COBISS: 1.01

NEW INSIGHTS INTO THE GENESIS OF PYRODUCTS
OF THE GALAPAGOS ISLANDS, ECUADOR

NOVA SPOZNANJA O NASTANKU PIRODUKTOV
GALAPASKEGA OTOCJA, EKVADOR

Stephan KEMPE", Greg MIDDLETON?, Aaron ADDISON?,
Theofilos TOULKERIDIS*® & Geoftrey HOESE®

Abstract UDC 552.313.1:551.44(866.4)
Stephan Kempe, Greg Middleton, Aaron Addison, Theofilos
Toulkeridis & Geoffrey Hoese: New insights into the genesis of
pyroducts of The Galdpagos islands, Ecuador

There has been little research on the genesis and development
of pyroducts (or lava tubes) originating from Galapagos vol-
canoes. Pyroducts are responsible for the lateral, post-eruptive
transport of lava because they are highly effective as thermal
insulators. After eruptions terminate, these conduits often be-
come accessible as caves. In March 2014 the 16th International
Symposium on Vulcanospeleology brought a large group of vul-
canospeleological specialists to the Islands. During the meeting
a number of pyroducts were visited and studied in context on
the island of Santa Cruz and around Isabella’s Sierra Negra vol-
cano in the western, most active, part of the Galapagos. The
longest of the caves, Cueva del Cascajo, about 3 km in length,
was partly surveyed and nine other caves were visited. Struc-
tural features such as thickness of roof, evidence of downcut-
ting, presence of oxbows, secondary ceilings, lavafalls, collapses
and pukas were particularly studied for evidence they reveal
about developmental stages of pyroducts. The resulting data
show that the pyroducts were formed by "inflation" with the
primary roof consisting of uninterrupted pahoehoe sheets. No
pyroducts were identified that developed by the crusting-over
of channels. The studies strongly confirm inferences drawn
from other hot-spot related islands, such as Hawai’i.
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pyroducts, lava caves, speleogenesis.
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Stephan Kempe, Greg Middleton, Aaron Addison, Theofilos
Toulkeridis & Geoffrey Hoese: Nova spoznanja o nastanku
piroduktov Galapaskega otocja, Ekvador

Raziskav o nastanku in razvoju piroduktov ali lavinih cevi na
galapaskih vulkanih je malo. Pirodukti so pomembni za bo¢ni
transport lave po izbruhu in so toplotni §¢it med tokom lave
in zunanjim ozra¢jem. Po konc¢anem izbruhu ti kanali ostanejo
dostopni kot lavine cevi. Marca 2014 je na Galapaskem otocju
potekal 16. mednarodni simpozij o vulkanospeleologiji. V okvi-
ru tega smo obiskali in proucevali §tevilne pirodukte na otoku
Santa Cruz in v okolici vulkana Isabella's Sierra Negra na zaho-
dnem, najaktivnejsem delu Galapaskega otocja. Delno smo iz-
merili najdaljso, 3 km dolgo jamo Cueva del Cascajo in obiskali
$e devet drugih jam. Pri tem smo bili pozorni na strukturne
elemente, ki kaZejo na razvojne faze piroduktov, kot so debe-
lina stropa, vrezovanje, prisotnost obvodnih rovov (oxbow),
ostankov lavinih slapov, sekundarnih stropov, odprtin na po-
vr$je (puka) in vdorov. Podatki in opazanja kazejo, da so jame
nastale z zaporednim napredovanjem in napihovanjem, na kar
kaze tudi primarni strop iz neprekinjenih plasti pahoehoe lave..
Nobeden od piroduktov ni nastal zaradi strjevanja lave nad to-
kom. Podobne ugotovitve veljajo tudi jame na vulkanih drugih
vrocih tock, kot na primer na havajskih vulkanih.

Kljucne besede: Ekvador, Galapasko otocje, vulkanske jame,
pirodukti, lavine jame, speleogeneza.
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INTRODUCTION

Although a large number of researchers have studied
the origin and development of volcanoes, their geologi-
cal processes and landforms (e.g., Lockwood & Hazlett
2010), speleology in the volcanic environment and the
understanding of the formation of lava caves is still a
debated topic (e.g., Sigurdsson et al. 2000; Heliker et
al. 2003). For those researchers seeking to understand
what happens during the formation of volcanic caves
and the processes that are responsible for their forma-
tion and enlargement, much appears still to be learned
(e.g., Kempe 2002, 2012, 2019; Bunnell 2013; Sauro et
al. 2019). In order to further work on some of the most
fundamental questions in this research area, the 16" In-
ternational Symposium on Vulcanospeleology (ISV) was
held in Puerto Ayora on Santa Cruz Island, Galdpagos.
Excursions acquainted the international participants
not only with the lava caves on this island, but also with
the volcanoscape on the neighboring island of Isabella
(where three caves were visited). The meeting was or-
ganized by Theofilos Toulkeridis (Ecuador) and Aaron
Addison (USA) and attended by ca. 80 cavers, many of
whom were exposed to the problems of vulcanospeleol-
ogy for the first time. This high number of attendees in
this remote region indicates that support for this specific
speleological topic is increasing. Since then, further sym-
posia were held in 2016 on Hawai‘i and in 2018 at Lava
Beds, California. The proceedings of these symposia are
a prime source of the most recent research results in the

field, accessible through the ISV site: http://www.vulca-
nospeleology.org/symposia.html. In 1991 Dr. W.R. Hal-
liday organized the 6™ ISV on Hawai'i (Rea 1992). Since
then, the number of caves and the kilometers surveyed
by members of the Hawaiian Speleological Survey (HSS)
and other organizations has been multiplied by a factor
probably close to 100, illustrating the outstanding role of
the Hawaiian volcanism in the understand of the under-
lying processes responsible for lava cave genesis. The Bul-
letin of the HSS (“Hawai‘i Underground”) informs about
the most recent research results. However, we still are far
from understanding cave development associated with
flowing lava in all its facets.

Here we briefly discuss the insights into the gen-
esis of the volcanic caves, or pyroducts, obtained during
the Galapagos meeting with regard to the caves visited
in Hawai‘l and elsewhere. These “insights” are mostly
a number of in situ-observations leading to questions,
many of which will need much more research in this ex-
panding field of volcanology and associated landforms.
The “insights” also owe much to the continuing discus-
sion between the participants of the Galapagos sympo-
sium and with the authors during the fieldwork. It is not
the intent of this paper to review the extensive interna-
tional vulcanological and local speleological publica-
tions: for this the reader is for example referred to, for
example Kempe (2002, 2019) or Sauro et al. (2020).

GEOLOGICAL SETTING

The presently active Galapagos hotspot has produced
several voluminous shield-volcanoes, most of which
are inactive due to the ESE-movement of the overlying
Nazca oceanic plate (Holden & Dietz 1972; Hey 1977).
The main Galdpagos Islands are located east of the N-S-
trending East Pacific Rise and south of the E-W-trending
Galapagos Spreading Center and some 1,000 km west of
the Ecuadorian mainland (Fig. 1). With an area of less
than 45,000 km? the Galdpagos Islands represent one of
the most volcanically active regions of the world (Simkin
et al. 1981).

In the case of the Galdpagos hot spot, this process
of magma supply has existed for more than 90 million
years (Ma) while the lithospheric plate has moved many
thousands of kilometers in the same time interval, car-
rying the hot spot-generated volcanoes away (Hoernle
et al. 2002; Werner et al. 2003). Two aseismic volcanic
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ridges were created, the NE-moving Cocos Ridge and
the E-moving Carnegie Ridge and associated seamounts
on the Cocos and Nazca Plates, respectively (Harpp et
al. 2003). These submarine extinct volcanic ridges are
the result of cooling/contraction reactions of magma, as
they slowly sank below the sea surface due to the lack of
magma supply, lithospheric movement and strong ero-
sional processes.

With time, these submarine volcanic ridges as
well as various microplates, have accreted on the South
American continent (Reynaud et al. 1999; Harpp &
White 2001). Western islands just above the Galapagos
hot spot have the morphology of large shield volcanoes
with deep calderas, while the eastern island volcanoes
are small shield volcanoes with gentle slopes and almost
without calderas (McBirney & Williams 1969). Excep-
tions to the general picture of the main Galdpagos Islands
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are the northern islands of Wolf and Darwin, which are
considered to be a result of the interaction of the Galapa-
gos hot spot and the Galdpagos Spreading Center (Harpp
& Geist 2002). Holocene and historic eruptions have oc-
curred on the main 16 active volcanoes of the Galapa-
gos. Frequently associated with the shield volcanoes are
hundreds of short-lived relatively small, cinder-, ash- and
spatter cones. Some extinct volcanoes are represented by
the islands Espaiola, Santa Fe, Pinzon and Rabida. The
island of Espaiola is, at some 4 Ma, the oldest extinct
volcano of the Galdpagos while parts of the volcanic ac-
tivities at San Cristobal island are almost 2.5 Ma old (Hall
1983; White et al. 1993). Many volcanic features such as
lava caves, ‘aa, pahoehoe and pillow lava, olivine beaches
and many more are encountered in almost all islands and
reflect the interesting volcanic evolution of the Galapa-
gos, which combined with its geodynamic relation, gave
rise to the unique endemic life on these islands (Darwin
1859).

Santa Cruz is the most central island of the Galapa-
gos. It is a large shield volcano with a high abundance of
parasitic cones, large lava caves and enormous pit cra-
ters (e.g., Los Gemelos) and is subdivided into two main
units (Bow 1979). The older unit is the Platform Unit
with an age of 1.3-1.1 Ma, while the younger unit is rep-
resented by lavas of the Shield Series with ages as young
as 30-20 ka (Bow 1979; White et al. 1993) (Fig. 1). The
plagioclase and olivine phenocryst-bearing tholeiitic la-
vas of the platform series include faulted and uplifted
parts which appear today as independent islands such as
Baltra, Seymour and Las Plazas. The latter was evidently
formed below the sea surface due to the almost exclu-
sive occurrence of pillow basalt. These old and therefore

& Enptie Fissure
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lower units show intercalations with marine carbonates
with a precipitation depth of <100 m. Based on their
morphology and the lack of vegetation, the younger
overlying lavas of the Shield series appear to be only a
few thousand years old (White et al. 1993). These lavas,
which mainly flowed from the summit but also from the
flank of the volcano, are composed of a range of different
volcanics, mainly exhibiting olivine tholeiites and tran-
sitional alkalibasalts besides some hawaiites (Bow 1979;
White et al. 1993).

The Sierra Negra shield volcano on the western is-
land, Isabela, is volcanically young and one of the most
active volcanoes in the Galapagos. This volcano is 40 to 60
km wide and has, with its 9-10 km diameter caldera, the
largest but simultaneously the shallowest elliptical calde-
ra of all volcanoes of the Galdpagos. Eruptive centers and
different lava fields have been divided into five distinctive
age groups, all being younger than 6000 years (Reynolds
et al. 1995). These are alkaline to tholeiitic lava flows that
erupted from E- to NE-trending circumferential and ra-
dial fissures situated on both sides of the summit caldera
on the upper flanks and on the western and eastern lower
flanks (Chadwick & Howard 1991). The caldera itself has
undergone several episodes of collapse, upheaval and de-
formation (Amelung et al. 2000; Vigouroux et al. 2008).
These are alkaline to tholeiitic basaltic lava flows erupted
from east to northeast, with circumferential and radial
fissures situated on both sides of the summit caldera on
the upper flanks and on the western and eastern lower
flanks (Kurz & Geist 1999). Ten historic eruptions oc-
curred in the last 200 years. The last eruptive activity took
place at the end of October 2005 and lasted a week, after
26 years of quiescence (Geist et al. 2008).

Galapagos

Fig. I: General situation of the Galdpagos Islands (center) and the geological maps of (left) southern Isabela Island and (right) Santa Cruz.
Pins locate the caves visited during this study; numbers refer to Tab. 1. (maps based on Toulkeridis 2013).
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PYRODUCTS

Within the family of lava caves or, perhaps more accu-
rately, volcanic rock caves, (for an overview see Kempe
2002, 2019), we find both primary and secondary caves.
The second group contains sea-caves, caves formed by
the erosion of water and tectonic caves. Of these, we
visited “La Grieta” an impressive, seawater-filled graben
with associated fissure- and talus-cavities in the proxim-
ity of Puerto Ayora, the main port of the island of Santa
Cruz. All other caves visited are primary caves, i.e., vents
(Triple Volcan on Isabela) or “pyroducts”. “Pyroduct”
(Lockwood & Hazlett 2010, pp. 138ff), colloquially also
called “lava tube”, “lava tunnel’, or “lava pipe’, is “a term
coined by an eye-witness [i.e., the missionary Titus Coan
(1844)] describing active subterranean ‘rivers of fire’ dur-
ing the 1843 eruption of Mauna Loa. Pyroducts come in
many shapes and sizes (few of them “tubular”) and form in
many different ways....”. They can be defined as “... any
internal lava conduit in a flow, irrespective of shape and
size, regardless of whether it contains molten lava during
eruptive activity or is preserved as an elongate cave after
eruptive activity ends and molten rock drains away. Ety-
mologically, the word pyroduct (“fire conduit”) could also

describe surface lava channels, but we shall restrict the
term only to describe subsurface features...

Therefore, pyroducts are of prime importance in
understanding the architecture of basaltic island shield
volcanoes, basaltic intracontinental lava fields and hot-
spot volcanics (e.g., Calvari & Pinkerton 1998). Without
pyroducts, extremely long lava flows could not come into
existence. The recent eruption of the E-Rift of the Ha-
waiian shield volcano Kilauea 1983-2018 (known as the
Pu‘u ‘O%6-Kapaianaha eruption) (Wolfe 1988; Heliker et
al. 2003) allowed the study of some aspects of pyroduct
genesis and function. Episodes 48 and 50 to 53 (Helz et
al. 2003) formed 12 to 14 km long pyroducts issuing lava
to the ocean. A few of the conduits are still accessible.
MgO-content of quenched glasses measured on samples
from the Kapaianaha lava pond and on pyroduct samples
taken at skylights or at the ocean front indicated that the
temperature of the lava dropped only about 0.6 °C per km.
Similarly, temperature measurements through skylights
showed a temperature loss of about 1 °C per km (reviewed
by Kauahikaua et al. 2003). Thus, closure of a primary roof
across flowing lava is probably one of the most important

drained initial lava conduits
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Fig. 2: Schematic cross-sections of the four models of pyroduct formation known so far. The amount of erosion shown can be quite vari-
able, even within the same pyroduct. Also, the underlying strata does not necessarily need to be an ‘a’a flow. Cross-section la shows the
“inflationary mode” where the roof sheets are oldest at the top and youngest at the bottom. There several ducts can develop in parallel that
are drained once one of them cuts down, collecting all of the flowing lava into one bed. Cross-section 1b illustrates pyroduct formation by
“confluence” of lava from several small conduits within lava sheets deposited on top of each other. Here the oldest lava sheet is at the bottom
and the youngest on top. All the flow in these ducts converge and erode an underlying lava flow, preferentially an easily erodible layer of ‘aa
rubble. Cases Ic and 1d illustrate the “crusting over of a channel”. This can either happen by the jamming and welding of floating clasts (Ic)
or by the slow accretion of shelves and roof-closure across a channel along a central suture (after Kempe 2012).

146 | ACTA CARSOLOGICA 50/1 - 2021



NEW INSIGHTS INTO THE GENESIS OF PYRODUCTS OF THE GALAPAGOS ISLANDS, ECUADOR

processes in providing thermal insulation of the flowing
lava resulting in the extended flow and further develop-
ment of any pyroduct. The recent experiences from Hawai‘i
and elsewhere imply that pyroducts are able to be formed
by at least four different processes (Kempe 2012). Two of
them, involving “inflation” (Hon et al. 1994) and “conflu-
ence” (Bauer 2011; Bauer et al. 2013) arise from pahoehoe
flows containing proto-ducts, while the other two process-
es are associated with the freezing-over of lava-channels.
This can be achieved by the inward growth of benches of
by the welding of floating clasts. Both of these roof-closing
mechanisms were documented for pyroducts associated
with the Etna eruption of 1991-93 (Calvari & Pinkerton

1998). Due to the unusual steep slope of Mount Etna of
up to 30° pyroducts also form there within the core of '@ a
flows, so far a phenomenon not documented in Hawai’i.
Hawaiian experience however shows that the first type,
the formation of a pyroduct by inflation, is most probably
the main process involved in the initiation of a long-lived
pyroduct (Fig. 2). The 16" International Symposium on
Vulcanospeleology gave an opportunity to test how these
Hawaiian models as well as experiences and field observa-
tions gathered in different volcanic areas worldwide would
apply to another important basaltic island volcano group
(McBirney & Williams 1969; White et al. 1993; Toulkeridis
2013 and references therein).

INVESTIGATING GALAPAGOS CAVES; MATERIALS AND METHODS

Constantin et al. (2018) briefly refer to the research his-
tory of Galdpagos and the number of caves known, total-
ing 57 (29 on Santa Cruz, 4 on Isabella and 14 on five

other islands). Of these we discuss f nine pyroducts that
were investigated prior to and during the symposium
(Fig. 1): Cueva del Cascajo, Cueva de Gilda and Gallar-

Tab. 1. General observations concerning the lava caves visited (“puka” is Hawaiian for “hole”).

ndar
No Group 1 Thin Roof Downcutting Cezilinvgs Lavafalls Pukas Oxbows |Stage
Cueva del Thin, one sheet 0.8 to . Mostly one, .
1 |Cascajo 1.5 m thick with shear- ?T:J)bscganntéar:_(lito but sometimes ﬁ;[;.eoaft four X?“E%S Two small 3
(3,010 m) induced vesicle layers » cany upto5 ) P
Mirador de los . Five (two
, . . . None in LT One
2 | Tuneles Thin, one thick sheet | Substantial None in side . 3
(929 m) western part branch) substantial
Cueva de .
3 | Premisias Or)e thick or several >11m 0’?9 atcurrent None Two None 2
thin sheets exit
(431 m)
Cueva de Sucre | One thick or several Multiple-
4 (339 m) 5 thin sheets Small (less <1 m) | None None One trunked 3
5 Tinel del Estero One sheet None None None None None 1
(90 m)
. . zndary
Group 2 Thick Roof Downcutting Ceilings Lavafalls Pukas Oxbows
C. de Gilda . Several meters,
6 (410 m) Not clearly visible cave slot-like Only at lava fall | One One None 2
Tortoise Junction | Multiple small ‘a‘a
7 |tourist cave flows, primary roof Several meters | Two None One None 2
(203 m) removed
Very thick, primary
Cueva de ¢ Four,
roof one sheet, 0.8m Several o
8 (Gzagligdrc%) thick with several m of Several meters | None “cascades” Eg;lr;g w Two 3
’ thin ‘a‘a flows above P
Very thick, primary
Cueva de Chato |roof 0.5-1 m thick,
9 (1 with severalmof @a [1to2m None None Three Many 3
(515 m) flows above it. Primary
roof largely eroded
Very thick, primary
Cueva de Royal roof possibly removed,
10 | Palm ith U thick ‘a‘a >5m Several One Two One 3
(1,040 m) with several thick ‘a‘a
! flows above
Cueva La Llegada . ) Substantial, >8 | Variable, up . Many
11 (2,066 m) Very thick, 0.8-1.25 m m. to 3 Multiple Pukas None 3
ACTA CARSOLOGICA 50/1 - 2021
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do, Mirador de los Tuneles (Cueva de Kibler), Cueva de
Chato 1, Cueva de Royal Palm, Tortoise Junction tour-
ist cave, Cueva La Llegada and Cueva de Premisias on
Santa Cruz Island and Triple Volcan, Cueva de Sucre and
Tuanel del Estero on Isabella Island. In addition, detailed
surveys were conducted in Mirador de los Ttneles/Cueva
de Kiibler and in the upper 150 m of the Cueva del Cas-
cajo. There a Leica Disto was used to determine length

and inclination and a Silva compass to measure azimuth.
The grid was calculated with a self-written Excel routine.
Otherwise photographs and notes were taken, and the
morphology and outcrops discussed by a number of par-
ticipants. Addison (2011) published maps of the Triple
Volcan vent, of the Cueva de Sucre and of the Tuanel del
Estero.

RESULTS

The pyroducts visited can be subdivided into two groups;
those that have a roof composed only of their thin prima-
ry roof and those that have a very thick roof composed of

the original primary roof and later thin ‘a surface flows
(Tab. 1).

THE PRIMARY ROOF - OBSERVATIONS

The first group of caves has a thin roof structure. The
primary roof of Cascajo Cave, for example, is composed

Fig. 3: Cross-section of pahoehoe sheet forming the primary roof
of the Cueva del Cascajo. Note the presence of horizontal vesicle
concentrations along which the layer may have slipped when hot
(Photo: S. Kempe).
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of only one sheet (Fig. 3) between 0.6 m and over 1 m
thick. This sheet is textured by several horizontal zones
of high vesicle concentration. Along these planes there
is structural evidence of slippage on the lower face. Fur-
thermore, the vesicles in these planes are not vertically
oriented, but demonstrate horizontal elongation.

The second group of caves have thicker roofs with
more complex structure. These have a thick primary roof
with multiple additional thin ‘@@ layers. Thick, massive
layers with low vesicularity are observed. These can be
bounded with rubble above and below. A notable ex-
ample of this is in Cueva de Gallardo, beyond the lowest
puka. A cold collapse (i.e., a collapse long after the activity
in the duct has subsided) has opened the roof for closer
inspection (Fig. 4). There we are able to note the primary
roof as it stretches across the cave. The roof is parted by
vertical contraction cracks and by horizontal separations
along vesicle concentrations. Above this layer, an ‘aa flow
is observed with its typical tripartite structure: a central,
thick and massive core of low vesicularity, accompanied
by rubble layers below and above. Above this, and form-
ing the cave roof up to the present day, is the inferior side
of another ‘aa flow.

Information about the structure of the primary roof
is of importance if building across or near to a lava cave
is planned. For example, driving a bulldozer across the
roof of of Cascajo Cave may turn out to be fatal. Jorda-
Bordehore & Toulkeridis (2016) and Jorda-Bordehore et
al. (2016) discuss engineering considerations and roof
stability of lava caves.
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Fig. 4: Panorama of a roof collapse of Cueva del Gallardo below its last puka downhill. Here the meter-thick primary roof is still intact (right

C o=

lower layer) overridden by an irregular ‘ad flow that also collapsed and a second ‘a’a flow that forms the roof (Photo: S. Kempe).

THE PRIMARY ROOF - DISCUSSION

These characteristics suggest that the first group of caves
has a simple development. They form when a pahoehoe
sheet quickly covers the ground, solidifies and degas-
ses, forming vesicles inside. The layer then becomes less
dense and the hot, fluid lava of the next pulse can creep
below it, “inflating” the first sheet. Interestingly we could
not find examples of multiple inflation sheets such as de-
scribed from Whitney’s Cave (Kempe et al. 2010) or the
Huehue Cave (as described in Model 1, Fig. 2a). The evi-
dence of slippage suggests that flowing lava underneath
was in direct contact dragging on the lower side of the
roof. The elongated vesicles are further indicators that the
sheet has been exposed to differential drag. It appears that
the surface structure of the pahoehoe sheet has been lost
due to bioturbation (i.e., rocks turned over by uprooted
trees) and a cover of ash-derived reddish soil. Therefore,
it remains uncertain whether the roof-sheet displayed a
ropy structure.Explaining the roof structure of the second
group of caves is more difficult. In order to unravel the
development of the roof structure of the second group
of caves one needs to assume that the primary roof has
been, after its establishment and following the initiation
of the underlying pyroduct, modified by surface lava

flows (Fig. 5). Given time, this most likely would be the
fate of any primary roof as later eruptions would bury it
over the eons. However, in these cases, these later flows
are in part forming the cave’s roof with the primary roof
missing. Thus, these flows must have been emplaced by
the same eruption that fed the pyroduct. In that situation
the roof might grow many meters thick, finally overload-
ing the primary roof. The eventual roof collapse would be
assimilated by the flowing lava in the pyroduct and pos-
sibly carried away. This process is capable of explaining
why we observe large irregular halls with roofs formed by
welded ‘@ or the massive layers of ‘aa core layers such as
observed in Chato L. In the case of Cueva de Gallardo,
the primary roof survived the loading by additional sur-
face flows, but further uphill, where the entrance puka
separates the lower and the upper part of the Cueva del
Gallardo (and separating them into actually two caves, al-
beit of the same pyroduct), the primary sheet must have
collapsed and been carried out during activity. Thus, to-
day we enter the cave (both downbhill and uphill) through
large halls. These halls are taller and also much wider than
the original pyroduct, convincing evidence of collapse
and upward enlargement during the pyroduct’s activity.

INTERNAL FEATURES OF PYRODUCTS

Tab. 1 shows that many other internal features that are
found in Hawaiian caves, are also present in Galapagos,
namely evidence of downcutting, lavafalls, secondary
ceilings (septa) and braiding (i.e., the presence of ox-
bows).

It is not self-evident that these features would be
present. For example, in the Jordanian lava caves in the
Harrat Al-Shaam, no lavafalls have yet been found, evi-
dence of downcutting is inconclusive, secondary ceilings
are absent and even braiding is seen only once (Kempe

ACTA CARSOLOGICA 50/1 - 2021
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et al. 2012). Similarly, the lava caves at Undara, Austra-
lia, do not show any of the above-mentioned features
(Middleton & Kempe in press). As it happens, these two
sites are intracontinental lava fields and not island shield
volcanoes like the ones in Hawai‘i and the Galédpagos.
However, this difference is not a sufficient explanation for
such behavior and will need future consideration.

Braiding is a feature established earliest in the de-
velopment of a lava conduit (embryonic braiding; Allred
& Allred 1997). It apparently comes about when several
flow paths are established beneath the primary roof. The
conduits with the lower flow-rate and those that are high-
er in elevation are drained first while the later trunk pas-
sage cuts down. Thus, these passages, if they are not filled
by lava surges, generally form low mazes near the ceiling
of the final cave. Fig. 6 shows a short oxbow in the upper
passage of Cueva del Cascajo.

Evidence of these higher passages being filled is oc-
casionally seen where cross-sections are exposed through
erosive or melting processes, or where outflows of molten
lava from the filled passage dripped down into the trunk
passage resulting in various forms of secondary lava for-

mations, such as sheet flow on walls, stalactites and sta-
lagmites. This described process provides a fundamental
role in the formation of a variety of lava rock speleothems
(e.g., Kempe 2013).

Downcutting is one of the most basic processes in
pyroducts. The first, undebatable evidence has been ob-
served in Earthquake Cave, Hilina Pali, Kilauea, Hawaii
(Kempe & Ketz-Kempe 1992a, b). There the lining of the
conduit fell off, revealing an ash layer (stratigraphically
identified as Pahala Ash). Since ash clearly is not forming
an integral part of a lava flow, its outcropping in the wall
of a pyroduct is a clear proof of “thermal downcutting”
and the cave has been used in a model of this process by
Greeley et al. (1998). Since then many other sites have
been discovered and most of the pyroducts (beyond the
simple braiding stage) have evidence of downcutting as,
for example, demonstrated for Kazumura Cave, Hawai‘i
(Allred & Allred 1997). Downcutting becomes recogniz-
able where the lining falls away revealing ‘aa rubble be-
hind. Such sites were discovered in all of the caves listed
in Tab. 1 apart from Cueva de Sucre and Tanel del Estero
(see also Fig. 7).

Fig. 5: Scheme of the evolution of a cave with a complex roof.

Left: A pyroduct (red oval) is established in the depression between two older ‘a’d flows (in blue). In turn, these are underlain by a stack of
inflationary pahoehoe sheets (with a ropy surface) and a massive older pahoehoe stack (all blue as an indication that they are cold). The
pyroduct was established with only one pahoehoe sheet (reddish). Later, but during the same eruption and while the pyroduct is still active,
a massive ‘a’d flow covers the area (red).

(X

Right: Now the pyroduct is well isolated thermally and starts to cut down. First the underlying ‘a@ rubble from the older flows is removed
and a wide cave is created (1). This destabilizes the roof and the pahoehoe sheet collapses and is carried out (2). Next the bottom rubble of
the transgressing ‘a’a flow collapsed and is carried out as well (3). Only a thin layer a rubble, welded to the ‘a core remains so that it looks
as if the roof of the cave is formed by ‘a’a rubble. Further downcutting into the core of one of the underlying ‘a@ flows narrows the cave to a
canyon. Along its sides, a glassy lining covers the walls (thick red line; 4). The deepening canyon, in which the lava flows at its bottom, allows
the ‘aa core, still forming the cave’s roof, to cool quicker. Shrinkage cracks form. This eventually leads to the collapse of a skylight, called a
“hot puka” because it occurred during activity and its collapse material is removed by the flowing lava (5). The opening allows colder air to
enter and a secondary ceiling to solidify on top of the active flow at the bottom of the canyon (6). Further downcutting into the bottom ‘a’a
rubble of the older underlying flows creates again a gas space above the actively flowing lava and a lower secondary ceiling solidifies (7).
Finally, the eruption ceases and the lower passage is evacuated. Only a thin layer of welded terminal ‘a@ remains in the cave (8). Further
collapse of ‘a rubble from the walls (9) and further collapse of the primary roof (10) collect on top of the upper secondary ceiling. In the end,
the cave (in this schematic evolution) has three levels, separated by two internal secondary ceilings (septa). The upper passage, with a welded
‘aa rubble ceiling and loose ‘aa rubble and other breakdown blocks at its bottom now does not resemble its original pyroduct anymore. The
graphic combines observations made mainly in Cueva del Cascajo and Cueva del Gallardo.
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The mechanisms causing the rapid downcutting in
a pyroduct still remain a matter of debate. Mechanical
and thermal processes may act either alone or in unison.
Mechanical erosion, for example, can relatively rapidly
erode through ash lavers, paleosols or loose ‘a@ rubble.
When it comes to cut through the core of an ‘aa flow,
melting seems to be the option. Melting would consume
a large amount of energy, cooling the flow. Melting, how-
ever, only needs to be partial, since only the glassy parts
of the basalt need to be fluidized, while phenocrysts can
be plucked from the partial melt by the drag of the flow-
ing lava. Meter-sized scallops, caused by the turbulent
remelting of ‘aa blue-rock have been observed occasion-
ally, sustaining such a model. Remelting seems to be
achievable since pyroducts appear to be active for weeks
and months as documented for the last Kilauea erup-
tion (Kauahikaua et al. 2003) or the historic Mount Etna
eruptions (Calvari & Pinkerton 1998, 1999). With flow
rates of several cubic meters per second, enough thermal

energy may be available to explain the observed down-
cutting through massive ‘aa cores.

One of the means by which erosion seems to work is
the lavafall (Allred & Allred 1997; Kempe 1997). Erosion
is present in several of the visited caves. Fig. 8 demon-
strates a lavafall in Cueva del Gilda. There the fall did not
develop a specific morphology, such as some of the large
falls in Kazumura Cave that have generated huge plunge
pool rooms. In many cases one can observe semi-vertical
shelves that mark former positions of the lavafall, illus-
trating that the lavafall has migrated substantially uphill.
Again, the question arises, how exactly a lavafall is devel-
oped. It might be mechanical, with the falling lava ham-
mering at the floor and thereby undermining the foot of
the lavafall. The cascading lava would be able to abrade
the face of the fall. On the other hand, the falling lava
would also be capable of melting the fall’s face more read-
ily due to the large lava velocity thinning the boundary
layer between the flowing lava and the underlying rock.

Fig. 6: View of a short, braided
passage (or “oxbow”) in Cueva del
Cascajo, upper passage, near Sta-
tion Z19, viewing downbhill. The
right-hand side was drained as the
main passage on the left cut down.
Note Puka 2 of the cave in the
background. The floor of the main
passage is a secondary ceiling with
an over 5 m deep passage below it
(Photo: G. Middleton).

Fig. 7: Cueva del Premisias: The
lining (behind and above person)
has fallen away, revealing an ‘ad
rubble layer that transgressed a
paleosol, oxidized by the trans-
gressing ‘aa flow. Above the ‘aa

rubble part of the ‘a@ core is visible
(Photo: H. Marinakis).
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Fig. 9: View uphill from Puka 4 into the Cueva del Cascajo showing
several secondary ceilings at various levels (Photo: G. Middleton).
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Fig. 8: A 1 m-high lava fall in Cueva
del Gilda (Photo: G. Middleton).

As the downcutting proceeds, the initially oval- or
half-oval-shaped conduit becomes rectangular in cross-
section with lava flowing at its base. It then appears to
function as an underground canyon with a gas space
above the flowing lava river. Any change in the energy
balance of the pyroduct can consequently cause the re-
newed formation of a roof on top of the lava river, ie.,
splitting the canyon into a lower, active pyroduct and an
upper inactive, gas-filled passage. In the literature (e.g.,
Calvari & Pinkerton 1999) the existence of secondary
ceilings (septa) is sometimes misinterpreted as evidence
for two independent conduits on top of each other. This
does not make sense because a younger pyroduct would
never be emplaced exactly on top of an existing conduit.
The younger flow would always stay to the side of the pre-
vious conduit and its morphological ridge.

Further downward erosion may repeat the process,
leaving several secondary ceilings above each other (Fig.
9). In most cases the energy balance is disturbed by the
local collapse of the primary roof, forming an opening
(in Hawai'i called a puka). Then hot gas may escape from
the cave and cold air might enter. This causes to solidify
a septum below and downhill of the puka due to the fact
that hot gas rises. If two pukas open, then relatively long
secondary septa may form between them. They would
start at the lower puka and continue uphill as long as
there is a temperature difference. The heated air/gas mix-
ture would then rise from the upper puka like fumes from
a chimney. Alternatively, it is conceivable that in deeper
canyons the energy balance may be disturbed enough to
cause to solidify the surface of the lava river without any
pukas in operation. The secondary ceiling is sometimes
re-enforced by spills from uphill up to the point that the
entire space of the passage above is filled. Tab. 1 indicates
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that several of the caves visited on Galapagos have sec-
ondary ceilings (e.g., Fig. 9).

The most enigmatic case of a secondary ceiling has
been encountered in Cueva de Premisias. There, the up to
12 m high canyon ends abruptly uphill in front of a verti-
cal wall (Fig. 10) with only an opening of about 3 m wide
and 1 m high at its base. This has been the cross-section
of the lava river in the final stage of the cave develop-
ment. The wall above appears to be solid, just textured
by two cupola-like half-spheres that may have formed
by melting due to hot gases convecting upward from the

the canyon of Cueva de Premisias
(Photo: S. Kempe).

lava issuing from the constriction. Behind the constric-
tion, the secondary ceiling rises slowly towards the exit, a
relatively small puka. This rise may have caused a pond-
ing of the lava causing an overflow onto the secondary
ceiling. Looking back from the puka downhill there is
indeed no open space above the secondary ceiling. The
former upper passage appears to be entirely filled with
lava. This seems to be a plausible explanation of the situ-
ation, applying the rules deduced so far. However, it may
not be the only explanation.

CUEVA DEL CASCAJO, A CASE STUDY

In 1990/1991 Spanish speleologists explored and sur-
veyed Cueva del Cascajo, at that time the longest cave in
the Galapagos and in all of South America (Hernandez et
al. 1992). Unfortunately, the published map is lacking in-
ternal details. Due to the extensive presence of secondary
ceilings, the exact length is not known yet, but the cave is
reported to be about 3 km long. Fig. 11 shows the upper
150 m of Cueva del Cascajo (Z-series linked to Y-series
at Y14) which was surveyed during this study. It appears
to be one of the most interesting and complex sections of
this cave. Small inaccuracies in the measurement of the
inclination lead to the fact that the bottom of the upper
passage (see longitudinal section) is nearly overlapping
with the ceiling of the lower passage.

Throughout the entire length of the cave shown on
the map, the passage is divided by a secondary ceiling.
The lower passage is divided by further ceilings.

The upper passage with three pukas, marks the orig-
inal level at which the cave has been formed. Puka 1 is
a trench that gives access to the upper passage down a
small breakdown slope. There the primary roof is com-
posed of only one sheet, being 0.6 m thick. The upper-
most secondary ceiling forms the floor of the passage
that opens up to walking size. On the left (coming from
the entrance), the lining of the pyroduct has fallen away,
revealing ‘a@ rubble The passage makes two relatively
sharp bends, first to the right, then to the left, resuming
its overall ESE course. Across from station Z20, the a is
poorly welded and after moving some of it, a hole, com-
municating to the lower passage, was opened. At station
Z19 a pillar is encountered (Fig. 6). The southern passage
is well above the floor of the main passage, marking the
original level at which the cave formed. Beyond, ca. 50 m
from Puka 1, Puka 2 opens up. It sits off-center above the
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Fig. 11: Map, cross-sections and longitudinal section of the upper 150 m of Cueva del Cascajo. Shaded areas in ground plan mark sediment
cover. Grey shading marks secondary ceilings in cross sections and longitudinal section and dark gray shadings marks the primary ceiling
in cross-sections. Red lines mark outer walls, green lines and dots mark survey lines and stations (survey by S. Kempe and G. Middleton).

Fig. 12: “The Zipper”, illustrating
the closure of a secondary ceiling
by inward and downslope growth
of small shelves (Photo: S. Kempe).
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apron and collapsed because there the passage is up to 8
m wide. From the amount of rocks collapsed it remains
unclear whether Puka 2 had already a small opening dur-
ing activity (i.e., if it was a “hot puka”) or if it collapsed
after the termination of the activity (a “cold puka”). This
discussion is essential, because the source of the cold air
causing the solidification of the secondary ceiling needs
to be determined. Beyond, the passage continues until
breakdown is encountered. To the left another apron is
covered with blocks from the ceiling. Here the primary
roof did not entirely collapse because it seems to consist
of several pahoehoe layers, just as in normal inflation-
ary roofs. Between the breakdown blocks, 40 m below
Puka 2, at station Z13, a small hole leads into the lower
passage. From here another 30 m of passage with only
a few blocks leads to station Z15 at the brink of Puka 3.
The puka, actually a double skylight, is again off-center,
on this particular occasion to the left of the passage. The
collapse of the puka has also punctured the floor, i.e., the
upper secondary ceiling, so that one is able to look down

Fig. 13: Levee at station Z6 on top of the lowest secondary ceiling
looking downhill (Photo: G. Middleton).

into the lower passage. The collapse of the primary roof
and that of the secondary ceiling has produced a sizable
pile of blocks (at station Y12); thus, both collapses seem
to be “cold”. Beyond the puka the upper passage is lower
and blocked by breakdown. At this place the secondary
ceiling appears to be at least a meter thick.

Back at station Z13 and to the hole in the floor, one
is able to climb easily down to the lower passage (see pas-
sage cross-section st. Z13, Fig. 11). There the secondary
ceiling appears to be less thick. In fact this hole most
probably has not been caused by breakdown but is a spill
hole or a gas-escape hole. This would explain why a set
of secondary ceilings extends downslope from there. It
seems that they solidified because colder air leaked down
from the upper passage. These secondary ceilings are of
variable lengths and allow one to climb down to the low-
ermost septum as on a flight of steps (see longitudinal
section, Fig. 11). The lowermost secondary ceiling (level
6 if counted from above) ends downhill 6 m upslope of
station Y12. It has a total length of 54 m to be added to

Fig. 14: Lavafall and shelf-oval between stations Z4 and Z5, look-
ing downbhill (Photo: G. Middleton).
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the cave’s length. The intermediate levels are of various
lengths, the longest one measures 35 m, extending from
station Z5a to Z12 (level 2 from above). The remaining
three levels are only about 5 m long and leave only small
openings in between them (see longitudinal section, Fig.
11). At station Z10 there is a collapse hole in the lowest
secondary ceiling and above it the next higher septum
ends zipper-like (Fig. 12).

Below the lowest secondary ceiling the cave passage
has a width of 4 m and a height of 1.2 m. The final lava
flow in the cave therefore had a cross-sectional area of
5 m* This passage gives access to the upper part of the
lower cave at station Z6. There the secondary ceiling ends
but continues in the form of shelves for 20 m. At Z6 a low
levee at the beginning of the secondary ceiling is evident
(Fig. 13). It is remarkable since it shows that no lava balls
stranded on top of the secondary ceiling. Furthermore,
no spattering is evident, suggesting that the lava was es-
sentially degassed. These observations reveal much re-
garding the properties of the lava in the cave.

Upward of station Z5 the shelves swing around in
a regular oval, preserving the pattern of the turbulence
of the terminal flow in the cave. Then the shelves almost
join and curve upward, forming convex shells hovering
above a lavafall (Fig. 14). Above, the shelves can be fol-
lowed for some distance on the walls, marking the level
of the terminal flow (station Z4 is on this shelf).

The cave widens upslope of station Z4 to the larg-
est and probably most complex room in this section. In
contrast to the passages visited before, here most of the
lining has collapsed during activity and has been carried
away. This allows a view of the country rock behind the
lining (Figs. 15, 16). On the walls on both sides a series of
pahoehoe sheets are exposed (Fig. 15) followed by a thick
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Fig. 15: View of the south wall be-
low station Z2. To the right remains
of the lining can be seen while to the
left the eroded-into rocks are ex-
posed, a series of pahoehoe sheets
covered by ‘aa rubble (Photo: S.
Kempe).

irregular layer of ‘aa rubble and a thick ‘aa core near the
ceiling (Fig. 16 upper left). The unusually large blocks on
the floor of the passage derive from this ‘aa core. Above

Fig. 16: View downbhill towards station Z3 (on the big block in cen-
ter). At the ceiling the core of an ‘a@ flow is exposed that also is
responsible for the big breakdown blocks on the floor. The ceiling
to the left is formed by ‘a’a rubble while to the right the uppermost
secondary ceiling is seen, forming the floor of the upper passage
(Photo: S. Kempe).
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the ‘@@ core, the ceiling is formed by the top-rubble of
this ‘aa flow. It is the identical rubble that is exposed in
the wall of the upper passage at station Z20 where the
hole connects down to the lower passage.

Beyond this hall-like widening, the passage resumes
the form of a narrow canyon with intact lining. The pas-
sage is filled with a breakdown pile, the origin of which is
uncertain, because at the top of the pile, the uppermost
secondary ceiling is reached that has only a relatively
small hole filled with blocks. Daylight is not visible, even
though this point is beyond the opening of Puka 1 in
the upper passage. To the left of the blocks, we opened
a low crawlway. This leads into a small room behind the
breakdown that ends in a miniature lavafall, sealing the
backside. On the floor another secondary ceiling is evi-
dent and after a few blocks of breakdown were removed,
a second crawl was entered that lead to a narrow, about 5
m-high shaft. It was not possible to climb to its top due to
the presence of fragile rock. The survey suggests that it is
to the south of the trench at Puka 1. Its genesis is difficult
to understand and will unfortunately remain an enigma
for the time being. The floor of the shaft, as well as the
crawl and the entire area at the foot of the breakdown in
the big hall down to station Z4 is covered with reddish
sediment as in a delta, interspersed with large quantities
of shells from land snails (compare Fig. 15). Small stream
beds indicate that the sediment is washed in from the
trench at Puka 1 during flash floods.

Notwithstanding small errors in the survey, it is
possible to calculate the slope of the pyroduct. This is best
done for the upper passage since the slope of the lower
passage is modified by erosion. Between stations Z22 and
Z15 the sum of horizontal survey lines amounts to 136.5
m and the vertical distance is 8.2 m. This yields a slope of
3.44°. Better yet is the slope of the ceiling. As Z22 is 0.5
m and Z15 1.3 m below the ceiling, the vertical distance
is reduced to 7.5 m, yielding a slope of 3.1°. In contrast
to this the floor, i.e. the upper secondary ceiling, has a
vertical distance of 7.2 m (Z22 2.2 m above floor; Z15
1.2 m above floor) yielding a slope of 3.0°. Such a slope
is quite typical for pyroducts (compare Kempe 2019).
When looking at the longitudinal section, it is evident
that the slope is less in the downslope and higher towards
the upslope end of the surveyed section.

The total depth of the cave is quite variable. At sta-
tion Z3 the lower passage is 5.8 m and the upper passage
3.6 m high (Z20). With an estimated thickness of 0.5 m of
the upper secondary ceiling, the total depth of the pyrod-
uct thus amounts to 10.1 m. At Z13 the depth is 11 m and
at Y12, 8 m (measured always below the primary roof).
At the commonly used entrance (Puka 5 in our count)
the depth is only 5.2 m. These data indicate that the depth
of erosion is quite variable (differences of a factor of two).
The depth of the few small side-passages is a meter (at st.
Z19 but also at the ceiling below Puka 5), suggesting that
the lava eroded up to 10 m down.

CASE STUDY CUEVA DEL GALLARDO

The lava forming Cueva del Gallardo flowed from the
upper exit in the tourist section (TS) south-south-west.
The flow was mostly confined to just one conduit. Only
two (one short, one longer) oxbows (cut-arounds) are
encountered in the non-tourist section (NTS). There the
original lava flow split, possibly flowing around an obsta-
cle. The conduit that had the larger flow-rate cut down
and drained the other, higher conduit. The level of these
higher conduits marks the level of the initial lava level
when the flow crept across the surface.

This initial sheet of lava, the primary roof, is best
observed just below the lowest skylight in the NTS (Fig.
5). The primary roof is composed of a more than 1 m
thick lava sheet that stretches without much change in
thickness across the passage. It is only structured by ver-
tical contraction cracks and horizontal vesicle accumula-
tions, some of which led to a split in the rock causing a
sort of layering within the lava sheet. Whether this sheet
has a ropy surface structure is not clear because we were

able to observe it only in cross-section, but it certainly
is a sheet of pahoehoe. On top of this sheet lies an ir-
regular, welded ‘aa rubble layer. Above that lies the thick
core (“blue rock”) of the interior of the aa flow. The aa
core partly also collapsed forming the unusually large
and angular blocks along and below which, , one has to
crawl. This ‘aa-unit was emplaced on the roof of the cave
after it formed. It could have derived from the same erup-
tion that fed the pyroduct or from a later eruption. In
any case, it loaded the roof with much additional weight,
causing its post-activity collapse, exposing the primary
roof and the two layers of the ‘a% flow. The existence of
one primary roof sheet excludes the possibility that the
cave formed by the crusting over of an open lava channel.
Thus, the cave belongs to the “inflationary” pyroducts,
i.e., the cave roof formed first and the lava kept flowing
underneath invisible to any surface observer (had there
been one).

The entrance to both the upper TS and the low-
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er NTS section is through another collapse (entrance
puka). The structure of the roof exposed above both of
the cave entrances has a more complex interpretation
as it is composed of several, irregularly thick and bent
sheets of lava. These lava sheets are well above the pri-
mary pahoehoe sheet that should be much lower than
what now forms the cave roof. These layers therefore
were emplaced later onto the roof, just as the ‘a% flow
discussed above. However, these flows must have been
emplaced while the pyroduct was still active because,
when observed from underneath, they are seen to have
been thermally eroded, forming small cupolas. Appar-

ently, the initial primary sheet of the roof was removed
partially (by breakdown) and then an inundation event
(initiated by a constriction or collapse further down the
pyroduct) caused the lava to rise to the ceiling, leaving
a prominent accreted layer seen on the ceiling. Shortly
after, melting of the interior of the blocks between the
contraction cracks commenced. The material adja-
cent to the contraction cracks was already cooled and
is preserved as ridges along both sides of the contrac-
tion crack. Thus the ceiling has the appearance of large,
irregular honeycombs (Fig. 17). This ceiling texture
is observed in the hall uphill of the puka collapse and

Fig. 17: View towards the ceiling
in Cueva del Gallardo upslope of
entrance puka (tourist section).
Its pattern reminds one of a hon-
eycomb. The interior of the blocks
seem to be thermally eroded, while
the material adjacent to the con-
traction cracks remains as pro-
nounced ridges (Photo: S. Kempe).
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Fig. 18: View into Cueva del Gallar-
do below the entrance puka (non-
tourist section). Here also the roof
shows a honeycomb pattern with
the interior of the blocks thermally
| eroded and the contraction cracks
forming ridges (Photo: S. Kempe).
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Fig. 19: At the terminus of the Cueva del Gallardo the lava seems
to have ponded, providing heat for an extended time period. Thus,
deep contraction cracks in the floor developed and residual melt
was extruded from the ceiling, forming lava stalactites and stalag-
mites (Photo: S. Kempe).

some way into the continuing passage as well as in the
preserved ceiling below the collapse and also into the
downward continuing passage (Fig. 18). Because of the
hot breakdown, that formed a hall-like widening, more
lava and greater heat was available in this section of the
cave causing these unusual cupolas. Once the constric-
tion was removed and the lava began flowing again, the

level of the lava receded to the height of the tunnel lead-
ing off, causing a shelf to freeze out within the former
hall. Much later the entire roof collapsed, forming the
present entrances.

During the activity of the pyroduct it apparently
did not have any collapses open to the surface, because
otherwise the hot gases would have escaped and inter-
nal, secondary ceilings (septa) would have formed, such
as seen in Cueva del Cascajo. The total flow through the
cave is difficult to judge, but it might have been substan-
tial. Nevertheless, this substantial flow (judging from
the relative stable area of the cross-section in the N'TS)
may have been short-lived, because the downward ero-
sion below the level of the small oxbow was in the order
of 1.5 m. Shelves are also not prominent (because of the
lack of gas-escape) but do exist in a few places also giving
witness to a moderate downward erosion. The lining of
the cave is well preserved and only in a few places is one
able to observe that older layers, such as ‘aa rubble, were
eroded into.

Not many lavafalls occur in the cave. The highest,
albeit not vertical, is found right at the upper entrance
(exit) of the TS. Several smaller falls, all less than a meter
in height, are found in the NTS. This again implies that
downward erosion was not a prominent process within
this pyroduct.

Most remarkable is the terminus of the cave: it is a
lava sump, i.e. lava ponded above a constriction. Thus
the passage becomes low, but at the same time the heat
in the ponded lava was preserved for a long time. This
enabled residual melt to be extruded from the ceiling
and walls, forming a rich population of drip-generated
stalagmites, up to one meter long and final extrusion of
stalactites up to one meter long (Kempe 2013). That the
ponding lava had a considerable depth is demonstrated
by the deep contraction cracks in the floor that are not
seen elsewhere in the cave (Fig. 19).

CONCLUSIONS

The genesis of the visited caves on Galapagos can be
explained by the pyroduct models developed by study-
ing lava caves on Hawai‘l. Of the four models suggested
so far, the caves on Galdpagos seem to fit the “inflation
model” (Fig. 2), i.e., the caves developed below a primary
roof of pahoehoe. However, in Galdpagos the primary
roof seems to consist of only one sheet, while in Hawai‘i
most inflationary cave roofs seem to consist of several
sheets. This single sheet may nevertheless be quite thick

and may be separated by internal shear zones, marked by
horizontal layers of vesicles.

In a subgroup of the visited caves, the primary roof
consists of additional flows of the same eruption on top
of the primary pahoehoe sheet. These roofs are several
meters thick. In the course of activity both the primary
pahoehoe sheet and part of the overlaying lava can col-
lapse and be consumed in the flow. In this way relatively
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irregular internal ceiling structures may arise (Chato I,
Gallardo, Royal Palm).

The most prominent process enlarging the Galapa-
gos pyroducts is downward erosion. Evidence of this pro-
cess has been observed in all but two of the caves in the
form of exposed older ‘aa flows and even an older paleo-
sol (Premisias, compare Fig. 7). This downward erosion
can amount to as much as (in Cascajo) 10 m.

In order to characterize the various pyroducts, we
are able to review common features and correlate them to
the developmental stage of a given pyroduct. These fea-
tures include oxbows, relative amounts of downcutting,
lavafalls or other erosive features, pukas and secondary
ceilings, as well as evidence of any process resulting in
further structural modification. More advanced develop-
ment of a pyroduct is correlated with a greater presence
and total number of these features. By a correlation of
these features we are able to define three stages of devel-
opment:

Stage 1, juvenile pyroducts exhibiting embryonic braid-
ed or single conduits with no evidence of sec-
ondary ceilings, erosion or lavafalls,

Stage 2, a well-developed adult stage having some con-
solidation of channels and channel erosion and
possibly including oxbows, one or few second-
ary ceilings, or other features but lacking signifi-

cant morphological modifications from them;
and, finally,

Stage 3, fully mature with well-developed channels rep-
resenting significant downward erosion, with a
partial loss of the primary roof, often multiple
secondary ceilings and other evidence of signifi-
cant structural evolution.

We consider that the correlation of features in this way
between pyroducts in various contexts may assist in fur-
thering the understanding of the processes that form
them. Using these criteria we have assigned relative
maturity levels (Tab. 1) to the individual caves with the
Tanel del Estero being the least developed (exhibiting
no downcutting with no specific internal differentiation)
and the Cueva del Cascajo as the most developed (exhib-
iting the largest amount of downcutting, multiple inter-
nal roofs, extensive structural modification.)

Undoubtedly, further work is needed to establish
uniform principles to help us understand and describe
the formation of pyroducts in the Galapagos and else-
where. Certainly, only further detailed observation and
mapping of pyroducts will be able to advance our under-
standing of the genesis and development of lava flows
and thus better explain basalt-based volcano behavior
during eruptive activity.
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