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Abstract

Sandstone injections are created by the forcefplarement of remobilised sand in response
to increases in overpressure. However, the cortinitbyprovided by horizontal compressive
stress to the build-up in overpressure, and theltreg emplacement of sand injection
complexes, is still to be substantiated by robigedtl fobservations. An opportunity to address
this issue occurs in Central California where gédavolume of sandstone intrusions record
regionally-persistent supra-lithostatic pore-pressiDetailed fieldwork allows sandstone-
filled thrusts to be recognised and, for the fiiste, permits us to demonstrate that some
sandstone intrusions are linked to contraction&brdeation affecting the western border of
the Great Valley Basin. Fluidized sand was extexgiinjected along thrust surfaces, and
also fills local dilatant cavities linked to thrugi. The main aims of this paper are to provide
detailed descriptions of the newly recognized ®gtenic injections, and describe detailed
cross-cutting relationships with earlier sandstamection complexes in the study area.
Finally, an evolutionary model consisting of thpFeases of sand injection is provided. In this
model, sand injection is linked to contraction&téaic episodes affecting the western side of
the Great Valley Basin during the Early-Middle Ceoic. This study demonstrates that sand
injections, driven by fluid overpressure, may injedong thrusts and folds and thereby
overcome stresses associated with regional coiminattdeformation. It is shown that
different generations of sand injection can devaloghe same area under the control of

different stress regimes, linked to the evolvingumain chain.

Keywords: Sand injections, Contractional tectonics, Bedafhalr slip, Great Valley Sequence,
San Joaquin Valley
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1. Introduction

Large volumes of poorly consolidated sand, that @mefined by sealing strata such as
mudstone, can be mobilized under the effect ofeiasing fluid overpressure and forcefully
injected into fractured host strata (e.g. Vigomdtad Hurst, 2010). High pore-fluid pressure
required to cause sand injection (Hurst et al. 12@day be controlled by mechanisms such as
depositional compaction, fluid volume change amitfinovement (Osborne and Swarbrick,
1997). Very little is known about sand injectionngeated by horizontal stress associated
with contractional deformation. This gap in knowdeds perhaps due to post-emplacement
overprinting processes linked to continuing corttoac and the expectation that contractional
deformation will tend to reduce space availableatwommodate sandstone intrusions.
However, according to current models (e.g. Oli&86; Ge and Garven, 1992; Lawrence
and Cornford, 1995), regional tectonic compactiesutts in a huge amount of groundwater
being expelled in major orogenic belts, therebwialiag high pore fluid pressures that are
potentially able to drive sand injection (Fig.1hefe are however, relatively few examples in
the published literature of sandstone intrusiongngoedirectly linked to contractional
tectonics. Winslow (1983) described clastic dikeasws formed of sandstone and
conglomerate that filled extensional fractures tlgwed in the hangingwall of Cenozoic
thrusts in southern Chile. Other authors (Tayl@82, Di Tullio and Byrne, 1990; Uijiie,
1997) described sandstone intrusions filling catiomal structures in southwest Japan,
while Phillips and Alsop (2000) suggest that saray mtrude both during and after regional
contractional deformation in the Caledonides oftlaoadl and Ireland.

In the western sector of the Great Valley Basinn{@é California) (Fig. 2) large
exposures of sandstone intrusions in giant sanection complexes are recognized at
different stratigraphic levels in the Great Vall®gquence. These sand injection complexes
suggest that multiple phases of rapid increasgsone-fluid pressure, recorded at basinal
scale, occurred during the Early Cenozoic. In paldr, two independent giant sand injection
complexes, identified as the Panoche Giant InjacBomplex (PGIC) and the Tumey Giant
Injection Complex (TGIC), formed in the Early Patene and Eocene respectively (Vigorito
et al., 2008; Hurst et al., 2011) (Fig. 3). As émplacement of injection complexes occurred
in the undeformed sector of the basin, a diredt liatween sand injection and contractional
tectonics is not easy to demonstrate. Howeverjeeatiudies in Central California (Smyer
and Peterson, 1971) focussed on sand injectiotiseirEarly Paleocene complex and first

suggested a relationship between contractionabreciactivity and formation of sandstone
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intrusions. Subsequent work conducted in the stadda has mainly focussed on the
emplacement mechanisms, and the architectural iaagaom, of sand injections (e.g. Jolly

and Lonergan, 2002; Vigorito and Hurst, 2010; Hetsdl., 2011; Scott et al., 2013), whereas
further structural investigations have not beeneutatken. Recent fieldwork in the Panoche-
Tumey hills area in Central California (Fig. 2)aalls the recognition of numerous examples
of well-preserved thrust and reverse faults filladinjected sand. The occurrence of these
syn-tectonic injections reveals for the first tithe link between contractional deformation

observed in the study sector of Central Califoraiagd episodes of basin-scale injection. A
detailed description of the newly recognized systemeic injections, analysis of the cross-

cutting relationships between sand injections bgluyn to the PGIC and TGIC complexes,

and the establishment of an evolutionary modeldmplacement of giant sand injection

complexes are the main purposes of this paper.

2. Geological setting
2.1 Regional setting

The Panoche-Tumey hills area is located along #&emn margin of the San Joaquin Valley
(Central California) (Fig. 2a), which forms parttbe Great Valley Basin (GVB). This is a
wide tectonic depression, positioned between tldiscan accretionary complex and the
Sierran block, which is interpreted to be an em@éfgeso-Cenozoic forearc basin (Ingersoll,
1979; Dickinson and Seely, 19A8/akabayashi and Unruh, 1995; Constenius et al.0)200
Here, an alternating series of major subsidenceshodening episodes occurred between the
Late Cretaceous and Early Cenozoic, and resultedeirdeposition of a thick stratigraphic
sequence, punctuated by several sub-regional umcoiiies (Moxon, 1988). In the
Oligocene western North America switched from avesgent margin to the dextral strike-
slip San Andreas Fault Zone transform margin (Adwvatnd Stock, 1998; Sharman et al.,
2013), and the subsequent evolution of the areaeassntially under the control of wrench

tectonics.

During the Quaternary, the GVB began a marked pbaselift, which led to the
progressive emergence of the area that continwtesy t@Page et al., 1998). The present
structural configuration of the eastern flank o# tBan Joaquin Basin (SJB) consists of an
extensive array of NW-SE trending en-échelon folilke Tumey Hill Anticline, the
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Vallecitos Syncline and the Coalinga Anticline anajor folds in the area (Dibblee, 1981;
Bartow, 1991; Dickinson, 2002) (Fig. 2b). Theseictinres are associated with many deep-
seated, double vergent thrusts and blind thrusishatisplay ramp-flat geometries when
imaged in seismic profilefNamson and Davis, 1988). The study area consists NE-
dipping homocline forming the north-eastern flarfkttee Tumey Hill Anticline (Fig. 2c).
Here, the GVB infill consists of a thick accumutettiof Jurassic to Quaternary marine and
non-marine clastic strata that unconformably oeethie Franciscan Complex (Fig. 3). It
mainly comprises two superimposed sedimentary seeeresented by the Great Valley

Sequence (GVS) (Bartow, 1996) and a Tertiary tot€uary succession (TQS) respectively.

2.2 Central California giant injection complexes

Our study focuses on the Moreno and Kreyenhagete $tvanations that host the two giant
sand injection complexes, named the Panoche Grettion Complex (PGIC) and the
Tumey Giant Injection Complex (TGIC), (Vigorito aL, 2008; Hurst et al., 201{Fig. 3).
The PGIC is developed over an area of almost 400dad formed in response to a large-
scale supra-lithostatic pressure event in the Halgocene (Danian) (Schwartz et al., 2003;
Vigorito et al., 2008). The PGIC consists of a diéwed sill network, intruded into the
mudstone-dominated Moreno Formation (Vigorito et a008; Vigorito and Hurst, 2010;
Scott et al., 2013). Parent units for the injectaahds of the PGIC consist of turbiditic
sandstones present in upper part of the Panocheafion and in the lower part of the

Moreno Formation (Vigorito and Hurst, 2010).

The TGIC, which outcrops over an area of >500 kw&s emplaced into Eocene
mudstones of the Kreyenhagen Shale (Huuse et0fl4)2Similar to the PGIC, the TGIC has
a complicated network of interconnected dikes altgl & differs from the PGIC because of
the absence of extrudites and a paleo-seafloochnihithey existed, were removed by later
erosion; this unfortunately precludes constrainthg precise timing of sand injection.
However, the TGIC intrudes Middle to Late Eoceneyanhagen Shale meaning that sand
injection cannot have occurred before the Middledbe. Furthermore, TGIC sandstone
intrusions are not present in the Miocene Temblornfation above the unconformity,
therefore it is postulated that sand injection omlibefore its deposition. The parent units of

the TGIC are uncertain, but Jenkins (1930) notesinalarity between the appearance of
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sandstone in the TGIC and the Domengine Formatibich stratigraphically underlies the

Kreyenhagen Formation (Fig. 3).

3. Sand injection and contractional deformation

In the Panoche and Tumey hills fluidized sands vesttensively injected along both thrust
surfaces and local dilatant cavities linked torien contractional structures (Fig. 4). These
are recognized in the Moreno and the KreyenhagafeSbrmations and testify to a stage of
increasing overpressure and fluid migration relatedontractional deformation. Details of

these structures from selected key outcrops (Figredescribed below.

3.1 Sand injection along thrust planes
3.1.1 Monocline Ridge 1 outcrop (MR1)

Outcrop MRL1 is located within the Monocline Ridgea (Fig. 2c) where the Kreyenhagen
Shale is deformed by a series of mesoscale samdftied thrusts (Fig. 5). Two major
thrusts develop at different stratigraphic intesv@igs. 5a, b). The upper structure (Box 1 in
Fig. 5b) shows a clear ramp-flat geometry where hibdding-parallel flat accommodates
shear along the detachment surface in the mudsi@anthe north, this flat bifurcates into a
series of ramps marked by different inclinationdhiM/sand is not observed to have injected
along the flat itself, it is intruded at the intecson point between ramps and flats and is also

present discontinuously along the rar(fpgs. 5a, b).

The lower structure (Box 2 in Fig. 5b) consistsanf asymmetric fold, with an
overturned forelimb cored by two sandstone-filléiddthrusts (Figs. 5¢, d). The main thrust
is filled with fine to medium-grained sand that gmessively thins and dies out toward the
thrust tip. At the tip point, the thickness of gendstone intrusion increases suddenly to form
a triangular geometry. Thickening is attributeddlaling of the mudstone and the occurrence
of a ‘saddle reef’ in the fold hinge. A secondalyust, which joins with the previously-
described structure, shows sandstone intrusiongesmonding to a releasing step created
during thrust displacement. The recognized strestaommonly consist of E-W oriented and

N-verging thrusts (Fig. 5e).
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3.1.2 Tumey Gulch 1 outcrop (TG1)

Outcrop TGL1 is located in Tumey Gulch (Fig. 2c) aodhprises thinly-bedded turbidites of
the Moreno Formation. The outcrop contains a m&Wr'-vergent thrust with an almost

undeformed hangingwall and a strongly deformedwadit(Fig. 6). Secondary thrust planes
and overturned folds are recognized. The majorsthplane develops along a 1 m-thick,
intensely fractured mudstone interval (Figs. 6a,lib)the hangingwall, bedding planes are
almost undeformed and sub-parallel to the thrugiase, or gently folded to form an open
anticline. In the footwall, minor thrust planes aight, overturned drag folds accommodate
most of the deformation. Two major conjugate NW-&tl NE-SW striking sets of thrust

planes are present (Fig. 6¢). Both sets are flthgcdandstone intrusions (Fig. 6d, e), which
are easily distinguishable from depositional samuss because of: i) the lack of primary
depositional structures, ii) the common occurren€emudstone clasts eroded from the
surrounding host-strata, iii) the discordant geoyneaind irregular shape shown in cross-
section, and iv) their brown colour (that differeorh the pale off-white depositional

sandstones). Sandstone intrusions are also moceide to weathering as they are very-
well sorted and therefore more permeable than #ypogitional sandstones. The close-
association between contractional structures amissane intrusions is apparent when
comparing dike attitudes (stereoplot 3 in Fig. &ith the orientations of thrust planes and
related folds (stereoplots 1 and 2 in Fig. 6c¢).eBikdisplay three preferential orientations,
with NW-SE and NE-SW trending dikes being consistgith the orientation of the main

thrusts, while N-S trending dikes form an earliengration, which is cut by the thrusts
(detailed descriptions of these cross-cutting i@tghips are provided in section 4).

3.1.3 Other significant outcrops

Outcrops in the Silver Creek area (Fig. 2c) contaito NE-vergent thrust planes
involving alternating thinly-bedded turbidites amaidstones of the Moreno Formation. In the
Silver Creek 1 outcrop (SC1) the main thrust s@faxhibits a distinct ramp-flat geometry
(Fig. 7a, b). In the footwall of the flat segmethite beds are almost undeformed whereas in
the footwall of the ramp they form an overturneddiyne. The beds are strongly deformed in
the hangingwall and a major frontal anticline osculhe detachment surface mainly
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develops in a 5 m thick mudstone where deformasdargely accommodated by mudstone
fracturing. However, where interbedded sandstorus laee present, additional minor thrust
planes, mesoscale asymmetrical folds and duplextates are observed (Fig. 7c, d). Injected
sandstone is recognized both along the flat ang reegments of the thrust surface. In the
thrust flat, they exploit structural discontinugtieepresented by bedding and horizontal
fractures, giving rise to roughly bed-parallel usions varying in thickness from 50 cm to 1.5
m. In thrust ramps, they are present along thequoélithrust surface, creating stepped
intrusions that show cross-cutting relationshipthwine host strata (Fig. 7e). Structural data
represented by NW-SE to N-S oriented sandstoresdfithrusts (see stereoplot in Fig. 7f)

indicate a constant top-to-the-E or NE sense dadishe

The Silver Creek 2 (SC2) outcrop (Fig. 8a) is ledaf00 m north of SC1 (Fig. 2c)
and displays a sharp thrust surface that sepagateanticline/syncline fold pair. Beds
involved in the deformation consist of centimett@snetres-thick remobilized depositional
sandstone, which locally retain their depositiostalictures such as lamination and normal
grading, despite being extensively fluidized. Adeslgeneration of dikes was also deformed
during this folding. Along the thrust surface, thendstone intrusion is notably reduced in
thickness (maximum of 15 cm) compared to outcrod 8at is still visible cutting through
interbedded depositional sandstone and mudstoneraMne intrusion cuts through the
remobilized depositional sandstone, the contaawdx the intrusion and the depositional
sandstone is marked by contrasting colour, withtevisandstone intrusions and orange
depositional sandstones. Similar to outcrop SCGd séndstone-filled thrusts indicate a top-to-

the-E or NE sense of shear (stereoplot in Fig. 8b).

Further examples of sandstone-filled contracti@talctures occur in the Monocline
Ridge area (Fig. 2c) where sandstone intrusionshcatugh the Kreyenhagen Shale (Fig. 9a,
b). The Monocline Ridge 2 (MR2) outcrop exhibiteaizontally bedded section comprising
alternating dark and white mudstone and contaiaisgt of dikes ranging in aperture from a
few centimetres to some decimetres. The dikes hrantfrom the underlying sandstone unit
which consists of a meter- thick, intensely remabd, white turbiditic interval. Sand was
emplaced along bed-parallel discontinuities, arsb @vo opposing NNE and SSW-facing
sets of thrust planes (with thrust facing followithg definition of Lisle, 1985).

3.2 Sand injection along dilational structures linked to contractional deformation
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Although thrust damage zones provide most of theormmodation space for syn-
contractional sandstone intrusions, other mechanisassociated with thrusting also
contribute to the creation of dilational space.plarticular, additional accommodation is
obtained along bed-parallel dilatant fracturesatbhal jogs, axial plane fractures and saddle
reefs in sedimentary multilayers (Ramsay, 1974s@&ib 2005). Once filled by sandstone

intrusions, all these structures results in hingeajtel fluid flow pathways.

3.2.1 Bed-parallel dilatant fractures

Sandstone-filled dilatant fractures are widely guped in the study area forming
centimetres to metres-thick sandstone intrusiong. (EOa). These sandstone intrusions
approximate to bedding-parallel and form sills thegplay lensoid or sheet-like geometry.
Pinch-out terminations are very common. Detaileddfiobservations reveal that fracture
opening typically favours sandstone/mudstone iat&$, although shaly partings in
mudstone can be exploited. Locally, different séos-filled bed-parallel dilatant fractures
are linked by horsetail extensional fractures (Keimal., 2004) giving rise to stepped sills
(Fig. 10b). Dilatancy is created by hydraulic jakicaused by pore-fluid overpressure. The
sandstone intrusions are believed to develop ghrallstratigraphic and tectonic horizontal
discontinuities that are approximatively parallel the local orientation o061 during the

contractional tectonic stage.

3.2.2 Dilational jogs

Sandstone-filled dilational jogs are recognizedhia footwall of a bed-parallel thrust
surface cutting through the Moreno Formation (BE@c). These structures consist of a series
of lozenge-shaped sandstone intrusions that mdaglop parallel to the strike of the major
contractional structure. The direction of thrusspiiacement is determined from fold
asymmetry (Fig. 10c) and suggests a top-to-the ESEnse of sheaRilational jogs (Fig.
10d) formed as Riedel structures (R’) opened asngarjuence of the progressive movement
of the fault (Fig. 10e). Another example of a samds-filled dilational jog is illustrated in
Fig. 10f, and shows a NE-verging reverse fault tged in the Kreyenhagen Shale. Fault

displacement is deduced by the offset of two maderdstone horizons belonging to an
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earlier sand injection complex. In this case, lodiddtancy gave rise to a lozenge-shaped

cavity filled by injected sand (Fig. 10g).

In summary, dilational jogs occur in fault zonesandhthe displacement vector is non-
parallel to fracture segments, and the result israay of lozenge-shaped cavities with en-
échelon geometry. Fluidized sand filled these @wiinstantaneously giving rise to tubular

strike-oriented bodies.

3.2.3 Axial plane fracturing

Sandstone-filled fractures are widely observedlfgr®m the axial planes of some of
the main folds recognized in the study area. Tl&setures commonly consist of triangular-
shaped openings, which progressively taper downweavdrd the fold core (Fig. 10h). In the
Tumey Gulch area (Fig. 2c) where the Moreno suomeds deformed into a roughly E-W
oriented anticline, the occurrence and orientatibsandstone dikes has been compared with
the orientation of fault and fracture planes asded with the folding (Fig. 10i). The similar
trends of the sandstone dikes with the major fahdydy, faults and fracture planes suggests
that sandstone intrusions are linked to the fold fmacture process (Fig. 10k). In summary,
axial plane fracturing is developed in the outarsasf fold hinges and is interpreted to be

caused by outer-arc extension.

3.2.4 Saddlereefs

Saddle reefs consist of sandstone-filled dilatior@ts developed in the hinges of
folds. In the study area they are typically foundsirongly-folded multi-layered strata at the
apex of chevron fold hinges considered to be forimeélexural slip (see Fig. 5c, d). Fluids
from more highly-pressured regions are interprétedrain into the voids and, if sediment-
filled, may form almost continuous tubular bodieispthying small sectional areas but

extensive development along strike.

4. Cross-cutting relationships
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Sandstone-filled thrusts show clear cross cuttielgtionships with their host strata and
earlier sandstone intrusions (Fig. 10f). In patdcudikes and sills belonging to the PGIC and
TGIC are systematically cut by sandstone-filledustts. Two styles of cross-cutting
relationships are observed (Fig. 11): i) primargssrcutting relationships occur where
sandstone-filled contractional faults cut earlidked and sills. The sand intruded along the
fault plane is sourced by the fluidization of theselier injections, suggesting they may be
easier to remobilize than adjacent depositionalds@ames; ii) secondary cross-cutting
relationships occur where older generations of dikee cut and segmented by flexural-slip
folding or bed-parallel shear during contractioteaitonics. We now describe some examples
of primary and secondary cross-cutting relationships fkey outcrops in the Moreno (PGIC)

and Kreyenhagen Shale (TGIC) formations.

The Monocline Ridge 3 (MR3) outcrop (Figs. 2c, 1Ba,consists of alternating
sandstone and mudstone belonging to the Kreyenh@palte that have been folded into a
decametric-scale open fold, which is repeatedlyoguiwvo opposing NE and SW-facing sets
of thrust planes (Fig. 12c). Here, sandstone bochesist of sandstone intrusions (sills and
dikes) pertaining to the TGIC and a few depositisandstones. According to the criteria
proposed by Duranti and Hurst (2004), sills areogeized on the basis of erosional upper
surfaces, scattered mudstone clasts, and the lagkimary depositional structures. Syn-
contractional sandstone intrusions fill dilatiof@ys in reverse faults and thrusts and display
clear primary cross-cutting relationships with thider sills (Fig. 12d). Secondary cross-
cutting relationships are represented by dikes mutflexural-slip surfaces (Fig. 12e).
Displacement occurs along the fold limbs in a dicgcthat is opposed to the dip of the strata
(i.e. top towards the fold crest, c.f. Fossen, 2010

The Monocline Ridge 4 (MR4) outcrop (Fig. 2c) catsiof alternating thinly-bedded
marl, mudstone and sandstone of the Kreyenhagee Ehamation (Fig. 13a, b) that are cut
by two opposing SW- and NW-facing sets of thrusings (Fig. 13c). Most sandstone
consists of two different low-angle intrusive bagigvhich slightly cross-cut bedding in the
host strata. The main structure is represented Hyust surface dipping 455W, which
offsets the exposed succession by about 50 cm dbaisethe offset of the red-coloured
mudstone marker interval). Numerous secondary thplsnes showing well-preserved
slickensides are recognized (Fig. 13d, e). Cataclascks formed by fragmented marl and
smeared mudstone are observed along the main thiargt. In both the hangingwall and
footwall of the main thrust, the mudstone/marl hetsaita commonly maintain near-constant
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thickness. Conversely, sandstone intervals showkedatateral thickness variations. In
particular, the sandstone intervals located infdloéwall of the thrust are thin relative to their
hangingwall equivalents. It is hypothesized thatewlthrusting occurred, the unlithified
sandstone was fluidized and sand was contemporslyaojected along the thrust plane.

Notable examples of secondary cross-cutting relaligps are widely observed in the
study area. Both well-exposed profile and strikeajp@l sections allow a 3D view of these
structures. A profile-parallel section through dike exposed in Tumey Gulch (Fig. 2c). The
outcrop TG2 consists of a series of vertical oeplginclined dikes with variable thickness
and attitude (Fig. 14a, b). Here, slip horizons @emonly developed along shaly laminae
or sandstone/mudstone interfaces. Along these casgfavhich may be marked by faint
slickensides, the dikes are offset with differemibants of displacement. In most cases, offset
occurs along sharp surfaces and the dikes affectedut, but not otherwise deformed (Fig.
14c). In other cases offset dikes display deforomati structures such as drag folds or
brecciation similar to examples shown by Beckeal et1995). Locally, dike offsets appear to
be variable along the same shear surface howevusrapparent discrepancy simply reflects
the fact that dikes are not parallel to one angthad form conjugate sets with different
orientations relative to slip (Fig. 14d).

A well-exposed strike-parallel section is obseriuedosados Canyon (DSC in Fig.
2c) where sub-vertical dikes have been lateraltgedfby flexural slip (Fig. 15a, b). In this
case, offset dike segments apparently diverge aliheg same shear surface from a
hypothetical vertical reference line located in tentre of the outcrop. This apparent
inconsistency is explained by the different attguaf the dikes which form a conjugate set
(stereoplots in Fig. 15c¢, d).

In summary, although dike segmentation occurs alyurduring emplacement
(Delaney and Pollard, 1981), our observations pl@Wurther evidence that dikes can indeed
be cut by flexural slip (Borradaile, 1977; Tayl&882; Tanner, 1989; Becker et al., 1995), or
by coseismic slip during earthquakes (Weinberget.e016).

5. Discussion

Recognition of sandstone-filled contractional stuoes in the PGIC and TGIC allows us to

deduce that at least three consecutive phasesdfisgection occurred in the Panoche and
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Tumey hills area during the early-middle Cenozdibe emplacement of the first two

complexes appears not to have been directly cdéedroby contractional deformation,

although Smyers and Peterson (1971) recorded ttsmédikes filling a system of conjugate
shear fractures in the PGIC. These conjugates @isistent with a principal compressive
stress oriented approximately NNE-SSW in the staba. Conversely, the third phase of
sand injection, described for the first time instlpaper, is strictly related to horizontal
contractional stress. Two fundamental questionsearm) is the origin of sandstone-filled
contractional structures linked to regional teatoteformation, or alternatively, is it related
to sedimentary processes associated with massptndndeposits (MTDs) within the San

Joaquin Basin?; b) which processes force fluidigadd to inject along the contractional
structures? We address these questions in thewfoljo section and then propose an
evolutionary model for sand injection in the stwaalga.

5.1 Origin of sand-filled contractional structures

Folds and thrusts may originate in both tectonid sedimentary environments as a result of
regional contraction, or slope failure associateith wlumps and MTDs, and distinguishing
the origin of some structures may be problematig. (Korneva et al., 2016). Sandstone
intrusions associated with contractional structurage been documented in both geological
contexts (Hiscott, 1979; Taylor, 1982; Winslow, 39®i Tullio and Byrne, 1990; Uijiie,
1997; Phillips and Alsop, 2000; Rowe et al., 20@jonne et al., 2011; Waldron and
Gagnon, 2011). In the case of slope failure astmtiaith MTDs, the folds and faults that
record soft-sediment deformation are typical fesgucharacterizing the frontal parts of
slumps and submarine landslides in a variety dfingst and lithologies (Martinsen and
Bakken, 1990; Smith, 2000; Strachan, 2002; Alsop Bfarco, 2013; 2014; Alsop et al.,
2016; Jablonska et al., 2016). In order to deteenifinthe origin of the sandstone-filled
contractional structures in the Panoche and Tuniksydrea is sedimentary or tectonic, both
possibilities have been examined in the field. Weppse a tectonic origin for these
sandstone-filled structures for the following raaso

5.1.1)Orientation of sandstone-filled contractional structures.
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The orientation of thrust planes and trends of fotds measured show a dominant W-E to
NW-SE distribution (Fig. 16). This is consistentthwihe orientation of the main tectonic
structures observed at a regional scale (Aydin Rage, 1984; Bartow, 1991; Page et al.,
1998). Additionally, fold asymmetries and thrustgence indicate a general top-to-the N or
NE sense of shear, although back-thrusts also docally. These shortening directions are
not consistent with the estimated orientation ef plalaeoslopes measured in the Moreno and
Kreyenhagen Shale formations. According to McG(1@88), Mitchell et al. (2010), and our
own data from the Moreno Formation, the paleocusrandicate a predominant flow
direction toward the S and SW. Paleocurrent dataated in the Kreyenhagen Shale indicate
sediment transport toward the N and NW, which agveigh Clarke (1973) and Carter (1990)
(Fig. 16). Thus, the orientation of contractiontlistures supports regional tectonism rather
than downslope-driven MTDs.

5.1.2) Cross-cutting relationships between sandstone injections and MTDs.

Analysis of cross-cutting relationships shows g@tdstone intrusions commonly cut through
gravity-induced deposits, for example slumps, wittiie Moreno Formation (Fig. 17). The
observation that sandstone intrusions post-date Mifiplacement suggests that slope failure

and sand injection episodes are neither genetioalbyed nor concurrent.

5.1.3)Fold geometry associated with sandstone-filled contractional structures.

Analysis of fold geometry aids in the determinatadrthe physical state of strata at the time
of deformation. According to Waldron and Gagnonl(P0 deformation of sandstone layers
that display a near-parallel fold geometry, whitgaaent mudstone interbeds are thickened in
the fold hinges, is related to tectonic deformatbtithified, competent strata. Conversely, if
mudstone layers display a parallel fold geometry sandstone is typified by thickening in
the fold hinges, then folding is considered to hdgeeloped before significant lithification,
and relates to soft sediment deformation (Waldnoth @agnon, 2011). In the examples we
describe, sandstones display a near-parallel f@dmgtry whereas mudstone typically
displays thickening in fold hinges, suggesting tinet former were at least not liquidized at

the time of deformation, and therefore were unjikelhave formed in a MTD.
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5.1.4) Brittle deformation associated with sandstone-filled contractional structures.

Soft-sediment deformation occurs during the inisges of sediment lithification and the
material involved in the deformation behaves iruatite manner. However, in the examples
we describe, deformed strata clearly show evideicbrittle deformation. These include

intense fracturing affecting mudstone intervalsngldhe main detachment surfaces, fold-
related cleavage, and the development of slickessadong the fault planes (Fig. 13e). The
recognition of brittle deformation generally supisaa tectonic origin for the sandstone-filled

thrusts.

5.1.5) Stratigraphic distribution of sandstone-filled contractional structures.

Slumps and MTDs are generally restricted to pdsicstratigraphic intervals. Sandstone-
filled contractional structures however, cut throug number of different formations
pertaining to the Early Cenozoic GVB sequence aedgaographically widespread. When
sandstone-filled contractional structures are ofegkwithin otherwise undeformed horizons,
deformation is related to bed-parallel shear meshan that affect the multi-layered
stratigraphic units in the PGIC and TGIC outcropick consist of thin-bedded sandstone
alternating with thinly-laminated mudstone. Widesm geographic distribution of
contractional structures and their occurrence fi@igint lithostratigraphic units from the Late
Cretaceous to the Late Eocene support sand infedtioing regional tectonism, and render

emplacement of MTDs unlikely.

5.1.6) Sedimentary associations of sandstone intrusions.

The emplacement of large-scale MTDs is usually eqpamied by the deposition of coarse-
grained deposits such as conglomerates, brecdistsliths, and blocks (see Sobiesiak et al.,
20164, b). In the Moreno and Kreyenhagen Shaledtoms these coarse grained facies are
absent and only fine-grained turbidites with rarengiomeratic units present. The
sedimentary facies association thus supports sajedtion along contractional structures

linked to regional tectonism rather than MTDs.
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5.2. Mechanisms driving emplacement of sand injections during contractional tectonics

Fluidized sand is known to intrude through morenthégd km of overburden in the shallow
crust (Vigorito and Hurst, 2010). However, the emgeiment of fluidised sand in
contractional settings is likely to be less favduleawhen compared to extensional settings
because of the adverse orientation of princip&sses. In contractional settings, a flat-lying
intrusive geometry is anticipated becaugdeis horizontal an@3 vertical. Hence, intrusions
are not expected to emplace along thrust ramps ewltentractional deformation is
maximised. Our outcrop observations, together wvathseries of experimental models
investigating pluton emplacement along contraclietraictures (Galland et al., 2003; 2007,
Ferre’ et al., 2012), demonstrate however, thatugidon along both the flat and ramp
segments of thrusts occur if contractional deforomatind pore-fluid overpressure act in
concert. Laboratory experiments show that whenciiga occurs in a synthetic multilayer
medium characterized by the absence of contradti@etonics, conical or saucer-shaped
intrusions develop and propagate to the surfacdlgi@@het al., 2003) (Fig. 18a). Similar
geometries are observed on outcrop and subsurfarepdes of sandstone intrusions where
there is no evidence that emplacement was inflikbgecontractional tectonics (Hurst and
Cartwright, 2007). Conversely, when contractionefodnation is applied to a multilayer
medium the injection initially tends to form a flgtng sill along the basal detachment

surface, and then propagates along thrust sur{&psl8b).

Although fluid overpressure is sustained in magmaiistems by the rise of hot
magma, the reasons for development of overpresswsedimentary basins must be sought
within basin-scale processes. Various mechaniswes Ih@en proposed for the overpressuring
observed in the San Joaquin Valley (Wilson et #099). Unusually high, near-lithostatic
fluid pressure is documented in hydrocarbon welld springs distributed along the western
sector of the San Joaquin Valley and the adjace@isCRange (Bredehoeft and Hanshaw,
1968; Lico and Kharaka, 1983) and there is a clssmilarity between present day
contractional structures and the distribution oferved overpressure in the Sacramento
Basin (McPherson and Garven, 1999). Based on dibs#rvations and numerical modelling
Berry (1973) and Unruh et al. (1992) attributed rpwessure to contractional tectonic
processes, with other contemporaneous mechaniswis a8 sedimentary compaction,
diagenesis or hydrocarbon generation playing nrol@s. According to these authors, crustal
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shortening may have caused the rapid expulsioduafsf from compacting sandstone and
mudstone, thus increasing the overall pore-fluidspure. Contemporaneously, the newly
formed tectonic discontinuities represented bydhplanes, reverse faults and fractures, may
have formed transient low-pressure zones, towaidhaddmost instantaneous fluid migration

occurred, driven by a regional upward-directed guss gradient.

5.3. Possible post emplacement deformation

Sandstone intrusions along thrust surfaces commappear discontinuous with irregular

geometries. The main reason for this is that saasl mwjected into tubular voids, which in

many cases are oriented parallel to the strike aoftractional structures. This produces
lensoid geometries in transport-parallel crossisest Another mechanism, represented by
later post-emplacement deformation, may also bporesble for the observed geometry.

Plastically deformed fragments of sandstone intnsiare frequently observed associated
with fault gouge. This suggests that poorly-lithifi sandstone was involved in later fault
reactivation and that creep and ductile flow mayehaaused soft-sediment deformation.
Unfortunately, internal fabrics recognized in tlamdstone intrusions do not allows to better
support this hypothesis, as they could have beerargted either during sand fluidisation and

injection into open structural discontinuities later movement.

5.4 Evolutionary model for emplacement of sandstone injections in the San Joaquin Valley

In this study a late phase of sandstone-filled reatibnal structures that transect older sand
injection complexes, represented by the PGIC andCT@& recognised. Based on robust
geological outcrop evidence, an association is niste/een contractional tectonic events
and episodes of increased fluid pressure in the $BB hydrogeological association was
first suggested by Berry (1973) and subsequenthfimned by McPherson and Garven
(1999) based on the measurement of anomalouspftegsures values in the Coast Range and
in the GVB. Our structural analysis, combined witle hydrogeological data, permits
reconstruction of a spatial and temporal evolutiprmaodel consisting of three episodes of
high-pressure fluid flow along the western mardithe SJB during the Early Cenozoic (Fig.
19). The timing of emplacement of sand injectiomptexes is constrained in the study area

between the Early Paleocene to Oligocene and ndsgare intrusions are observed in
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deposits younger than the Kreyenhagen Shale FamaBtages of tectonic activity are
constrained by structural and stratigraphic frammées@Nilsen, 1981; Rentschler and Bloch,
1988; Moxon, 1988; Bloch et al., 1993; Johnson@reham, 2007).

5.4.1. First sand injection event

The first event (Fig. 19a) leading to the emplaceime& the PGIC occurred during the
Danian, as testified by the extrusive complex recogd in the upper portion of the Moreno
Formation (Schwartz et al., 2003; Vigorito and Hu2010). This emplacement coincided
with a major shortening episode marking the begigmif the Laramide orogeny that affected
the Great Valley Group and involved the eastwardpldcement of the Franciscan
accretionary complex duringhe Latest Maastrichtian to Early Paleocene (60-70 Ma)
(Wakabayashi and Unruh, 1995). The lack of saneésfiled contractional structures in the
PGIC suggests that this portion of the basin wais daectly involved in contractional
tectonics, and sandstone intrusions were predontynamplaced along bedding planes and
open hydraulic-fractures. According to Smyers arefeRon (1971) a local control on
fracture distribution could have occurred due ® tilansmission of contractional stress from
the orogeny to the adjacent undeformed areas.njéetion phase was followed by uplift and
subsequent subsidence as a consequence of egstatievel changes interacting with active
tectonism. The result was the deposition of twoomh@rmity-bound, transgressive-regressive
cycles, represented by the Paleocene (Lodo Formadiod Early-Middle Eocene sequences

(Domengine Sandstone and Kreyenhagen Shale) (AIm884).

5.4.2. Second sand injection event

The second sand injection event occurred duringnamnediately after the deposition of the
Kreyenhagen Shale and gave rise to the TGIC (F).1The study of the geometrical
organization of sandstone intrusions belonginghe TGIC reveals that at the time of
emplacement, the basin in which the KreyenhageneShkas deposited was unaffected by
contractional tectonics, and deposition occurred sector of the basin located distant from
the active chain. Similar to the PGIC, emplacemehtsandstone intrusions occurred
predominantly along bedding surfaces and hydrafuéictures. In the proposed model, a

series of out-of-sequence thrusts is hypothesizedjustify the general stratigraphic
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transgressive trend shown by the Eocene unitstrentuild-up of fluid pressure responsible

for sand fluidisation, injection and formation @fnglstone intrusions.

5.4.3. Third sand injection event

The third event (Fig. 19c) followed the emplacenaithe TGIC as demonstrated by
the cross-cutting relationships (Figs. 12, 13).tis stage fluid migration occurred along
tectonic discontinuities, as shown by the sandstified thrusts, rather than into hydraulic
fractures. During the Late Eocene the North Ameripdate boundary switched from a
convergent to a transform margin but no outcrogenlaions can be directly and confidently
related to the final stages of plate convergencayith the onset of the activity of the San
Andreas FaultThe injection event recorded in this study suggestsnewed stage of in-
sequence thrust advance and active involvemenhancontractional deformation of areas

previously unaffected by tectonics.

Following the third sand injection event a widesggreaiplift stage took place in the
San Joaquin Basin. This uplift is recorded by atigiraphic hiatus encompassing the Late
Eocene-Early Miocene, which is related to ongoingta&tic and tectonic factors (Moxon,
1988;Schulein, 1993). The erosion that followed resuitethe removal of the upper portion
of the Kreyenhagen Shale (and eventually other Eg/€digocene units), which is likely to

have hosted the upper part of the TGIC includiregektrusive complex.

The correspondence between tectonic events arautlieup of fluid pressure in our
study area of the SJB is succinctly explained by thgueegees" hydrological model
proposed to explain the generation and expulsiomadér from orogenic belts (Oliver, 1986;
Qing and Mountjoy, 1992; Ge and Garven, 1992; Mhaehe Cavell, 1999; Bachu, 1999;
Ghiglione and Ramos, 2005). According to this hiagcal model, pore space collapse
induced by tectonic compression results in a huglenve of water being expelled from
orogenic belts. The highly pressured groundwater lwa driven upward toward the ocean
floor at the top of the accretionary wedge, or paslaterally into the adjacent areas still not
affected by contractional deformation. Overpressuteid migration may follow different
pathways, mainly represented by tectonic discoritesuand permeable stratigraphic levels.
We propose that the entry of overpressured groutedtwato different sectors of the SJB

forearc unaffected by tectonic deformation, may eha@enerated a hydraulic head that
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triggered hydraulic fracturing and the sand fluédian necessary for the emplacement of the
PGIC and TGIC. Later, as the orogenic front endmedcon the study area, tectonic
discontinuities became the preferred pathways ltad fflow, and sand was fluidised and

injected along contractional structures.

6. Conclusions

Sandstone intrusions emplaced along contractianattares marked by thrust and reverse
faults are recognized for the first time along testern margin of the San Joaquin Valley.
The sandstone intrusions form isolated bodies @rsw of sandstone dikes the cut through
the host mudstone and sandstone (either depositborsandstone intrusions). The study of
cross-cutting relationships allows us to attributee injection phase associated with
contractional tectonics to a late episode of impegtwhich cannot be older than Late Eocene.
This area of contraction-related injection is in @ea where two previous giant injection
complexes formed and coincided with a crucial ko the tectonic evolution of the San
Joaquin Valley, as the western North American ptatendary switched from convergent to
the dextral strike-slip San Andreas Fault transfonargin. It remains uncertain which of the
tectonic regimes exerted control over the emplac¢éno¢ the sandstone intrusions. The
newly recognized sandstone intrusions are diseiboter an area of at least 200°kmthe
Panoche and Tumey hills, and are developed inastatging in age from the Upper
Cretaceous to Middle Eocene. Their areal extengjesstg a linkage of regionally-developed
overpressure to contractional tectonics. Consetyemt evolutionary model is proposed that
shows the relationships between the build-up ofl faressure in the deformed chain and the
lateral transfer of the fluid that induces sanddikzation. The previously recognized sand
injection complexes (PGIC and TGIC) formed in araastill unaffected by contractional
tectonics, but were under the influence of fluidnsferred toward them. During the final
phase of sand injection that is the focus of thig\g contractional tectonics actively affected

the study area and is directly associated witts#mal injection.
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Figure captions

Fig. 1. Simplified model showing the main fluid migratigathways in an orogenic belt
(after Oliver, 1986). A huge amount of water is g@ted and then expelled because of
contractional deformation in thrust and fold beklgp: high pore-pressure; Lpp: low pore-

pressure.

Fig. 2. a) Location of the study area in California witle San Andreas Fault Zone (SAFZ)
shown in red. b) Geological map of the western maofj the San Joaquin Valley showing
the main structures recognized. The red box detimestudy area. c) Geological map of the
study area with the relevant stratigraphic unitodified from Bartow, 1996). Outcrop

locations are also shown.

Fig. 3. Stratigraphic column showing the geological ueitspping out in the Panoche and
Tumey hills (modified from Bartow, 1996). The sigaaphic position of the giant sand
injection complexes is marked. GVS-Great Valley @awge; TQS-Tertiary to Quaternary

Sequence; PGIC-Panoche Giant Injection ComplexCFQImey Giant Injection Complex.

Fig. 4. Simplified model showing the distribution of flumtid sand in a thrust (modified from
Erslev and Mayborn, 1997). Intrusions preferentialtcur along the thrust surface, and also

in dilatant cavities in the hangingwall and foothaflthe thrust.

Fig. 5. a) Photograph and b) associated line drawing ¢drop MR1 (36°30.709'N 120°
32.989'W) showing two stacked N-verging sandstdfedfthrusts (in boxes). ¢) Photograph
and d) associated line drawing showing detail ef bind sandstone-filled thrust from 5a.
Note that the offset across the thrust progressietreases toward the tip of the intrusion. e)

Lower hemisphere stereoplot showing the orientadicthe thrust planes (great circles).
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Fig. 6. a) Photograph and b) associated line drawing tdrop at Tumey Gulch (TG1) (36°
31.215'N 120° 38.407'W) showing a SW-verging thriiltd by sandstone intrusions. c)
Equal area lower hemisphere stereoplots showing different thrust trends visible on
stereoplot 1. Contoured fold hinges are shown @aresplot 2, while dike orientations
(stereoplot 3) display a similar orientation to thend of the thrusts. d) and e) Details of the
sandstone-filled thrust (see Figure 6b), note that sandstone intrusion initially follows

bedding planes and then turns abruptly to intrudegathe thrust surface.

Fig. 7. a) Photograph (person for scale in the circle) @nalssociated line drawing of outcrop

at Silver Creek (SC1). ¢, d) Minor contractionaiistures recognized along the flat segment
of the thrust. In this sector the development ofoascale fold and duplexes is favoured by
the occurrence of thin-bedded depositional sandstoe) Stepped sandstone intrusion
recognized along the thrust ramp shear zone. THerlying sandstone consists of strongly
deformed and remobilized depositional unitsEfjual area (lower hemisphere) steroplot
showing the main thrust trends present.

Fig. 8. a) Outcrop at Silver Creek (SC2) showing white-oodal sandstone intruded along
the thrust surface. Note that the pre-existing ailees deformed during limb rotation of the
hangingwall anticlineb) Equal area (lower hemisphere) stereoplot showiagrientation of

the main thrust planes.

Fig. 9. a) Photograph and b) associated line drawing tdfrop at Monocline Ridge (MR2)
showing a double vergent NNE-SSW trending sandsdfitiaed fault system cutting through a
thin-bedded section of mudstone. Sand was souroed the underlying unit, which is a

depositional unit strongly remobilized during fligdtion.

Fig. 10. Sandstone-filled dilational structures associatéth wontractional deformation. a)
Bed-parallel sandstone intrusions and b) associatedirawing from Dosados Canyon. Note
that the two main horizontal intrusions are cone@diy oblique horsetail structures. These

structures indicate that the opening of the fraguwas not purely vertical but was
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accomplished by dextral bed-parallel shear (reoves). c) Lozenge-shaped dilational jogs in
the footwall of a bed-parallel shear surface athRiyngle Canyon. An asymmetric folded

sandstone bed visible in the hangingwall providesease of shear consistent with the
opening of dilational jogs. d) Detail of Fig. 1@. Dilational jogs opened along R’ fractures
as shown in the model. f) Sandstone-filled relegasibep recognized along a NW-SE trending
reverse fault in Monocline Ridge. Fault kinemaigsonstrained by offset marker layers and
by fault gouge. g) Detail of Fig. 10f. h) An E-Wehding sandstone-filled extensional fault
recognized in the Tumey Hill area. Comparison betwg the major fold axes and k) faults,

fractures, and dikes trends recognized at Tumdy Hil

Fig. 11. Diagram showing primary and secondary cross-cutttagionships as recognized in

the Panoche and Tumey hills area.

Fig. 12. a) Photograph and b) associated line drawingebtlicrop Monocline Ridge (MR3)

(36° 32.023' N 120° 33.827" W) showing deformed TGdlikes and sills. ¢) Equal area
(lower hemisphere) stereoplots showing NW-SE tregdhrust planes as great circles and
contoured poles to thrust planes. d) Primary coogBng relationships represented by a syn-
contractional reverse fault that cuts a pre-exgssil (positon shown in Fig. 12b). Note that
syn-contractional sandstone intrusion only occulemn dilational jogs formed along the

fault plane. e) Details of sandstone dikes showsegondary cross-cutting relationships.
Displacement occurs along the fold limbs in a dicecopposed to the dip of the strata (i.e.

top toward the fold crest).

Fig. 13. a) Photograph and b) associated line drawing ef dhtcrop Monocline Ridge
(MR4). Note the lateral thickness variation chagazing the sandstone intrusions cut by the
major thrust plane with sand injected along theughrsurface. c)Equal area (lower
hemisphere) steroplot showing the orientation e thain thrust planes. d) Detail of a
secondary thrust plane associated with the majactstre. e) Striation recognized along a

secondary thrust surface associated with the ns#jocture. The length of the ruler is 10 cm.
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Fig. 14. a) A profile-parallel section exposure showinged sf conjugate dikes cut by

flexural slip in Tumey Gulch. Lateral offset varidlom a few centimetres to several
decimetres. The prevalent movement direction isatdvthe NE. b) Interpretation showing
the prevalent slip vectors (highlighted by red essp c) Detail of Fig. 14a showing the main
dike which is cut by a flexural slip surface. de®bplots showing orientations of the dikes.

Multiple great circles on some stereoplots repredendifferent segments of a single dike.

Fig. 15. a) An along strike-parallel section showing a setdikes cut by flexural slip,
Dosados Canyon. b) Interpretation showing the agmpeslip vectors (red arrows). Based on
bedding and dike attitudes, the movement direabiothe different rock packages is toward
the viewer (in the third dimension). Note that bedebarallel intrusions occurred along the
major slip horizons, which most likely formed duiflexural slip. ¢) Stereoplots showing
bedding and dike attitudes. Multiple great circtb=picted by some stereoplots represent
different segments of a single dike. d) A schemdi@gram showing the relationships
between the direction of flexural slip and offsetonjugate dikes (modified from Horne and
Culshaw, 2001).

Fig. 16. Simplified geological and structural map of the &are and Tumey hills area. The

stereoplots (equal-area, lower hemisphere) summén orientations of thrusts and reverse
faults. Black arrows indicate the directions of E@Ind TGIC paleocurrent data measured in
the field. The dominant W-E to NW-SE strikes and gfeneral top-to-the N or NE sense of
shear shown by thrust planes is consistent with nfan tectonic structures present at

regional scale.

Fig. 17. Cross-cutting relationships between sandstoneisinins and MTDs observed in
West Tumey. In this outcrop a slump interval isadie cut by two dikes (1 and 2). The
visible offset in the slump interval across saneédtions is related to jack-up (white arrow)
produced during emplacement of the underlying sill.
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Fig. 18. Summary of results of the laboratory experimentadocted by Galland et al.
(2003). a)Without horizontal compression, injection of vedieaoil in powdered silica
resulted in a saucer-shaped intrusion. b) Applyaegzontal stress, vegetable oil injected
along the thrust surface and thickened at the obtle anticlines to produce saddle reefs.
Note the strong similarity between these experialegieometries and the sandstone

intrusions shown in Fig. 5c, d.

Fig. 19. Diagrams showing the proposed evolutionary model thee emplacement of

sandstone intrusions in the study area of the Smguin Valley during Early-Middle

Cenozoic (thickness of the different units not ¢als). a) Emplacement of PGIC during the
Danian in the upper portion of the Moreno Formatainthe beginning of the Laramide
orogeny. b) Emplacement of the TGIC during Middleger Eocene. ¢) Emplacement of
sand-filled thrusts during Late Eocene-Oligocenenvthe study area was directly affected
by contractional tectonics. Fluid migration occdrigdong tectonic discontinuities leading to
the emplacement of the sandstone-filled thrudigp: high pore-pressure; Lpp: low pore-

pressure.
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