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Abstract

Successive excavation of 13 trenches of differem@ntations reveals the complexity of a
normal fault zone in Pliocene-Pleistocene uncodatdid sediments on a strand of the Baza
Fault, central Betic Cordillera, south Spain. Thésmches and the excavation floor are
interpreted and integrated to reconstruct the 3@gry and internal architecture of the fault
zone. The structure consists of two main faultnsisa an eastern one with a few hundred
metres throw and a western one with at least 1Brawt These strands interact and gradually
merge to the south, bounding a main deformatiore z@mrowing from ~7 to 1 m along strike.
Fault-bounded rock bodies, clay and sand smeatsclay injections define the structure.
These features are highly variable in 3D. In theheon part of the outcrop, deformation is
localized around the main strands, brittle in thesivand more ductile to the east. As the
strands and their fault zones increasingly interfaciit throw, rock deformation and maturity
of the structure increase. Mechanical stratigraglsp controls the style of deformation. A
realistic representation of this 4D picture of fadéformation is critical for modelling fluid

flow in shallow to possibly deep, faulted sedimeptaservoirs.
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1. Introduction

Fault zones are narrow, irregular rock volumes attarized by high internal complexity,
heterogeneous deformation, and petrophysical ptiepethat differ from those of the host
rock (Wibberley et al., 2008; Childs et al., 206%ulkner et al., 2010; Bense et al., 2013).
The description and interpretation of fault zonergetry, architecture and evolution are
important for understanding and predicting the iotpat faults on fluid flow in the upper
crust, including groundwater flow (Bense and VarleBa2004; Bense and Person, 2006;
Folch and Mas-Pla, 2008), hydrocarbon migratiorirtagmrment and production (Grauls et al.,
2002; Sorkhabi and Tsuji, 2005; Manzocchi et alQl@® Wibberley et al., 2017),
hydrothermal flow and mineralization (Rowland anthsén, 2004; Person et al., 2008;
Fairley 2009), nuclear waste storage (Ofoegbu ¢t28l01; Gray et al.,, 2005), and €0
sequestration (Shipton et al., 2004; Agosta et24lQ8; Dockrill and Shipton, 2010). The
internal structure of a fault zone may also affiéstseismogenic behaviour (Sibson, 1986;

Scholz, 2002; Sibson, 2003; Rice and Cocco, 2007).

The basic model of a fault zone includes two maahigectural elements, which are the fault
core and the damage zone (Caine et al., 1996)faliitecore accommodates most of the fault
displacement and strain and is composed of fasks¢Braathen et al., 2009; Gabrielsen et
al., 2017), single or multiple slip surfaces (Caeteal., 1996), and/or clay/shale smears
(Vrolijk et al., 2016) that may have undergone ctueal diagenesis (Eichhubl et al., 2005 and
2009; Laubach et al., 2010; Solum et al., 2010 @amage zone is made up of secondary
structures such as smaller faults, folds, fractueesl/or deformation bands (Shipton and

Cowie, 2001 and 2003; Kim et al., 2004, Fossen.e@05). In poorly lithified sediments,
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mixing of sediments can occur in the fault zonemiog a “mixed zone” located between the
fault core and the damage zone (Heynekamp et 899;1Rawling and Goodwin, 2006;

Loveless et al., 2011; Braathen et al., 2013).

All the aforementioned elements form heterogereitied anisotropies within the fault zone,
whose geometry and internal architecture can vagyifgcantly over short distances along

both strike and dip (Childs et al., 1996; Foxfotdaké, 1998). The challenge of describing
fault zones due to their high spatial variabilitgshtriggered the need to carry out detailed
outcrop studies. There are many studies, but fewige a truly three-dimensional exposure
of the fault zone. Exceptions are open-cast mimesumconsolidated sediments, where the
fault zone can be excavated and its 3D geometryirdacthal structure reconstructed (Lehner

and Pilaar, 1997; Childs et al., 1997; Kristenseal.e¢ 2008; Kettermann et al., 2016).

The present study contributes to the current effat fault zone characterization by
describing and interpreting an excellent outcrotasket pertaining to a normal fault zone in
one of the main strands of the Baza Fault (soutitrgeSpain). This strand juxtaposes poorly
lithified sediments against each other, which makesnormal fault an extraordinary natural
laboratory to study the mechanisms that led todéneslopment of a highly complex internal
fault structure. Following a methodology similartteat of Kristensen et al. (2008) but at a
larger scale, the fault zone was systematicallyaeated through a series of 13 trenches,
mostly oriented perpendicular to the fault strikesulting in a total excavation volume of
~15%15x4 m. Interpretation and correlation of the 13 sectiand of the excavation floor led
us to the construction of a 3D model displaying féduglt zone architecture. Analysis of the
distribution of deformation and deformation stylaBowed us to assess the fault zone
evolution. These results provide insight for thesagding, subsurface imaging, and reservoir

modelling of highly complex fault zones in poorithified sediments.
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2. Geological setting

The Baza Fault (BF) is located in the central B&uwdillera (south-central Spain) within the
Guadix-Baza Basin (Fig. 1). It is an active, ~37-kamg normal fault array striking N-S to
NW-SE and dipping 45 to 65° E (Alfaro et al., 20@&rcia-Tortosa et al., 2008; Fernandez-
Ibanez et al., 2010; Sanz de Galdeano et al., 20428tro et al.,, 2018). Overall, the BF
accommodates ENE-WSW extension in this area (Aléral., 2008, and references therein).
The BF consists of a fault array of variable widiid number of fault strands, which along
strike can be divided into two main sectors. In tloethern sector, the BF strikes N-S and
extends from its northern termination to Baza (Hijj. There, the fault array consists of a
narrow, 0.1 to 1 km-wide zone comprising a few paballel fault strands. The southern
sector strikes NW-SE and runs from the town of Bazthe southern termination of the BF
(Fig. 1). There, the deformation is distributedhwitan up to 7 km-wide zone composed of

several fault strands.

The total throw of the BF is ~2 km (Alfaro et a2008). The long-term vertical slip rate

ranges between 0.12 and 0.49 mm/yr (Alfaro eR808; Garcia-Tortosa et al., 2011; Sanz de
Galdeano et al., 2012). The BF was the seismogsmicce of the 1531 Baza earthquake
(MMI=VIII-1X), which destroyed the town of Baza (Mtinez Solares and Mezcua, 2003,

Sanz de Galdeano et al., 2012).

The BF controlled the sedimentary depocenters efGlmadix-Baza Basin during the late
Miocene to Pleistocene (Garcia-Tortosa et al., 9008fact, the fault separates the basin into
two main depocenters: the Guadix sub-basin to thephivharily filled with alluvial silts,
sands, and conglomerates, and the Baza sub-basie #, which is a half-graben primarily
filled with lacustrine and palustrine marls, limases, clays, and gypsum (Vera, 1970;

Viseras, 1991; Gibert et al., 2007b; Pla-Pueyd.eP@11; Haberland et al., 2017) (Fig. 1).
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The study area is located in the northern secttheBF (Fig. 2). Here, the fault array is ~1
km wide and is bounded by the Guillén and Carrfaalt strands (Fig. 2), which juxtapose
multiple blocks of different ages (Fig. 2b). Thestan block lies on the footwall of the
Guillén strand and consists of Lower Pliocene (3F)Muvio-alluvial deposits of the Guadix
Formation (Agusti et al., 2001). The central bldiels in between the Guillén and Carrizal
strands and includes Upper Pliocene-Lower Pleist¢e2.8 Myr) lacustrine units (units 1
and 2; Pefa, 1985). The eastern block is locateatdle@hanging wall of the Carrizal strand and
consists of Lower-Middle Pleistocene (~1.2-0.9 Mwgustrine deposits (unit 3; Gibert et al.
2007a). 8 secondary fault strands are identifiethénstudy area; however, most of the offset
is localized along the Guillén and Carrizal stranflscording to both ages of the faulted
deposits and estimated fault slip rates, thesefawtis are characterized by at least a few

hundred metres of throw. The trench area is locaté¢loe Carrizal strand (Fig. 2a).

3. Methodology

We excavated a series of trenches in the Carrtzahd of the BF (Fig. 3a). A total of 13
vertical trenches were excavated, 10 striking EAGQ; A0, Al, A2, A3, A4, A5, BO, B1,
and B3), and 3 striking N-S (C1, C2, and C3), &lhem complemented by the floor sections

after excavation.

The E-W trending trenches are approximately 12 ngland 4 m high, whereas the N-S
trending trenches are approximately 4 m long and igh. Once a trench face was exposed,
it was cleaned using sharp tools to remove delmis disturbed material. The surface was
then marked by a 1x1 m grid; then, each squareplvatographed at high resolution. Lastly,
each trench was surveyed with a terrestrial LiDABner from at least 3 different locations
to ensure total coverage. LIDAR point clouds camtaoth X, y, z coordinates and RGB colour

information.
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The individual photographs were corrected for digtos (e.g., lens distortion and

orthocorrection) and then stitched together intotpimosaics using the Hugin software. The
photomosaics were subsequently georeferenced atAtcGIS software and draped over the
LiDAR point cloud using the LIME software. Such pealure recreated the trenches in 3D

with accurate locations and high-resolution (cmagery.

The interpretation was first performed in 2D on thigh-resolution photomosaics (Fig. 3b)
and then redrawn on the 3D LIME model (Fig. 3c)l tie lithological boundaries were
identified by considering textural differences amdour changes because the compositions of
most of the units were not distinguishable. Faaltes were easily identified by the offset and
truncation of individual sedimentary beds. Soméhefstructures, notably in the SE quadrant,
were difficult to interpret due to the high levdldeformation and mixing of the sedimentary
beds. Because of different field campaigns anckdfit coordinate origins, trenches A00 and
AO were not co-referenced with respect to trenékieso B3. Accordingly, the 3D model was

limited to the area encompassed by sections ABtGHR). 3a).

The 3D model was constructed by means of the Mmfavare. Both fault and horizon

surfaces were created by interpolating their tracethe trenches using ordinary kriging (Fig.
3d). This method was sometimes unsuccessful innstagecting the highly deformed and

folded horizon surfaces, so more elaborate teclesiguere utilized. In case of a fold, two or
more separate surfaces were created on opposie aidhe fold hinge and then converted to
points to reproduce an accurate fold surface gegmeéinally, surfaces were tested for
accuracy (i.e., fit to the interpreted horizons dadlt traces), continuity, and consistency.
Slicing of the 3D model along horizontal sectionaswised to visualize the variation in the

fault zone with depth.

4. Architecture and defor mation of the fault strands
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In the study area (Fig. 4a), we identify two mabrmal fault zones, an eastern fault zone
corresponding to the Carrizal Fault (EF), and ateresone corresponding to the Western
Fault (WF). Each one of these fault zones comprédault core surrounded by damage
zones. Together, they subdivide the area into thiféerent blocks characterized by different
stratigraphic units (Fig. 4b-c): a western blockresponding to the WF footwall and
composed mainly of Pliocene carbonate silts (unit~2.8 Myr), an eastern block
corresponding to the EF hanging wall and consistrigMiddle Pleistocene silts and
limestones (unit 3, ~1.2-0.9 Myr), and a middledildying in the WF hanging wall and EF
footwall and formed by interlayered Pliocene cawddersilts, clays, sands and gravels (unit 2,

~2.8 Myr) (Gibert et al., 2007b; Castro et al., 201

Because there are no common stratigraphic markeosh@ the blocks, it is not possible to
accurately estimate the throws of both the WF aRdHEence, according to the age of units 1
to 3, we estimate the EF throw on the order of hethebf metres and the WF throw greater

than a ten of metres (see section 4.2).

The WF and EF are separate in the northern powiothe study area. However, they
gradually merge southwards where the trench ardacated. Within the trench area, the
amount of deformation is lower in both the westamd eastern blocks with respect to the
middle block (Fig. 4c), so we use the term mainodeation zone (MDZ) to refer to the

middle block.

4.1 Stratigraphic framework

Stratigraphic units 1, 2, and 3 were split intoir@8rmal subunits on the basis of their texture,

composition and colour (Fig. 5). Since it is diffitto determine the stratigraphic thickness of
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these units due to the high amount of deformatiay thave undergone, we refer merely to

their maximum thickness measured in the individteriches.

Unit 1 includes subunits 1A to 1H (Figs. 4b andvi)jch are conformable and are composed
of lacustrine, white to light grey and pink, slibhtconsolidated carbonate silts locally
interbedded with mm- to cm-thick dark clay leve&ibunit 1B differs from all the others
because it is formed by an ~1 m-thick bed of dagydo yellow laminated clay. Subunit 1G

also shows a high clay content.

Unit 2 comprises subunits 2A to 2N (Figs. 4b anda)ich are also conformable. This unit is
characterized by a lacustrine multilayer packagel@nating brown, yellow and grey, cm-
thick, slightly consolidated carbonate silts and +rton cm-thick dark grey clay levels. In

particular, while subunits 2E, 2H, 2J and 2M shoarenclay, subunits 2F, 2G and 2L mainly
include carbonate silt levels. Subunit 2B standsasuan ~1.2 m-thick body of reddish mm-
to cm-thick gravels embedded in a coarse sandxn@ig. 5). Thin red sand levels are also
present in both underlying and overlying subunits @xd 2C, respectively. Subunit 2l

consists of an ~70 cm-thick, dark grey laminatead/ ahith sparse cm-size gypsum crystals

(Fig. 5).

Unit 3 consists of lacustrine, white to yellow larated silts and sands interbedded with white
laminated micritic limestones, which are overlaynrb-thick micritic limestone beds (Fig. 5).
In the northern part of the trench area, a fluttrace unconformably overlies the highly

deformed Plio-Pleistocene deposits (Fig. 6a).

4.2. Fault zone architecture

Photomosaics and interpretations of all the exealvaections, both trenches and floor, are

included as supplementary material. The interpmtatof three E-W trending trenches, A0,
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A5 and B3, are shown in Fig. 6, whereas interpicaiatf the floor of the excavation is shown
in Fig. 7. Figure 8 includes a stratigraphic clsamnmarizing the inferred correlations among
all the subunits documented within the trencheaultfaand fault-bounded rock bodies
(horses, sensu Gibbs 1984 and Childs et al. 1987phdicated by a letter and a number. Main
slip surfaces are represented with red lines. Bablend 2 summarize the descriptions of
faults and rock bodies, respectively. Fig. 9 shdessth slices at 1 m intervals through the 3D
model of the fault zone. Although these slicesraotas detailed as the study sections, the
main geologic features are well represented irstices, and they fit the interpreted sections
(e.g., Figs. 7 and 9e), confirming that the 3D nhadea fair representation of the 3D

variability of the fault zone.

4.2.1. Western block

The western block is divided into several rock lesdiH1 to H5) bounded by normal faults F1
to WF (Figs. 7 to 10 and Table 2). WF strikes ~3B0the N, and it bends towards ~300°
southwards (Figs. 7, 9 and 11a). On average, W& @PE, and it is made up of layered
gouge, sand layers, carbonate breccia, and thin rmembranes incorporated by a clay
smearing process (Fig. 8 and Table 1). This faiitl iis bounded by slip surfaces. The
minimum amount of throw along WF is equivalenthe thickness of unit 2 in Fig. 5, which

is~15m.

Normal faults F1 to F3 (Figs. 7 to 10) crosscut Western block. F3 is an E-dipping fault
trending approximately parallel to WF (Figs. 7, rf&dallb) and has a throw exceeding the
outcrop height, which is ~4 m (Table 1). West of B8 western block is offset by minor
synthetic normal faults F1 and F2. F2 strikes ~380d is characterized by variable throw
from 0.2 to 1.4 m (Fig. 8 and Table 1). F2 intetsemnd offsets F1, which strikes ~285°, dips

N, and shows variable amounts of throw from 0.32ton (Figs. 7 to 9 and Table 1).
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Continuous and semi-continuous thin clay smearsdasimented between F1 to F3 slip
surfaces (Fig. 8 and Table 1). F1 to F3 dividewlestern block volume into rock bodies H1
to H5 (Table 2). According to the arrangement dreddstimated throws of these faults (Table
1), H1 lies in the highest structural position, dhd structures progressively step down into

H2, H3, H4, and H5 (Fig. 10).

4.2.2. Main deformation zone (MDZ)

The main deformation zone (MDZ) is bounded by &WWF to EF (Figs. 7 to 10). The EF
main slip surface strikes ~330° and dips ~60°Eofttains a semi-continuous to ruptured thin
clay smear (Fig. 8 and Table 1), and in contra®WEg it does not vary significantly in strike,

which leads to narrowing of the MDZ southwards §-ig, 9 and 11a).

Faults F10 to F80 internally offset unit 2 (Figsto710). These faults can be classified into
three main families (Fig. 7 and Table #&)faults striking ~330° mostly parallel to EF (F10,
F20, F21, F60, F70, F79 and F8()faults striking ~300° approximately parallel toeth
southern segment of WF (F12, F22, F30, F31 and, @)y faults striking ~220° (F50 and

F51).

The o faults F10, F60, F70 and F80 stand out due ta theger throws and continuity along
the MDZ (Fig. 8). F10 runs along the western péthe MDZ. It displays a throw >4 m in
trench A3 and < 0.5 m in trenches A2 and BO (FR). In trench C3, F10 crops out close to
F20, and their two slip surfaces join southwarde iR30 (Figs. 9a-c, 10 and 11c). F60 and
F70 are located in the NE part of the fault zongqF7 and 9d-e). They have throws > 4 m
(Fig. 12), large amounts of clay infill bounded #lip surfaces (Fig. 6a and Table 1), and are
intersected by fault F40 (Fig. 11d). F80 runs along the MDZ wihgentle slip surface

dipping ~40° in the central part of the excavatamd steepening southwards (Figs. 9 and

10
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11e). F80 has a throw > 4 m (Fig. 12) and conts@éweral thin clay smears (Fig. 8). In trench
A5, it consists of two upwardly converging slip fauwes with a large amount of clay from

subunit 2| between them (Fig. 6b).

Other significant faults are F20, F40, F50 and H5f. 9). F20 is am, sub-vertical to W-
dipping fault splaying from F10 (Fig. 11c) and hayithrows that vary between 0.2 and 2.7
m, with its lowest values in trenches A3 and C3j(Hi2). In trench A3, F20 develops an
extensional relay that allows the incorporatiorclaly from unit 21 between two slip surfaces
(Fig. 13a) (Lehner and Pilaar; 1997). F40 i, aub-vertical fault extending from F10 to EF
and separating the northern horses from the cembrales (Figs. 9 and 11f). F50 ig,asub-
vertical fault between F10-F20 and F80 (Figs. 9 ahf). F50 consists of two slip surfaces,
F50a and F50b, merging both upwards and to the W @n- to m-thick clay infill from
subunit 2| between them (Figs. 9 and 11f). Thidtfacts as an oblique boundary between the
central and southern horses. Antithetic faults alscur in the MDZ. The most important is
F51, ay fault conjugate to F10 that tips out towards they<cich subunit 21 (Figs. 9d and

13b).

All these faults divide the MDZ into rock bodies ®io H92. We divide them into five main

sets (Fig. 10 and Table 2): the western set (H1ld,, ldnd H12) bounded by faults WF, F10
and F30; the northern set (H20, H21, H30, and Hi#@jed by F10 to the W, EF to the E,

and F40 to the S; the central set (H50, H51, HE&1,kand H70) bounded by F10 to the W,
F40 to the N, F80 to the E, and F50 to the S; thehern set (H79, H80, and H81) bounded
by F30 to the W, F50 to the N, and F80 to the K te eastern set (H90, H91, and H92)
limited by F80 to the W and EF to the E (TableA)cording to the arrangement of the faults

and their estimated throws (Fig. 12), the strudtpositions of these sets from top to bottom

11



258 are first the western set, followed by the northeet) the central set, the southern set, and the

259 eastern set (Fig. 10).

260 4.2.3. Eastern block

261  The eastern block on the hanging wall of EF hagpmoninent internal faulting. The main
262  structure in this block is a syncline in contacthwEF (Fig. 6a-c). The wavelength of this fold
263  varies from ~ 1 m in trench AO (Fig. 6a) to ~ 3mtriench B3 (Fig. 6¢), and the bedding dips

264  vary from ~60° E near EF to ~10° E to the E.

265 4.3. Deformation

266 Deformation in the fault zone is heterogeneous. BRobetter understanding of these
267 heterogeneities, we describe them along three gotied directions: X (E-W, orthogonal to

268 the main strands), Y (N-S, parallel to the maiarstis) and Z (vertical).

269  Along the X direction and starting from the wegtrdes H1 to H4 in the western block show
270  minimal internal deformation, with unit 1 gentlypging to the N (Fig. 7). Deformation
271  increases eastward and concentrates around theaaofaults WF and EF, which bound the
272  MDZ. In the northern and central trenches (Figbpathese faults have well-developed fault
273 zones consisting of a fault core and a surroundargage zone (sensu Caine et al., 1996). In
274  the case of WF, its fault core is represented tgyared, mm to ~20 cm-wide fault gouge,
275 layered sand, clay and micrite breccia (Table §)wall as horse H10 in central sections of
276 the MDZ (Fig. 6b). The WF damage zone consistswaf harrow bands developed in the
277  footwall (H5 in the western block) and hanging w&llLO in the MDZ), both dipping towards
278  the downthrown side of the fault. These bands aferthed by minor faults accommodating
279  the rotation and stretching of the beds and ardasimm width (~1-2 m), so the damage zone

280 is almost symmetrical. On the other hand, EF hasee complex fault zone. An ~1-2.5 m-

12



281 wide band of most intense deformation in the MDZcantact with EF is characterized by
282  high-throw faults (F60 to F80), highly deformed kdmodies (H40 and the eastern set), clay
283 smears, and clay bodies between fault slip surfdbat we interpret as clay injection
284  structures. We consider this band the EF fault ¢big. 6a-b). The EF damage zone is
285 represented on its footwall (MDZ) by an ~3-4 m-wine in unit 2 limited by faults F10 to
286 F51 and on its hanging wall (eastern block) by #2em-wide syncline in unit 3 (Fig. 6).
287  Thus, the EF damage zone is asymmetrical, with miogte deformation accumulated in the

288  footwall.

289  Along the Y direction, the most remarkable chargyéhe southward narrowing of the MDZ
290 from ~7 m wide in the N (Fig. 6a) to ~1 m wide imetS (Fig. 6¢). The distribution of
291  deformation along the X direction in the MDZ alsaries with location along the Y direction.
292 In the northern trenches, deformation along theirgction is characterized by western and
293  central less-deformed zones and an eastern higiityrded zone close to EF (Fig. 6a). In the
294  central trenches, deformation increases in the weat WF (Fig. 6b). Central set horses are
295 offset by minor synthetic and antithetic faultsg.e.F51 (Fig. 9d), which accommodate
296 extension and are responsible for related strustsmeh as horsts, grabens and domino faults
297 (Fig. 13c). Clay-rich base (subunit 2I) and topb{sut 2K) boundaries of H61 act as
298 detachment levels, and subunit 21 is stretched mtodins (Fig. 13c). The most significant
299  variation occurs in the southern trenches BO to B®ere the deformation increases
300 dramatically and bedding can barely be recognikégl 6¢). Fault throw also increases in the
301  southern sections, for both small faults such @sdl large faults such as F70 and F80 (Fig.

302 12).

303 Along the Z direction, deformation heterogeneiiieshe MDZ are related to the propagation

304 of faults through subunits of different litholog$ubunits 2E to 2K are arranged in two
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slightly consolidated silty carbonate packages (sitb 2E to 2H and subunits 2J to 2K)
separated by the clay-rich subunit 2| (Fig. 14&ults propagate upwards and downwards
through the silty packages, and they are arrestedag-rich subunit 2I, where slip is

accommodated by folds near the fault tips (Fig)l4a

Clay-rich subunits in the MDZ present a distinctdeformation style. The most remarkable is
subunit 21, which develops injection structuresngldaults and detachment levels, mostly in
the eastern part of the MDZ (Fig. 6a-b). In thegedtions, 2I losses its internal lamination.
Large fault-controlled clay injections such as #ha@dong F50 (Fig. 7) are heterogeneous
along the vertical (Z) direction, as they are mextensive downwards (Fig. 9). In some cases,
the deformation is so intense that subunit 2| isseged, ruptured and isolated (Fig. 6b). Here,
subunit 2l is deformed by cm-scale faults (Fig. )l 4&terally grading into a chaotic breccia
formed by internally laminated, rotated fragmenis@nded by a clayish matrix (Fig. 14c),
and the lamination is oblique to that of the unglag and overlying subunits (Fig. 14d).
Clay-rich subunits 21, 2K, and 2N act as detachnewtls, allowing the formation of flat-
ramp fault geometries, listric faults, horsts, gmab (Fig. 13c), and detachment folds (Fig.
14e). The gravel- and sand-rich subunit 2B in tlestern part of the MDZ also presents a
distinctive behaviour. It is offset by minor faults the N (Fig. 6a), while it is smeared

towards WF southwards (Fig. 6b-c).

5. Discussion

The interpretation and correlation of the excavaections and the derived 3D model of the
fault zone provide valuable insight into the vaili of fault zone architecture, styles of
deformation, and fault zone evolution. The faultneois the result of heterogeneous
deformation, which produced a heterogeneous digitab of structures and deformation

styles.

14



329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

5.1. Fault zone architecture

In the fault zone, deformation is concentrated adotlhe main fault strands WF and EF. Beds
in the footwall and hanging wall damage zones ekéhfaults are synthetic, i.e., they dip
towards the downthrown block. This observation gsfigga component of extensional folding
associated with the propagation of these faultsrifFet al., 2005). The damage zone of WF
is symmetrical. We interpret this symmetry as #sult of a similar time span of deformation
of units 1 (footwall) and 2 (hanging wall), sindeese units are similar in age (~2.8 Ma). On
the other hand, the damage zone of EF is asymmktudgth most of the deformation

accumulated in the footwall (MDZ). We can also iptet this geometry in terms of the time
span of deformation. Unit 2 in the middle block 8-&1a) is older than unit 3 in the eastern
block (~1.2-0.9 Ma). Consequently, unit 2 accumadatieformation over a longer period,

resulting in a mature fault core and a more compmlarage zone. The EF fault zone is
thicker and more deformed than the WF fault zonecesthe throw of EF is approximately

ten times larger than that of WF, this situatiomgasts a correlation between fault zone

thickness and throw, as proposed by Evans (1990).

5.2. Deformation styles

One of the most interesting features of the studeadions is the variety of deformation styles
that is documented at the outcrop scale. Faulterdebrittle deformation, while ductile
deformation is expressed by folding, smearing, eag fluidization (leading to total loss of
the original clay internal structure and to clapations). We postulate that the heterogeneous
distribution of these different deformation styless likely controlled by mechanical
stratigraphy (Currie et al., 1962; Ferrill et &Q17). To test this hypothesis, we compare the
deformation styles of the different units with thenechanical stratigraphy. Units 1 to 3

consist of poorly lithified sediments, which werater-saturated when they were deformed
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(Gibert et al., 2007a; Garcia-Tortosa et al., 2008ro et al., 2010)However, these units
have significant differences in mechanical stragpdry: unit 1 (western block) primarily
consists of thick beds of carbonate siltejit 2 (MDZ) contains multi-layered alternations of
thin layers of carbonate silts and clays with sdhieker clay beds and gravels at the base,

andunit 3 (eastern block) consists of carbonate sitexbedded with micrite limestones.

Unit 1 present in the western fault block is croagdry cm- to m-throw faults and deformed by
an anticline that developed in the WF footwall dgmaone. Close inspection of the anticline
forelimb reveals that bedding rotation is accomnteddy sub-vertical minor (mm- to cm-

throw) faults (Fig. 6). Thus, with the exception @&y smears from subunit 1G in the WF

fault core, unit 1 mostly underwent brittle defotioa.

A wide variety of deformation styles is observedumt 2 of the MDZ. In the north-western
part, a syncline was developed in the WF hangindg damage zone (Fig. 6a). Close
inspection shows that bedding rotation in the weslienb of this syncline is accommodated
by minor (mm- to cm-throw) faults. Synthetic anditretic faults forming horst and graben
structures are also present in the north-centnélggahe MDZ (Fig. 13c). Consequently, the
western and central areas of the MDZ to the noxfleeenced mostly brittle deformation. In
the eastern part of the MDZ near EF, faults, bedtian and thinning, clay smears and
injections are all documented (Fig. 6a-b). Thes$erdint deformation styles are the result of
the multi-layered alternation of beds. Silty layerslerwent brittle deformation, while clay-

rich layers experienced ductile deformation.

In the western part of the MDZ, the sediments apstiy carbonate silts interbedded with thin
clay levels (2A to 2H) and the coarser gravellywsub2B (Fig. 5). The predominance of silts

and gravels led to more brittle deformation, algfiosmears of H10 (including the gravelly
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376  sediments of subunit 2B) along WF (Fig. 6b), cleears along minor faults, and minor folds

377 are documented (Fig. 13 b-c).

378 The eastern part of the MDZ contains a larger nurobelay-rich strata (subunits 21, 2K, 2M
379 and 2N). Therefore, ductile structures are morel@renant here than in the western part.
380  Silty subunits such as 2J and 2L underwent britiormation, while clay-rich subunits such
381 as 2M and 2N were ductilely deformed (Fig. 6a).séttion A3, a clay-rich bed acts as a
382 detachment level, giving rise to a m-size detachnf@d (Fig. 14e). In H30 on trench AO
383 (Fig. 6a), clay and silty beds of similar thicknese included in the EF fault core between
384  high-throw faults F60 and F70. These beds are yidbformed, rotated, and thinned, and the
385 silty beds accommodate extension by faulting, whlkey beds accommodate extension by
386 thinning and development of smears (Fig. 15; Spéret al.,, 2000; Davatzes and Aydin,
387  2005). The result of this combination is stretchglly beds sandwiched between clay smears
388  (Fig. 15). Similar structures in siliciclastic inbedded sequences are described by Van der
389 Zee et al. (2003), Davatzes and Aydin (2005), aad Wer Zee and Urai (2005). With more
390 fault displacement, the initially separated clayels may be amalgamated into a single,

391 thicker smear (Van der Zee et al., 2003; Van derated Urai, 2005).

392  Mechanical stratigraphy within unit 2 controls fapropagation. Faults propagate through
393  brittle silty layers that accommodate small amouwftpre-faulting strain, but the faults are
394 arrested by ductile clay-rich layers, which canocmemodate larger proportions of pre-faulting
395 strain (Fig. 14a; Donath, 1970; Donath and Fru®¥,11 Ferrill and Morris, 2008). The bed
396 thickness/fault throw ratio also plays an importesie in fault propagation: thick clay beds
397 are more effective for arresting faults than tHeydoeds, and large-throw (> 1 m) faults are

398 more prone to offset clay beds than low-throw faulThis contrast leads to more
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segmentation of the minor faults, while larger tae.g., F19 and F51) can offset subunit 21

(Fig. 13a-b).

Subunit 21 plays an important role in the deforrmatstyle of unit 2. This clayey subunit
arrests fault propagation (Fig. 14a) and acts@stachment level for larger faults such as F21
(A5, Fig. 6b). Together with clay-rich subunit 2R] contributes to the stretching and
boudinage of silty subunit 2J (Fig. 14a-b). Howevee most remarkable feature of subunit 2|
is its ability to flow. This property is evidentoim the internal structure of 21 combining both
brittle and ductile deformation (Fig. 14b-d) andafrom the injection structures of this unit
along faults in the MDZ (Figs. 7 and 9). These desd suggest that subunit 21 was
characterized by different deformation styles. Tdwerlying, laminated clay shows both
brittle and ductile structures, whereas the undeglymassive clay shows fluid-like features.
The lacustrine sediments in the trench were waterated during deformation (Gibert et al.,
2007a; Garcia-Tortosa et al., 2008; Alfaro et2010). When the massive clay of subunit 21
underwent deformation, it may have experienceddithation (sensu Allen, 1982; Owen,
1987) and upwards and lateral escape through thadded clay. This process may have
caused the collapse of the overlying laminated, gdayducing fractures, tilted layers, and the
observed laminated breccias surrounded by maskiy€gf€ig. 14b-d). Fluidized massive clay
may have escaped upwards along fractures as wmjediructures cutting through the
overlying units (e.g., F80 in A5, Fig. 6b). As clagcaped, it was squeezed laterally and even
ruptured in some areas, putting it directly in emttthe underlying and overlying subunits
(Fig. 6b). The trigger mechanism for the clay flaation is not clear. Some authors relate this
phenomenon to seismic activity (Strachan, 2002ci@arortosa et al., 2011). Although the
Baza Fault is a seismogenic structure (Alfaro t28l08) and spectacular seismites have been
described in the Baza sub-basin (Alfaro et al.,712®10), further research is necessary to

understand the formation of these structures.
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Finally, the deformation of unit 3 in the eastetack is mainly characterized by a syncline
against EF. This fold is well represented in théy dayers of unit 3, which are thinned
progressively towards EF, possibly suggesting sgwth (Fig. 6a-c). As in the western
block, this fold is internally deformed by minorittle structures that are more evident in the

micritic limestone.

In conclusion, our observations indicate that tighlly heterogeneous deformation styles
described are the consequences of 1) poorly kithiind water-saturated sediments during
deformation and 2) mechanical stratigraphy, as-dldy lithologies are more likely to

undergo ductile deformation, while silty, gravelgnd limestone lithologies are prone to

brittle deformation.

5.3. Fault zone evolution

The WF and EF fault zones define the western, rmidiiDZ) and eastern blocks. In the
middle block (MDZ), the WF hanging wall damage zoB€& footwall damage zone and EF
fault core coexist (Fig. 16a-b). The combined attiof these faults led to higher deformation

and consequently a higher development of struciardse MDZ.

Several models for the development of normal faaftes have been proposed (Peacock and
Sanderson, 1991 and 1994; Childs et al., 1996;i€aén and Clausen, 2001; Kristensen et
al., 2008; Childs et al., 2009, among others). émegal, these models involve three main
stages: 1) an initial stage in which faulting oscon a series of segments characterized by
surface irregularities; 2) a second stage in wkhehsegments link by relay-ramp breaching or
bypassing surface asperities, forming structured 13 horses and duplexes; and 3) a final

stage in which these structures are internally riiedadl, collapsed, and smeared along the
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fault. According to Gabrielsen and Clausen (20€1g,fault zone widens during stages 1 and
2, while stage 3 causes fault zone thinning. Onotiher hand, Childs et al. (2009) suggest
that fault zone thickness is strongly influenceahirthe first stage by the scale of the fault

segmentation.

The MDZ is formed by a complex arrangement of rbcklies bounded by normal faults.
Most of these rock bodies can be considered agfdosming an extensional duplex (sensu
Gibbs, 1984; Childs et al., 1997). Moreover, sorhi¢ghe main horses show internal minor
faults (Figs. 6a, 13a and 16c). According to thelsservations, we postulate that the MDZ
was characterized by a mature stage of developrbetween stages 2 and 3 above, in which
horses were stacked into duplexes and internafigriohed. However, our observations point
to a spatial variation in maturity along the Y (N-@rection. In the northernmost trenches
A00 to A2, some faults such as F10 and F11 prdsenangles and flat-ramp geometries, and
the rock bodies are less deformed (I-I' in Fig. 1@hese fault surface irregularities indicate a
less mature stage in the N, probably early stag&duthwards, in trenches A3 to A5,
deformation in the horses increases; for instaseme minor faults such as F80 offset low-
angle structures (lI-II' in Fig. 16c¢), dividing H7fto new horses. We interpret these features
as the beginning of asperity bifurcation, occurridgring late stage 2. Finally, in the
southernmost trenches B1-B3, horses are intensefgrrded and smeared along fault
surfaces, suggesting stage 3 of fault zone devedapifilll-III’ in Fig. 16c). Therefore, the
MDZ becomes more mature southwards. This effestrangly related to the convergence of

WEF and EF.

We interpret this spatial variation in maturityasonsequence of fault zone interaction. Two
individual and well differentiated WF and EF famatines can be observed ~100 m N of the

study area (Fig. 16a). The fault zones are semhlgte distance of ~100 m, and each zone is
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formed by a fault core and a damage zone. ThedeZanes gradually converge to the S
towards the trench area, where their damage zamesact (Fig. 16b). This interaction
increases southwards, from mild interaction leadn@ less mature MDZ in trenches AQOO-
A0 (Fig. 16b), to stronger interaction in trenciigsto B1 leading to a more mature MDZ (lI-
Il in Fig. 16¢). Finally, the strongest interaatioccurs in trench B3, where the fault cores of
WF and EF merge into a single fault core (lll-lili Fig. 16c), corresponding to a highly
mature fault zone. We interpret this interactionaas “intersection damage zone” (sensu
Peacock et al., 2017), a damage zone formed bintbesection of the kinematically linked

WF and EF fault zones. This intersection is loc&tetlveen trenches B1 and BO (Fig. 16b).

In terms of fault zone thickness, the MDZ seemsupport the fault growth model of Childs
et al. (2009), where the thickness of the MDZ istoalled by the geometry of the bounding
WF and EF, rather than by fault evolution. The M@aes not become thicker with more fault
displacement to the south (Fig. 12) but actuallgooees thinner because it is controlled by
the WF and EF strands. The fault core, on the olfeerd, becomes thicker to the south
because of the amalgamation of the WF and EF €audéis, giving rise to a single fault zone.
Obliquely ¢ andy) oriented faults (e.g., F40 and F50, Table 1) @ayimportant role in
accommodating the interaction of WF and EF, paldityi where these two faults converge,

deeper in the section and to the S (Figs. 9 and 16)

6. Conclusions and future work

Although not unexpected, it is interesting to da&e difference between the surface exposure
of the fault zone, and the excavated, fresh exgod@oor exposure is certainly one of the
reasons behind our simplistic conceptual modeltolt zones (Schneeberger et al., 2017).
The analysis, interpretation, and correlation of #xcavated sections, together with the

construction of a 3D model, have proven to be usaethods to understand the complex
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fault zone architecture and to some extent itsudimi. This 4D picture of the fault zone

dispels some of the myths about normal fault zones.

Faults are not surfaces but irregular fault zorlames that are highly variable in 3D and over
short distances (less than 1 m). Fault architecteéormation styles, and fault facies are
heterogeneous, which in our case is consequenteeofariability in fault geometry, fault
displacement, and mechanical stratigraphy. Diffeeenin throw and time span of the
bounding strands control the distribution of defation across the fault zone (E-W direction)
and thus the fault zone thickness and symmetryndvsirike variations in the geometry of the
bounding strands cause redistribution of defornmatio the N-S direction. Southward
convergence of WF and EF leads to increasing ictiera of their fault zones, which is
accommodated by secondary sub-paratiebfid oblique fault strandf éindy). This process
increases the throw of bounding and internal faaifid thus the maturity of the MDZ to the
south. Where WF and EF interactions are maximusmir fault cores merge, giving rise to a
single fault zone. Therefore, the evolutionary stafjthe fault zone depends not only on the
throw and the time elapsed since the onset of defton but also on the geometric variations
of the fault system. The development of the faatiezin poorly lithified, water-saturated, and
multi-layered sediments leads to high heterogeneityeformation styles: silty, gravelly, and
limestone lithologies are prone to brittle deforimiat while clay-rich lithologies are more
likely to undergo ductile deformation and even dimation. Mechanical stratigraphy also
controls fault propagation. Facies within the faadhe (fault facies; Braathen et al., 2009) are
heterogeneous. Coarse-grained, high-permeabilitieda(e.g., subunit 2B), and clay-rich,
low-permeability facies (e.g., subunit 2I) are aate in three dimensions (Fig. 9). Smears
along the fault zones are not homogeneous in ditlegr lithology or their spatial distribution.
Clays, silts, sands and gravels are all smeareyaldF and EF. Clay injections favoured by

sub-parallel or oblique (e.g., F50) fault condaitso accommodate fault zone deformation.
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The studied fault zone is to some extent uniquelse it juxtaposes poorly consolidated
sediments. Along the Baza Fault, other localittekcustrine, soft sediments exhibit the same
complexity, so from the structural point of viewgte is nothing peculiar about the chosen
site, other than the convergence of two boundirgnds. One important question is how the
fault zone varies with depth. One might expect lessplexity as sediment compaction

increases with depth, although some of the obsemead-surface characteristics may still be
present at greater depth (Childs et al., 1997;i}ret al., 2016). The grain scale, microscopic
structures and mechanisms of deformation, as vge#l detailed chronology of deformation,

are other important aspects that are not touched urpthis paper.

From a modelling perspective, one important quasgschow one may represent and upscale
the fault zone structure for groundwater (Bensalgt2013) and hydrocarbon flow models
(Manzocchi et al., 2010). It is difficult to repesg the observed fault zone heterogeneity at
scales of metres to decametres, either througlsrresibility multipliers (Manzocchi et al.,
1999) or explicit volumetric fault facies repressiins (Fachri et al.,, 2016). One way to
approach this problem is through seismic forwarddetiong (Lecomte et al., 2016) of the
fault zone, which can deliver images at differergqtiencies and wavelengths. For other
interesting sites along the Baza Fault, one coalfopm ground penetrating radar (GPR) and
seismic acquisition before excavation, thus allgvncomparison between the outcrop and
the geophysical image, as well as providing mofermation about fault deformation with

depth. These issues are the subject of ongoingnedse
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Figure Captions

Figure 1. Geologic map of the Baza Fault and the Guadix-Basin. Rectangle indicates

the study area (Fig. 2). Inset shows the locatidh@basin in south-central Spain.

Figure 2. a. Geologic map of the Baza Fault in the study aReal line shows the line of the
section in b, and the rectangle shows the areandrthe Carrizal strand (Fig. 4d). Cross
section ~ 500 m north of the excavated area. iektlabels are metres above sea level. Cross

section has no vertical exaggeration.

Figure 3. a. Map of the 13 trenches; bars indicate trench tadinection. EF and WF traces
are also included. Interpreted photomosaic of trench A5Trench A5 and floor
photomosaics draped over the LIDAR data. Interpigiaof A5 is also includedl.
Interpolated FO surface (red) containing the FOesaon the trenches and the floor (red
dashed lines). Trenches Al, A5 and floor are inetlidn ¢ and d, the red arrow indicates N,

and the floor section is ~ 15 m wide.

Figure 4. a. Simplified geological map of the study area. Thstdault (EF) is the Carrizal
fault, and the western fault (WF) is a secondargrgt. Grey shading represents the fault
zones. The black rectangle shows the trench anehthee red line marks the location of the
section in cb. Simplified scheme of the outcrop structure showivlg and EF, main blocks

(W, middle and E), units (1 to 3) and subunits,lttagdenoted by the letter F), and rock

35



798 bodies (denoted by the letter H). Detailed section based in the northernmost trex@.
799  The region between WF and EF is the main deformaane (MDZ). Light grey transparent
800 area is covered and its interpretation is basethemrxposed area above. Cross section has no

801 vertical exaggeration.

802  Figureb. Stratigraphic column showing the subunits cropmngin the western (W) block
803  (unit 1), main deformation zone (MDZ, unit 2), agastern (E) block (unit 3). Right profiles

804  of subunit blocks indicate relative competence yexns more competent and vice versa).

805  Figure6. Interpretations of E-W trenchasAO0, b. A5, andc. B3. Subunit colours and labels
806 are as in Fig. 5. F stands for faults and H fokroadies. Lower left inset shows the locations
807 of the trenches. Photomosaics and interpretatiball tenches are included in the

808  supplementary material.

809  Figure7. Interpretation of the floor of the excavation betwerenches Al and B3. Subunit
810 colours and labels are as in Fig. 5. F standsafaltd and H for rock bodies. Inset shows the
811 fault familiesa, p andy (Table 1). Aerial photo and interpretation of fle®r are included in

812  the supplementary material.

813  Figure 8. Graphical summary of the correlation of subunasits (F), and rock bodies (H)
814  between the trenches. Subunit colours and labelasam Fig. 5. Numbers next to throw

815  symbols are fault throw in m (red) and maximum faufill thickness (black). Faults without
816 athrow value have a throw greater than the tréeaght (> 4 m). Inset beside the legend
817 shows the trenches locations. Photomosaics angbiatations of all trenches are included in

818 the supplementary material.

819  Figure9. Horizontal slices through the 3D model of the fagbe at. 0.5 m,b. 1.5 m,c. 2.5

820 m,d. 3.5 m, anck. 4.5 m below the ground. Faults are denoted bydrack bodies by H.
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Subunit colours and labels are as in Fig. 5. Gr&y Enes are trenches Al to Bf3.3D fault

framework and slices a to e.

Figure 10. Block diagram of the fault zone and its differeatilts (F) and rock bodies (H).
Rock bodies are divided into W (light blue to ligiteen), MDZ (dark green to red) and E
(grey) block bodies. In the MDZ, the black bandsglthe faults represent clay from subunit

21. The dotted pattern in H10 represents the gsavem subunit 2B.

Figure 11. 3D view of key fault splays in the fault zoree WF and EFp. F3 and WF¢. WF
and F10 to F3@j. F10, F40, F60, F70 and E&,F10 to F30 and F80, aridF10 to F50 and

F80.

Figure 12. Throw distribution of fault splays in the fault zmrNote that throws are grouped
into measurable (less than excavation height) andneasurable (greater than excavation
height) values. Distance is measured from northesttmench A0O (Fig. 3a). Lowermost
wedge schematically shows the thinning of the faoite from ~7 m in the north to ~1 m in

the south.

Figure 13. Closeups and interpretationsaofMiddle sector of A3b. Eastern, lower sector of
A4, andc. Central, lower sector of A2. Subunit colours aratla are as in Fig. 5. F stands for
faults and H for rock bodies. Distance betweennth#ge markers is 1 m. Sectors are shown

on the photomosaics of the trenches in the suppiEanematerial.

Figure 14. Closeups o&. Middle, lower sector of AZ. Middle, central sector of A4-d.
Red rectangles in b, amdEastern sector of A3. In e, distance between theewmarkers is 1
m. Sectors a and b are shown on the photomosaibg ¢fenches in the supplementary

material.
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Figure 15. Closeups of the eastern sector of AOPhoto,b. Interpretation. Strata are
coloured following the legend at the bottom. Ndtattthe silty beds are sandwiched between
the clay smears. Sector is shown on the photomos$#ne trench in the supplementary

material.

Figure 16. Interaction of the WF and EF fault zonasGeological map of the study ardna,
Detailed map illustrating the interaction of thelfzzonesgc. Cross sections I-I', II-1I' and 1lI-
lII" across the fault zones. Lines of sectionsiadécated in b. In b and c, fault zone elements

are coloured according to the legend at the bottom.

Table 1. Summary of major faults, their geometries, arifisnFor the description of fault
smears and lenses, we use the classification scheiniBraathen et al. (2009, their Figs. 4 and

5).

Table2. Summary of rock bodies, their boundaries, stragigies, and deformation.

Supplementary material

SM 1. Photomosaics and interpretations of trenches00 andb. AO. Subunit colours and
labels are as in Fig. 5. F stands for faults arfidrHock bodies. Inset shows the locations of

the trenches. In b, dashed rectangle on photomoshiaates the extent of Fig. 15.

SM 2. Photomosaics and interpretations of trenchesl andb. A2. Subunit colours and
labels are as in Fig. 5. F stands for faults arfdrHock bodies. Inset shows the locations of

the trenches. In b, dashed rectangles on photomighcate the extents of Figs. 13c and 14a.

SM 3. Photomosaics and interpretations of trenches3 andb. A4. Subunit colours and

labels are as in Fig. 5. F stands for faults arfidrHock bodies. Inset shows the locations of
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the trenches. In a and b, dashed rectangles onmlsaic indicate the extents of Figs. 13a-b

and 14b, e.

SM4. Photomosaics and interpretations of trencheés andb. BO. Subunit colours and
labels are as in Fig. 5. F stands for faults arfidrHock bodies. Inset shows the locations of

the trenches.

SM5. Photomosaics and interpretations of trenché&3l,b. C2 andc. C3. Contrary to the
other trenches, these trenches are parallel taliEfwing the exposure of faults oblique to EF
(e.g., F1). Subunit colours and labels are asgn%:iF stands for faults and H for rock

bodies. Inset shows the locations of the trenches.

SM 6. Photomosaics and interpretations of trenchdxl andb. B3. Subunit colours and
labels are as in Fig. 5. F stands for faults arfdrHock bodies. Inset shows the locations of

the trenches.

SM7. Drone aerial photo and interpretation of the flobthe excavation between trenches
Al and B3. Subunit colours and labels are as in%i§ stands for faults and H for rock

bodies.
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Fault geometry

Fault infill

Fault Source
Sections Strike " Family Dip* Throw Shape Type Shape Thickness subunits
BO-B3, C1, B
F1 floor ~285° 50-85° N 0.3-2m Planar - - - -
A0, A2-B1, a continuous-
F2 floor ~330° 60-85° E 0.2-14m Planar clay smear semicontinuous mm 1D
A00-B3, aand continuous-
F3 C2, floor 300-330° B ~55°E 12->4m* Planar, Irregular clay smear semicontinuous mm - ~5cm 1D, 1G
A00-B3, aand 10s of sand, clay and micrite continuous- mm - ~20
WF C2, floor 300-330° B ~60° E meters*® Planar breccia semicontinuous cm 1A-1G, 2A-2C
F11 AO - 30-45° E 09m Ramp-flat-ramp - - - -
F12 BO, C2 ~310° B ~60°E 0.2-11m Irregular - - - -
A00-AS, a Planar, flat-ramp,
F10 C3, floor ~340° 45-90° E 0.3-1.5m listric clay smear ruptured mm - ~4 cm 2E —2H
F19 A3 - ) 85-90° E 0.6m Planar clay smear semicontinuous mm 2) - 2K
a
F20 A2-A5, C3 ~335° 70-90° W 0.2-2.7m Irregular clay smear continuous-ruptured mm - ~5cm 2E - 2K
F21 A4-A5 ~335° a ~45° E im Planar, irregular clay smear semicontinuous mm - ~5 cm 2)-2L
A00-A1, B
F22 floor ~310° 50-70° E 0.4-0.6m Planar, flat-ramp clay smear semicontinuous mm - ~4 cm 2E -2G, 2K
BO-B3, B 70°E - mm - ~13
F30 floor ~300° 70°W >4 m*? Irregular clay and sand smear continuous cm 2C, 2D, 2K
F31 BO, floor 290-310° B - >4 m*? Ramp-flat - - - -
B
F40 Floor ~290° ~85° SW ? Planar - - - -
A5, C3, Y
F50 floor ~220° ~80° S 1.5m Irregular clay and micrite breccia continuous ~3-~10cm 2F - 2K
Y
F51 A2-A4 ~220° 35-45°' W 0.5 m Planar, irregular clay smear continuous ~1 -~4cm 2K
a
F60 AO-Al ~320° ~60° E >4 m*? Planar, Irregular clay smear continuous mm - ~8 cm 2|
AO00-Al, a continuous-
F70 floor ~320° ~60° E >4m*? Planar clay smear semicontinuous mm - ~8 cm 21
A5-BO, a
F79 floor ~330° 70-90° E >4 m*? Flat-ramp clay smear ruptured mm - ~4 cm -
A2-B3, a
F80 floor ~340° 40-60° E >4m*’ Flat-ramp, planar clay smear semicontinuous-ruptured mm -~5cm 2M
A00-B3, a 100s of
EF floor ~330° ~60° E meters*> Planar, irregular clay smear semicontinuous-ruptured mm - ~4 cm 21, 2N

" Faults strikes and dips are calculated from 3D model. ** Throw higher than trench depth (4m). ** Estimated throw based on stratigraphy.




Fault block Unit Rock bodies Boundaries subunits Inner deformation Sections
H1 F1, F2 1A-1C Preserved bedding B3, floor
H2 F1, F2 1A-1E Preserved bedding, offset by minor faults C1, B0-B3, floor
H3 F1 F2 1A-1E Preserved bedding, offset by minor faults, smeared by AO, A2-AS, C1, BO, floor
Western Unit 1 F2
Block . .
Ha F1 F2, F3 1A-1G II:;eserved bedding, offset by minor faults, smeared by AOO-AS, C2, BO-B3, floor
HS F3, WF 1C-1H Offset by minor fau‘Its, stretchec! and smeared by WF; AOO-AS, C2, BO-B3, floor
strongly deformed in B1-B3 sections
Stretched by WF and offset by minor faults; completely
Western H10 F10, F11, F12, F30 2A26 by WF in A3-A5 and B3 sections A0O0-A5, C2-C3, BO-B3, floor
Set H11 WF, F12 2A-2D Stretched and smeared by WF, offset by minor faults C2,B0
H12 F10, F11 2C-2E Tilted to the W and offset by minor faults AO
H20 F10, F22, F40, F60 2D-21 Presgrved bedding, offset by minor faults; stretched by AOO-AL, floor
F60 in AOO
Northern -
Set H21 F22, F40, F60 2F-2H Offset by minor faults, stretched and smeared by F60 AO-A1
H30 F40, F60, F70 2J-2L Strongly stretched and smeared A00-A1, floor
H40 F70, EF 2K-2N Strongly stretched, folded and smeared A00-A1, floor
H50 F10, F19, F20 2C-2K Bedding preserved, tilted to the E, offset by minor faults A2-A5, C3
H51 F19, F20 2F-2K Tilted to the E, smeared by F19 A3
Central HE0 F20, F50, Subunit 2| 2E-2H Preserved bedding, tilted to the E, offset by minor A2-AS, floor
Main Set faults, horst-graben, smeared by F10
Deformation Unit 2 H61 F20, F21, F50, F51, Subunits 21 and 2K 2] Offset by minor faults, stretched, smeared by F20 A2-A5, floor
Zone (MDZ) ; ; ;
H70 F20, F21, F50, F51, Subunit 2K KDL Preserved bedding, tilted to the E, offset by minor A2-A5, C3
faults, horst-graben, smeared by F20
H79 F30, F31, F79, F80 2)? Preserved bedding, tilted to the E, offset by minor faults B0O-B3, floor
Southern H80 F30, F31, F79, F8O KDL Offset by minor faults, ductile structures, smeared by AS, BO-B3, floor
Set F30 and F80
H81 F79, F80 M Offsgt by minor faults and stretched into lensed bodies, AS, BO, floor
ductile structures, smeared along F80
H90 F80, EF, 21 injection >M Offset by minor faults, ductile structures, stretched and A2-AS
smeared by EF
Eastern s Ductile structures, strongly stretched and smeared by
Set Ho1 EF, 2l injection 2N EF; detachment fold in A3 A2-AS
H92 F80, EF 2M-2N Ductile structures, strongly stretched and smeared by EF B0O-B3, floor
Eastern Block  Unit 3 EF Preserved bedding, syncline against EF A00-A5, BO-B3, floor
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Western Block (Pliocene, ca 5 Ma)| _Central Block (Pliocene, ca 2.8 Ma) Eastern Block (Pleistocene ca 0.9 Ma)| Recent deposits

Limestone levels.

Red conglomerates
and clays

Grey silts

Unit 1: Laminated lacustrine
carbonate silts and dark grey clays.

Unit 2: White lacustrine carbonate
silts interbedded with dark grey
clay levels, sands and gypsum.

Unit 3: White lacustrine micrite
EE=—L—1 interbedded with light grey to
FEEE—— yellgw carbonate silts and
sands.

l:l Holocene







Middle block
(Unit 2)

W block E block

(Unit 1) (Unit 3)
I~ 1rench
S area

1
b

100 m

Faults F1 to F3
Bodies H1 to H5

W Block Middle block, MDZ E block
EF
Unit 1 Ll
(subunits 1A to 1H) \ Unit 2 \ Unit

(subunits 2A to 2N)

Faults F10 to F80
Bodies H10 to H92

Unit 1 (Pliocene, ca.2.8 Ma)

Unit 2 (Pliocene, ca. 2.8 Ma)

Unit 3 (Middle Pleistocene, ca. 0.9 Ma)

Recent deposits

White carbonate silts with
some mm-cm clay levels.

Dark grey to yellow cm
thickness laminated clay.

- Dark grey laminated clay.
Carbonate silts with some
mm-cm clay levels.

Red mm-cm grain size gravel
-interbedded with red coarse
sand.

Light yellow carbonate silts
% interbedded with white lacus-
trine micrite beds.

Top soil.

Fluvial terrace.




28 m

PLEIST. (ca 0.9 Myr)

White lacustrine micrite interbedded with light grey to yellow carbonate silts and sands.

EF

PLIOCENE (ca 2.8 Myr)

2N Light yellow to white laminated carbonate silts interbedded with cm-mm dark clay levels.

2M  Grey, white and yellow fine laminated carbonate silts interbedded with cm-mm dark clay.

2L Light grey laminated carbonate silts with fine mm thickness dark clay levels.

Dark grey rich clay unit with a band of light grey carbonate silts.

2J  Yellow cm laminated carbonate silts interbbeded with bands of dark cm-mm clay.

21 Dark grey laminated clay with gypsum crystals.

Grey, white and yellow fine laminated carbonate silts interbedded with thin clay levels.

White to light yellow cm laminated carbonate silts interbedded with mm-cm sand levels and some
cm-mm dark

2B Red mm-cm grain size gravel interbedded with red coarse sand.

2A  Brown to light grey and yellow cm laminated carbonate silts interbedded with cm-mm dark clay. WF

Pink carbonate silts interbedded with dark clay levels.

White massive carbonate silts.









SYMBOLS

————— Measurable throw
1 m — Fault throw
Fx —— Fault name
X ——Méximum fault gouge thickness

<€===========P Correlated throw between walls

o — Main faults
--—————- Faults
—aw__snithete - Antithetic fault
Subunit 7a ¢
2 Unclear correlation

Hx Rock bodies (horses)

1H | Pink carbonate silts interbedded with dark clay levels.

Grey laminated carbonate silts iterbedded with dark
clay levels.

Light yellow to white laminated carbonate silts interbed-
ded with cm-mm dark clay levels.

TRENCHES LOCATION

Light carbonate s retriced and crossed by three dark
cm thickness laminated c!

Light yellow Carbonate 5|lts ‘with a band of dark brown cm

Unit 3

White lacusmne m\cnte
t grey

2 |G viite and yellow fine Taminated carbonate sits
White laminated carbonate Silts with some cm-mm dark clay levels. thickness laminated ¢
o thicknoss dark clay levels. it grey laminated carbonate st with some fine mm i s rich i
White massive carbonate silts. 2L th%ckngessydark Clay le F:;/rekl grey to brown laminated carbonate silts rich in clay
Pink carbonate silts il with thick- 2K Dark grey rich clay unit with a band of light grey carbonate Grey, white and yellow cm thickness lammaled camonate
ness dark clay levels. il silts interbedded with some cm-mm dart
White laminated carbonate silts interbedded with some | 2 el cm ickness aminated carborate sis nterbbeded Tight cm thickness laminated carbonate sits ebedded

level

cm-mm thickness dark cla

with bands of dark cm-mm thickne:

with mm-cm_sand levels and some cm-mm dark clay levels.

Dark grey to yellow cm thickness laminated clay.

Dark grey laminated clay with some gypsum crystals.

Red jom-cm grain size gavel nterbedded with red coarse

White massive carbonate silts

Grey, white and yellow fine laminated carbonate silts interbed-
ded with some thin clay levels.

Brown Ko Ught grey and yellow cm thicies aminated
carbonate silts. with cm-mm dark clay.

to yellow AR
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W block bodies

I W set bodies
[ N set bodies
MDZ | central set bodies
[ S set bodies
- E set bodies

[ E block bodies
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Clay injections. Clay-rich strata. Silty strata.
- Less competent. |- Less competent I:I More competent



W block
(Unit 1)

100 m

\ Middle block {f'

E block
(Unit 3)
é‘é/o
(¢
- Trench 4
area
Point of

intersecting
damage zones

it
Point of
fault
intersection

intersecting DZ EF fw dz

WF fault zone

EF fault zone



A 3D trench study reveals the complexity of a normal fault zone in soft sediments.
Highly variable rock bodies, faults, smears and clay injections form the fault zone.
Variable fault geometries and throws cause a variable distribution of deformation.
Mechanical stratigraphy has a key role in the variability and style of deformation.

As main strands approach, fault throw, deformation and fault zone maturity increase.
This 4D picture of fault deformation is key for modelling fluid flow in faulted reservoirs.
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