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Introduction: subsurface sand remobilization and injection

ANDREW HURST!*, ANTONIO GRIPPA!, SIMONE Y. SILCOCK?,
MADS HUUSE?, MIKE BOWMAN?3 & SARAH L. COBAIN*

ISchool of Geosciences, University of Aberdeen, King’s College,

Aberdeen AB24 3UF, UK

2Equinor Production UK Limited, Equinor House,
Prime Four Crescent, Kingswells, Aberdeen AB15 8QG, UK

*University of Manchester, Department of Earth and Environmental Sciences,
Williamson Building, Oxford Road, Manchester, M13 9PL, UK

“BP, ICBT Sunbury, Chertsey Road, Sunbury on Thames, TWI16 7LN, UK
AH, 0000-0001-6775-3435; MB, 0000-0002-6126-809X

*Correspondence: ahurst@abdn.ac.uk

Abstract: Observation of basin-scale networks of sandstone intrusions are described from subsurface studies
and outcrop locations. Regional scale studies are prevalent in the volume and two new regionally significant
subsurface sand injection complexes are described. Higher resolution studies, both outcrop and subsurface,
show the small-scale complexity but high level of connectedness of sandstone intrusions. Discordance with bed-
ding at all scales is diagnostic of sandstone intrusions. The propensity of hydraulic fractures to develop and fill
with fluidized sand in a broad range of host rocks is demonstrated by examples from metamorphic and magmatic
basement, and lignite. Terminology used to describe sandstone intrusions and other elements of sand injection

complexes is diverse.

This volume originated as a call for papers that
addressed ‘subsurface sand remobilization and injec-
tion: implications for oil and gas exploration and
development’: 32 oral presentations were offered
and accepted, 15 from industry authors and 17 from
academia, with several papers combining industry
and academic authorship. Of these, 15 papers — less
than half the oral presentations — form the body of
this volume. Of those, nine are largely based on the
interpretation of 3D seismic surveys both with and
without borehole calibration (subsurface interpreta-
tion), and six papers are based on outcrop studies,
one of which presents data from a regionally exten-
sive outcrop similar in scale to the subsurface sand
injection complexes known from petroleum systems.

Evidence of large-scale sand fluidization and
injection is a significant shallow crustal process
that is increasingly recognized in outcrop and sub-
surface studies (Fig. 1). Giant sand injection com-
plexes develop regionally in areas of 100s to 1000s
km? and reservoir commercial volumes of hydrocar-
bons. These are extensively documented from the
Norwegian and UK continental shelves (Hurst
et al. 2005) but are developed globally. Networks
of sandstone intrusions are known to act as conduits
for hydrocarbon migration (Jenkins 1930) and may

compromise hydrocarbon seals (Cartwright er al.
2007). Understanding, describing and predicting
sand injection complexes is also important in other
subsurface-related energy systems from site evalua-
tions, resource storage including carbon capture and
storage (CCUS) and subsurface radioactive waste
disposal.

Appraisal and development of hydrocarbon res-
ervoirs in sand injection complexes is complicated
by the challenge of resolving thin (<10 m) sand-
stone that may be laterally discontinuous and bed-
ding discordant sandstone often too steep to be
detected using seismic data (Huuse er al. 2007). In
combination these add significant uncertainty to
locating and quantifying pay and reservoir connec-
tivity, which impacts recoverable resource estimates
(Grippa et al. 2019). Although the most numerous
identifications and descriptions of sandstone intru-
sion reservoirs are from offshore northwestern
Europe (Denmark, Norway and UK), and despite
an ‘oil industry myth’ that sand injectites only
occur in the North Sea, they have global occurrence
(Braccini et al. 2008; Huuse et al. 2010); two new
global occurrences are documented in this volume
(Chenrai & Huuse 2020; Serié & Pemberton
2020). Examples of giga to microscale
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Fig. 1. Global distribution of some noteworthy sand injection complexes or notable sandstone intrusions including
those described in this volume along with a compilation of similar data from Hurst & Cartwright (20075b), Braccini

et al. 2008 and Huuse et al. (2010). Known Giant Sand Injection Complexes (GSICs), including an offshore example
(Angola), are shown (red squares). A new probable GSIC from the Eastern Carpathians, Romania (Tamas et al. 2020)
is the red square annotated 1 (white). Areas A (central California) and B (North Sea) in red outlines contain multiple
GSICs. Locations from onshore Brazil and Libya are from Hartmann ez al. (2012) and Moreau et al. (2012),

respectively.

characteristics of sandstone intrusions include: a
newly discovered sand injection complex (Fig. 2a);
a section through a composite wing from a producing
field (Fig. 2b); outcrop of a similar geometry com-
posite wing and parent unit (Fig. 2c); slabbed core
(from the reservoir in Fig. 2b) with some character-
istic internal structures (Fig. 2d); and micro-fractured
sand grains in a sandstone intrusion (Fig. 2e).

Sand injection, and resultant sandstone intrusions,
occur on many scales both within giant complexes
and as smaller discrete features (Hurst et al. 2003;
Hurst et al. 2011). The vast majority of sandstone
intrusions form within actively propagating hydraulic
fractures that are frequently modified by erosion dur-
ing emplacement. Exceptions to this, although volu-
metrically insignificant relative to the total volume
of intrusion complexes, are when pre-existing faults
are reactivated and sand is injected along them, or
when faulting is synchronous with sand injection
(Monnier et al. 2015; Palladino et al. 2020).
Although goals of the conference call included ‘the
characterization and interpretation of sandstone intru-
sions and associated facies, from granulometric- to
regional-scale’ only sub-regional-scale studies have
significant representation and form a central theme
herein. Concurrent industry practice in the North
Sea uses outcrop analogue data from sand injection
complexes to constrain resource estimates and recov-
ery efficiency by optimizing drilling locations and

well trajectories; themes that are at least partly docu-
mented elsewhere (Briedis et al. 2007; Schwab et al.
2014; Gibson et al. 2020; Pelletier & Gunn 2020).
This is particularly important as industry aims to
increase efficiency, and better balance cost and
value while reducing the energy footprint as we strive
for net zero emissions.

Terminology

Sand injectite terminology is not the goal of this com-
pilation nor was it the aim of the conference that pre-
ceded it. Sand injectite is the most common and
earliest informally adopted collective term for sand-
stone intrusions, for which it is implicit that sand
was injected into host strata to form an intrusion.
This contrasts with neptunian sandstone dykes that
form by passive fill of pre-existing fractures from
above. In this volume, there is little evidence of ratio-
nalizing and clarifying ‘sand injectite’ terminology,
the 15 papers using at least ten different terms to
define the sandstone component of their ‘sand injec-
tite” (Table 1). It may be that in practice there is little
value in differentiating a sandstone intrusion from a
giant sand injection complex but in some cases, for
example, distinction between clastic and sandstone
intrusions may have significant implications when
evaluating seal integrity (Cartwright er al. 2007),
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Fig. 2. Some typical characteristics of sandstone intrusions presented in this volume. (a) A 2D seismic reflection profile from the Austral-Magallenes Basin, Chile tied to the
Kalkin ZG-1 borehole accompanied by a geological interpretation of an extensive sand injection complex (Serié & Pemberton 2020). (b) Seismic and geo-seismic sections of
the southern wing (Volund Field, Norway) showing the composite character of the wing with increased bifurcation of intrusions up-dip and jack-up of host strata (Satur et al.
2020). (¢) Outcrop of a wing intrusion in the Tumey Giant Injection Complex with a parent depositional unit and sand injection breccia (Zvirtes et al. 2019). (d)(i) Slabbed
conventional core with structureless sandstone; (ii) jigsaw texture mudstone clasts formed by hydraulic fracturing of host strata during injection, in a sandstone matrix; (iii) an
irregular erosion surface at top of a sandstone — the mudstone is micro-fractured with mm-thick sandstone fills; (iv) sandstone and mudstone breccia showing multiple phases of
flow (Satur et al. 2020). (e) Micro-fractured quartz and feldspar sand grains from a sandstone intrusion (Hurst et al. 2020).

NOLLOAINI ANVS

T20z ‘8T 1snbny uo 1596 Aq /H10°U01I8| 00| PA| dS//:dNY WOy pepeojumoq


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on August 18, 2021

4 A. HURST ET AL.

Table 1. Summary of terms used in this volume to describe sand injectites and/or their constituent parts

Terminology

INTRUSIONS the body of sandstone
preserved

sand injectites, sandstone intrusions, sand injection complexes, sand
injections, clastic intrusions, injected sands, remobilized sands, giant

sand injection complex, intruded sandstones, injected sand

PROCESS (of sand injection)

remobilization, fluidization, liquefaction, sand fluidization, sand

fluidization and injection

ORIGIN OF INJECTED SAND
source derivation of sand
EXTERNAL GEOMETRY
wings

parent sand, parent unit(s), parent bed, parent sandstone

conical to saucer, wings and saucers, bowls, saucer-shaped, sills, dykes,

where clastic may include shale or mudstone dykes
(approximately zero pay), whereas sandstone dykes
often form reservoir facies (Grippa et al. 2019).

The process by which sand is injected is described
variously as (sand) remobilization, fluidization, lig-
uefaction, sand fluidization and sand fluidization
and injection (Table 1). Although pervasive liquefac-
tion in discrete depositional sandstone units may be
associated with small-scale sand injection (Lowe
1975), sand injection complexes of relevance in sub-
surface interpretation are several orders of magnitude
larger (Huuse et al. 2005; Hurst & Vigorito 2017).
Fluidization (sand or other grain size fractions) is
an important term and may occur in the absence of
sand injection, thus differentiation between sand flu-
idization and injection and sand fluidization is impor-
tant. Although remobilization is widely used, it often
lacks a common definition, or is synonymous with
sand fluidization or sand injection.

The interval from which sand is fluidized and
injected is a fundamental element of sand injection
on any scale. In Table 1 it is termed parent sand, par-
ent unit or units, parent bed and parent sandstone. In
small injection systems the parent may be a single
bed, but the favoured and least ambiguous term is par-
ent unit (Vigorito & Hurst 2010; Hurst et al. 2011).

Discordance to bedding is diagnostic of sandstone
intrusions and even when close to bedding parallel
(sills) discordance is present (Hurst er al. 2011).
Most of the terms to describe external geometry
referred to in this volume (Table 1) are in common
use. Wings and saucer-shaped intrusions are the typ-
ical targets for hydrocarbon exploration and produc-
tion wells (Huuse er al. 2004; Huuse et al. 2005; De
Boer et al. 2007) and known and described from sev-
eral outcrops (Table 2; Hubbard et al. 2007; Huuse
et al. 2007; Surlyk et al. 2007; Scott et al. 2009; Vig-
orito & Hurst 2010). Reservoir-scale saucers and
wings are invariably a composite of sills, low- and
high-angle to bedding dykes (Hurst & Vigorito 2017;
Grippa et al. 2019). Conical intrusions are identified
on seismic but without vertical exaggeration usually
resemble  saucer-shaped intrusions.  Outcrop

examples of conical intrusions are to date elusive.
Bowl geometry is referred to but how and why this
differs from saucers is unclear (Cobain ef al. 2019;
Chenrai & Huuse 2020). Dykes are by far the
most abundant sandstone intrusions documented but
comprise relatively small reservoir volume (Grippa
et al. 2019) and generally have poorer reservoir qual-
ity than sills, wings and saucer-shaped intrusions
(Scott er al. 2013). When steep to bedding, dykes
are usually undetectable as planar features using seis-
mic data (Huuse ef al. 2007; Grippa et al. 2019).

Timing of sand injection

Only when fossil material is extracted from rock
samples where sand extrusion onto a palaeoseafloor
(or that of a non-marine water body) is preserved
(Schwartz et al. 2003), and is spatially and tempo-
rally associated with an underlying sand injection
complex, can the timing of sand injection be reliably
constrained (Vigorito & Hurst 2010). Not all sand
injection complexes extruded sand onto palacosea-
floors, nor are all sand extrusions preserved. Not
all sand extrusions yield suitable fossil material.
Thus, even high-quality outcrop or continuous core
may not yield reliable estimates of the timing.
Estimation is even more challenging using seis-
mic data. Seismic data are unlikely to detect the
steep sandstone dykes that dominate the shallow
parts of injection complexes (Huuse et al. 2007;
Grippa et al. 2019) meaning that the shallowest
detectable intrusions may be 10s to 100s m below
the palacoseafloor. When drill cuttings are available
knowing where to sample is problematic, and further
complicated by the coarse sampling interval of cut-
tings and the low preservation potential of sand
grade material. When inferring the timing of sand
injection from seismic data it is wise to assume that
the shallowest (youngest) level at which intrusions
are detected gives timing of injection as ‘an age no
older than’. Occasionally geomorphic features such
as large sand volcanos (on palaeoseafloors) are
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Table 2. Summary characteristics of some significant outcrop of sand injection complexes

Injection complex (IC) Country Outcrop area Geological Depositional setting Injectite elements Outcrop quality (q)
(km?) setting and size (s)
environment element parent dyke sill wing  jack-up breccia extrudite
unit
Panoche Giant IC* USA c. 400 forearc basin middle/lower channel yes yes yes yes yes yes yes excellent (q)
slope complex extensive (s)
Vocontian Basin France c. 1.5 passive margin mid slope channel yes yes yes no no no no moderate (q)
complex moderate (s)
Numidian Flysch Tunisia c. 05 foredeep basin lowerslope/ channel yes yes yes no no no no excellent (q)
basin floor complex small (s)
Santa Cruz IC USA c. 8 transpressive upperslope/ slope/tidal yes yes yes yes no yes yes moderate (q)
transform margin outer shelf complex moderate (s)
Hareelv Formation* Greenland c. 2000 rift basin slope channel yes yes yes yes no yes no very good (q)
complex extensive (s)
Tierra del Fuego Argentina/ c2 foreland basin lower slope to lobe complex yes yes yes ? ? ? no moderate (q)
Chile basin floor (probably) moderate (s)
Tumey Giant IC* USA >100 forearc basin upper/middle channel yes yes yes yes yes yes yes excellent (q)
slope complex extensive (s)
Austral/Magallanes Basin Argentina/ >2 foreland basin slope channel/lobe yes yes yes yes no no no excellent (q)
Chile complex moderate (s)
Karoo Basin South c5 foreland basin basin floor channel/lobe yes yes yes no no no no moderate (q)
Africa complex small (s)
East Carpathian Fold Zone* Romania c. 250 foreland basin slope channel yes yes yes 7 yes yes no good (q)
complex extensive (s)
Nanaimo Basin Canada several c. 0.5 forearc/foreland submarine channel yes yes yes no no no no good (q)
basin canyon complex small (s)

Locations from onshore Brazil and Libya are from Hartmann et al. (2012) and Moreau et al. (2012), respectively.

*Four examples (bold type) of regionally developed Giant Sand Injection Complexes (GSICs) in which subsurface-scale sandstone intrusions and other key injectite elements are preserved.
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imaged (Andresen et al. 2009), unfortunately these
are not commonly identified.

Papers in this volume

Subsurface and outcrop case studies form the two
sections in this volume. All but two papers study
sand injection complexes from the Paleogene and
Neogene (Table 3) the exceptions being the Meso-
zoic example of giant pipes (Davison 2019) and
the mid Proterozoic (c. 676 Ma) sandstone intrusions
in basement (Siddoway et al. 2019). Paleogene and
Neogene examples dominate in the subsurface
examples because they are hydrocarbon prospective
that in some cases were drilled en route to accessing
deeper and older prospective intervals.

Subsurface studies

Characteristics of subsurface sand injection com-
plexes is investigated in eight papers that range
from basin, sub-regional to oilfield scale. These cap-
ture the different stages of understanding of petro-
leum systems in which regionally developed
(giant) sand injection complexes occur. Together
they offer insight into the range of geometry and
architecture present in injection complexes and
how through detailed observation insight is made
into possible controls on both geometry and distribu-
tion of the sandstone intrusions.

A ‘seismic-scale’ (regionally developed) sand
injection complex is described from the Upper
Paleocene in Great South Basin, New Zealand
(Chenrai & Huuse 2020) with spatial and geometric
features to similar scale injection complexes in the
North Sea. The Great South Basin remains a frontier
basin for hydrocarbon exploration. Discordant

intrusions are associated with a submarine channel
complex, interpreted as the parent units for the intru-
sions. In mudstone overlying the injection complex
polygonal faults are pervasive and are observed to
have downward termination close to the top of the
injection complex. No evidence of a palacoseafloor
is presented.

Upper Cretaceous to Paleocene strata in the Chil-
ean part of the Austral-Magellanes Basin host
regionally developed sandstone intrusions that are
identified by discordant margins between sandstone
intrusions and the host mudstone (Serié & Pember-
ton 2020). Borehole core interpretation confirms the
presence of sandstone intrusions and leads to
changes in interpretation of the sedimentary evolu-
tion of the basin, from shallow-marine to a deep-
water depositional system. The deep-water system
pinches out onto contemporaneous submarine relief;
sand injection occurs above the pinch out. Conse-
quently, in addition to improving understanding of
the petroleum system, new onshore petroleum poten-
tial is identified in a sand injectite play.

A synthesis of the geometric characteristics of
sandstone intrusions in the Norwegian—Danish
Basin (NDB) enables a qualitative evaluation of the
relationships between parent units, intrusion geome-
try and generation of overpressure, and the signifi-
cance of halokinetic faulting as a trigger for sand
injection (Andresen 2020). The NDB is a mature off-
shore hydrocarbon province in which sand injection
complexes are well known and contain significant
resource volumes. It is suggested that the location
of parent units and their burial depth partly control
intrusion geometry and size. In geometrically con-
fined parent units effected by halokinesis, faults
were potential local triggers for sand injection, and
sandstone intrusions occur close to the top of parent
units. Larger scale, less spatially constrained parent

Table 3. Stratigraphic position of Paleogene or younger sand injection complexes described in this volume;
examples from the subsurface and outcrop are black and open diamonds, respectively

Occurrence of
sand injectites

Epoch*

Location

Pliocene * Utsira High, North Sea

Miocene 44000 Norwegian—Danish Basin and Utsira High (North Sea), Lower Rhine Embayment,
Calabria—Peloritani terrane (southern Italy), Santa Cruz Mudstone (California)
* Utsira High, North Sea
Oligocene ¢ Norwegian—Danish Basin (North Sea)
e Norwegian—Danish Basin and Utsira High (North Sea)
Eocene * 60 North Sea and Tumey Giant Injection Complex (California)

L1 2224
Paleocene ¢4

North Sea and Norwegian—Danish Basin
Great South Basin (New Zealand), Austral/Magallanes Basin (Chile)

O Panoche Giant Injection Complex (California)

*Timing of injection is the youngest age provided by the authors. The only known example where timing is constrained biostratigraphically
is the early Paleocene (Danian) Panoche Giant Injection complex (PGIC, Vigorito & Hurst 2010).
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units cause sand injection to occur higher in the over-
burden. Overpressure is inferred to result from differ-
ential loading and lateral pressure transfer.

Using 3D seismic data Hermanrud et al. (2019)
investigate trigger mechanisms for sand injection in
Oligocene to Miocene strata (to top Hordaland
Group) above the Utsira High by examining the
regional distribution of mounds. Observations indi-
cate that the height of jack-up folds is usually greater
than sandstone thickness within mounds, sandstone
deposits onlap mounds whereas mudstone deposits
do not. Rim synclines are absent adjacent to Oligo-
cene and Eocene mounds, and mounds on the top
Hordaland Group surface are restricted to basin
flanks and flank-basin transitions, but are absent in
basin centres. Sand injection is inferred to be trig-
gered by incipient slab sliding.

Based on subsurface data from Balder Field on
the eastern flank of the Viking Graben, Lower Juras-
sic sandstone is suggested as the parent unit for part
of a widespread sand injection complex in the shal-
lower Paleogene section (Wild 2021). Analogous
processes documented elsewhere are used to corrob-
orate the interpretation. Fluids associated with sand
injection are thought to be derived by migration
from deeper areas of the Viking Graben and associ-
ated with early Eocene inversion. Large sills formed
above multiple seal breaches, and within the sills
internal structures are speculated to record lateral
accretion in turbulent, transitional, or laminar flow
of a granular suspension.

Laake (2019) presents examples of variations in
sandstone intrusion geometry above a Tertiary
shelf-edge fan delta where geometric and thickness
relationships that are related to spatial variations in
the parent unit. Intrusions with irregular geometry
occur in shallower areas of the fan delta. In proximal
areas, large diameter, approximately circular (in
cross section) intrusions are developed. Extensive
thin sheet-like sandstone occurs along faults, some
of which are spatially associated with the margins
of pre-existing pockmarks.

Interpretation of broadband 3D seismic of the
Upper Paleocene Maureen and Lista formations
(Cobainet al. 2019) enables mapping of bowl-shaped
sandstone intrusions, 200-900 m wide and 60-85 m
high These are the major reservoir facies in the
Lista Formation. No depositional sandstone is identi-
fied below the ‘bowls’ and injected sand is assumed
to have formed sand welds with the underlying
Maureen Formation. Examples of core and outcrop
data are provided to confirm the sand injectite origin.

Reservoirs in the Volund Field (Norwegian
Continental Shelf) are entirely composed of sand-
stone intrusions that form laterally interconnected
sandstone-prone wings creating high reservoir con-
nectivity and increased recovery potential (Satur
et al. 2020). Appraisal and development of Volund’s

southern wing reveals a composite character with
three smaller wings coalescing to form the reservoir.
Sandstone, mudstone and mudstone-prone facies
are present, the latter including mudstone clast
(injection) breccia. Breccia has sand-supported mud-
stone clasts with excellent porosity and permeability
and constitutes significant missed (sub-seismic) pay.
Volund’s wings are known to become more
mudstone- and breccia-rich upward and c¢. 100 m
above the base of wings. Average porosity has a
broader spread of values that is attributable to the
presence of greater volumes of breccia. Porosity
determination from borehole logs fails to differenti-
ate mudstone clast breccia (pay) from siltstone (non-
pay) making it a challenge to assess total reservoir
potential from log-based petrophysics alone.

The presence of the Eocene Brimmond deep-
water channelized sand fairway was recognized dur-
ing drilling of the Paleocene Forties Field. Sandstone
intrusions, including conical geometry, sills and
some dykes are clearly recognizable on 3D seismic
data (van Oorschot et al. 2019). High resolution
seismic imaging combined with inversion and direct
hydrocarbon indicator volumes constrain the identi-
fication of reservoir quality pay targets thereby
enabling optimized development of the Brimmond,
Tonto and Maule fields. 4D seismic imaging is
used to identify unswept intervals during production.

Outcrop studies

Outcrop data have played key roles in exploration,
appraisal and development of sand injectite fields
and prospects (papers in Hurst & Cartwright
2007a, b; Schwab et al. 2014; Hurst & Vigorito
2017; Satur et al. 2020). Significant impacts of out-
crop studies are (1) to validate the interpretation of
the external geometry of sandstone intrusions
mapped in subsurface studies and to associate these
with sub-seismic pay, and (2) to identify and charac-
terize the internal structures in sandstone intrusions
that are challenging to discern from borehole core
and logs, and seismic data (Duranti & Hurst 2004;
Scott et al. 2009; Hurst et al. 2011; Cobain et al.
2015) and support their differentiation from deposi-
tional sandstone. Examples in which the value of
core calibration of subsurface models is demon-
strated or implicit are exemplified in this volume
by Cobain et al. 2019, Satur et al. 2020, Serié¢ &
Pemberton 2020 and van Oorschot et al. 2019.
Excellent oilfield-scale exposure of part of the
Tumey Giant Injection Complex (TGIC) is presented
for the first time (Zvirtes et al. 2019). Intrusions are
emplaced in deep-water mudstone in which turbiditic
channels, now intensely modified by sand fluidiza-
tion, are the sole parent units for intrusions. Clay min-
eral rich mudstone is present in the lower interval
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where sills with stepped and multi-layered geometry
dominate. In the upper interval bio-siliceous mud-
stone hosts characteristic wing-like intrusions and
extensive injection breccia. Intrusions and fractures
are dominantly sub-parallel to the basin axis and
structurally driven hydraulic fracturing is inferred.
Laterally derived fluid pressure through turbiditic
sandstone is probable given the absence of evidence
for an underlying aquifer drive from parent units.

Sandstone intrusion into basement is an increas-
ingly common sand injectite setting and is known
to reservoir oil in fractured crystalline basement.
Siddoway et al. (2019) describe regionally devel-
oped sandstone intrusions from the Serre Massift of
Calabria, Italy and the Front Range, Colorado,
USA that are believed to be analogous in character
and scale to similar subsurface injectite systems. In
oil industry parlance, basement is assumed to have
no or very low potential to deliver commercial
hydrocarbons, but these outcrops show how crystal-
line basement can develop fluid storage and trans-
missivity when sandstone intrusions are present. A
key to success in all basement plays is constraining
hydrocarbon volume and whether connected vol-
umes are accessible by wells.

Sandstone intrusions in Miocene lignites form a
reduction in resource quality along with depositional
sandstone (Prinz & McCann 2019). 3D models
were developed during active open-cast mining that
progressively revealed new cross sections of the
study interval. Lignite forms the host to highly vari-
able networks of sandstone intrusions with sills,
dykes and reticulate intrusions that occur at smaller
scale (thickness, length, aperture) but with similar
geometry to those in giant injection complexes. Intru-
sions are differentiated from depositional sandstone
by their bedding discordance and a paucity of internal
structures. Some depositional sandstone units are
identified as parent units for sandstone intrusions.

Large (>4 m diameter) enigmatic sandstone
pipes in the Kodachrome State Park are the subject
of many research papers that associate their forma-
tion with sand fluidization and injection into a sand
(stone) host. Using field observations, Davison
(2019) reasons that formation of most pipes occurred
by in situ disintegration of host strata during upward
fluid streaming. A strong line of evidence for this
process is the presence of large (up to c. 4 m long)
sub-horizontally layered sandstone blocks, and pres-
ervation of internal sedimentary structures that
extend from the host into and across pipes. It is esti-
mated that the proportion of fluidized sand present in
the large-diameter pipes is <20% of the total
volume fluidized.

Sandstone-filled faults are common small-
volume components of sand injection complexes
(Palladino et al. 2020). Using outcrop data from
the Panoche and Tumey hills in Central California,

numerous sandstone-filled extensional, contractional
and strike-slip faults are recorded. Commonly,
sandstone-filled faults have small offsets and aper-
tures (centimetres to a few decimetres) and evidence
for tectonic deformation is sparse. Over-pressured
pore fluid is inferred to have held open the fault
walls concurrent with sand emplacement. A predic-
tive model for the distribution of sandstone-filled
faults is developed and related to regional stress ori-
entation at the time of emplacement.

Petrographic data from sandstone intrusions are
sparse (Hurst et al. 2020) but offer potential to dif-
ferentiate them from depositional sandstone using
grain characteristics. Micro-fractured sand grains
and mud clasts with embedded sand grains are perva-
sive in sandstone intrusions and are evidence of high
velocity inter-granular impacts. Quartz grains have
randomly oriented fractures that terminate at grain
boundaries and are texturally distinct from other
impact or tectonically derived micro-fractures.
Sand grains embedded in mud clasts formed by cor-
rasion and are texturally and genetically distinct
from encrusted mud clasts. Relative hardness and
density variations in heavy minerals record abrasive
reduction in the abundance of apatite and fraction-
ation of zircon and tourmaline during sand fluidiza-
tion. All these features characterize sandstone
intrusions and some may be diagnostic of sand
fluidization.

Together these papers offer valuable insight into
recent research and applications on sand injectites.
They record analogues to benchmark other studies.
In addition to their importance in petroleum systems,
where they constitute major reservoir volumes and
offer secondary or missing pay targets, they have
wider relevance in geo-energy systems that rely at
least in part on subsurface studies for their success.
Furthering understanding of sand injectites in
sedimentary basin evolution will surely contribute
significantly to enhancing the understanding the rela-
tionships between burial history and overpressure
development in the shallow crust. By doing so their
relevance to practical applications will broaden, such
as other energy-related systems ranging from site
evaluations for wind farms to resource storage
including CCS and subsurface waste disposal.
There remains much to be understood about sand
injectites, their formation, characterization and
significance.

Acknowledgement Thanks are due for informal
information provided on the Nanaimo, Tierra del Fuego
and Neoquen basins (David Hodgson), the East Carpathian
Fold Belt (Alexandra Tamas) and the Parand Basin (Gus-
tavo Zvirtes).

Author contributions AH:  conceptualization
(lead), investigation (lead), project administration (lead),


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on August 18, 2021

SAND INJECTION 9

resources (lead), writing — original draft (lead), writing —
review & editing (lead); AG: conceptualization (support-
ing), formal analysis (supporting), investigation (support-
ing), writing — review & editing (supporting); SYS:
project administration (supporting), writing — review &
editing (supporting); MH: conceptualization (supporting);
MB: conceptualization (supporting), writing — review &
editing (supporting); SLC: conceptualization (supporting).

Funding This research received no specific grant from
any funding agency in the public, commercial, or
not-for-profit sectors.

Data availability All data generated or analysed dur-
ing this study are included in this published article and are
already in the public domain.

References

ANDRESEN, K.J. 2020. The Norwegian—Danish Basin: a
dynamic setting for subsurface sand remobilization —
established concepts on distribution and controlling fac-
tors. Geological Society, London, Special Publications,
493, https://doi.org/10.1144 /SP493-2018-026

ANDRESEN, K.J., CLauseN, O.R. & Huusg, M. 2009. A giant
(5.3 x 107 m*) middle Miocene (c. 15 Ma) sediment
mound (M1) above the Siri Canyon, Norwegian—Dan-
ish Basin: origin and significance. Marine and Petro-
leum Geology, 26, 1640-1655, https://doi.org/10.
1016 /j.marpetge0.2009.02.005

Braccing, E., DE Boer, W., HursT, A., HUuusg, M., VIGOR-
1mo, M. & TeMPLETON, G. 2008. Sand injectites. Oilfield
Review, 20, 34-49.

Briepis, N.A., BERGSLIEN, D., HIELLBAKK, A., HiLL, R.E. &
Molr, G.J. 2007. Recognition Criteria, Significance to
Field Performance, and Reservoir Modeling of Sand
Injections in the Balder Field, North Sea. In: HursT,
A. & CARTWRIGHT, J. (eds) Sand Injectites: Implications
for Hydrocarbon Exploration and Production. AAPG
Memoirs, 87, 91-102.

CARTWRIGHT, J.A., HUuuse, M. & ArLIN, A. 2007. Seal
bypass systems. AAPG Bulletin, 91, 1141-1166,
https://doi.org/10.1306,/04090705181

CHENRAL P. & Huusg, M. 2020. Sand injection and polyg-
onal faulting in the Great South Basin, New Zealand.
Geological Society, London, Special Publications,
493, https://doi.org/10.1144 /SP493-2018-107

CoBaIN, S.L., PEakALL, J. & Hobagson, D.M. 2015. Indica-
tors of propagation direction and relative depth in clas-
tic injectites: implications for laminar v. turbulent flow
processes. Geological Society of America Bulletin, 127,
18161830, https://doi.org/10.1130/B31209.1

CoBAIN, S.L., HopGsoN, D.M., PEakALL, J. & SiLcock, S.Y.
2019. Relationship between bowl-shaped clastic injec-
tites and parent sand depletion: implications for their
scale-invariant morphology and composition. Geologi-
cal Society, London, Special Publications, 493, https://
doi.org/10.1144/SP493-2018-80

Davison, 1. 2019. Sand pipe formation by liquefaction and
sand injection: examples from Kodachrome Basin State
Park, Utah, USA. Geological Society, London, Special

Publications, 493, https://doi.org/10.1144/SP493-
2017-349

DE Boer, W., RawLiNsoN, P.B. & HursT, A. 2007. Success-
ful exploration of a sand injectite complex: Hamsun
prospect, Norway Block 24 /9. In: Hurst, A. & CART-
WRIGHT, J. (eds) Sand Injectites: Implications for Hydro-
carbon Exploration and Production. AAPG Memoirs,
87, 65-68.

DuranTi, D. & HursT, A. 2004. Fluidisation and injection in
the deep-water sandstones of the Eocene Alba Forma-
tion (UK North Sea). Sedimentology, 51, 503-531,
https://doi.org/10.1111/j.1365-3091.2004.00634.x

GiBsoN, M., RiLEY, D., KENYON-ROBERTS, S., OpATa, J.,
BECK, A., NGUYEN, C. & MARTIN, T. 2020. The Catcher,
Varadero and Burgman fields, Block 28/9a, UK North
Sea. Geological Society, London, Memoirs, 52,
399412, https://doi.org/10.1144 /M52-2019-24

Grippa, A., Hurst, A., PaLLabiNo, G., IacopiNi, D.,
Lecomte, 1. & Huuse, M. 2019. Seismic imaging of
complex geometry: forward modelling of sandstone
intrusions. Earth and Planetary Science Letters, 513,
51-63, https://doi.org/10.1016/j.eps.2019.02.011

HarTMANN, L.A., ARENA, K.R. & DUARTE, S.K. 2012. Geo-
logical relationships of basalts, andesites and sand
injectites at the base of the Parand volcanic province,
Torres, Brazil. Journal of Volcanology and Geothermal
Research, 237-238, 97-111, https: //doi.org/10.1016/
j-jvolgeores.2012.05.017

HerMANRUD, C., CHRISTENSEN, E., HAUGVALDSTAD, M.,
RovyNestaD, L.M., Tiensvorp, L.T. & WaTsenD, L.
2019. Triggers of sand remobilization in deep marine
deposits. Geological Society, London, Special Publica-
tions, 493, https: //doi.org/10.1144 /SP493-2018-35

HusBARD, S.M., RoMmans, B.W. & Granam, S.A. 2007. An
outcrop example of large-scale conglomeratic intru-
sions sourced from deep-water channel deposits,
Cerro Toro Formation, Magallanes Basin, southern
Chile. In: HursT, A. & CARTWRIGHT, J. (eds) Sand Injec-
tites: Implications for Hydrocarbon Exploration and
Production. AAPG Memoirs, 87, 199-207.

HursT, A. & CARTWRIGHT, J.A. (eds). 2007a. Sand Injec-
tites:Implications for Hydrocarbon Exploration and
Production. AAPG Memoirs, 87.

HursT, A. & CARTWRIGHT, J.A. 2007b. Relevance of sand
injectites to hydrocarbon exploration and production.
In: Hurst, A. & CARTWRIGHT, J. (eds) Sand Injectites:
Implications for Hydrocarbon Exploration and Pro-
duction. AAPG Memoirs, 87, 1-19.

HursT, A. & ViGorito, M. 2017. Saucer-shaped sandstone
intrusions: an underplayed reservoir target. AAPG
Bulletin, 101, 625-633, https://doi.org/10.1306/
011817DIG17070

Hurst, A., CARTWRIGHT, J. & DuranTi, D. 2003. Fluidiza-
tion structures produced by upward injection of sand
through a sealing lithology. Geological Society, Lon-
don, Special Publications, 216, 123138, https://doi.
org/10.1144/GSL.SP.2003.216.01.09

HursTt, A., CARTWRIGHT, J.A., DurANTI, D., HUUSE, M. &
NELsoN, M. 2005. Sand injectites: an emerging global
play in deep-water clastic environments. Geological
Society, London, Petroleum Geology Conference
Series, 6, 133-144.

HugrsT, A., Scotr, A. & Vicorito, M. 2011. Physical char-
acteristics of sand injectites, Earth-Science Reviews,


https://doi.org/10.1144/SP493-2018-026
https://doi.org/10.1144/SP493-2018-026
https://doi.org/10.1144/SP493-2018-026
https://doi.org/10.1144/SP493-2018-026
https://doi.org/10.1016/j.marpetgeo.2009.02.005
https://doi.org/10.1016/j.marpetgeo.2009.02.005
https://doi.org/10.1016/j.marpetgeo.2009.02.005
https://doi.org/10.1306/04090705181
https://doi.org/10.1306/04090705181
https://doi.org/10.1144/SP493-2018-107
https://doi.org/10.1144/SP493-2018-107
https://doi.org/10.1144/SP493-2018-107
https://doi.org/10.1144/SP493-2018-107
https://doi.org/10.1130/B31209.1
https://doi.org/10.1130/B31209.1
https://doi.org/10.1144/SP493-2018-80
https://doi.org/10.1144/SP493-2018-80
https://doi.org/10.1144/SP493-2018-80
https://doi.org/10.1144/SP493-2018-80
https://doi.org/10.1144/SP493-2018-80
https://doi.org/10.1144/SP493-2017-349
https://doi.org/10.1144/SP493-2017-349
https://doi.org/10.1144/SP493-2017-349
https://doi.org/10.1144/SP493-2017-349
https://doi.org/10.1111/j.1365-3091.2004.00634.x
https://doi.org/10.1111/j.1365-3091.2004.00634.x
https://doi.org/10.1111/j.1365-3091.2004.00634.x
https://doi.org/10.1144/M52-2019-24
https://doi.org/10.1144/M52-2019-24
https://doi.org/10.1144/M52-2019-24
https://doi.org/10.1144/M52-2019-24
https://doi.org/10.1016/j.epsl.2019.02.011
https://doi.org/10.1016/j.epsl.2019.02.011
https://doi.org/10.1016/j.jvolgeores.2012.05.017
https://doi.org/10.1016/j.jvolgeores.2012.05.017
https://doi.org/10.1016/j.jvolgeores.2012.05.017
https://doi.org/10.1144/SP493-2018-35
https://doi.org/10.1144/SP493-2018-35
https://doi.org/10.1144/SP493-2018-35
https://doi.org/10.1144/SP493-2018-35
https://doi.org/10.1306/011817DIG17070
https://doi.org/10.1306/011817DIG17070
https://doi.org/10.1306/011817DIG17070
https://doi.org/10.1144/GSL.SP.2003.216.01.09
https://doi.org/10.1144/GSL.SP.2003.216.01.09
https://doi.org/10.1144/GSL.SP.2003.216.01.09
http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on August 18, 2021

10 A. HURST ET AL.

106, 215-246, https://doi.org/10.1016/j.earscirev.
2011.02.004

HursT, A., Luzinski, W., ZVIRTES, G., ScoTT, A., VIGORITO,
M., MorToN, A. & Wu, F. 2020. Some petrographic and
mineralogical diagnostics of sandstone intrusions. Geo-
logical Society, London, Special Publications, 493,
https://doi.org/10.1144/SP493-2018-063

Huusg, M., DUranTi, D. ETAL. 2004. Seismic characteristics of
large-scale sandstone intrusions in the Paleogene of the
South Viking Graben, UK and Norwegian North Sea.
Geological Society, London, Memoirs, 29, 263-278,
https://doi.org/10.1144/GSL.MEM.2004.029.01.25

Huusk, M., CARTWRIGHT, J.A., Gras, R. & HursT, A. 2005.
Kilometre-scale sandstone intrusions. Geological Soci-
ety, London, Petroleum Geology Conference Series, 6,
1577-1594.

Huusg, M.J., CARTWRIGHT, J.A., HURST, A. & STEINSLAND,
N. 2007. Seismic characterization of large-scale sand-
stone intrusions. /n: HURST, A. & CARTWRIGHT, J. (eds)
Sand Injectites: Implications for Hydrocarbon Explo-
ration and Production. AAPG Memoirs, 87, 21-35.

Huusg, M., VAN RENSBERGEN, P., JAcksoN, C.A..-L., FLEMINGS,
0.B., Davies, RJ. & Dixon, R.J. 2010, Special issue: sub-
surface sediment remobilization and fluid flow in sedi-
mentary basins. Basin Research, 22, 341-621, https://
doi.org/10.1111/j.1365-2117.2010.00487.x

JenkiNs, O.P. 1930. Sandstone dikes as conduits for oil
migration through shales. AAPG Bulletin, 14, 411-421.

Laakge, A.W. 2019. Reconstruction of subsurface sand
remobilization from seismic data. Geological Society,
London, Special Publications, 493, https://doi.org/
10.1144/SP493-2017-306

Lowg, D.R. 1975. Water escape structures in coarse-grained
sediments. Sedimentology, 22, 157-204, https://doi.
org/10.1111/j.1365-3091.1975.tb00290.x

MONNIER, D., GAY, A., IMBERT, P., CAvVAILHES, T., SoLIvA, R.
& Lopez, M. 2015. Sand injectites network as a marker
of the palaeoestress field, the structural framework and
the distance to the sand source: example in the Vocon-
tian Basin, SE France. Journal of Structural Geology,
79, 1-18, https://doi.org/10.1016/j.jsg.2015.07.001

Moreau, J., GueENNg, JF. & Hurst, A. 2012.
Kilometre-scale sand injectites in the intracratonic Mur-
zuq Basin (South-west Libya): an igneous trigger? Sed-
imentology, 59, 1321-1344, https://doi.org/10.1111/
j-1365-3091.2011.01308.x

PaLLaDpINO, G., ALsop, G.I., Grippa, A., SEERS, T. & HURST,
A. 2020. Sandstone intrusions along different types of
faults and their effect on fluid flow in siliciclastic reser-
voirs. Geological Society, London, Special Publica-
tions, 493, https://doi.org/10.1144 /SP493-2018-45

PELLETIER, F. & Gunn, C. 2020. The Gryphon, Maclure,
Tullich and Ballindalloch Fields, Blocks 9/18b, 9/
18¢c, 9/19a, 9/23d, 9/24e UK North Sea. Geological
Society, London, Memoirs, 52, 837-849, https://doi.
org/10.1144/M52-2018-91

Prinz, L. & McCann, T. 2019. Sand injectites: from source
to emplacement — an example from the Miocene age
Frimmersdorf Seam, Garzweiler Open-cast Mine,
Lower Rhine Embayment. Geological Society, London,
Special Publications, 493, https://doi.org/10.1144/
SP493-2017-289

SATUR, N., HURST, A., BANG, A., SKIZRPE, I. & MUEHLBOECK,
S.A. 2020. Characteristics of a wing-like sandstone

intrusion, Volund Field. Geological Society, London,
Special Publications, 493, https://doi.org/10.1144/
SP493-2017-309

ScHwaB, A.M., JAMESON, E. & TowNsLEY, A. 2014. Volund
Field: development of an Eocene sandstone injection
complex, offshore Norway. Geological Society, Lon-
don, Special Publications, 403, 247-260, https://doi.
org/10.1144/SP403.4

ScuwarTz, H., SAMPLE, J., WEBERLING, K.D., MinisiN, D. &
Mooreg, J.C. 2003. An ancient linked fluid migration sys-
tem: cold-seep deposits and sandstone intrusions in the
Panoche Hills, California, USA. Geo Marine Letters, 23,
340-350, https://doi.org/10.1007 /s00367-003-0142-1

Scorrt, A., ViGorito, M. & Hurst, A. 2009. The process
of sand injection: internal structures and relationships
with host strata (Yellowbank Creek injectite complex,
California). Journal of Sedimentary Research, 79,
568-583, https://doi.org/10.2110/jsr.2009.062

Scorr, A., Hurst, A. & ViGorito, M. 2013. Outcrop-based
reservoir characterization of a kilometer-scale sand
injectite.complex. AAPG Bulletin, 97, 309-343,
https://doi.org/10.1306/05141211184

SERIE, C. & PEMBERTON, E. 2020. A new hydrocarbon explo-
ration play: Upper Cretaceous— Paleocene sand injec-
tion complexes in the Austral-Magallanes Basin.
Geological Society, London, Special Publications,
493, https://doi.org/10.1144 /SP493-2018-179

SibpowAy, C.S., PALLADINO, G., PROSSER, G., FREEDMAN, D.
& DuckworTH, W.C. 2019. Basement-hosted sand injec-
tites: use of field examples to advance understanding of
hydrocarbon reservoirs in fractured crystalline basement
rocks. Geological Society, London, Special Publica-
tions, 493, https://doi.org/10.1144 /SP493-2018-140

SURLYK, F., GIELBERG, J. & NOE-NYGAARD, N. 2007. The
Upper Jurassic Hareelv Formation of East Greenland:
a giant sedimentary injection complex. In: HUrsT, A.
& CARTWRIGHT, J.A. (eds) Sand Injectites: Implications
for Hydrocarbon Exploration and Production. AAPG
Memoirs, 87, 141-149.

Tamas, A., Tamas, D.M., KrRezsek, C., SCHLEDER, Z., PALLA-
pINO, G. & BERCEA, R. 2020. The nature and signifi-
cance of sand iintrusions in a hydrocarbon-rich fold
and thrust belt: Eastern Carpathians Bend Zone, Roma-
nia. Journal of the Geological Society, 177, 343-356,
https://doi.org/10.1144 /jgs2019-107

vAN OorscHoT, L.A., PyLE, J.R., BYERLEY, G.W. & ROSE,
P.T.S. 2019. Development of the Brimmond Sand
Fairway. Geological Society, London, Special Publica-
tions, 493, https://doi.org/10.1144/SP493-2017-350

ViGorito, M. & Hurst, A. 2010. Regional sand injectite
architecture as a record of pore pressure evolution and
sand redistribution in the shallow crust: insights from
the Panoche Giant Injection Complex, California. Jour-
nal of the Geological Society, 167, 889-904, https://
doi.org/10.1144/0016-76492010-004

Wip, J.L. 2021. Processes of sand entrainment and
emplacement in sand injection complexes of the Viking
Graben. Geological Society, London, Special Publica-
tions, 493, https://doi.org/10.1144 /SP493-2018-007

ZVIRTES, G., Hurst, A., PHiLIPP, R.P., PaLLADINO, G. &
GrippA, A. 2019. The Tumey Giant Injection Complex,
Tumey Hill, California (USA). Geological Society,
London, Special Publications, 493, https://doi.org/
10.1144/SP493-2019-3


https://doi.org/10.1016/j.earscirev.2011.02.004
https://doi.org/10.1016/j.earscirev.2011.02.004
https://doi.org/10.1016/j.earscirev.2011.02.004
https://doi.org/10.1144/SP493-2018-063
https://doi.org/10.1144/SP493-2018-063
https://doi.org/10.1144/SP493-2018-063
https://doi.org/10.1144/SP493-2018-063
https://doi.org/10.1144/GSL.MEM.2004.029.01.25
https://doi.org/10.1144/GSL.MEM.2004.029.01.25
https://doi.org/10.1111/j.1365-2117.2010.00487.x
https://doi.org/10.1111/j.1365-2117.2010.00487.x
https://doi.org/10.1111/j.1365-2117.2010.00487.x
https://doi.org/10.1111/j.1365-2117.2010.00487.x
https://doi.org/10.1144/SP493-2017-306
https://doi.org/10.1144/SP493-2017-306
https://doi.org/10.1144/SP493-2017-306
https://doi.org/10.1144/SP493-2017-306
https://doi.org/10.1144/SP493-2017-306
https://doi.org/10.1111/j.1365-3091.1975.tb00290.x
https://doi.org/10.1111/j.1365-3091.1975.tb00290.x
https://doi.org/10.1111/j.1365-3091.1975.tb00290.x
https://doi.org/10.1111/j.1365-3091.1975.tb00290.x
https://doi.org/10.1016/j.jsg.2015.07.001
https://doi.org/10.1016/j.jsg.2015.07.001
https://doi.org/10.1111/j.1365-3091.2011.01308.x
https://doi.org/10.1111/j.1365-3091.2011.01308.x
https://doi.org/10.1111/j.1365-3091.2011.01308.x
https://doi.org/10.1111/j.1365-3091.2011.01308.x
https://doi.org/10.1144/SP493-2018-45
https://doi.org/10.1144/SP493-2018-45
https://doi.org/10.1144/SP493-2018-45
https://doi.org/10.1144/SP493-2018-45
https://doi.org/10.1144/M52-2018-91
https://doi.org/10.1144/M52-2018-91
https://doi.org/10.1144/M52-2018-91
https://doi.org/10.1144/M52-2018-91
https://doi.org/10.1144/M52-2018-91
https://doi.org/10.1144/SP493-2017-289
https://doi.org/10.1144/SP493-2017-289
https://doi.org/10.1144/SP493-2017-289
https://doi.org/10.1144/SP493-2017-289
https://doi.org/10.1144/SP493-2017-289
https://doi.org/10.1144/SP493-2017-309
https://doi.org/10.1144/SP493-2017-309
https://doi.org/10.1144/SP493-2017-309
https://doi.org/10.1144/SP493-2017-309
https://doi.org/10.1144/SP493-2017-309
https://doi.org/10.1144/SP403.4
https://doi.org/10.1144/SP403.4
https://doi.org/10.1144/SP403.4
https://doi.org/10.1007/s00367-003-0142-1
https://doi.org/10.1007/s00367-003-0142-1
https://doi.org/10.1007/s00367-003-0142-1
https://doi.org/10.1007/s00367-003-0142-1
https://doi.org/10.2110/jsr.2009.062
https://doi.org/10.2110/jsr.2009.062
https://doi.org/10.1306/05141211184
https://doi.org/10.1306/05141211184
https://doi.org/10.1144/SP493-2018-179
https://doi.org/10.1144/SP493-2018-179
https://doi.org/10.1144/SP493-2018-179
https://doi.org/10.1144/SP493-2018-179
https://doi.org/10.1144/SP493-2018-140
https://doi.org/10.1144/SP493-2018-140
https://doi.org/10.1144/SP493-2018-140
https://doi.org/10.1144/SP493-2018-140
https://doi.org/10.1144/jgs2019-107
https://doi.org/10.1144/jgs2019-107
https://doi.org/10.1144/jgs2019-107
https://doi.org/10.1144/SP493-2017-350
https://doi.org/10.1144/SP493-2017-350
https://doi.org/10.1144/SP493-2017-350
https://doi.org/10.1144/SP493-2017-350
https://doi.org/10.1144/0016-76492010-004
https://doi.org/10.1144/0016-76492010-004
https://doi.org/10.1144/0016-76492010-004
https://doi.org/10.1144/0016-76492010-004
https://doi.org/10.1144/0016-76492010-004
https://doi.org/10.1144/SP493-2018-007
https://doi.org/10.1144/SP493-2018-007
https://doi.org/10.1144/SP493-2018-007
https://doi.org/10.1144/SP493-2018-007
https://doi.org/10.1144/SP493-2019-3
https://doi.org/10.1144/SP493-2019-3
https://doi.org/10.1144/SP493-2019-3
https://doi.org/10.1144/SP493-2019-3
https://doi.org/10.1144/SP493-2019-3
http://sp.lyellcollection.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


