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Abstract: The Tumey Giant Injection Complex (TGIC) is a regionally-developed sandstone intrusion
complex emplaced into deep-water Kreyenhagen Shale (Eocene) in the San Joaquin Basin, Central
California. Detailed geological mapping, stratigraphic reconstruction and outcrop description,
supported by structural analysis, allowed the architectural characterisation of the TGIC. The complex
is described as two main stratigraphically-constrained intervals: i) a lower interval (250m thick)
emplaced into clay-rich mudrock, consisting dominantly of sills with stepped and multi-layered
geometry; ii) an upper interval (200m thick) characterized by injection breccia and large wing-like
intrusions (ca. 600m width x 100m high) emplaced within predominantly biosiliceous mudrock
strata. The intrusions in both intervals were derived from turbiditic channel-fills intensely modified
by sand fluidisation. Sandstone intrusions and fractures affecting host strata are dominantly
oriented sub-parallel to the basin axis striking between NW-SE and N-S, mainly dipping to NE and
forming asymmetric saucer-shaped intrusions, suggesting structurally-driven hydraulic fracturing
and sand emplacement. The absence of a deep aquifer and potential sand sources underlying the
complex suggests a lateral contribution of fluid flow. The TGIC occurs at a scale similar to injection
complexes recognized in the subsurface and is a valuable reservoir analogue for hydrocarbon
accumulations associated with sand injectites.

Keywords: giant sand injection complex; San Joaquin Basin; intrusion geometry; intrusion
architecture; injection breccia; subsurface analogue.

Giant sand injection complexes form when regional hydraulic fracturing in the shallow
subsurface promotes sand fluidisation and injection. The hydraulic fracturing typically occurs in fine
grained host strata, and coincides with the presence of depositional sandstone (parent units) from
which sand fluidises and injects (Vigorito & Hurst 2010; Hurst et al. 2011). Giant sand injection
complexes are significant in petroleum systems because parts of them are known hydrocarbon

reservoirs (Dixon et al. 1995; Hurst et al. 2005; Briedis et al. 2007; Hurst & Cartwright 2007; Hurst et


mailto:g.zvirtes@abdn.ac.uk
http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on July 29, 2019

al. 2007; Braccini et al. 2008; Huuse et al. 2010). They form intrusive traps (Hurst et al. 2005), in
which associated stratigraphic traps may occur (Hurst et al. 2006; Cobain et al. 2017), form highly
permeable conduits for fluid migration (Jenkins 1930; Hurst et al. 2003a) and may act as seal
breaches (Cartwright et al. 2007). Large-scale sandstone intrusions are described from the North Sea
(Paleogene), where they are identified as significant reservoirs (Dixon et al. 1995; MacLeod et al.
1999; Bergslien, 2002; Duranti et al. 2002; Huuse & Mickelson 2004; Huuse et al. 2005; Szarawarska
et al. 2010) and are increasingly recognized in petroleum provinces globally (Huuse et al. 2010).

Regionally developed hydraulic fractures require a sealing lithology (host unit) and a rate of
ingress of a very large (unconstrained) volume of pore fluid that greatly exceeds the transmissivity of
the seal (Vigorito & Hurst 2010; Hurst et al. 2011). Poor consolidation typifies host strata and parent
units in very shallow (200-500m) burial, and small changes in hydrostatic or lithostatic gradient
create supra-lithostatic pore-fluid pressure (Jolly & Lonergan 2002; Hurst et al. 2011). When
hydraulic fractures form, they are held open by pore fluid pressure, and as flow velocity rises,
transmit fluidised sand into the fractures (Hurst et al. 2003b; Vigorito & Hurst 2010). With the
exception of features large enough to be imaged on seismic, subsurface data provide limited insight
into the presence of hydraulic fractures unless continuous core recovers micro-fractured mudstone.
Even steep (>40° to bedding) vertically and laterally extensive fractures with sandstone fills (dykes)
are rarely detected (Grippa et al. 2019). Because of this, outcrop analogues are particularly valuable,
both to provide guidance regarding diagnostic characteristics, and spatial data at higher resolution
than subsurface data, while at a similar lateral and vertical scale.

Underestimation of petroleum resources in sandstone intrusions is commonplace, and
attributed largely to the lack of resolution and detection of seismic data (Huuse et al. 2007; Skjaerpe
et al. 2018; Satur et al. this volume). Although descriptions of high-quality outcrop of sandstone
intrusions is increasingly common (Boehm & Moore 2002; Hubbard et al. 2007; Parize et al. 2007,
Surlyk et al. 2007; Thompson et al. 2007; Scott et al. 2009; Cobain et al. 2015), most of these have

limited lateral and vertical extent. One of the aims of this study is to provide detailed outcrop data of
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the Tumey Giant Injection Complex to better understand its genesis and evolution, and to support
interpretation of subsurface data by identifying and characterising detailed geometric and
architectural relationships between sandstone intrusions, parent units and host strata. At Tumey
Hill, the Tumey Giant Injection Complex (TGIC) emplaced in the Kreyenhagen Shale of the San
Joaquin Basin (Fig. 1) during the late Eocene has an exposed vertical thickness exceeding 450 m and
extends laterally up to 4 km (Fig. 2). This facilitates accurate characterisation of stratigraphic
architecture, the geometry and structure of sandstone intrusions, and their relationship to host
strata and depositional parent units. In this research the detailed mapping and interpretation of the
outcrop of the TGIC allowed (1) the reconstruction of the complex architecture, (2) the definition of
the structural organization of the intrusive network, (3) the evaluation of the geological conditions
which controlled the priming and trigger mechanisms that led to overpressuring of parent units,
subsequent hydraulic fracturing of host strata, and sandstone intrusion, and (4) the assessment of

the TGIC as a giant injection complex reservoir.

Geological Setting

The TGIC is exposed discontinuously along the eastern flank of the California Coast Ranges for
approximately 20 km between Monocline Ridge on the south and Tumey Hills on the north (Fig. 1).
The Kreyenhagen Shale (KS), within which the TGIC developed, is part of the Great Valley Group
(GVG) (Ingersoll 1982) which was deposited following the Nevadan orogeny in the Late Jurassic to
Oligocene as a N-S elongate forearc basin (Dickinson 1981; Ingersoll 2008). It developed in an
Andean-style convergent margin setting (Graham 1987) with an arc-trench system created by the
subduction of the oceanic Farallon plate under the continental North American plate to the east
(Atwater 1970; Atwater & Stock 1998), forming the Sierran magmatic arc and the Franciscan
subduction complex developed to the east and west of the basin, respectively (Fig. 1a and 1b).

The Tumey Hill area (Figs.1c and 2) consists of Upper Paleocene to Miocene marine and non-

marine strata with several unconformities associated with tectonic pulses and sea level fluctuations
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(Bartow & Nilsen 1990; Bartow 1991). It is part of the deformed western margin of the San Joaquin
Basin, structured in a regionally asymmetric synclinorium with a steep western limb dipping at 30-
50 to west and a gently dipping eastern limb (Ernst, 1983). The present structural configuration of
the western flank of the San Joaquin Basin consists of an extensive array of NW-SE trending en
échelon folds (Bartow 1996; Dickinson 2002) that form alternating anticlines and synclines often
underlain by thrust planes (Namson & Davis 1988; Bartow 1991) (Fig. 1c and 2).

The oldest unit cropping out in Tumey Hill (Fig. 1c) is the Moreno Formation (Anderson &
Pack 1915), which consists of an Upper Cretaceous to Lower Paleocene sequence of mudstone and
channelized turbiditic sandstone deposited in slope and shelf-edge setting (Payne 1951; McGuire
1988), hosting the Panoche Giant Injection Complex (Vigorito et al. 2008; Vigorito & Hurst 2010). The
top of Moreno Fm. is eroded by a regional unconformity overlain by the Lodo Formation (Late
Paleocene to Early Eocene), which consists of grey claystone and siltstone and arkosic sandy
turbidites interpreted as submarine fan deposits in a moderately deep basin, likely related to a
trench-slope basin with palaeocurrent predominantly toward NW (Nilsen et al. 1974). During the
Middle Eocene, the San Joaquin Basin shoaled and the coastline prograded depositing the shallow-
marine deltaic and estuarine sediments of the Domengine Formation (Slagle 1979; Todd & Monroe,
1968; Schulein 1993; Sullivan & Sullivan 2012). Locally, the Domengine Formation records the
collapse of the shelf by slope failure events (Sharman et al. 2017). Abrupt subsidence and basin-wide
transgression led to the return of deep-marine conditions over most of the GVS (Milam 1985)
resulting in widespread deposition of the Kreyenhagen Shale (Middle to Late Eocene) (Figs. 2 and 3).

The Kreyenhagen Shale, first defined by Anderson (1905), is a transgressive marine bathyal
succession of siliciclastic and biosiliceous mudstone and shale, intervals of porcelanite and
diatomite, and isolated and localised deep-water channelized turbiditic sandstone (Milam 1985)
deposited in a submarine slope environment at middle to upper bathyal-outer neritic depth (Phillips
et al. 1974). The Kreyenhagen Shale is an important hydrocarbon source rock in the San Joaquin

Basin (Lillis & Magoon 2007; Peters et al. 2007a, b) and was recently the focus for exploitation as an
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unconventional oil play (OilVoice 2013). The laminated character of some strata, and the total
organic carbon content (Lewan et al. 2014), indicate deposition under low-oxygenation sea-floor
conditions associated with an oxygen-minimum zone (Milam 1985; He et al. 2014). The mudstone
and biosiliceous mudstone are the host strata for the TGIC (Figs 2 and 3), with sandstone intrusions
associated with different modes of emplacement throughout the evolution of the injection complex
(Palladino et al., 2016, 2018). A significant erosional unconformity truncates the top of KS and the
upper portion of the TGIC and forms the depositional surface upon which the 10-30 m thick Tumey

Sandstone Lentil (Late Eocene) was deposited (Zimmerman 1944).

Data acquisition and processing

Stratigraphic relationships and structural configuration of the TGIC and its elements were
mapped using a combination of satellite image analysis (Google Earth and Quickbird), detailed
geological mapping, construction and correlation of sedimentary logs, and structural analysis,
including facies analysis and geometric characterization of sandstone intrusions, parent units, and

hydrofractured host strata.

Sedimentary logs
Sandstone body geometry and stratigraphic intervals of the TGIC were mapped,

photographed, and logged throughout the Tumey Hill area (Figs. 4 and 5). Sedimentary logs played
an important role in differentiating between depositional and intrusive facies, and in the definition
of the stratigraphic organization and architecture of sandstone intrusions (Figs. 3 and 4). Recognition
of features that facilitate differentiation between depositional (parent) units and low-angle to
bedding intrusive sandstone (e.g. sills) was prioritised (cf. Duranti and Hurst, 2004; Hurst et al., 2011)
(Table 1). Logs give an immediate visual impression of the sedimentary and intrusive succession
(Scott et al. 2013; Ravier et al. 2015), and are a convenient way of making correlations and
comparisons between equivalent sections from different portions of the complex. In order to

contextualize the significant thickness variations, internal structures, and orientation of the
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sandstone intrusions, the sedimentary logs were integrated with a regional map, photomosaic
analysis and structural interpretation. This facilitated a regional summary illustrating the most

representative facies associations and geometries of the TGIC (Figs. 4 and 5).

Structural analysis
The fundamental objective of the structural analysis was to describe accurately the

structural configuration of the sand injection complex, in order to define its architectural
organization and spatial distribution, and ultimately characterize the relative stress field during sand
injectite emplacement. Structural data collection included measurement of strike and dip
orientation of bedding, fractures, folds, faults, and the orientation of sandstone intrusions (dykes
and sills, and wing axes). The data collected were statistically analysed to characterize preferred
orientations along with other parameters (thickness, spacing, distribution, and aperture) of intrusive
bodies. Stereographic projection used Stereonet® to help in the visualization of three-dimensional
orientation of the structural data.

It was assumed that at the time of sand injection event the dip of the host strata was
probably close to horizontal, with a slope angle <5° roughly plunging to west and southwest (palaeo-
slope). As the study area has been subject to tilting and folding by post-injection contractional
deformation, it was necessary to correct the tectonic effect by a back-rotation of the bedding of 30°
clockwise along a N150-trending horizontal axis. Back-rotation allowed reconstruction of the original
palaeo-structural framework of the injection complex, thus establishing an accurate spatial
distribution of the sandstone intrusions and associated fractured host strata at the time of sand
injection.

Palaeo-stress analysis was undertaken using a similar method to that of Boehm & Moore
(2002), analysing the overall orientation and dilatational directions of sheet-like intrusive bodies, in
order to define the eigenvalues and eigenvectors for the distribution of all intrusions (Fig. 16a). The
three principal eigenvectors and eigenvalues are an orthogonal set of axes best approximating the

maximum, intermediate and minimum concentration of points in the stereoplot of poles to
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intrusions and to fractures, calculated by the Bingham method (Fisher et al. 1987). Once the attitude
of sandstone intrusions and fractures, and dilation direction of intrusive sheets had been
determined, it was possible to define the relative minimum (o3) intermediate (02) and maximum

(01) compressive stress vectors affecting the injection complex.

Results

Architectural organization of the TGIC

At Tumey Hill the TGIC crops out along a stratigraphic section ca. 450 m thick covering an
area of approximately 4 km? (Figs. 2 and 4). We assume that the deepest portion of the complex was
at least ca. 470 m below the palaeo-seafloor, an estimate that accounts for the 450m thickness of
the complex below a minimum erosion of ca. 10-20 m by the overlying Tumey Sandstone Lentil,
marking a late Eocene to early Oligocene unconformity which is the datum for the top of the TGIC
(Fig. 5). The TGIC is defined in two distinct intrusive intervals characterized by different intrusive
network geometry, parent unit’s size and distribution, and host rock composition and fracturing
style. The general characteristics of the complex are summarized at Table 2.

Sandstone intrusions emanate from two main intervals of isolated, stacked sand-rich
turbiditic channels defined as the lower and upper parent units (Fig. 3). The lower parent units occur
intercalated with mudstones at between 300 to 470 m below the erosional unconformity and the
upper parent units concentrated at 100 to 200 m below that datum (Fig. 5). Most of the sandstone
intrusions occur as interconnected tabular dykes and sills and other irregular intrusion emanating
from the parent units. Both dykes and sills display non-systematic cross-cutting relationships, which
suggests that they were emplaced in a single injection event as observed in the PGIC (Vigorito et al.
2008; Vétel & Cartwright 2010; Vigorito & Hurst 2010). However other minor sand remobilization
and injection occurred after the main injection event associated with extensional and contractional
tectonics (Palladino et al., 2016; Palladino et al., 2018). Gypsum-filled veins crosscut the sandstone

intrusions as a result of post-sand injection fluid migration and precipitation.
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Lower intrusive interval
The lower intrusive interval comprises three main elements:

(i) host strata consisting of ca. 250 m of brown clay-rich mudstone intercalated with minor thin
layers of biosiliceous mudstone (0.05-1 m thick);

(ii) parent units which consist of tabular and channelized turbiditic sandstone intensely modified by
sand fluidisation;

(iii) a sill-dominated intrusive network connected by low-and high-angle dykes.

Lower Parent Units. Stacked turbiditic sandstone channel-fills, typically 1-4 m thick but up to 8 m,
made up of grey, poorly- to moderately-sorted arkosic litharenite with subsidiary pebbly sandstone
and conglomerate at the base of the deposits (Fig. 6). Decametric intervals of brown mudstone
commonly alternate with the individual channels (Fig. 5). The lateral extent of channels is not well
exposed but they are at least tens of meters wide. The arkosic litharenite is rich in volcanic,
sedimentary (chert and mudrocks), and low grade metamorphic clasts, with pervasive gypsum
cementation. Medium-grained sand predominates but pebbly sandstones and matrix- and mudstone
clast-supported conglomerates often occur along the base of channels with sub-parallel and low
angle cross stratification (Fig. 6).

Disruption of primary sedimentary structures is common (Fig. 6f-i) forming structureless
units similar to the facies B3 of Duranti & Hurst (2004) that are interpreted to have formed as a
result of sand fluidisation. Adjacent to the upper margins, mud-rich laminae define crudely margin-
parallel banding (Hurst et al. 2011) with development of upward erosive surfaces into the overlying
mudstone (Fig. 6d). In the central area of outcrop in figure 6a and 6b, a sandstone dyke emanates
upward from the parent unit (Fig. 6e) confirming the genetic relationship between the turbiditic
deposits and sandstone intrusions. Fluidisation features are abundant and easy to recognize when
dykes crosscut host mudstone reaching the base of an overlying turbiditic channel (Figs. 6h and 6i).

In this case the fluidised sand from the dyke was injected into the host turbidite disrupting its
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primary sedimentary structures such as the plane-parallel bedding, generating massive
(structureless) sandstone.

Lower Intrusive Network. Sandstone intrusions emanate from the lower parent units and form a ca.
250 m thick intrusive interval that can be traced laterally for more than 1 km (Figs. 5 and 7). This
intrusive system is sill-dominated with connecting planar and irregular (bulbous and curved) dykes
(Fig. 7). Sills commonly have discontinuous tabular external geometry with erosive lower and upper
margins, and individually are up to 4 m thick but typically occur in the range of 0.5 to 2 m (Figs. 7 and
12). Generally, intrusive contacts have sharp angular changes in orientation over short distances
with close to perpendicular offsets of contacts on a 0.1 to 1m scale.

Short, high- and low-angle dykes <1 m thick, typically showing a thickness range between 0.2
and 0.5 m, link sill segments resulting in the formation of multi-layered sills (sensu Vigorito & Hurst
2010) that can reach up to 15 m thick and extend laterally for >150m (Fig. 7). Sills commonly
bifurcate, taper, step and pinch-out laterally and have rapid lateral changes in thickness often
splitting and, or, merging with other sills (Fig.7a, b). Sill margins are planar (Fig. 7e, f) and curved (Fig.
7¢, d, g) thus recording brittle fracture and subsequent erosion of the host strata. Internally, sills
commonly contain rafts of mudstone derived from the host strata (Fig.7e, f), and develop banding
and irregular structures associated with sand injection (cf. Duranti & Hurst 2004; Hurst et al. 2011).
Dykes are discontinuous, volumetrically smaller, and more irregular than the sills (Fig. 7b). They have
co-occurring low and high angle planar and curved margins. Dykes split and bifurcate laterally and
upward (Fig. 7d) with sub-vertical branches recording upward fracture propagation (cf. Pollard
1973). Overall, the thickness of the lower intrusive network thins upward above the lower parent
units (Fig. 12).

The transition from the lower intrusive interval to the upper intrusive interval was defined as
the level at which there is a change in geometry of the sandstone intrusions associated with
channels was observed, from predominantly sill-dominated to wing-like intrusions and laterally

extensive mudstone-clast injection breccia zone (Figs. 4 and 5). From the lower to the upper
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intrusive interval the composition of the host strata changes from brown clay mineral rich mudstone

to very pale grey biosiliceous mudstone (Fig. 3).

Upper intrusive interval

Three main elements define the upper intrusive interval:

(i) host strata made up of brown clay-rich mudstone (ca. 50m thick) overlaid by biosiliceous-
dominated mudstone (ca. 150m thick);

(i) parent units comprising channelized turbiditic sandstones intensely modified by sand fluidisation;
(iii) an intrusive network comprising interconnected sills and dykes intruding ca. 200m thickness of
host strata extending laterally for more than 2km forming an intrusive network of asymmetric

saucer-shaped complexes with large-scale wing-like intrusions and injection breccia zones.

Upper Parent Units. Parent units in the upper intrusive interval are texturally and compositionally
very similar to the lower parent units, but geometrically they comprise broader (up to 300m wide)
and thicker (10 to 45m) isolated turbiditic channel-fill (Figs. 5, 8 and 9). Where depositional
structures occur, the channels commonly have large-scale sets of cross-bedded sandstone with
pebbly sandstone and conglomeratic basal lags (Figs. 8c, d). Conglomeratic lags include rounded to
angular clasts of mudstone individually up to 50 cm in diameter but typically in the range of 5 to 10
cm (Fig. 8d). The channel-fills fine upward into fine- to medium-grained sandstone with massive and
parallel bedding (Fig. 9). No overbank deposits were recorded. Palaeocurrent inferred from cross-
bedding of these deposits indicate a crudely W-NW sedimentary transport (Fig. 5) within a NE-SW to
E-W channel axis system perpendicular to the palaeo-slope of San Joaquin Basin during the
deposition of Kreyenhagen Shale.

The unstructured massive sandstone in the central and upper portions of the channels is
associated with intense sand fluidisation, similar to the lower parent units, creating structureless

sandstone facies with irregular and chaotic fabric and, in the upper portion of the channel,
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fluidisation banding (Fig. 9). Fluidised sand that emanated from the upper parent units (Figs. 8b and
10) was injected laterally and vertically forming a complex system of stepped and staggered sills, and
dykes (Figs. 10 and 11) within intensely hydrofractured and brecciated mudstone and biosiliceous

mudstone succession forming the upper intrusive network.

Upper intrusive network. Unlike the lower intrusive network, sandstone intrusions in the upper
intrusive interval predominantly consists of composite dykes, sills and irregular intrusive bodies,
associated with breccia zones that are particularly well developed in biosiliceous mudstone and in
proximity to the large parent beds (Figs. 5, 13 and 14). These interconnected injections commonly
form asymmetric saucer and wing-like intrusions that emanate from adjacent parent units (Figs. 8b

and 10).

At the Half Dome outcrop (Figs. 4, 10 and 11), a single large aperture (up to at least 12 m
thick) composite intrusion forms an wing intrusion (sensu Huuse et al. 2007). The wing crosscuts
more than 100 m of host strata in a series of steps with associated dykes and sills that bifurcate and
merge, and extend laterally for more than 600 m from its emanation point (Figs. 5 and 10); the
propagation vergence of the wing is to the southwest intruding at an angle of ca. 30° (Fig. 10c). This
angle of intrusion was probably higher in the moment of the intrusion and was flattened as a result
of compaction. As noted by Huuse et al. (2004) the geometry and scale of this wing is similar to
wings mapped from interpretation of seismic data, frequently occurring along the margins of saucer-
shaped intrusions (Polteau et al. 2008; Jackson et al. 2011; Hurst & Vigorito 2017).

Intrusions in the upper intrusive network display a greater range of geometry, size and
internal structures than those present in the lower intrusive interval. Dykes crosscut bedding in the
host strata at low and high angles, and have a large range of apertures (0.01 to 12 m) (Figs.11 and
12). The emplacement of these intrusions disrupted the host strata creating “jack up” of the
overlying mudstone as the sills dilated (Fig. 11a). Individual dykes may include several geometric

styles ranging from sheet-like with planar margins to highly irregular, bulbous and curved margins
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(Fig. 11; cf. Surlyk et al. 2007). Internal structures include banding and laminae, particularly adjacent
to margins and in the central areas of dykes. Alignment of elongate clasts, including fragments of the
host mudstone, along with aligned oxidation inside intrusions define banding. When adjacent to
brecciated intervals, intrusions are commonly enriched in angular and rounded clasts of host
mudstone that form conglomeratic pockets (0.05 to 0.3 m thick) aligned sub-parallel and oblique to
the intrusion margins. Aligned clasts in the upper intrusive interval are useful to infer the flow
direction of fluidised sand. Intrusive chimneys commonly occur in the junction where large sills are
connected by thinner dykes on top and indicate the upward flow of the sand and clasts.

In terms of relative thickness, the upper intrusive interval behaves similarly to the lower
intrusive network, with intrusion thickness decreasing upward away from its parent units (Fig. 12).
Intrusive sandstone in the uppermost part of the upper intrusive interval is less common and thinner
(0.1 to 0.5 m aperture) with a predominance of dykes. In the east portion of the study area an
erosional unconformity cuts the top of the upper intrusive interval followed by the deposition of
sandy conglomerate and sandstone of the Tumey Sandstone Lentil (Figs. 5 and 15). A conglomerate
composed of reworked breccia clasts of biosiliceous mudstone and sandstone is frequently present
along the base of the unconformity (Fig. 15) constraining the formation of the TGIC to the limit

between the upper Eocene and lower Oligocene.

Injection Breccia
Large scale breccia zones occur almost exclusively in the upper intrusive interval, especially

in the biosiliceous mudstone strata. These zones have irregular and discontinuous sub-horizontal
distribution in the upper intrusive interval, reaching up to 80 m thick and extending laterally up to
1.3 km (Fig. 5). No evidence of depositional processes is associated with the injection breccia, and its
formation is interpreted to be the result of intense hydraulic fracturing of the host mudrocks with
simultaneous sand injection. The breccias are largely monomitic, comprising clasts of biosiliceous

mudrocks with a broad size-range (>1 mm up to 3m diameter) and shapes (angular to rounded),
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within a sandy matrix (Figs. 13 and 14). They present a highly heterogeneous geometry intensely
disrupting the original bedding of the host mudstones.

The sandstone forms a complex network of irregular dykes and sills between mudstone
clasts, hence termed an injection breccia, similar to the mudstone clast breccia, facies B4 of Duranti
and Hurst (2004). The injection breccias comprise different facies, with angular and rounded
mudstone clasts that were incorporated into a matrix of structureless, ungraded sandstones (Figs.
13b). A variety of textures and structures occur, ranging from a chaotic fabric where the clasts show
a random disposition, to an orientated organization with the alignment of clasts marking the flow
direction which is mostly sub-parallel to the margins. Clast geometry ranges from predominantly
very angular and platy fragments to rounded, with a matrix of medium-grained lithic sandstone very
similar to the grain size and composition of the turbiditic sandstone, supporting their genetic
relationship.

The range of facies in the breccia and the crosscutting relationships between them reflect
different pulses of flow during sand emplacement. Three main broad injection breccia facies were
defined on the basis of structures and textures:

(1) Blocky injection breccia facies: mostly comprise clast-supported breccias with high
content of tightly packed angular clasts of mudstone (>75% clasts), in a sandstone matrix, with little
or no evidence of significant clast rotation and transportation (Fig. 14a). This breccia facies is
interpreted to be formed in situ by intense hydraulic fracturing of the host strata and sand injection
into the propagating fracture network, thus giving rise to thin sandstone intrusions (1-30 cm thick)
that separate adjacent clasts of host strata commonly in jigsaw geometry (Fig. 13b).

(2) Dispersive injection breccia facies: this facies comprises mostly matrix-supported
injection breccia with minor clast-supported injection breccia, with a variable quantity of mudstone
clasts of different size and shape (Figs. 13 and 14). Tightly and loosely packed clasts occur, showing
angular and rounded external geometry (Fig. 13d). Textural and spatial relationships between clasts

vary and record a process of differential fragmentation, along with clast rotation, transportation and
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erosion. It is interpreted that the varied intensity of hydraulic fracturing of host strata resulted in
irregular clast size distribution within the fluidised sand, producing a broad range of clasts sizes (Fig.
14b). Occurrence of imbricated platy and elongated clasts indicate the approximate flow direction of
the injection, specifically in tabular sills and dykes (5-15 cm thick) where the injection flow is
restricted to the intrusion margins.

(3) Sandstone intrusion facies: essentially composed of sandstone, this facies is identical to
the typical sandstone fill of sills and dykes of the intrusive complex but, in the context of the breccia,
the sandstone was emplaced into irregular conduits that cut the blocky and dispersive breccias (Fig.
14a, c and e) as a last stage of the sand emplacement. Mudstone clasts from adjacent host units

commonly concentrate along the margins or in the central portion of the intrusions (Fig. 13b).

Interpretation of injection breccia
Examples of injection breccia occurs in other outcrops (Hurst et al. 2006; Briedis et al. 2007;
Surlyk et al. 2007) and subsurface examples (Dixon et al. 1995; Duranti et al. 2002; Duranti & Hurst
2004; De Boer et al. 2007; Hurst & Vigorito 2017). TGIC injection breccia is however, substantially
thicker, and is restricted to the shallowest part of the intrusive complex. Although the theoretical
conditions for the initiation of brittle failure are well known, it is problematic to constrain these
conditions in poorly-consolidated strata in the very shallow subsurface where sand injection is most
often interpreted to occur (Hurst & Cartwright 2007; Hurst et al. 2011). Formation of an injection
breccia, in which a wide range of fracture geometry and orientation occurs, requires only that:
Pi>03+T (1)
and,
P;> 0o, (2)
where, Py = pore fluid pressure, o; = the minimum principle stress, o, = resolved normal stress and T

= the tensile stress of the host strata (Vigorito & Hurst 2010).
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For the injection breccia to form, conditions (1) and (2) co-existed, and following an initial period of
intense hydraulic fracturing sustained flow of fluidised sand occurred into localised dilated fractures
(Hurst et al. 2011).

Injection breccia occurs in the upper intrusive unit, both above and adjacent to thick parent
sandstone, and shallower, where it forms in biosiliceous mudstone and is regionally extensive. This
contrasts with the PGIC, where breccia is typically associated with deeper sections of the injection
complex, and specifically with the sill zone and the intense hydraulic fracturing of host strata
(Vigorito & Hurst 2010; Hurst et al. 2011). Breccia in the PGIC is neither as thick nor as laterally
extensive as in TGIC. A possible analogue of breccia formation immediately below a palaeo-seafloor
described from the Santa Cruz Mudstone (Miocene) (Hurst et al. 2006; fig. 9a) is texturally similar to
the TGIC breccia, although less thick (<4m), laterally discontinuous and much less extensively
exposed.

Most clasts formed by hydraulic fracturing of the host biosiliceous mudrocks and their
detachment from intrusion margins into fluidised sand. Rounded clasts generated by clast abrasion
in the fluidised sand-flow record exposure to persistent turbulent flow. Where clasts with angular
and abraded margins co-occur is evidence of sand injection simultaneously propping open some
fractures while other fractures, and other parts of the same fracture, dilated, closed and re-dilated in
response to variations in pore fluid pressure. Prolonged entrained flow causes differential rounding

of clasts.

Structural analysis
Intrusion geometry of sand injectites is influenced by the mechanical properties of host

strata, the overpressure conditions of depositional parent units, the stress field at the time of
emplacement, and the presence of any pre-existing structures (Cosgrove 2001; Jolly & Lonergan
2002). The structural patterns of sandstone intrusions and injection-related fractures of host units
were examined throughout the Tumey Hill area, although most of the outcrop belongs to the upper

portion of the TGIC (upper intrusive interval) thus limiting quantitative analysis.
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Restoration of tectonic dip to depositional configuration reveals a structural control of the
TGIC intrusions and fractures in the host mudstone which resulted a preferential orientation NW-SE
(Fig. 16a). As expected, bedding attitude controls sill geometry in a sub-horizontal orientation.
Fractures in the host strata and dykes have similar orientations with NW-SE strikes mainly dipping to
NE and subordinately to SW (Fig. 16a). Analysis of the scattering diagram of sandstone sills and
dykes (Fig. 16b) identified two main striking directions controlling the intrusions. A SE-striking set
(strikes ranging from 60° to 180°) with dykes dipping at high angles (50°-90°) to SW (black dashed
square); and a NW-trending set (strikes 240° to 360°) with dykes dipping with lower angles (30° -
70°) to NE which form the main intrusive systems of the complex. The NW-SE striking dykes, mainly
dipping to NE with mean vector 320/40, is consistent with the strike of the main fracture system
present in the host strata (NW-SE striking fractures plunging to NE with mean vector 325/42).

When plotted, the attitude of the intrusions was highly variable, however a girdle
distribution is recognizable from the polar plot for the planes (Fig.16d), which shows that intrusions
strike predominantly NW-SE, forming two main plane sets dipping mainly to NE and to SW. This
structural configuration is characteristic of an asymmetric saucer-shaped intrusion geometry, with a
few small wings plunging at high angles (40-60°) to S-SW, with vergence to N-NE, and larger and far
more numerous wings with axes plunging at lower angles (20°- 40°) to NE and verging mainly to SW.

This was observed at the Half Dome outcrop (Fig. 10).

Paleo-stress analysis

The orientation data from the intrusive bodies provided an opportunity to define palaeo-
stress fields during their emplacement (Boehm & Moore 2002) as they are formed by opening
fractures that propagate as a tensile crack in a plane normal to the direction of the least compressive
stress (Delaney et al. 1986). The emplacement of sheet-like intrusions (igneous or clastic) is
commonly associated with Mode | fracturing (Anderson 1951) in which dilation is perpendicular to
the fracture plane, so structural analysis of intrusions is crucial when constraining in situ stress at the

time of emplacement (Stephens et al. 2018). For an intrusion to propagate, overpressure in
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depositional sandstone (parent units) must exceed the minimum principal stress (03) plus the tensile
strength (T) of the host rock (Cosgrove 2001). The minimum compressive stress (63) is commonly
perpendicular to the extension fracture walls (Delaney et al. 1986), and local deflections of the
intrusion attitude are inferred to represent local rotation of the stress axes or local heterogeneities
of the host rocks. This model implies that intrusions can propagate locally out of the regional 01— 02
plane, via Mode | failure of intact strata, or through Mode | dilation of pre-existing structures,
producing intrusions that display variable dilation vectors along a single intrusion (Stephens et al.
2018).

A mechanical model for the emplacement of the TGIC using field-based measurements of
intrusion and fracture attitude was derived from the relative stress field axes during sand injection
(Fig. 17). Based on the stereoplot of poles of the sandstone intrusions (dykes) and fractures of host
strata, the main stress fields of the injection complex were defined (Fig. 17a). By determining the
orientation of the sheet-like intrusion (dyke or sill) and its dilation direction the relative minimum
compressive stress (03) of the system was defined. As there was no evidence that the intrusions
were injected into pre-existing fractures, the majority of the intrusions should reflect the orientation
of the palaeo-stress field at the time of their emplacement.

Using a similar method to that used by Boehm & Moore (2002), the overall strike and
dilatational orientation of the intrusive bodies was analysed, which in turn defined an approximate
spatial orientation of the regional strain related to the intrusive process. Orientations are
represented by eigenvalues and eigenvectors for the distribution of all intrusions (Fig. 17a). The
largest eigenvector/eigenvalue (el) of the dykes (Fig. 17a) plunges 45° to SW, indicating maximum
dilation perpendicular to the NE-dipping dyke walls. The intermediate eigenvector/eigenvalue
plunges at a low angle NW (22° to 332°), and corresponds approximately to the sub-horizontal
orientation of the bedding and is considered to be the rotational axis of the strain ellipsoid (c2). The
minimum eigenvector/eigenvalue indicates the least dilatational strain, and plunges 38° to 080°

(ESE).
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The NW-striking dikes plunging to NE (Fig. 17) suggest a minimum principal stress (03) that
plunges obliquely at 45° to the SW, and the contemporaneous sills indicate a minimum principal
stress with a sub vertical orientation (Fig. 17b). This configuration is explained by the dykes and sills
intruding into the overburden perpendicular to their relative minimum principal stress, with weaker
sediment cohesion subparallel to bedding (Boehm & Moore 2002). As the lower intrusive interval is
sill-dominated, the presence of a predominantly sub vertical minimum principal stress (o3) was
inferred (Fig. 17b). The overall structural configuration of the complex constrains the maximum
principal stress axis direction to be NE-SW plunging ca. 38° indicating a predominant principal
compressive direction ENE-WSW with the minimum principal stress axis (63) plunging around 40° to

SWS (Fig. 17a).

Discussion

The only other known exposure of a regionally developed giant sand injection complex is the
neighbouring, older Panoche Giant Injection Complex (PGIC, Vigorito et al. 2008; Vigorito & Hurst
2010), therefore the characterization of the TGIC as an analogue is a significant increase in
knowledge. In that context, and given the similar tectono-sedimentary setting within the Great
Valley Group (Ingersoll 1982), it is noteworthy that the TGIC and PGIC are so different. Several
smaller outcrops that expose parts of sand injection complexes with similar intrusion geometry to
each other have been described (Parize & Friés, 2003; Parize et al. 2007; Surlyk et al. 2007; Scott et
al. 2009; Kane 2010; Cobain et al. 2015; Ravier et al. 2015). Despite their apparent similarity, these
papers draw different conclusions regarding direction of dyke propagation and the prevailing flow
regime during sand fluidisation. In both TGIC and PGIC, excellent vertical and lateral exposure allow
more confident and holistic interpretation of characteristics and processes (Vigorito &Hurst 2010;

Hurst et al. 2011; Hurst & Vigorito 2017).


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on July 29, 2019

Geometry and architectural framework

Two distinctive characteristics of TGIC architecture are that depositional sandstone is
present throughout most of the injection complex (Figs. 5 and 18a) and that the underlying strata
(pre-Kreyenhagen) did not provide a significant volume of fluid during sand fluidisation. Evidence of
sand fluidisation is present in all depositional sandstones and all parent sandstone intrusions. In the
PGIC, only the Dosados Sandstone parent has contributed significant sand volume (Vigorito & Hurst
2010; Hurst et al. 2017). Where shallower depositional sandstone occurs, sandstone intrusions
disrupt them but with insignificant evidence of fluidisation. The absence of an underlying aquifer to
source fluids and fluid overpressure in the TGIC implies laterally offset aquifer supply. The difference
with respect to aquifer gives TGIC an immediate relevance to subsurface sand injection complexes
that lack large underlying aquifers.

Sandstone intrusion geometry and scale in TGIC is similar to those in other well-exposed
sand injection complexes (Surlyk et al. 2007; Vigorito et al. 2008; Vigorito & Hurst 2010; Scott et al.,
2013) and those in subsurface (Duranti & Hurst 2004; Huuse et al. 2004; Jackson 2007) with often-
dense networks of dykes, sills and composite intrusions forming saucer-shaped and wing-like
intrusions (Fig. 18). In TGIC, proximity and size of sandstone parent units controls the size and
abundance of intrusions, and forms a vertical section of approximately 450m, where all parent units
are intensely fluidised (Fig. 18a). The intrusions are highly interconnected (Figs. 7, 10, & 11) with sills
and saucers forming km-scale horizontally linked units and dykes creating vertical conduits. In
general, the intensity of intrusions is similar to the PGIC sill zone (Vigorito & Hurst 2010). Intrusion
thickness decreases upward in both the lower and upper intrusive intervals (Fig. 12), trends that
correspond to vertical depletion of pore-fluid pressure upward during sand injection. Distribution of
similarly sized parent units throughout the TGIC, with the exception the uppermost channel (Fig. 5),
is distinctly different from that observed in the PGIC or elsewhere. In subsurface injection
complexes, steep low aperture dykes are rarely resolved (Skjaerpe et al. 2018; Satur et al. this

volume) and dependent on depth and seismic frequency sills and saucers below ~5 to 10 m are also
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not resolved and most dykes steeper than 45° to bedding are undetected (Huuse et al. 2007; Grippa
et al. 2019).

A pattern of “sills shallow, dykes deep” (Jolly & Lonergan 2002) is absent in the TGIC and
PGIC. In the very shallow section of the PGIC rare sills occur (Vétel & Cartwright 2010; Vigorito &
Hurst 2010). Multi-layered sills in TGIC (Figs. 7a & 18a) occur mostly in the lower intrusive interval, a
similar spatial arrangement to the PGIC where multi-layered sills are associated with the shallow
part of the sill zone (Vigorito et al. 2008) (Figs. 18b). Saucer-shaped sills and wings in the TGIC
predominate in the upper intrusive interval, and unlike in the PGIC, where saucers and wings
typically combine to form large composite intrusions (Vigorito & Hurst 2010; Grippa et al. 2019), at
Tumey Hill they are smaller and less frequently composite. An exception to this is the large
composite wing at the Half Dome outcrop (Figs. 10 & 11), which occurs near the base of the upper
intrusive interval (Fig. 18). Only recently was the composite character of subsurface wings resolved
(Satur et al., this volume).

In common with large saucers and wings in the PGIC, the Half Dome wing has direct linkage
to a parent unit (Figs. 10 & 18a). In the PGIC, large saucers and wings tend to be the shallowest large
intrusions in the sill zone (Hurst & Vigorito 2017; Grippa et al. 2019) (Fig. 18b). Subsurface
relationships between parent units, sills, saucers and wings are extremely difficult to constrain,
indeed interpretation of surface data is typically instrumental in supporting subsurface
interpretations (Briedis et al. 2007; Hurst et al. 2016; Satur et al. this volume). Common
identification of saucers and wings on seismic data (Huuse et al. 2005; Jackson et al. 2011) may
reflect their occurrence in the shallower parts of injection complexes relative to sills and parent
units. Although the overall TGIC architecture contrasts with that of PGIC, individual intrusion
geometry is similar and the spatial arrangement of the sill, saucer and wing intrusions has similar

|II

architecture. It is likely that the “shallow sill” architecture (Jolly & Lonergan 2002) is somewhat

compromised by the limited extent of the outcrop on which it is based (Fig. 2).
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Host strata characteristics may influence the geometry and architecture of sandstone
intrusions, but to date it is unclear which characteristics are most influential. TGIC's lower and upper
intrusive intervals are rich in clay minerals and opaline silica, respectively. Today, the clay mineral
rich mudstone is laminated, compacted and poorly to moderately consolidated, whereas the bio
siliceous mudstone is largely structureless, low density and cemented. At the time of sand injection
they were probably similarly poorly consolidated although with a laminar microstructure in the
former, and granular texture in the latter. Multi-layer sills in the clay mineral rich lower intrusive
complex are overall discordant to bedding, but crudely bedding- or lamination-parallel (Fig. 7a, b)
suggesting that exploitation of weakness along lamination or bedding probably focused early
propagation of hydraulic fractures. However, the combination of continued hydraulic fracturing and
erosion by turbulent flow of fluidised sand dominated (Vigorito and Hurst, 2010; Hurst et al., 2011)
and created the prevailing discordance (Figs 7, 10, 13 & 14). Discordant margins are pervasive and
diagnostic in sand injection complexes, and is a much-used criteria applied to subsurface
differentiation of depositional vs injected facies (Dixon et al. 1995; Duranti et al. 2002; Hurst et al.
2011).

Coincidence of the NW-SE strike of dykes with the main fracture system (Fig. 16) records a
structural control during sand injection. If similar relationships exist in the subsurface, sandstone
intrusions within larger sand injection complexes, provide insight into prevailing stress at the time of
intrusion and whether that coincides with tectonism or the basin framework. In the PGIC, Smyers &
Peterson (1971) recorded a concordant relationship between orientation of dykes (the upper dyke
zone of Vigorito & Hurst 2010) and the prevailing tectonic stress, confirmed by a more complete
analysis of sandstone intrusions from the entire PGIC (Vigorito & Hurst 2010). Unfortunately, a lack
of similar well-exposed regionally developed outcrop of sand injection complexes limits further
comparison. In the much less extensive exposure of the Vocontian Basin (SE France), Monnier et al.

(2015) reached similar conclusions. Recognising relationships between tectonic stress and the
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orientation of intrusions is salient in subsurface analysis when evaluating the distribution and

orientation of sub-seismic scale intrusions (Skjaerpe et al. 2018).

Geological Controls and Trigger Mechanisms of TGIC
Formation of Giant Injection Complexes requires development of regional overpressure in

the very shallow crust in which poorly consolidated depositional units are located close to or within
the zones of intense hydraulic fracture. Previously the only outcrop where this has been described
on a regional scale is the nearby Panoche Giant Injection Complex (PGIC, Vigorito & Hurst 2010).
Many triggers may cause sand injection but diagnostic evidence is sparse (Hurst et al. 2011). Much of
the conjecture is associated with the generation of pore-fluid overpressure and its focus in limited
areas of large sedimentary basins. In that context, the TGIC has constraints helpful in this analysis, as
regionally the structural setting and evolution of the area is the subject of much independent
research, and locally the excellent outcrop allows detailed evaluation of relationships between
intrusions and palaeo-stress.

The predominant NW-SE strike of the sandstone intrusions and the related fracture system
of the TGIC (Figs 16 and 17) is sub parallel to the NW-SE oriented axis of the San Joaquin Basin at the
time of emplacement of the injection complex (Fig. 19). This observation opens the possibility of
relating the emplacement of the TGIC with the tectonic evolution and palaeo-architecture of the
basin. Contractional tectonics associated with the subduction of the Farallon plate mainly controlled
the structural architecture and deposition of the GVG. Along the western edge of the basin evidence
for extensional tectonics is recorded by broad subsidence (Platt 1993; Unruh et al. 2007) and normal
faulting along with the uplift of the Franciscan Complex (Harms et al. 1992; Unruh et al. 2007).
Exhumation of the Franciscan Complex and the adjacent Great Valley forearc evolution, suggests
that the forearc basin was characterized by an extensional regime with active subsidence and
sedimentation until late Eocene (cf. Unruh et al. 2007, fig. 12). From the late Cretaceous to late
Eocene, extensive NE-dipping low angle normal faults in the western part of the GVG formed

associated with the uplift of the Franciscan Complex (Dumitru 1989; Krueger & Jones 1989; Unruh et
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al. 2007). Location of the TGIC on the western margin of the basin meant that the related
extensional and/or contractional deformation had a greater influence than may be expected
elsewhere in the basin. Beginning early in the Tertiary, and continuing episodically throughout, the
attenuated forearc crust was uplifted, tilted and folded by deep-seated west-dipping thrust faults
(Unruh et al., 2004), and contractional deformation cannot be disregarded as a potential mechanism
to drive stress within the basin during formation of the injection complex.

Lack of evidence of a source of fluid in the underlying Lodo and Domengine formations
means that lateral ingress of pore fluid is most likely the source of the overpressure that led to
formation of the TGIC. Lateral pressure transfer occurs because of depositional tilting and
subsequent up-dip migration of fluids into sandstones closer to a basin margin (Osborne & Swarbrick
1997; Yardley & Swarbrick 2000; Flemings et al. 2002). TGIC's location within a large submarine
system within which numerous sandstone-rich channels and channel complexes occur, suggests the
identity of the main conduit for lateral pressure transfer (Fig. 19c). All sandstone intrusions in TGIC
are physically connected to depositional sandstone units (summarised in Figs 3, 5, and 18A), which
were the sources of sand (as confirmed by light and heavy mineralogy), and fluid to the injection
complex. The TGIC slope setting is expected to have an axially fed hydraulic structure probably linked
to the palaeo-Sierra Nevadan mountains (Fig. 19b). This contrasts markedly with the PGIC (Fig. 18b),
which is underlain by a very thick (>10km) aquifer that is the main source of fluid and pressure, to
form the PGIC (Vigorito & Hurst 2010). Provenance of known subsurface examples with similar
relationships between injection complexes and large underlying aquifers (Huuse et al. 2005; Satur &
Hurst 2007; Morton et al. 2014; Hurst et al. 2016) also have distinct mineral provenance associated
with sand derivation from the shallow part of the underlying aquifer (Morton et al. 2014; Hurst et al.
2017). It is clear that creation of a sustained rapid ingress of pore-fluid sufficient to create regional
hydraulic fracturing during shallow burial required exceptional conditions.

Based on coincidence of the predominant NW-SE orientation of intrusions with the regional

stress field and architectural framework of the San Joaquin Basin during the Eocene, we infer that
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hydraulic fracturing of host strata and sand emplacement are associated with regional tectonic
stress in the basin (Fig. 193, c). If sand injection was uninfluenced by tectonic stress, an alternative
control could be gravitationally induced stresses associated with slope instability. Because the TGIC
is emplaced into a slope succession on an active margin, it is reasonable that periodic intense
seismicity would induce gravitational collapse of the slope. This is recorded in the underlying
Domengine Formation ca. 20 Km south of the TGIC as the New Idria mass-transport deposit
(Sharman et al., 2017). The New Idria MTD is associated with soft-sediment folds and reverse faults
that record transport toward the west to southwest that were controlled by the gravitational
instability and eventual collapse of the shelf. Sharman et al. (2017) suggest that (1) high
sedimentation rates, (2) loading of poorly compacted, mechanically weak, fine-grained units overlain
by denser units, and (3) seismicity, were the main drivers of mass failure. Slope turbidites and
mudstones in the Kreyenhagen Shale, could have undergone similar gravitational instability to those
in the underlain estuarine and deltaic Domengine formation. Most of the dykes and the winglike
intrusion of the TGIC strike NW-SE and dip to NE, implying a predominant injection emplacement
toward southwest. This configuration is coincident with the main folds and reverse faults present in
the New ldria MTD, attributed to structural control of the NW-SE strike of the paleo-shelf and slope.
Sand injection and slope failure have coincident NW-SE structural trends and record different
deformation processes along the same margin.

Although we have no evidence of gravity failure in the Domengine Formation underlying the
study area, one cannot discount that gravity-driven instability influenced sand injection in the
Kreyenhagen formation. However, the balance of evidences suggests that formation of the TGIC was
a consequence of burial and compaction of channelized turbiditic sandstone sealed within low-
permeability mudstone, combine with focused lateral fluid migration (Osbourne & Swarbrick, 1997)
into the sandstone that caused overpressure. This occurred during a period of extensional tectonics

that triggered and focused hydraulic fracturing of the host strata and caused sand injection (Fig. 19).
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TGIC as a subsurface analogue

Subsurface analogues of sandstone intrusions are important in petroleum (and other fluid)
systems in the context of understanding reservoir geometry and architecture, estimating aquifer
support (Briedis et al. 2007; Schwab et al. 2015) and when identifying fluid migration conduits
(Jenkins 1930; Hurst et al. 2003a). Other applications include the identification of the geologically
instantaneous sand extrudites (Hurst et al. 2006) and elucidating overpressure development and
seal integrity (Cartwright et al. 2007). As an analogue for subsurface analysis, the TGIC is exceptional
because of its large area and high quality exposure, and because the reservoir architecture is
significantly different than that present in the PGIC, the only other regionally developed giant sand
injection complex (Vigorito & Hurst 2010; Hurst et al. 2011).

Arguably, the most distinctive characteristics of the TGIC when compared with the PGIC are
that depositional sandstone is present throughout most of the section (Fig. 18a) and the importance
of the laterally offset aquifer (Fig. 19). The latter gives TGIC an immediate relevance to subsurface
basin margin development of injection complexes where sedimentary units thin, large underlying
aquifers are absent, or underlying strata constitute very low porosity sedimentary or crystalline
basement. “Injectite” oilfields in basin marginal locations are present along the eastern and western
margins of the Viking Graben where major aquifers are largely absent below the injection complexes
or offset laterally by 10’s of kilometres (Dixon et al., 1995; Mangerud et al. 1999; Bergslien 2002;
Briedis et al. 2007; McKie et al. 2015). Because of the architecture of depositional sandstone in TGIC,
sand fluidisation and injection affected all depositional sandstone and hence, supra-lithostatic pore-
fluid pressure was pervasive, implying that most of the TGIC formed within the sill zone (sensu
Vigorito & Hurst 2010). Clear relationships exist between large depositional parent units and the
largest intrusions, for example, the Half Dome wing (Figs. 10 & 11). In the TGIC, depositional units
feed directly into sandstone intrusions and have similar composition (Fig. 18a). In the PGIC,

sandstone intrusions connect to a single depositional parent unit, the Dosados Sandstone (Vigorito &
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Hurst 2010; Hurst et al. 2017) (Fig. 18b). In subsurface settings where depositional sandstone has a
high N/G throughout an injection complex the TGIC is a highly relevant analogue (Fig. 18).

Gradational changes in composition typify the PGIC host strata (Moreno Formation, Payne
1951; Vigorito & Hurst 2010) and are similar to many subsurface mudstone hosts of sandstone
intrusions. At the time of injection, host strata in TGIC had contrasting gross porosity structures,
ranging from granular in a biosiliceous ooze and laminated in the clay-rich mudstone. The granular
ooze would have dissipated pore-fluid pressure more rapidly than the laminar mudstone and
appears to have had induced brecciation (Figs. 13 and 14). Injection breccia is less well developed in
clay-rich host strata in both the TGIC and PGIC.

Sandstone intrusions, including breccia, cross-cut hundreds of metres of mudstone-
dominated Kreyenhagen Shale and form highly permeable conduits for fluid flow through an
otherwise low permeability succession (c.f. Jenkins 1930; Hurst et al. 2003a; Hurst et al. 2003b;
Huuse et al. 2005; Briedis et al. 2007; De Boer et al. 2007). In the subsurface, sand injection
complexes preserve intrusions with wing-like and saucer-shaped geometry that are typical targets of
exploration and field development wells in (Duranti et al. 2002; Huuse et al. 2003; DeBoer et al.
2007; Szarawarska et al. 2010, Satur et al. this volume). Outcrop of wing-like intrusion are similar
those identified in subsurface (Huuse et al. 2007; Grippa et al., 2019). The TGIC wing extent laterally
for up to 600m emanating from the parent turbiditic channel and crosscutting the host mudstone by
at least100m. Similar geometry and scale wings occur in the North Sea basin in the Alba and Volund
Field (Duranti and Hurst, 2004; Huuse et al., 2004; Satur et al., this volume) (Fig. 18). These and other
similar characteristics of sandstone intrusions in the subsurface demonstrate the relevance of TGIC
as an outcrop analogue with fundamentally different architecture and origin to the PGIC (Vigorito

and Hurst, 2010).

Conclusion
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Turbiditic sandstone that occurs through most of the TGIC section acted as parent units for
sandstone intrusions. The intrusive network sourced by these parent units presents a complex
architectural organization with varied intrusive bodies geometries and sizes. Sills complex, including
multi-layer sills prevail in the lower intrusive interval whereas the upper intrusive interval is
characterised by asymmetric saucer and wing-like intrusions. This trend is similar to that observed in
other giant injection complexes. Injection breccia is common adjacent to large depositional
sandstones and intrusions emanating from them, and forms a thick (up to ~50m) and laterally
extensive unit in the upper intrusive interval. Breccia forms significant reservoir volume, and where
laterally extensive gives hydraulic continuity across the shallow section of the injection complex.
Large intrusions are associated with the largest depositional parent units, which because present
throughout the TGIC create a highly connected and volumetrically significant reservoir network.

Lower and upper intrusive intervals do not coincide with variation from mudrocks enriched
in clay minerals to a bio siliceous mineralogy. Therefore the host mudrock mineralogy and resultant
internal structures do not exert a major control on the geometry of sandstone intrusions. Mudstone
mineralogy does not correlate with the occurrence of the entire injection breccia zones although bio
siliceous mudstone is the host for the laterally extensive breccia zone. Lamination is evident in clay
rich mudstone, which hosts sills, but it does not control their external geometry.

Overpressure was generated laterally from along the axis of coarse-grained deposition, with
no evidence of an underlying aquifer active at the time of sand injection. Coincident NW-SE
orientation of wing like intrusions with the dominant structural framework of the basin indicates
that sand injection occurred during a period of extension possibly controlled by tectonic or gravity
driven stress. A late Eocene early Oligocene erosional unconformity cuts the top of the TGIC
truncating high angle dykes and the host biosiliceous mudstone with, in places, more than 20 m
erosion, constraining the injection event to the Late Eocene.

TGIC has seismic-scale outcrop ideal for supporting subsurface reservoir modelling. It is a

significantly different giant injection complex than the previously-described PGIC, with contrasting
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relationships between parent units and intrusions, aquifer location, abundance and distribution of
injection breccia, while retaining a record of similar processes, intrusion geometry and internal

structures.
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Tables

Table 1 — Main criteria for differentiation of depositional (parent) units and sandstone intrusions
(low-angle to bedding), in outcrops of the TGIC.

Depositional sandstone

Sandstone intrusions

Common tabular and lens shape geometry
(channelized).
Concordant, planar tops and common continuous

Low-angle (predominantly) bedding
discordance on all margins.
Sharp, irregular erosional lower and

Geometry | and irregular erosional base. upper margins (scallops).
Steps, tapering, and interconnection with
other intrusive sandstone (sills and
dykes).
No deformation. Discordant margins with host strata (fractures
Relationship modified by erosion).
with host Frequent hydraulic fracturation of host strata
strata and minor small-scale folding (2-10 cm
amplitude).
Common grading. Typically no gradation but occasional normal
and reverse grading.

Gradation Mudstone clasts along intrusion margins and
irregularly distributed, sometimes
concentrated, within intrusions.

Cross- and plane-parallel bedding, occasionally Mainly structureless with banding commonly
structureless. adjacent to upper and lower margins.

Structure Disrupted, tending to eradicated, primary Convolute folding and irregular laminae and

structures. Common formation of structureless banding adjacent to divergences with other
fabric, and banding along margins. intrusions.
. Gradual thickness decrease toward channel Abrupt thickness variation.
Thickness .
margins.
Sorting Very poorly to moderately sorted, mostly poorly Poorly to moderately sorted, mostly
sorted. moderately sorted.
Very-fine sandstone to pebbly conglomerate. Fine- to medium-grained sand. Minor pebbles

Grain size (mudstone clasts) at the margins and central
portions.

Angular to rounded clasts, mostly rounded (0.1 Clasts with varied shapes from very angular
Clasts cm to 60 cm diameter). to sub-rounded, mostly angular, (0.1 cm to 25
cm diameter).

Bioturbatio | Present but uncommon. Absent.

n
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Table 2. General characteristics of the Tumey Giant Injection Complex

Sand injection
complex

Parent Units

Host Strata

Predominant intrusive elements
and geometry

Upper
Intrusive
Interval

Developed at an
estimated depth
of 20-200m
below Late
Eocene
unconformity

Upper Parent Units

Isolated slope turbiditic
channel-fills (up to 35 m
thick).

Large-scale cross-bedding
and subparallel bedding
with conglomeratic basal
lags at the base of
channels.

Disruption of primary
sedimentary structures by
sand fluidization creating

structureless sandstone
and fluidization banding.

Predominance of pale gr
to white bio siliceous

rich in radiolarians and
parallel lamination and

and slumps.

extensive brecciation.

mudstone (200m thick)
diatoms, with local plane-

locally disrupted by slides

Generally fractured with

ey Interconnected staggered and
stepped sills and dykes forming
saucer-shaped and wing-like

intrusions (up to 12 m aperture).

Intensely hydraulically fractured
host biosiliceous mudstone
creating extensive zones of

injection breccia.

Large scale jack-up of host strata;

Upper zone of low aperture
(0.01-0.5m) dykes in the
shallowest part of the injection
complex, truncated by an
erosional unconformity.

Lower
Intrusive
Interval

Developed at an
estimated depth
of 200-470m
below Late
Eocene
unconformity

Lower Parent Units

Tabular and lens-shaped
base-of-slope turbiditic
channels (up to 10m thick)
composed of sandstone
with pebbly sandstone at

the base.

Planar cross-bedding and
plane-parallel
stratification disrupted by
sand fluidization, which
produces structureless
sandstone and fluidization

Predominance of brown
clay mineral rich

with plane-parallel
lamination and minor
intercalation of pale bio
siliceous mudstone (0.1 -
2m thick).

Generally fractured with
localized brecciation
near contacts with

sandstone intrusions.

banding.

mudstone (ca. 300m thick)

Sill-dominated intrusive network
composed of tabular and stepped
sills (0.2-2m thick)
interconnected with thin low-
and high-angle dykes (0.1-0.5m

thick).

Sill-complex with multi-layered
sills (up to 30m thick) extending
laterally for hundreds of meters.
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Figure Captions

Fig. 1 — Location and geological context of the study area. (a) Simplified geological map of north and
central California with location of study area (Modified Dickinson & Seeley, 1979); (b) W-E geological
cross-sections showing the tectonic evolution of the Great Valley forearc basin from Late Cretaceous
to present and the relative position of the TGIC emplaced during the Eocene in the west border of the
basin. (c) Regional geological map of the study area with the relevant stratigraphic units (modified
from Bartow 1996).

Fig. 2 — (a) Detailed geological map of the Tumey Giant Injection Complex at Tumey Hill area
showing the main depositional units and sandstone intrusions, excluding steep dykes. Note that the
sandstone intrusions are schematic representations of the most expressive bodies and not true
thickness. (b) W-E geological cross section A-B (see map for location) of the Tumey Hill area. As in a,
the sandstone intrusions are not in real scale for visualization purposes.

Fig. 3 — Stratigraphic column of Tumey Giant Injection Complex at Tumey Hill representing the
architectural organization of the complex with main injectite elements and geometries.

Fig. 4 — (a) Satellite image of Tumey Hill area with the location of the main log profiles presented in figure 5. (b)
Geological interpretation of (a) based on detailed geological mapping. (Source: Google Earth — image with 2x
vertical exaggeration).

Fig. 5 — Integrated stratigraphic log sections of the TGIC (see figure 4a for log profiles location) with
geological interpretation and facies association of the main depositional and intrusive units of the
complex. Note that the intrusions between logs (blue) are schematically represented for spatial and
geometric visualization.

Fig. 6 — Outcrops of the Lower Parent Units (LPU); a, b, ¢, d and e: Outcrop zone 1 (location fig. 4a);
(a) Modified depositional turbiditic sandstone with sedimentary and remobilization features (> 6 m
thick), overlain by brown mudrock being intruded by dykes and sills that emanate from the turbiditic
body; (b) Geologic interpretation of a; (c) Preserved depositional plane-parallel stratification in the
central portion of the sandstone; (d) Upper erosional surface and associated parallel banding
produced by sand fluidization and remobilization of the depositional sandstone; (e) Close view of the
segmented dyke emanating from parent unit; (f), (g), (h) and (i): Outcrop zone 2. (f) Base of modified
depositional parent unit with brecciation and intrusion of subjacent host mudrock; (g) Photo
interpretation of (f). Note preserved plan-parallel stratification disrupted by fluidization at the base of
the bed. (h) Depositional turbidite with preserved depositional structures being disrupted and modified
by sandstone dyke from below; (i) Photo interpretation of (h). Note the jack-up structure of host
mudstone due dyke emplacement, and the mudstone rafts into fluidized sandstone.

Fig. 7 — Outcrops of the lower Intrusive Interval (outcrop zone 3, cf. figure 4a for location). (a)
Panorama view of the sill-dominated zone with multi-layered sills and interconnected dykes intruding
brown mudrock. (b) Photointerpretation of (a); (c) Irregular sandstone intrusion with erosional curved
margins; (d) Photointerpretation of (c); (e) Multi-layered sills with mudstone rafts; (f) Stepped sill with
mudstone clasts in the centre portion of the step; (g) Lower erosional surface of sill with the development of
mudstone-clast breccia at the margin of the sill (yellow arrow).

Fig. 8 — Outcrops of the Upper Parent Units (outcrop zone 6). (a) Panorama view of the main turbiditic
channel complex; (b) Picture of the turbiditic channel feeding wing-like intrusion; (c) Basal section of
the channel with preserved large-scale cross-bedding with respective photo interpretation in (d). Note
mudstone clast marking cross-bedding and the conglomeratic basal lag marking erosional surface
inside the channel.

Fig. 9 — Stratigraphic log section of the upper parent unit (left) of figure 8 with main facies and
structures, with respective outcrop pictures (right).

Fig. 10 — (a) Panorama view of the Upper Intrusion Interval (outcrop zones 5, 6 and 7) and respective
geological interpretation (b). Note the intrusive network of dykes, sills and the wing-like intrusion are
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fed by the underlying turbiditic channel; (c) 3D schematic representation of the main depositional
turbiditic channel (parent unit) and associated NE-dipping wing-like intrusion.

Fig. 11 — Geological features of the wing-like intrusions in the outcrop zone 7 (named Half Dome
outcrop) of the Upper Intrusive Interval; (a) Photomosaic with a panorama view of the wing-like
intrusion and respective geological interpretation (below); (b) and (c) Pictures and respective
interpretation of the stepped intrusions of the wing comprised by composite sills and dykes intruding
biosiliceous mudrocks. (d) Feeder dykes (below) connected with thick intrusion step (above); (e)
Staggered sills connected by irregular and segmented sandstone dyke; (f) Interconnection of stepped
sill and dykes encompassing host mudrocks. Sandstone intrusions in (c-f) are highlighted in yellow.

Fig. 12 — Comparison of sandstone intrusions thickness range (left) at several (averaged)
elevation levels for the TGIC dykes (green circles) and sills (blue circles). The circles represent
the mean thickness of each interval analysed. Elevation intervals for the lower intrusive zone:
0-100, 101-200, 201-300 (m). For the upper intrusive zone the investigated intervals were: 300-
400, 400-450 and 450-500 (m). Note that in both intrusive zones the thickness of intrusions
decrease upward, and both intrusive intervals present a general thinning upward of intrusions
thickness.

Fig. 13 — Outcrops of injection breccia zone developed into biosiliceous mudstone in the upper
intrusive interval (outcrop zone 5). (a) Panorama view of the injection breccia outcrop belt; (b) Host
biosiliceous mudstone intensely brecciated and injected by gray, medium-grained sandstone with
varied injection breccia facies. (c) Triangular-shaped sandstone intrusion intruding host unit producing
jigsaw structures. Note clasts of mudstone concentrated in the central portion of intrusions (yellow
arrows). (d) Matrix-supported injection breccia (dispersive breccia) grading upward to clast-supported
injection breccia facies (blocky breccia). Note the varied shapes and size of clasts in a chaotic
disposition.

Fig. 14 — Injection breccia outcrops (see fig. 13a for location). (a) Complex of blocky and dispersive
injection breccia facies being intruded by pure sand injections; (b) Blocky breccia with angular clasts
of biosiliceous mudstone. Note the intense fracturing degree of mudstone clasts producing a range of
clast shapes and sizes. (c) Crosscutting relationships between breccia facies shown in detail on (d)
and (e); (d) Upper erosional surface of pure sandstone intrusion eroding the blocky and dispersive
injection breccia. (e) Sandstone sill intruding mudstone and dispersive breccia facies.

Fig. 15 — (a) Late Eocene erosional unconformity at the top of the TGIC that truncates sandstone
dykes and the host biosiliceous mudstone of the Kreyenhagen Shale. The erosion surface is overlain
by the marine Tumey Sandstone Lentil; (b) Geological interpretation of (a); (c) Erosional contact of
the Tumey Sandstone Lentil (top) truncating the biosiliceous mudstone in which sandstone intrusions
are common; (d) Conglomerate at the base of the Tumey Sandstone Lentil with clasts of biosiliceous
mudstone and of consolidated sandstone (assumed to be derived from the erosion of underlying
dykes.

Fig. 16 — Back-rotated (pre-folding) structural data of the TGIC. (a) Lower hemisphere, equal area
stereoplots of contours of poles to planes of bedding, fractures, sills and dykes. (b) Scattered diagram
of strikes and dips of the main sandstone intrusions of the complex; (c) Lower hemisphere, equal area
stereoplot of poles to sills and dykes; (d) Lower hemisphere, equal area stereoplot of poles to sills
and dykes of TGIC and respective Kamb contours.

Fig. 17 — Palaeo-stress analysis of the TGIC. (a) Lower hemisphere, equal area stereoplot of
contours of poles to planes of fractures (left) and dykes (right), showing the three main principal
eigenvectors and eigenvalues (el, e2 and e3), and respective relative stress vectors (01, 02, and 03).
(b) Relative paleo-stress field distribution based on main dilation direction of sills and dykes. Parent
units represented in blue and intrusions in black. (c) Picture of the SW-dipping wing-like intrusion (left)
and structural interpretation (right) with stereoplot showing the mean wing axial plain (great circle)
dipping SW and the dilation axis from wing aperture direction dipping in relative low angles (20°-30°)
to NE (red dots). (d) Picture of the main NE-dipping wing (left) of the complex and structural
interpretation (right) with stereoplot showing the mean wing axial plane (great circle) dipping NE and
the dilation axis (red dots) from main aperture direction dipping in relative higher angles (40°- 50°) to
SW.
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Fig. 18 — Comparison of architectural organization, intrusive geometries, and intrusive dimensions
between the TGIC with outcrop and subsurface analogues. (a) Schematic 3D block diagram
representing the lithostratigraphic and architectural organization of the TGIC. (b) Schematic
geological profile representing the architectural organization of the Panoche Giant Injection Complex
(PGIC). Modified from (Scott et al., 2013); (c) TGIC winglike intrusion system extending up to 600m
crosscutting the host strata ca. 100m; (d) Seismic section from Volund Field, North Sea, showing
steep winglike reflections emanating from depositional sand body. Respective geological
interpretation (below) indicate winglike intrusions emanating from depositional sand body of Balder
Formation and intruding ca. 200m of host strata . Modified from Huuse et al. (2004); (e) Seismic
section and respective geological interpretation from the Alba Field, North Sea, showing asymmetric
winglike reflectors emanating from the Eocene Nauchlan member cross-cutting ca. 150m of host
strata. Modified from Duranti and Hurst (2004).

Fig. 19 — Integrational conceptual model for the TGIC formation. (a) Pressure-depth diagram showing
the overpressure evolution the TGIC (left) and respective architectural organization (right). Relative
time of events (X1, X2, X3 and X4) are represented in (c). Abbreviations: LPU, Lower Parent Unit,
UPU, Upper Parent Unit; (b) Schematic 3D block-diagrams showing the tectonic setting of the San
Joaquin basin during the deposition of the Kreyenhagen Shale succession. The basin was under
Eocene extension with associated uplift of the Franciscan Complex, deforming underlying Cretaceous
strata by low angle normal faulting in the west portion of the basin (Unruh 2007). Note that the
turbidites have a general palaeocurrent to W and NW; (¢) Schematic evolutionary model for TGIC
formation: (i) Deposition, burial and sealing of the turbiditic channel system; (ii) lateral fluid pressure
transfer by tilting of the west portion of the basin leading to up dip fluid migration (blue arrows) priming
overpressure build-up of parent units, and creating NW-SE preferential stress planes; (iii) fluid
overpressure overcome the lithostatic pressure (Pf > PI), initiating hydraulic fracture of host mudstone
and sand injection exploiting preferential NW-SE mechanically week planes.
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