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Lava flow-hosted reservoirs: a review
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Abstract: Lava flows form important fluid reservoirs and have been extensively exploited for water aquifers,
geothermal energy, hydrocarbon production and, more recently, for carbon storage. Effusive subaerial mafic
to intermediate lava flows account for vast rock volumes globally, and form reservoirs with properties dictated
by well-known lava flow facies ranging from pahoehoe through several transitional forms to ‘a’a lava. These
variations in flow type lead to critical differences in the pore structure, distribution, connectivity, strength
and fracturing of individual lava flows, which, alongside lava flow package architectures, determine primary
reservoir potential. Lava flow margins with vesicular, fracture and often autobreccia-hosted pore structures
can have porosities commonly exceeding 40% and matrix permeabilities over 10~'! m* (>10 D) separated
by much lower porosity and permeability flow interiors. Secondary post-emplacement physicochemical
changes related to fracturing, meteoric, diagenetic and hydrothermal alteration can significantly modify reser-
voir potential through a complex interplay of mineral transformation, pore-clogging secondary minerals and
dissolution, which must be carefully characterized and assessed during exploration and appraisal. Within this
contribution, a review of selected global lava flow-hosted reservoir occurrences is presented, followed by a dis-
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cussion of the factors that influence lava flow reservoir potential.

A lava flow forms when molten or partially molten
magma erupts onto the surface of a planetary body
and begins to spread and flow under the influence
of gravity (Griffiths 2000). In terrestrial volcanism,
upper crustal magmas typically comprise silicate
melts (SiO, ranging from c. 40-75 wt%), with effu-
sive lava flows dominated by the more mafic (low
Si0, <52%) lower viscosity end of this composi-
tional spectrum (Self er al. 1998; Giordano et al.
2008; Bryan and Ferrari 2013), albeit notable exam-
ples of more evolved lava flows such as rhyolite and
dacite are well documented (Harris and Rowland
2015; Rossetti er al. 2019). Lava flows dominate
the subaerial effusive component of most mafic vol-
canoes and lava fields, including many volcanic
islands, whilst they may also form important compo-
nents of more evolved volcanoes (Harris and

Rowland 2015). Depending on eruption frequency
and changing eruption and environmental conditions
(such as water level), lava flows can occur in associ-
ation with a wide range of other volcanic deposits
(hyaloclastite, pyroclastic, volcaniclastic) and non-
volcanic lithologies (siliciclastic or carbonate inter-
layers) which may act as associated reservoirs (e.g.
Jerram et al. 1999; Setre et al. 2018; Millett et al.
2021a). Although these mixed deposits, including
also subvolcanic igneous intrusions, can form impor-
tant reservoirs (Schutter 2003; Descovi et al. 2021;
Galland et al. 2023), the focus in this contribution
is restricted to effusive lava flows and the processes
that directly influence their reservoir properties.
Lava flows have erupted regularly across geo-
logical time and in all tectonic settings including
divergent, convergent, transform and intra-plate
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(including ‘hotspot’) settings. The most voluminous
examples of lava flows are linked to the geologically
infrequent eruption cycles of large igneous provinces
(LIPs), often termed continental flood basalt (CFB)
sequences when dominated by effusive subaerial
basaltic volcanism (Coffin and Eldholm 1994,
Bryan and Ferrari 2013); see Figure 1 and Table 1.
In CFB sequences, individual lava flow units can
cover tens of thousands of km?® and reach volumes
exceeding 1000 km® (Bryan et al. 2010; Self ef al.
2021) resulting in often extensive intra-lava reser-
voirs spanning large regional extents (Reidel ez al.
2002; Tolan et al. 2009). These lava flow sequences
are typically several kilometres thick, sometimes
reaching almost 10 km (Passey and Bell 2007; Self
et al. 2021). In contrast, many volcanic systems,
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especially those forming modern rift- and subduc-
tion-related volcanoes can comprise much smaller
<1 km® lava flows, which in turn form a smaller per-
centage of the cumulative volcanic deposits that may
have significant pyroclastic, volcaniclastic and intru-
sive components leading to a typically greater reser-
voir complexity (e.g. Cinti et al. 2015; Toulier et al.
2019; Rossetti 2022). The wide global distribution
of lava flows has inevitably resulted in their often-
close proximity to human settlements and activities
for which water, energy resources and, more recently,
the disposal of CO, are critical (Benson er al. 2005).
Robust characterization and understanding of lava
flow reservoirs, and the features and parameters that
may influence their utilization are, therefore, of wide-
spread interest and application.

Angayucham ez _—~——someee— T LI HALIP T T
(a) 210 Ma HALIP P - = 125 Ma TR e
— 125/Ma a X - D * Siberian Traps
(i B NAIP ‘ Ly
= Columbia River- " ___ 0~ EUNWA/
. SRP-Yellowstone bl R Figuy Thagormak
B Wrangellia IMa 2 S~her - Tarim ,:—.-—.'{laaz"‘)s:v‘lz“ =
4 ‘* 280 M;’Z: == *
Ry Panjal. -~ Comei
s 2%:‘::; i 289 Ma 132 Ma Emeishan*éf '
% s 260 Ma z
e 8 o Ao Arabi i
; ro-Arabia —
* o At T s, . RTsT
- Mafic LIPs / rifted margins B %eec’(;aan ishis
'1 Sedimentary basins [ % # s
- - B Seychelles 7& <9,
* Lava hosted petroleum reservoirs CANE Karoo g 62 Ma & e
A 183Ma~ / NW Australia 5,/ *
ﬁ - Lava hosted CCS / pre-feasibility studies » : Yo WP 4 135Ma 2
(- v, Parana-Etendeka . TT
F3 * Lava hosted water aquifers 132Ma “,-
-
* Lava hosted geothermal reservoirs Bunbury * *
G 132 Ma Tasman*
< 190 Ma =
3 - ——
/ Ferrar
Dronning Maud Land 183 Ma
o NS A 182 Ma
== i 1 1 1
(b) Intra-basalt Intra-basalt Ash/volcaniclastics
(lava flow field (lavas within Inter/sub-basalt (seal/reservoir reactivity) it Eane
(volcanic seals/reservoirs) :

reservoirs) volcanic edifices)

Non volcanic rock

Volcanic rocks

- Subaerial lavas
- Hyaloclastite

I intrusive

|:| Volcani-clastic/genic

| Paleozoic and basement
Iz Mesozoic basin fill

(Seals/fractured reservoirs)

S
«>CO,injection scenarios

I:l Sand rich layers

|:| Cenozoic mud rich

Fig. 1. (a) World map showing the locations of selected reservoirs hosted within lava flows or lava flow-bearing
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Table 1. Compilation of global lava flow-hosted reservoirs utilized for different subsurface applications

Type of resource Tectonic setting Location Age Reservoir example Lava flow reservoir References
component
Geothermal Convergent El Salvador Neogene— Ahuachapan Geothermal = Andesite Aunzo et al. (1989)
(volcanic arc) Quaternary Field
Divergent margin  Iceland Quaternary Hengill Volcano Basalt Zakharova and Spichak
(2012)
Convergent Japan Neogene— Takigami geothermal Andesite to dacite Furuya et al. (2000)
(volcanic arc) Quaternary system
Convergent Java Quaternary Awibengkok geothermal  Andesitic to basalt Stimac et al. (2008)
(volcanic arc) system
Convergent Java Quaternary Darajat Geothermal Field  Andesite Hadi et al. (2005)
(volcanic arc)
Continental rift Kenya Quaternary Olkaria East Geothermal ~ Trachytic Okoo (2013)
zone Field
Convergent Lesser Antilles ~ Neogene— Bouillante field, Andesite Navelot et al. (2018)
(volcanic arc) Quaternary Guadeloupe Island
Convergent Mexico Neogene— Los Humeros Volcanic Andesite Weydt et al. (2022)
(volcanic arc) Quaternary Complex
Convergent New Zealand Quaternary Rotokawa Geothermal Andesite Massiot et al. (2014)
(volcanic arc) Field
Hydrocarbons CFB Brazil Cretaceous Badejo and Linguado (oil) Basalt Marins et al. (2022)
Intra-continental China Cretaceous Songliao Basin (gas) Mixed Wang and Chen (2015)
rift
CFB India Cretaceous— Padra and Gamij fields Basalt Kumar (2006)
Paleogene (oil)
CFB India Cretaceous— Raageshwari Deep Gas Basalt Millett et al. (2021b)
Paleogene Field (gas)
CFB USA, Neogene Rattle Snake Ridge (gas)  Basalt Reidel et al. (2002)
‘Washington
State
Intra-plate USA, Utah Neogene Rozel, West Rozel (oil) Basalt Kendell (1996)
(continental)
Aquifers Intra-plate Australia Quaternary Undara Basalt Kiernan et al. (2003)
(continental)
Intra-plate Australia Neogene— Newer Volcanic Province, Basalt Kiernan et al. (2003)
(continental) Quaternary Victoria
CFB Brazil Cretaceous Serra Geral aquifer system Basalt Navarro et al. (2020)

(Continued)
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Table 1. Continued. @
(=]
Type of resource Tectonic setting Location Age Reservoir example Lava flow reservoir References
component
Intra-plate Canary Islands Quaternary El Hierro Basalt Luengo Oroz et al.
(oceanic) (2014)
Continental rift Djibouti Neogene— Coastal acquifer Basalt Ahmed et al. (2017)
zone Quaternary
Continental rift Ethiopia Quaternary Dangila district aquifer Basalt Fenta et al. (2020)
zone
Intra-plate France Quaternary Chaine des Puys aquifer Basalt to trachybasalt ~ Bertrand et al. (2010)
(continental)
Intra-plate Hawai’i Quaternary Hawai’i Basalt OKki et al. (1999)
(oceanic)
Divergent margin  Iceland Quaternary Reykjanes Basalt Sigurdsson and
Einarsson (1988)
CFB India Cretaceous/ Deccan Traps Basalt Limaye (2010)
Paleogene —
Convergent Italy Neogene— Vicano—Cimino Volcanic ~ Mixed composition Cinti et al. (2015) =
(volcanic arc) Quaternary District (alkali) z
Convergent Italy Quaternary Mt. Amiata Trachydacite La Felice et al. (2014) %
(volcanic arc) 2
Convergent Italy Quaternary Mt. Vulture Mixed composition Parisi et al. (2011) R
(volcanic arc) (alkali) =X
Convergent Java Quaternary Bromo-Tengger aquifer Andesite Toulier et al. (2019)
(volcanic arc)
Intraplate Korea Quaternary Jeju Basalt Koh et al. (2017)
(continental)
Intraplate Mexico Paleogene— Pachuca—Zumpango Basalt to andesite Huizar-Alvarez et al.
(continental rift) Neogene (2003)
CFB Scotland Paleogene Isle of Skye Basalt MacDonald et al.
(2017)
Intraplate Tanzania Quaternary Mount Meru Nephelinite to Tomasek et al. (2022)
(continental rift) phonolite
Intra-plate Tazmania Paleocene— Thirlstane Basalt Basalt Kiernan et al. (2003)
(continental) Neogene
Intra-plate USA, Idaho Quaternary Snake River Plain Aquifer Basalt Anderson and
(continental) Liszewski (1997)
Intra-plate USA, Nevada Paleogene— Pahute Mesa Rhyolite to dacite Jackson et al. (2021)
(continental) Neogene

(Continued)
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Type of resource Tectonic setting Location Age Reservoir example Lava flow reservoir References
component
CFB USA, Neogene Columbia River Basalt Basalt Burns ef al. (2012)
Washington Group
State
Intra-plate USA, Oregon Neogene— Fort Rock Basin Basalt Hampton (1964)
(continental) Quaternary
Carbon storage pilot Divergent margin  Iceland Quaternary Hellisheidi Power Station, Basalt Matter et al. (2016)
Carbfix
CFB USA, Neogene Wallula Basalt McGrail et al. (2011)
Washington
State
Selected carbon storage Intra-plate Australia Cretaceous Gippsland basin Basalt Holford et al. (2021)
potential areas (continental)
CFB Brazil Cretaceous Parand Basin, Serra Geral  Basalt Carneiro et al. (2013)
Formation
CFB India Cretaceous/ Deccan Traps Basalt Shrivastava et al. (2016)
Paleogene
Continental rift Kenya Neogene— Kenyan rift valley Basalt Okoko and Olaka
zone Quaternary (2021)
CFB Norway Paleogene North Atlantic Igneous Basalt Rosenqvist et al. (2023)
Province
CFB Eastern USA Triassic/ Central Atlantic Magmatic Basalt Goldberg et al. (2009)
Jurassic Province
Intra-plate USA, Idaho Quaternary Snake River Plain Basalt Pollyea et al. (2014)
(continental)
Continental rift Saudi Arabia Paleogene— Jizan Group Basalt Oelkers et al. (2022)
zone Neogene
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Effective lava flow reservoirs result from an
often-complex combination of both primary and sec-
ondary processes, which in turn define primary and
secondary porosity types. Primary processes include
all attributes relating to lava flow emplacement up to
the point of solidification of the lava flow, and
include vesicles and their distribution, inter-crystal-
line diktytaxitic voids, cooling contraction joints,
inflation and flow-related fractures, and autobreccia-
tion features (Saar and Manga 1999; Gritfiths 2000;
Lyle 2000; Schaefer and Kattenhorn 2004). Primary
matrix porosity and permeability of lava flow mar-
gins can commonly reach >40% and >10"'!' m?
(>10 D) respectively, whilst lava flow interiors can
have very low matrix porosity and permeability
<5% and <10™'% m? (<0.1 mD), although excep-
tions occur (Franzson et al. 2001). Contractional
cooling joints form ubiquitous features in igneous
bodies, and form often consistently spaced and
extensive networks of open fractures in primary
lava flows, rendering flow interiors with low matrix
permeability, initially highly permeable (Lamur
et al. 2018). In turn, secondary processes include tec-
tonic fracturing, meteoric weathering, subsurface
diagenetic and hydrothermal alteration, mineraliza-
tion and dissolution (Neuhoff et al. 1999; Heap
and Kennedy 2016; Cant et al. 2018; Bischoff
et al. 2021b; Macente et al. 2022). The influence
of secondary processes on reservoir properties are
diverse and can act both to destroy or enhance reser-
voir properties under different conditions, which are
outlined, giving examples.

In this study, we first present a brief global review
of the occurrence of selected lava flow-hosted reser-
voirs (n=40) including examples for groundwater,
hydrocarbon, geothermal and CO, storage utilization
(Table 1). This is followed by a discussion of the key
controls that influence lava flow reservoir properties
including magma rheology, lava flow types, lava
flow architecture, pore structure end-members, sec-
ondary processes and burial, borehole appraisal tech-
niques, and seismic properties of lava flows. Field
outcrop and borehole examples of different lava
flow facies are presented in support of the discussion
alongside summaries from extensive compiled liter-
ature examples of relevant petrophysical data (poros-
ity, permeability and velocity) and published models
for lava flow pore structures in order to aid lava flow
reservoir appraisal approaches.

Lava flow reservoir occurrence and
applications

Water aquifers

Lava flow-hosted water reservoirs have been utilized
from antiquity in the form of springs, have been
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accessed by drilling for over 100 years and, in
many regions, host water resources upon which mil-
lions of people (Huizar-Alvarez et al. 2003; Fenta
et al. 2020) and billions of dollars of industry and
agriculture (Burns et al. 2012) depend. Groundwater
aquifers hosted entirely or partly in lava flows can
form highly effective reservoirs (Sigurdsson and
Einarsson 1988; Kiernan et al. 2003; Burns et al.
2012); however, wells with high yields (e.g. >201
s~ 1) are not ubiquitous and low yields (e.g. <11
s~ ') are also regularly encountered, especially for
shallow wells (Fenta er al. 2020). Water produced
from lava flow-hosted reservoirs clearly forms a crit-
ical global resource, and an expansive literature doc-
uments variations in water—host rock interactions,
recharge and flow rate, etc. (Table 1). Due to the typ-
ically lower budgets available for water well drilling
and the often-large number of required shallow bore-
holes (often many thousands), well data from which
to undertake volcanological analyses are often lim-
ited, and the associated literature is often focused
on production data and water chemistry studies. Sev-
eral conceptual hydrogeological models of volcanic
aquifers have been proposed based on different res-
ervoir settings and geology including Hawai’i
(USA; MacDonald et al. 1983), the Canary Islands
(Spain; Custodio 1989), Mayotte (Comoros; Lachas-
sagne et al. 2014) and Dangila (Ethiopia; Fenta et al.
2020). Key differences between the hydrological
behaviour of pahoehoe, transitional, and ‘a‘a lava
flows have also been documented, highlighting the
generally higher flow potential of brecciated lava
margins (OKki ef al. 1999; Tolan et al. 2009; Bertrand
et al. 2010). As an example, lateral hydraulic con-
ductivities for Columbia River Basalt Group lava
flow top breccias can locally reach values of several
thousand metres per day (up to 1072 m s~ ), but can
alsoreducetoc. 105 ms™ 1, whereas vesicular flow
tops can reach similar upper levels, but cover a wider
range down to 107%ms". Typically, flow interiors
are of low permeability and reveal hydraulic conduc-
tivities ranging from 107 to 1073 m s, leading to
vertical hydraulic conductivities commonly several
orders of magnitude lower than for flow margin
zones (Tolan er al. 2009, and references therein).
Lava flows from the Chaine des Puys in France
form part of the famous Volvic natural mineral
water reservoirs (Rouquet er al. 2012), which as
well as filtering the water, enrich it with various ele-
ments emphasized in marketing for the mineral
water. High-quality drinking water is a common phe-
nomenon related to lava flow-hosted reservoirs
depending on the setting (e.g. Gunnarsdottir ef al.
2016); however, this is not always the case. Parnell
(2022) presents a compilation of volcanic-hosted
aquifer systems, highlighting the impact of water—
rock interactions in volcanic reservoirs on trace ele-
ment enrichments such as arsenic (As), vanadium
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(V) and uranium (U), in some cases reaching levels
harmful to humans. However, V, for example, is
also a critical raw material for the energy transition,
and it has recently been suggested that the extraction
of V during water purification processes could poten-
tially provide a resource going forward (Parnell
2022).

Hydrocarbons

Lava flows are also known to host hydrocarbon accu-
mulations in several locations globally (Table 1) and
include examples of commercial production of oil
from within Lower Cretaceous lava flows offshore
Brazil (Marins ez al. 2022), gas from Late Cretaceous
Deccan lava flows onshore India (Millett er al.
2021b), and a wide range of onshore volcanic reser-
voirs (including lava flows) from several basins
across China such as the Songliao, Junggar and
Bohai basins with reservoir ages ranging from Perm-
ian through to Neogene (Zou ef al. 2010; Wang and
Chen 2015). Additionally, where sedimentary reser-
voirs are interbedded with lava flows (e.g. Millett
et al. 2021a), lava flows may have the potential to
contribute to the overall reservoir volume. One
clear advantage when interpreting well penetrations
drilled for hydrocarbon exploration and develop-
ment is the generally much higher budgets available
for borehole analyses and characterization. This
often results in a more comprehensive suite of geo-
physical downhole logs often including advanced
logging sondes such as those measuring magnetic
resonance, elemental spectroscopy, micro-resistivity
and acoustic image logs, which can significantly aid
volcanological characterization (e.g. Watton et al.
2014; Fornero et al. 2019; Millett et al. 2021a, b).
The Raageshwari Deep Gas field lava flow reservoirs
comprise deeply altered lava flow sequences with
associated low permeability (typically <2.3 x
107" m?, e.g. a few tens of millidarcies or less)
requiring fracture stimulation for commercial pro-
duction (Chowdhury er al. 2014). However, even
in these low permeability sequences, it has been
demonstrated that hydrocarbon storage and produc-
tive intervals are strongly linked to the original
lava flow volcanological properties, with lava flow
margins, and those revealing primary autobreccia-
tion having the best reservoir properties (Millett
et al. 2021b). This appears broadly consistent with
results from the Badejo and Linguado oil fields oft-
shore Brazil, where oil staining is linked to a combi-
nation of primary vesicular and rubbly porosity
along with secondary fractures (Marins er al.
2022). Production data for these fields, however,
revealed a steep decline from high early production
rates, plateauing and remaining almost constant for
the remainder of the production intervals, character-
istics common for fractured reservoirs (Marins et al.

2022), and highlighting the dual-porosity nature of
the lava flow reservoirs.

Geothermal

Globally, nearly 75% of productive and prospective
geothermal power plants are associated with subduc-
tion zone volcanoes, albeit not all of these include
lava flows as part of the productive reservoir
(Moeck 2014; Stelling et al. 2016). A selection of
volcanic reservoirs within which lava flows specifi-
cally form part of the reservoir sequence are summa-
rized in Figure 1 and Table 1. Lava flow-hosted
geothermal reservoirs occur in all tectonic settings
and are often controlled by faulting and fracturing
of hydrothermally altered lava sequences (Eides-
gaard et al. 2019; Millett et al. 2020; Scott et al.
2023). Significant recent focus has been given to
the mechanical properties of variably hydrother-
mally altered lava flows, and the impacts that this
has on fracturing and related fluid flow in geothermal
systems, features that are commonly integral to
exploration approaches (Wyering et al. 2014; Heap
and Kennedy 2016; Lamur ef al. 2017; Mordensky
et al. 2019). However, primary lava flow reservoir
properties can also be important, for example, at
Hengill Volcano, Iceland (Zakharova and Spichak
2012), highlighting the complex interplay between
primary and secondary reservoir properties that
may be encountered in lava-hosted geothermal set-
tings (Table 1). This is also at least partly the case
for andesitic lava flows with rubbly margins that
occur within the Rotakawa Geothermal Field, New
Zealand, which have been characterized by combin-
ing field outcrop analogue models with acoustic
borehole images from boreholes (Massiot er al.
2014, 2015).

CO, storage

Climate change linked to anthropogenic greenhouse
gas emissions presents one of the biggest challenges
facing society over the coming decades and will
require industrial-scale removal and safe subsurface
storage of CO, as a fundamental part of mitigation
efforts (Benson et al. 2005). Storage of CO, in geo-
logical formations as a fluid, in either structural or
stratigraphic traps, presents leakage risks which
must be monitored long term. However, mineral
trapping of CO, in reactive reservoirs such as basalt
has gained significant interest as an alternative over
recent years due to the permanent storage method
(Matter et al. 2007). CO, reacts with divalent cations
such as Ca2+, Mg2+ and Fez+, liberated from basalt
and then precipitates as carbonate minerals, leading
to stable mineral storage over geological timescales.
Pilot studies at Carbfix in Iceland, and Walulla in
Washington State, USA, have both demonstrated
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that CO, can be successfully injected into lava-
bearing sequences (McGrail et al. 2011; Matter
et al. 2016), and that potentially very rapid mineral-
ization of >95% injected CO, within two years can
occur (Matter et al. 2016). Extensive research has
been undertaken to understand the impacts of reac-
tive transport during injection of CO, and its impacts
on evolving reservoir properties (Ratouis et al.
2022). Both of these examples have been undertaken
onshore; however, significant recent interest has
been given to the potential for expanding injection
scenarios to the offshore realm where vast expanses
of lava flow sequences occur (Goldberg et al. 2009;
Planke et al. 2020; Holford et al. 2021; Rosenqvist
et al. 2023). Clearly, the additional costs of injection
in offshore areas, and particularly at distance from
major CO, sources, come with limitations and con-
straints, which will need to be carefully assessed
on a case-by-case basis going forward. However,
appraisal of lava flow sequences for CO, storage is
expanding around the world (Fig. 1) and may offer
an important contribution to climate change mitiga-
tion going forward.

Other applications

In addition to the main applications outlined above,
lava flow reservoirs have also been invoked as poten-
tially viable candidates for natural gas storage (Rei-
del et al. 2002) and hydrogen storage (Bischoff
et al. 2021a), whilst they also host important mineral
deposits (du Bray 2017). Lava flow sequences were
also extensively appraised and used for waste storage
including nuclear waste in the USA; however, their
applicability for safe storage has proven question-
able in these settings due to aquifer contamination
concerns (USDOE 1988; Ackerman et al. 2010).

Geological controls on lava flow
reservoirs

Controls on magma rheology

Magmas produced in different tectonic settings have
notable differences in terms of magma composition
and associated volatile contents (Rogers 2015; Wal-
lace et al. 2015), which in turn can have important
implications for magma rheology and resulting
lava flow properties. For example, magmas gener-
ated by large fractions of melting such as those pro-
duced at ocean ridges, so-called mid-ocean ridge
basalts (MORB), typically lead to low alkaline
(Na, K) tholeiitic basalt-dominated compositions
depleted in volatiles (typically <0.4 wt%). Ocean
island basalts (OIB), such as those erupted on
Hawai’i, reveal a wider range of SiO, and alkali
components compared to MORB, along with higher
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MgO, consistent with smaller degrees of melting
beneath a thick ‘lid’ of oceanic lithosphere with
deeper onset of melting, often inferred to relate to
mantle thermal anomalies (Rogers 2015). Volatile
contents in OIB overlap with MORB but span a
wider range reaching up to c¢. 1.5 wt% (Wallace
et al. 2015). In contrast, subduction-related magmas
are often highly enriched in volatiles compared to
MORB, with values of H,O from 2 to 6 wt% and
in continental subduction settings typically fraction-
ating significantly prior to eruption (required to drive
buoyancy in granitic crust), leading to ubiquitous
andesitic volcanism.

Viscosity is the most important property of flow-
ing lava that controls its behaviour during emplace-
ment and ultimately lava morphology. Viscosity is
defined as a fluid’s internal resistance to flow and,
therefore, affects the velocity of flow as well as
flow thickness. In simple terms, on a near-planar sur-
face of low gradient (e.g. <5°), eruption of low-
viscosity magma will lead the development of
higher-velocity, longer and thinner lava flows than
a high-viscosity magma, everything else being
equal (e.g. Kilburn 2004; Guest ef al. 2012). Viscos-
ity of magma is in turn dependent on a number of
parameters: (i) temperature; (ii) composition of
magma; (iii) volatile content; (iv) bubble (vesicle)
content; and (v) phenocryst population (e.g. Griffiths
2000; Giordano et al. 2008; Hobiger et al. 2011;
Mueller et al. 2011).

The relationship between viscosity and tempera-
ture is Arrhenian, such that viscosity increases
exponentially with decreasing temperature. Conven-
tionally, the viscosity of magmas is represented as
the relationship between inverse temperature and
log viscosity (Fig. 2). For a given magma composi-
tion, if 1/7(K) v. log viscosity approximates to line-
arity, then the liquid is near-Newtonian, meaning the
relationship between stress and strain is constant
(McBirney and Murase 1984). In addition to the tem-
perature—viscosity relationship, Figure 2 shows that
composition of lava strongly influences viscosity.
Evolved, more acid magmas will have a higher vis-
cosity at a given temperature than mafic magmas,
and the range of absolute viscosity variation is up
to 12 orders of magnitude. For reference, 10> Pa s
is approximately the viscosity of golden syrup at
18°C and 10" Pa s is that of glazing putty.

The fundamental structural unit of silicate melts
is the SiO,-tetrahedron. A pure SiO, glass will be
dominated structurally by Si—O tetrahedra all of
which share an oxygen anion (bridging oxygens)
and therefore will have a robust and organized struc-
ture; such melts are described as being strongly poly-
merized. The addition of divalent (e.g. Mg>", Ca®")
or large monovalent (e.g. Na*, K*) cations depoly-
merizes the melt by preventing the formation of
bridging oxygens. In natural systems, the
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Fig. 2. Plot of log viscosity (Pa s) v. 10 000/7(K) for nominally dry representative Hawaiian and dry and ‘wet’

(~5 wt% H,0) Andean andesite and rhyolite samples. Vertical pecked lines are contours for absolute temperature in °
C. Each magma composition is plotted with a range of nominal liquidus temperatures based on the glass thermometer
of Helz and Thornber (1987), assuming a flowing lava will cool with distance from source and time. Source: viscosity
calculations performed using the algorithms of Giordano et al. (2008).

composition of lava and liquidus temperature is
related, such that acid, polymerized melts will have
lower liquidus temperatures than more mafic, depo-
lymerized melts (Fig. 2). This combination results
in the extreme viscosity variations illustrated in
Figure 2.

Significantly, volatiles (H,O, CO,, F, Cl) have
the same effect as alkali metal cations and strongly
depolymerize magma (Fig. 2; Giordano et al. 2008;
Hole et al. 2013). Where H,O is an important com-
ponent of magma, such as at subduction zones, con-
servative amounts of water (~5 wt%) will reduce the
viscosity of, for example, an andesite, by more than
four orders of magnitude at a given temperature.
However, since the solubility of H>O in magma is
strongly dependent on pressure, once a water-
saturated magma reaches subvolcanic depths, it
will vesiculate (form bubbles) and volatile compo-
nents come out of the solution. Removing H,O
from the silicate liquid by vesiculation increases vis-
cosity dramatically (Fig. 2). Since vesicles are com-
pressible, formation of bubbles can in turn decrease
viscosity, but the effect of removing volatiles from
the magma causes a far greater increase in viscosity
than the decrease caused by bubble formation. Ulti-
mately, the expansion of bubbles near the surface,
along with increasing viscosity of the liquid caused
by bubble formation, may result in explosive pyro-
clastic eruptions where the pressure build-up cannot

be accommodated by outgassing (Mueller et al.
2005). Phenocrysts cause the viscosity of magma
to increase for any given temperature, composition
or volatile content; however, as with bubble forma-
tion, the magnitude of the effect of phenocrysts on
viscosity is orders of magnitude less than the effect
of temperature or volatile content (Mueller et al.
2011; Hole et al. 2013). In summary, more mafic
magmas typically have viscosities several orders of
magnitude lower than evolved counterparts, which
leads to a greater propensity to erupt and flow as
effusive lava flows rather than explosive pyroclastic
eruptions. However, due to cooling, outgassing and
crystallization, viscosity is time-dependent, leading
to the development of substantial heterogeneities in
lava flow rheology during flow and emplacement
away from eruption sites, which in turn leads to dif-
ferent resulting lava flow facies discussed in the
next section.

Lava flow types

There exists an expansive literature dealing with the
emplacement dynamics and resulting characteristics
of lava flows (MacDonald 1953; Walker 1971; Row-
land and Walker 1990; Hon et al. 1994; Griffiths
2000; Kilburn 2004), with much of the pioneering
studies of lava flow emplacement being linked to
real-time observations and research on recent well-
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exposed lava flows conducted on Hawai’i (Cashman
et al. 2014; Harris et al. 2017). Primary lava flow
properties depend on a host of differing intrinsic
and extrinsic conditions including magma rheology,
volumetric flow rate, eruption environment and
topography, to name a few (Cashman et al. 2014).
Lava flows represent individual eruptive deposits
often within a longer-lived eruption cycle, with
lava flow lobes defined as an individual lava unit lim-
ited by a chilled upper and lower margin. Lava lobes
can vary in thickness over four orders of magnitude
from ¢. 0.1 m up to >100 m in the extreme (Self
et al. 2021), with increasing lava flow thickness typ-
ically linked to the process of inflation (Hon ez al.
1994).

Early work identified two dominant types of
basaltic lava flows including pahoehoe (lava flows
with a smooth continuous crust) and ‘a‘a (lava
flows with autobrecciated spiney/clinkery upper
and lower crusts), based on a combination of surface
and dissected cross-sectional differences (MacDon-
ald 1953). A third type, block lava (similar to ‘a‘a
but with flow margin breccias comprising large
coherent blocks), was found typically associated
with more evolved compositions (Finch 1933; Mac-
Donald 1953). The terms pahoehoe and ‘a‘a remain
widely used today, and form end-members between
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which several transitional lava flow types have been
defined, including rubbly, spiney, slabby, toothpaste
and shark-skin pahoehoe (Rowland and Walker
1987). The transition between pahoehoe, transitional
and ‘a‘a lava surface types relates to a complex inter-
play of factors but can be summarized as relating to a
threshold value of apparent viscosity for a given
shear rate such that when apparent viscosity
increases (related to magma evolution, crystallinity,
vesicle content, etc.), the shear rate (emplacement
related) required to promote surface failure and the
onset of crust tearing and brecciation reduces (Cash-
man et al. 2014). It follows that ‘a‘a lavas commonly
contain greater crystallinity and are more degassed
than pahoehoe lava flows, with the transition often
occurring with greater distance from the vent.
Figure 3a highlights selected examples of lava flow
surface types, with examples, modified after Voigt
et al. (2021).

Based on variations in internal vesicle distribu-
tions, Wilmoth and Walker (1993) proposed that
pahoehoe can be split into spongy (S-type; highly
vesicular throughout with highest abundances in
centre of lobe) and pipe vesicle-bearing (P-type;
including a massive poorly vesicular core with vesic-
ular margins) types. The latter is the most common
form of pahoehoe, which can expand up to thick
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Fig. 3. Overview of selected lava flow architectural elements, facies styles and potential implications for reservoir
property distributions. (a) Lava surface variations from the 2021 Fagradalsfjall eruption on Iceland. (b) Compound
and simple lava flows from Svinoy, Faroe Islands, ponded lava from Isle of Staffa, Scotland, and clastogenic lava

interlayered with basaltic pyroclastic deposits, Iceland. Source: modified after Voigt ef al. (2021).
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inflated lavas with a typically asymmetrical distribu-
tion of vesicles (Self er al. 1998). In general, thin
lobe-like pahoehoe structures smaller than 0.5 m
are referred to as lava toe lobes (Self er al. 1998).
The ‘a‘a lava flows have also been subdivided
using terms such as cauliflower, slabby, scoriaceous,
clinker and blocky ‘a‘d (Lipman and Banks 1987;
Kilburn 1990). For a comprehensive review of his-
torical lava flow terminology usage, see Harris
et al. (2017).

Where lava flows are emplaced into standing or
flowing water, local hyaloclastites or pillow lava
complexes can develop along the basal boundary
of the flow and can develop laterally extensive inter-
vals several metres thick. These flow margin or intra-
flow facies can form important aquifer components,
as documented in the Columbia River Basalt Group
(Reidel et al. 2002; Tolan et al. 2009). These and the
wider field of subaqueous lava flow facies are not
described in detail in this contribution and merit a
separate contribution.

Lava flow architecture

A fundamental feature of lava flows is that they have
the ability to transition between several different sub-
types within a single erupted lava sequence, as is
well documented for example in the pahoehoe to
‘a‘a transitions that have attracted significant interest
from a rheology and emplacement perspective on
Hawai’i (Peterson and Tilling 1980; Rowland and
Walker 1990; Kilburn 2004; Soule and Cashman
2005; Cashman et al. 2014). These transitions
between different flow types, including through tran-
sitional forms can lead to complex lateral variations
in flow types as exemplified by surface mapping of
the recent Holuhraun eruption on Iceland (Voigt
et al. 2021). These transitions can be preserved as
relatively sharp boundaries occurring over a lateral
extent of a few metres to tens of metres within indi-
vidual lobes but may not always occur at the same
position within different lobes of the same flow.
These variations lead on to the importance of scale
and architecture when appraising lava flows as reser-
voirs. Walker (1971) discussed the differences
between simple lavas (those not divisible into flow
units) and compound lavas (those divisible into
multiple flow units) and highlighted the particular
utility of the distinction for ancient, dissected lava
sequences, whilst concluding that, in 3D, all lava
flows are likely compound to some degree. Com-
pound and simple lava flow terminology is indepen-
dent of flow surface classifications, and as such can
be constructed of either pahoehoe, ‘a‘a or transitional
forms (Walker 1971; Cashman et al. 2014). Com-
pound (alternatively termed compound braided
or hummocky pahoehoe) and simple lava flow
(alternatively termed massive tabular or sheet-lobe-

dominated) classifications have been widely used
for appraising LIP sequence architectures (Jerram
2002; Passey and Bell 2007; Self et al. 2021) and
have been found especially useful for one-
dimensional borehole appraisals with limited or no
core (Nelson er al. 2009; Millett et al. 2016a,2021a).

Ponded lava flows, emplaced into restricted
accommodation space such as erosional valleys, can-
yons, or depressions formed by damming of earlier
lava flows, can also form major rock volumes in
flow fields (Lyle 2000; Single and Jerram 2004).
Vent proximal lava flows may also reveal complex
architectures and significant later variations between
non-effusive pyroclastic products. In some cases, the
products of more explosive mafic volcanism (Hawai-
ian fire fountaining or Strombolian eruptions) can
lead to partial or complete homogenization of ini-
tially hot ejecta, forming agglutinate or clastogenic
lava forms which look similar to lava flows but are
internally composed almost entirely of welded pyro-
clasts (Greenfield et al. 2019). Figure 3b highlights
examples of compound, simple, ponded and clasto-
genic lava flows from the North Atlantic Igneous
Province. Several features such as flow channels,
levees, lava tubes, lava lakes and rootless cone
features can all form locally important features
within lava flows, which can add to internal hetero-
geneity of lava flow sequences (Harris and Rowland
2015).

Pore structure end-members

The above description of lava flow facies and archi-
tecture is far from exhaustive but serves to highlight
some of the key variations that may be expected in
lava flow sequences, and which in turn serve to
frame the variations in primary pore structure, reser-
voir properties and geometry of subsurface lava flow
reservoirs. The two end-member lava flow facies
(pahoehoe and ‘a‘a), which bracket the range of typ-
ical possibilities, provide a useful starting point to
appraise reservoir properties. Pahoehoe lava flow
pore structure is dominated by vesicles (exsolved
gas bubbles ‘frozen in’ to the magma during cooling;
Walker 1989) along with contraction cooling joint-,
inflation- and flow-related fractures (Griffiths 2000;
Schaefer and Kattenhorn 2004). Preserved vesicles
in lava flows represent the culmination of a poten-
tially complex history of volatile exsolution, bubble
nucleation, growth, migration and coalescence
within the liquid magma, both prior to and synchro-
nous with cooling induced solidification (Sparks
1978; Walker 1989; Cashman et al. 1999). The
resulting pore structure, connectivity and rock
strength of vesicular volcanic rocks may be signifi-
cantly different from that of clastic rocks, especially
at high porosities (Saar and Manga 1999; Heap et al.
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2014; Heap and Violay 2021), with pore elongation
associated with stretched vesicles influencing both
strength (Bubeck et al. 2017) and permeability (Gar-
boczi et al. 1995; Wright et al. 2009).

A common misconception regarding lava flows,
which the authors have come across on multiple
occasions, is that vesicles form only isolated, non-
effective porosity. This appears partly linked to the
fact that much of the literature relating to vesicular
pore structures and magma/volcanic permeability
has until relatively recently been published domi-
nantly in the volcanological /hazards literature (e.g.
Klug and Cashman 1996; Mueller et al. 2005). The
case of ineffective porosity is undoubtedly true for
many isolated vesicles within lava flow interiors
and the transition into flow margins (Franzson
etal. 2001; Couves et al. 2016). However, laboratory
testing and theoretical models (Saar and Manga
1999; Mueller et al. 2005; Bai et al. 2010) clearly
support high connectivity of vesicle networks
above a percolation threshold of around c¢. 30%
porosity in many cases (based on randomly distribu-
ted spheres), a value which is commonly reached in
basaltic lava flow tops (Cashman and Kauahikaua
1997). Dense crystalline basalt associated with
flow interiors will typically have permeability that
is extremely low, i.e. <107'% m?2, suitable as effec-
tive seals, notwithstanding fractures which may be
open or closed depending on setting (e.g. age,
depth, stress state, alteration stage). Exceptions to
this occur where clastogenic lava flows, those
formed from the partial homogenization of fire foun-
taining deposits may maintain higher permeability
within flow interiors (e.g. Greenfield et al. 2019;
Fig. 4). Other examples include the compound lava
documented from Oskjuhlid, Iceland (Fridleifsson
and Vilmundardottir 1998; Franzson et al. 2001),
which reveals an inverse relationship between poros-
ity and permeability. Fridleifsson and Vilmundard6t-
tir  (1998) document textural evidence for
inter-crystalline pores within the low-porosity, high-
permeability samples, which appears consistent with
a diktytaxitic texture that also yielded low-porosity
and high-permeability analyses by Saar and Manga
(1999) for samples of basaltic andesite from the Cas-
cades Range.

A very common feature of ancient lava flows is
for macroscopically isolated vesicles to be filled
with secondary minerals, indicating microstructural
controls (micro-fractures and inter-crystalline poros-
ity) enabling saturation of pores, even at very low
permeability. In detail, several studies have high-
lighted the variability of percolation threshold values
for igneous rocks alongside porosity—permeability
relationships for different vesicular rocks relating
to differences in pore size, shape and distribution
along with the impacts of shearing, cooling and frac-
turing (Wright er al. 2009; Farquharson et al. 2015;

Kushnir et al. 2016; Lamur et al. 2017). For exam-
ple, Kushnir et al. (2016) document the presence of
two threshold porosities for andesitic to basaltic
andesitic volcano sample permeabilities at c.
10.5% and c. 31% porosity, marking the transitions
between domains where permeability is dominated
variously by a combination of microcrack, diktytax-
itic and vesicle pore structure controls (Fig. 4). Fig-
ure 4 presents a plot of porosity and permeability
for global examples of lava flow sequences, mea-
sured at low pressure, highlighting the wide range
in properties that can occur in nature.

Several authors have proposed porosity—perme-
ability models for vesicular volcanic rocks, which
are typically based on simplifications of the empiri-
cal Kozeny—Carman relationship (Carman 1937) in
the form of a power-law relation but offset to higher
porosities than for sedimentary rocks (Klug and
Cashman 1996; Saar and Manga 1999). Mueller
et al. (2005) presented two separate power-law
trends for effusive compared with explosive volcanic
rocks, with the latter models incorporating a critical
porosity percolation threshold (Fig. 4), whilst modi-
fications based on fractal pore-space geometry
assumptions and Archies Law have also been pro-
posed (Costa 2006). In the majority of experimental
determinations of vesicular volcanic rock porosity
and permeability, significant scatter is ubiquitous
with permeability commonly spanning several
orders of magnitude for a given porosity, and thus
no general unified porosity—permeability relation-
ship exists, although generalizations have been pro-
posed (Navarro et al. 2020). In general, alteration of
lava sequences appears to depress the permeability
for a given porosity linked to pore throat clogging
and is especially prevalent in older sequences
which either are or have previously been deeply bur-
ied (Rossetti er al. 2019; Millett et al. 2021b). To
highlight the potential impact of alteration, a trend-
line is plotted in Figure 4 based on the data compila-
tion of Sigurdsson and Stefansson (1994) covering
lava samples spanning the smectite—zeolite through
to epidote—actinolite alteration zones.

The matrix porosity and permeability of pahoe-
hoe lava flows is then highly dependent on the
vesicle abundance and distribution, which vary con-
siderably for different types and thicknesses of flow.
The highest average primary porosities are likely
linked to spongy pahoehoe (e.g. Walker 1989; Wil-
moth and Walker 1993), and the core—crust ratios
of larger flows will have a first-order impact on the
net-to-gross calculations of lava flow reservoirs (Yi
et al. 2016). Typically, the percentage of crust rela-
tive to core broadly reduces with increasing flow
thickness but significant variation can occur (Nelson
et al. 2009; Millett et al. 2021a). In detail, features
such as core—crust ratios, vesicle size distribution
and coalescence may all be significantly influenced
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Fig. 4. Porosity v. permeability plotted for selected lava flows of mixed age, composition and alteration state along
with selected literature models. The compilation of selected laboratory measurements on lava flows are grouped by
composition including basalt to basaltic andesite (Sigurdsson and Stefdnsson 1994; Fridleifsson and Vilmundardottir
1998; Couves et al. 2016; Greenfield et al. 2019; Rossetti et al. 2019; Millett et al. 2021b; Marins et al. 2022),
andesites (Bernard er al. 2007; Farquharson et al. 2015; Heap and Kennedy 2016; Kushnir et al. 2016; Heap et al.
2017; Cant et al. 2018; Mordensky et al. 2018), and examples of evolved dacitic to rhyolite composition flows (Rust
and Cashman 2004; Rossetti e al. 2019) for comparison. Arrows show general relationships for key processes but are
non-unique. As far as possible, ambient or near ambient pressure laboratory-measured effective porosity (gas
pycnometer) and Klinkenberg-corrected gas permeability values have been plotted, but it should be noted that
techniques vary between studies and readers are referred to the original publications for measurement details. Kushnir
et al. (2016) domains include connected porosity—permeability microstructure relationships linked to (1) unknown, (2)
microcrack- and diktytaxitic-controlled, (3) vesicle- and microcrack-controlled, and (4) vesicle controlled.

by distance to eruption source, and the efficiency of
outgassing along lava flow pathways (Cashman ez al.
1994). Other internal porosity features within lava
flows may include diktytaxitic voids (irregular inter-
crystalline voids <c¢. 0.2 mm; Saar and Manga
1999), and various vesicle segregation features that
can complicate internal pore structures and vesicle

distributions (Caroff er al. 2000; Nikkola et al.
2019). Based on oxygen isotopic analyses, Goff
(1996) discussed the potential that vesicle cylinders
formed in basalts with elevated water contents,
potentially enhanced by subsurface addition of mete-
oric water. Other features associated with lavas flow-
ing over water-saturated sediments such as spiracles,
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and the more explosive rootless cone formation
(Reynolds et al. 2015), can impart significant vertical
heterogeneities that may, for example, reduce the
effectiveness of flow interiors to form effective
seals upon burial.

The pore structure of ‘a‘a lava flows has notable
similarities and differences to the pahoehoe features
described above. As with pahoehoe lava flows, ‘a‘a
lavas commonly reveal a three-part division with a
flow top and base separated by a more massive, poorly
vesicular flow interior; however, unlike pahoehoe,
‘a‘a lavas include an autobrecciated upper and
lower flow margin breccia (Macdonald 1953). The
‘a‘alavainteriors often display lower vesicle percent-
ages compared to pahoehoe lava (Cashman et al.
1999) whereas the autobreccia clasts, which can
form diverse morphologies and porosities, commonly
reveal abundant evidence for shearing and stretching
of vesicles along with more irregular connected mor-
phologies and rough interfaces linked to microlite
presence (Cashman et al. 1999). Fully to partly
ingested flow margin breccia clasts are commonly
found associated with the flow interior to crust transi-
tions of ‘a‘a lavas (Crisp and Baloga 1994; Cashman
et al. 1999). The addition of a well-connected inter-
clast porosity network leads to initially highly perme-
able (over 107! m? or >10 D) flow margins, which
are commonly identified as the most effective reser-
voir intervals both in younger and older lava reser-
voirs (Burns et al. 2012; Massiot et al. 2014; Millett
et al. 2021b; Marins et al. 2022) and form, for exam-
ple, the reservoir injection sites at the Wallula injec-
tion site (McGrail et al. 2011). In order to highlight
these major differences in lava flow reservoir proper-
ties, Figure 5 presents a simplified schematic model of
the pore structure in typical pahoehoe and ‘a‘a lava
flows, along with emplacement examples, and typical
core examples from the PTA2 borehole on Hawai’i
(Jerram et al. 2019) using core-based terminology
coined after Katz and Cashman (2003). Importantly,
datasets like these are now becoming available
where reservoir properties from core examples of
lava flow facies (e.g. pahoehoe, transitional and
‘a‘d) can be examined along with their subsurface
geophysical expressions (e.g. Jerram et al. 2019;
Millett et al. 2021b; Marins et al. 2022).

Detailed studies characterizing the textural varia-
tions of transitional lava flows within ancient and
recent eruptive deposits highlight the wide diversity
of structures that occur in nature between the pahoe-
hoe and ‘a‘a end-members (Keszthelyi 2002; Voigt
et al. 2021). However, the documentation and dis-
cussion of impacts that these differences may have
on reservoir sequences appear to be in their infancy
from an applied perspective (Millett et al. 2021b;
Marins et al. 2022). The influence of fracturing,
both primary cooling/emplacement (Griffiths 2000;
Schaefer and Kattenhorn 2004; Lamur et al. 2018,;
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Vasseur and Wadsworth 2019), and secondary frac-
turing (Walker et al. 2013a, b; Heap and Kennedy
2016; Lamur et al. 2017) on permeability within
lava flows can also be significant, potentially increas-
ing permeability by several orders of magnitude.
Appraisal of fracture spacing, timing and secondary
mineral filling are therefore clearly important aspects
of evaluating any lava flow reservoir sequence along-
side original flow facies characterization.

Most lava flows therefore begin solidified life
with a complex distribution of isolated matrix
pores, connected matrix pores towards the margins,
and often complex fracture + autobreccia networks.
The distribution of these features is, to a reasonable
extent, predictable, enabling generic approximations
of primary porosity and permeability for a given flow
type (Fig. 5). A key point about these distributions is
the proportion of permeable crust to low or imperme-
able interior, and that for most lava flows above a
few metres thick both will typically be present. So,
lava flows often represent reservoir—seal couplets
which, when vertically stacked, impart a significant
anisotropy onto any package of lavas that forms a
reservoir interval (e.g. Oki et al. 1999; Reidel et al.
2002; Tolan et al. 2009; McGrail et al. 2011).
These core—crust ratios can readily be appraised
from subsurface wireline data when assessing lava
flow reservoirs (Nelson er al. 2009; Millett et al.
2021a). Conventional porosity-dependent logs such
as resistivity, neutron porosity, density and sonic,
along with acoustic or electrical resistivity-based
image logs, can all be used highly effectively for
characterizing internal lava flow structures.

Secondary processes and burial

The primary porosity and permeability of lava flows
form the blueprint for everything else that comes
after, which is often where complexity can increase
dramatically and non-uniquely. Even before burial,
lava flows can quickly become highly altered due
to subaerial exposure and meteoric weathering.
Basaltic lava flows can be highly reactive under oxi-
dizing conditions, a feature that is receiving much
interest from the carbon storage industry (Matter
etal. 2007) and, as such, alteration and pore clogging
can rapidly alter initially good reservoir potential
(Neuhoff et al. 1999; Millett et al. 2016b; Lee
et al. 2021; Macente et al. 2022). Both eruptive fre-
quency and palaeoclimate play an important role in
surface weathering degree and efficiency prior to
burial, with warmer climate and high rainfall pro-
moting more rapid alteration, and long inter-eruptive
hiatuses compounding these effects (Widdowson
1997; Jolley et al. 2012). Therefore, relatively
rapid burial associated with high-frequency effusion
events, effectively protecting lava flow margins from
surface weathering, can be an important requirement
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in preserving good primary reservoir properties into
the subsurface.

An intriguing feature of many lava flows is that
they are initially intrinsically strong with porosities
commonly >40% encased in a strong vesicular crys-
talline network that can withstand pressures associ-
ated with burial up to several kilometres prior to
mechanical failure, a feature that separates them fun-
damentally from most sediments (Heap et al. 2014;
Wang and Chen 2015; Millett e al. 2016b; Jerram
et al. 2019). However, in lava flow samples with a
lower porosity, and a poorly or largely unconnected
vesicular pore network, matrix permeability is often
low and associated with micro-fractures and inter-
crystalline pores, although exceptions with con-
nected diktytaxitic textures occur. Unlike a con-
nected vesicular pore network that can withstand
elevated pressures, several studies have highlighted
how the permeability of micro-fractured or fractured
lava samples are highly stress-sensitive and likely
reduce rapidly with greater burial depth (Lamur
et al. 2017; Cant et al. 2018; Heap and Violay
2021). Autobrecciated lava flow margins, although
potentially initially higher porosity than vesicular
flow margins, clearly have lower strength and, as
such, the evolution of reservoir properties with
increasing compaction stress must be carefully
assessed (e.g. Mordensky er al. 2018). Conversely,
tectonic and burial processes can induce mechanical
failure of lava flows accommodated through brittle
failure and the introduction of fractures and faults
(Walker et al. 2013a, b; Lamur et al. 2017). These
structures typically form initially connected net-
works with secondary pore space and can potentially
enhance reservoir performance, a feature often tar-
geted in drilling strategies (Kumar ez al. 2011). How-
ever, their effectiveness will also depend on their
timing, age and degree of associated secondary
mineralization.

In addition to stress-related burial influences,
physicochemical processes of diagenesis and hydro-
thermal alteration typically produce textural and
structural changes in primary mafic minerals, glass
and feldspars, which can both degrade or enhance
porosity and permeability within lava flow deposits
(e.g. Sigurdsson et al. 2000; Sruoga and Rubinstein
2007; Kanakiya et al. 2017; Cant et al. 2018; Sun
et al. 2018; Mordensky et al. 2019; Bischoff et al.
2021b; Macente et al. 2022; Scott et al. 2023). By
their very nature, lava flows are deposited in volcani-
cally active regions that often have high geothermal
gradients and extensive hydrothermal fluid flow
systems, which can impart fundamental changes to
reservoir properties via alteration, dissolution of pri-
mary and secondary minerals, secondary mineraliza-
tion, and changes to strength (Neuhoff et al. 1999;
Kanakiya et al. 2017; Mordensky et al. 2018; Heap
and Violay 2021; Scott et al. 2023). This can lead

to highly complex pore structures in ancient and
altered volcanic sequences (Zou et al. 2010; Rossetti
et al. 2019; Marins et al. 2022). Both the presence
and distribution of deformed authigenic clays can
enhance rather than deteriorate permeability in
faulted sandstones (Farrell er al. 2021). As such,
the anisotropy of permeability within lava flow
sequences, which naturally contain ubiquitous frac-
ture networks capable of varying degrees and tim-
ings of slip, merits future study.

Much of what is known about alteration and sec-
ondary mineralization in modern and ancient lava
fields comes from the geothermal industry, which
utilizes secondary mineral assemblages such as zeo-
lites associated with specific pressure/temperature
conditions to characterize past and present geother-
mal conditions (e.g. Reyes 1990; Franzson et al.
2001; Weisenberger et al. 2020; Scott et al. 2023).
In addition, the impact of hydrothermal alteration
involving acidic CO,-bearing fluids, and short-term
heating on enhancing porosity and permeability in
andesites in particular, is well documented (Kana-
kiya et al. 2017; Mordensky et al. 2019).

Early mapping of zeolite zones from field out-
crops on Iceland led Walker (1960) to conclude
that the palaeo-temperature of the exhumed system
was independent of the lava flow stratigraphy. Sim-
ilar conclusions have been drawn from ancient
sequences on the Faroe Islands and Ireland among
others, where zeolite zones were mapped notably
with open porosity increasing in the upper portions
of the preserved lava sequences of the Faroe Islands
(Walker 1960; Jgrgensen 2006). Whilst this may pre-
sent an end-member case for systems which are able
to equilibrate over long periods of time with a local
heat source, it is questionable whether this is repre-
sentative of examples where the heat source is tran-
sient or is removed, or in settings where the lava
flow sequence is emplaced covering an area that
spreads long distances from the active heat source,
as can be the case for LIP sequences (e.g. Tolan
et al. 2009; Self et al. 2021).

In many examples, the distribution of alteration
within lava flows is not uniform as it is controlled
by primary lava architecture, surface area, pore struc-
ture, and varies significantly for different composi-
tions and different fluid—rock interaction conditions
(Planke et al. 1999; Millett et al. 2016a, b; Rossetti
et al. 2019; Scott et al. 2023). For example, in
many cases, lava flow interiors, with low fracture-
dominated porosity, can remain relatively fresh for
long periods, after clogging of the fractures effec-
tively stalls alteration reactions. Due to more open
pore networks and greater surface areas, these reac-
tions are able to progress further in flow tops (Franz-
son et al. 2001; Thien er al. 2015). Of particular
relevance for large areal extent flow fields and
thicker lava piles are the flow field architecture and
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initial hydrogeology, which will play a first-order
role in dictating the pathways and impacts of hydro-
thermal fluids fed into these systems near to eruption
sites from subsurface plumbing system intrusions.

In the Columbia River Basalt Group, USA, it is
noted that there is a general trend of decreasing per-
meability of intra-flow aquifers with depth for indi-
vidual wells based on extensive hydraulic testing.
This feature is attributed to a combination of increas-
ing effective stress and secondary mineral precipita-
tion; however, exceptions with higher permeability
at greater depths are also documented (USDOE
1988; Reidel et al. 2002). An important observation
is that fractures within flow cores are observed to
become highly mineralized at depth, whilst intra-
flow reservoirs remain conductive, even if altered
and at lower capacity. This highlights the develop-
ment of the often encountered vertically layered
sequences of seals (flow interiors) and reservoirs
(flow margins; USDOE 1988).

A common observation from boreholes penetrat-
ing ancient lava flow sequences is that porosity
occurrence and preservation are distinctly non-linear
with depth, such that intervals with relatively fresh
basalt and open porosity occur beneath and are inter-
layered with deeply altered and fully clogged inter-
vals (e.g. Millett er al. 2016a; Jerram et al. 2019).
Figure 6 presents an example from the ODP 642E
borehole that penetrated a thick break-up-related
lava flow sequence offshore mid-Norway (Planke
1994). Selected core examples are shown from dif-
ferent depths within the lava sequence. These display
a complex and clearly not depth-systematic evolu-
tion of alteration and secondary mineralization, high-
lighting that reservoir properties within these
sequences may be maintained to significant depths
below the top volcanic surface (Harris and Higgins
2008). This feature is also identified in other deep
boreholes in the NAIP (Millett et al. 2016a).

Secondary faulting, folding, erosional windows
and intrusion emplacement can also have important
impacts on lava flow reservoir architecture and prop-
erties after burial (Tolan er al. 2009; Walker et al.
2013a, b; Mordensky et al. 2018; Galland er al.
2023). Faulting and displacement of lava flow
sequences are known to both vertically connect oth-
erwise isolated reservoirs, and to lead to perched
or compartmentalized aquifers by juxtaposing per-
meable with impermeable intra-flow layers forming
structural barriers (Newcomb 1969). Dykes and
other shallow intrusions can also form local barriers
to flow, compartmentalizing or segmenting reservoir
sequences (Newcomb 1969; Oki et al. 1999; Lachas-
sagne et al. 2014). However, they are also identified
as important fluid flow pathways (Schofield et al.
2020; Galland et al. 2023) which, when emplaced
into lava sequences, may bypass sealing units such
as mineralized flow interiors, making appraisal of

intrusive impacts important. In addition, soil, volca-
niclastic or ash layers, which may rapidly alter to
form low permeability clay-bearing units during bur-
ial, can form stratigraphically constrained boundar-
ies that, along with intrusions, can promote the
development of perched lava-hosted aquifers (Oki
et al. 1999).

Borehole appraisal of lava flows

An extensive literature exists focused on the inter-
pretation of lava flow sequences from borehole
data including from drill cuttings, core, sidewall
core, remote geophysical data, or some combination
of these (Broglia and Ellis 1990; Planke 1994; Kesz-
thelyi 2002; Katz and Cashman 2003; Nelson ef al.
2009; Watton et al. 2014; Millett et al. 2016a; Jerram
et al. 2019; Quirie et al. 2019; Pierdominici et al.
2020; Millett et al. 2021a, b; Schofield et al. 2021;
Marins ef al. 2022). The characterization of porosity
and permeability from borehole sequences of lava
flows can, however, be challenging for a number
of reasons. The neutron porosity log, which mea-
sures neutron absorption due to H within a forma-
tion, and is usually used to calculate porosity
calibrated for a given matrix composition, is influ-
enced by the presence of hydrous clays in altered
volcanic rocks, typically leading to an overestima-
tion of porosity (Broglia and Ellis 1990; Rosenqvist
et al. 2023). In conventional borehole analyses, clay
content can be assessed based on the natural gamma
response in order to use density—neutron cross-plot
approaches for porosity determinations. However,
for basaltic volcanic rocks, gamma-ray values often
remain constantly low even in altered and clay-rich
formations, whilst primary changes in magma com-
position can also have a significant effect, complicat-
ing such approaches (Planke er al. 1999; Kumar
2006; Gupta et al. 2012; Millett et al. 2021b). Bro-
glia and Ellis (1990) highlighted this challenge for
ODP sites, including hole 642E, and presented a cor-
rected total porosity by addressing both stand-off
(lack of tool contact with the borehole wall), and
the presence of hydrous alteration minerals cali-
brated from core, as plotted in Figure 6. The chal-
lenge is that for many wells, core is not available
from which to calibrate the hydrous minerals, and
they can be highly diverse.

Density-based porosity determination, utilizing
the matrix density of volcanic rocks, is robust for
fresh mineralogically uniform lava flow sequences,
but suffers similar problems as the neutron log
where matrix density is changed (typically reduced
by the conversion to lower-density alteration miner-
als) at altered flow margins (Franzson et al. 2001),
leading to an overestimation of porosities at flow mar-
gins (Rosenqvist et al. 2023). It should be noted that
in high-temperature hydrothermal settings, more
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dense secondary minerals can become stable at higher
temperatures, potentially reversing this effect (e.g.
Sigurdsson et al. 2000; Franzson et al. 2001). Core
calibration can again be used to appraise the range
of matrix density variations if available, and to derive
multiple or dynamic models based on, for example,
the correlation between matrix density and other
wireline logs such as sonic. However, the literature
treating this subject is to date limited, to our knowl-
edge. Models based on velocity—porosity and derived
permeability relations have been proposed (e.g. Nav-
arro et al. 2020). However, as will be discussed in the
nextsection, V—porosity relationships are often com-
plex and lead to large uncertainties. Nuclear magnetic
resonance logging can offer a robust solution for
determining porosity and permeability of lava
sequences (Chowdhury et al. 2014; Millett et al.
2021b) but may be influenced by the presence of mag-
netic minerals.

Electrical resistivity logs also form a powerful
tool for appraising lava flow reservoirs, with the
identification of invasion profiles giving an indirect
measure of permeability where drilling fluid has a
different salinity to formation fluids. However, in
detail, the resistivity structure of volcanic rocks,
and especially altered volcanic rocks can be highly
complex. Wright ez al. (2009) present a detailed sum-
mary of the impacts of different volcanic pore struc-
tures on electrical conductivity, highlighting that
pore structure tortuosities decrease with increasing
porosity for isotropic vesicular networks, but
decrease with increasing deformation/stretching,
such that application of a single Archies law fit to
complex volcanic rocks is likely inappropriate. In
addition to pore structure complexities, alteration
mineralogy has a first-order impact on cation
exchange capacity (CEC), and therefore resistivity,
with common alteration and secondary minerals
such as clays and zeolite having a marked effect
(Weisenberger et al. 2020). In particular, geothermal
wells on Iceland reveal an exponential decrease in
CEC with depth, in line with increasing degrees
and temperatures of alteration and secondary miner-
als. Therefore, differentiating between pore struc-
ture, mineralogy and fluid effects (if they are
present) within lava flow sequences can be challeng-
ing and often requires additional focused studies on
a case-by-case basis (Scott ez al. 2023).

Seismic properties and reservoir monitoring

Several reservoir models for lava flow sequences
have been published (Pollyea et al. 2014; Jayne
et al. 2019; Ratouis et al. 2022) and have ranged
from treating lava flow successions as relatively sim-
ple or layer cake units through to more volcanologi-
cally complex models. It is not a simple task to define

what level of detail/gridding is adequate/appropri-
ate for different lava flow reservoir settings, with
the range spanning from thick tabular flood lava suc-
cessions that may be relatively consistent over tens to
hundreds of kilometres, to small-scale volcanoes and
lava fields that may show huge variations within the
space of 1 km. A fundamental and related compo-
nent of characterizing lava flow sequences relates
to their seismic properties, which have been studied
extensively for decades (Planke 1994; Biicker et al.
1998; Bartetzko et al. 2005; Nelson et al. 2009).
Lava flows reveal systematic and archetypal wireline
responses that can be used to confidently infer facies
type and information about porosity structures, even
when no or limited core is available (Boldreel 2006;
Nelson et al. 2009; Millett et al. 2021a). Figure 6
reveals textbook examples of simple and compound
lava flows, with core observations enabling differen-
tiation of pahoehoe, ‘a’a, and transitional forms
where core recovery permits. The relationship
between porosity and velocity, which underpins
many modern approaches to rock physics modelling
in conventional clastic and carbonate reservoir appli-
cations (Avseth et al. 2010), is, however, not
straightforward for lava flows (Rossetti er al. 2019;
Avseth et al. 2021). In Figure 7, a compilation of
low pressure petrophysical data for lava flows from
various global examples is compiled and compared
with data fields for carbonate and sandstone from
Avseth et al. (2010). Whereas clastic sedimentary
rocks are typically regarded as approaching a critical
porosity at c. 40% (sandstone), above which they
become a suspension (Dvorkin and Nur 2002),
vesicular basalt can exist as a coherent rock with
porosities exceeding 70% (Mangan et al. 1993).
The data reveal a wide spread of velocities for a
given porosity, overlapping with both carbonates
and sandstones. A rock physics modelling strategy
is adapted (Avseth et al. 2021), utilizing physical
bounds that interpolate between given critical poros-
ity values and the effective mineralogical end-
members representing lava flow matrix composi-
tions. These diagnostic rock physics templates pro-
vide a framework for disentangling the complex
interplay between multiple geological factors on
elastic properties, including primary composition,
secondary alteration, secondary mineralization and
different pore structures. Hence, the rock physics
link can reveal clear applications for better under-
standing and modelling lava flow reservoirs (Ros-
setti et al. 2019; Avseth et al 2021). One
important aspect of vesicular volcanic rocks, which
is similar to what is seen in many carbonate reservoir
rocks, is that the stiff matrix framework may make
seismic monitoring of reservoirs undergoing fluid
extraction or injection (fluid substitution effects)
challenging to image (Avseth et al. 2021). This is
clearly an area requiring new data and future
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development in order to develop and test safe moni-
toring and reservoir simulation approaches for both
onshore and offshore applications.

Future outlook

Lava flow reservoirs have been utilized for centuries
for fresh water and appear likely to continue to expand
into an increasingly diverse range of uses going for-
ward. The drinking water of millions of people and
billions of dollars of agriculture depend on the careful
monitoring and management of these resources,
which will likely be influenced by future climate
change, including changes in the volume, distribution
and properties of run-off alongside likely increasing
usage pressures. Additional and expanding utilization
includes geothermal, petroleum and carbon storage
applications, all of which are pivotal for the energy
transition. Major differences exist between relatively
young lava flows (e.g. Neogene/Quaternary; see
Table 1), which host most documented lava flow res-
ervoirs and commonly have excellent reservoir prop-
erties, compared with older and/or more altered lava
flow reservoirs. Older and altered lava flows can also

form effective reservoirs in some circumstances,
whereas at the extreme end-member, alteration and
secondary mineralization can transform previously
porous and permeable lava flow reservoirs into imper-
meable rocks. Primary lava flow facies and
intra-facies related to emplacement, including impor-
tantly the presence of flow margin breccias, flow
thickness, core—crust ratios and fractures, all influ-
ence reservoir properties of individual lava flows.
The presence of flow margin breccias, in particular,
appears to enhance reservoir potential. However,
more research is required on how these initially excel-
lent reservoir properties evolve with increasing burial
depth and changing compaction stresses relative to
strong vesicular pore networks.

Beyond individual lava flows, the stacking pat-
terns and architecture of lava flow sequences have
important influences on primary reservoir property
distributions at the larger scale. These in turn dictate
how various fluids (hydrothermal, groundwater,
petroleum) migrate, in turn, impacting the alteration,
dissolution and secondary mineralization responsi-
ble for modifying lava flow reservoir properties.
The same is true for modern injection scenarios
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where, for example, reactive transport and reservoir  utilizations. This requires improved integration of
evolution due to injection of CO, has been the laboratory, borehole and field analogue data in
focus of much recent study. Clearly, improved meth-  order to build robust reservoir models for these
ods and procedures for predicting and appraising often-complex systems with a specific focus on the
lava flow reservoir properties, property distributions — important differences between initial reservoir prop-
and alteration states are important for future erties and differing states of alteration, dissolution
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and secondary mineral clogging. In particular, the
development of fit-for-purpose igneous rock physics
templates, which can aid in sensitivity testing, imag-
ing and monitoring of subsurface lava sequences, is
needed going forward. While several of the applica-
tions discussed herein, including in particular carbon
storage, have demonstrated efficiency in laboratory-
controlled and small-scale pilot projects, their wide-
spread adoption, and therefore impact, will critically
depend on their implementation costs relative to
alternative reservoirs. Robust appraisal of the risks
and benefits of new geoenergy enterprises utilizing
lava flow reservoirs requires improved understand-
ing of the geological controls on reservoir properties
and performance in the diverse settings where they
occur. Clearly, these need to be balanced against
the economic, social and environmental impacts of
utilization going forward.

Summary

This contribution provides a condensed review of
working lava flow reservoirs from around the
globe, including examples utilized for water aqui-
fers, geothermal energy, hydrocarbons and carbon
storage. In addition, an appraisal of key factors that
influence lava flow reservoir properties, focusing
on the most common mafic to intermediate flow
compositions is presented. The study draws on
field outcrops, facies analyses, extensive published
laboratory petrophysical data (porosity, permeability
and velocity), theoretical models and borehole
appraisal techniques. Figure 8§ summarizes some of
the main geological processes that can be considered
when appraising a lava flow-hosted reservoir
sequence from melting and magma properties, melt
migration, eruption, surface weathering and subse-
quent burial. Based on this review, a number of con-
clusions can be made.

¢ Lava flow reservoirs are complex but incorporate
a combination of volcanic properties that are well
understood and for which petrophysical data are
becoming rapidly more available.

* High porosity and permeability in pahoehoe lava
flow top facies are related to the partial coales-
cence of vesicles along with fractures.

¢ In addition to vesicles and fractures, ‘a’a lava
flows, along with several transitional varieties,
incorporate autobreccia within their flow margins,
which can significantly increase permeability,
making these styles of lava flow a key target for
exploration.

* Volcanic basins incorporate processes associated
with magmatism that often expose lava flow
reservoirs to conditions rarely experienced in
non-volcanic basins, such as high-temperature
hydrothermal circulation, which has the potential
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to change the reservoir properties significantly
either negatively by clogging pores, or also posi-
tively by dissolution.

e Permeability at greater confining pressures
remains near constant for vesicular rocks due to
strong framework strength, a feature significantly
different from clastic rocks but similar to some
carbonates, although alteration can reduce lava
flow strength substantially.

¢ Cooling joints and fracturing associated with lava
flow emplacement (inflation and flow) form criti-
cal additional primary porosity and permeability.
Like flow margins, these pores can become
clogged and sealing in older deeply buried lava
flow sequences. However, due to smaller relative
porosity and surface areas, they often appear to
become filled more effectively during burial.

* Rock physics approaches, which are in extensive
use for conventional reservoirs, are in their
infancy in terms of application to volcanic rocks
but show promise and require significant focus
going forward.

* A holistic approach to understanding lava flow
reservoirs is required in order to better understand
and begin to predict reservoir potential in different
basins and settings.
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