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Supplementary Note 1. Geological framework

The Betic Cordillera in southern Spain is the northern branch of the Betic-Rif orogen,
which forms the westernmost termination of the Alpine belt in the Mediterranean (Fig.
1). The Betics formed during c. N-S Africa-Eurasia convergence since the Late
Cretaceousl, and consist of two major domains, the Internal (Alboran Domain) and
External zones (Fig. 1). The former is an orogenic wedge resulting from Eo-Oligocene”
or Eocene-Early Miocene® subduction and crustal stacking of three major nappe
complexes, which, from top to bottom, are the Malaguide, the Alpujarride and the
Nevado-Filabride. The External Zone is a non-metamorphic, thin-skinned fold and thrust
belt that accommodated early-middle Miocene continental collision-related shortening
involving the westward-drifting Alboran Domain and the Iberian margin (Iberian Massif,
Fig. 1)4'5. Since the Early Miocene, thrusting in the External Zone was concurrent with

k>* and lithospheric

extension in the hinterland, in response to Ligurian-Tethys slab rollbac
delamination®. Crustal extension was accompanied by calc-alkaline magmatism and led
to the opening of the Alboran Sea Basin’. From the latest Miocene, NNW-SSE
compression caused crustal thickening and regional uplift (Fig. 1)4'8.

The CF is part of the Eastern Betic Shear Zone (Spain; Fig. 1), the Betic segment of
the lithospheric, sinistral transpressive Trans-Alboran shear zone’, which is a diffuse plate
boundary system accommodating the still ongoing NNE-directed Gibraltar slab dragging
by the African plate’”. The Eastern Betic Shear Zone extends over 250 km from Almeria
to Alicante and is characterized by the en-echelon arrangement of its constituent
segments, which include the Carboneras, the Palomares, Alhama de Murcia, Carrascoy -
Bajo Segura and Crevillente faults (Fig. 1). Currently available relative chronological
constraints outline a sketchy (dominantly strike-slip) faulting history spanning the Early

11‘13, which is characterized by both Middle Miocene dextral and late

Miocene-present
Tortonian to Recent sinistral movements'®. In the study area, the CF deforms Paleozoic

to Mesozoic basement rocks of the Alboran Domain nappe complexes (variably affected



by pre-Alpine and Alpine metamorphism)lS, Middle-to-Upper Miocene post-orogenic

sedimentary successions and Burdigalian-to-Messinian volcanic rocks (Fig. 1)11'12’16.

Supplementary Method 1. In situ permeability measurements

In situ air permeability was measured with a TinyPerm-3 portable handheld air
permeameter (New England Research, Inc.) calibrated by the manufacturer with known
standards. The instrument allows for the investigation of rock (bulk) permeability in the
~10M-10" m? (10‘3—10l Darcy) range within volumes of rock of 1-1.5 cm®, even
though controlled laboratory tests have demonstrated its capability to measure values as
low as “107Y" m? (10 D)'’. The air permeameter directly yields an estimate of the
permeability based on the outgoing air flow rate from the built-in compression vessel.
Measuring sites were systematically cleaned to avoid potential effects of superficial
alteration that could result in spurious results. Permeability values obtained from air
permeametry are not directly comparable with values measured by means of laboratory
tests on rock plugs or image analysis without standardization'"'®. Therefore, here we use
our data to grasp the magnitude order of permeability contrast among different BSFs
within the fault zone. Permeability results are illustrated in Fig. 2F and listed in
Supplementary Table 1. Boxplots were made with the R software®. The black thick line
is the 2"! quartile (median), the lower and upper box (interquartile range) sides are the
1%t and 3™ quartiles, respectively. The lower and upper whiskers define, respectively, the
minimum and maximum observed values in the data range (i.e., c. +2.7¢ and 99.3%

coverage if the data are normally distributed) excluding the outliers (white circles).

Supplementary Method 2. Details for Rietveld refinement of fault gouges by Profex

Profex is a graphical user interface for quantification of powder XRD data, that calculates
the weight percent of minerals. The software fits the sum of stored XRD patterns of
standards (calculated pattern) to the measured tracing by varying the contribution of
each standard pattern. Profex allows to select different default structure files (minerals)

available in the BGMN database, described by different freely editable parameters



(particles size and orientation, micro-strain, peaks sharpness, etc.). For mixed layers illite-
smectite (I-S), no default structure files are available in the BGMN database, thus we

O, who introduced

referred to the illite-smectite structure files developed by Ufer et al. *
different models from RO to R3 I-S with intermediate starting values for the refinable
parameters (Supplementary Fig. 8). For sample RGAK-Ar6 (Supplementary Fig. 6), we
applied a bimodal refinement for different crystal sizes of the same mineral (muscovite-
2M1). This was due to: 1) decreasing K-Ar dates towards the finer fractions (from 117.4
Ma in the 6-10 pm grain-size fraction to 33.1 Ma in the <0.1 pm grain-size fraction) all
younger than the rock formation age (Paleozoic) that indicates the occurrence of
neoformed mineral phases in all the fractions, 2) bad Rietveld refinement by using one
single muscovite-2M1 phase, and by editing crystallite size (B1), micro-strain (k2) and
preferred orientation (SPHAR) implying the coexistence of two muscovite-2M; with
different crystallite size. To perform a bimodal refinement, we modified the structure file
by inserting a command string pre-set by the program (Supplementary Fig. 6) as
indicated by the Profex user manual in “advanced refinements and features’. We
interpreted the muscovite with the greater crystallite size as detrital, and that with smaller
crystallite size as neoformed. The bimodal refinement provides a total weight percent for
the two phases. To calculate the relative amount of detrital and neoformed muscovite-
2M1, we calculate peak areas of both mineral phases and applied the formula
(Wt.%)/A = X/N (Supplementary Fig. 6) where the total content of detrital and
neoformed muscovite-2M1 provided by Rietveld refinement (Wt.%) is proportional to the

total peak area (A) of detrital muscovite-2M1 and neoformed muscovite-2M1 (N).

Supplementary Data 1. Details of fault gouge mineral assemblage

XRD data are shown in Supplementary Fig. 2 and listed in Supplementary Table 2.

RGAK-Arl and RGAK-Ar2 contain muscovite-2M1 (25-61%), quartz (21-47%), dolomite
(2-5%), hematite (1-7%), rutile (1-2%), paragonite (2-6%), chlorite (2-8%) and
kaolinite (1-8%) in the 6-10 um and 2-6 um grain-size fractions that progressively

decrease their content or disappear in the 0.1-0.4 pum and <0.1 pm fractions



(Supplementary Fig. 2). The synkinematic mixed layers illite-smectite (RO I-S with an
illite content of 30% for RGAK-Ar1 and R1 I-S with an illite content of 80% for RGAK-
Ar2) occur in the finer sub-fractions. The finest grain-size fraction consists of RO illite-
smectite (50%), muscovite-2M1 (37%) and chlorite (13%) for RGAK-Arl and is made
up of R1 illite-smectite (67%), muscovite-2M1 (28%) and chlorite (5%) for RGAK-Ar2
(Supplementary Fig. 2). RGAK-Ar6 contains a mineral assemblage composed of quartz,
hematite, rutile, chlorite and inherited and neoformed muscovite-2M1 (Supplementary
Fig. 6). Quartz, chlorite, detrital muscovite-2M1 and hematite become progressively less
abundant in the finer fractions (0.4-2, 0.1-0.4 and <0.1 pum) where a general increase of
neoformed muscovite-2M; is instead observed from 61% to 89%. RGAK-Ar4 is mostly
made up of quartz (44-56%), muscovite-2M; (23-35%) and chlorite (9-11%) and
subordinate amounts of ankerite, hematite, rutile, pyrite, paragonite and kaolinite not
exceeding 4% in the coarser 6-10 um and 2-6 um fractions. Synkinematic minerals are
represented by RO illite-smectite with an illite content of 30% that is observed from the
0.4-2 um to the finest fraction. RGAK-Ar5 contains muscovite-2M; (44-51%), quartz
(26-34%), chlorite (16-17%), albite (3%), hematite (0-1%), paragonite (1-2%) and
rutile (1%) in the 6-10 um and 2-6 um grain-size fractions. Synkinematic minerals are
R1 illite-smectite with an illite content of 80% that progressively increase their amount
to 60% from the 0.4-2 um to the <0.1 um fraction, whereas non-clay minerals such as

quartz, albite, hematite, rutile and paragonite disappear from the 0.1-0.4 um fraction.
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Supplementary Figure 1. Outcrop RGA. (A) Uninterpreted outcrop. (B and C) Faint evidence of
strike-slip kinematics (abrasion striae with pitch > 170° or < 20°) is observed along the E-W to ENE-
WSW foliation planes in BSFs A through to F. (D) BSF-G is characterized by a NE-SW-striking
("N040°") steeply dipping foliation that cuts across the E-W trending fabric. NE-SW striking, relatively
late and low-angle reverse faults (commonly in conjugate pairs) crosscut both the E-W and NE-SW

high-angle foliation planes. (E) Main rock types of each BSF.
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Supplementary Figure 3. Qutcrop setting of the dated gouge samples. Close-up on the sampling sites

of the dated gouge samples (circles labelled as in Fig. 3).



Supplementary Figure 4. Representative fault gouge microphotographs. Whole-section mosaics

assembled by optical microscopy in plane polarized light (left) and crossed polarized light (right).
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Supplementary Figure 5. Representative SEM microphotographs of authigenic/synkinematic illite (A)
and detrital muscovite (B) with associated EDS spectra for, respectively, the <0.1 pm and 6-10 um

fractions of dated gouge samples. lllite-smectite (1Mq4) occurs with predominantly prismatic platy

21,22

habit suggesting in situ neo-crystallization , while muscovite (2M1) tends to have more equant

habit.
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muscovite-2M; in the 26-27° 28 interval), as described in the Profex User Manual®. (B) Bimodal

refinement of sample RGAK-Ar6 by using a neoformed and detrital muscovite-2M; with different

crystallite size, micro-strain and orientation. Editable parameters in the BGMN structure file in Profex
and values used for bimodal refinement are shown in the boxes
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Supplementary Figure 7. lllite Age Analysis (IAA) data. 40Ar/40K ratios are plotted against
percentage of illite-2M; (normalized to 100%). For sample RGAK-Ar6, “°Ar/*°K ratios are plotted
against percentage of muscovite-2M; (normalized to 100%). See the main text for details. Plots made

with IsoplotR v.5.6°.
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Supplementary Figure 8. Rietveld refinement for sample RGAK-Ar5, showing the decreasing content
of detrital minerals from the 6-10 um to the <0.1 um grain-size fraction (quartz, albite, pyrite, etc.),
and the occurrence of neoformed illite-smectite with illite-1Mg polytype for the 0.4-2, 0.1-0.4 and

<0.1 um grain-size fractions.



Supplementary Table 1. Summary of in situ permeability measurements at outcrop RGA.

BSF Structural element Permeability (m?) Permeability (D)
4.01E-12 4.06E+00
6.37E-12 6.45E+00
4.24E-11 4.30E+01
3.67E-11 3.72E+01
1.44E-12 1.46E+00

I\/Ieasuremenfs parallel 5 24E-12 5 97E400

to the foliation (balck 1 16E-12 1 18E400
gouge band; Fig. 2B) ’ i

7.94E-13 8.04E-01

3.00E-12 3.04E+00

2.45E-12 2.48E+00

2.18E-14 2.21E-02

7.96E-13 8.07E-01

4.01E-13 4.06E-01

4.34E-13 4.39E-01

1.65E-13 1.67E-01

3.23E-13 3.27E-01

B I\/Ieasurer-ne.nts paraII‘eI 6.13E-13 6.21E-01

to the foliation ‘(redd|sh 6.09E-13 6.17E-01
gouge band; Fig. 2B) ‘ ‘

4.92E-13 4.98E-01

2.26E-13 2.29E-01

4.38E-13 4.43E-01

6.52E-13 6.61E-01

1.64E-14 1.67E-02

1.61E-14 1.63E-02

1.09E-14 1.11E-02

2.06E-13 2.08E-01

Clasts embedded in the 1.69E-14 1.71E-02

foliated matrix (Fig. 1.01E-13 1.02E-01

2B) 1.33E-13 1.34E-01

2.07E-14 2.10E-02

1.31E-12 1.33E+00

1.22E-12 1.23E+00

4 50E-13 4.56E-01

Bulk (magsi\/e 2.05E-13 2.08E-01

C sandstone-to-mudstone, 2.28E-13 2.31E-01

marl, volcanoclastic 3.39E-14 3.43E-02

rocks) 1.41E-12 1.43E+00

7.60E-13 7.70E-01

Measurements parallel 1.08E-12 1.09E+00

D to the foliation 1.19E-12 1.20E+00

(greenish gouge; Fig. 4.27E-13 4.33E-01

2C) 1.44E-12 1.46E+00

7.36E-13 7.46E-01




3.44E-13 3.49E-01

5.94E-13 6.02E-01

4.14E-13 4.19E-01

7.72E-13 7.82E-01

8.52E-13 8.64E-01

1.73E-13 1.75E-01

1.21E-13 1.22E-01

Measurements parallel 1.89E-12 1.92E+00

to the foliation (violet 4.85E-13 4.91E-01

gouge: Fig. 2C) 3.39E-13 3.43E-01

5.54E-13 5.62E-01

4.42E-13 4.48E-01

7.01E-13 7.10E-01

3.00E-13 3.04E-01

Measurements 3.63E-13 3.68E-01

orthogonal to the 3.81E-13 3.86E-01

foliation (violet gouge; 141613 1 43E-01

Fig. 2Q) ) )

3.47E-13 3.51E-01

1.88E-13 1.90E-01

2.25E-12 2.28E+00

_ , 6.44E-13 6.52E-01

Bulk‘(maSS|ve,AWh|t-e 3 90E-13 3 95E-01
pulverized domain; Fig.

20) 1.10E-12 1.11E+00
1.33E-12 1.35E+00
1.36E-12 1.38E+00
1.10E-12 1.12E+00
5.20E-13 5.27E-01
2.07E-14 2.09E-02
1.46E-14 1.48E-02
1.08E-14 1.09E-02
6.24E-15 6.32E-03

et

siltstone,gmarl, 1.20E-14 1.31E-02

sandstone; Fig. 2D) 8.03E-15 8.13£-03

7.95E-15 8.05E-03

7.44E-15 7.54E-03

1.31E-14 1.33E-02

1.02E-14 1.03E-02

6.16E-13 6.25E-01

8.88E-14 8.99E-02

Measurements 5 71E-14 5 75E-02

orthogonal to the 4.42E-12 4.48E+00
bedding (siltstone, marl;

Fig. 2D) 3.32E-14 3.36E-02

4.61E-14 4.67E-02

6.30E-14 6.39E-02




2.15E-14 2.18E-02

2.30E-14 2.33E-02

1.94E-13 1.97E-01

1.27E-13 1.29E-01

1.18E-14 1.20E-02

1.39E-14 1.41E-02

8.18E-15 8.28E-03

Measurements 2.00E-14 2.03E-02
orthogonal to a fault 7.31E-15 7.40E-03
plane within foliated 9.07E-15 9.19E-03
violet/blackish gouge 7.05E-15 7.15E-03
9.92E-15 1.01E-02

1.56E-14 1.58E-02

7.15E-15 7.25E-03

5.70E-13 5.77E-01

8.00E-13 8.11E-01

5.44E-13 5.52E-01

6.71E-13 6.80E-01

3.75E-13 3.80E-01

1.09E-12 1.10E+00

Measurements parallel 1.93E-13 1.95E-01
to the foliation (black 1.18E-12 1.19E+00
gouge; Fig. 2E) 6.62E-13 6.70E-01
1.68E-12 1.70E+00

1.67E-12 1.70E+00

6.42E-13 6.50E-01

2.68E-13 2.71E-01

4.22E-13 4.27E-01

1.31E-12 1.33E+00




Supplementary Table 2. XRD data. Qz—quartz, Ab—albite, Dol-dolomite, Ank—ankerite, Py—pyrite,
Hem—hematite, Rt—rutile, Pg—paragonite, Ms-2M1 d/n—muscovite 2M1 polytype detrital/neoformed,
Chl—chlorite, Kln—kaolinite, |-S—mixed-layers illite-smectite; R—stacking order of I-S, %l in |-S—

percentage of illite in I-S.

Grain-size Mineral assemblage (wt.%) %I
Sample fractions Ms-2M1 R inl-
ID Qz Ab Dol Ank Py Hem Rt Pg Chl Kin IS

(um) d/n S

6-10 33 - 3 - - 2 1 2 49 2 8 -

2- 21 - 2 - - 1 1 1 -
RGA 0.4?2 3 - 1 - - 1 1 j 26 i 181 30 0 30
K-Arl

0.1-0.4 - - - - - - - - 50 10 - 40

<0.1 - - - - - - - - 37 13 - 50

6-10 47 - 5 - - 7T 2 5 25 8 1 -

2- . 2 4 2 -
RGA 0.4(-62 359 - 2 1 i 29 2 2 27 1 80
K-Ar2

0.1-0.4 - - - - - - - - 39 10 1 50

<0.1 - - - - - - - - 28 5 - 67

6-10 56 - - 2 1 4 2 2 23 9 1 -

2- 44 - - 1 - 2 2 11 2 -
RGA 0.4?2 5 - - - - 1 1 2 ;51 7 2 25 0 30
K-Ar4

0.1-0.4 - - - - - - - - 61 9 - 30

<0.1 - - - - - - - - 61 6 - 33

6-10 34 3 - - - 1 1 1 44 16 - -

2 2 e 1 7 - -
RGA 0.46—52 66 i - - - - 1 - 20 23 - 29 1 80
K-Ar5

0.1-0.4 - - - - - - - - 36 12 - 52

<0.1 - - - - - - - - 30 10 - 60

6-10 34 - - - - 7 1 - 36/6 16 - -
A 0 5 L L T T 2 f D e o
K-Ar6

0104 - - - - - 1 - - 23/70 6 - -

<0.1 - - - - - - - - 6/89 5 - -




Supplementary Table 3. K-Ar data. Spreadsheet with K-Ar data of the five separated fractions for

the CF fault gouges.

“Oar* K Age Data
Sample Fractio | Mass c *OAr* | Mass c Age c

Outcrop Name n mg mol/g (%) % mg wt % (%) | (Ma) | (Ma)
RGAK-Ar1 <0.1 7.158 | 1.646E-10 | 0.39 345 53.4 4.93 1.5 19.2 +0.3
RGAK-Arl | 0.1-0.4 | 3.488 | 1.905E-10 | 0.46 38.5 49.9 4.67 1.5 23.4 +0.4
RGAK-Ar1 0.4-2 2.390 | 2.117E-10 | 0.53 42.5 51.9 4.48 1.5 27.0 +0.4
RGAK-Ar1 2-6 1.560 | 2.619E-10 | 0.64 66.6 54.2 3.94 1.6 37.9 +0.6
RGAK-Ar1 6-10 2.088 | 2.571E-10 | 0.53 66.2 52.5 3.27 1.7 | 44.8 +0.8
RGAK-Ar2 <0.1 2.284 | 2.024E-10 | 0.56 42.9 51.3 5.32 1.5 21.8 +0.3
RGAK-Ar2 | 0.1-0.4 | 2.798 | 2.705E-10 | 0.45 53.6 50.6 5.31 1.5 29.1 +0.4
RGAK-Ar2 0.4-2 2476 | 3.272E-10 | 0.44 72.2 56.7 4.88 1.5 38.3 +0.6
RGAK-Ar2 2-6 1.732 | 3.115E-10 | 0.53 86.5 55.3 2.64 1.7 66.9 +1.2
RGAK-Ar2 6-10 2.504 | 2.628E-10 | 0.48 90.0 52.6 2.04 1.8 | 72.6 +1.3
RGAK-Ar4 <0.1 2.256 | 1.621E-10 | 0.72 54.5 51.0 4.97 1.5 18.7 +0.3
RGAK-Ar4 | 0.1-0.4 | 2.658 | 1.992E-10 | 0.58 58.4 58.2 491 1.4 | 232 +0.4
RGA RGAK-Ar4 0.4-2 3.056 | 2.523E-10 | 0.44 61.2 53.2 4.58 1.5 315 +0.5
RGAK-Ar4 2-6 2.432 | 2.859E-10 | 0.47 79.1 52.4 2.61 1.7 62.0 +1.1
RGAK-Ar4 6-10 2.902 | 2.254E-10 | 0.47 82.3 51.4 1.81 1.8 | 70.4 +1.3
RGAK-Ar5 <0.1 3.800 | 9.318E-11 | 0.88 442 51.2 4.72 1.5 11.4 +0.2
RGAK-Ar5 | 0.1-0.4 | 4.144 | 1.108E-10 | 0.76 53.7 53.4 4.69 1.5 13.6 +0.2
RGAK-Ar5 0.4-2 2.124 | 1.094E-10 | 1.37 48.9 57.6 4.48 1.5 14.0 +0.3
RGAK-Ar5 2-6 2.044 | 1.065E-10 | 0.98 | 66.8 | 51.0 | 3.68 | 1.6 | 16.6 | +0.3
RGAK-Ar5 6-10 2.410 | 9.364E-11 | 0.94 65.8 51.1 3.31 1.7 16.2 +0.3
RGAK-Ar6 <0.1 2.832 | 3.918E-10 | 0.41 70.5 50.5 6.77 1.3 | 33.1 +0.5
RGAK-Ar6 <0.1 1.724 | 3.902E-10 | 0.51 71.2 50.5 6.76 1.3 | 33.0 +0.5
RGAK-Ar6 | 0.1-0.4 | 3.458 | 5.191E-10 | 0.38 82.6 53.5 7.21 1.2 41.0 +0.5
RGAK-Ar6 0.4-2 2.122 | 6.182E-10 | 0.42 87.4 51.5 7.24 1.3 | 48.6 +0.6
RGAK-Ar6 2-6 1.890 | 9.181E-10 | 0.42 96.6 51.6 6.37 1.4 | 81.3 +1.1
RGAK-Ar6 6-10 1.698 | 1.082E-09 | 043 | 962 | 51.3 | 514 | 1.5 | 1174 | +1.8
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