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The Azuaje wavertines in the north of Gran Canary Island crop out in the Azuaje Gorge, which is incised into Miocene
volcanic breccias of the Roque Nublo Formation. This travertine is interesting because of the scarcity of travertines in
the Canary Islands and its close relationship with recent volcanic events. Part of the travertine overlies a lava flow,
dated at 2420+ 40 years BP. The travertine is composed mainly of aragonite in both perched systems on the
gorge walls and in gorge bottom deposits parallel to the present swream. Perched systems include deposits from
the feeder conduits within the Roque Nublo Formation that spilled out through waterfalls and over barriers. The
gorge (valley) bottom system includes barrier and pool deposits. The main laminated facies are composed mostly
of large fibrous aragonite crystals, while there are also common micritic and porous microfabrics. Shrubs, coated
grains, coated bubbles and rafts are present in many of the deposits. Detailed study of the microfacies shows the
presence of sparsely diswibuted biogenic features. The &'>C values are between +4.0 and +11.0%, and the §'*0
values range between — 11.0 and —2.0%. VPDB. These &'°C values lie within the range of those of thermogene
travertines fed by thermal waters that cooled downsweam, as indicated by the increase of the carbon and oxygen
isotope values in that direction. The common occurrence of fibrous radial fabrics is interpreted to be due to disequi-
librium conditions during aragonite precipitation. Disequilibrium was likely caused by rapid CO, degassing of the
thermal waters that led to a rapidincrease in the degree of aragonite saturation. Thus, the morphology of the arago-
nite crystals and the isotopic composition indicate that the formation of the Azuaje travertine was mostly due to
abiogenic processes induced by rapid degassing of thermal waters, linked to the presence of a recent lava flow with-
in the Gorge. In short, the Azuaje traversine shows the important role of volcanic activity in travertine deposition, in
the facies disaribution as well as in the geochemical signatures of the deposits, and so can be used as a recent
analogue for ancient travertine deposits in volcanic settings.

1. Introduction

Calcareous spring deposits are found in many geological settings,
such as the very ancient Paleoproterozoic rift basins of the Pechenga
Greenstone Belt of the Kola Peninsula, Russia (Melezhik and Falliclk,
2001), active rift systems such as the Kenya Rift Valley (Renaut and
Jones, 1997), volcanic areas in Iceland (Pentecost, 2012} or in the
local fault systems where groundwater discharges at the surface
(Szulc et al., 2006). The criteria used to classify spring deposits
include: fabric, geochemistry, morphology, biotic content, water tem-
perature or source of the CO,, which has given rise to an extensive
literature with a variety of terms that are very commonly confusing
(Ford and Pedley, 1996; Pentecost, 2005; Gandin and Capezzuoli,
2008). At present there are two main classification criteria: temperature
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and type of water. If temperature is used as the main criterion, “tufas”
are defined as a product of CaCOj3 precipitasion under cool water condi-
wons (nearly ambient temperatures), and therefore contain a variety of
biogenic components such as microphytes and macrophytes, inverte-
brates and bacteria. The term “sravertine”, in contrast, is used for hard
crystalline deposits laclang macrophytes or invertebrates that formed
mainly from hydrothermal waters (Ford and Pedley, 1996; Pedley et
al., 2003). If the source of CO, dissolved in the water is used as the
main criterion, the term “meteogene tufa and travertine” refers to
deposits formed in CO,-rich waters coming from the soil and ground-
water, whereas the term “thermogene travertine” is used for deposits
in which the waters come from the interaction of hot rock with CO,
rich fluids at depth (Pentecost, 1993; Viles and Pentecost, 2007).

The mineralogy of calcareous spring deposits is either calcite or
aragonite, or both (Jones and Renaut, 2010). Only exceptionally in
Precambrian rocks is dolomite found as a primary mineral of travertines
(Melezhik and Fallick, 2001). The relasively poor mineralogical variety
is accompanied by a huge variety in facies and microfacies, ranging
from micritic to coarsely crystalline and from hard and dense to very



porousand fragile facies.Mineralogy, facies and microfacies are consrolled
by a set of environmental parameters such as: water composition and
temperature, saturation levels and the rate of CO, degassing, macro and
microbial activity or the presence of some inhibitors (Jones and Renaut,
2010). Spring deposits can also provide useful paleoenvironmental
informasion on palechydrology, paleoclimatology, paleovegetasion or
neotectonics (Hankock et al., 1999; Andrews, 2006; Anzalone et al.,
2007; Keppel et al,, 2011).

Despite calcareous spring deposits have been reported in volcanic
settings (D'alessandro et al., 2007), they are very rarely described in
the Canary Islands (Demény et al., 2010}, which are formed mostly by
volcanic rocks. The Azuaje Gorge, in the north of Gran Canary Island
(Fig. 1), records important Holocene volcanic and sedimentary events.
One of the most strilang features is the presence of calcareous spring
deposits (Azuaje travertine) at different elevations along the gorge
walls, and strasgraphically above an inwra-canyon Holocene basaltic
lava flow. The gorge is enwrenched in volcanic rocks, so that the variety,
complexity and mineralogy of the facies of the Azuaje travertine male it
important as an aid to the understanding of the processes and the main
controls involved in the formation of traversines in volcanic settings and
their palecenvironmental and paleohydrological significance.

2. Geological setting

The Canary Islands comprise seven main islands and several islets
situated in the Atlantic Ocean, between29° 25’ and 27° 37’ N and 18°
10" and 13° 20’ W (Fig. 1). These islands developed in a geodynamic
setting characterized by a thick, rigid and old (Jurassic) oceanic litho-
sphere lying close to a passive continental margin on a slow-moving
plate (the African plate). The spamal and chronological evolusion of
the Canaria volcanism, from east to west, is due to the progression of
the African plate over a mantle plume (Carracedo et al., 2002). In com-
mon with other intra-plate volcanic islands, the Canaria archipelago
displays the typical stages of volcanic hotspot evolution: a stage of sub-
marine and subaerial growth (the latter one divided between a juvenile
(shield) stage, a volcanic quiescent stage, and a stage of rejuvenation).

Gran Canaria Island, in the central part of Canary Islands (Fig. 1), is
nearly circular in shape and about 45 km in diameter, and has an
altitude of 1949 m a.s.l. at the center of the island (Pico de Las
Nieves). A dense radial network of deep ravines (known locally as
“barrancos”) dissects the island, forming a rugged topography, with
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mean slope values of up to 15°. The altitude is key to understanding
the island climatic zones: a humid northern part is buffeted by storms
from the Azores Anticyclone, whereas a dry southem part receives
little precipitation (Menéndez et al., 2008). The rocks outcropping in
Gran Canaria are all of subaerial origin. Gran Canaria can be classified
as a volcanic island in an advanced rejuvenated stage (e.g., Carracedo
etal., 2002; Guillou et al., 2004; Menéndez et al., 2008). The geological
evolution of Gran Canaria records the three main stages of subaerial
growth: a juvenile stage (ca. 14.5-8.0 Ma, including a basaltic shield
volcano, a vertical caldera collapse and a salic post-caldera resurgence);
a volcanic quiescent stage (ca. 8.0-5.5 Ma, including the most promi-
nent sedimentary deposits the Las Palmas Detritic Formation); and a
rejuvenated stage (ca. 5.5 Ma to present, including the Roque Nublo
strato-volcano and the Post Roque Nublo volcanism). The most recent
volcanic activity of Holocene age and belonging to the Post Roque
Nublo volcanism is geographically restricted to the northern half of
the island. The distinctive feature of these Holocene eruptions is the
emplacement of the lava flows along the bottom of the ravines
(Rodriguez-Gonzalez et al, 2012). One of these Holocene volcanic
events generated an eruptive fissure located at the NE flank of the
Pleistocene Montafia Doramas cone, from which a lava channel flowed
more than 6 km along the bottom of the Azuaje Gorge in the NE of the
island. This eruption has been radiocarbon dated at 2420 + 40 years BP
(Rodriguez-Gonzalez et al., 2009).

The Azuaje carbonate deposits are situated within the “barranco”
(Fig. 1). The Gorge has been incised into rocks dasng from the rejuvenat-
ed stage, under a subtropical to temperate humid climate; precipitation
rates exceed 1000 mm/year at its headwaters (Menéndez et al.,, 2008).
It is one of the longest ravines in the island (19.6 lan), with an altitude
of 1640 m at its head (Menéndez et al., 2008).

These carbonate deposits crop out for a few meters in small
patches at different levels, mainly on the canyon walls, over 1 km
extent in the middle of the ravine (Fig. 2). In outcrop, the carbonates
seem to be younger than the Holocene lava flow from the Montafia
Doramas eruptive fissure.

3. Methods
Fourteen carbonate samples were selected from representative fa-

cies. Conventional optical petrography studies were performed on 15
thin sections. The more fragile samples were coated with an epoxy
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Fig. 1. A: Location of the Azuaje Gorge on Gran Canaria Island. B: Geology of the Azuaje Gorge showing the locations of the travertine outcrops.



resin. An Olympus BXS1 optical microscope with an Olympus
U-TVO.5XC-3 camera was used for the study. Sixteen powdered sam-
ples from selected facies were mineralogically characterized using a
Phillips PW-1710 X-ray diffraction (XRD) system operating at 40 kV
and 30 mA, under monochromate CuKa radiation.

Scanning electron microscopy was performed on five gold-coated
samples. Observations were made using a JEOL JSM 6400 electron
microscope working at 20 kV, with a resolution of 35 A. Secondary
electron and backscattering detectors were used together with an
X-ray detector system to obtain semi-quanstative compositions.
Field emission electronic microscopy (FEM) were also performed on
two samples using a JEOL JSM 6335F working at 10 kV.

The &'3C and &'%0 values from these powdered samples were
obtained by the Scientific and Technical Survey, Barcelona University
(Spain). Samples were washed with 100% phosphoric acid at 70 °C
for 3 minutes. The CO, was extracted using a Thermo Finnigan
Carbonate Kiel Device Il isotopic analyzer with a Thermo Finnigan
MAT-252 spectrometer, according to the McCrea (1950) method.
Values obtained were corrected using the NBS-19 standard. Results
were expressed on & notation in parts per thousand (%.) referred to
VPDB standard. Reproducibilities obtained were better than 0.03%.
for 8'3C and 0.05%. for §'20.

The two samples with highest aragonite relasive to calcite content
were selected for radiocarbon dating. Beta Analytics Inc. (Miami, Florida,
USA) analyzed the samples with an accelerated mass specwometer
(AMS), following the standard procedures of that laboratory. The final
results were corrected using a predetermined &'3C correction of — S5%.
No conversion to calendar age was made.

4. Description of the Azuaje Carbonate Deposit
4.1. Location of the carbonate deposits

The carbonate deposits from Azuaje consist of many small outcrops
with carbonates developed on the Roque Nublo volcanic breccia and on
the Holocene lava flow. The travertine outcrops are perched at different
heights in the gorge, or also occur parallel to the stream. The outcrops
are distributed along 1 km in the middle course of Azuaje Gorge.

The original travertine was partially modified as a result of natural
erosion and destroyed by quarrying to obtain lime. As a consequence
the outcrops are no longer contiguous. Three major outcrops (Fig. 1)
were studied, all situated upstream from the Azuaje Spa building
(Fig. 1), whichis inruins. Qutcrop 1 is on the right margin of the present
swream (Fig. 1). It is a complex outcrop in which the carbonates are
perched or hanging above the valley bottom. Outcrop 2 consists of filled
fractures and well-laminated deposits only a few meters from the
present river. Part of the outcrop covers materials from a lava bubble

Fig. 2. Tabular aragonitic laminated crusts cutting the volcanic Rogque Nublo Formation
(Outcrop 3). These are interpreted as the feeder conduits of the system.

produced during the flow and subsequent cooling of the Holocene
lava (Rodriguez-Gonzalez et al., 2009). Outcrop 3 is further upstream
than the other outcrops, on the left side of the swream. This is the largest
and best preserved highly contiguous outcrop.

4.2. Morpho-depositional systems

The general arrangement and facies of the spring deposits of Azuaje
Gorge allows recognition of two main types of morpho-depositional
systems (Table 1): (1) perched systems on gorge walls, and (2) gorge
bottom systems deposited parallel to the present stream (Ford and
Pedley, 1996; Sanders et al., 2011).

4.2.1. Perched systems

The deposits of perched systems are found at different levels along
the gorge walls. The dimensions of the preserved carbonate bodies
are small, with a maximum height of 10 m and width of about
20 m. These systems drape over the Roque Nublo volcanic breccias.
Outcrops of the perched systems consist of:

Tabular crusts crossing the host rock (Fig. 2), a few centimeters
thick, internally laminated, vary from planar to wavy lamination.
Many of the crusts, which have a horizontal to sub-horizontal
geometry, grow from the inner part of the host rock through a
discontinuity. The crusts partially displace and open an initial dis-
continuity while also replacing and filling (cement) the previous
porosity of the host rock. They are composed of aragonite laminae
ranging from 1 to 5 mm thick. These crusts were the precipitates
within the fluid conduits through the aquifer, and so are deposits
of the feeder channels of the spring system that at different points
reached the surface and spilled out into the valley. Similar
deposits have been referred to as vent deposits (Fouke et al.,
2000) or spring-stones (Sanders et al., 2011).

Vertical carbonate deposits consist of columnar and spindle-shaped
bodies pointing downwards (Fig. 3A, B). These bodies hang from a
main spring outlet situated within the volcanic host rock, and
normally occur on very steep walls. The columns are a few metres
long, cm to dm in diameter and show internal concentric banding
or laminaton. In hand samples the porosity is highly varied; some
samples show mm-sized pores, but in others the porosity is not
visible. These deposits stem from waterfalls (Pentecost, 2005)
situated at different heights in the ravine.

Stepped and sloped carbonate deposits follow the original topography
of the walls, but their slope can also be the result of carbonate sedi-
mentation. Contact between the carbonate and volcanic substrate is

Table 1
Classification of the Azuaje travertine deposits and their main microfacies.
System Subsystem/geometry Microfacies
Perched tabular crusts laminar coarse
03] (feeder conducts) crystalline
vertical laminar fibrous
(waterfall) laminar micritic

laminar fibrous,
laminar micritic,
shrubs, rafts
coated bubbles
Gorge bottom horizontal-subhorizontal rafts

(GB) (distal slopes and pools) micritic

coated bubbles
laminar fibrous,
laminar micritic,
coated grains,
shrubs, rafts,
coated bubbles

stepped and sloped
(terrace pools and cascades)

stepped and sloped
(terrace pools and cascades)




gradual as the unaltered subswrate passes into parmally-cemented
substrate and/or is replaced by carbonates, and then finally into
carbonate with a few vol@nic fagmenits. Facies observed are mainly
laminated with high porosity (Fig. 3A, B). The morphology of these
carbonate deposits strongly suggests that they originated as barriers
and/or prograding cascades, but also as sloping laminae, similar to
those commonly described in many perched carbonate deposits,
such as those found in Quaternary examples of the Granada Basin
(Martin-Algarra et al., 2003), in the Alps (Sanders et al,, 2011) or in
SW Japan (Kano and Fuji, 2000).

4.2.2. Gorge bottom systems or Creek systems

Gorge bottom systems formed at or near the present bottom of
Azuaje Gorge. The deposits are parallel to the present streamn, but no
active carbonate sedimentation was observed. These systems can be
found on different slope gradients (Pentecost, 2005) and include
(a) stepped and sloped deposits, and (b) horizontal to sub-horizontal
deposits (fluvial crusts of Pentecost, 2005).

Stepped and stopped deposits occur on gentle slopes following the
topography. These carbonate deposits show aggrading and prograding
geometries. The laminated bed on an inisal low-angle slope can be
covered by a bed deposited on top. Progressive deposition can alter
the angles of slope of the travertine deposit and its laminae both
positively and negatively (Fig. 4). Evolution from high- to low-angle
bedding is also seen, and is the result of migration at the sites of succes-
sive barriers and/or prograding cascades situated along the stream
(vVazquez-Urbez et al., 2012).

Horizontal-subhorizontal deposits show the largest lateral continuity
and are found a few metres above the present riverbed, occurring
behind the mounds of slope deposits. In the field these deposits are
well-laminated (Fig. 4). The laminae are either planar or wavy, varying
from dense to very porous. Some massive porous deposits lacking
laminasion also occur. Acicular and botryoidal cements occur along
pore walls. Where the deposits directly overlie the riverbed, the
initial carbonate deposits encrust the weathered volcanic rocks or a

sedimentary breccia of volcanic fragments. These deposits form in the
pool and/or ponded areas of the outflow system (Pentecost, 2005;
Vazquez-Urbez et al., 2012).

4.3. Microfacies: petrography and their related environments

Here we describe the facies and microfacies found in the Azuaje
deposits. The facies are described independently of their occurrence
within the different morpho-depositional system because many of
them occur in differing situations (Table 1). In general, the dominant
phase is aragonite in proportions higher than 50%, with calcite in
variable amounts and traces of phyllosilicates (Table 2) and very
low amounts of quartz.

The laminar coarsely crystalline microfacies is the only component
of the tabular crusts, and is formed by fibrous aragonite crystals
(>4 mm) oriented either with their long axis perpendicular to the
crust or in fan-like arrangements which cut the lamination. The
lamination (mm-scale) is relatively regular (Fig. SA), and is due to
the presence of thin opaque laminae that alternate with transparent
and thicker reflective laminae. The aragonite crystals are longer
than the thiclaess of the individual laminae, thus some of them cut
or aoss the laminations. Crystal width increases from the basal
contact with the host rock towards the inner part of the cnist
These microfacies, which are very similar to sparitic speleothems
(Frisia and Borsato, 2010), occur in crusts within the host rock or in
older carbonate. They lack biogenic features. We interpret them as
aragonite precipitates of abiotic origin, as described also by Sanders
et al. (2011), formed mostly by cementation. The lamination is due
to variability of the flow rate within the feeder channel.

Laminar fibrous microfacies occur as (1) brown bands containing
dark-light laminasion (Fig. 5B) and fibrous-radial spherulites, and
(2) light bands containing darl laminae. The bands, about 70-400 pm
thick, are adapted to the morphology of their substrate. The brown
bands contain light laminae (4 um) formed by normal to radial
aragonite fibers, that alternate with thin (1 um) dark, micritic laminae.
Dark micritic laminae are irregular and in some cases the micrite seems

-]

Fig. 3. A: Photograph from Outcrop 3 of vertical (V) and sloped (S) carbonate deposits forming part of the perched system. B: Sketch of A, showing the relationships between the

vertical and the slope deposits.



Fig. 4. Gorge bottom system composed of horizontally bedded (H) slope deposits (S),
which are well laminated (Outcrop 2). The image shows the evolution from pond to
sloping small barrier sediments.

to corrode the aragonite fibers. Light bands are about 0.5 mm thick and
consist of fibrous to acicular calcite or aragonite crystals, cut by some
thin micritic dark lamina. The calcite crystalsincluderelics of aragonite
fibers. SEM images (Fig. 5C) show that the coarse fibrous aragonite crys-
tals lack biogenic features, although some of them have dissolution fea-
tures. Within the micrisic laminae that are intercalated with fibrous
laminae, some mucilaginous films and diatoms are observed. This
microfabric can be induded within the term “crystalline wavertine”
(Jones and Renaut, 2010). The fibrous aragonite crystals from the
brown band were probably formed under normal (probably high) flow
condisons, and represent primary deposits. Similar deposits have been
interpreted as biogenic and so could be similar to stromatolites
(Zamarrefio et al., 1997; Freytet and Verrecchia, 1998), but also could
have been produced by inorganic precipitasion (Valero-Garcés et al.,
2001) or even from diagenetic processes under phreatic conditions
(Ostermann et al., 2007). In our case, both thin section and SEM studies
do not show many biogenic features, so most of the initial aragonite
precipitasion was probably inorganic. However, biofilms could have
acted as templates for the nucleasion. The thinner micrite bands imply
a decrease in the precipitasion rate, which could have caused the parsal
dissolution or micritization of the previous crystals to form micrite, as
described in speleothems (Martin-Garcia et al,, 2009). The light coarse

Table 2
Mineralogy and isotope values of the studied samples. P: perched system; Gb: Gorge
bottom system.

Sample System Aragonite Calcite Phyllo. &'3C (PDB) &'30 (PDB)
Outcrop 1
AZ 1A P 90 10 0 903 —3.09
AZ1C P 85 10 5 924 —2.84
AZZA P 75 15 10 10.22 —2.08
AZ3A P 95 5 0 10.78 —4.74
AZ4A GB 55 40 5 8.79 —4.82
AZ4B GB 80 20 0 10.06 —4.26
AZ5A GB 45 45 10 853 —4.63
AZ6A GB 50 50 0 5.59 —5.32
AZ6B GB 40 60 0 3.96 —7.93
Outcrop 2
AZBA GB 45 55 0 548 —8.80
AZSA GB 55 45 0 6.75 —5.31
AZ10A GB 60 35 5 6.02 —7.16
AZ13A GB 95 5 0 7.58 — T
Outcrop 3
AZ15A P 75 25 0 5.35 —g8L71
AZ16A P 95 5 0 4.12 —11.32
AZ17A GB 10 90 0 432 —5.39

bands, containing more calcite, probably represent a neomorphic prod-
uct, including inversion and crystal aggradasion of the initial aragonite
fibers. Both micritizason and neomorphism indicate that these fades
underwent rapid diagenesis.

Laminar micritic microfabric consists of 70-400 pum thick laminae
of varying porosity composed of micrite. The lamination is irregular
and drapes the morphology of the substrate. Some calcified micritic
filaments and coarse microspar crystals are seen under FEM (Fig. SD).

Shrubs are bush-like bodies ranging from less than 1 mm to 3 mm
high, formed by fibrous aragonite crystals (Fig. 6A). In some cases shrubs
are composed of calcite crystals with undulating extincéion and an
overall dendritic morphology with radially arranged fibrous-like opaque
inclusions (Fig. 6B). There is no clear agreement on the origin of these
microfabrics, as there are arguments in favor of biogenic (Chafetz and
Folk, 1984; Chafetz and Guidry, 1999) and abiogenic (Jones and
Renaut, 1995} origins. In addition, the presence of some calcite shrubs
also suggests neomorphism and cementation processes. The shrub facies
are typically located at terrace pools and depressions, similarly to those
described by Guo and Riding (1998).

Coated bubbles (Schreiber et al., 1981; Guo and Riding, 1998) were
found both in micritic and sparitic matrix (Fig. 7A). Bubbles consist of
0.1 to 2.0 mm diameter hollows surrounded by micritic and fibrous to
acicular or even prismatic rings (Fig. 7A, B). Total thickness of the
coating of the largest bubbles is about 400 pum. The genesis of coated
bubbles has been explained as biogenic due to microbial activity in
bacterial mats (Chafetz and Folk, 1984), but also due to abiogenic
processes such as CO, release (Chafetz and Folk, 1984; Jones and
Renaut, 2010) or by the dynamics of the stream itself that can pro-
duce bubbles in waterfalls and associated pools (Chafetz et al., 1991).

Rdfts are micritic platelets (Fig. 7C) with lengths of a few centimeters
and thiclnesses ranging from 80 um to 200 um. They are covered
mainly on their lower side by crystals and crystal aggregates (fans,
spherulites) which can reach even millimetric length (Fig. 7D). Crystals
are mainly fibrous to acicular aragonite, but also equi-dimensional
subhedral calcite occurs. Rafts formed at the water-air interface and
subsequently sunk and accumulated at the bottom of pools with suill
to very slow flowing waters (Jones and Renaut, 2010). Rafts have
been described in both caves and rivers (Taylor et al, 2004).

Coated grains. This microfacies consists of grains with diameters of
100 pm to 1 cm, showing coarsening upward trends (Fig. 8A). There
are two main types of grains, the first consisting of a micritic nucleus
enveloped by regular concentric laminae (Fig. 8B). In many cases the
nuclei are dissolved. In the second type the laminae are mammillated
and formed by fibrous aragonite and aragonite shrubs in the external
envelopes (Fig. 8C). The second type contains many diatoms (Fig. 8D).
Coated grains similar to those described here are commonly found in
pools with periodic disturbances. Their origin is debatable. Some
authors consider that they are due to microbial activity (Chafetz and
Meredith, 1983; Jones, 2009; Jones and Renaut, 2010), whereas an
abiotic origin of precipitation from supersaturated waters in pools
has also been invoked (Nader, 2007).

Porous microfabrics consist mostly of micrite incrustations around
plant molds (leaves and stemns). The plant molds are either preserved
or dissolved, leaving an irregular mm- to cm- sized porosity. The
micrite is composed of a network of filaments embedded in calcite
or aragonite cements. Sandy to silty detrital grains of micrite and vol-
canic fragments, as well as diatoms, are included within incrustations.
Fibrous spherulites, micritic rafts (<2 mm in length) and dendritic or
bush-like crystals with clear fibrous relics are also present. Coated
grains of less than 5 mm diameter can also be present. Cements are
acicular to prismatic crystals, and occur as isolated crystals or form
palisades or crusts. Fe-oxides line the pore walls but also occur as
spherical bodies smaller than 30 pm. In some cases the porous fabrics
are formed by coarser aragonite/calcite crystals surrounding the plant
moulds, thus forming a porous crystalline microfabric. The porous
microfabrics are the deposits of pools with abundant vegetation,



Fig. 5.A: Aragonite crustscomposed oflaminar crystalline microfacies. The crystals are perpendicular to lamination. Scalebar: 5 mm. B: The topmost laminar fibrous microfacies are
formed by brown crystalline bandswith intercalations of lighter ones. The lower part of the image shows neomorphic calcite. Scale bar: 0.2 mm. C: SEM image of the laminar fibrous
microfacies composed by aragonite fans. Scale bar: 0.2 mm. D: Calcified micritic filaments within the porosity left by microspar calcite crystals.

and are similar to fabrics commonly described in cool-water tufas
(Pedley, 1990), but they also contain aragonite elements such as shrubs
that are more typical of hot-water springs outflow. Very probably this
microfacies formed in the distal parts of the springs, where the hot
water had cooled enough to allow colonization of the pools by higher
plants. The crystalline microfabric probably formed by recrystallization
and cementation of the porous micritic fabric.

5. Stable isotopes and radiocarbon dating

The #'3C and '30 values obtained from selected facies show a
wide range. The 8'3C values are between + 4.0 and + 11.0%., and
the 8'20 values are between —11.0 and — 2.0%., referring to VPDB
standard. The different samples have been considered based on two
main criteria: the outcrop and the aragonite content (< or>70% in
aragonite). Fig. 9 shows that there is a general trend to heavier values
from outcrop 3 (upstream) to 1 (downstream). Within the same
outcrop the samples richer in aragonite show higher carbon isotope
values. The samples richest in aragonite show a good covariance
trend that is less clear in samples with lower aragonite content. In
Fig. 9 three trend-lines was drawn representing only aragonite-rich
samples (R?>=0.8), calcite-rich samples (R>=0.35) and all (calcite-
and aragonite-rich) samples (R?>= 0.61). In addition, the samples with
less aragonite show a narrower range of oxygen isotope values.

The &'3C values generally increase downstream. This trend is
common in carbonate waters and springs, but the increase is smaller
in travertines than in spring waters (Chafetz and Lawrence, 1994;
Kele et al., 2008 and 2011).

The ages obtained using the radiocarbon method are 34,470 4+
290 years BP corresponding to Outcrop 1, and more than 43,500 years

BP (out of radiocarbon dasing limits) in a sample from Outcrop 3
(Table 2). These ages disagree with the lava-carbonatestrasigraphicrela-
tions observed in outcrop, assuming a lava flow age of 2,420 4-40 years
BP (Rodriguez-Gonzalez et al., 2009). The difference is likely due to the
supply of volcanic CO; which is “dead” and so causes error in the radio-
carbon dating method (Gasparini et al., 1990).

6. Discussion
6.1. Morpho-depositional and paleohydrological systems

The Azuaje travertine deposits are an outstanding feature of
the Canary Islands. Their position over a lava-flow erupted about
2500 years ago indicates that the carbonate deposits are very recent.
There may have been a relationship between the volcanic event and
carbonate deposition, as recorded in the smaller Berrazales deposit,
which lies within a valley with Holocene volcanic activity dated at
about 3 kyr (Rodriguez-Gonzalez et al., 2009). However, there is no
active carbonate deposition in either of these two areas and the
recent spring activity has been strongly reduced in the last decades
(Hemandez-Quesada et al., 2011).

The distribusion of the carbonate outcrops within the Azuaje Gorge
clearly indicates that traversine constituted a perched system (Ford
and Pedley, 1996; Sanders et al., 2011} which fed the bottom of
the gorge (valley), thus defining two different morpho-depositional
systems: (1) perched systems on gorge walls, and (2) gorge bottom
systems deposited parallel to the present stream. Groundwater circulat-
ed through the fractures and discontinuities of the Roque Nublo volca-
nic breccias. The carbonates then formed within the feeder channels
that were the main paths of the water to their outflow in the cascades



Fig. 6. A: Photomicrograph of aragonite shrubs with a high porosity between them.
Scale bar: 1 mm. B: Calcite shrubs showing undulous extinction and some opagque
inclusions. Scale bar: 1 mm.

of the perched systems. The presence of carbonates at different points
and levels within the gorge indicates both a phreatic level higher
(near 150 m at their maximum point, but the heterogeneous perme-
ability of volcanic materials outcropping must be considered) than
today and also changes in the locations of the main outflows of water
through the valley. This agrees with the insular aquifer hydrogeological
mode: each island can be considered a unique groundwater body,
recharged by rainfall infiltration and discharging into the sea along
the coast, with some discharges as springs and along channels
depending on lithological changes (Custodio, 2007). The study area rep-
resents the stage before the intensive exploitation of the insular aquifer,
when the water-table was higher and water discharged through springs
in an area where groundwater had a high input of magmatic gas.

The distribution and geometry of the facies indicate three main
elements: pools, barriers and cascades. Vertical morphology with
concentric lamination represents the main waterfalls feeding the
system. High- to low-angle slope deposits are found along the gorge
bottom and formed as small barriers and cascades. Pool facies are
horizontally-stratified, laminated bodies showing vertical transitions
that include coated grains, shrubs and rafts, which seem to reflect
changes from high- to very low-flow to stagnant conditions. These
changes may be due to short-time scale flow variations, but they
may also be due to their formation in cascades or their adjacent
pool upstream might have prograded at outcrop scale as a result of
the morphological evolution of the system itself.

6.2. Stable isotopes and source of CO»

The isotopic values of the Azuaje travertine are similar to those
commonly described in thermogene travertines around the world,
in which the CO, of the water is of thermal origin and proceeds
from or below the Earth’s crust (Pentecost, 2005). Positive 8'3C values
have been reported in travertine deposits from thermal systems in
Andean lake basin (Valero-Garcés et al., 2001} and in hot-spring car-
bonates from many different locations (Minissale, 2004; Yoshimura
et al., 2004; Pentecost, 2005; Rainey and Jones, 2009; Kele et al.,
2011). The positive carbon isotopic signature seems to be characteris-
tics of hot-springs of hydrothermal origin, or thermogene tufa or
travertine (Jones and Renaut, 2010; Pentecost, 2005), suggesting an
endogenous origin for the CO, of the waters of the Azuaje travertine.
Thermogene travertines are characterized by (1) positive values of
#13C, (2) negative values of 8'80, and (3) a covariation trend down-
streamn with increase in both &'3C and &'%0 values (Chafetz and
Lawrence, 1994 ). These features are recognized in the Azuaje sravertine.
The increase of values downstream is seen in samples with aragonite
contents higher than 70%.

Their carbon isotopic composition suggests progressive CO,
degassing and/or evaporation in a downstream direction. The &'3C
values from travertines can be used to determine the origin of CO,
(Kele et al., 2003, 2011; Minissale, 2004) using the formula provided
by Panichi and Torgiorgi (1976) for Italian travertines (S”C(C.z) =12
83C(rraverty — 10.5). We tentatively used that equation for the Azuaje
samples to obtain a range — 2.8 to + 2.4%., with mean values of —
1.7%. for the §'3C(ce2; of the water. Expected values for &'3C(cez; of
volcanic origin range from —8 to —6%. (Mools, 2001). In the Canary
Islands, direct measurements of dissolved CO, in groundwaters
from galleries range from —4.0 to —3.2%. (Albert et al., 1986).
These values are lower than the obtained in our calculations, probably
due to the different regional settings in Italy and in Gran Canaria.

The oxygen isotope trend has been interpreted as a cooling trend
(Chafetz and Lawrence, 1994; Kele et al., 2008). Therefore, the two
main processes affecting isotopic fractionation downstream are pro-
gressive CO, degassing and cooling. Although evaporation has been
proposed as the main factor controlling oxygen isotope fractionation
(Chafetz and Lawrence, 1994), we did not consider it as an important
factor because the $'80 increasing trend is displayed by both, gorge
bottom and perched systems. Perched systems have many springs
along the gorge, and the 8'20 trend indicates that whatever the frac-
tionation process was, it took place within the aquifer. A cooling trend
from Doramas Volcano to the sea along the gorge seems to be more
accurate however evaporation effects are not discarded.

The &'%0 values generally increase downstream due to changes in
water composition and temperature, but also due to C spedasion
(H,C0O3, HCO3, CO5 %) controlled by pH variations (Kele et al, 2008).
The architectural evolution of these deposits and changes in vent posi-
#on can also produce variations in these general trends (Chafetz and
Lawrence, 1994).

6.3. Water paleotemperature calculations

We tentatively calculate the possible range of water temperature.
Halas and Wolacewicz (1982 ) equation was used assuming that §'0
of vent travertine corresponds to the '%0 of HCO3™ dissolved in water
(Kele et al., 2011). Thus, we used a &'80 value of —11.32%. (PDB),
equivalent to 4+ 19.37%. (SMOW), obtained in the vent (feeder channels)
facies. The Halas and Wolacewicz (1982) equation was calculated for
calcite, so the oxygen isotope fractionation between caldte and aragonite
has to be included (Zheng, 1999). We have obtain three different
A(HCOs-water ): uncorrected, and considering the minimum (+0.6%.),
and the maximum (4 2.26%.) oxygen isotope fraconation reported in
literature (Zhou and Zheng, 2006). Because of the Azuaje sravertines
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Fig. 7. A: Photomicrograph of coated bubbles with a variety of sizes embedded in fibrous aragonite cement and micrite matrix. Scale bar: 2 mm. B: The bubbles are coated by
micritic and radial fibrous aragonitic crystals. Scale bar: 1 mm. C Rafts consisting of an inner micrite lamina coated by fibrous aragonite crystals. Scale bar: 2 mm. D: Micritic

rafts showing coarse undulous calcite crystals on their undersides. Scale bar: 2 mm.

are fossil we used 8'%0 values of present waters (— 5.5 to — 3% SMOW)
in the area.

The lower temperature range (40-54 °C) was obtained using the
maximum correction, whereas the higher range (53-69 °C) corresponds
to the uncorrected value.

The lower temperature range seems to be the most accurate
according to the observed facies, as indicated by the presence of diatoms
which are common in geothermal floras whose temperature is below
45 °C (Owen et al, 2008). Nevertheless, a high degree of uncertainty is
involved in these calculations because (i) present day &80 water values
are not necessarily the same than those at sravertine deposition time;
(ii) only one vent sample was available; (iii) no oxygen isotopic shift
between water and host rock was considered; (iv) paleogroundwater
chemiswry is unlnown and different compositional effects affecaing the
isotopic fracsonasion could happened (Zhou and Zheng, 2006). Water
temperature calculations, as is previously exposed, agree with these
estimations of temperature.

6.4. Aragonite versus calcite occurrence

The presence of aragonite within wravertines is common, although
calcite seems to be more common (Jones and Renaut, 1996; Kele et al,,
2008). It is suill unclear why aragonite precipitation is favored in some
surface environments, especially in some travertines. Temperatures
above 40 °C have been invoked to explain the aragonite occurrence
(Jones and Renaut, 2010) instead of calcite; however, calcite precipita-
sion above even 90 °C has been reported (Jones and Renaut, 1995), and
aragonite precipitasion has been found in low temperature consinental
settings, such as Castafiar Cave (Mar#in-Garcia et al., 2009). Therefore
the temperature at spring outlets could have been higher than 45 °C,
but due todownstream cooling were lower in most of the travertine sys-
tern. Thus, temperature could controlled the aragonite precipitasion, but

probably other factors, such as level of super-saturation or high Mg/Ca
rates, could have play a major role (De Choudens-Sanchez and Gonzilez,
2009). The present day springs remaining in the area show high rMg/rCa
ranos (where r denotes miliequivalents per liter), higher than 1
(Hermandez-Quesada, personal communication). Therefore, this situasion
could have been occurred during travertine deposition Wmes.

6.5. Biogenic versus abiogenic precipitation

With respect to the mechanisms of precipitation, two main aspects
are considered: the role of microbes and the common occurrence of
fibrous aragonite with radial crystals. Many of the facies recognized in
the Azuaje travertine have been interpreted both as biogenic and
abiogenic precipitates. Such is the case of shrubs (Chafetz and Guidry,
1999), coated bubbles, and coated grains (Chafetz and Folk, 1984;
Chafetz et al., 1991). Microscopic observations in samples from Azuaje
reveal the presence of some biological features such as micron-size
tubules or diatoms. However, these biogenic features are relatvely
scarce, except in the porous facies, either because they were initially
scarce or because they have not been preserved. Whatever the case
the fibrous aragonite textures show very few biogenic features. Jones
and Renaut (2010) interpreted fibrous calcite aggregates as produced
by precipitation in swong disequilibrium, which may be caused by
sudden CO, degassing. The abrupt release of CO, causes an increase of
pH and conwols the C speciation (H,COs, HCO3, CO5 %), favoring
super-saturation (Kele et al, 2008) and leading to isotope fractionasion.
The overall morphology of most of the aragonite aggregates and crystals
of the Azuaje travertine, some of its facies (coated bubbles), and the
carbon isotopic values all swongly support the idea of aragonite precip-
itation under non-equilibrium condisions and suggest that the main
travertine-forming process was abrupt degassing of thermogenic



Fig. 8. Coated grains. A: Thin section showing the coarsening upward trend in organization of the grains. Scale bar: 5 mm. B: The coated grains on the left consist mostly of relatively
regular micritic laminae. Scale bar: 2 mm. C: Detailed view of one coated grain showing both micritic laminae and shrubs. Scale bar: 1 mm. D: FEM image of diatoms included within

the coated grains.

waters related to the volcanic event that erupted the lava flow on the
floor of the Azuaje Gorge.

7. Conclusions

The Azuaje wavertine formed after the last volcanic event which
produced a lava flow along the floor of the Azuaje Gorge about
2500 years ago. Travertine deposits are very rare in the Canary Islands
and only small deposits have been found, also related to recent volcanic
activity. The Azuaje deposit consisted of two morpho-depositional
systems: (1) perched systems on gorge walls and (2) gorge bottom
deposits oriented parallel to the modem stream. Perched systems
include: aragonite tabular crusts interpreted as feeder channels, and
waterfall and barrier deposits. Gorge bottom deposits also include
barriers and pool deposits.

Aragonite is the main mineral making up the travertine, however the
variety of facies and microfacies is high, and includes: tabular aragonisic
crusts, laminar facies (coarse crystalline, fibrous or micritic), porous
facies, and a variety of features such as shrubs, coated grains, coated
bubbles and rafts. Many of these facies are composed of fibrous aragonite
crystals formed under disequilibrium conditions caused by rapid CO,
degassing. This mechanism may explain the rapid super-saturation of

waters that led to aragonite precipitation. At the spring outlets the
waters could have been at a temperature of around 40 °C favoring
aragonite precipitation instead of calcite. The isotope values especially
the carbon isotope data, are similar to those found in thermogene traver-
wnes that formed in waters of thermal origin. Cooling of waters is
recorded in the increase of the &'3C and &'%0 values downstream, but
also aragonite is still the main precipitate downsweam, so other
factors, apart from temperature, such as Mg/Ca rawos or degree of
super-saturasion have to be considered to explain the aragonite
composition of the Azuaje traversine. Microbial precipitasion could also
have played a minor role, as some organic features have also been
found and some of the microfacies have been interpreted to have been
biogenically mediated.
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