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Abstract—Microtectonic analysis of infilling deposits in South Ecuadorian Neogene basins brings to light a
compressive stress field with o1 along a NNE-SSW to NE-SW direction in the early Miocene, changing to an
E-W direction in the Middle and Late Miocene. The syn-sedimentary deformations which affect the deposits of
the basins suggest similar stress regimes due to a compressive ongoing tectonic system in the Miocene, for at least
15 Ma. There is a good correlation between rapid convergence in the Neogene and the time period during which
the continental South Ecuadorian basins were deformed by compression (Quechua period).

INTRODUCTION

Predominantly continental sedimentation had devel-
oped during the Neogene in the Northern Andes (Case
1974, Case et al. 1990). This is applicable, particularly in
the Ecuadorian Andes, to the basins of Cuenca, Girdn,
Nabén, Loja, Malacatos and Zumba, formed along
major crustal faults in the south of Ecuador (Fig. 1). The
Eastern Cordillera is essentially composed of Paleozoic
rocks. The Western Cordillera is represented by a series
of Mesozoic and Lower Paleogene rocks. Until now,
these have been interpreted as belonging to a volcanic
arc built on continental crust (Lebrat 1985, Lebrat et al.
1985a,b). In the southern part of Western Cordillera,
. Paleozoic rocks appear in the Amotape Block. During
' Late Paleogene, both Cordilleras were covered by vol-
. caniclastic deposits. Continental detrital deposits and
" interstratified volcanic material which comprise the fill
i of the Neogene basins, overlie a Cretaceous — Upper
- Oligocene basement. The basins are limited by two
 families of N-§ and N20°-N40° trending faults (all azi-
" muths are from North in clockwise sense, i.e. east-
wards). Based on sedimentological analyses and the
study of the syn-sedimentary deformation, Noblet et al.
(1988) have suggested a system of ongoing compressive
.. deformation during the Neogene. The present study is
- based on a microtectonic analysis of the basins. Its
. purpose is to characterize the successive stress fields
-. contemporaneous with the basin infilling, to verify their
 compatibility _with the syn-sedimentary deformation,
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Fig. 1. Schematic geological map of Southern Ecuador. (a}~(d) are
related to Fig. 3. Dashed lines are inferred faults. Barbed lines
represent the main thrusts in the Subandean zone.
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Fig. 2. Synthetic sedimentary evolution of Loja, Malacatos and Cuenca basins. The infilling shows a cyclic sedimentary

evolution. The ﬁning and thinning upward in the lower sequence characterizes the basin opening; the coarsening and

thickening upward in the upper sequence characterizes its closing. Radiometric ages are from Kennerley (1980}, Barberi et

al. (1988) and Lavenu et al. (1992). Depositional environment: (1) distal lacustrine; (2) lacustrine turbidites; (3) lacustrine
delta; (4) flood plain; (5) braided rivers; (6) alluvial fan.

and to test the reliability of microtectonic analysis in a
context of ongoing tectonics. The results obtained are
compared with tectonic events encountered elsewhere
in the Northern and Central Andes (Butler 1974, Jordan
1983, Mégard 1987, Burke 1988, Sébrier et al. 1988,
Daly 1989, Sébrier & Soler 1991).

STRATIGRAPHY AND SEDIMENTOLOGICAL
CHARACTERISTICS OF THE BASINS

In the Cuenca basin, the Tertiary rocks can be
grouped regionally into three superposed lithostrati-
graphic units (Bristow 1973, Noblet et al. 1988) (Fig. 2).
South of the Cuenca Basin, the stratigraphy of the other
South Ecuadorian basins was defined by lithological
correlation with the stratigraphic column of Cuenca.

The lower lithostratigraphic unit (Saraguro Forma-
tion), essentially volcanic, represents the upper part of
the basement of the basins. It consists of intermediate
and acidic lavas and pyroclastic deposits. Its thickness
exceeds 1000 m. Radiometric dating attributes it to the

Oligocene: 26.8 * 0.7 Ma (Kennerley 1980),28.9 + 1.4
Ma (Barberi ef al. 1988), 35.3 + 0.9 Ma (Lavenu et al.
1992) and 29-23 Ma (Winkler et al. 1993). :
The intermediate lithostratigraphic unit lies un--
conformably on the basement (Noblet e al. 1988, Egiiez
& Noblet 1988) and corresponds to the Neogene fiil of -
the South Ecuadorian basins. It is composed of alter-
nating conglomerates, sandstones and shales. This unit
reaches a thickness of up to 4500 m in the Cuenca Basin,
but never exceeds 1500-2000 m in the others. The base .
of the unit is of Early Miocene age (Bristow 1973,
Bristow & Parodiz 1982, Madden 1990). The upper part
of the unit has been ascribed to Middle to Late Miocene
by paleontological analyses (Marshall & Bowles 1932,
Bristow 1973). A sedimentological analysis of South-
Ecuadorian basin deposits (intermediate lithological
unit) was performed by Noblet er al. (1988), Robalino
(1988), Lavenu & Noblet (1989), Fierro (1991),
Izquierdo (1991) and Mediavilla (1991). This reveals a
cycle of sedimentation composed of two sequences, M
and M,, in all the basins. The first sequence, M, consists
of proximal (alluvial) to distal (lacustrine) deposits. This
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sequence is 1500 m-thick in the Cuénca Basin and about
600 m in the southern basins. It decreases, both fining
upward and thinning upward. This sequence is charac-
teristic of basin deepening related to large tectonic
subsidence (Blair & Bilodeau 1988). The second se-
quence (M,) shows a reverse sequence, with coarsening
upward and thickening upward from distal (lacustrine)

. to proximal (alluvial fans) deposits. This second se-
. quence is approximately 3000 m-thick in the Cuenca

Basin and 1000 m-thick in the other basins. The se-
quence represents the tectonic closing of the basins. The
sedimentation of this intermediate unit is contempora-
neous with an important syn-sedimentary volcanic
activity at the basin boundaries as well as within the
basins. The rocks observed are mainly andesites, dacites
and rhyolites. Lava flows in the Cuenca Basin, known as
the ‘Descanso Andesite’, dated at 19.7 * 5Maand 21 +
0.6 Ma (Kennerley 1980), and also a monogenetic
andesitic breccia, interstratified in the sediments, com-
prising the top of sequence M|, dated at 22 = 0.8 Ma and
24.7 * 0.6 Ma (Lavenu et al. 1992) give evidence of
Lower Miocene volcanic activity. In the Nabén Basin,
radiometric dates confirm this age: 22 + 1.3 Ma
(Winkler er al. 1993). In sequence M,, radiometric
dating on rhyolitic tuffs within the Cuenca Basin (16.3 %
0.7 Ma; Lavenu ef al. 1992) indicates acidic volcanic
activity during the Middle Miocene. It confirms the
radiometric ages obtained outside of the basin (15.4 &
0.7 to 11.2 = 0.3 Ma; Barberi et al. 1988). A late
Miocene~Pliocene volcanic event was also recorded and
Barberi et al. (1988) attributed an age of 8.0 % 0.08 Ma
to an intercalated dacitic flow near the top of the basin
deposits. Clastic deposits of this intermediate lithostrati-
graphic unit were thus deposited throughout the entire
Miocene period.

The upper lithostratigraphic unit (I.lacao Formation)
unconformably overlies the prior units. This volcaniclas-
tic unit is thin (several tens of meters only), and com-
posed of conglomerates, breccias, and volcanic tuffs. It
has been ascribed to the Pleistocene (Bristow 1973,
DGGM 1974, Baldock 1982).

SYN-SEDIMENTARY DEFORMATION

Analysis of folding which affected the Cuenca Basin
deposits was carried out by Noblet et al. (1988) and
Lavenu & Noblet (1989). The main results of these
studies are discussed below.

During Early Miocene, the sequence M, (>1200 m)
displays sedimentary wedges which confirm the pres-
ence of a tensional component -along the N20°-N40°
faults during sedimentation (Fig. 3a). M, stratification
poles indicate an additional deformation, highly local-
ized near the basin boundary. This deformation corre-
sponds to a conical syn-sedimentary fold with a N120°,
subvertical hinge line (Fig. 3a). Analysis of stratification
poles on only one fold has little statistical significance,
especially in a zone where the layers were progressively
tilted during sedimentation. Nevertheless, this may be
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indicative of a near NNE-SSW shortening direction
along strike-slip faults, compatible with an extension
perpendicular to the N20 ~N40° fault during a transpres-
sive tectonic regime (Moody & Hill 1956, Zolnai 1989).
Consequently, the basin’s opening is characterized by
extensive deformation, particularly marked by a tensio-
nal (and perhaps tensional strike-slip) component along
N20°-N40° faults throughout the deposition of sequence
M;.

During Early to Middle Miocene, conical syn-
sedimentary folds occurred ,in the basal 300400 m
deposits comprising sequence M, (Fig. 3b). The fold
hinge lines, deduced from statistical analyses of stratifi-
cation poles, have been untilted by the dip and direction
of the first folded beds. The untilted hinge lines plunge
about 15°-N150° implying a shortening direction of
N60°. The development of these folds is kinematically
compatible with a right-lateral component of the move-
ment along the N20° faults (pressure-ridge type).

During Late Miocene the upper layers of the sequence
M, show a series of progressive unconformities related
to syn-sedimentary folding (Figs. 3¢ & d). This defor-
mation has been observed in all the basins and all the
filling (Lavenu & Noblet 1989). Analysis of stratification
polesindicates that these are cylindrical folds with N175°
or N350° trending subhorizontal axes (Figs. 3¢ & d).
Noblet er al. (1988) suggested that the relative dispersal
of the fold orientations was due to local re-orientation of
stress related to the proximity of the basin boundaries.
They have deduced a mean E-W trending shortening.

The interpretation of Noblet et al. (1988) and Lavenu
& Noblet (1989), based on the analysis of syn-
sedimentary fold deformations, proposed that the open-
ing of the Miocene basins in the South Ecuadorian
Andes was controlled by N-S and N20°-N40° strike-slip
faults. During Early Miocene a transtensional regime -
occurred and tensional movement perpendicular to the
N20°-N40° faults during deposition of sequence M; was
related to a regional deformation with a NNE-SSW
trending shortening. A NE-SW then E-W trending
shortening was inferred from analysis of syn-
sedimentary folds affecting the Middle to Late Miocene
deposits of sequence M. It was the origin of respective
right-lateral and reverse-right-lateral movements on
N20°~N40° and N-S faults, and caused the progressive
closing of the basins. The conclusions drawn from these
studies stress the fact that the syn-sedimentary defor-
mation occurred throughout the filling of the basins. It
suggests the existence of ongoing tectonics with pro-
gressive 60° clockwise rotation of the stress component
during the Miocene. -

MICROTECTONIC ANALYSIS

The purpose of this work is to characterize the stress
fields which originated syn-sedimentary Miocene defor-
mation in the intermontane basins of Southern Ecuador.
To accomplish this, slip vectors on striated faults were
analyzed using the Carey’s inversion algorithm (Carey &
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Fig. 3. Cross-sections showing syn-sedimentary deformations and assaciated fold data. Localizations are on Fig. 1. Points
on Wulff stereonets (Lower hemisphere) represent the normal to bedding ‘planes. Stars represent the fold axis. (a)
Sedimentary wedges linked to the extensional movements along the NNE-SSW faults. Syn-sedimentary coeval conical
folding located along the N20°-N40° faults (Biblian Formation, Cuenca Basin). (b) Syn-sedimentary conical folding located ™
along NNE-SSW faults (N30° compressional direction). (Azogues Formation, Cuenca Basin.) (c) Progressive unconfor-
mity provoked by a cylindrical folding (N85° compressional direction). (Mangan Formation, Cuenca Basin.) (d) Folds and
progressive unconformity associated with syn-sedimentary faulting (IN80° compressional direction). (Quillollaco Forma-
tion, Malacatos Basin.)

Brunier 1974, Carey 1979). Fault populations were
measured inside or outside the basin limits, in the
basement, as well as in sequences M; and M, of basin
infill.

General methodology

The shape and orientation of the stress deviator in the
rock can be identified from measurements of striations
over a population of faults. Following Bott (1959) who
studied the direct problem, several authors (e.g. Carey
& Brunier 1974, Armijo & Cisternas 1978, Carey 1979,
Etchecopar et al. 1981, Armijo et al. 1982) explored and
treated the inverse problem. This problem can be

addressed rather simply, however under the assumption
that there is no continuous deformation within the
blocks separated by faults and thus no rotation of the
fault planes during deformation. All the deformation
occurs as relative displacements of rigid blocks along the
faults. The direction, sense, and sometimes the amount
of sliding on the faults are reflected by striation of the
fault surface. If slip on the faults are independent, then
the direction of each striation is that of the resolved
shear acting on each fault. This condition of indepen-
dent slip is more nearly reached when slips are small.
Four parameters may be determined: the three Euler
angles that give the directions of the principal axes of
stress, and the parameter R = (02’ — ¢1')/(03' — ol').



The stresses ol1’, 02’ and ¢3' are the deviatoric of the
stress tensor with g1’ > ¢2' > 03'. In other words the
isotropic component of stress cannot be obtained and
the deviatoric component is known only within an arbi-
trary factor. .

In order to characterize a tectonic episode (attitude of
the principal axes of stress and the parameter R), a
homogeneous population of faults must first be recog-
nized. One homogeneous population of faults means
faults kinematically consistent with striations explained
by a single stress tensor. Homogeneous populations of
faults were identified by a series of tests based on the
following steps: (i) faults having similar trends, dips and
rakes-are grouped together; then, comparison of these
different groups is graphically made in order to evaluate
their kinematic compatibilities (for instance, left-lateral
and right-lateral kinematics observed on faults with
similar attitudes are not compatible); (ii) consistent
faults are regrouped and a computation of the mean
stress tensor is made; then this tensor is applied to the
entire population of faults collected on the site; (iii)
according to the distribution of the angular deviation
(s) (taken less or equal to 20°) between theoretical
striations (z) derived from the computed mean stress
tensor and the actual slickensides (s) used to compute
this mean stress tensor, a homogeneous population of
faults may be recognized. It must be noted here that two
successive different striations on a same fault-plane may
be indicative of two successive homogeneous popu-
lations of faults and consequently of the relative chron-
ology of tectonic pulses.

Methodology adapted to ongoing deformation

In the South Ecuadorian basins, syn-sedimentary de-
formations highlight the on-going Neogene tectonics
(Noblet et al. 1988) displaying a rotation of the shorten-
ing direction from NE-SW to WNW-ESE. These well-
known larger scale deformations provide a reliable con-
trol on microtectonic analysis. They especially allow for
sites displaying various populations of faults, as shown
by relative chronologies of striations, to be also con-
sidered and reliably analysed. A preliminary microtec-
tonic characterization of these deformations using the
inverse problem (Winter 1990) suggests that the
methodology could be adapted in order to identify
successive increments of this on-going Neogene tec-
tonics.

When various homogeneous populations of faults are
recognized in the field, a computation of the mean stress
tensor is performed on each identified population. The
mean stress tensor (Pi) is adjusted in order to character-
ize a homogeneous population whose angular deviations
(rs) between theoretical striations (7) computed from
the mean stress tensor and the actual striations (s) are
less or equal to 20°. In this study, the computed stress
tensors explained more than 65% of the numerous
striations observed. Because these computed stress ten-
sors (Pi) are consistent with the larger-scale syn-
sedimentary deformations, they are assumed to be
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characteristic of major tectonic pulses within an on-
going regional tectonic deformation.

In order to be sure that, on each site, no data has been
forgotten in the graphical selection of the homogeneous
populations which have been used to compute the mean
stress tensors, these computed mean tensors are applied
to the entire population of faults collected on the site and
all striations having an angular deviation lesser or equal
to 30° are selected. This value of 30° has been chosen to
take into account possible local guided movements.
Moreover, it must be noted that the data neglected
represent less than 10% of the first selected homogene-
ous population. In some cases, various striations are
explained by two computed stress tensors (Pi and Pj).
These common faults are always kinematically consist-
ent and consequently form a homogeneous population
(Pi N Pj) which should be explained by a single stress
tensor (p;;). If there is enough common data (at least
eight common data), a mean stress tensor (p,;) is thus
computed from these common striations (Pi N Pj).
Then, it is applied to the entire population of faults
collected on the site. In order to constrain this secondary
mean stress tensor, only striations with angular devi-
ation (rs) smaller than 20° are selected.

Taking into account the general on-going Neogene
tectonics of the region, the secondary mean stress tensor
obtained is assumed to be characteristic of an intermedi-
ate minor tectonic pulse. However, it must be noted
here, that due to the methodology itself, such a minor
pulse may reflect either an intermediate brief intensifi-
cation of the shortening in a given direction during the
rotation of the compressive stress or an integration
(average) of the whole compressive deformations which
occurred between two major tectonic pulses.

For all sites, the computed solutions for major and
minor (if any) tectonic pulses are presented in the form
of stereonets and histograms of the distribution of the
angular deviation between theoretical striations corre-
sponding to the mean stress tensor and the actual stria-
tions. When faults common to two major pulses have
been evidenced, relative quantities of common and
exclusive data are presented on histograms. If a mean
stress tensor has been computed from these common
striations, relative quantities of (i) data strictly exclusive
of each pulse (black areas on Fig. 4), (ii) exclusive data
of a major pulses also consistent with the minor inter-

‘mediate pulse (striped areas on Fig. 4), and (iii) data

common to two major pulses and used to compute the
mean stress tensor characterizing the intermediate
minor pulse (light grey areas on Fig. 4) are presented on
these histograms.

The procedure was applied to each measurement site.

Results of the inversion

The sites were investigated from north to south, from
Cuenca towards Malacatos, outside the basins or at
boundaries as within the basins. Two sites will be ana-
lyzed in detail, one simple (Huangarcucho), another
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more complex (Loma Conferencia) (Figs. 4 and 5). All
the results are summarized in Fig. 6 and Tables 1-4.
The site of Huangarcucho comprises 29 faults
measured in.the lower layers of the Cuenca basin se-
quence M,, as well as in the rhyolitic basement on the
eastern basin boundary. The calculated stress field cor-
responds to two major pulses. One, P1, is characterized
by ol: 4°/N27° (02: 26°/N120° and ¢3: 63°/N289) with R
= 0.72. Faults having a N--S direction are reverse with a
dextral strike-slip component; faults having a NE-SW
direction are reverse with a left-lateral strike-slip com-
ponent. The other, P2, is characterized by o1: 5°/N263°
(02: 37°/N169° and 03: 52°/N362°) with a ratio R = 0.60.
Faults having a N-S direction are right-lateral strike-slip
faults with reverse component; faults having a NE-SW
to E-W direction are reverse with a left-lateral strike-

slip component. Computations of P1 and P2 comprise a
group of three common faults (light grey area in Fig. 4)
representing P1 N P2. The scarceness of data (<8) does
not make it possible to calculate a characteristic minor
intermediate pulse. , ' ' :

The Loma Conferencia site, situated within the
Cuenca basin in sequence M; of Lower Miocene litho-
stratigaphic unit, is representative of this type of analy-
sis. Analysis of 87 right-lateral and left-lateral faults,
after graphical separation into homogeneous popu-
lations, makes it possible to determine major and minor
tectonic pulses on the site.

During the first step of the work, three significant
deviatoric tensors (with s < 20°) can be distinguished.
Each of these three tensors helps characterize a major
tectonic pulse:
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Table 1. Parameters of the stress deviators computed from reverse and strike-slip fault kinematics of lower Miocene
(o1: N24°-N48°). Nd, number of data used for computation: o1, 02, 03 give the principal stress direction and R the stress ratio
(02 — 03)/(02 — 01) of the optimum models. R varies from 0 for 02 = g1 to 1 for 02 = 03

s~

) . s
: Principal stress directions

ol a2 a3
Long.

Sites Nd  Lat(S) W) Az Dip Az Dip Az Dip R
Huangarcucho 4HG1 16 2°52' 78°53' 27° 04° 120° 26° 289° 63° 0.72
Rircay SRI 12 3°17 79°15’ 39° 02° 130° 19° 303° 71° 0.98
Nabén 7CHU1 17 3°18’ 79°03'  220° 04° 130° 01° 31° 86° 0.86

. 7CHU,, 13 3°18’ 79°03'  228° 08° 319° 05° 78° 81° 0.75

Ceibopamba 9CE1 23 4°12’ 79°19'  204° 05° 301° 57° 11 32° 0.27
Loma Conferencia 10LC1 31 3°00° 78°56’ 22° 10° 275° 59° 117° 29° 0.89
10LC,_, 20 3°00' 78°56’ 29° 04° 121°-  24° 290° 66° 0.67

Gordeleg 11GO 17 2°57' 78°54’ 43° 13° 134° 06° 247° 76° 0.51
Malacatos 15M1 10 4°13' 79°14"  213° 05° 120° 26° 312° 64° 0.80

Table 2. Parameters of the stress deviators computed from reverse and strike-slip fault kinematics of Middle and Late Miocene
(ol: N52°-N64°). Nd, number of data used for computation; a1, 02, 63 give the principal stress direction and R the stress ratio
(02 - 03)/(02 — ol) of the optimum models. R varies from 0 for 02 = ¢1 to 1 for 62 = 03

Principal stress directions

ol . a2 a3
Long.
Sites Nd  Lat(S) (W) Az Dip Az Dip Az Dip R
Racchahuaicu IRA1 45 2°51! 78°52'  242° 01° 333° 15° 150° 75° 0.33
Huachun o 3HU1 28 3°49’ 78°51’ 52° 01° 322° 07° 146° 83° 0.92
Sulupali ) 65U 19 3°18' 79°16’ 57° 14 222° 76° 326° 03° 0.42
Nabén 7CHU2 23 3°18' 79°03"  245° 14° 145° 01° 52° 76° 0.65
7CHU,; 11 3°18' 79°03"  243° 06° 333° 05° 99° 82° 0.66
Oria 8ON1 25 3°28’ 79°09'  244° 04° 144° 70° 336° 20° 0.67
Ceibopamba 9CE2 14 4°12' 79°19" 243 26° 36° 61° 147¢ 11° 0.97
Santa Isabel 1381 22 3°18’ 79°18"  244° 03° 339° 64° 152° 26° 0.84

\

Table 3. Parameters of the stress deviators computed from reverse and strike-slip fault kinematics of Middle and Late Miocene
(o1: N71°-N107°). Nd, number of data used for computation; o1, 02, 03 give the principal stress direction and R the stress ratio
(02 — 03)/(02 — o1) of the optimum models. R varies from 0 for 02 = ¢l to 1 for 2 = 03

Principal stress directions

ol . a2 o3
Long.
Sites Nd  Lat(S) (W) Az Dip Az Dip Az Dip R
Racchahuaicu IRA |, 34 2°51’ 78°52' 81° 08° 351° 03° 243° 82° 0.31
Chocarsi 2CHO1 24 2°52' 78°52"  26%° 02° 000° 25° 174° 65° 0.75
2CHO,, 16 2°52' 78°52" | 95° 08° 002° 17° 210° 71° 0.44
Huachun 3HU2 24 30497 78°51" 88° 03° 358° 00° 264° 86° 0.98
3HU,, 21 3°49’ 78°51"  252° 03° 343° 25° 157° 65° 0.82
Huangarcucho 4HG2 16 2°52' 78°53'  263° 05° 169° 37° 362° 52° 0.66
Nabdn 7CHU3 18 3018’ 79°03'  277° 08° 8 03° 119° 8re 0.62
Ona 8ON2 23 328, 70°Q9’ 81° 04° 172° 11° 332° 78° 0.80
80ON;_, 22 3°28’ 79°09'  260° 02° 167° 56° 351° 34° 0.86
Ceibopamba 9CE3 44 4°12' 79°19' 94° 15° 345° 51° 195° 36° 0.74
Loma Conferencia 10LC2 30 3°00° 78°56" 77° 10° 172° 27° 328° 60° 0.43
10L.C3 44 3°00’ 78°56"  105° 08° 12¢ 19° 218° 69° 0.94
10LC, ;5 25 3°00’ 78°56"  100° 11° 194° 20° 343° 67° 0.79
Molobog 12MO 22 2°37' 78°52"  279° 04° 11° 23° 180° 67° 0.60
Loja 14BO 26 3°57' 79°13'  101° 09° 192°-  06°.  316° 80° 0.65
Malacatos 15M2 16 4°13’ 79°14"  287° 03° 18° 19° 189° 71° 0.93
Masanamarca 16M 12 4°19' 79°13"  251° 07° 160° 02° 52° 82° 0.93

— P1 with ol: 10°/N22°, 02: 59°/N275°, 03: 29°/N117° The test of each deviatoric tensor applied to all of the

and R = 0.89; striations measured on the site make it possible to
— P2 with ol: 10°/N77°, 02: 27°/N172°, ¢3: 60°/N328° determine new fault populations for which s < 30°,
and R = 0.43; ~ This, for P1 (o1: 10°/N22°%), 30 compatible faults, for
— P3with o1: 8°/N105°, 02: 19°/N12° 03: 69°/N218°and which 20 are exclusive to the tensor can be identified
R =0.94. (black area on Fig. 4), for P2 (o1: 10%N77°) 30 compat-
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Table 4. Parameters of the stress deviators computed from reverse and strike-slip fault kinematics of Middle and Late Miocene
(01: N114°-N130°). Nd, number of data used for computation; o1, 62, 03 give the principal stress direction and R the stress ratio
(02 — 03)/(02 ~ o1) of the optimum models. R varies from 0 for 02 = o1 to 1 for 62 = 03

7

Principal stress directions

ol a2 o3
Long.
Sites Nd  Lat(S) W) Az - Dip Az Dip Az Dip R
Racchahuaicu 1RA2 49 2°51" 78°52"  114° 20° 019° 13° 259° 66° 0.48
Chocarsi 2CHO2 22 2°52" 78°52"  129° 05° 038° 13° 238° 76° 0.47
Huachun 3HU3 20 3°49' 78°51"  130° 30° 33° 12° 284° 57° 0.37
Ona 8ON3 19 3°28' 79°09°  305° 09° 214° 06° 90° 79° 0.25

ible faults, of which 20 are exclusive to the tensor can be
identified (black area on Fig. 4), and for P3 (ol: 8%
N105°) 44 compatible faults, 36 of which are exclusive to
the tensor, can be identified (black area on Fig. 4).

In the second step, analysis helps determine minor
tectonic pulses. Computations of P1 and P2 comprise a
group of 10 common faults (light grey on the histogram),
representing P1 N P2. Calculations of P2 and P3 include
a set of eight common faults (P2 N P3). These intersec-
tions, p;_, and p,_3 include at least eight striations. They
make it possible to calculate characteristic tensors p;_,
and p,.3 which correspond to minor tectonic pulses on
the site:

— p1- corresponds to gl: 4°/N29°, 02: 24°/N121°, ¢3:
66°/N290° and R = 0.67;

— po_scorresponds to o1: 11°/N100°, ¢2: 20°/N194°, ¢3:
67°/N343° and R = 0.79.

Tests of the new tensors on all the faults of the site make
it possible to select two groups of striated faults with rs <
20°. Thus, for p;_, (o1 4°/N29°), 21 compatible faults
can be identified. None of them are exclusive: 11 are
common with P1, (P1 N p;_,: striped area on histogram
(Fig. 4)), one is common with P2, (P2 N p,_,: striped

(7,5)

area on histogram (Fig. 4)) and nine are common with
P1 and P2 (P1 N P2: light area on histogram (Fig. 4)).
For p, 5 (01: 11°/N100°) 25 compatible faults can be
identified. None of them are exclusive; 14 are common
with P3, (P3 N p,_3: striped area on histogram (Fig. 4)),
three are common with P2 (P2 N p,_3: striped area on
histogram (Fig. 4)) and nine are common with P2 and P3
(P2 N P3: light grey area on histogram (Fig. 4)). Stria-
tions with angular deviations ts > 20° are not retained
for the calculation.

The determination of minor pulses p;, and p, 5
reveals that the major pulse P2 can be decomposed into
several sets: 10 exclusive faults (black area in Fig. 4), one
common fault (P1 N py_,: left striped area on Fig. 4), 10
common faults (P1 N P2: left light grey area on Fig. 4),
eight common faults (P2 N P3: right light grey area on
Fig. 4), three common faults (P2 N p,_5: left striped area
on Fig. 4).

The pulses P1 (N22°) and p,_; (N29°) are very similar
in trend, but the first one is the consequence of a strike-
slip regime (03 horizontal) while the second is the
consequence of a compressive regime (03 vertical). Such
a change should be related to an increase of the horizon-
tal stresses.

(1,8)

Fig. 5. Slip vector data from Neogene reverse and strike-slip faults of Southern Ecuadorian continental basins. Arrow

attached to fault traces corresponds to the measured slip vectors (Wulff stereonet, lower hemisphere). Thick segments on

the fault traces and histograms show deviations between measured (s) and predicted (r) slip vectors on each fault plane.

Convergent large black arrows give azimuths of the computed maximum principal stress o1 direction. (a) Huangarcucho

site, (b) Loma Conferencia site. Histograms (NVd, 7s) represent the distribution of the angular deviation between measured
(s) and predicted (z} slip vectors.
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. Interpretation

This microtectonic study of the infill and the basement
of the South Ecuadorian Andean basins allows us to
characterize each principal stage of the ongoing com-
pressive stress regime during at least the Miocene

period. In sediments of sequence M, (Middle and Late
Miocene), the direction of the major stress component,
o1, is between N71° and N107° (Molobog, Loja, Malaca-
tos, Masanamarca; Table 3). The microtectonic analysis
of sites measured in the sequence M and in the base-
ment also display o1 orientations varying from N71° to
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Fig. 6. Principal compressional stress directions deduced from kinematics of reverse and strike-slip faults of Lower
Miocene to Upper Miocene. (a) o1: N24°-N48°, (b) o1: N52°-N64°, (c) o1: N71°-N107°, (d) o1: N114°-N130°.

N107° (Racchahuiacu, Chocarsi, Huachun, Huangarcu-
cho, Nabdn, Ofia, Ceibopamba). If this compression is
removed from results obtained in sites measured in the
basement and in sequence M of the basin, the main ¢l
directions remaining are N22°-N48° (Table 1) and N52°~
N64° (Table 2). This implies that, at least during the
Early Miocene, the South Ecuadorian basins were sub-
ject to a NNE-SSW to NE-SW trending compression.
Slickensides in the Racchahuiacu site show a relative
chronology of the striations which is coherent with this
chronology: a NE~-SW compression followed by an E-W
compression, as deduced from a comparison of inver-
sion results for all the measured sites.

Only four sites measured in the basement or along
main faults (Table 4) show an ENE-WSW trending

compression. On sites Racchahuiacu and Huangarcu-
cho, analysis of the chronology between the striations -
shows that this compression is the younger.

In each two major groups of compression, NE-SW
and E-W, some sites have permitted several solutions
(tensor) to be computed. The relative chronologies of
striations suggest that these tensors occurred one after
the other. For example, in site Loma Conferencia the
major event o1: N22° occurred before event ol: N29°,
likewise, events ol: N77°, gl: N100° and o1: N105°
chronologically follow one another. This indicates a
rotation of the stress.

Thus, the microtectonic analysis helps determine a
series of successive tectonic pulses during the Miocene.
Initially, no continuation is discerned from one pulse to
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another. This is due to the methodology. The ongoing
tectonics is demonstrated only by the syn-sedimentary
deformations whereas the microtectonic analysis leads
to computation of stress tensors which ‘characterize
certain increments of the deformation.

DISCUSSION AND CONCLUSION

Microtectonic analysis has revealed a compressive
state of stress with o1 in a NNE-SSW direction in the
Early Miocene. The normal component of movement,
observed on faults striking N20°-N40°, is compatible
with this Early Miocene stress field, if 02 is vertical and if
the N-S faults were formed earlier. The stress field,
identified from sites Huangar, Rircay, Nabdn, and
Loma Conferencia, is characterized by very close main
stress components 03 and 02 (R = 1). Consequently
their axes may become permuted depending on local
parameters (€.g. proximity of a major fault). The vari-
ation in deviations between tectonic pulses might also be
caused by local deviations produced by major faults.
Results of the microtectonic analysis, the sedimentologi-
cal study and the analysis of syn-sedimentary defor-
mations, suggest that the Early Miocene deepening,
marked by fining-Gpward and thinning-upward in the
sedimentation (M), is the consequence of right-lateral
strike-slip movements along N-S faults and right-lateral-
normal movements along N20°-N40° faults. The state of
stress is characterized by o1 and ¢3 horizontal (Sulupali,
Ona, Ceibopamba, Loma Conferencia, Santa Isabel).

The stress field in the Middle and Late Miocene is
characterized by a subhorizontal ol striking approxi-
mately E-W. Almost half of the results obtained (43%)
displays a ¢1 direction between N71° and N107°. The
relative magnitudes of ¢3 and 02 are generally quite
similar (for 83%, R > 0.5, and for 50%, R > 0.70). Study
of syn-sedimentary folds has indicated shortening direc-
tions varying between N60° at the base of M,, to N80°-
N130° at the top of M, (Lavenu & Noblet 1988). M,
shows coherence between results of fold analysis and
microtectonic analysis. Results of microtectonic, sedi-
mentological and syn-sedimentary fold analyses, suggest
that the basin infilling, marked in the Middle and Late
Miocene by coarsening-upward and thickening-upward
in M,, is probably due to movements with a strong
reverse component along NS and N20° faults.

In Southern Ecuador, the suggested ongoing com-
pressive tectonics interpretation of Noblet et al. (1988)
counters the currently accepted notion of short tectonic
phases (1-2 Ma) in the Central Andes (Dalmayrac et al.
1980, Mégard 1978, Sébrier et al. 1988). Four compres-
sive phases have been described in the Central Andes
(review in Sébrier et al. 1988 and Sébrier & Soler 1991),
covering a period from the late Oligocene to the Plio-
cene (Quechua Period): F,, late Oligocene (28-26 Ma)
with o1: NNE-SSW: F;, Early Miocene (17-15Ma) with
ol: N-S in Central Peru and ¢l: E-W in the South
Peruvian Pacific Piedmont; F;, Middle Miocene (10 Ma)
with ¢1: N=S in Central Peru and o1: E-W in the South
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Peruvian Pacific Piedmont; finally, Fs, Late Miocene (7
Ma) with o1: E-W.

The chronology of these compressive phases is gener-
ally established from dating on regional unconformities.
In Ecuador, such a determination of tectonic phases
from regional unconformities would have led to an
initial significant tectonic phase in Southern Ecuador,
during the Late Oligocene (between 26 and 24.7 Ma), a
local tectonic phase in the early Miocene (between 20
and 16 Ma) and a last tectonic phase in the Late Miocene
(between 8 and 7.1 Ma).

However, in Southern Ecuador, excepting the direc-
tion of the shortening in the Middle Miocene, Miocene
shortening directions in the South Ecuadorian basins are
consistent with those determined in Central Peru. Asin
the Central Andes (Pardo-Casas & Molnar 1987), there
is a good correlation between the rapid Neogene conver-
gence and the period during which the south Ecuadorian
continental basins were deformed by compression (Que-
chua Period). ’

In Southern Ecuador, combined studies of stratigra-
phy, sedimentology, syn-sedimentary deformations and
microtectonics show that a continuous deformation
probably affected all the basins during the whole Mio-
cene. The same kind of approach performed in the
Neogene sedimentary basins of Central Andes might
determine if the geodynamics of Southern Ecuador is
only an exception, or a general pattern at the scale of the -
Andes. ‘
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