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A GIANT SAND INJECTION COMPLEX: PROCESSES AND
IMPLICATIONS FOR BASIN EVOLUTION AND SUBSURFACE

FLUID FLOW

MARIO VIGORITO*,†, ANDREW HURST**, ANTHONY J. S. SCOTT***,
OLIVIER STANZIONE§, and ANTONIO GRIPPA**,§§

ABSTRACT. Giant sand injection complexes form, intricate, basin-scale fluid
plumbing systems and document the remobilisation and intrusion of several tens of
cubic kilometres of sand within the shallow crust in stratigraphic units 100's metres
thick. This is the first detailed and extensive account of the Panoche Giant Injection
Complex (PGIG), a regionally significant outcrop (.300 km2) and part of a larger sub-
surface development (.4000 km2) identified in boreholes and on seismic reflection
data. Magnificent exposure of the PGIC occurs along the north western margin of the
San Joaquin Valley and presents the opportunity to examine the regional geological sig-
nificance of a giant sand injection complex and its origin in the context of a late
Cretaceous – early Paleocene forearc basin. Between 25 and 49 km3 of sand were remo-
bilised and injected, at least 0.35 km3 of which extruded onto the paleo-seafloor. Large
sandstone intrusions often .10 m thick and laterally extensive on a kilometer scale
formed saucer-shaped intrusions, wing-like intrusions and a variety of sill geometries
along with volumetrically smaller randomly oriented dikes in a 200–300 m thick inter-
val. Dikes prevail below and above this interval, some reaching the paleo seafloor and
extruding sand. Networks of propagating hydrofractures form intensely brecciated host
strata, some of which were intruded by sand. All intrusions formed in a single pulsed
event in which the most intense hydrofracturing caused by supra-lithostatic fluid pres-
sure occurred approximately 600 to 800 m below the paleo seafloor. A crudely orthogo-
nal arrangement of dikes is preserved with most oriented normal, and less commonly
oriented parallel to the oceanic trench associated with the late Mesozoic to early
Tertiary North Pacific subduction. Dikes orthogonal to the trench opened against the
minimum horizontal stress, which was parallel to the trench. Dikes parallel to the trench
opened against the regional maximum horizontal stress along minor faults formed in
extension caused by shallow crustal deformation. There is no evidence that compres-
sional tectonics influenced the onset of elevated pore fluid pressure necessary to pro-
mote sand injection. However, tectonic compression was responsible for creating the
basin physiography that locally increased subsidence and accelerated chemical diagene-
sis in the basin centre. PGIC outcrop, located along the basin margins, was unlikely to
have experienced heating above 70 °C, equivalent about 2 km burial, so the effects of
chemical diagenesis in the host strata of the injection complex had negligible potential
to evolve significant pore water volume. In a deeper part of the basin approximately
150 km to the south, lateral equivalents of the host strata were subjected to heating
.100 °C and would expel significant volumes of water displaced by quartz cementation
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and clay dehydration that caused lateral pressure transfer to the north and western mar-
gin of the basin where the PGIC formed. Estimates of the total volume of water
expelled from the deep basin suggest that a fluid volume equivalent to a gross rock vol-
ume reduction <1% would have provided a fluid budget sufficient to fluidise and inject
the sand that forms the PGIC. In terms of areal and vertical extent, volume and archi-
tecture the PGIC shares strong similarity with the regionally developed giant injectite
systems of Tertiary age in the North Sea basin. In both cases regional sand injection is
genetically linked to pressure transfer toward the basin margin from more rapidly sub-
siding basin centres. Aqueous fluid is derived from thermally driven chemical diagene-
sis of thick deep water clastic sandstone and smectitic mudstone or from deeper,
stratigraphically older, aquifers.

Key words: sandstone intrusions, sandstone extrusions, overpressure, regional
hydrofracturing, seal by-pass, basin-scale fluid flow, paleostress

introduction

This is the first detailed documentation of extensive outcrop of a giant sand injec-
tion complex and its extension in subsurface. Giant sand injection complexes are
arguably one of the least documented basin-scale geological features of the shallow
crust. Despite sandstone intrusions being recognised in Geology’s formative years
(Murchison, 1827), their regional scale and significance were largely unrecognised
until found to contain economically significant volumes of hydrocarbons (Newman
and others, 1993; Dixon and others, 1995; Hurst and Cartwright, 2007 and papers
therein). Sandstone intrusions in the mudstone-dominated Hareelv Formation,
Greenland (Upper Jurassic) were the first example of outcrop described as a sand
injection complex (Surlyk and Noe-Nygaard, 2003); sandstone intrusions are ubiqui-
tous wherever the Hareelv Formation outcrops in an area of ;3,850 km2 (personal
communication, Finn Surlyk, 2021). Areal variations of the thickness and internal
architecture of the Hareelv injection complex, presence of extrusive sandstone (sensu
Hurst and others, 2006) and the volume of sand injected, are unknown. Giant sand
injection complexes are identified on three-dimensional seismic data from the
Paleogene strata in the North Sea where they extend over thousands of square kilo-
metres (Huuse and Mickelson, 2004; Shoulders and Cartwright, 2004; Løseth and
others, 2013) and may crosscut hundreds of meters of stratigraphic section (Duranti
and others, 2002; Jackson, 2007; Wild and Briedis, 2010). Sand injection complexes
are however recognised from many sedimentary basins and environments globally
both in the subsurface and at outcrop (Braccini and others, 2008; Huuse and others,
2010; Hurst and others, 2021a) and their geological significance is worthy of more
detailed analysis.

A priori knowledge of the PGIC includes: 1) concomitant presence of clastic sills
and dikes, the latter forming two dominant sets striking ENE-WSW and NNW-SSE
(Smyers and Peterson, 1971; Weberling, ms, 2002, Vétel and Cartwright, 2010;
Vigorito and Hurst, 2010); 2) that sand injection was a single pulsed event (Vigorito
and others, 2008; Vétel and Cartwright, 2010; Vigorito and Hurst, 2010); 3) sandstone
intrusions form a pervasive architecture in which most intrusions and most sandstone
occur in a sill zone, which is underlain by a lower dike zone and overlain by an upper
dike zone, comprising an intrusive complex (Vigorito and others, 2008; Vigorito and
Hurst, 2010); 4) sand extruded onto a paleo-seafloor during the Danian (Vigorito
and others, 2008; Hurst and others, 2011); 5) the PGIC sandstone was derived from
multiple sandstone channels and channel complexes most of which occur in the mid-
dle section of the injection complex where both density of intrusions and volume of
injected sandstone are the largest (Vigorito and Hurst, 2010; Scott and others, 2013;
Hurst and others, 2017); 6) fluid to support hydrofracture and sand fluidisation was
derived from the regionally extensive, thick sandstone prone fan-systems located
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deeper in the section (Vigorito and Hurst, 2010). These characteristics are common
to other giant injection complexes that occur in often similar sedimentary settings but
in a broad range of tectonic settings, not exclusively in forearc basins. For example
injection complexes are described from rift basins (Surlyk and others, 2007); intracra-
tonic basins (Huuse and others, 2004; Briedis and others, 2007); forearc basins (Serie
and Pemberton, 2021) and passive margins (Ravier and others 2015).

Mechanisms by which regional development of sand injection occurs are poorly
constrained and diverse, although recognising that hydrofracturing and sand fluidisa-
tion are integral processes (Hurst and others, 2011). Defining how hydrofracture and
sand fluidisation occur on a regional scale, and defining the genetic causes and con-
trols is more problematic. A specific goal is to evaluate the influence of regional tec-
tonics, specifically compressional tectonics associated with the North America –
Pacific subduction margin, on the evolution of pore fluid pressure that in earlier work
was considered a key factor in sustaining overpressure in the San Joaquin Basin
(Berry, 1973 and Palladino and others, 2016) and similar strata in the nearby
Sacramento Valley (McPherson and Garven, 1999). While some earlier studies pro-
posed that the emplacement of the PGIC occurred under no imposed tectonic stress
and did not provide any explanation for overpressure build-up (Vétel and Cartwright,
2010), more recent studies argued for the formation of the PGIG to be genetically
linked to subduction-driven overpressure (Palladino and others, 2016). However, out-
crop and subsurface data show that compressional structuration in this part of the
forearc basin preceding and during emplacement of the PGIC was minor (McGuire,
ms, 1988a; Bartow, 1996; Mitchell and others, 2010).

In contrast with previous studies, we infer that thermal diagenesis combined with
lateral pressure transfer had a key role in elevating pore fluid pressure thus leading to
basin-scale hydrofracturing and injection. In support of our hypothesis, detailed map-
ping and description of the entire PGIC outcrop is integrated with borehole data
from the San Joaquin Valley together with existing regional (Ingersoll, 1979; Hosford
Scheirer, 2007) and mineralogical data (Ramseyer and Boles, 1986; Imperato and
Nilsen, 1990; Wilson and others, 1999; Hurst and others, 2017, 2021b), seismic data
(Mitchell and others, 2010; Bureau and others, 2014), and basin modeling studies
(Hosford Scheirer, 2007; Peters and others, 2008) to capture regional- and local-scale
influences on formation of the PGIC. Although much of the outcrop area lacks evi-
dence of significant heating since deposition (Hurst and others, 2017; Hurst and
others, 2021b, 2021c) and chemical (thermally driven) diagenesis is minimal, in adja-
cent subsurface areas mudstone and sandstone in similar formations underwent sig-
nificant chemical diagenesis (Ramseyer and Boles, 1986; Imperato and Nilsen, 1990;
Wilson and others, 1999) with attendant changes in porosity and expulsion of pore
fluid. Investigation herein of the distribution and burial history of the more thermally
mature formations and their relevance to formation of the PGIC is original and
quantitative.

Physical conditions for hydrofracturing, sand fluidization and injection are
described and related to the geometry and distribution of regionally developed sand-
stone intrusions (Jolly and Lonergan, 2002, Vigorito and Hurst, 2010; Vétel and
Cartwright, 2010; Hurst and others, 2011, Cobain and others, 2015). With the possible
exception of the Hareelv Formation (Surlyk and Noe-Nygaard, 2003; Surlyk and
others, 2007), other contemporary study of outcrop of injection complexes are rela-
tively small-scale, rarely more than a few square kilometres in extent (Hurst and
others, 2021a). Consequently, the regional, even local, geological context is inevitably
conjectural. Because genetic and spatial relationships between parent units, an intru-
sive complex and an extrusive complex are numerous in the PGIC, variation in the ge-
ometry and architecture of sandstone intrusions can be related directly to the
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evolution of pressure in fluidized sand during injection (Vigorito and Hurst, 2010).
With reference to the combination of detailed outcrop analysis with regional data in
quantitative basin modeling (Hosford Scheirer, 2007; Hosford Scheirer and Magoon,
2007a; Peters and others, 2008), evidence is evaluated for the existence and operation
of the regionally developed pressure cells that drove regional hydrofracturing and
sand injection. To the best of our knowledge a similar quantitative approach is not
previously undertaken in the context of sand injection. Chemical diagenesis during
basin fill and subsidence is investigated as an agent for the fluid expulsion and lateral
transfer that triggered formation of the PGIC. This is compared with evidence for der-
ivation of overpressure from compressional tectonics associated with active subduc-
tion to the west of the study area. Identification of the key controls of pore fluid
pressure generation enables development of genetic models that, by comparison with
other outcrop analogues, are globally applicable.

A different major topic of debate are the mechanical and fluid-dynamic controls
on the distribution and both external and internal geometry of sandstone intrusions
(Jolly and Lonergan, 2002; Duranti and Hurst, 2004; Diggs, 2007; Surlyk and others,
2007; Scott and others, 2009, Kane, 2010; Vétel and Cartwright, 2010; Hurst and
others, 2011; Cobain and others, 2015; Hurst and Vigorito, 2017). Models are pro-
posed that link in situ stress (and burial) to fracture opening mode (Cobain and
others, 2015) and to the distribution and geometry of specific intrusive elements (for
example, dikes and sills; Jolly and Lonergan, 2002; Cartwright and others; 2008; Vétel
and Cartwright; 2010). These studies mainly focus on the pore-fluid pressure condi-
tions that initiate hydrofracture, often with the assumption of a homogeneous host-
strata. Although theoretically valid, the models fail to explain the concomitant occur-
rence of different intrusive elements and of fractures with diverse opening modes.
Data presented in this paper support that distribution and geometry of sandstone
intrusions are mainly controlled by the relationships between fluid pressure in the
hydrofractures, in situ stress and the mechanical properties of the host strata. Herein,
the spatial and temporal evolution of fluid pressure in hydrofractures is presented
with its relationship to in situ stress during initiation, propagation and closure of the
hydrofractures. Consideration is given to the effect of major lithological heterogene-
ities within the host-strata on sandstone intrusion.

Limited papers document the relationships between parent units and intrusions
(Parize and others, 2007; Surlyk and others, 2007; Scott and others, 2009; Kane, 2010;
Hurst and others, 2011) and the genetic events and processes that lead to the remobi-
lization of sand, and to the modification of the internal and external geometry of a
parent sandstone that remain poorly understood. Our study shows close physical asso-
ciation and genetic relationships between sandstone intrusions and liquefaction and
fluidization of depositional sandstone at a scale previously undocumented (cumula-
tively at least 10’s km laterally and 100’s m vertically; see also Stanzione and others,
2008). Genetic association between liquefaction and sand fluidisation is widely recog-
nised as a syn-depositional to early post-depositional process (Lowe and Lopiccolo,
1974; Lowe, 1975) and the relationships between near surface (burial < 60 m) sand
liquefaction and fluidization, and sand intrusion and extrusion, are well-known
(Obermeier, 1989, 1996). However, the turbiditic sandstone units in the PGIC display
widespread evidence of liquefaction and sand fluidization and feeding individual
intrusions (dikes) cross-cutting at least 600 m of stratigraphy. This challenges the com-
mon assumption that large-scale liquefaction and associated fluidization only occur at
very shallow depth and, for the first time, the role of elevated pore fluid pressure in
promoting widespread and generalised liquefaction and fluidization of depositional
sand during deeper burial is documented.
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Recognition of the importance of sand injection in the shallow crust has grown
significantly during the past two decades, particularly when associated with the energy
sector (Hurst and Cartwright, 2007; Silcock and others, 2021). Despite the excellent
detail recorded in many small-scale studies, their relevance to the scale of the injec-
tion complex in which they occur is problematic, and their value in a broader
tectono-stratigraphic context elusive. Opportunity to investigate local-scale character-
istics of sand injection complexes are the subject of several papers (Smyers and
Peterson, 1971; Vigorito and others, 2008; Vétel and Cartwright, 2010; Vigorito and
Hurst, 2010; Scott and others, 2013; Hurst and others, 2017). Perhaps uniquely,
because of the extensive, high-quality outcrop, abundant independent stratigraphic
data, and ease of access to many sections through the entire complex, the PGIC
presents the opportunity to place detailed information into a regional tectono-strati-
graphic setting that is amenable to supporting interpretation of less well-exposed sand
injection complexes.

methods
Geological mapping of lithostratigraphic units was accompanied by collection of

more than 3000 geo-referenced dip-strike measurements from depositional units and
sandstone intrusions. Intrusions with complex geometry required multiple measure-
ments that were averaged to allow statistical evaluation. Pre- and post- back-rotated
data are compiled as plots for the averaged dip-strike of all intrusions to constrain the
in situ stress regime at the time of sand injection. Independently .2000 dikes were
mapped on satellite images, and their strike and dip calculated by interpolation with
the topographic surface using Equinor proprietary software. These data were com-
pared with outcrop data and provide additional information from areas that were
inaccessible during fieldwork.

Ten cm-scale sedimentary logs through the injection complex were collected (see
Scott and others, 2013). Additional sedimentary logs were collected along strike from
key outcrops to document lateral variation in the architecture of depositional and in-
trusive units. Logged sections were used for quantitative analyses to estimate net to
gross (N:G)1 variations. High-resolution (0.3 m) multi-spectral satellite images were
used to map and correlate depositional units, sandstone intrusions and extrusions,
and image analysis software was used in selected areas to estimate the N:G. These esti-
mates were calibrated with the results obtained from sedimentary logs and to allow for
extrapolation over larger areas, outside the study area and in the subsurface.

Quantitative petrographic analysis (point counting) was carried out on 350 sand-
stone samples from depositional and intrusive sandstone, and sand extrudites.
Selected samples were analyzed using BSEM. Quantitative heavy mineralogy, includ-
ing varietal mineral studies, was carried out on samples from Moreno Gulch (Hurst
and others, 2017). Clay mineralogy was determined using XRD of oriented sample
mounts of the <2 mm fraction. Petrographic and mineralogical data were used to con-
firm sediment provenance and to determine: 1) the source for both sand and fluid
involved in sand injection, 2) diagenetic trends and paleotemperature versus burial
relationships and 3) estimates of fluid budget.

Digitized elevation-depth maps of key horizons from Hosford Scheirer (2007)
were integrated with outcrop and borehole data to produce a 3D model of the
Cretaceous-Palaeocene San Joaquin Basin and of the PGIC which was used for volume
calculations.

1
Here, net to gross (N:G) is an estimate of the proportion of sandstone to other lithologies present.
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Fig. 1. Geological map of the Panoche and Tumey Hills (modified after Dibblee, 2007a, 2007b). Main
lithostratigraphic units related to the Panoche Giant Injection Complex (PGIC) and the main outcrop
locations are illustrated. In the inset, a general geological map of northern and central California showing
the main tectono-stratigraphic units and the location of the PGIC.
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geological setting
Petrotectonic elements of the Mesozoic convergent margin, the Sierra Nevada

magmatic arc, the Great Valley forearc basin, the Franciscan accretionary prism, and
the Salinian Block and related sedimentary cover, dominate the geology of central
and northern California (fig. 1). The first three elements formed concurrently during
Pacific plate subduction beginning in the late Jurassic (Atwater, 1970). During the
late Cenozoic the subduction zone evolved into a transform margin along which the
Salinian Block was tectonically juxtaposed with the first three elements. There is an
up to 12 km thick sedimentary fill of Upper Mesozoic and Tertiary strata forming the
Great Valley Group (or Sequence; Bailey and others, 1964; Ingersoll, 1982, figs. 1 and
2). These consist of siliciclastic deposits that presently crop out in an east-dipping
monocline along the eastern limb of the Diablo Range (western margin of the Great
Valley) and are in faulted contact with the Franciscan accretionary complex (fig. 1).

Two formations and their litho- and tectonostratigraphic evolution are key to
this study: 1) the Albian-Maastrichtian Panoche Formation (Fm) and the Late
Maastrichtian to Danian Moreno Fm, which contain the parent units, the sandstone
intrusions and extrusions of the PGIC (Vigorito and others, 2008; Vigorito and Hurst,
2010). In the study area, the Panoche Fm consists of ;6.5 km of sandstone-rich sub-
marine fan deposits alternating with thick mudstone (Ingersoll 1979). Submarine fans
were sourced by erosion of the Sierran magmatic arc to the east and north east and
prograded westward covering most of the basin floor. From the late Maastrichtian, a
basin high formed along parts of the subduction complex that was locally emergent
(McGuire, ms, 1988a; Mitchell and others, 2010). During the late Maastrichtian –
early Tertiary, the growth of this broad paleobathymetric high, assumed to form by
west-verging thrusting, caused the ponding of the deep-water systems, which began to
prograde southward parallel to the high (Mitchell and others, 2010). This shift coin-
cided with the onset of the deposition of the Moreno Fm, which at outcrop consists of
dominantly slope mudstone deposits and evolves upward into shelfal sandstone and
mudstone (Anderson and Pack, 1915; McGuire, ms, 1988a, 1988b). Based on interpre-
tation of 3D seismic data from the northern part of the San Joaquin Basin, Mitchell
and others (2010) concluded that during the deposition of the Moreno Fm deltaic sys-
tems developed along the western side of the forearc basin. This implies that, west of
the northern area of the San Joaquin Basin, part of the subduction complex was emer-
gent and eroded.

lithostratigraphy

The Panoche Fm is the oldest unit exposed in the study area (figs. 1 and 2) and
overlies the Coast Range Ophiolite (CRO; fig. 1), which consists mostly of gabbro and
basalt of mid-Jurassic age and pelagic limestone and radiolaria-rich chert. In the
Panoche Hills, five major sandstone-rich lithostratigraphic units (S1–S5, figs. 2B and
3, Supplemental Material figs. S1, S2 and S3), interpreted as mid-fan deposits, are
present in the uppermost 1500 m of the Panoche Fm and are termed the Uhalde
Sandstone (Sst) (fig. 2B; Payne, 1962; Bartow and Nilsen, 1990). S1–S5 sandstone-rich
units, typically 40 to 300 m thick, intercalate vertically with 40 to 130 m thick mud-
stone-dominated units (M1–M4, Ingersoll, 1982; Dibblee, 2007a, 2007b; fig. S3),
which in some cases are traced with confidence throughout the study area (figs. 1 and
3). Outcrop mudstone- and sandstone-rich units in the Uhalde Sst correlate with sub-
surface strata in the Great Valley where they cover areas of thousands of square kilo-
metres and form regionally developed seals and basin floor fan systems (Cherven,
1983, Nilsen and Moore 1997; Hosford Scheirer, 2007). Locally, the latter are hydro-
carbon reservoirs (Hosford Scheirer and Magoon, 2007a).
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Fig. 2. A) Schematic cross-section through the northern San Joaquin Basin during the Danian (red
line in the inset in fig. 1). The figure shows the architecture and stacking pattern of the depositional units
that fill the Great Valley forearc basin, the modern location of the San Joaquin Basin (based on outcrop
and seismic interpretation and modified after Mitchell and others, 2010). Most of the Cretaceous strata in
the Panoche Fm were deformed and uplifted along the margin of the obduction complex (Franciscan
Complex), tilted towards the basin axis (eastward) and are overlain and onlapped at the basin margin by
deep-water fans (Uhalde Sst), and later slope and delta-slope deposits (Moreno Fm), which pass upward
into shelfal deposits. These are extensively intruded by PGIC sandstone intrusions along the western side
of the forearc basin. B) Correlation between the lithostratigraphic units in subsurface (Hosford Scheirer,
2007; Mitchell and others, 2010) and at outcrop (Bartow and Nilsen, 1990; this study, dating after Martin,
1964 and revision by Almgren, 1986). Lithological log from Moreno Gulch area (fig. 1), PGIC stratigraphy
is shown: LDZ – Lower Dike Zone, SZ – Sill Zone; UDZ – Upper Dike Zone; Ex – Extrudites; see text for
more detail. C) Mesozoic-Tertiary evolution of the Great Valley forearc basin. The PGIC formed during
the Danian on the western margin of the forearc basin.
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Fig. 3. A) Panoramic view of the PGIC in Moreno Gulch showing the entire injection complex from
the parent units to the sand extrudites (for location see fig. 1; fig. S9). Laterally extensive sandstone-rich
units (S3–S5) are present in the Uhalde Sandstone (Upper Panoche Fm), each of which is overlain by
mudstone (M3, M4), and eventually Dosados Mbr (Moreno Fm) mudstone, in which laterally discontinu-
ous sandstone channels and minor channel-complexes occur. The latter are extensively modified by sand
fluidization and feed the overlying sand injection complex. Note that the deep intrusions (LDZ) are exclu-
sively dikes, which feed both dikes and sills higher in the section. In this location sill occurrence is strati-
graphically restricted to part of the Tierra Loma Mbr (see fig. 2B). Wide (up to 1m), long dikes (up to
500 m) characterize the upper part of the PGIC all of which strike N40–80 (TO, trench orthogonal).
Dikes taper upward and very few dikes terminate as sand extrudites at the base of the Cima Lentil. Key
lithostratigraphic units and their thickness is shown. B) Panoramic view (Capita Canyon) along the re-
gional seal. Note the presence of irregular to well-bedded sandstone units within the M3 regional seal.
The sandstones are interpreted as minor turbidite channels. A 600 m long and up to 6m wide high angle
dike is highlighted in red, which is sourced from the Uhalde S3 unit and transects the entire upper
Uhalde Sandstone before reaching the base of a Dosados Mbr deformed slope channel (for detailed inter-
pretation see figs. S4 and S8).
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Mudstone-rich unit M3 (60–130 m thick) is ubiquitous throughout the PGIC
(figs. 1 and 2B) and is an important regional seal below which hard overpressure
developed prior to sand injection (Vigorito and Hurst, 2010). In Moreno Gulch (figs.
1 and 2B), the M3 mudstone is at the base of the D2 biozone (Martin, 1964; 73.5 Ma
in Hosford Scheirer and Magoon, 2007b) and correlates with the Sawtooth Shale
(Campanian, Payne, 1962) in the subsurface of the San Joaquin Valley (Hosford
Scheirer, 2007; Hosford Scheirer and Magoon, 2007b). M3 is the lowest stratigraphic
unit intruded regularly by sandstone dikes, which are mostly sourced by diverse depo-
sitional sandstones within the S3 (300 m thick, figs. 2B and 3B) and are the deepest
intrusions that are genetically related to the overlying PGIC.

Mudstone-dominated Moreno Fm overlies the Uhalde Sst (Anderson and Pack,
1915; Payne, 1951) and records a transition from a deep marine to a slope–shelfal set-
ting (figs. 2A and B, fig. S1, Payne 1951; McGuire, ms, 1988a, 1988b). Four members
are present, Dosados, Tierra Loma, Marca and Dos Palos. This progressive filling of
the forearc basin is characterized by southward progradation of deltaic deposits
(McGuire, ms, 1988a; Mitchell and others, 2010). Benthic forams are indicative of a
base of slope environment for the Dosados Member (Mbr), and an outer shelf envi-
ronment in the Dos Palos Mbr. In the study area the Dos Palos Mbr includes the Cima
Lentil, a silty sandstone, locally carbonate-rich, unit (fig. 2B; Bartow, 1991, 1996; fig.
S1). The Cima Lentil is interpreted to represent, in parts, the product of sand extrud-
ing at the seafloor during the emplacement of the PGIC (Vigorito and others, 2008;
Vigorito and Hurst, 2010; Blouet and others, 2017), which can be therefore dated to
the Danian (Minisini and Schwartz, 2007). In the study area, the Moreno Fm varies in
thickness between 500 and 700 m, but in subsurface, the Moreno Fm and its equiva-
lents are up to 4500 m thick (Hosford Scheirer, 2007).

outcrop of the panoche giant injection complex (pgic)
At outcrop, the PGIC is up to 1200 m (.1500 m decompacted) thick and present

over an area of .300 km2 (fig, 1; Vigorito and others, 2008). Like other giant injec-
tion complexes the intrusions in the PGIC have tripartite architecture (Vigorito and
Hurst, 2010; Hurst and others, 2011) and the PGIC has the following divisions:

1. lower dike zone (LDZ – thickness ;600 m) - characterised by sparse dikes,
mostly high-angle striking ENE-WSW (N40-80) and subordinately NNW-SSE
(N310-350) (fig. 2B, fig. S1);

2. sill zone (SZ – thickness ;250 m) - characterized by the occurrence of sills and
random-strike oriented dikes (fig. 2B, fig. S1). With rare exceptions, sills are re-
stricted to this interval2;

3. upper dike zone (UDZ - thickness ;350 m) - characterised by dikes that thin
and are less numerous upward with dominant strike-families oriented ENE-
WSW (N40–80) and subordinately NNW-SSE (N310–350) (fig. 2B, fig. S1).

A paleo-seafloor marks the top of the PGIC that in places has lenticular sandstone
bodies (Cima Lentil). Where sandstone occurs, it is interpreted predominantly as
sand extrudites (Vigorito and others, 2008) although there is some evidence of depo-
sitional input (Hurst and others, 2017).

Our statistical analysis (fig. S1) reveals two dominant families of dikes striking
N40–80 and N310–350; with an angle between the 2 families that varies across the
study area between 60 and 80°. The dike families are orthogonal and parallel,

2
Rare sills, generally <1 m aperture, are present deeper in the section and close to the paleo-seafloor

(near the base of the Cima Lentil).
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respectively to the paleo-forearc trench (see Nilsen, 1987; Bartow, 1991) and hence-
forth referred to as trench orthogonal (TO) and trench parallel (TP). Previous stud-
ies on dike orientation (Smyers and Peterson, 1971; Weberling, ms, 2002 and Vétel
and Cartwright, 2010) are restricted mostly to the Moreno Fm and to limited transects
of the PGIC outcrop. Smyers and Peterson (1971) and Weberling, (ms, 2002) have
results that are consistent with our observations, whereas Vétel and Cartwright (2010)
is at variance because they argue for a general random distribution of dike strike de-
spite their data showing the dominance of the N40-80 trend (see fig. 3B in Vétel and
Cartwright, 2010).

Comparison of the PGIC with other outcrop of injection complexes (Parize,
1988; Jolly and others, 1998: Diggs, 2007; Parize and others, 2007; Surlyk and others,
2007; Scott and others, 2009; Hurst and others, 2011 and references therein; Monnier
and others, 2015; Cobain and others, 2015; Zvirtes and others, 2021) and subsurface
examples (Dixon and others, 1995; Duranti and others, 2002; Van Rensbergen and
others, 2003; Duranti and Hurst, 2004; Huuse and Mickelson, 2004; Huuse and
others, 2004, Cartwright and Huuse, 2005; Hurst and Cartwright, 2007) shows that key
architectural elements for injection complexes are:

1. parent units
2. host strata with seals
3. sandstone intrusions
4. sandstone extrusions.

Parent Units
Parent units are identified as sandstone from and within which sand was fluidised

and injected into hydrofractures thereby forming sandstone intrusions. Sandstone S3
in the Uhalde Sst is the base of the PGIC (Vigorito and Hurst, 2010). Other parent
units occur shallower in the section, mostly within the LDZ and in a stratigraphic
interval 600 to 800 m thick, including the upper part of the Uhalde Sst and Dosados
and Tierra Loma mbrs (figs. 2B and 3; figs. S1 and S3).

Uhalde sandstone.— Parent units in the Uhalde Sst consist of three sandstone-rich
units (S3, S4 and S5), each 40–300 m thick and comprising multiple, laterally and ver-
tically offset to partially amalgamated, high width:height sandstone-prone mid-fan
channel complexes (w = 500–2500 m, h = 10–50 m, fig. 2B, fig. S3; table 1; McGuire,
ms, 1988a) associated with overbank deposits dominated by interbedded, thin sand-
stone, siltstone and mudstone (table 1 and fig. S3B; Ingersoll, ms, 1976; McGuire, ms,
1988a; Stanzione and others, 2008). N:G in the Uhalde Sst increases gradually to the
south, reaching a maximum in the Tumey Gulch area (fig 1). Evidence for de-water-
ing is at bedset scale (figs. 4A, 4B, and 5) and although laterally and vertically discon-
tinuous, it is pervasive throughout the study area and within each sandstone unit,
transecting stratigraphic intervals from several metres up to .100 m (figs. S4 and S5).
Widespread disruption of major-order bedding surfaces and primary lamination is
common, and minor bedding surfaces are typically absent, inferred to be obliterated,
or intensely deformed (figs. S4 and S5). Some pristine lamination is occasionally pre-
served in the finest-grained units. Sections of individual sandstone units 100–400 m
wide, are mostly structureless and grade laterally or pass abruptly into isolated or
more continuous sandstone with abundant dewatering structures and/or, pristine or
slightly deformed primary depositional structures (figs. 4A, 4B, and 5; figs. S4 and S5;
table 1).

Sparse, elongate (.100 m long) and wide (.1 m) aperture high-angle dikes cut
the sequence, intruding units of mudstone and sandstone (figs. 3B). Minor isolated
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TABLE 1

Characteristics of the main sandstone architectural elements occurring in the PGIC with
criteria for distinguishing between parent units deformed by sand fluidization and injection,

sandstone intrusions and sand extrudites

Element Geometry Sedimentary Structures Petrography
Channel 

Complexes
(Uhalde Sst)

4-10 km wide and up to 

50 m thick mid-fan 

channel complexes 

associated with 

overbank fine-sand and 

silt-dominated deposits. 

Channel complexes are 

amalgamated or partly 

amalgamated and form 

tabular sandstone-

dominated units (S1-S5) 

up to 300 m thick and 

continuous at outcrop 

for at least 25 km. In the 

subsurface the 

sandstones correlate 

with laterally extensive 

fan systems.

Sandstones are generally structureless or 

deformed by liquefaction and fluidization. 

Fluid escape structures are locally abundant. 

Deformation generally occurs at bedset-scale 

and locally extends through the entire 

stratigraphic thickness of individual Uhalde 

Sst units (often >100m). Major bedding 

surfaces are typically preserved 

discontinuously and primary lamination and/or 

minor bedding surfaces are generally intensely 

deformed or obliterated. In finer-grained units 

pristine lamination is preserved.

Where pristine, channel-fills are characterised 

by multiple erosional surfaces, sets of 

compensating bedforms and locally by pebble-

rich channel lags. Parallel and dune-scale cross 

bedding is common. 

Sandstone is commonly 

medium and medium-

fine grained and locally 

calcite cemented. 

Where fluid escape 

structures occur grains 

are more tightly 

packed. Little clay or 

mudstone clasts are 

present. Microfractured 

quartz is rare and 

mudstone clasts with 

embedded sand grains 

are absent.

Laminae rich in debris 

eroded from the host-

strata are locally 

present along upper 

margins of sandstone 

units.

Slope 
Channels
(Dosados 

and Tierra 
Loma Mbrs)

Individual channels and 

minor channel 

complexes 100-2500 m 

wide and a few meters to 

40 m thick, which are 

isolated or partly 

amalgamated. 

Predominantly structureless. Conglomerate 

lags are occasionally present and contain clasts 

of metagreywacke, radiolaria-rich chert, and 

basalt. Bedding, lamination, and pristine 

depositional structures are rarely preserved 

(generally in the finer-grained units) and grade 

into deformed or structureless sandstone. 

Laterally discontinuous, lamination and 

dewatering structures are common. 

As above.

Sills Intrusive sandstone with 

slight discordance 

(<10°) to bedding.

Stepping and branching 

are common and 

diagnostic. Splitting of 

sills into multiple 

segments that re-join 

laterally over distances 

of a few decimetres to a 

few 100’s m. Overall 

saucer-shape geometry 

prevails.

Irregular and discontinuous (up to a few 10’s 

metres) parallel- to cross-lamination and 

banding, generally sub-parallel to intrusion 

margins. Both banding and lamination are 

caused by grain segregation, concentration of 

clasts of host-strata or heavy minerals, and 

changes in the grain fabric and packing.  Dish 

structures, consolidation laminae and pipes are 

locally common. Clasts (generally granule- to 

pebble-sized) and rafts (a few m to a few 100’s 

m in width) of the mudstone host-strata occur. 

Concentrations of clasts along margins form 

pods of injection breccia. Elongate clasts are 

commonly oriented parallel to intrusion 

margins and locally imbricated. Flow-marks 

on intrusion margins are locally preserved. 

Normal and inverse (less commonly) grading 

are observed.

The margins of all 

intrusions enriched in 

sand- to mud-sized 

debris and clay matrix 

eroded from the host-

strata. Mudstone-clasts 

with embedded sand 

grains are abundant. 

Microfractured quartz 

grains are diagnostic 

features of sandstone 

intrusions. 

Dikes Discordant intrusive 

units with angles to 

bedding >10°. Semi-

ellipsoidal 3D geometry 

is typical over a range of 

scales (1-100’s m).

As above As above

740 M. Vigorito and others—A giant sand injection complex: Processes and



sandstone-filled channels (5–15 m thick) are present within the M3 regional seal (figs.
2B, 3B and 4D). These channels are structureless or intensely deformed (fig. 4D).
Occasional high-angle, and rare low-angle dikes propagate laterally from the margins
of some isolated channels forming wing-like intrusions, demonstrable evidence that
the channels are parent units for sandstone intrusions (fig. S6; Duranti and others,
2002; Huuse and others, 2004; Jackson, 2007).

An exceptional record of large-scale de-watering of the Uhalde Sst S5 (.70 m
thick) is preserved in Silver Creek (fig. 5). Here, medium to medium-fine sandstone
(typically .5 m thick) grade laterally and/or vertically from structureless to internally
deformed with decimetre to a few meters-scale dewatering structures including pipes,
convolute and oversteepened lamination, and pillars. A patchwork of low relief
(<0.4 m high and 1m across) scallops (sensu Hurst and others, 2005) is locally present
at the top of de-watered sandstone (fig. 5B). Intervening mudstone and interbedded
mudstone and siltstone units (up to 4 m thick) are either intensely fractured and
intruded by multiple high- to low-angle dikes and rare small sills (less than 1 m long
and 0.1 m in aperture; figs. 5C and F), or locally pristine with ripple lamination and
scours preserved in the siltstone and fine sandstone. Coarser sandstone beds (0.1 to
0.3 m thick) are variably structureless or internally deformed with local evidence of
upward erosion of the overburden during sand fluidization (Hurst and others, 2011).
Thinner competent mudstone and interbedded mudstone and siltstone units (typi-
cally <1m thick) are frequently brecciated or reduced to rafts within otherwise heavily
deformed or structureless sandstone. Sets of normal faults strike NNW-SSE and detach
on the top of sandstone heavily deformed by de-watering (figs. 5E and F). The hang-
ing wall of the faults is a medium to medium to fine grained sandstone (.40 m thick),
in which structureless facies predominate, but with local preservation of convolute
bedding and lamination, pipes and pillars, as well as mudstone clasts. Large linear
structures, up to 3m in aperture are present, striking NW-SE and oblique to approxi-
mately perpendicular to bedding, which resemble the lower sections of large dikes
(fig. 5A; see fig. 8 in Hurst and others, 2003b).

Depositional sandstone in strata overlying the Uhalde S3 in the Uhalde Sst,
Dosados Mbr and Tierra Loma Mbr are associated with sandstone intrusions that orig-
inate from, crosscut, terminate at their bases, or within them (fig. 3 and figs. S6, S7
and S8). In all cases the depositional sandstone has some degree of internal, and

TABLE 1

(continued)

Element Geometry Sedimentary Structures Petrography

Extrusions Mounded to tabular-

bedded sandstone 

characterised by the 

presence of vents and 

sand volcanoes. Clastic 

dikes terminate at the 

base of the extrusion, 

which is locally irregular 

with sand-filled 

pockmarks. Sandstone 

extrudites pass laterally 

into dominantly 

carbonate seeps where 

dikes terminate a few 

metres below the 

paleoseafloor.

Sub-vertical vent fills, soft sediment 

deformation and bioturbation . Autochthonous 

chemosynthetic fauna are locally abundant and 

very abundant where sand is sparse. Internal 

structures are poorly preserved unless 

cemented. Current ripples and probable 

hummocky stratification are locally preserved 

and indicative of reworking on the 

paleoseafloor.

Petrographically identical 

to the sandstone intrusions 

and characterised by the 

presence of abundant 

sand-sized mudstone 

clasts with embedded 

quartz grains and 

intensely microfractured 

sand grains. Early 

diagenetic calcite cement 

is common.
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locally external, deformation associated spatially with intrusions (figs. 4A to C, and 6;
figs. S4, S5 and S8). In general: 1) small volume depositional sandstones (generally
<5 m thick and 10’s to a few 100’s m wide) are more intensely deformed than larger
sandstones (fig. 4D); 2) the areal extent and the intensity of deformation is propor-
tional to the aperture and length of the intrusion. Depositional sandstone from which

Fig. 4. A) Partly preserved Uhalde S4 turbidites passing abruptly, both laterally and vertically into
structureless sandstone with patches of cemented sandstone preserving deformed bedding and lamina-
tion. B) A section of the Uhalde S4 exhibiting remains of original bedding (continuous lines) together
with surfaces (dashed lines), oriented steep to bedding, interpreted as banding formed by large scale dew-
atering during sand injection (see fig. S4). C) An anticlinal structure in a depositional sandstone immedi-
ately adjacent to the dike in fig. 3B (see fig. S4 for detail). The base and the core of the anticline is
structureless medium sand. The outer envelope is deformed laminated and stratified fine sandstone. The
anticline formed when fluidized medium sandstone moved upward, dragging and deforming overlying
finer sandstone that was a transient seal (person = 2 m tall). D) Isolated and largely deformed channel
unit within the regional seal (Uhalde M3), north of Dosados Canyon. Note the irregular top (multiple
scallops). E) Hydrofracture Belt (Tierra Loma Mbr) - the lower part of the Sill Zone (south Capita
Canyon). Intensely hydrofractured mudstone with very abundant cm-scale sandstone dikes. Most of the
hydrofractures are not filled with sand and some contain minor gypsum mineralization or predominantly
minor unidentified oxide mineralization. F) Intensely injected and brecciated mudstone (to the right of
the hammer) passes abruptly into mudstone alternating with thin-bedded sandstone and siltstone, which
are less intensely sand injected (to the left of hammer). Location is shown in fig. 8A, Sill Zone - Tumey
Gulch.
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dikes emanate are structureless proximal to the point of emanation, whereas areas
more distal from dikes often preserve pristine sedimentary structures (fig. S4).
Structureless sandstone is spatially and volumetrically limited (figs. S4 and S5) but
deformation, including convolute bedding, pipes and pillars, dish structures and con-
solidation laminae are very common (figs. 4A and 5). Often the only structures pre-
served are high angle to vertical banding and pillars (fig. 4B).

Where crosscut by large aperture dikes, depositional sandstone adjacent to the
dikes has evidence of intense internal deformation and common structureless units
(fig. S4). Away from the dikes, small areas of diverse facies characterised by different
styles of deformation occur without obvious organisation or relationship to sedimen-
tary facies or lithology (fig. S4; Stanzione and others, 2008). Anticlinal structures up
to 3 m high and up to a few 10’s m wide occur where depositional sandstone is most
deformed and crosscut by large dikes (fig. 4C; fig. S4). Core areas of the anticlinal
structures are medium-grained sandstone with vertical banding, large pillars and dish

Fig. 5. A) Cross section through the lower and medial portion of the Uhalde S5 Unit (units to the left
are stratigraphically younger, Silver Creek, fig. 1) showing the alternation of deformed to amalgamated
thick medium-grained sandstone, thin bedded intercalated sandstone and mudstone, and mudstone.
White arrows indicate the margins (characterized by high angle banding) of what is interpreted as the
base of a high-angle dike. B) Shallow scallops (h <0.4 m, viewed from above) at the top of an intensely
deformed bed. Black arrows indicate the presence of circular features interpreted as cross-sections of
pipes. C) Mudstone intruded by sandstone dikes; D) Deformed sandstone (approx. 5m thick) with perva-
sive dewatering features including convolution and flames (up to 1.5 m high). E) Syn-injection faults
(dashed lines) at the base of a 30–40 m thick depositional sandstone in which depositional structures are
largely obliterated by sand fluidization. Formerly discrete beds are amalgamated by sand fluidization. Syn-
injection faults (when back-rotated striking N320/45) are trench parallel and dip landward. Faults detach
on the top of the intensely deformed unit depicted in D, which confirms genetic relationships between
faulting, pervasive dewatering and sand fluidization. F) Summary log through the section in A showing
locations of figures B to E.
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structures, surrounded by fine-grained sandstone, typically with internal lamination
(fig. 4C).

Interpretation.—Our investigation shows that the mid-fan channel complexes in
the Uhalde Sst (Ingersoll, 1979; McGuire, 1988b; Bartow, 1996) are dominantly
deformed by water escape over an outcrop area of at least 100 km2 and a total strati-
graphic section in excess of 600 m, a scale not previously documented. Evidence of
fluid escape is common in deep-water clastic strata, with diverse liquefaction struc-
tures developing when associated with syn-depositional or early post-depositional dew-
atering of gravitationally driven flows (Lowe and Lopiccolo, 1974; Lowe, 1975).
Structures related to or following the deposition of gravity flows generally form within
individual beds and are frequently associated at the base of beds with structures such
as flames, rip-up clasts, load structures and sole marks. The tops of beds are often

Fig. 6. A) An intensely deformed turbidite channel sandstone with a prominent wing on the left mar-
gin and a 3–4m wide low-angle dike emanating from the top of the channel. The latter feeds large sills
(.100 m long and 5 m thick) and dikes (.500 m long) 50 to 70 m shallower in the section (see fig. 3A).
Pristine bedding is preserved locally at the base of the channel and on the left margin, where the channel
grades into thin-bedded overbank deposits (Dosados Mbr, Moreno Gulch; the picture is back-rotated to
show the original geometry. B) Sill Zone of the PGIC exposed in Tumey Gulch (see fig. 1) dominated by
sills and low-angle dikes. Sills intercalate with thicker (up to 20m) mostly structureless and deformed dep-
ositional sandstone. Pristine ripples and cross stratification are preserved locally (figs. 7D–E), confirming
a modified depositional origin.
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truncated by erosion (Lowe, 1975, 1982). This is not the case in the Uhalde Sst in
which liquefaction is persistent vertically at bedset scale up to ;100 m (fig. S4) and
laterally, and is genetically associated with sand injection (figs. 3B and 5). Upper mar-
gins of sandstone units locally erode into the overburden.

During liquefaction, the overburden stress is transferred from the granular
framework to the pore fluid (Allen, 1982 and references therein), which locally and
momentarily attains pore-fluid pressure in excess of the fracture gradient initiating
hydrofracturing and sand injection into a top seal (Obermeier, 1996; Rodríguez-
Pascua, 2015; Tuttle and others 2019). Hydrofracturing and sand injection are associ-
ated with intra-stratal transfer and loss in the overburden (via hydrofractures) of pore
fluid and secondarily sand, and cause changes in the geometry of the original sand-
stone (for example, local subsidence) and a drop in the fluid pressure. Portions of the
overburden no longer supported by the grain framework nor by the fluid pressure in
the underlying units, collapse into the liquefied sandstone and become deformed
themselves. If the overburden is competent (for example, mudstone or consolidated
or lithified siltstone), the collapse of the overburden results in normal faulting and/
or, detachment of rafts and clasts (up to brecciation) from the roof of the liquefied
sandstone (fig. 5D). Where the overburden is sandstone-rich the liquefaction of the
underlying units promotes the collapse of the grain framework and induces liquefac-
tion in the overburden. Normal faults detaching on the top of fluidized units and
with their hanging walls in fluidized sandstone record evidence of this process (figs.
5A, E and F). In each sandstone-rich unit, liquefaction of the basal strata initiates a
chain of events: 1) grain fabric collapse associated with liquefaction, 2) soft-sedimen-
tary deformation of internal structures, and 3) obliteration of sedimentary structures
associated with sand fluidization, local hydrofracturing and sand injection. These
events repeat and propagate upward, causing progressive modification and oblitera-
tion of bedding surfaces and internal structures as deformation increases and individ-
ual beds merge to form internally and externally deformed sandstone units in excess
of several 10’s m thick. Upward transfer of overpressured fluid through hydrofractures
likely contributes to reduction of the effective stress in overlying sandstone, thus
increasing their propensity to liquefy.

Large-scale liquefaction and associated soft sediment deformation are often ge-
netically associated with seismicity (Obermeier, 1996; Montenat and others, 2007;
Moretti and Ronchi 2011) and subordinately other triggers (Owen and others, 2011;
Shanmugam, 2016, and references therein). According to engineering studies (Seed,
1968; Seed and Idriss, 1971) that focus mainly on the very shallow overburden and
hence, well-drained, non-overpressured sediment, large scale liquefaction is restricted
to the first c. 30–60 m of burial. This is because the resisting forces to liquefaction are
the confining stress and the rock stiffness (due to consolidation and lithification),
which both increase with burial (Seed 1968; Allen, 1982). However, poorly consoli-
dated to unconsolidated sandy sediment is routinely encountered in boreholes (for
example, many Tertiary reservoirs in the North Sea, Ahmadi and others, 2003) to
depths exceeding 2000 m where it creates challenges with control of borehole integ-
rity, local subsidence and sand production (Mahmud and others, 2020). In addition,
effective stress decreases proportionally with an increase of pore fluid pressure
(Terzaghi, 1925) such that the effective stress tends to zero as pore fluid pressure
approaches the overburden stress. It follows that with an increase of pore fluid pres-
sure, a loose sediment becomes more prone to liquefaction independent of burial
depth (Stewart and Knox, 1995; Allen, 1982 and references therein). In the Uhalde
Sst, liquefaction is genetically associated with hydrofracturing of overlying thick mud-
stone units and sandstone intrusions (fig. 3B; figs. S4, S5, S6 and S8). Individual intru-
sions extend into the overburden for stratigraphic thicknesses of up to 600 m (fig. 3B;
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fig. S8) and thus record the deposition of .600 m of mixed sedimentary facies prior
to liquefaction, but if a single injection event is assumed for the PGIC (Vigorito and
others, 2008; Vétel and Cartwright, 2010; Vigorito and Hurst, 2010), it is probable
that liquefaction in the Uhalde Sst occurred between 1 and 1.8 km, the burial range
for Uhalde Sst below paleo-seafloor. Large-scale liquefaction in similar conditions is
not previously recorded, and the evidence herein shows that, under specific but not
uncommon geological circumstances (for example, elevated overpressure), liquefac-
tion occurs and may be widespread even at burial depths more than an order of mag-
nitude deeper than previously considered.

Where dikes intrude into depositional sandstone, evidence for local pressure-
driven fluid invasion is recorded by total loss of sedimentary structures or intense de-
formation, close to the dike walls, which abruptly pass or grade into pristine sandstone
beds away from dike over distances of 10s to 100s of metres. Formation of small anticli-
nal structures (fig. 4C) occurs where less permeable, more competent fine-sandstone
was dragged upward and folded during the emplacement of fluidized medium-
grained sand concomitant with liquefaction, sand evacuation and consequent subsi-
dence on the flanks of the structure. Sandstone intrusions in the Uhalde Sst are sparse
and negligible in volume (N:G injectites <1%, see: Lower Dike Zone) however, the ubiq-
uitous presence of dewatering features associated with the intrusions suggests that
large volumes of fluid were expelled from the Uhalde Sst during liquefaction thus sig-
nificantly contributing to the fluid budget for sand injection.

Moreno Fm - Dosados-Tierra Loma Members
In the northern area of the Panoche Hills, a few tens of meters thick mudstone in

which rare dikes occur, forms the base of the Dosados Mbr, the lowermost section of
the Moreno Fm (fig. 2B, figs S3B, S6 to S10). Vertically and laterally offset, or partially
amalgamated, channelized turbiditic sandstone and minor channel complexes overlie
the mudstone (McGuire, ms, 1988a; figs. 2B, 3 and 6; table 1; fig. S3). Sandstone in
the Dosados and Tierra Loma mbrs is intensely deformed and structureless sandstone
prevails. Deformation of the external geometry and internal structures is often so per-
vasive that detailed characteristics of the channelized origin are elusive (figs. 6, 7A,
7D, and 8A).

Wing structures develop where dikes depart from the margins of depositional
units (figs. 6A and 8B). Where structureless, the tops of depositional sandstone units
are enriched in sand- to granule-size clasts of host strata mudstone. Convex-upward
erosion surfaces (scallops sensu Hurst and others, 2005) occur along the upper mar-
gins of single beds and of thicker, bedset scale units (fig. 7A). Scallops erode up to 10
m into the overburden but typically have 1 to 4 m relief. They form sharp contacts
between intrusions and host strata with no significant deformation of either (fig. 7A).
Where outcrop is laterally continuous, several scallops occur along the upper margin
of parent units (fig. 7A). Dikes commonly emanate from the top or sides of scallops
(figs. 7A and 8B). Irregular, sometimes concave-upward depressions are present prox-
imal to scallops or dikes that emanate from the upper margins of depositional units
(fig. 7A). Single sandstone beds (typically <1 m thick) may have irregular, mounded
upper margins that in 2D appear diapir-like but in 3D are probably short linear dikes
(figs. 7B and C). Overlying host-strata is down-faulted, deformed and rotated along
the flanks of the mounded margins from which small-scale intrusions emanate (figs.
7B and C). Some channels in the Dosados-Tierra Loma Sst are faulted with displace-
ments up to 10 m (fig. 8A). Generally, faults are injected with sand, locally forming up
to 2 m wide dikes (fig. 8A) and are indicative of fault movement before or during
sand injection. Most faults strike N310-350 and dip eastward, however some strike
N40-80 as reported earlier (Palladino and others, 2018).
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Interpretation.— Intense deformation of internal structures in sandstone, includ-
ing obliteration and partial obliteration of primary sedimentary structures is attributed
to sand fluidization and injection. Bedding surfaces are rarely preserved, giving an

Fig. 7. A) An up to 10 m thick slope channel, extensively modified and deformed by sand remobiliza-
tion forming the uppermost parent unit in Tumey Gulch. High and low angle dikes depart from the top,
which is an irregular margin formed by scallops that document erosion of overburden diagnostic of sand
fluidization and injection. The most prominent scallop (S - see also fig. 8B) has a relief of about 5 m with
two dikes (D2 and D3 departing from the top). It is separated from the next scallop (to the left) by a shal-
low depression with an additional dike (D1) departing from the center (see also fig. 8B). B) Thin bedded
turbidites at the base of a slope channel (Dosados Mbr). Beds are locally deformed, have an irregular top
and exhibit evidence for liquefaction and fluidization. C) Detail of B; deformed sandstone with an irregu-
lar top and structures resembling small diapirs with shallow overhangs, these are short dikes in 3D.
Fractured host-strata is intruded and locally brecciated. Minor listric faults with decollement developed at
the top of the deformed sandstone (black arrow) to accommodate a sinking body of host-strata into the
underlying liquefied sand. Thin low-angle dikes depart from the top of the scallops (white arrow). D)
Original cross-bedding locally preserved in a slope channel deformed by sand remobilization. The latter
corresponds to the uppermost modified depositional unit in fig. 6B. E) 0.75 m wide dike (left side) cut-
ting through thin-bedded and laminated overbank deposits at the base of the deformed channel in (A).
Large mudstone and siltstone clasts are present and, where elongate, are oriented parallel to the dike
wall. Cm-scale sills depart laterally from the dike and intrude along bedding between laminated fine sand-
stone and silty mudstone.
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amalgamated appearance. Sandstone intrusions emanating from the upper and lateral
margins are common (figs. 6, 7A, and 8B; figs. S3A, S3B, S6, S9 and S11). Dikes are
traced up to 700 m through the overlying mudstone, transecting the sill zone (SZ),
continuing into the upper dike zone (UDZ), and finally reaching the paleo seafloor
(Vigorito and Hurst, 2010). This is direct physical evidence that the Dosados Mbr is
the main parent unit for sand injected into the PGIC, a relationship confirmed inde-
pendently by mineral provenance (Hurst and others, 2017).

Occasional depressions and concave-upward surfaces near dikes that emanate
from the upper margins of parent units are evidence of sand evacuation into the in-
trusive network (figs. 7A to C, and 8B). Some, often extreme, modification of the
external geometry of parent units is caused by the combination of sand evacuation,
disaggregation of the overburden margin by hydrofracturing and gravitational col-
lapse into liquefied or fluidized sandstone, and further modification by erosion
caused by turbulence in fluidized and injected sand-water mixtures (figs. 5, 7A, and
8A). Similar erosion formed scallops along the upper margins of parent units (figs. 7A
to C), which confirms a turbulent flow regime and is diagnostic of sand fluidization
and injection (Duranti and Hurst, 2004; Hurst and others, 2005; Scott and others,
2009; Hurst and others, 2011). The combination of hydrofracturing and erosion that
forms scallops increases the proportion of sand- to granule-size mudstone clasts within
them (Scott and others, 2009, table 1). Enrichment in mudstone-clasts and mud

Fig. 8. A) Dosados-Tierra Loma Mbr - Tumey Gulch (fig. S11); base of a 10–15 m thick channel with
discontinuous relics of original bedding (black dotted lines) in otherwise structureless sandstone. A 2 m
wide dike is emplaced along a fault striking N150 (trench parallel, TP, white dashed line) that displaces
the base of the channel (white arrows). Note the irregular intrusions in the mudstone below the channel;
the box at the far right is the location of injection breccia in fig. 4F. B) Dike swarms with overall saucer ge-
ometry emanate from the top of the intensely-modified channel sandstone. The latter has a convex-
upward, scalloped top (fig. 7A); a minor wing-like injection departs from the top of the unit. The low-
angle dikes form a composite saucer-shaped intrusion. The insert shows an approximately plan view sec-
tion of the same outcrop, note orientation of the intrusions. Low-angle dikes are arranged concentrically
around a focal point toward which they dip. The focal point is the top of the deformed slope channel,
which is the parent of the saucer-shaped intrusion. See fig. 7 for detail about the scallop S and dikes D1
to D3.
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matrix, occur almost exclusively adjacent to the upper margins of parent units,
whereas in sills similar concentrations occur near upper and lower margins, and along
layers within them (see Sill Zone). Near the base of parent units, collapse of the grain
fabric suppresses erosion because of insignificant particle movement. By contrast,
near the top of parent units, sand-laden fluidized flow eroded the overburden. In sills,
fluidized sand flows and erodes along both the basal and upper surfaces (the fracture
margins), forming laminae enriched in host-strata clasts adjacent to both margins, the
identification of which are criteria for distinguishing parent units from sills.

Sand injected along normal fault planes accommodates the deformation caused
by the evacuation of both sand and fluid from parent units, either by reactivation of
pre-existing faults or syn-injection faulting. Fault orientation is most commonly N310-
350 (TP) and subordinately N40-80 (TO) and is indicative of the regional tectonically-
controlled stress regime, which will be discussed later.

Mudstone Host-Strata and Seals
Mudstone is the predominant host strata for sandstone intrusions in the PGIC.

M3 is the thickest mudstone (fig. 3, figs. S1 and S2), and its subsurface equivalent is
the regionally developed Sawtooth Shale present throughout most of the San Joaquin
Basin (Hosford Scheirer and Magoon, 2007a, 2007b). Smectite dominates the clay
mineralogy of mudstone outcrop from the Uhalde Sst (Scott, ms, 2009), which is
locally enriched in organic matter (Hosford Scheirer and Magoon, 2007a). In the sub-
surface of the Sacramento Basin, the stratigraphic equivalent mudstone is illite domi-
nated (Strongin 1981; Mertz, 1988; Smith and Berry, 1988; Imperato and Nilsen,
1990).

Smectite is the dominant clay mineral also in the Moreno Fm mudstone (Ramseyer
and Boles, 1986; Lewan and others, 2014; Hurst and others, 2021c), which is locally or-
ganic-rich, for example, in the Tierra Loma Mbr (McGuire, ms, 1988a; Fonseca-Rivera,
ms, 1997; Hosford Scheirer, 2007), diatomaceous in the Marca Mbr, and slightly more
kaolinitic upward throughout the Dos Palos Mbr (Hurst and others, 2021b). Most of the
PGIC sandstone intrusions are hosted by the Moreno Fm (.90%; fig 2; figs. S1, S2 and
S12; Vigorito and others, 2008; Vigorito and Hurst, 2010), which is locally intensely
hydrofractured (for example, in Tierra Loma Mbr), however .95% have no sand fill
(figs. 4E and F). There is localised evidence for injection into depositional sandstone
and siltstone (figs. 3B, 7E, 8A, 9C; fig. S4) as well as in the unconsolidated mud that was
present at and immediately below the seafloor at the time of injection.

Interpretation.—Mudstone in the Uhalde Sst is a basin-floor deposit formed dur-
ing transgressive events when the forearc basin was starved of sand. In this perspective,
the M3 and its subsurface equivalent the Sawtooth Shale, form a basin-wide con-
densed section that records a major transgressive event at ;73 Ma (Nilsen and
Moore, 1997; Hosford Scheirer and Magoon, 2007a). Mudstone in the Moreno Fm is
dominantly a slope deposit that records the southward progradation of late
Cretaceous to early Paleocene deltaic systems (Cherven, 1983; McGuire, ms, 1988a,
1988b).

The smectite-rich mineralogy of the mudstone, suggests that these are mostly
weathering products of volcanic ash derived from the paleo-Sierra Nevada and that, in
the outcrop area, burial temperature never reached 60 °C. In similar strata elsewhere
burial temperature exceeded 100 °C, such as in deep areas of the Sacramento Basin,
where illite prevails (Mertz, 1988; Smith and Berry, 1988; Imperato and Nilsen, 1990).
Above 60 °C thermally driven decomposition of smectite occurs with concurrent
growth of illite (Nadeau, 2011). Analogous burial and temperature conditions existed
over large areas of the San Joaquin Basin during the final phases of deposition of the
Moreno Fm (Hosford Scheirer, 2007; Peters and others, 2008).
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Paucity of intrusions and the very small volume of injected sand in the Uhalde Sst
(<1% of the entire PGIC), suggest that prior to formation of the PGIC, limited over-
pressure above the fracture gradient was present in S3, below the regional seal M3.
Prior to sand injection and higher in the section in S4 and S5, pore fluid pressure
was below the fracture gradient although likely above hydrostatic (see section:
Hydrofracturing and Vertical Fluid Pressure Evolution During Sand Injection).

Above the M3 regional seal, sand intruded mudstone and subordinately sand-
stone and siltstone in the Uhalde Sst and Moreno Fm, which were transient seals
(Deming, 1994) that failed in tension and locally in shear (Vétel and Cartwright,
2010) as they were unable to transmit migrating pore fluid at rates equivalent to the
fluid influx. Most of the rapid fluid influx was transmitted by major dikes that con-
nected the regionally overpressured aquifer in the Uhalde Sst S3 and its subsurface
equivalent (Vigorito and Hurst; 2010). While accepting that all seals leak, the tran-
sient seal concept has specific relevance to the intense hydrofracturing that occurred
at between ;600 to 800 m burial in the poorly consolidated Moreno Fm, where frac-
tures propagated very rapidly (figs. 4E and F and 7E). Organisation of sandstone
intrusions in the PGIC records evolution of pore-fluid pressure relative to the litho-
static gradient (rv) with pressure in the hydrofractures exceeding the fracture gradi-
ent below the SZ (dike formation in LDZ), pervasive supra-lithostatic pressure in the
SZ (intense hydrofracturing, sill and dike formation), and return to sub-lithostatic
pressure in the UDZ (Vigorito and Hurst, 2010). Complete breaching of the Moreno
Fm seal was achieved when dikes reached the paleo-seafloor (Vigorito and Hurst,
2010).

Sandstone Intrusions
Sandstone intrusions are sand-filled hydrofractures and are here classified as: 1)

sills, close to bed-concordant intrusions (<10° to bedding) and 2) dikes, bed-discord-
ant intrusions (.10°; tables 1 and 2). Intrusion margins are generally sharp though
irregularities such as flow-marks and evidence for modification by erosion are locally
common (Scott, ms, 2009; Hurst and others, 2011). Internally, sandstone intrusions
can be structureless, or display varied suits and associations of internal structures,
microstructures and grain fabrics (tables 1 and 2; Scott, ms, 2009; Hurst and others,
2011; Scott and others, 2013). Orientation of the intrusions is important when deter-
mining the in situ stress at the time of injection (discussed in the Distribution and trend
of sandstone intrusions), whereas internal structures provide insights on the mechanical,
hydrodynamic and sedimentary processes during emplacement of sandstone intru-
sions, which is the focus of the Injected Flows: Characteristics, Fluid Dynamic Behaviour and
Sedimentary Record.

Lower Dike Zone (LDZ).— The LDZ is the lowest part of the PGIC and extends
upward for 400–600 m from the base of the regional seal (M3) to the base of the SZ in
the Tierra Loma Mbr (fig. 2; Fig. S1).3 It includes most of the depositional parent
units (from Uhalde S3 to the lower portion of Tierra Loma Mbr; fig. 2). In the deep-
est part of the LDZ intrusions are sparse high-angle dikes, generally .70° to bedding.
Dikes become progressively more common higher in the LDZ between the Uhalde Sst
S3 and S5, and some terminate at the base of the Dosados Mbr (figs. S2, S6 and S8).

Dikes in the Uhalde Sst include some of the widest aperture (;6 m) and longest
(;700 m) present in the PGIC (fig. 3B; figs. S4 and S8). Typically, dikes transect

3
One, exceptionally long, high angle dike (1250 m in outcrop length and .1 m aperture), is mapped

west of Right Angle Canyon. It cross cuts the entire lower Uhalde (S1 to M2) and terminates at the base of
the S3 unit (fig. S2). Given the sporadic occurrence of dikes deeper than the S3 unit and discontinuity of
exposure, any genetic relationship with intrusions above in the section cannot be proved.
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multiple stacked depositional units (up to 100 m thick) and mostly are high angle and
belong to the TO and subordinately TP trends. Among the high angle dikes only TO
dikes are longer than 80 m. This dike-strike distribution pattern is consistent through-
out the study area, but dikes are not as numerous as in the Moreno Fm. Dikes in the

TABLE 2

Geometry and internal structures in the main geometric elements of the sand injection com-
plex, the pore pressure at which they formed, and other factors that influenced their

emplacement

Intrusive 
element

Description Associated features Interpretation

Staggered 
sills

Composite intrusions of 

multiple 1-10 m long and 

typically <1m thick sill 

segments that are laterally 

and vertically offset and 

separated by short (typically 

<5 m) dikes. 

Found in close association 

with randomly-oriented dikes 

and intensely hydrofractured 

host strata including narrow 

(<5 mm) sandstone dikes, 

gypsum veins and open 

fractures characteristic of the 

hydrofractured belt.

Staggered sills and their 

associated features were 

emplaced when fluid pressure 

in the injected flows was 

supralithostatic and exceeded 

the overburden stress. A high 

density of fractures in the 

hydrofractured belt compared 

with adjacent strata is 

indicative of formation when 

the pressure difference 

between injected fluids and 

lithostatic pressure was at its 

maximum.

Stepped Sills Laterally continuous (10-

100’s m), and up to 12 m 

thick, characterised by 

multiple steps, and locally 

by erosional upper margins 

(scallops sensu Hurst and 

others, 2005). Overall wing 

geometry is common.

Typify intervals immediately 

above the hydrofractured belt 

and associated with wide (up 

to 2 m) and long (10 to 100’s 

m) dikes. Stepped sills may 

form segments of saucer-

shaped intrusions. 

Stepped sills and associated 

intrusions (dikes and minor 

sills) tend to be thicker and 

more widely spaced than 

staggered sills. This records 

supralithostatic fluid pressure 

during emplacement but at 

slightly lower fluid pressure 

than in staggered sills. During 

sand injection it is 

energetically more favourable 

to open and dilate a few 

major fractures than many 

shorter ones. 

Multilayered 
sills

Sills with composite sets of 

multiple thin (0.05 – 0.3 m) 

discontinuous to laterally 

continuous (10’s to 100’s m) 

intrusions that are 

irregularly stratified with 

fragmented host strata. 

High-angle dikes are 

generally the lateral feeders 

to the sills.

Multilayered sills occur only 

where the host-strata are 

lithologically heterogeneous 

with thinly bedded 

alternations of mudstone, 

siltstone and sandstone. 

Multilayered sills are 

generally fed laterally by one 

or  more oblique- or high-

angle dikes

Presence of interlayered 

heterogeneity (for example 

mudstone-sandstone 

alternations) is a key 

requirement for the formation 

multilayered sills. Bed 

contacts conceivably form 

lithological and mechanical 

planes of weakness that 

represent surfaces along 

which the tensional strength 

of the host-strata is greatly 

reduced. In turn this favours 

the emplacement of multiple 

~bedding-concordant 

intrusions. 
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TABLE 2

(continued)

Intrusive 
element

Description Associated features Interpretation

Low angle 
dikes

Up to 15 m wide discordant 

intrusions that cut the host 

strata at angles between 10 

and 25° though nearly bed-

concordant and steeper 

segments (up to 45°) locally

occur. Dip to bedding of 

low-angle dikes is controlled 

by proximity to the SZ with 

shallower dip within and 

close to the SZ.

Generally low-angle dikes 

occur in the SZ and within 

the first 100-150 m below 

(LDZ) and above (UDZ) the 

SZ. Deeper in the section

(100-250 m below the base of 

the SZ) high-angle basal 

segments occur. Within the 

SZ these may transform into 

sills or have bed-concordant 

segments. Major low-angle 

dikes transform rapidly into 

high-angle dikes as they 

approach and/or intersect the 

top of the SZ.

Low-angle dikes are most 

common and largest (a ~ 15 

m and L = 750 m) within a 

stratigraphic interval which 

extends from 100 m below to 

100 m above the SZ. This 

specific stratigraphic 

distribution suggests 

formation of low-angle dikes 

was promoted by 

supralithostatic or near-to-

lithostatic pressure conditions 

in injected flows.

Oblique and 
high angle 

dikes

Dikes that intrude the host-

strata at angles >25º to 

bedding are ubiquitous in 

the PGIC and form the 

numerical majority of 

sandstone intrusions. 

Oblique dikes are inclined 

<60º and high angle dikes 

are >60º to bedding.

Oblique and high-angle dikes

in the LDZ and UDZ belong 

to two dominant strike 

groups (TO – N40-80 and TP 

- N310-350). The vast 

majority of large dikes (w >1 

m and l >50 m) belong to the 

TO and TP with TO dikes 

steeper than 70º and TP dikes 

commonly dipping 45-75° 

easterly. 

High-angle dikes are 

widespread throughout the 

PGIC. Although abundant in 

the SZ the emplacement of a 

high-angle dike does not 

require supralithostatic pore-

pressure to propagate 

fractures. The presence of two 

distinct groups of dikes 

indicates the presence of 

imposed tectonic stress during 

emplacement.

Saucer-
shaped 

intrusions

Composite intrusions with 

crudely circular to horseshoe 

plan-view geometry and 

low-angle saucer shape in 

cross-section. Composites of 

stacked sills (aperture of 2 to 

5 m but up to 15m) and low-

angle dikes with apertures of 

(a = 2 to 15 m) form saucer-

shaped intrusions. The 

saucers are up to 2300 m in 

diameter, crosscut up to 230 

m of stratigraphy and have 

cumulative sand thicknesses 

up to 50 m. The maximum 

estimated sandstone volume 

for an individual saucer-

shaped intrusion is 0.04 to 

0.06 km3 (West Tumey).

Saucer-shaped intrusions 

occur mainly within the SZ 

but may extend into the 

UDZ. Close to bedding-

concordant segments occur 

exclusively in the SZ while 

above it they cut the 

stratigraphy at angles of 35° 

to 70° to bedding (the dip 

increases with distance from 

the SZ). Swarms of high-

angle dikes are common at 

the margins of the saucer-

shaped intrusions. Intrusions 

within the area of saucers are 

less abundant and randomly 

oriented. Secondary saucers 

may occur in the core areas 

of larger features. Jack-up 

and force-folding of host-

strata is characteristic.

Although tops of the saucer-

shaped intrusions may extend 

beyond the SZ into the UDZ, 

the fact that most of saucer-

shaped intrusions are 

developed within the SZ 

indicates that supralithostatic 

conditions in the injected 

flows are necessary to the 

form them. Jack-up and force 

folding of the host-strata is 

indicative of supralithostatic 

fluid pressure.

SZ = sill zone, LDZ = lower dike zone and UDZ = upper dike zone.
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Uhalde Sst tend to occur in isolation or in clusters within ;10–200 m wide strike sec-
tions. Seven large-aperture (2–6 m), long (100–600 m) high-angle dikes, sourced
from the S3, are present deep in the section in the Panoche Hills (fig. S12A). These
dikes are 700 to 1500 m apart (1300 m on average) however, more than fifty dikes (up
to 1m wide and 40 m long) are present in the M3 mudstone regional seal in Silver
Creek (fig. 1) in an area of 200 x 200 m.

LDZ dikes originate from, crosscut, and abruptly terminate within depositional
sandstones. Where dikes terminate at the base of a depositional sandstone, it is often
possible to observe one or more new dikes emerging from the top of the same sand-
stone unit (figs. S6 and S10). In these cases, the dikes at the base and top have hori-
zontal offsets of a few metres and up to 700 m. In general, the largest offset occurs
where depositional sandstone is thickest. Shallower in the section, dikes are progres-
sively more abundant and diverse in terms of both strike and dip, specifically in the
Dosados and Tierra Loma mbrs, as they approach the SZ (fig. 2; fig. S1; see
Distribution and trend of sandstone intrusions). Where Dosados Mbr parent units are pres-
ent deeper in the section, for example, in the northern part of the Panoche Hills
(figs. 2, 3A, and 6A), large aperture (up to 3 m wide) dikes emanate from parent units
at angles .40° to bedding and over a vertical distance of approximately 200 m
become more gently inclined (<25°). Eventually they transform into sills as they enter
the SZ (Vigorito and Hurst, 2010; fig. S8). In the southern PGIC (south Panoche Hills
and Tumey Hills), parent units are located closer to the base of, or within the SZ, and
the number of intrusions emerging from parent units increases. Their orientation is
more varied with a larger proportion of low-angle dikes and sills (fig. 6B; compare
figs. S9 with S11). In the uppermost part of the LDZ, large aperture (.1 m), long
(.30 m) intrusions are commonly low-angle dikes with varied strike and TO high-
angle dikes.

Interpretation.— Scarcity of sandstone intrusions in the LDZ and their distribution
are indicative that the regional seal M3 was breached in several focused areas where
large aperture dikes emerge from the underlying S3 sandstone. The focused areas are
on average 1.3 km apart and are the origin of individual branches of the intrusive net-
work, with each branch propagating into the overburden by upward branching and
areal spreading. Branching and spreading of sandstone intrusions is analogous with
that described from Gas Point, Sacramento Basin (Jolly and others, 1998). The gen-
eral absence of sills and the occurrence of large intrusions dominated by TO high-
angle dikes is interpreted to record the vertical orientation of the maximum stress at
the time of injection, thus disfavouring the formation of sills. Minimum horizontal
stress was oriented NW-SE, trench parallel, and maximum horizontal stress was ori-
ented perpendicular to the trench, hence the dominance of the TO dikes that
opened against the minimum stress. High-angle dikes (mostly TO) characterise the
LDZ, but in the upper part, dikes become more varied in both strike and dip. This is
interpreted to reflect a change in the relationship between fluid pressure in the
hydrofractures and the prevailing in-situ stress in the host-strata, which was controlled
by the regional stress field (Vigorito and Hurst, 2010). As hydrofractures and intru-
sions propagated upward, fluid pressure within them approached lithostatic pressure
that when exceeded led to formation of sills. The base of the SZ is estimated to be
;700 to 800 m below the paleo-seafloor at the time of injection (fig. 2B; Vigorito and
Hurst, 2010).

Sill Zone (SZ).—The SZ is the stratigraphic portion of the PGIC where the highest
volume of sand is found and most sills, saucer-shaped intrusions and wing-like intru-
sions are concentrated (figs. 2B, 3A, 6B, and 9A; Vigorito and others, 2008). In the
study area, the SZ is a restricted stratigraphic interval present between ;270 m (6 30
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m) and;20 m (6 10 m) below the base of the Marca Mbr, (Vigorito and Hurst, 2010;
fig. S1).

In the north of the study area, host strata in the lowermost (30–60 m) part of the
SZ, and almost the entire SZ in the southern area, is intensely hydrofractured (figs. 4E
and F) and is termed the Hydrofractured Belt. Random fracture orientation is appa-
rent on bedding planes (fig. 4E). Where adjacent to dikes or sills some fracture align-
ment sub-parallel to intrusion margins occurs. Although laterally continuous

Fig. 9. A) Panoramic view of the sill-dominated section of the PGIC in the Dosados and Tierra Loma
mbrs in Moreno Gulch (MG in figs. 1, 3A). A well-developed wing on the lower-right margin of the stag-
gered sill with an overall saucer-shaped geometry. B) A staggered sill with short sill-segments offset both
laterally and vertically by intervening dikes. Rafts and boulders of host strata are enclosed within the sill.
C) Detailed view of a multilayered sill that includes rafts of mudstone and laminated silty sandstone. Some
intrusions are wedge-shaped (fracture tip or leading wedge) that intrude along and split bedding. D)
Internal structures from the staggered sill in (B) showing the presence of well-developed cross and parallel
banding. E) Internal grading and presence of discontinuous laminae enriched in sand- to granule-sized
clasts of mudstone (grey) from the sill in B.
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throughout the PGIC, the intensity of fracturing varies spatially, being most intense
and widespread adjacent to large sandstone intrusions. Where hydrofracturing is
intense the host mudstone forms mainly clast supported breccia, but is matrix sup-
ported where injected by sand (fig. 4F). Breccia clasts are angular and typically coarse
gravel- to less commonly boulder-sized. Clasts are often rotated between ;5° and 20°
to bedding. Where best developed (for example Tumey Gulch), injection breccia
forms pods, 10’s to a few 100’s m wide but <10 m thick. Breccia pods pass laterally
and vertically into intensely-fractured and intruded host-strata (fig. 4F) or, alterna-
tively, into more pristine host-strata with minor intrusions, these transitions are either
gradual or sharp (fig. 4F). Pods of injection breccia are restricted to areas where rela-
tively thin (<10 m) packages of mudstone are sandwiched between intensely
deformed parent units (fig. 8A) and/or, large aperture sills (a . 3m). Throughout
the PGIC, intense fracturing locally associated with injection breccia, occurs proximal
to abrupt changes in strike or dip associated with large aperture intrusions (a . 1m).
Breccia is common, though limited in volume, at intrusion margins and subordinately
within large aperture intrusions (typically a . 1 m; fig. 7E). Along the margins or
within sandstone intrusions, matrix supported injection breccia has angular or
rounded clasts rotated at diverse angles relative to bedding that when elongate have
long axes parallel to intrusion margins (fig. 7E). Mudstone clasts are locally imbri-
cated and exotic clasts (not derived from adjacent host strata) may occur.

Sill geometry has three characteristic styles: staggered, stepped and multilayered
(table 2; Vigorito and others, 2008). Staggered sills are dominant in the lower part of
the SZ, whereas stepped and multi-layered sills occur mainly in the upper part of the
SZ (figs. 3A, 9A, and B; Vigorito and Hurst 2010). Where exposure is laterally continu-
ous all the large-scale sills (10’s to 100’s m wide) have shallow concave-up or saucer-
shape geometry with margins that often extend into steeper segments or “wings” (figs.
9A, 10A, 11A, and 11B), or are bounded by sub-vertical dikes (fig. 11A). Sills are char-
acterised by stepping, splitting and convergence of individual sill segments (figs. 9A
and B, and 10A) and internally can be structureless or, more often, have distinctive
sedimentary structures (figs. 9C to E, table 2).

Within the SZ, swarms of low-angle dikes and sills form composite intrusions with
an overall saucer-shaped geometry in cross-section (figs. 8B and 10; fig. S6; Vigorito
and others, 2007; Hurst and Vigorito 2017, Grippa and others 2019). The largest sau-
cers in the PGIC are km-scale and have dimensions and geometry analogous to hydro-
carbon fields in the North Sea Basin (table 2). From 3D seismic data these intrusions
are known to have crudely circular to elliptical, or horseshoe, planar geometry
(Huuse and others, 2004; Shoulders and Cartwright, 2004; Shoulders, ms, 2005;
Huuse and others, 2014). Above saucers the overburden is uplifted (jacked-up) and/
or folded with the height of jack-up or the fold approximately equal to the cumulative
thickness of sandstone in the saucer-shaped intrusion (fig. 10B; Hurst and Vigorito
2017; Grippa and others, 2019).

Sills are associated with abundant dikes that have random strike-distribution but
within which, both TO and subordinately TP strike-oriented groups are most common
(fig. S1). In the lower part of the SZ, dikes are generally short (from several deci-
meters to a few tens of meters) and steep with a <0.5 m. In the medial to upper part
of SZ dikes tend to be wider (a = 0.5 to 2 m), longer (several 10’s to 100’s m) and
more laterally continuous (fig. 3A; figs. S6 and S10). Sometimes major high angle
dikes crosscut most of the Moreno Fm (up to 700 m through the upper LDZ, SZ and
UDZ, fig. 3A). These major dikes belong exclusively to the TO group (fig.11A; figs. S2
and S9). Large aperture, low-angle dikes (a = 3–8 m; fig. S10) are present. Major low-
angle dikes are 100 to 800 m long and laterally transition into steeper segments (35 to
60° to bedding) that cut and taper upward through the UDZ for up to 130 m (fig.
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10B; figs. S7 and S10). Occasional decimeter- to meter-scale shear-folds are present in
the SZ: 1) between closely spaced sills or low angle dikes; 2) close to steps in major sills
and low angle dikes, 3) in front of the tips of intrusions (Vétel and Cartwright, 2010).

Interpretation.—Occurrence of sills with low- and high-angle dikes records fluid
pressure that exceeded the vertically oriented maximum principal stress. Pore fluid
pressure within the propagating hydrofractures was at its maximum level above the
maximum in-situ stress, and numerous hydrofractures formed with diverse strike, in
places creating intense hydrofracturing (fig. 4E and F; Vigorito and Hurst, 2010).
Under these pressure conditions, fractures opened in all directions and sand intruded

Fig. 10. A) Vertically stacked and partly nested sills (dashed lines) with an overall saucer-shaped ge-
ometry, Dosados Canyon (fig. 1; see fig. S10). B) Panoramic view of the saucer-shaped intrusion in West
Tumey (fig. 1), a composite intrusion consisting of vertically-stacked sills and low-angle dikes with a mini-
mum cumulative thickness of ;50 m. Forced folding and jack-up occur in the overlying mudstone.
Mudstone in the central area above the intrusion contain thin, widely-spaced dikes with diverse strike. A
;100 m diameter secondary saucer is present at the top of the northern wing (to the left).
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in random trajectories (fig. S1; see Distribution and Trend of Sandstone Intrusions).
Brecciation is in-situ, overwhelmingly clast-supported and subordinately sand matrix-
supported where hydrofractures were injected with sand. This differs from injection
breccia within sandstone intrusions in which clast-oriented fabric, grain imbrication
and segregation, and the presence of exotic clasts, are indicative of sediment
transport.

Staggered, stepped and multilayered sills tend to occur in that sequence from
deep to shallow in the SZ (fig. 9A) and formed in response to the relative pressure dif-
ference between the fluid pressure in the hydrofractures and the lithostatic pressure
at specific depths (table 2; Vigorito and Hurst, 2010). Staggered sills (generally a = 1–
5 m thick; figs. 9A and B), occur only in the hydrofractured belt and generally a few
meters above intensely deformed parent units. They formed by intrusion into multiple
fractures initiated in response to the highest fluid overpressure relative to the local
overburden stress. Vertically offset fractures with staggered geometry combine with
abrupt variations of sill thickness (fig. 9A and B) that formed in response to irregular
deformation of the host mudstone caused by sand fluidization and evacuation from
underlying parent units. Staggered sill formation and geometry have no relationship
to heterogeneity in the host strata.

Stepped sills are generally thicker (a = 1 to 12 m; fig. 10A) than staggered sills and
occur mainly in the upper part of the hydrofractured belt or above it. They form by
repeated dilation and intrusion along a single fracture, or several stepped fractures, that
are slightly discordant to bedding. Supra-lithostatic fluid pressure is inferred, but with a
lower pressure differential than for formation of staggered sills. Note that it is more effi-
cient to dilate a single fracture (the tensional strength of the host-strata is overcome only
once) rather than multiple fractures of similar length (as for staggered sills). Stepped sills
are typically layered with common banding and lamination that records continuous but
pulsed fluid flow (fig. 9D and E; Scott and others, 2009; Hurst and others, 2011).

Multilayered sills require the lowest pressure differential to form and exploit mul-
tiple bedding surface heterogeneities in host strata (fig. 11C). Typically, they form
where lithological and grain size contrasts form weaknesses in the tensional strength
of the host strata that promotes lateral propagation of hydrofractures. Where the sand
injection process is pervasive and multiple pulses of sand injection occurred, what was
a thin-bedded depositional sandstone or siltstone intercalated with finer grained
strata can become a thick amalgamated sandstone (.8 m thick) with rafts and clasts
of host strata (fig. 9C). In concurrence with Vétel and Cartwright (2010) the occa-
sional presence of shear-folds associated with sills implies that, at least in the SZ, some
hydrofractures opened because the host strata locally failed in shear.

Irrespective of size, most sills have an overall saucer-shaped geometry, which is
broadly analogous to magmatic intrusions (Pollard and others, 1975; fig. 10, figs. S6
and S10). Right Angle Canyon and West Tumey are the only known outcrop of km-
scale saucer-shaped intrusions (figs. 1 and 10B; fig. S6; Vigorito and others, 2007;
Hurst and Vigorito, 2017; Grippa and others, 2019). Jack-up and folding (fig. 10B;
forced folding sensu Cosgrove and Hillier, 2000; Shoulders and Cartwright, 2004) of
the host strata is recognised and demonstrates a correlation between height of the
jack-up and the thickness of the underlying sandstone intrusion, a relationship often
inferred in subsurface interpretation. Geometric and volumetric similarity between
these outcrops and subsurface examples proves their value as analogues in subsurface
interpretation (Hurst and Vigorito, 2017; Grippa and others, 2019).

Upper Dike Zone (UDZ).— The UDZ is dike dominated and extends vertically for
350 to 450 m from the top of the SZ (;20 m below the base of the Marca Mbr) to the
base of the Cima Lentil (figs. 2, 3A, and 11A; figs. S1 and S6 to S11). Dikes have com-
monly a = 0.3 to 2.5 m and are up to 700 m long with a general semi-ellipsoidal
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geometry inferred from dip-strike distribution across single intrusions (Vétel and
Cartwright, 2010). The dominant groups of dikes, TO and TP, create a crudely or-
thogonal pattern, which is particularly evident in the northern area (fig. 11A and B;
figs. S7 and S10; Smyers and Peterson, 1971). Upper segments of large-aperture (a = 5
to 12 m) low-angle dikes present in the SZ transect part of the UDZ and are often asso-
ciated with swarms of high-angle dikes (figs. 11A and B, fig. S6).

Dikes are either, continuous and linear, or have en echelon segments, and are
characterised by series of lateral steps (fig. 11B; Vétel and Cartwright, 2010). Higher

Fig. 11. A) Satellite image of the medial and upper part of the PGIC in Marca Canyon, showing the sill-
dominated lower portion (SZ) and dike-dominated upper portion (UDZ). A 5 m thick low-angle dike with a
saucer geometry (detail in B) is present, which to the NW (left) has two well-developed wings the largest of
which cross cuts ;90 m of stratigraphy (see fig. S7). B) Detail of the low-angle dike (10–15° to bedding –
dashed line) and the associated wings (20–50° to bedding). The low-angle dike has approximately the same
strike as the bedding (dashed line) and is thus viewed in strike section and appears more bed concordant
than in reality. C) Multiple minor sills (multilayered sill) emanating laterally from a major dike; Lower Tierra
Loma Member – SZ. D) Cluster of pipes in a major high-angle dike, Marca Member - UDZ. The sample is
from the margin of a high-angle dike and the arrow indicates the way up. E) Internal structures associated
with a major high-angle dike (aperture = 0.7 m), Marca Member – UDZ.
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in the UDZ, dikes tend to taper and bifurcate upward. Where dikes cross lithological
boundaries, for example between diatomaceous (paler) and clay mineral-rich (darker)
mudstone in the Tierra Loma and Marca mbrs, they typically segment with higher hori-
zontal offsets, locally coupled with branching (figs. 11A and B; fig. S9).

Dike margins are typically sharp lithological boundaries although locally they pre-
serve hackles and plumose markings, flute casts and other flow-marks such as grooves
and scours (Scott, ms, 2009). Low aperture (a <0.2 m) dikes often lack internal struc-
tures, while more complex associations of structures characterise the inner parts of
wider (a.0.2 m) dikes (fig.11D and E, table 2).

Most dikes terminate within the first 10 to 40 m of the diatomaceous Marca
Member, some terminate <5 m below the base of a 5 to 15 m thick concretionary hori-
zon in the upper part of the Marca Mbr (Minisini and Schwartz, 2007), and relatively
a few reach the paleo-seafloor at the base of the Cima Lentil (figs. 3A, 11A, 12A, and
12D). The upper 100 to 150 m of the UDZ in the Dos Palos Mbr is characterised by a
low density of dikes (fig. 12A, figs. S6, S7, S9, S10 and S11). Rare narrow (generally a
<0.1 m) sills occur within 5 m below the paleo-seafloor (Vétel and Cartwright, 2010;
Blouet and others, 2017).

Interpretation.—The UDZ records the emplacement of sandstone intrusions when
fluid pressure was above the fracture gradient but below the lithostatic gradient. Dikes
thin and branch upward, have semi-ellipsoidal 3D geometry and a segmented outer
fringe at their periphery similar to magmatic intrusions (Pollard and others, 1975). In
common with magmatic intrusions, the segmented outer fringe suggests that hydro-
fracture propagation occurred as a set of relatively short and commonly offset individ-
ual fractures that progressively amalgamate as the intrusion grows (compare with
Vétel and Cartwright, 2010). In magmatic intrusions (Pollard and others, 1975;
Schofield and others, 2016) variations in the mineralogy and mechanical properties
of host-strata cause abrupt changes in fracture propagation velocity, which explains
why dikes commonly segment coincident with lithological boundaries in host strata.
Erosion along dike margins is often observed and confirmed by petrographic evi-
dence. Together with the presence of grading and grain segregation (table 2) this
confirms prevailing turbulent flow as recognised in other sandstone intrusions
(Taylor, 1982; Diggs, 2007; Surlyk and others, 2007; Scott, ms, 2009; Scott and others,
2009; Hurst and others, 2011 and references therein).

Consistent cross-cutting relationships between the dikes are absent and TO and
TP dikes are interpreted to have emplaced synchronously (Vigorito and others, 2008,
Vétel and Cartwright, 2010; Vigorito and Hurst, 2010). Controls on dike orientation
are discussed in detail later.

Rare occurrences of thin sills very close to the paleo-seafloor record situations
where maximum and minimum stresses are approximately equal and low, and where
the vertical and horizontal tensile strength of the host strata control intrusion geome-
try. Occurrence of shallow sills does not therefore imply supralithostatic fluid pressure
throughout the PGIC hydrofracture system as concluded by Vétel and Cartwright
(2010) and is recorded also in sandstone intrusions in the Miocene Santa Cruz
Mudstone (Hurst and others, 2011) and probably in the Ordovician Rosroe Fm (Jolly
and Lonergan, 2002).

Sandstone extrusions (Extrudites).—Dikes in the upper part of the UDZ terminate
abruptly at the base of, or gradually within, the first a few metres of the Cima Lentil,
a mixed clastic and carbonate unit within the otherwise mud-silt dominated Dos
Palos Mbr (figs. 2, 3A and 12; Bartow, 1996, Schwartz and others, 2003, Minisini and
Schwartz, 2007). Sandstone in the Cima Lentil varies in thickness from 0 to ;30 m
and tends to be thicker in the Panoche Hills (;30 m thick in Right Angle Canyon)
and thins to the south in the Tumey Hills (;6 m in West Tumey, fig. 1; fig. S1). Very
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Fig. 12. Sand extrusions, Cima Lentil. A) Multiple dikes terminate at the paleo-seafloor (dashed green
line) and feed sand mounds one of which contains a sand volcano, Marca Canyon. B) Detail of the sand
volcano in A. C) A 2.2 m high sand volcano directly fed by a 0.5–0.7 m wide high angle dike, Marca
Canyon. D) A dike terminates at the paleo-seafloor where there is an irregular basal contact (dashed
green line). The shallow sand-filled depression on the right side is interpreted as a pockmark, Rosetta
Canyon. E) Sub-horizontal burrows in Cima Lentil sandstone. F) A sandstone mound with multiple sand-
filled vents (white arrows), Cima Lentil extrusions, Capita Canyon. G) A 0.4 m wide dike located immedi-
ately below the paleo-seafloor containing abundant clasts of pale grey host mudstone, Marca Canyon.
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poorly consolidated fine- to medium-grained sandstone predominates in the north-
ern area from Moreno Gulch to immediately south of Dosados Canyon (figs. 1). The
top few meters (<10 m) of the unit are often carbonate cemented. Locally, the base
of the sandstone fills low-relief depressions (up to 10 m wide and 2 m deep) that are
commonly associated with underlying dikes (fig. 12D). Where best preserved and
carbonate cemented, the sandstone is parallel to low-angle cross stratified and bio-
turbated (fig. 12E), with soft-sediment deformation, convolute lamination, pipes,
consolidation laminae and dish structures, as well as occasional ripples and rare
hummocky cross stratification. Clusters of mounded features (up to 1,5m high and
20m wide) with single or multiple cylindrical conduits (vents; fig. 12F) similar to
abraded sand volcanoes (van Loon and Maulik, 2011) are preserved along with cross
sections through sand volcanoes (up to 2 m high and 30 m wide, figs. 12B and C).

The sandstone-rich Cima Lentil coincides with areas where dikes are common in
the underlying strata, or unusually large dikes (a .1 m) breach the paleo-seafloor
(figs. 12A, C and D). Proximal to the paleo-seafloor dikes often contain host strata
mudstone clasts (fig. 12G) thus providing evidence for local brecciation during hydro-
fracture propagation. Where dikes terminate just below the sea-floor, for example im-
mediately north of Right Angle Canyon, discrete sandstone units are absent, sand and
silt are sparse, and the Cima Lentil is predominantly rich in micritic carbonate charac-
terised by mounds and pavements rich in chemosynthetic benthic fauna including
bivalves, worms, deep-water solitary corals and bryozoans (Schwartz and others, 2003,
Minisini and Schwartz, 2007). Further south in the Tumey Hills, carbonate and sand-
stone are laterally and vertically interbedded but are clearly segregated with predomi-
nantly micritic or bioclastic carbonate mounds with very little siliciclastic content.

Interpretation.— Previously interpreted as shelf-slope deposits (McGuire, ms, 1988a;
Bartow, 1996, Schwartz and others, 2003, Minisini and Schwartz, 2007), the sandstones
in the Cima Lentil were re-interpreted as predominantly sand extrudites (Vigorito and
others, 2008; Vigorito and Hurst, 2010). Sandstone-filled depressions are interpreted as
pockmarks (fig. 12D) that formed when the paleo-seafloor was breached by hydrofrac-
tures and filled by sand extruded onto the seafloor, typically via multiple vents that
formed sand volcanoes. As vent activity varied and migrated through time the extruded
sand aggraded and migrated forming extrudite facies (sensu Hurst and others, 2006).
Large pockets and more laterally continuous sheets of sandstone formed that were
locally reworked by bottom currents and waves. Extrudites with similar characteristics
are observed in the Miocene of the Santa Cruz area, California (Bohem and Moore,
2002; Hurst and others, 2006; Hurst and others, 2011).

Dikes that did not reach the seafloor, hence not associated with venting of sand,
became conduits through which migrating fluid diffused through the shallowest a few
metres of underlying mud, and carbonate cold seeps formed (Minisini and Schwartz,
2007; Blouet and others, 2017). Prolonged seepage (up to 2 Ma, Minisini and
Schwartz, 2007) of methane-rich fluid migrated through the underlying injection
complex although the thermogenic or biogenic origin of the methane is unresolved
(Minisini and Schwartz, 2007; Blouet and others, 2017).

pgic: subsurface

Sandstone intrusions are observed in outcrops of late Cretaceous to early
Paleocene age, along the western margin of the San Joaquin Basin, from north of the
San Luis Reservoir to Coalinga (.180 km; figs. 1, 13, and 14) and are likely to extend
into the subsurface of the San Joaquin Basin. This hypothesis is confirmed by reports
of intrusions from the sparse core data, the recognition of saucer-shaped intrusions in
3D seismic data (Huuse and others, 2014) and, with lower confidence, from borehole
petrophysical logs (figs. S13, S14, S15 and table S16). By integrating these data it is

implications for basin evolution and subsurface fluid flow 761



Fig. 13. San Joaquin Basin. A) 3D structural model. The red outline is the PGIC as defined at outcrop
and subsurface in fig. S15. The outline of gas and oil fields is in black; B) Fence diagram with longitudinal
and transverse sections across the 3D structural model displayed at the top Sacramento shale and base
Lathrop (Uhalde S1–S3 Unit). C) and D) Structure maps truncated at depths shallower than 1500 m
(present depth below the paleo-seafloor and corresponding to the first occurrence of quartz cement,
equivalent to Tmax ;70 °C) for the base (C) and top (D) Lathrop unit. These surfaces correspond to base
and top of the Uhalde S1–S3 interval and define the maximum area and volume of the pressure cell sub-
ject to silica diagenesis in the Danian. Dotted lines are locations of intrusions at outcrop (Panoche-Tumey
Hills to the north and Cantua Well-Coalinga to the south); the outline of the PGIC is in red. The black
line represents the approximate location of the axis of the forearc basin in the Maastrichtian and the
dashed line indicates the boundary between areas with high confidence sediment thickness data (to the
east) and areas with increased structural complexity and lower confidence (to the west). The latter are
excluded from volumetric calculations. E) Isopach map of the Lower Uhalde (S1–S3) – Lathrop unit.
Note that the PGIC (red outline) overlies the thickest area of the Lower Uhalde-Larthop.
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possible to constrain the subsurface extent of the PGIC (fig. S15) and to estimate the
gross rock volume of the PGIC in the San Joaquin Basin (table 3).

Elevation maps of key horizons from Hosford Scheirer (2007)4 are integrated
with our outcrop data, geo-referenced and imported into PetrelTM to construct a 3D
structural model of the San Joaquin Basin flattened on the top Moreno Fm (fig. 13A
to D). This model is used to make volumetric calculations (table 3) and to generate
isochore maps for key intervals (S1-S3-Lathrop Sst, M3 – Sawtooth Shale, S4-S5 - Tracy
Sst and Ragged Valley Silt and Moreno Fm, figs. 13A and 14), which provide informa-
tion on the paleophysiographic evolution of the San Joaquin Basin during the
Campanian to Danian. By comparing the position of the PGIC with the physiography
of the basin at different times it is possible to make some key-observations: 1) the
mapped extent of the PGIC overlies the thickest part of the Lathrop deep-water sys-
tem (equivalent to Uhalde S1-S3; fig. 13E); 2) the PGIC is located at the top of paleo-
physiographic highs, updip of the main depocentres and along plausible migration
routes for fluid flow when expelled from deeper parts of the basin (figs. 13C, 13D and
14A); 3) the areal extent of the PGIC coincides with areas where at the time of the
injection the Moreno Fm was <1000 m thick (fig. 14A).

petrology, porosity and paleotemperature

Sandstone
The paleo-Sierra Nevada is the predominant source terrane for sand deposited in the

Uhalde Sst and Moreno Fm (Ingersoll, 1979, McGuire, ms, 1988a). More recent

TABLE 3

Gross Rock Volume (GRV) and area for various lithostratigraphic units in the San Joaquin
Basin models

Lithostratigraphic unit Present GRV Volume Area
Lower Uhalde Sst (S1-S3) / Lathrop Sst 7.2* to 8.4** x 103 km3 1.08 x 104 km2

Upper Uhalde Sst (M3-S5) / Tracy Sst 

and Ragged Valley Siltstone
4.8 x 103 km3 1.1 x 104 km2

Moreno Fm 1.8 x 104 km3 1.1 x 104 km2

PGIC drainage polygon GRV above base 

Uhalde Sst – Lathrop unit
3.0 x 104 km3 1.37 x 104 km2

PGIC drainage polygon GRV above base 

regional seal (Uhalde Sst M3)
2.2 x 104 km3 1.37 x 104 km2

PGIC gross rock volume 613 km3 4.5 x 103 km2

PGIC volume of remobilised and injected 

sand

25 to 49 km3

(grain volume = 19 to 37 km3, 

assuming 25% average porosity)

4.5 x 103 km2

Calculations are derived from the Petrel 3D structural model; * and ** are the minimum and maximum estimates
for the GVR of the Lower Uhalde Sst (S1-S3) – Lathrop unit within the thermal diagenesis window with top set at
2200 m (Smith and Berry, 1988) and 1500 m (first occurrence of quartz cement at outcrop, respectively (see:
MINERALOGY AND PETROGRAPHY) of present burial below top Moreno Fm. The PGIC drainage polygon
corresponds to the limit of the area where the Sacramento Shale is buried deeper than 1500 m, excluding the areas
of increased structural complexity and with larger uncertainty on sediment thickness (see fig. 13).

4
Hosford Scheirer (2007) distinguishes areas of structural complexity, coinciding with the western-

central and western-southern areas of the basin, with a higher degree of uncertainty. In the outcrop areas
south of the Vallecitos Syncline and extending along the Diablo Range into the Coalinga area, thickness of
units as defined in the model does not match those observed at outcrop. These areas are excluded from
our volume calculations hence our estimates are conservative.
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evaluation of outcrop and seismic data identified a periodically active western source ter-
rane within parts of the Coast Range Ophiolites, potentially from the Franciscan
Subduction Complex and any overlying sedimentary cover exposed along the western
margin of the forearc basin (Mitchell and others, 2010; Greene and Surpless, 2017).
Presence in the upper Uhalde Sst (S4 and S5) of heavy mineral assemblages, in which
minor glaucophane (blueschist terrane) is persistent (Hurst and others, 2017) as well as
of Dosados Mbr conglomerate with clasts of metagreywacke, radiolaria-rich chert, and ba-
salt (table 1) support the presence of a contemporaneous western source terrane. This
coincides with switching from a largely unconfined basin floor fan setting, typical of older
sections of the Panoche Fm, to the shallowing-upward slope environment that character-
ises the Moreno Fm (McGuire, ms, 1988a; Mitchell and others, 2010). Most sandstone
intrusions are concentrated in the Moreno Fm (SZ and UDZ) and these have demonstra-
ble spatial association with the depositional Dosados Sst. Mineral-chemical analysis con-
firms that most of the sand in the PGIC intrusions is derived from the Dosados Sst and
that the Uhalde Sst contributed an insignificant sand volume (<1%) to the PGIC intru-
sions. Uhalde Sst provenance is limited to the sparse LDZ intrusions (Hurst and others,
2017) that formed conduits for fluid migration from the regional pressure cell below the
M3 into the Moreno Fm when the PGIC formed.

Sandstone is generally poorly consolidated with traces (< 2% by volume) of
quartz cement, the only evidence of thermally driven chemical diagenesis, in the
deepest parts of the Uhalde S3 unit. Porosity (Ø) varies in accord with variations in av-
erage grain size and packing, and abundance of cement (table 4). Calcite and second-
arily gypsum, are the main cements present. Calcite forms concretions and more
continuous cemented layers that preserve both pristine depositional and sand fluidiza-
tion structures, and their transition to injectites, thus constraining the timing of cal-
cite precipitation to predominantly post sand injection. Absence of clasts of carbonate
cemented sandstone in sandstone intrusions further supports that most of the carbon-
ate cementation occurred after sand injection.

Where uncemented, the range of sandstone Ø = 0.10 to 0.34 (Scott, ms, 2009)5,
with the lowest porosity in facies with tightly packed de-watering structures, and the
highest porosity in the thickest sills (table 4). Depositional sandstone has more grain
size variation and in general, a more diverse porosity distribution (table 4). By con-
trast, PGIC sandstone intrusions are pervasively fine to medium grain sand with Ø =
0.2 to 0.34 (Scott, ms, 2009; Wu and others, 2018). Porosity range and distribution
observed in the PGIC are similar to values derived using density logs from boreholes
located close to the outcrop that have similar burial history to the PGIC outcrops
(Grippa and others, 2019), and with sandstone porosity in nearby gas fields, Ø = 0.35
to 0.26 at depths ranging from ;1000 to ;2500 m respectively (table 4). A general
decrease in porosity with depth occurs and we conclude that porosity was initially con-
trolled by the combination of depositional texture (grain sorting), post-depositional
remobilisation and injection (grain packing), and subsequent mechanical compac-
tion. Emplacement of sandstone intrusions created a permeable network that fav-
oured persistent post-injection dewatering and focused fluid flow, which in turn,
favoured the precipitation of carbonate cement.

A geothermal gradient of ;25 °C/km is inferred from basin modeling and tem-
perature history matching of exploration and production wells in the San Joaquin
Basin (Wilson and others, 1999; Peters and others, 2008). A Tmax

6 of ;40–45 °C is
estimated for the base of the Moreno Fm, which has a decompacted thickness of

5
Where sandstone is cemented, original porosity, immediately after the emplacement of the PGIC, is

estimated as the sum of present porosity plus carbonate and gypsum cements.
6
Maximum temperature during burial.
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800–1000 m and paleotemperature at the sediment-water interface7 of approximately
20 °C (Peters and others, 2008). Blouet and others (2017) estimate temperatures
between 32 and 45 °C for the Moreno Fm at a burial depth of 800 m. Independent
mineralogical evidence from the Moreno Fm in the Panoche Hills suggests Tmax <40–
45 °C (Hurst and others, 20178; Hurst and others, 2021b). Tmax was .70 °C at

TABLE 4

Porosity ranges for different elements of the PGIC including depositional sandstone with
pristine depositional structures(S); sandstone with extensive dewatering structures (D);

structureless sandstone (SL)

Porosity (%)

Element Point Counting NMR Helium Density logs Grain size (mm)

Parent Units 22-28-34 (S)

10-16-22 (D-SL)

Lower Uhalde
10-18-25

(mostly D-SL)
0.10-0.37

Upper Uhalde
10-18-25 (D-SL)

15-24-32 (S)
15-20-25 0.10-0.37

Moreno Fm 15-22-34 (SL-S) 29–30-31 29–30 –31 20-28-35 0.10-0.40

Injectite 20 – 27 - 34 20-25-30 0.10-0.20

Dikes 20-25-30 23-26-34 24-27-33 0.10-0.20

Sills 24-30-34 26-29- 30 29-30-32 0.10-0.20

Extrudites 21-22-24 28-30-36 0.10-0.16

Sandstone Reservoir Analogues – Gas Fields, San Joaquin Basin 

Field Pool Formation Geologic Age Depth (m) Porosity (%)

Ash Slough Gas Blewett Moreno Late Cretaceous 1676.4 30.0

Chowchilla Gas Garzas Moreno Late Cretaceous 1021.1
39.0

Chowchilla Gas Garzas Moreno Late Cretaceous 2438.4
26.5

Merrill Avenue 

Gas
Blewett Moreno Late Cretaceous 2011.7 27-34

Mint Road Gas Blewett Moreno Late Cretaceous 1966 35

Porosity is estimated using different types of data. Note that low porosity is commonly associated with dewater-
ing structures such as pipes, pillars, consolidation lamina and convolute lamination, and, in the Uhalde Sst, with
structureless sandstone closely associated with dewatering structures. In the Moreno Fm, structureless sandstone
may have locally higher porosity. In general, porosity decreases with burial with the lowest porosity in the Lower
Uhalde. Porosity from point counting assumes that diagenetic cement (mostly calcite) precipitated post sand injec-
tion (see main text for details), hence porosity estimates are the sum of observed primary porosity and the volume
of carbonate cement (when present). Porosity encountered in stratigraphically equivalent reservoirs from gas fields
in the San Joaquin Valley are provided for comparison.

7
By the end of the deposition of the Moreno Fm (Dos Palos Mbr and Garzas Sst) shelfal conditions

extended over much of the early Paleocene San Joaquin Basin with water depths likely shallower than 150
m (McGuire, ms, 1988a, b; Minisini and Schwartz, 2007).

8
Persistence of titanite and Ca-amphibole (Hurst and others, 2017), which are typically unstable dur-

ing early burial diagenesis, is consistent with Tmax < 40–45 °C (Morton and Hallsworth, 2007).
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approximately 250 m below the base of the M3 regional seal (burial depth ;1800–
2000 m) when sand injection occurred, which is within the top of the thermally driven
silica diagenesis window (Nadeau, 2011), and is consistent with the global occurrence
of the onset of quartz cementation in sandstone (Walderhaug and others, 2001).
Toward the basin axis to the south and east, the Moreno-Sawtooth composite unit, the
lithostratigraphic section occupied by the PGIC, is up to 5 km thick (fig. 14A), and
Tmax .150 °C existed in the M3 regional seal and underlying sandstone (fig. 14A;
Peters and others, 2008). It is implicit that in the more deeply buried parts of the ba-
sin, where higher Tmax prevailed, chemical diagenesis occluded pores, lowered per-
meability, and expelled pore fluid (Oelkers and others, 2000; Walderhaug and others,
2001; Nadeau and others, 2002b).

Mudstone (Host Strata)
Clay mineral- and locally organic-rich, mudstone and subordinate siltstone, occur

in the Uhalde Sst and Dosados and Tierra Loma mbrs. Whole-rock XRD analysis
shows that illite (including mica) and smectite predominate (21.9–63.4%) (Scott, ms,
2009; Hurst and others, 2021c). Clay fractions (<2 lm) are dominated by dioctahe-
dral, often almost pure (85–98%) smectite with subordinate kaolinite, illite and chlor-
ite. Some organic-rich samples have hydrocarbon source rock potential (Hosford
Scheirer and Magoon, 2007b).

In all mudstone samples Ø <0.25, which by comparison with independent labora-
tory data from mudstone with similar porosity and mineralogy, is equivalent to perme-
ability <1 nD (Mondol and others, 2008). Excellent seal quality is inferred. During the
early Paleocene in the deeper part of the basin to the southeast Tmax .150 °C was
reached in mudstone in the Uhalde Sst at depths likely up to 6 km (fig. 14A and C;
Peters and others, 2008). Consequently, large parts of the basin had Tmax .60 °C, tem-
peratures at which smectite decomposes and illite forms (Nadeau, 2011). Because illite
forms smaller crystals than smectite (lower surface area to mass ratio) it compacts form-
ing tighter micro-pores thereby enhancing seal quality (Nadeau and others, 2002a;
Schneider and others, 2003). Smectite-illite transformation is associated with expulsion
of water that, combined with fluid expulsion caused by thermally driven porosity reduc-
tion in sandstone, causes hard overpressure (Nadeau, 2011). This concurs with the ob-
servation from subsurface data from the San Joaquin Basin where illitization in
mudstone stratigraphically equivalent to the Uhalde Sst is reported (Strongin, 1981).
Confirmation of the excellent seal quality of mudstone in the Uhalde Sst in the deep ba-
sin comes from a borehole in the Kettelman Dome area (;90 km south east of the
Panoche Hills) where hard overpressure in the range of 0.86 of the lithostatic pressure
was recorded in equivalents of the Uhalde Sst at;4000 m depth (Strongin, 1981).

Salinity and isotopic analyses of formation water from the Cretaceous and
Miocene strata in the San Joaquin Basin indicate effective water expulsion after illite
formation, and inferred shale dehydration (Strongin, 1981; Wilson and others 1999).
A paucity of well penetrations in late Cretaceous strata prevents better constraint of
the burial diagenetic history. Extensive illitization (diagenetic growth of illite) and
quartz diagenesis in abnormally overpressured sandstone reservoirs are reported
from the late Cretaceous turbidite systems in the adjacent Sacramento Basin (Mertz,
1988; Imperato and Nilsen, 1990) with illitization and quartz cementation starting at
T .80 °C, equivalent to 2200 m burial (Smith and Berry, 1988). The Sacramento and
San Joaquin basins have similar geological history throughout the Cretaceous, so data
from Smith and Berry (1988) are consistent with our model. In the San Joaquin
Basin, overpressure caused by illitization is documented at depths .2.5 km in
Miocene strata with the highest overpressure observed at .4 km where illitization and
shale dehydration reached their peak at temperatures .100 °C (Ramseyer and Boles,
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1986; Wilson and others, 1999). It is inevitable that the highly smectitic mudstone
throughout most of the PGIC undoubtedly contributed significantly to the develop-
ment of hard overpressure concurrent with illitization, such as in the deepest part of
the basin to the SE of the outcrop.

volume of sandstone intrusions and extrusions
Mapping of the outcrop combined with mineralogical and petrographic data

(Scott and others, 2013; Hurst and others, 2017) strongly support that sandstone in
the Dosados Mbr is the main parent unit for the PGIC intrusions and extrusions. The
remarkable implication is that at least 0.35 km3 of sand, the estimated minimum vol-
ume of sandstone extrusions at outcrop, was transported within the shallow crust,
through at least 600 m (the average vertical distance between Dosados Mbr and Cima
Lentil) of mudstone-dominated section and vented onto the paleo-seafloor. The total
volume of injected sand in the study area9 of approximately 25 km2 (Panoche and
Tumey hills) is estimated as ;2 km3 (table 5). This, however, is only a fraction of the
volume of remobilised and injected sand in the PGIC (table 3, fig. S15). The gross
rock volume of the PGIC, as traced at outcrop and in the subsurface of the San
Joaquin Valley (fig. S15), is 613 km3. Scott and others (2013) estimated an average N:
G = 0.08 for the injected and remobilized sandstone in the Moreno Fm of the study
area as observed at outcrop, however, N:G varies greatly from area to area (in general
intrusion volume decreases away from the study area, especially towards the north).
Here, a more conservative N:G range of 0.04 to 0.08 is used in our volume
calculation.

Subsurface giant injection complexes are always associated with basin-scale
aquifers, often deep-water turbidite systems (Huuse and others, 2004; Hurst and
others, 2005; Huuse and others, 2005; Serié and Pemberton, 2021; van Oorschot
and others, 2021), which represent the source of fluid necessary to form regionally
developed hydrofractures and injectite complexes. It is thus reasonable to assume
that the presence of a very large aquifer is a pre-requisite for the formation of a
giant sand injection complex. We are unaware of previous studies that investigated
the fluid-sand budget at basin scale, although, at meso-scale, the fluid-sand budget
is reasonably well constrained with sedimentological and numerical models
(Duranti, 2007; Scott, ms, 2009; Vigorito and Hurst, 2010; Hurst and others, 2011;
Cobain and others, 2015). Constraints to the physics of injected flows and their hy-
draulic behaviour demonstrate that the fluid budget must be at least approximately
equal to the sand volume but is most likely three to nine times larger, with grain
concentration (C) in injected flows ranging from 0.1 to 0.54 (Scott, ms, 2009;
Vigorito and Hurst, 2010; Hurst and others, 2011; Cobain and others, 2015). The
volume of injected and remobilised sand in the PGIC is estimated as 25–49 km3

(grain volume = 19–37 km3, assuming 25% average porosity; table 3) and at least 16
(C = 0.54) to 171 km3 (C = 0.1) of fluid was required to fuel the processes that led to
emplacement of the PGIC.

Using the 3D model of the San Joaquin Basin (based on earlier work by Hosford
Scheirer, 2007; fig. 13) and integrated with our outcrop data, it is possible to estimate
the sand-fluid budget involved in the emplacement of the PGIC. The main source of
fluid in our model is the lower part of the Uhalde Sst (S1–S3), which in the subsurface
coincides with the basin-scale fan systems of the Lathrop Sst (fig. 2, Ingersoll, 1979;
Cherven, 1983; Bartow and Nilsen, 1990). Quartz diagenesis in sandstone combined
with quartz and silicate diagenesis in associated mudstone, initiate at T ;70 °C, here

9
In the area under consideration the total outcrop length in the study area is ;25 km and the aver-

age outcrop width is ;1 km.
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equivalent to ;2000 m burial depth10 (with Tmax .100 °C at 3200 m burial). A vol-
ume of 7200–8400 km3 of the lower Uhalde Sst (S1–S3 and equivalents, fig. 2; table 3)
underwent quartz and silicate diagenesis that occluded primary porosity thereby ex-
pelling aqueous fluids that raised pore fluid pressure and later caused sand injection.

Loss of Ø = 1% from the gross volume of the Uhalde S1–S3 – Lathrop Sst unit
sources a fluid volume of 72–84 km3, which is greater than or equal to twice the maxi-
mum estimated grain volume of sand remobilized and injected in the PGIC.
Published porosity-depth curves for mudstone and sandstone (Chuhan and others,
2003; Mondol and others, 2008; Bruijn and Almqvist, 2015, Yeseul and others, 2018)
show that for a burial increase from 2000 to 6000 m, the maximum thickness of the
late Cretaceous-Danian sequence above base Uhlade Sst - Lathrop Sst, a porosity loss
between 10% and 20% is expected hence, the fluid budget for injection was likely to
be more than an order of magnitude greater than the 84 km3 estimate. Widespread
evidence for pervasive sandstone liquefaction in the Uhalde Sst (<2000 m burial and
Tmax <70 °C, figs. 4A, B and 5; figs. S4 and S5) suggests that where poorly consoli-
dated, grain fabric re-arrangement into tighter packing following liquefaction was an
additional source of fluid during sand injection. Upscaling the estimates of the fluid
budget derived from sandstone outcrop for the Uhlade S4–S5 and Dosados-Tierra
Loma Mbr (table 5) to the entire PGIC area (fig. S15), the fluid contribution from
this unit to sand injection is at least 115 km3.

There are at least three demonstrable limitations to the estimate of the fluid
budget: underestimation of gross rock volume, overestimation of burial depth (and
thereby Tmax), and overestimation of fluid volume. Gross rock volume calculations
are based on present day thickness (strata already dewatered and compacted), which
if unaccounted for causes underestimation the fluid volume expelled per unit of po-
rosity loss. Estimation of burial depth of the Uhalde S1–S3 – Lathrop is compromised
because it includes part of the Danian section (<200 m) above the inferred paleo-sea-
floor (Upper Dos Palos Mbr, part of the Garzas Sandstone). Fluid volume is overesti-
mated because no consideration is given to seepage through the overburden, which is
an inevitable continuous fluid loss through geologic time, but problematic to quan-
tify; even in exceptionally low permeability seals (< 1 nD) seepage occurs.

discussion

Hydrofracturing and Vertical Fluid Pressure Evolution during Sand Injection
Increasingly common and widespread knowledge of giant sand injection com-

plexes globally (Hurst and Cartwright, 2007; Braccini and others, 2008; Huuse and
others, 2010; Hurst and others, 2021a) provides insight into the origin, geometry and
distribution of regional hyrdrofracture networks in the shallow crust. In sand injection
complexes, hydrofractures are “sand-propped” and form sandstone intrusions that are
easily resolved at outcrop (figs. 6 to 11; Hurst and others, 2011; Hurst and Vigorito,
2017; Grippa and others, 2019) and using subsurface data (Huuse and others, 2004,
2007; Jackson, 2007; Lonergan and others, 2007; Schwab and others, 2015; Satur and
others, 2021). It is entirely possible that regionally developed hydrofracturing occurs
in the shallow crust but in the absence of sand injection is difficult to discern in fine
grained strata. Hydrofracture propagation is driven and sustained by the pressure gra-
dient established between the base of the fracture, in the PGIC the top of a parent
sandstone, and the tip or leading edge of the fracture where stress concentrates

10
At outcrop first indications of quartz cement occur at ;1500 m below the paleo-seafloor, hence we

limit our volume estimate to the sections of stratigraphy presently buried at least 1500 m below the top of
the Moreno Fm.
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(Brenner and Gudmundsson, 2004). Once formed, hydrofractures remain open and
propagate so long as the fluid pressure in the fracture exceeds the in-situ stress normal
to the fracture. Hydrofracture in homogeneous, isotropic rock at constant overpres-
sure produces elliptical opening profiles (Sneddon and Lowengrub, 1969) with aper-
tures that vary regularly along the profile with overpressure (Valkó and Economides,
1995). In layered strata the aperture variation of hydrofractures is, in general, much
greater and depends on the mechanical contrast between layers (Brenner and
Gudmundsson, 2004).

Heterogeneity in the Uhalde Sst and Moreno Fm reflect: 1) distinctive changes
in composition and grain size of the mudstone and 2) alternation with depositional
sandstone and siltstone. Both are related to the evolution of the depositional environ-
ment from basin floor to shallowing upward to the shelf edge (McGuire, ms, 1988a;
Bartow and Nilsen, 1990; Bartow, 1996; Nilsen and Moore, 1997). Evidence for exten-
sive liquefaction and fluidisation confirms that, at the time of injection, the depositio-
nal sandstone was poorly consolidated while the adjacent mudstone, although weakly
lithified, was cohesive and mechanically stiffer. Sandstone intrusions that intersect
lithological boundaries are observed to change in aperture and/or dip, bifurcate, or
arrest as they approach or cross lithological boundaries (fig. 11A and B, figs. S6 to S9,
Vétel and Cartwright 2010). Intrusions intersecting thick sandstone (typically t .5m)
tend to arrest or increase in aperture and/or become less steep (fig. S4, Vétel and
Cartwright, 2010). Exceptionally long high-angle dikes (vertical length H .200 m)
occur in mudstone dominated strata above the Dosados and Tierra Loma mbrs (figs.
3, 11A and figs. S6, S7 and S9), which concurs with earlier studies that show hydrofrac-
tures are more likely to propagate vertically in stiff than in soft layers (Brenner and
Gudmundsson, 2004 and references therein). Contrast in the stiffness of adjacent lith-
ologies controls fracture aperture, which is greater in soft layers, and controls fracture
tip geometry. In soft strata fracture tips become blunt, stress concentration is reduced,
and fracture propagation may stop (Brenner and Gudmundsson, 2004). Blunting of
fracture tips and consequent arrest of the propagation of the leading edge also occurs
when fractures intersect high permeability intervals, for example, depositional sand-
stone, that induce rapid leak-off of fluid (Dong, 2010) and hence a drop in fluid pres-
sure. An additional influence on the opening mode of fractures is caused by changes
in Young’s modulus in adjacent layers that induces transition between tensile and
shear opening and generates abrupt changes in fracture dip and aperture (Brenner
and Gudmundsson, 2004; Dong, 2010).

In the Danian, when pore fluid pressure below the regional seal in the Uhalde
Sst exceeded the minimum horizontal stress plus the tensional strength of the host
strata, hydrofractures began to form in the M3 (figs. 3A and 15). Overpressured
fluid opened and propagated fractures in focused areas where long, steep and iso-
lated dikes formed (LDZ, fig. 3B and figs. S2 and S12) mainly perpendicular to the
minimum horizontal stress (TO group). Simultaneously, some pre-existing fractures
and faults dilated along which the tensional strength of the host strata was low and
possibly zero (for example TP group). Focusing of hydrofracturing to form localised
dikes discouraged the clustering of hydrofractures (Jolly and others, 1998) in the
M3 regional seal. From their points of origin in the M3, dikes become more abun-
dant upward and form an interconnected network (fig. 15A). Genetic, spatial and
temporal relationships between the various branches of the PGIC are discussed
later.

Along the track of a single propagating fracture, fluid pressure within the frac-
ture decreases following a gradient depending on the density of the fluids and on the
concentration (C) of the solid particles (0 < C < 0.54) and is always less than the over-
burden (fig.15C). It follows that the magnitude of overpressure, relative to the in-situ
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stress, grows with upward fracture propagation and fluid pressure approaches the in-
termediate and maximum stress (fig. 15C).

Distribution and Trend of Sandstone Intrusions
Hydraulic fractures form when Pf . rn 1 T, where Pf = fluid pressure, rn = com-

ponent of the confining stress normal to the fracture and T= tensile strength of the
host strata. Vertical dikes form when Pf . rjhj 1 Th and sills form when Pf . rv 1 Tv,
where rjhj and rv are the horizontal (perpendicular to the orientation of the fracture)
and vertical component of the confining stress, and Th and Tv are the horizontal and
vertical tensile strength of the host strata. In poorly consolidated mudstone T is

Fig. 15. A) Distribution of sandstone intrusions in the PGIC. Different color lines represent different
branches of the PGIC. Black dots represent points where intrusions depart from and terminate in deposi-
tional units. B) Relative timing of propagation of intrusions along individual branches (thick lines in A).
The red line represents propagation of a single vertical hydrofracture from the base regional seal to the
seafloor. C) In situ stress conditions (black lines), hydrostatic gradient (dotted blue line), idealized pore
fluid pressure conditions pre-injection (thick blue line) and pore fluid pressure evolution during injection
in an idealized single vertical hydrofracture (red line in B and C) and along a branch of the PGIC (thick
green line in A, B and C). Intrusions originate in sparse focused areas and propagate upward becoming
more numerous and widespread. The highest density of intrusions is reached in the sill zone and more
specifically in the Hydrofractured Belt (white dashes) where overpressure in the fracture network attained
its maximum value above the in situ stress (C). As intrusions propagate into the overburden, multiple
branches form each characterized by different complexity, tortuosity and velocity of propagation (B),
hence formation of cross-cutting relationships (A). Intersection of hydrofractures with thick depositional
units (for example, points 1, 3 and 5) that are aligned on a lower pore fluid pressure gradient, causes an
abrupt pressure drop (dotted part of the green line), that may stop propagation of hydrofractures, pres-
sure is transferred and fluids may vent into the depositional sandstone. Because of the drop in pressure at
the tip of the fracture, flow velocity in the fracture increases and sand may entrain into the flow. As pres-
sure transfers from the underlying unit, pore fluid pressure in the formation progressively increases (pres-
sure build up phase – dashed green line) until it exceeds the fracture gradient at the top of the
depositional unit and new hydrofractures form (for example, points 2, 4 and 6). The time interval repre-
sented by a pressure build up phase depends upon the volume of the depositional unit and the original
overpressure (B). Phases of pressure build up in large volume sandstones are probably the largest time
lapses in the emplacement of an injection complex (B).
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generally very small (Hill and Marsters, 1990; Bell, 2000; Gudmundson, 2011), and
when strata are buried deeper than a few 100’s m, values of T are generally negligible
when compared with the confining stress (Jolly and Lonergan, 2002). Sandstone
intrusions are natural hydraulic fractures propped open by injected sand. It follows
that the distribution and orientation of sandstone intrusions is primarily controlled by
the relationship between Pf in the propagating hydraulic fractures and in-situ stress.

To constrain this relationship structural data for both sandstone intrusions and
sand-filled pre- and/or syn-injection faults, are back-rotated to their position at the
time injection occurred. Using the base of the Cima Lentil (paleo-seafloor) as the da-
tum, the structural data were rotated 35° to the SW along an axis striking N330 (figs.
16A and B). After back rotation, the TO dikes strike N40–80 and the TP N300–340. In
the well-defined tripartite architecture of the PGIC, the LDZ and UDZ are dominated
by steep dikes, but dikes become progressively less steep in proximity to SZ. This char-
acteristic of the architecture of the PGIC is easily visualized when the dip of the dikes
is plotted in relation to their stratigraphic position (fig. 16C). Concentration of sills in
the SZ, in association with dikes with diverse strike and dip, implies that, when Pf was
supra-lithostatic and sills formed, the pressure in the propagating hydrofractures over-
came the confining stress and opened fractures in all directions. This, together with
the fact that in both the LDZ and UDZ sills are extremely rare and that major dikes
are .75° steep, is indicative that throughout the vertical extent of the PGIC (the shal-
lowest 1.5 km of the forearc sedimentary sequence), the principal regional stress at
the time of intrusion was vertical (rv), and the intermediate and minimum stresses
were in the horizontal plane (Vigorito and Hurst, 2010), respectively rH maximum
horizontal stress and rh minimum horizontal stress.

Because high-angle dikes open mainly against the horizontal stress, analysis of
their trends helps determine the orientation of the intermediate and minimum stress
and highlights stress variations present within the injection complex when it formed.
TO and TP dikes respectively represent 43% and 18% of all high angle dikes and they
are best represented in the LDZ and UDZ. If only major (length . 100 m) dikes are
considered, the significance of the TO group is very clear (fig. 16A). The trend of
major dikes is less affected by local variations in the stress field and stress perturba-
tions caused by the presence of other sandstone intrusions and their strike is more
likely to be controlled by the regional stress field at the time of injection (Bohem and
Moore, 2002). When the azimuthal trend of the dikes is plotted versus aperture and
length, both increase toward two defined strike intervals N50–70 and N240–260 (fig.
16E), which is consistent with a maximum horizontal stress oriented N65 (610°).
This approximates the direction of main compressive stress for the western margin
of the San Joaquin Basin during the Early Paleocene (Bartow, 1991) and confirms
that TO fractures opened against the minimum horizontal stress with an opening
direction parallel to the orientation of the trench. It follows that, the high angle dikes
in the TP group opened mainly against the maximum horizontal stress (fig. 16A).

Dikes in the TO group are almost exclusively near vertical, whereas dikes in the
TP group vary in dip, mainly between 45 and 80 degrees, and 82% dip eastward (land-
ward) (figs. 16A and D). Emplacement of the TP group was favoured by extensional
stress and probably occurred along minor fractures and faults caused by shallow gravi-
tational tectonics promoted by: a) uplift of the subduction complex to west and the
consequent tilting to the east, and b) landward gravitational collapse of the western
(seaward) margin of the forearc basin. The uplift of the subduction complex during
the late Campanian and Maastrichtian time, and the consequent formation of a topo-
graphic high along the west margin of the basin (Bartow and Nilsen 1990, Mitchell
and others 2013), were likely associated with important local perturbation in the re-
gional stress field (Martel, 2016; Bird, 2017) which promoted local extension. A SW-
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NE oriented extension is confirmed by the presence of pre- and syn-injection normal
faults (for example fig. 8A) that dominantly strike NNW-SSE and tend to dip ENE at
oblique- to high-angles (fig. 16B), these faults show a strong affinity, in trend and dip,
with the TP intrusions (fig. 16A). The orientation of these faults concurs with earlier
studies (Palladino and others, 2018) that document the presence of NNW-SSE ori-
ented sandstone-filled normal faults but neglected the regional structural control.

Random orientation of sandstone dikes throughout the Moreno Fm was pro-
posed by Vétel and Cartwright (2010), from which they infer an isotropic stress regime
in the horizontal plane, in situ stress dominated by vertical loading under the K0 con-
dition and emplacement of the PGIC in the center of the forearc basin. Most of their
data are from a stratigraphic interval coincident with the SZ (mostly correspondent
with the Tierra Loma Mbr, fig. 3 in Vétel and Cartwright, 2010) in which dikes are
randomly oriented. Despite UDZ and LDZ being recognized (fig. 18 in Vétel and
Cartwright, 2010) and demonstrably different than the SZ, UDZ and LDZ data are
merged uncritically with SZ data into a single distribution. This introduces a strong
statistical bias that in turn invalidates their analysis and conclusions regarding the re-
gional stress regime and the inferred location of the PGIC in the forearc basin at the
time of sand injection.

The active Kumano forearc basin, located above the modern Nankai subduction
zone of SW Japan, is proposed as an excellent analogue for the structural setting of
the PGIC (fig. 17). It is characterised by multiple normal faults, both trench-orthogo-
nal and trench-parallel (more abundant and mostly dipping landward) in the seaward
portion of the basin onlapping the subduction complex (Moore and others, 2013). In
the Kumano Basin faulting is associated with thrusting in the underlying accretionary
prism, but noticeably absent within the forearc basin (fig. 17), and with formation of
intra-wedge highs created by rugosity on the subsiding oceanic plates and consequent
uplift of parts of the basin. This caused flexure, tilting and gravitational tectonics with
concomitant faulting and landward extension within the seaward portion of the fore-
arc basin fill, whereas toward the basin centre extensional faults are scarce or absent
(Sacks and other, 2013; Saffer and others, 2013; fig. 17). Extensional faults have small
displacements (10 to 20 m in general), no evidence of growth, and are thought to be
short lived (Moore and others, 2013). In the same part of the forearc basin, reverse
faults and thrusts are absent. It is inferred that the compressive stress, which character-
ises the overall deformation in the accretionary prism, does not propagate into the
overlying forearc sedimentary basin, in which only extensional regimes and structures
are recorded (Moore and others, 2013; Sacks and other, 2013; Saffer and others,
2013; see also: Fuller and others, 2006 and Mannu and others, 2016). Seismic data
interpretation validates this hypothesis, and the results of leak-off tests provide evi-
dence of stress decoupling between the accretionary prism and the overlying sedimen-
tary basin (fig. 17; Chang and others, 2010). In the seaward part of the Kumano Basin
a sharp angular unconformity separates the sedimentary sequences from the underly-
ing deformed accretionary prism. Below the unconformity the maximum horizontal
stress is oriented orthogonal to the trench (parallel to the main compressive stress)
with the overburden the intermediate stress (fig. 17). In the forearc sedimentary ba-
sin, maximum stress is vertical, and the maximum and minimum horizontal stresses
are, in general, trench orthogonal and parallel, respectively (Chang and others,
2010). Maximum horizontal stress rotates from trench-orthogonal in the basin centre
(site C009; fig. 17) to trench parallel toward the seaward margin of the basin (over a
distance of 20 km, site C002; fig. 17). This is consistent with the location and trend of
the normal faults which are more abundant in the seaward-most part of the Kumano
Basin and mostly strike parallel to the trench (Saffer and others, 2013). Also, it sug-
gests that stresses in the landward portion of the basin and upper wedge are mainly
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controlled by the regional tectonic processes whereas, along the seaward margin
stresses reflect local effects of topography or slip on the shallow megasplay fault
(Saffer and others 2013).

Validation of the Kumano Basin analogy in the PGIC is demonstrated by evidence
for basinward tilting of the forearc basin (figs. 18A and B), absence of pre-injection
evidence for compressional deformation, and little evidence for any other deforma-
tion, combined with analysis of the distribution and orientation of the intrusions (figs.
16A and 17). In this context intrusions formed preferentially parallel to the maximum
horizontal stress, oriented orthogonally to the trench, whereas less abundant intru-
sions formed parallel to the trench by dilating pre-existing fractures (mostly small
faults dipping landward) associated with uplift and tilting of the seaward margin of
the basin. Accordingly, TP intrusions are predicted to be more sparse or absent in the
LDZ and UDZ present in the PGIC in subsurface and located toward the basin centre.
Assuming a similar regional stress regime, a basin-centre setting can be inferred for
the sandstone intrusion at Gas Point in the Upper Cretaceous of the Sacramento
Basin (Jolly and Lonergan, 2002), which only has TO high-angle dikes. Because our
statistical strike-distribution data are from a limited transect of the PGIC (roughly 35
km), it is likely that the local stress field, and consequently intrusion strike distribu-
tion, vary commensurately in response to local controls. These include changes in the
physiography of the margin of the forearc basin, presence of structural elements such
as faults or folds and topography.

It is worthy of note that dominant dike sets striking NE-SW (TO), and implicitly a
maximum compressional stress oriented in the same direction (parallel to the main
compressive vector along the plate margin), are observed in different injection com-
plexes of northern-central California: in the Turonian of Sacramento Basin (Jolly and
others, 1998) and in the Miocene of Santa Cruz Basin (Bohem and Moore, 2002).
This confirms the strong control of super-regional tectonic stresses, associated with
North Pacific subduction, on the trend of sandstone intrusions.

Onset of Overpressure: Causes and Timing
Location of the PGIC in a forearc basin makes compression an initially attractive

regional structural control that can generate fluid overpressure (Berry, 1973). In the
Sacramento Basin, numerical modeling was used to infer that recent (<1 Ma) tectonic
compression coupled with burial diagenesis are likely the cause of present-day high
overpressure in many hydrocarbon exploration and production wells with reservoir of
Upper Cretaceous age (McPherson and Garven, 1999). Tectonic compression caused
by proximity to an active subduction zone was adopted as the likely driving mecha-
nism for overpressure build up prior to the emplacement of the PGIC (Palladino and
others, 2016). Our evaluation considers the role of burial diagenesis combined with
lateral pressure transfer, occurring along regional fluid flow vectors controlled by the
structural setting, as prominent to the development of hard overpressure.

During the late Cretaceous to early Danian, shortening and deformation were
concentrated within the subduction complex to the west of the study area whereas, to
the east and within the forearc basin, contemporaneous sequences are relatively unde-
formed and lack evidence of contemporaneous large-scale compressional structures
of late Cretaceous - early Palaeocene age (Anderson and Pack, 1915; McGuire, ms,
1988a; Bartow, 1996; Dibblee, 2007a, 2007b; Mitchell and others, 2010). During the
Danian, nappe geometry was characterised by predominantly westward verging major
thrusts, and the sedimentary fill of the forearc basin dipped eastward (Dickinson and
Seely, 1979; Wentworth and others, 1984; Dickinson, 2002; Constenius and others,
2014). Consequently, large-scale fluid flux during tectonic compression was westward
toward the trench (fig. 2A) and not eastward toward the forearc basin as suggested by
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Fig. 18. A) Tectono-sedimentary evolution of the San Joaquin Basin in the Campanian-Maastrichtian.
Most of the Great Valley Basin is covered by deep-water fan deposits (Uhalde Sandstone/Lathrop-Ragged
Valley Silt units; see fig.2) sourced from the E and NE by the erosion of the magmatic arc of the Sierra
Nevada. In the late Maastrichtian major tectonic compression caused shortening of the forearc basin and the
formation of a structural high on the western margin of the basin. The structuration was associated with the
deformation and uplift of the Panoche Fm and the underlying Coast Range Ophiolites, which were locally
exposed and sourced E to SE progradation of deltaic systems. During this period the Moreno Formation de-
posited and onlaped the basin margins, generally prograding southward. In the Danian tectonic compression
and consequent uplift of the subduction complex to the west, led to progressive uplift and tilting of the west-
ern portions of the Cretaceous fan systems and to the formation of trench-parallel extensional faults (blue
lines in B). Deeper in the basin the lower Uhalde and older rocks were heated enough during burial to
undergo chemical diagenesis. This tectono-stratigraphic framework favored expulsion of formation fluids
from the basin center and their migration toward the margins where hydrofracturing ensued and emplace-
ment of the PGIC occurred. T: Trench; FSC: Franciscan Subduction Complex; GVFB: Great Valley Forearc
Basin; SNMA: Sierra Nevada Magmatic Arc. B) During the Danian, overpressure increased progressively
below the regional seal (Sawtooth Shale) that covered much of the basin. Cyan arrows indicate inferred
migration pathways for fluids expelled from areas, deeper in the basin, undergoing thermally-driven chemical
diagenesis. Hydrofracturing and sand fluidization and injection occurred at the structurally higher parts of
the deformed fan-systems where hard overpressure developed within the Lower Uhalde sandstone due to lat-
eral pressure transfer. When pore fluid pressure below the regional seal, exceeded the fracture gradient,
hydrofractures formed and propagated upward, progressively filling with sand that formed sandstone intru-
sions. Frequency of intrusions and their orientation was controlled by the magnitude of pressure above the in
situ stress, and most frequently intrusions formed by opening fractures against the minimum horizontal stress
(TO group) or by dilating pre-existing fractures (TP group). C) Geoseismic sections across the Frigg Delta
and Balder-Grane area (North Sea Basin). Both areas have extensive sand injection intrusions into Paleocene
and Eocene strata that overlie Mesozoic and Paleozoic structural highs and where the Cretaceous regional
seal (both shale and carbonate) have strong indications of fluid leakage (probably associated with faults).
Cyan arrows indicate pre- and syn-injection migration pathways for overpressured fluids sourced deeper in
the section. Thermally-driven chemical diagenesis is the main cause for overpressure.
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Palladino and others (2016). Likelihood of significant eastward fluid migration was
further compromised by approximately 6.5 km of Upper Cretaceous sedimentary fill
with thick, regionally extensive mudstones in the Panoche Fm (Payne, 1951) that
formed additional barriers to eastward fluid migration (compare figs. 2 and 18, with
fig. 18 in Palladino and others, 2018). Consequently, tectonic compression as a signifi-
cant cause of overpressure in the forearc basin by pervasive eastward fluid migration
to form the PGIC is unlikely.

Independent of tectonic setting, thermally driven chemical diagenesis (Bjørkum
and others, 2001; Walderhaug and others, 2001; Nadeau, 2011) and concomitant lat-
eral pressure transfer (Swarbrick and Osborne, 1998; Robertson and others, 2013;
Gao and Flemings, 2017) are the main causes of elevated overpressure in sedimentary
basins globally. Emergence and erosion of the subduction complex during the late
Campanian to early Maastrichtian (fig. 18A) was associated with shortening (up to a
few 10’s km; Mitchell and others, 2010) of the forearc basin, progressive deformation
and uplift of sedimentary strata, including the entire Panoche Fm and underlying
Coastal Range Ophiolite, and rapid shifts of the main sediment-routing systems and
depocentres (Mitchell and others, 2010). On the seaward (west) margin of the forearc
basin, this progressive uplift and tilting changed the Uhalde Sst from west-dipping to
east-dipping (fig. 18A; Mitchell and others, 2010) and led to an increase in the subsi-
dence rate in the forearc basin. This led to the deposition of .5000 m of strata that
include the Sawtooth Shale (equivalent to the regional M3 seal), the upper Uhalde
Sst (from S4 to S5) and the entire Moreno Fm (that together form the Sawtooth-
Moreno Composite Unit in fig. 18; Hosford Scheirer, 2007). During the late stages of
deposition of the Sawtooth-Moreno Composite Unit, which hosts the PGIC (figs. 18A
and B), large portions of the lower part of the Uhalde Sst (S1–S3 – Lathrop Unit)
were buried to between 1500 m and 6000 m (present compacted thicknesses, figs. 13B
and C, and 14; Hosford Scheirer, 2007), equivalent to Tmax between 70 °C and.150 °
C. In this thermal window quartz and silicate diagenesis prevail with the twofold effect
of, 1) expulsion of pore-fluid caused by quartz cement occluding pores and clay dehy-
dration (Walderhaug, 1994, 1996), and 2) decrease of permeability because of
changes in the pore-size distribution and the overall lowering of porosity by mineral-
ogical reactions such as illite crystallization (Oelkers and others, 2000; Walderhaug
and others, 2001; Nadeau, 2011). Via illitization, mudstone permeability is reduced by
three orders of magnitude, from lD to nD, and seal capacity is significantly enhanced
(Nadeau and others, 2002a and b; Schneider and others, 2003).

Comparison with independent experimental data (Mondol and others, 2008)
the smectitic mineralogy of mudstone in the Uhalde indicates that M3 was probably
a high quality seal when buried to 1000–1500 m, and an even better seal deeper in
the basin where illite prevails (Mertz, 1988; see section: MINERALOGY AND
PETROGRAPHY). The kinetics of temperature-driven reactions mean that they
proceed at higher rates at higher temperatures, for example quartz cement precipi-
tation is five times faster at 120 °C than at 80 °C (Walderhaug, 1994, 1996;
Walderhaug and others, 2001). Consequently, the rate of expulsion of formation
fluids caused by chemical diagenesis reached its peak at the end of deposition of
the Moreno Formation, when in a large area of the basin Tmax .100 °C.
Diagenetically evolved fluid would be expelled from sandstone in the lower Uhalde
Sst (S1–S3 - Lathrop Unit) below the M3-Sawtooth regional seal in the deep basin
(fig. 14), thereby raising Pf to moderate to hard overpressure (point D in fig. 14B
and C). Lateral transfer of overpressure toward the basin margin where the same
stratigraphic units were shallower, raised Pf to exceed the minimum horizontal
stress and the fracture gradient, thereby causing regional hydrofracturing, and
sand fluidization and injection (figs. 14B and C, 18A and B).
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Combination of subsurface data (Hosford Scheirer, 2007) with outcrop data, and
our interpretation of relevant borehole data, shows that pressure transfer occurred lat-
erally over at least 80 km, and probably .150 km, through an estimated ;700 m thick
sedimentary section, between the deep basin and the location of the PGIC on the
northwest basin margin.

Rejecting compressional tectonics as the prominent cause of the hard overpres-
sure that drove emplacement of the PGIC is a significant change in interpretation of
large-scale subsurface fluid flow. Compressional tectonics were, however, instrumental
in creating the basin physiography in which increased subsidence promoted tempera-
ture-driven chemical diagenesis. A similar interpretation is relevant to formation of
the Upper Cretaceous, Gas Point sand injection complex in the northern Sacramento
Valley (Jolly and others, 1998) and the late Eocene Tumey Giant Injection Complex
of the San Joaquin Basin (TGIC, Zvirtes and others, 2021), which have similar geologi-
cal settings and evolution to the PGIC, characterised by increased tectonically-driven
subsidence with consequent uplift along the basin margins (Bartow, 1991; McPherson
and Garven, 1999). It is important to note that rapid subsidence of the basin centre
relative to its margins is not restricted to compressive geodynamic settings but charac-
terises diverse sedimentary basins globally where evidence for regional scale hydro-
fracturing and sand injections is identified (Huuse, 2008; Hurst and others, 2021a).

Regional Sand Injection and Basin Scale Fluid Flow
Because the Uhalde Sst and its subsurface equivalents (fig. 2) are regionally

developed aquifers, they can generate very large fluid volumes with only minor pres-
sure drops. When a network of hydrofractures established hydraulic connectivity
between the regional aquifers and the smaller volume depositional sandstones in the
Moreno Fm, and ultimately the paleo-seafloor (figs. 15, 18A and B), pressure gra-
dients were maximised and the volume of fluid expelled from the Uhalde Sst pro-
moted extensive remobilization and injection of sand from the Dosados and Tierra
Loma members (Vigorito and Hurst, 2010). It is conceivable that such large aquifers
together with post-injection compaction and de-watering of adjacent mudstone, had
the capacity to provide fluid charge for the prolonged (2 Ma) seepage of methane-
rich fluids documented within the Cima Lentil (Schwartz and others, 2003; Minisini
and Schwartz, 2007).

Overpressure in the range of 7–10 MPa, equivalent to a gradient of 0.015–0.016
MPa/m, is estimated for the PGIC below the M3 regional seal prior to injection
(Vigorito and Hurst, 2010). These gradients are 0.85 and 0.90 of the estimated litho-
static gradient Drv = 0.018 MPa/m; (Vigorito and Hurst, 2010) and are similar to gra-
dients presently observed in boreholes along the western margin of the Great Valley
in stratigraphic intervals from the Cretaceous to the Miocene (for example 0.85 litho-
static in Upper Cretaceous sandstones in North Kettleman Dome, San Joaquin Valley;
Strongin, 1981). If our model is correct, pore fluid pressure of ;52–55 MPa was pres-
ent at ;4500 m burial during the early Paleocene (point D in fig. 14C). In that area,
this fluid pressure was largely below the fracture gradient and explains the absence of
sandstone intrusions in borehole data but equates with fluid pressure of 22–25 MPa at
;1500 m along the western margin of the basin where fluid pressure exceeded the
fracture gradient, for example at point RA (fig. 14C).

The rock volume in which the PGIC was emplaced (fig. 14 and fig. S15), covers
an area that is located above the thickest package of Uhalde Sst-Lathrop Sst (fig. 13E)
and overlies structural highs located immediately updip of main depocentres where
chemical diagenesis was highly active. Continuity and connectedness within the
Lathrop Sst provided excellent migration routes for fluids expelled from the basin
centres (figs. 13C and 13D, 14A and 14C) to these structurally higher areas where
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overburden was at its thinnest thus minimising the pressure differential between pore
fluid pressure in the Uhalde Sst-Lathrop Sst and the overburden stress (low effective
stress) and maximising the potential for hydrofracturing and sand injection (RA in fig
14B).

Injected Flows: Characteristics, Fluid Dynamic Behaviour and the Sedimentary Record
A pressure gradient develops between the tips of newly formed hydrofractures

and their point of origin in an underlying pressure cell (Vigorito and Hurst, 2010).
During upward fracture propagation the pressure difference between the base and
the top of the hydrofracture network, and the level of overpressure relative to in-situ
conditions increases. This is caused by fluid pressure in the hydrofractures decreasing
upward relative to fluid density in the hydrofractures, and hence grain concentration,
whereas the in–situ stress decreases concomitantly along the lithostatic gradient (fig.
15C; Jolly and Lonergan, 2002; Vigorito and Hurst; 2010). If host strata are homoge-
neous, pressure difference increases progressively until the hydrofractures reach a
free surface at which point the maximum pressure gradient occurs. In the PGIC this is
represented by the paleo-seafloor (fig. 15C). Sand entrainment occurs when flow ve-
locity exceeds the minimum fluidisation velocity for sand, which initiates migration of
sand into the fracture network (Vigorito and Hurst, 2010). It is implicit that during
the early stages of an injection event hydrofractures contain only water (Vigorito and
Hurst, 2010; Bureau and others, 2014).

Given the regional scale of the PGIC, the intricacy of the hydrofracture network
and the heterogeneity and thickness of the host strata, including the presence of sand-
stone, it is reasonable to assume that sand entrained into the flow in different areas at
different times during propagation of the hydrofracture network and likely before
hydrofractures reached the paleo-seafloor. It follows that grain concentration in the
injected flows varied temporally and spatially during the emplacement of the injection
complex. A consensus is that the maximum concentration for fluidized flow, C = 0.54
was never exceeded (Leva, 1959; Allen, 1982; Hurst and others, 2011). Estimation of
the average velocity of injected sand is 0.5–0.7 m/s (Duranti and Hurst, 2004; Gallo
and Woods, 2004; Levi and others, 2008). Using the minimum settling velocity of
mudstone clasts in PGIC sandstone intrusions, estimates of the average velocity for flu-
idized sand are in the range of 0.28–0.7 m/s and that peak velocity may locally and
temporally be much higher (9.43 m/s, Scott, ms, 2009). Assuming that injected flows
are analogous to fluid flow in fractures, flow velocity is mainly controlled by the pres-
sure gradient, fracture aperture and fluid density. Fracture aperture controls the per-
meability of the fracture and fluid density is largely represented by the concentration
(C) of sand (Lyons and others, 2016). Because hydrofractures are propped open by
fluid it follows that when fractures form and propagate, average propagation rate and
average flow velocity are similar. Propagation rates of mantle-derived dikes in low-vis-
cosity magma are estimated to be in the range of 0.1–10 m/s (Rubin, 1995).

Because natural geological systems are inherently heterogeneous and complex
the rate of hydrofracture propagation and flow velocity of injected fluid differs signifi-
cantly temporally and spatially. Given this spatial and temporal variability, and the lim-
ited information preserved in the geological record, estimates differ widely for
Reynolds numbers (Re) for injected flows in ostensibly similar sandstone intrusions.
In the PGIC, Scott (ms, 2009) estimates Re �2300 and inferred dominantly turbulent
flow that concurs with independent estimates from other locations (Duranti and
Hurst, 2004; Duranti, 2007, Scott and others, 2009; Ross and others, 2014). This is at
variance with Cobain and others (2015) who, using a similar approach, estimated Re
<2300 and inferred laminar to transitional flow.
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Perturbation of fluid pressure gradients and flow velocity occur whenever hydro-
fractures intersect permeable units, including pre-existing faults and fractures, with
different pore fluid pressure conditions (fig. 15C; see Dong, 2010). Fracture aperture
increases and decreases with changes in fluid pressure whereas local variations in fluid
pressure and flow velocity occur when hydrofractures stop propagating and start to
close and expel fluid, or where new hydrofractures form and dilate, and via lateral
leak off along fractures (Germanovich and Murdoch, 2010). It is therefore likely that
regional sand injection is characterised by pulsed rates of fracture propagation, and
concomitant changes in fracture aperture, flow velocity and upward directed rates
and volumes of fluid discharge. Changes in fracture aperture and the flow velocity
influence flow regime temporally and spatially, and within sandstone intrusions form
internal sedimentary structures such as lamination, banding, grain segregation, and
flow markings and erosion surfaces (Hurst and others, 2011 and references therein).
Pulsing of flow complicates estimation of average and peak velocities of fluidized sand
that often differ and span over two orders of magnitude, and likely is the reason why
evidence for different flow regimes is reported from injectite analogues (Scott, ms,
2009; Hurst and others, 2011; Cobain and others, 2015).

Duration of Sand Injection
Emplacement of the PGIC was a single injection event that produced non-system-

atic cross-cutting relationships between sandstone intrusions, sills distributed within a
well-defined stratigraphic interval throughout the study area, and a single stratigraphi-
cally constrained sand extrudite (Vigorito and others, 2008; Vétel and Cartwright,
2010; Vigorito and Hurst, 2010). Non-systematic cross-cutting of sandstone intrusions
records the emplacement of different parts of the PGIC at slightly different times dur-
ing the single injection event (Vétel and Cartwright, 2010). Assuming a velocity of
0.28 m/s (average for the PGIC; Scott, ms, 2009) for a fluidised sand grain derived
from a parent unit in the Dosados Mbr, it would take ;47 minutes to reach the paleo-
seafloor if a direct vertical conduit was available (red line in fig. 15B). This estimate is
unlikely to be representative as is recorded by the complexity of the architecture of
the PGIC, which demonstrates that hydrofractures propagated upward along indirect
paths creating multiple intrusions with ranges of aperture, orientation and dip.
Consequently, fluidized sand took a variety of routes to the paleo-seafloor independ-
ent of actual fluid velocity in a specific hydrofracture and caused fluidized sand to
reach different levels in the host strata at different times (fig. 15B).

Sandstone dikes usually stop at the base, or within the basal section, of depositio-
nal sandstones especially if more 5m thick, although exceptions occur (Capita
Canyon; fig. 3B, fig. S8). Intrusions that emerge from the top of depositional sand-
stones are generally laterally offset up to several 10’s to 100’s m from the underlying
dikes (fig. 15A), a geometry that records that the hydrofracture intersected the base
of depositional sandstone (with lower pore fluid pressure compared to the hydrofrac-
ture) stopped propagating and began to transfer pressure by local venting of fluid
into the sandstone (Brenner and Gudmundsson, 2004; Dong, 2010). A consequent
phase of pore-fluid pressure increase occurred in the depositional sandstone until it
exceeded the fracture gradient and new hydrofractures formed along its upper mar-
gin (fig. 15A and C). This process is commonly observed in sandbox experiments (for
example, Rodrigues and others, 2009) where the phase of pressure build-up corre-
sponds to the lag time between the onset of fluid pumping and the initiation of hydro-
fracturing. During the period of pressure build-up, fluid and overpressure are
transferred from an external source, in the PGIC case from a deeper overpressured
sandstone. In the upper part of the Uhalde Sst and the Moreno Fm, depositional
sandstone has varied areal and vertical distribution, internal lateral and vertical
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connectivity and permeability, that in combination create baffles to the upward propa-
gation of hydrofractures (fig. 15; Brenner and Gudmundsson, 2004; Dong, ms, 2010).
It is likely that the active propagation of individual hydrofractures and branches pro-
ceeded in pulses separated by phases during which pressure above the fracture gradi-
ent had to re-establish following local pressure drops (fig. 15C). Phases of pressure
build up would represent periods during which the rate of propagation of the hydro-
fracture network has locally and temporarily declined. On a local scale their duration
was proportional to the volume of the depositional sandstone (it would take more
time to pressure charge a large channel complex in the Uhalde Sst than an isolated
channel in the Dosados Mbr) and inversely proportional to rate of influx of fluid
from the aquifer below and to the level of overpressure of the depositional sandstone.

Non-systematic, cross-cutting relationships of intrusions and the formation of var-
ious sedimentary structures in them (Duranti and Hurst, 2004; Scott and others, 2009;
Kane, 2010; Hurst and others, 2011) requires that pore-fluid pressure and the velocity
of propagation of hydrofractures varied temporally and spatially during their emplace-
ment. In the PGIC parts of the injection complex propagated while others did not
(fig. 15B, Vétel and Cartwright 2010). This intrinsic diachroneity explains why the
emplacement of any regionally developed sand injection complex proceeds in spa-
tially and temporarily variable pulses despite being a single event. Despite the high ve-
locity of injected flows, we infer that, because of the regional-scale intricacy of the
fluid migration routes caused by the combination of depositional sandstones and
hydrofractures, the emplacement of the PGIC occurred during a period of at least sev-
eral days or weeks.

We are unaware of modern analogues for sand extrusions fed by overpressured
aquifers at depth (burial .100 m) hence duration of sand injection and rate of sand
extrusion are unknown. Analogy with modern, often catastrophic events, of sand (mostly
seismogenic) or mud extrusion is unclarified but can add some perspective to the dis-
cussion. Between 2010 and 2011, a total of approximately 500,000 tons (191 � 103 m3,
Villemure and others, 2012) of sand and silt were extruded by four discrete earthquakes
in the Canterbury area of New Zealand. Active extrusion of sand occurred from 1000’s
of sand blows over an area of several 10’s km2 and lasted cumulatively for a few hours.
By contrast, the Lusi mud volcano, Indonesia, erupted 73 � 106 m3 of mud over 3 years,
with an initial solid particle concentration C = 0.2–0.4 (Tingay, 2010). Mud erupted
from a single main conduit and at least 200 additional ephemeral vents mostly aligned
along two intersecting faults within a radius of 4.5 km from the main vent (Tingay,
2010). Extruded granular volume of sand estimated for the PGIC is 280 � 106 m3 over
25 km2 of outcrop. This is at least three orders of magnitude greater than the volume of
sand associated with Canterbury earthquakes. Assuming a concentration in the extruded
sand-water mixtures C = 0.3 for the PGIC, the extruded sand volume is approximately
an order magnitude greater than the mud volume erupted by the Lusi mud volcano.

PGIC and Subsurface Interpretation
Without oil industry subsurface data, recognition of occurrence of giant sand

injection complexes and their distinctive geometry would probably have remained an
elusive geological backwater (Hurst and Cartwright, 2007). Three-dimensional seismic
surveys used in hydrocarbon exploration and oilfield development enabled identifica-
tion of the regional significance of sand injection complexes with sandstone intru-
sions forming distinctive bedding discordant features (Duranti and others, 2002;
Huuse and others, 2004; Huuse and others, 2005). The PGIC outcrop assumed a sig-
nificant analogue role in interpretation of subsurface sand injection complexes
(Hurst and others, 2005; Briedis and others, 2007; Hurst and others, 2016). More gen-
erally, because most steep (.45°) sandstone dikes are undetected on seismic surveys
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dikes may constitute “invisible” fluid leakage systems. If unpenetrated in boreholes, or
penetrated and unrecognized as sandstone intrusions, they pose hazards for gas or
fluid sequestration projects that assume undisturbed fine-grained strata with intrinsi-
cally low vertical transmissivity. A natural example of this is seepage through the injec-
tites in the PGIC that is estimated to have fed seafloor cold-seep carbonate
communities for almost 2 Ma (Minisini and Schwartz, 2007). In a mudstone-prone
interval identified as prospective for sequestration, but where sandstone dikes are
present and undetected, when fluid is pumped into the formation it will preferentially
flow through sandstone intrusions relative to the much less permeable mudstone.
The net effect is that pore-fluid pressure will transfer rapidly to the shallowest levels in
the injection complex, thus increasing the risk of causing hydrofracturing shallower
in the formation.

Parts of giant sand injection complexes in Paleogene of the Frigg area and the
central area of the Utsira High (fig. 18C and D; Briedis and others, 2007; Wild and
Briedis, 2010) occur on the western and eastern margins, respectively of the North
Sea Basin (UK and Norway). In both cases, the injection complexes are developed
within and above large sandstone-rich deepwater fan systems below which the regional
seal (carbonate- and mudstone-prone Cretaceous sequences) has evidence for fluid
leakage (for example, gas chimneys in figs. 18C; see also Wild and Briedis, 2010).
Where the regional seal is pristine the underlying sandstones have hydraulic continu-
ity into the basin centre and form large pressure compartments in which hard over-
pressure (in excess of 10’s MPa) occur with pressure gradients close to the fracture
gradient (Moss and others, 2003). The overpressure is mainly generated via a combi-
nation of chemical diagenesis and lateral pressure transfer. By analogy with the PGIC,
we infer that vertical fluid and pressure transfer from underlying overpressured aqui-
fers is the main cause for the regional sand remobilisation and injection observed in
the Tertiary strata. Overpressure release from depth along faults and/or hydrofrac-
tures, established and maximised pressure gradients, and caused extensive remobiliza-
tion of sand into the shallower section, a model concurring with that of Wild and
Briedis (2010). At present, in the North Sea, some areas of overpressure are preserved
below the regional seal hence a fault-valve behaviour (Sibson, 1990) and/or cementa-
tion along faults and hydrofractures are invoked to explain the build-up of residual
overpressure post-dating sand injection.

Because hydrofractures initiate and propagate when pore fluid pressure is in excess
of the minimum stress, if the principal stress is vertical and the minimum stress lies in
the horizontal plane the deeper portion of injection complexes, as observed in the
PGIC, is characterized by sparse near-vertical dikes. These form the lower dike zone
(LDZ) and are unlikely to be imaged by seismic surveys. It follows that in these cases the
connection to deeper parent units (the source for both fluids and sand) cannot be
resolved and consequently injection complexes may be misinterpreted as the result of
sand remobilisation and injection from within the same stratigraphic section where
intrusions occur. In some cases, the connection to a deeper source can be inferred from
the presence of exotic clasts with mineralogical or paleontological characteristics indica-
tive of origins from deeper parts of the stratigraphy (Hurst and others, 2016) or from
subsurface pressure data where unexpected pressure support is observed and associated
with deeper aquifers (Satur and others, 2021). Dikes are proven migration pathways for
hydrocarbons (Jenkins, 1930; Hurst and others, 2003a; Jonk and others, 2005; Minisini
and Schwartz, 2007; Blouet and others, 2017) into the shallower sandstone-rich parts of
sand injection complexes, or any other shallower reservoir that they may transect. Such
migration pathways, in the absence of direct geophysical evidence, are difficult to pre-
dict however, depth of potential parent units can be estimated if a sill zone and the loca-
tion of the paleo-seafloor at the time of injection are constrained (Vigorito and Hurst
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2010). Discordant intrusive elements are generally mapped in seismic above large sill
complexes (saucers) and as wings emanating from depositional sandstone. These may
cross-cut 100’s m of stratigraphy but, by analogy with the PGIC and other injection com-
plexes, are likely to represent only the lower part of an UDZ with the upper part poten-
tially consisting of near-vertical dikes invisible to seismic.

conclusions
Detailed description of the regionally developed (;4500 km2) and excellently

exposed (.300 km2) Panoche Giant Injection Complex (PGIC) enables unique
insight into the shallow crustal processes by which a giant sand injection complex
forms. At least 25 km3 of sand were injected in a single regional hydrofracturing event
that was geologically instantaneous, the entire PGIC estimated to have formed in a
minimum of several days to weeks. Fluidised sand flow is inferred to be pervasively
turbulent with dilute grain concentration and velocity similar to that of the rate of
hydrofracture propagation (0.1 to 10 m/s). Hydrofractures are present in varying
abundance and density throughout the PGIC but are most common in the sill zone.
Probably less than 1% of hydrofractures host sandstone intrusions.

Temperature-driven chemical diagenesis and lateral transfer of fluid from contig-
uous strata deeper in the basin is the causal process that maximised pressure gradients
and released the large volume of fluid that promoted hydrofracturing and sand injec-
tion to form the PGIC. Pressure transfer occurred laterally over at least 80 km, possibly
;150 km, and through a vertical section of ;700 m from the deep basin to the loca-
tion of the PGIC. The pore-fluid volume to fluidize and inject the estimated granular
volume of sand in the PGIC is equivalent to ;1% reduction of the gross rock volume
in the regional aquifer. Minor pressure drops in the aquifer would release the requi-
site fluid volumes. Estimates of fluid volume evolved from chemical diagenesis are
more than an order of magnitude greater than the volume required to form the
PGIC. Compressional tectonics is rejected as a significant cause of the overpressure
that drove emplacement of the PGIC, marking a significant change in the understand-
ing of regional subsurface fluid flow. However, it created the basin physiography that
controlled variations in subsidence and heating of strata and the consequent chemical
diagenesis.

Major dike trends are controlled by the regional stress field at the time of injec-
tion. Persistence of two dominant groups of dikes, TO and TP formed simultaneously
throughout the PGIC. The more abundant TO dikes opened against the minimum
horizontal stress and parallel to the main compressive vector along the margin of
North Pacific subduction. TP dikes opened against the maximum horizontal stress
and were controlled by local shallow extensional processes associated with uplift of
the subduction complex and, tilting to the east and landward gravitational collapse of
the forearc basin. Analogous structural and in-situ stress relationships are known from
the modern Kumano forearc basin. Regional development of lower and upper dike
zones below and above the intrusion-rich sill zone records that during formation of
the PGIC supra-lithostatic fluid pressure was pervasive only in the sill zone.

Pervasive bedset scale liquefaction typifies in the Uhalde Sst parent units and
formed at a burial depth of at least 600 m, but most likely at depths between 1 and 1.8
km below the paleo-seafloor. This is more than an order of magnitude deeper than
previously recorded examples of large scale sand liquefaction. Although laterally and
vertically discontinuous, evidence of continuous vertical disruption by liquefaction in
places pervades .600 m of section. A genetic association exists between dewatering,
hydrofracturing and sand intrusion of overlying mudstone.

Increase of overpressure in response to a combination of chemical diagenesis
and lateral pressure transfer is a common characteristic of sedimentary basins and
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explains the widespread occurrence of sand injection complexes globally in a wide
range of geodynamic and sedimentary settings. Because sand injection complexes are
often likely to be undetected or unidentified, they present a significant uncertainty
when evaluating subsurface geology and specifically with respect to past and present
fluid flow; “invisible” conduits for fluid escape through otherwise poorly transmissive
strata.
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