up to ~1 cm)caged with mudstone layers (up to ~2 cm).
Finally, this local sequence is capped by a 20hinktpebbly mudstone layer. The main structural
characteristics of the deposit are the deformetlaamtaining slump folds, sandstone blocks, sheared

sandstone layers and internal detachments, whechaw described in detail.



267 321 Sump Folds

268 The slumped unit is intensely deformed and contdiimssandstone layers deformed into SE-
269 and NW-verging folds (Fig. 7c and d). The SE-vegdiolds have gently NW-dipping axial planes
270 (mean strike and dip 061/17NW), with axial-plantikes distributed over a limited 100° arc (Fig.
271  7d). The NW-verging folds are marked by gently Bpilng axial planes (mean strike and dip

272  000/13E) with strikes ranging over a slightly mbneited 74° arc (Fig. 7d). Both fold types have
273 hinges that plunge at shallow angles towards thieE-fnean 036°), with hinge trends distributed
274  over a 48° arc (Fig. 7d).

275 In general, the folds are asymmetric and are malleitie development of upright folds (early
276  stages) through to progressively inclined asymmaitfold (later stages), suggesting potential

277  madification by progressive simple shear (Alsop Btadco, 2013). Such asymmetrical folds display
278 long, stretched and thinner limbs, interpretedean the extensional field, while shorter and kieic
279 limbs lie in the contractional field of the straghipse (Fig. 7c).

280 Additionally, asymmetric, doubly-vergent folds tliesemble a box-fold geometry occur within
281 the slump horizon, with two sets of axial planesgach hinge located in the ‘edges of the box’.(Fig
282  7e). These axial planes dip in opposite directemms converge downwards towards a single point.
283  The large doubly-vergent fold in the La Pena slusrpounded by two shear planes, one of which
284  entirely truncates the upper limb of the fold, whihe other stretches and thins the lower limb. (Fig
285 7e). The box fold geometries are interpreted asoti@tent folds, and are the result of buckling above

286  an easy-slip horizon where the detachment propaggtssen 2010; Alsop and Marco 2013).

287 3.22 Slump fold evolution

288 It is possible to recognise five general stagesldfevolution within the slumped interval. These
289 stages are; (i) asymmetric folds, described in@e&.1.1, (ii) folds with incipient shearing,

290 characterized by an increase in thickness of tipemuigmb towards the hinge, where the maximun
291 thickness (~20 cm) is attained. The lower limbhisrger in length (~10 cm) and very thin (~2 cm);
292 (i) sheared fold limbs, characterized by the pres of only one limb (upper or lower) which shows
293 different degrees of shearing by the flow, preseythe hinge (where the bulk of the sand is found);

294  (iv) limbless folds, characterized by the presesican ellipse-shaped hinge and the vestige of one
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sheared limb; (v) rotated and detached hinges,awtmemded sandstone blocks deform the bed
around it as if they were rotating (Fig. 8a andTlijis sequence is generally considered to relasm to
increase in overall shear strain within the slumpeid

The least deformed end member is represented hgyinmetrical folds (Fig. 7c and 8b) as
described above, which are recumbent and charaeteby a longer and thinner limb adjacent to a
shorter and thicker limb. As flow progresses, slstrain increases and internal detachments start to
develop. These truncate the folds and cut the $ihdss of the fold close to the fold hinges achineyi
the second stage (ii), incipient shearing (Fig.8th €. Following that, the shear surfaces evolve,
resulting in the offset of one of the limbs, leayonly the fold hinge and the other limb, formihg t
third stage (iii), sheared fold limbs (Fig. 8b af)dAs hinges gradually start to rotate, fold limbs
begin to show signs of shearing and attenuatidheysstart to thin and fade into the matrix, witiyo
part of the fold surviving as a rounded body ofdséwn),forming a limbless fold (Fig.8b and c).
Finally, the most deformed end-member (v) hingatioh is the severed fold hinge that behaves as a

block and rotates within the flow thereby deformthg strata around it (Fig.8b and e).

3.2.3 Outsized sandstone layer

The fold-dominated MTD contains several fragmerfitarooutsized sandstone bed of variable
thickness (up to ~30 cm) that are preserved as slath blocks, discriminated by aspect ratio; the
slabs are up to ~15 cm thick and up to ~2.5 m lermle blocks can be up to ~30 cm thick and 55 cm
long. Such slabs are scattered throughout the depuwbappear to be derived from more than one
outsized bed, because individual single slabs astlynfound in the upper part of the slump unit,
while continuous and sheared slabs and blocksligreed along the same horizon (as if they were
originally a single bed) in the lower part of themsp (Fig. 8a).

Slabs in the upper part of the slump are brokemsmaller pieces up to ~50 cm long that show
weak internal deformation and attenuated edges whepared to slabs from the lower part. Such
attenuation may indicate that the flow was interactvith the slab in a more abrasive way, or sugges
that the difference in competence between the fitatrix and the sand slab was forcing the slab to

undergo boudinage by the flow. Where larger slabdaded, the thickness of the deformed sand



323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

layer is greater in the fold hinge and gets pragjvesy thinner towards the limbs (Fig. 7¢). Such
structures may result from progressive simple shearcompetent layer, where buckling and folding
are followed by unfolding, stretching and boudinafld hinges and limbs as simple shear
proceeds (Van der Wateren et al. 2000). In somescése outsized sandstone layer can be found as
rounded bodies of sand or blocks (Fig. 8e).

Sand slabs and blocks in the lower part of the gkdvunit are all located along the same
horizon, which acts as a marker for thrust plahes d¢ffset the layer (Fig. 8a and d). The slaltbén
lower part, which are very similar to those desadiilabove from the upper part, are rectangular
shaped, weakly deformed and sheared. Attenuatezsedgidly disintegrate into a thin (~ 2 cm) seam
of sand-rich matrix that connects to another skablack. Although blocks have a variable shape,

they all share an ellipsoid geometry, and are #rithan the slabs described above (Fig. 8c and d)

4 Kinematic Indicators

An array of kinematic indicators can be used framheMTD within La Pena to determine
overall movement direction. The fault-dominated MdiBplays thrust fault imbrication, with thrust
planes dipping towards ~ 247°, which when takeretiogr with measurements from associated fold
hinges, suggests a mean transport directions tewhedNE (067°). Fold hinge and axial plane data
collected from the fold-dominated MTD (Fig. 7d) sfsofold hinges distributed into two populations
of SE- and NW- verging folds. The separation arthoe developed by Hansen (1971) is not
appropriate in this case as there is no distingteaof separation between the two population of SE
and NW verging folds. We have therefore appliedAkial-planar Intersection method (AIM of
Alsop and Marco 2012) and this suggests an ovigaisport direction towards ~ 036°.

In order to better constrain the overall transplaction, we also gathered structural data from a
separate debritic interval. This interval is locbéecouple of metres below the fold-dominated MTD
(point 6 on Fig. 1b), and is composed of a delmdtrgtaining numerous mud clasts (Fig. 9a). We
measured the orientation of the long axes of thd-ohaists, as exposed on bedding planes, and they

are orientated towards ~ 040° and interpretediag |yarallel to the NE-directed transport direction
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(Fig. 9b). In summary, we have used three diffetechniques to determine transport direction, and
all three deposits provide similar flow directiolge are therefore confident that the main flow

direction within this part of the basin, at least the studied intervals, was towards the NE.

5 Axial planar cleavagein slump folds

A spaced axial planar cleavage is recognised mliolds in a horizon located several metres
below the fold-dominated MTD (point 7 on Fig. 1) this horizon, the slump folds are
predominantly SE-verging and show mm-scale creinmatieavage and fracture cleavage that is
approximately parallel to the fold axial plane (F¥g and d). It is important to note that the beds
above and below this slumped horizon do not displagh a fabric. Axial planar cleavage is now
interpreted to form during slumping (see discuséioalsop and Marco, 2014) as well as in other
soft-sediment settings (see also Alterman 1973frigeet al. 1977; Dykstra 2005; Meere et al. 2016).
The development of axial planar cleavage withimglolds is thus entirely consistent with the syn-

depositional origin for these structures.

6 Discussion

6.1 Fault-dominated MTD

6.1.1 Liquidization

Liquidization is a term that simply describes anggess that transforms sediments from a solid
into a fluid like state, and is a primary procassldwnslope mobilization of unconsolidated or
partially-consolidated sediments (e.g. Allen 198%en 1987; Maltman and Bolton 2003).
Liquidization occurs when sediment grains are suppdoy pore-fluid rather than intergranular
contact, causing a loss of shear strength witlsétgément effectively behaving as a fluid (Maltman
and Bolton 2003). Liquidization can be divided ifitodization and liquefaction. Fluidization is wie
the sediments behave as a liquid by the flow o&loids that suspends the grains, (e.g. Urquhart;
Nichols 1995; Zhu et al. 2005). Liquefaction deyslevhen any additional load on a sediments is

completely suported by pore-fluid, causing therggdo become suspended, therefore losing strength
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and cohesion and starting to behave like a fluiddi&sen and Bjerrum 1967; Lowe 1975; Hampton
et al. 1996).

As suggested above (section 3.1.4), the additioaal caused by the deposition of sand, or
another trigger mechanism, caused the debritedorbe unstable. The debrite transformed into a
liquid-like state by one or more of the processescdbed in the paragraph above leading to
downslope failure, with the sands sinking into ligaefied debrite. As the MTD translated
downslope, the sand layer was fragmented and detbby the flow. The fragments that have a
blocky shape show evidence of layer-parallel extenss they are more competent than the
surrounding debrite and undergo boudinage. In ashtthe imbricate-dominated sandstone shows no
signs of liquidization.

Additionally, in a fluidized sediment pore fluid é&pelled towards areas of lower fluid pressure,
which in most cases is upwards (Lowe 1975; Maltawach Bolton 2003). Such migration of fluid and
sediment is shown by intrusions in the form of titamjections (Peterson 1968; Hiscott 1979), even
in areas undergoing contractional deformation (@ajladino et al. 2016). Indication of such process
in the studied sucession are the upwards injectiaiebrite into the mudstones as dykes and diapir-
like features (Fig. 5e and f). However, such iri@@td can locally be in any direction, including
downwards (e.g. Peterson 1968; Hiscott 1979; HU&&8), exactly as shown by the downwards
injecting debrite (Fig. 5d) and sandy injectiongy(FEc, e and f) intruding the mudstones and the
lateral debritic sill-like intrusions. The downwargointing sand injections suggest that the sandsto
blocks were also liquified; the same assumptionbEapplied to the mud clasts and seams found at
the base of the sandstone blocks, where the mativetauld result from the erosion of the underlying
mud horizon, and the mud seams from its upwardatige. On the other hand, the sandstone blocks
were undergoing shear-stripping, as mudstone amakgane clasts were ripped out and incorporated
into the matrix (Fig. 5g and h). Such clasts shavgid behaviour rather than liquid-like, and the
physical state of the sandstone blocks is therefongplex and varies along the MTD.

Comparing the structures observed in the fault-dateid MTD with the structures described and
interpreted by Strachan (2002), suggests thatfiégtien was the major process acting on the MTD.

Thus, fluidization generated the intrusions anddiaction generated the folds.
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6.1.2 Thrust faults (compressional)

Thrust systems in MTDs have been widely describeah 5eismic (e.g. Bull et al. 2009;
Posamentier and Martinsen 2011) and outcrop dajaRarrell 1984; Dykstra et al. 2011; Alsop et al.
2017) and their surface expressions are usuaklyresf to as pressure ridges. Such features are the
result of heterogeneous shear, and normally gemarelassic duplex and imbricate geometry (Frey
Martinez et al. 2006; Bull et al. 2009; Posamerdigd Martinsen 2011). These structures typically
affect the entire thickness of the MTD, and are wamly described from the most distal region or
“toe domain” of the flow (e.g. Frey Martinez et 2006; Bull et al. 2009). However, thrusts can also
develop at the lateral margins of a flow, aroung alostacle to a flow (e.g. remnant and rafted dock
salt diapirs etc), or due to localised variatiamsopography as the basal shear surface cutsaip to
shallower stratigraphical horizon, thus creatirmpae of flow accumulation and horizontal shortening
(e.g. Gawthorpe and Clemmey 1985; Bull et al. 2009)

In seismic sections, thrusts are characteristieadfyressed as discontinuity between offset
reflections, in many cases, this discontinuity vdolshve a listric form dipping at least ~15° but
potentially steeper. They are considered to origia&the base of the MTD and extend through the
deposit to its upper surface where they commordgter topography (e.g. Kneller et al. 2016).
Normally, reflections associated with thrusts dgslope, however downslope dipping thrusts
occasionally occur and are often interpreted ak tacsts related to larger synthetic thrusts
(Martinsen and Bakken 1990). In plan-view, thrustsur as arcuate lines that are convex in the
downslope direction, even when they display a lhakst sense.

Using field data from western Ireland Martinsen &adtken (1990) describe imbricate thrusts
with a sheared mud horizon infilling the gap betw#ee thrust slices from a slump and a slide
section. In plan-view, each thrust is described asnvex lobe of sediment piled on top of another
and separated by the sheared mudstone. This Hystsim is structurally and sedimentologically very
similar to the imbricate-dominated sandstone, wimalgicated thrust slices are separated by sheared
mudstone (section 3.1.1). Huvenne et al. (2002yaed 2D and 3D seismic data showing a frontally
confined MTD (sensu Frey-Martinez et al. (2006))tamning undisturbed blocks in the western

Porcupine Basin, Ireland. They describe the ocogg®f elongate blocks orientated perpendicular to
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the main shortening direction in the frontal threxgstem. Some of the blocks were tilted and thdjste
and internal stratification could not be detectedike blocks elsewhere within the deposit.

We suggest that these two examples may help exptairthe imbricate-dominated sandstone
observed in our study area was developed. It doaNg been formed where a compositionally
heterogeneous MTD was buttressed against an obstattie flow, leading to compression and
formation of thrust imbricates (e.g. Martinsen &akken 1990). Alternatively, blocks may have been
aligned perpendicular to the flow and buttressedreg each other, resulting in thrust faults filked
the sheared matrix (Huvenne et al. 2002). Basembliofield observations, we suggest that that the
sandstone layer was buttressed against an obstable flow leading to the development of thrust

faults.

6.1.3 Blocks (extensional)

MTDs containing coherent rafted blocks are widedgwmented in the literature from both
seismic (e.g. Bull et al. 2009; Jackson 2011; @affe et al. 2013; Alves 2015) and outcrop data (e.
Macdonald et al. 1993; Lucente and Pini 2003; Drgkst al. 2011; Sobiesiak et al. 2016a and b).
They are usually interpreted as pieces of cohestteatigraphy that experience little or no internal
deformation, and are derived either from the fragakon of the MTD protolith, from erosion of the
substrate, or both.

According to Alves (2015), blocks in seismic date distinguished as features with high
reflection strength, in comparison with the vareaamplitude of the disrupted strata of the MTD
matrix. They are generally classified as eitherrramt or rafted blocks, with remnant blocks showing
continuity with the underlying non-MTD strata, wdilafted blocks ‘float’ within the matrix, or rest
on top of a glide surface that has transported tth@wnslope (Alves 2015).

Dykstra et al. (2011), Garyfalou (2015) and Sobikst al. (2016a and b) described a blocky
MTD from Cerro Bola, NW Argentina, that containsidatone blocks derived by erosion of the basal
shear surface that were incorporated into the ngoflow. Such sandstone blocks are interpreted to
have been unlithified at the time of incorporaténd are generally structureless, with signs of
fragmentation by stretching and boudinage resultiran eye-shaped geometry. It is also possible to

interpret material having been sheared from theksl@and incorporated into the matrix.
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The blocks described above in section 3.1.2 agdiflg within the MTD matrix, show no vertical
continuity with underlying stratigraphy, and caerfore be classified as rafts according to Alves
(2015). Such blocks show similar features and ge&geseto those described by Sobiesiak et al.
(20164, and b), with both having eye-shaped gedeseindicative of boudinage of the sandstone
layer. Another similar feature is the abrasionh&f material from the blocks and its incorporatioio i
the matrix of the flow (Garyfalou 2015; Sobiesidkak 2016b). In the Cerro Bola example, the sand
material sheared from the blocks behaves in a chactle style (with sand blebs and stringers
resulting in a sand rich matrix) compared with shedstone clasts from La Pena. This may be

indicative of the degree of lithification prior tteformation.

6.2 Fold-dominated MTD

6.2.1 Fold generation within a slump

Slumps are most simply described as a single dopashoving cell, containing extension at the
upper end, termed the headwall domain, contraetiadhe lower downslope end termed the toe
domain, and a translational domain between thegemwere the slump moves downslope over a
detachment surface (e.g. Farrell, 1984; Bull e2@09).

According to Alsop and Holdsworth (2007), fold gexing and orientation are generally
governed by how displacement occurs on the unaeylgetachement surface (e.g. Coward and Potts
1983). Layer-parallel shear (LPS) develops whespldcement is constant and parallel to the slump
direction, producing quasi-cylindrical folds atigthangle to flow and unimodal fold facing patterns
sub-parallel to flow direction. Conversely, layarmal shear (LNS) forms when the displacement is
non-constant leading to differential movement, pidg cylindrical folds oblique or even parallel to
flow, and a bimodal fold facing pattern at a higigle to flow direction (Alsop and Holdsworth 1993;
Alsop and Holdsworth 2007). The non-constant disgigents of LNS produce localized flow
perturbation resulting in zones with a relativeederation (surging flow) and deceleration (slackegni
flow) in comparizon with the background velocityc@ording to Alsop and Holdsworth, (2007), an
accelerating flow perturbation develops an antif@roulmination, where the arc of hinge-line

curvature closes in the direction of transport. ¥&vgely, in a decelerating flow perturbation, a
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synformal depression forms, wih the arc of hinge-lcurvature opening in the transport direction
(Fig. 10).

The slump fold geometries and style describedérfald-dominated MTD are very similar to
the LNS pattern describe above from Alsop and Heddgh (2007). The bimodal fold vergence
distribution and facing pattern, the oblique asyrno€Z and S) type of folding developed sub-
parallel to flow, and the axial planes dipping pposite directions are all consistent with LNS-
dominated flow (Fig 10a and b). The developmerthnist faults which strike sub-parallel to inferred
flow, and with displacements directed away from anether, together with the mean axial plane and
the clustering of fold hinges of the SE and NW vwegdolds, all suggest that the fold hinges diverge
away from one another in a downflow direction (Fd). Thus, the overall geometry of the faults plus
the deformation and offset of the outsized sandsbmu clearly demonstrate a depression surface
flanked by culminations. The overall behaviourlod tlow is therefore consistent with a depression

surface in the LNS model (Fig 10a and b) (Alsop Hittsworth 1993; Alsop and Holdsworth 2007).

7 Conclusions

In this paper we have described and discusseduisasmic scale examples from the Late
Carboniferous Paganzo basin, which we classifiddws and fold-dominated MTDs. The fault-
dominated MTD is characterized by the lateral cleaoger a few 10’s of metres, from sets of
imbricated sandstone slices (compressional) individual sets of sandstone blocks (extensional),
which are both embedded in a debrite unit. Theitielmnit itself shows signs of liquidization,
resulting in the overlying mudstone and sandstonis ginking into it, and ripping up pieces of
sandstone and mudstone in the process. Upwardasiimjeof debrite as diapir-, sill- and dyke-like
structures can be seen, as well as downwardsiomect sandstone and debrite into the substrate. Th
sandstone blocks also possess clusters of mud-adadtmud-seams anastomosing at the base.

The fold-dominated MTD contains bimodal fold vergerand facing patterns, oblique

asymmetric (Z and S) type of folding developed palrllel to flow, and axial planes dipping in
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opposite directions which are all consistent witiS-dominated flow towards the NE. The
development of thrust faults, which strike sub-plaréo NE-directed flow and with displacements
directed away from one another, suggests that thagebe a component of convergent flow on each
flank of the depression. Additionally, five stagddold evolution are noted, starting with
asymmetrical folds, which as flow progresses becsineared untill the hinges become detached and
rotate as ‘blocks’ thereby deforming their immediatirroundings.

Overall, we can conclude that thin (i.e. up to ~c89 and thick (i.e. up to 4 m) sandstone beds
respond differently to deformation. Thin beds témdbld with variations in flow, while thick beds
have the tendency to develop longer wave-lengtiisfahd thrust zones. As such, systems of thrusts
and blocks affecting thicker beds are more appanesgismic analysis. Folding is generally
unresolvable on seismic sections and may form bétewimits of resolution and/or be too tight to be
clearly imaged. In summary, outcrop description abservation of geometries, architecture and
structural relationships of MTDS are vital for galked lithological and deformational understanding

which is not achievable through seismic analysseal
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Figure Captions

Fig 1: (a) Outline map of South America, highlightinggéntina. Red rectangle marks location
of the field area. (b) Google Earth image of “Quelar de la Pena” showing outcrop locations.
Positions of fault-dominated MTD (red circles 132and 4), fold-dominated MTD (blue circle 5),
debrite with mud clasts (blue circle 6) and slumld$ with axial planar cleavage (blue circle 7)
localities are highlighted. The route of highway B9 is shown for reference.

Fig 2: (a) Summary cartoon showing the lateral distrdoubf key outcrops (points 1 to 4 on Fig.
1b). Note the lateral variation from the imbrica@minated (compressional) into block-dominated
(extensional) domains. (b) Three schematic logsvstwthe vertical disposition of all three units

according to their structural domain (imbricated dnhock-dominated). Location is shown in Fig. 2a.

Fig 3: (a) Photo (oblique to the inferred transport cien), showing the overall imbricate-
dominated sandstone and the transition into blarkidated sandstone that forms the fault-
dominated MTD. Location is shown by point 1 in Fig. Interpretation box in the upper centre of the
figure, with sandstone highlighted in yellow in figures. (b) Pop-up block contained between a
thrust and a back thrust. Location and orientagtoown in Fig 3a. (¢) Thrust fault propagation from
an inbricate thrust into the underlying mudstoredloyv and green lines are offset marker beds within
the mudstone sequence. Location and orientatiowrsioFig 3a. (d) Flame structure between the
sandstone layer and the underlying mudstone, stiggesdepositional contact, note the thin, lighter
coloured debrite layer a few centimetres belowcthract. Location and orientation shown in Fig 3a.
(e) Thrust fault producing a brittle offset of tthebrite and the mudstone. Note the lateral thicknes

change of the debrite from thiner (left) to thickeght). Location and orientation shown in Fig 3a.

Fig 4: (a) Photo (oblique to the inferred transport cli@), showing two sandstone blocks
embedded within the debrite. Location is shown diyip4 in Fig. 1b and 2a. Interpretation box on the
upper centre of the figure highlights sandstongeitow and debrite in grey. (b) Photo (obliquetie t

inferred transport direction ) showing a sandstalnek sitting on top of the mudstone succesion. A
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thin debrite layer thickens toward the WSW. Note fiblding of the sandstone layers on the mudstone
succesion. Location is shown by point 3 in Figatik 2a. (c) Detailed photograph of the irregular
contact between the sandstone block and the umltgrtyudstone succesion. Note the downward
sand injections and the proximity of the debritéh® contact. Location is shown in in Fig. 4a. (d)
Photo (oblique to the inferred transport directj@mowing the relationship between the three units
(sandstone, mudstone and the debrite). Locatishdg/n by point 2 in Fig. 1b, 2a and 3a. (e and f)
Detailed photographs of the downward pointing Sajettions which truncate bedding (white

dashed line) in the mudstone sucession Also netentind clast and seams a couple of centimetres

above the contact. Location shown in Fig 4d.

Fig 5: (a) Detailed photograph showing a pinch-and-satelicture on the upper limb of a
recumbent fold. Location is shown in Fig. 4b. (ll@h Example of mud clasts and anastomosing mud
seams at the sandstone base. Location is showg.idd& (d) Example of downwards debritic
injection truncating the mudstone succession. (Bgi@nt styles of debritic injections as it intresl
upwards to form diapir-like structures that defdha adjacent mud layers, and lateral spread as sill
like features that also form pinch-and-swell lil@ogetries. Location is shown in Fig. 4d. (f) Debrit
infilling necked areas where sandstone layers @uadeoudinage. Note the lateral thickness change of
the debrite. Location is shown in Fig 3a. (g anéEkamples of ripped-up sandstone and mudstone
clasts embbeded in the debrite. Location of g emshin Fig. 5f.

Fig 6: Simple sketch showing the organization of themsa&dimentary and structural elements
of the fault-dominated MTD into block- and imbrieadominated. (a) Model explaining the
generation and formation of the block-dominated MYhere sand was fragmented by the flow,
pebbly muds were injected upwards into the ovediits, at the same time the sand blocks sunk into
the mud. (b) Model showing the generation and aedtion of the imbricate-dominated MTD. Where
the sand layer was compressed, leading to imbribatst slices, the pebbly muds were injected
upwards into the overlain units, thus separatiegbricate-dominated from the block-dominated

domains. Units legend are the same as Fig. 2.
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Fig 7: Photo (looking along the main transport directj@mowing the fold-dominated MTD.
Pink line marks the top of the unit, overlying yall line shows a turbidite, and orange marks debriti
units. Location is shown by point 5 in Fig. 1b. Tmp of the deposit showing truncation of the
underlying folds of the MTD, and the erosive contaatween mud and sandstone beds. Location is
shown in Fig. 7a. (c) Example of asymmetrical relsan folds within the MTD. Location is shown
in Fig. 7a. (d) Stereonet showing the distributddold hinges as filled circles, SE verging folds
(blue circles) and NW verging folds (red circleéBdles to axial planes separated into SE vergirasfol
(blue squares) and NW verging folds (red squaMean axial planes intersect and suggest a mean
transport direction towards the NE. (e) Doubly-wsrgfold contained between two shear planes.
Location is shown in Fig. 7a.

Fig 8: (a) Summary cartoon viewed into the main transgionection, showing the overall fold-
dominated MTD. (b) Cartoon showing the 5 end-memibéfold hinge evolution, from asymmetric
folds (less deformed) to rotated hinges (higly defed). Examples of each end member are labeled
within the outcrop in Fig 7a from 1 to 5. (c) Phstwwing two end members of fold hinge shearing
evolution, b2: incipient shearing and b4: limbléss. Location is shown in Fig 7a and 8a. (d) Photo
showing an example of b3) sheared fold limb end bexm_ocation is shown in Fig 8a. (€) Example

of b5) fold hinge rotation, note the 'Z’ folds beldhe sandstone block. Location is shown in 8a.

Fig 9: (a) Photo of the debritic interval that is richalongated mud clasts. Location shown by
point 6 in Figure 1b. (b) Rose diagram of mud-clasy axis orientation, showing a mean NE-SW
trend. (c) Slump fold showing a cleavage (red lineshe left) axial-planar to slump fold hinges.
Location shown by point 7 in Figure 1b. (d) Detdifghotograph of the relation between a slump fold

and the axial planar cleavage. Location is showrigroc.

Fig 10: Comparison of the outcrop features and geomatrisa layer-normal shearing model.
(a) Photo looking along the mean transport direct{b) Layer-normal shearing model (modified

from Alsop and Holdsworth, 2007).
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Highlight sentences (5):

1) Canyon de LaPenain NW Argentina, exposes two sub-seismic scale MTDs classified as fault-

dominated and fold-dominated

2) Thin and thick sandstone bed, respond differently to deformation, thin beds tend to fold and thick beds

tend to form thrust faults

3) Upwards injection of debrite as diapir-, sill- and dyke-like structures can be seen, as well as

downwards injections of sandstone and debrite into the substrate.

4) Five general stages of fold evolution within the slumped interval from asymmetric folds into rotated

and detached hinge.

5) LNS model is used to explain flow behaviour and kinematic, outsized sandstone bed highlights the

overall depression surface flanked by culminations surface of the model.



