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ABSTRACT

Extensive palustrine tufa deposits are not common in the geological record, in part due to their liability to
erosion. This work discusses the formation and preservation factors that allow the wide development of such
facies, taking the example of a Middle-Late Pleistocene dominantly palustrine area that formed downstream of a
high-slope stepped tufa fluvial stretch, in the Ebrén river Valley (south Iberian Range). The study case (Los Santos
area) consists of coarse detrital sediments at the base, associated with pronounced incisions on the underlying
deposits, followed by a variety of tufa and associated carbonate facies, with a minimum thickness of 19 m. The
most abundant facies are the phytoclastic rudstones, carbonate sands and silts with gastropods and ostracods
and up-growing stem boundstones. Less common are moss boundstones, down-growing stem boundstones and
bioclastic limestones. Up to five simple vertical sequences of facies (facies associations) are characterized. The
sedimentary facies model corresponds to a low-slope and wide stretch at the end of a stepped, cascade-barrage
fluvial system, with extensive palustrine areas, shallow ponded areas, at places with stagnant conditions, and small
cascades. Variations of bedrock lithology, from Mesozoic carbonate rocks upstream to Neogene alluvial rocks
downstream, allowed the gentle sloping and wide low-layering surface at the distal termination of the fluvial system,
with overall low-energy facies, which supports the absence of stromatolites. Indeed, the lack of vigorous erosional
processes enabled a dense cover of hydrophilous plants to thrive on diverse environments and the accumulation
and preservation of organic matter. The small thickness of the studied deposits, compared to that of upstream
deposits, is consistent with a reduction of dissolved calcium and bicarbonate contents downstream (linked to the
distal position from the carbonate aquifer sourced springs), and with the diminishing mechanical CO,-degassing in
low-gradient environments.
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RESUMEN

En el registro geoldgico, los depdsitos de tobas palustres extensos no son comunes. Este trabajo discute los
factores para la formacién y conservacion de extensos depdsitos palustres, tomando como ejemplo los depdsitos del
Pleistoceno medio-superior que se formaron en el tramo distal del sistema de tobas fluviales del rio Ebron (Cordillera
Ibérica, en Teruel y Valencia). Los depdsitos estudiados (area de Los Santos) constan de sedimentos detriticos en
la base, asociados a incisiones fluviales profundas sobre el sustrato, seguidos por una sucesion de carbonatos con
amplia variedad de facies tobaceas, con un minimo de 19 m de espesor. Las facies mas abundantes son los rudstones
fitoclasticos, arenas y limos de carbonato con gasterépodos y ostracodos, y los boundstones de tallos de plantas
creciendo hacia arriba. Menos comunes son los boundstones de musgos y de tallos colgantes, y las calizas bioclasticas.
Hasta cinco secuencias verticales de facies se han caracterizado. El modelo de facies corresponde al tramo al final
de un sistema tobaceo fluvial escalonado con cascadas-barreras, en el que se formarian extensas areas palustres,
areas encharcadas someras, algunas con estancamiento, y pequefias cascadas. Las variaciones litologicas del sustrato
pre-Cuaternario, desde rocas carbonaticas aguas arriba a rocas aluviales aguas abajo, permitié la formacion de esa
superficie amplia y de poca pendiente al final del sistema fluvial escalonado, en conjunto con facies de poca energia,
lo cual apoya la ausencia de estromatolitos. Ademas, la escasez de procesos erosivos intensos permitiria que una
densa cubierta de plantas hidréfilas prosperara en diversos ambientes, asi como la acumulacion y conservacion de
materia organica. El escaso espesor de la secuencia estudiada se relaciona con la disminucion del contenido en calcio y
bicarbonato disueltos en el agua (por la situacion distal respecto a las fuentes alimentadas por el acuifero carbonatado)

y la disminucion de la intensidad de desgasificacion de CO, en ambientes de poca pendiente.

Palabras clave: Tobas palustres; depdsitos de baja energia; modelo de facies; Pleistoceno; Cordillera Ibérica

Introduction

Tufas are continental calcium carbonates, mainly
calcite, forming in ambient-temperature water rich in
dissolved calcium (Ca*") and bicarbonate (HCO,) ions.
These terrestrial carbonates mainly form by calcite
precipitation on biotic substrates in a large variety of
depositional environments, mainly through the CO,
loss from water, either caused by changes in tem-
perature, biological processes or mechanical turbu-
lence (Pentecost, 2005). Tufas are common features
in mostly freshwater carbonate rivers and lakes, but
also in saline and alkaline lakes (Pentecost, 2005;
Della Porta, 2015). These carbonates are character-
ised by a distinct range of sedimentary facies (based
on textures, structures and geometry features), and
petrophysical and geochemical properties (Capez-
zuoli et al., 2014). They encompass a wide array of
sedimentary facies, whose abundance and/or spatial
distribution through a given system depend on fac-
tors such as the hydrodynamics, water discharge and
topography of the sedimentation zones, mostly the
slope along the river profile (Violante ef al., 1994;
Viles & Pentecost, 2007; Arenas-Abad et al., 2010;
Arenas et al., 2014a; among others).

During the Quaternary, tufas developed primarily
during the interglacial periods, i.e. correlative with

the odd Marine Isotope Stages (MIS; e.g., Gibbard
et al., 2005). In mid latitude regions these deposits
were conspicuous approximately 100 ka ago, i.e.
during MIS 5 (Sancho et al., 2015). Many studies
on tufa have focused on their palaeoclimatic impli-
cations, since their formation would appear to be
particularly favoured in warm (Henning et al., 1983;
Duran, 1989; Martin Algarra et al., 2003) or humid
conditions (Capezzuoli et al., 2010). However, the
deposition of tufa has been detected to occur through
a wide range of climatic conditions from temper-
ate-wet to semi-arid (Auler & Smart, 2001; Viles et
al., 2007; Cremaschi et al., 2010; Moeyersons et al.,
2006). Therefore, climate would not appear to be the
only factor influencing their formation (Viles & Pen-
tecost, 2007). Rather, other factors such as topogra-
phy of the basin, bedrock lithology and associated
aquifer characteristics, may all influence tufa forma-
tion (Arenas-Abad ef al., 2010).

Facies models for most Quaternary fluvial tufa
systems include a variety of environments such as
cascades, barrage-cascades, dammed water areas
along the channels, pools in the floodplain and palus-
trine areas, which are variably developed through the
stepped systems depending on each case (e.g., deter-
mined by high to moderate slope). In the literature,
extensive palustrine areas have not been commonly
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described in association with stepped fluvial systems,
with the exception of a few examples (Pedley ef al.,
2003; Ozkul et al., 2010). The work presented herein
is an exception of this rarity: it describes the case
of a wide, dominantly palustrine area that developed
downstream of a high-slope stepped fluvial stretch.
The rarity of extensive tufa palustrine deposits could
be related to their liability to erosion, as these facies
would be reworked into other tufa deposits. Moreo-
ver, the fact that most stepped systems have limited
extent to allow palustrine areas to be developed in-
dicates that the width and topography of the fluvial
basin also account for the development and preser-
vation of palustrine deposits. Therefore, extensive
palustrine deposits are expected to be developed and
preserved at the most downstream zones of the fluvi-
al system, coinciding with decrease in slope, and/or
at the latest fill stages of the basin.

This work presents a study of the tufa and associ-
ated deposits in the Quaternary Ebron river Valley
(Teruel and Valencia, Spain), focussing on a portion
of the Pleistocene record located at the downstream
stretch, i.e., at the Los Santos area, in which palustrine
facies dominate. The purpose of this work included:
1) Stratigraphic and sedimentological characteriza-
tion of the fluvial tufa system and their associated
deposits generated during the Middle-Late Pleisto-
cene; 2) Construction of a conceptual sedimentary
facies model of the tufa system and its comparison
with other examples. The obtained results can be
used for comparative studies with other Mediterra-
nean nearby tufa systems, as well as with other dis-
tant tufa systems of a similar or different time span.

Geographical and geological context

The study area is localized in the Iberian Range,
an intra-plate range formed during the Alpine oroge-
ny in the north-eastern part of the Iberian Peninsula
(Fig. 1). The area is within the “National Topograph-
ic Map” n. 612 (Ademuz), 1:50000, of the Instituto
Geografico Nacional of Spain. The studied Quater-
nary record is part of a series of deposits cropping
out along the present Ebron river Valley. This river, a
tributary of the Turia River, is 42 km long and flows
from northwest (1370 m a.s.l) to southeast (730 m
a.s.]). The Turia River enters the Mediterranean Sea

in the city of Valencia. The Ebron River basin occu-
pies a drainage area of 245 km? with altitude ranging
between 1723 and 730 m a.s.l. (Arenas et al., 2015).

From north to south, the bedrock across which
the Ebron River flows is composed of several units
(Fig. 2): Lias-Dogger limestones and dolostones af-
fected by faults oriented in a NE-SW to N-S direc-
tion, Triassic dolostones (Muschelkalk Facies) and
strongly folded gypsum-rich mudstones (Keuper
Facies), south-dipping Upper Cretaceous limestones
and dolostones and, further south, sub-horizontal,
mostly detrital Miocene rocks of continental origin.
The Quaternary tufa deposits crop out along the ter-
raced valley fill as discontinuous geological bodies
that have been cut across by the river as it flows
downstream; these geobodies are formed mainly of
carbonate deposits and associated minor clastic de-
posits (i.e., formed of extraclasts), for a length from
Castielfabib to Los Santos villages (Lozano et al.,
2012).

Previous studies on the Quaternary deposits of the
Ebron river Valley focussed on mapping, stratigra-
phy and preliminary sedimentology (Sancho et al.,
2015). Chronological data have been obtained from
amino acid racemization, radiocarbon analysis and
U/Th series (Lozano et al., 2012; Sancho et al.,
2015). These results showed that tufa deposition oc-
curred during MIS 6 and MIS 5 (180-100 ka), and
MIS 1 (6-2 ka). Evidence of older tufa deposits (i.e.,
MIS 13, 490 ka) was found from reworked material
included in the studied sections, but the correspond-
ing in situ deposits are not present in the outcropping
record. Therefore, two main units are present (Figs.
2 and 3).

1) Middle—Late Pleistocene deposits consisting of
conglomerates, carbonate sands and silts, stromato-
lites, phytoclastic, up-growing stem and bryophyte
limestones, and speleothems that crop out at sections
“c” (Cascada) and “d” (Mirador) (Fig. 2). Thickness
is approximately 77 m in section “d” (Fig. 3B, C).

2) Holocene deposits consisting of carbonate sands
and silts, bryophyte, phytoclastic and up-growing
stem limestones, and stromatolites, that crop out at
sections “a” (Convento) and “b” (Central) (Fig. 2).
Thickness is approximately 25 m in section “a”, but
reaches up to 50 m down to the present river course
(Fig. 3A, C).
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Figure 1.— Location of the studied area in the northeast of the Iberian Peninsula. A) Geographic location. B) Geological location of
the Ebron river Valley in the Iberian Range. Geological map of the Iberian Peninsula, Balearic Islands and Canary islands. Scale
1:1000000. Instituto Tecnolégico y Geominero de Espafia and Instituto Geolégico e Mineiro de Portugal. Madrid. Adapted from Alvaro

et al. (1994).

The downstream area of Los Santos, related to the
upstream Pleistocene deposits, has been of interest
for investigation, given reason for this study (Fig.
4). No absolute dating for the Los Santos rocks has
been performed. However, from previous works of
Lozano et al. (2012) and Sancho et al. (2015) on
the Castielfabib outcrops, correlative comparison
between Los Santos and the middle-upper part of
Castielfabib section will date Los Santos to Middle—
Late Pleistocene.

Materials and methods

Three stratigraphic sections (LSAN-1, 2 and 3,
located in Fig. 2) were measured and correlated as

presented in figure 5. Several other outcrops were
also considered (e.g., deposits close to and in the
village of Los Santos). This correlation was estab-
lished physically through a conspicuous traceable
organic rich layer, the general presence of coarse de-
tritals at the base and by following other stratigraph-
ic levels in the field. From the measured sections,
35 different samples were collected for analysis of
their textural features, including mineralogy. 30 thin
sections were prepared for petrographic microscope
observation, and 6 samples having different facies
for scanning electron microscope (SEM) at the Elec-
tron Microscopy Service of the Servicio de Apoyo a
la Investigacion (SAI) of the University of Zaragoza
(Spain). Thin sections were perfomed at the Servi-
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Figure 2.— Geological map of the study area from Sancho
et al. (2015), with location of stratigraphic sections. a, b, ¢, d:
Stratigraphic sections of Sancho et al. (2015). 1, 2, 3: Stratigraphic
sections of this work.

cio General de Preparacion de rocas y materiales
duros of the SAIL. Ten mudstone and marly samples
were analysed for calcium carbonate content using a
manocalcimeter (Geoservices, France) based on the
Scheibler method, available at the Stratigraphy labo-
ratory of the University of Zaragoza (Spain).

Herein, the codes of classification of Miall (1978)
have been used for the clastic facies (i.e., formed of
extraclasts), and the codes of classification of Are-
nas-Abad et al. (2010) have been used for the car-
bonate facies (Table 1). The term “palustrine” is used
here to refer to shallow water zones with hydrophil-
ous vegetation, in which the submerged portions of
plants are coated by calcite. In the context of fluvial
tufa systems, water level fluctuations are not as rele-
vant as in the case of close lacustrine systems, which
differs from the use of the term by Freytet & Plaziat
(1982) in the lacustrine environments.

Stratigraphy

The studied deposits in the Los Santos area (Figs.
2,4, 5 and 6) are dominated by limestones over clas-
tic sediments (i.e., consisting of extraclasts). The re-
cord showed a small proportion of polymictic clastic
deposits composed of conglomerates, sandstones

and occasionally mudstones, overlain by the dom-
inant carbonate deposits that consist of varied sed-
imentary facies (Figs. 5 and 6). Three stratigraphic
sections were measured (Fig. 5). These sections have
been divided into several units for the sake of clari-
ty in description. These units are based on lithology
and/or textural characteristics. Individual facies de-
scription and facies labels in the following summary
are found in Table 1.

Section LSAN-1

The section is 6 m thick and divided into 5 units
(Figs. 5 and 6A). Unit 1 is 1.9 m thick of alternating
tabular siliceous sand and lime mud (Fm, Mm) lay-
ers, with interbedded channel-shaped gravel deposits.
This unit is fining upward with increasing calcium
carbonate content upward. Unit 2 is 1.7 — 2 m thick
conglomerates and gravels (Gm, Gt) forming tabu-
lar bodies with very irregular erosional base. Unit 3
is 1.55 m thick siliceous and minor carbonate sands
alternating with gravel layers, with lenticular and
tabular geometry. Unit 4 is formed of a 0.12 m thick
tabular body of siltstone, marls and lime mud (Mm,
Fm). Unit 5 is a 1.3 m thick, flat base tabular body of
tufa limestone consisting of phytoclastic rudstone and
up-growing stem boundstone (Lph, Lst 1).

Section LSAN-2

The section is 15 m thick and divided into 8 units
(Figs. 5, 6B and 6C). Unit 1 is formed of 1.3 m thick
carbonate sands and clayed lime mud (Sb, Mm) with in-
tercalated layers consisting of cm—mm phytoclasts and
extraclasts. Unit 2 is a 0.26 m thick sand, silt and marly-
lime mud layer with peaty laminae, with irregular base
and top. Unit 3 is a 2 m thick limestone of carbonate
sand-packstone, phytoclastic rudstone and up-growing
stem boundstone (Sb, Lph, Lstl), with tabular bodies
having erosional bases and cross stratification. Unit 4
is formed of 3.7 m thick tufa limestones consisting of
alternating phytoclastic and up-growing stem facies
(Lph, Lst1) forming irregular and lenticular bodies, and
moss boundstones (Lbr) forming dm-thick hemidomic
and lenticular bodies. Unit 5 is a 1.2 m thick limestone
dominated by up-growing stem boundstones (Lstl).
Unit 6 is 2.4 m thick, formed of phytoclastic limestones
(Lph, Lphf) and carbonate sands (Sb, Lbg) constituting
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Figure 3.— Ebroén Valley field views (A and B) and stratigraphic sections (C) upstream of the Los Santos studied area (see Fig. 2 for
location). Section “a” corresponds to the upper 25 m of the 50-m deep cliff. Base of section “d” is not visible in image B). Stratigraphic
sections and ages (Marine Isotope Stages - MIS) from Lozano et al. (2012) and Sancho et al. (2015).
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Neogene clastic-deposits

Holocene deposits

Figure 4.— Field image of the westernmost portion of the Los Santos studied area in the Ebron river Valley. The studied Pleistocene

deposits are light orange and withish in color. Horizontal strata orange in colour are Neogene clastic deposits.

tabular bodies. Unit 7 is 1.5 m thick buried zone, likely
buried tufa. Unit 8 is 3 m thick and consists of alternat-
ing tabular and lenticular layers formed of phytoclastic
and phytoherm limestones (Lph, Lphf, Lstl) and car-
bonate sand-silt layers (Sb).

Section LSAN-3

The section is 17 m thick and divided into 7 units
(Figs. 5 and 6D). Unit 1 is 1.8 m thick of conglom-
erates and gravels (Gm, Gt) with deeply concave
erosional base at the disconformity surface with the
Neogene clastic rocks (Fig. 6D). Unit 2 is formed of
2 m thick sandstones. These sandstones form a len-
ticular body with concave erosional base that shows
trough cross-stratification (St), with palacocurrents
toward the south-southwest. Unit 3 is 2.7 m thick
tufa limestones (Lph, Lst 1) consisting of lenticular
and tabular bodies. Unit 4 is a 2.2 m thick alterna-
tion of mudstone (Fm) and lime mud with tabular,
phytoclastic rudstone bodies. Unit 5 is 4.5 m thick,
but not well exposed, carbonate sands (Sb). Unit 6,
2 m thick, is formed of an isolated build-up formed
of moss boundstones (Lbr), phytoclastic rudstones
(Lph, Lphf), and phytoherm facies (Lst1, Lst2). Unit
7 is 2 m thick buried material.

Deposits close to and in the village of Los Santos
(Fig. 7)

No attempt was made to measure stratigraphic sec-
tions given the vertical topography (i.e., cliffs) and/
or poor exposures in this part of the studied area. The

deposits close to the village consist of ca. 6 m of
thick greyish carbonate sands with interbedded cm-
thick peaty layers that are recognized over exten-
sive areas, of hectometre lateral continuity, despite
most parts being covered, e.g., by fine detritals from
younger overlaying sediments (Figs. 7A, 7B, 7C).
The deposit outcropping in the village is formed of
ca. 4 m thick of tufa limestone consisting of con-
spicuous up-growing stems arranged in extensive
palisades cm to dm high and ca. 7.5 m visible wide,
and associated carbonate sands and phytoclastic tufa
(Fig. 7D, 7E). In general, these deposits conform
tabular geometries.

Stratigraphic correlation and remarks

Correlation between sections 1 and 2 could be es-
tablished by visual continuity of beds. Moreover, the
presence of a traceable, conspicuous organic-rich lay-
er served as a basis for the recognition of physical cor-
relation between section 1 (unit 4) and section 2 (unit
2) (Fig. 5). This was further supported by correlation
of detrital sediments from the bases of the outcrops,
as seen in section 1-unit 2 and section 3-unit 1 (Figs.
5, 6A, 6D). Sections 1 and 3 showed a deep concave
surface representing incision at the base and then
leading to the detrital filling of the channels. Section 3
showed a disconformity relation between the Quater-
nary rocks and the Neogene rocks (Fig. 6D).

Therefore, at the base of the tufa outcrop, detri-
tal sediments are associated with erosional surfaces,
with pronounced incisions of the underlying deposits
(Fig. 6A). Units 4, 5 and 6 of section 2 are approxi-
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oA e VRS e $5% : ; 2 ) 2
Figure 6.— (A) Field view of section LSAN-1, with indication of units (as described in the text). Note conglomerates and sandstones
at the base, then limestones. (B) and (C) Field views of section LSAN-2, with indication of units. Aimost entirely limestone with marls
and lime mud at the base. (D) Field view of section LSAN-3 showing disconformity of Pleistocene over Neogene strata. Note the
deeply concave, erosive surface that separates the horizontal strata of Neogene detrital deposits (orange-coloured) and Pleistocene
conglomerates, sandstones and limestones (beige or whitish-coloured). Legend for facies labels in Figure 5 and Table 1. Units are
described in the text.
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Figure 7.— Field views of deposits outcropping close to the village of Los Santos (A, B, C) and in the village of Los Santos (D, E).
(A, B, C) Dominant carbonate sands with interbedded fine phytoclastic rudstones and peaty layers. Note in A the orange color due to
overlying silt dropping. (D, E) Tabular deposits consisting mostly of up-growing stem boundstones, and associated carbonate sand and
fine phytoclastic rudstones. Legend for facies labels in Figure 5 and Table 1.
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Figure 8.— Field views of diverse carbonate sedimentary facies (Table 1). (A) Fine phytoclastic and intraclastic limestones (Lphf, Li)
alternating with banded bioclastic limestones (Lb); Note up-growing stem boundstones at the upper part (Lst1). Partly representing FA
2. (B) Carbonate sands (Sb), phytoclastic limestones (Lphf and Lph) and up-growing stem boundstones (Lst1), forming upper FA 1. (C)
Moss boundstones (Lbr) forming lenticular and hemi-domed bodies at the base, followed by up-growing stem boundstone (Lst1) and
carbonate sand (Sb), of FA2 and 4. (D) Detail of FA 2 showing banded bioclastic limestones (Lb) and phytoclastic and up-growing stem
limestones. (E) Detail of C showing layers consisting of up-growing moss stems (Lbr). Note at the base the presence of leaf mounds.
(F) Large up-growing stem boundstones (Lst1) laterally and vertically related to bioclastic limestone (Lb), as in FA 2.
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Figure 9.— Field views of diverse clastic sedimentary facies formed of extraclasts (Table 1). (A) Conglomerates and gravels (Gm and
Gt) and sandstones (St), followed by stem limestones, at the base of FA 1. (B) Detail of heterometric and polymictic gravels, typical
at the base of FA 1. (C) Alternating gravel and sand forming cross stratification (Gt, St), in channel fill, then floodplain fines (Fh and
Sh). Note small scours at the base of the carbonate deposit (blue arrow). (D) Fine clastics deposited on the floodplain (Sm, Sh, Fh),
with small bedforms producing cross stratification (St). Note the passage to marly sediment and then phytoclastic limestones upward.
(E) Alternating fine siliciclastic (St, Fh) and mixed sediment (Mm), and phytoclastic limestones (Lph) over carbonate sand (Sb). Note
dark grey colour of marls due to fine organic matter content, locally peaty layers (C). (F) Mostly fine siliciclastic deposits (Sh, St) and
carbonate sand and marl (Sb, Mm) formed in floodplain, then palisade of up-growing calcite coated stem boundstones (Lst1) (FA 1).
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Figure 10.— Field views of diverse peaty and marly sedimentary facies (Table 1). (A) Phytoclast limestones then carbonate sand
followed by fine siliciclastic deposits (St, Sh, Fh). (B) Alternating fine siliciclastic (St, Fh) and phytoclastic limestones (Lph) over
carbonate sand (Sb). Note dard grey colour corresponding to peaty layers (C), as in FA 1 and 3. (C) Detail of B. (D) Typical deposit of
carbonate sand and silt with gastropods (red circles) passing upward to marly and peaty deposits, in outcrops close to the village of Los

Santos, representing upper part of FA 3.

mately equivalent to units 4 and 5 in section 3. Thick-
ness measurements in the three sections indicated a
minimum thickness of ca. 19 m (merged sections 1
and 2) and 17 m (section 3) in the western parts of
the outcrop (see Fig. 2 for location), although the
contact with bedrock was only exposed in section 3.

Correlation between the deposits close to and in
the village of Los Santos (Figs. 4; 5A, 5B, 5C, 5D)
and those of section 3 is difficult. It is tentatively pro-
posed that the deposits in the village are equivalent
to the interval between meters 5 and 8 (units 3 to 5),
and the deposits close to Los Santos are equivalent
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Fig. 11.— Photomicrographs of tufas and associated carbonate and siliciclastic fine facies: (A) Bioclastic limestone (Lb). Each ‘grain’
is a piece of grouped cyanobacteria filaments (micrites). (B) Slightly lithified carbonate sand and silt (SB). (C) Phytoclastic limestone
(Lph), showing cross sections of calcite coated stems. (D) Cross sections of coated stem boundstone (Lst1). (E) Bush masses of
cyanobacteria with micrite filaments coating on an up-growing stem. (F) SEM image of the laminated coating on a microscopic stem.
Note alternating coarse and fine crystals. (G) Moss stems in a bryophyte boundstone (Lbr). Not high framework porosity. (H) Mixed
siliciclastic and carbonate grains in sandstones. (I) Laminated siltstones. (J) Unsorted, mostly quartz grains in micritic matrix, with dark
organic-rich lamina. (K) Siltstone with dark organic-rich laminae (L) SEM image. Kaolinite in a siltstone.
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to the interval between meters 7 to 12 (units 4 and 5)
of section 3, approximately.

Thus, the deposits cropping out in the Los Santos stud-
ied area are relatively thinner compared to those in other
areas such as Castielfabib (e.g. 77 m thick in section d;
Fig. 3), in the upper reach along the Ebron river Valley.

The lack of absolute dates prevents this study from
precise correlation. It has to be considered that the
depositional architecture and the lateral variations of
facies in fluvial tufa systems are intrinsic character-
istics that can make it difficult correlation through-
out the basin. Nonetheless, the proposed correlation
in this work seems plausible given the small distance
between the studied areas and smooth geometry of
deposits in the Los Santos outcrop. Correlation be-
tween the latter and the upstream area is established
by mapping criteria through aerial photograph.

Sedimentology

A variety of sedimentary facies has been found
(carbonate, detrital and peaty; Table 1 and Figs. 8, 9
and 10). The main mineralogy of the carbonate facies
was calcite, as determined through microscopy and

Channel and floodplain ->
pools and palustrine zones
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calcimetry analyses (see Materials and methods). In
a few cases, these facies contain minor amounts of
clay- to sand-size siliceous grains. A wide array of
carbonate facies has been distinguished in the stud-
ied area based on texture and biotic composition (Ta-
ble 1 and Fig. 8). The most abundant facies are the
phytoclastic rudstones (Lph, Lphf), carbonate sands
with gastropods and ostracods (Sb) and up-growing
stem boundstones (Lstl). Less common are moss
boundstones (Lbr), down-growing stem bound-
stones (Lst 2) and bioclastic limestones (Lb). In gen-
eral, plant stems are coated with several concentric
laminae (Fig. 11C, 11D), which in most cases con-
tain bacterial evidence, i.e., cyanobacterial fan- and
bush-shaped calcite bodies, as well as isolated fila-
ment moulds (Fig. 11E, 11F). Most of these facies
were formed in multiple sub-environments, except
for the occasionally occurring curtains of hanging
stems, which formed in waterfalls. For example,
up-growing stems developed in fluvial banks, shal-
low pools and floodplains; phytoclasts were ubiqui-
tous, thus phytoclastic rudstones are found in almost
every sub-environment; bryophyte layers formed in
waterfalls, barrages and jumps.

Palustrine zones with pools

1
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Figure 12.— Some of the most common facies associations (FAs) in the Los Santos area of the Ebron river Valley. Explanation in the text.
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Detrital (extraclastic) facies are characterized based
on texture and sedimentary structures (Table 1 and
Fig. 9). Conglomerates and gravels consist of angular
to rounded, poorly sorted, carbonate and minor sili-
ceous extraclasts, mainly from Mesozoic rocks, and at
times including Quaternary tufa clasts, which togeth-
er are embedded in a polymictic sandy-gravel matrix.
They mostly form structureless deposits (Gm), but
locally can show cross stratification (Gt). Sandstones
and siltstones are also of polymictic nature, including
variable amount of tufa intraclasts. All these clastic
deposits occur at the base of the outcropping record
and represent first incision and then deposition in low
sinuosity channels during high energy events (Gm,
Gt, St). Mudstones, consisting mostly of siliciceous
grains (Fm, Fh), and marls (Mm) may be associated
with thin peaty layers (facies C), giving evidence of
periods of stagnant water on the floodplain and in
ponds (Figs. 10; 11J, 11K).

Facies Associations (FA) and depositional inter-
pretations

The sedimentary facies recognized in the Los San-
tos area of the Ebron Valley are associated vertically
into simple vertical sequences or facies associations
(FAs) that recorded the sedimentary processes that
occurred in a particular sedimentary area through
time. In the field, five facies associations were rec-
ognized (Fig. 12).

Facies Association 1: Channel fill and floodplain
passing to palustrine zones

The succession of gravels (Gm, locally Gt) followed
by sands (St) and then fines with ripples, horizontal
lamination or structureless (Sr, Sh, Sm) (Fig. 6A, 9A,
9B, 9C) in this FA represents a typical channel fill. The
subsequent marly and carbonate sandy deposition with
peaty sediment formed in a floodplain environment
with stagnant pools. Subsequently, carbonate deposi-
tion became dominant in palustrine conditions, with ex-
tensive areas of submerged up-growing plants produc-
ing calcite-coated stems, later becoming boundstones
and rudstones (Lstl, Lph), and in pools with sand and
fine phytoclasts (Sb, Lphf) (Fig. 9D, 9F).

In brief, this sequence indicates incision periods
of the fluvial channels followed by gravel fill during
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high discharge, then decreasing energy, ending with
floodplain and carbonate palustrine zones, with shal-
low pools and slow-flowing water. Facies sequenc-
es comparable to FA 1 herein have been described
at the initial stages of deposition in low- to mod-
erate-slope carbonate fluvial systems in northeast
Spain (Vazquez-Urbez et al., 2012). Henchiri (2014)
found macrophyte stem boundstones in palustrine
facies associations of Quaternary fluvial tufa sys-
tems in southwestern Tunisia, similar to those herein
described at the upper part of FA 1.

Two variations of FA 1 are distinguished based on
the absence of the channel fill and floodplain depos-
its (FA 2) and the presence of significant deposits
representing stagnant pools in the palustrine zones
(FA 3).

Facies Association 2: Palustrine zones with pools

This FA, firstly with dominant calcite-coated
up-growing stems and carbonate sands and bioclas-
tic limestones in lateral relation, followed by phy-
toclastic rudstones, being the calcite-coated clasts
originated from erosion of the palustrine zones (Fig.
7D, 7E), overall reflects a dominant low energy en-
vironment. These deposits are associated with exten-
sive sandy and bioclastic limestone deposits formed
in shallow slow-flowing and ponded areas along the
river channel (pools) and mostly in the floodplain.
The height and density of the plant moulds (faci-
es Lstl) give account of the presence of thriving
marshy vegetation (e.g., reeds) and sluggish water
areas throughout (Fig. 8B, 8D, 8F).

Pedley et al. (2003) described palustrine condi-
tions with laterally related up-growing plants and
laminated tufa deposits in Quaternary tufas in cen-
tral Spain (Guadalajara province). Vazquez-Urbez et
al. (2012) described similar facies associations in the
Pleistocene, lower reach deposits of the Mesa River
(northeast Spain).

Facies Association 3: Palustrine zones with stagnant
pools

This FA is formed of calcite-coated up-growing
stems and phytoclasts in lateral relation, followed by
fine-grained phytoclast accumulation produced from
breakage of calcite-coated hygrophytes of palus-
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trine areas, together representing a palustrine envi-
ronment. This is associated with massive lime mud
deposits (Mm and Sb) with interbedded organic-rich
layers, which resulted from fine carbonaceous debris
settling-out in still water areas (stagnant ponds on
floodplain) formed in low energy conditions (Fig.
7B; 9b, 9C, 9D). Pedley et al. (2003) described
palustrine conditions with organic-rich mud accu-
mulation in Quaternary tufas in central Spain (Gua-
dalajara province).

Facies Association 4: Low-slope channel with small
cascades and pools

Phytoclast accumulation (Lph), then up-grow-
ing stem deposits (Lstl), represent channel fill
followed by low-discharge or intermittent current
areas with growth of hygrophytes around which
calcite precipitated then forming boundstones
(Lstl), while some fragments would form phyto-
clastic deposits, then rudstones (Lph). These de-
posits would be site for cascades to form and for
moss mats to develop ahead the up-growing stems
(Fig. 8C). The progradation and aggradation of
stacking moss layers, up-growing stems and phy-
toclasts would favour formation of small barrag-
es that pooled water upstream, with accumulation
of bioclastic lime mud in almost quiet-water are-
as upstream (as described by Pedley, 2009; Are-
nas-Abad et al., 2010; Toker, 2017). Therefore, FA
4 represents small moss mounds and related pool
deposits along the streams.

Facies Association 5: Cascade and dammed areas

This FA is not common; the formation and accu-
mulation of calcite-coated up-growing stems and
phytoclasts, both in lateral relation, reflect palustrine
conditions. This situation was followed by expan-
sion of pooled areas in which gastropods thrived and
lime mud accumulated (Sb and Lphf); then the up-
stream cascades with moss layers (Lbr) prograded
into the dammed, pool areas. This FA 5 is similar to
the upper half of FA 1, but adds the development of
cascade deposits (Lbr, Lst2 and Lsp), which repre-
sent the occurrence of small knickpoints along the
fluvial valley (e.g., Pedley, 2009; Vazquez-Urbez et
al., 2012; Gradzinski et al., 2013).

Discussion
Proposal of a sedimentary facies model

The proposed sedimentation model was construct-
ed based on the stratigraphic correlation and the
various facies associations that resulted from pro-
gradation, aggradation and lateral migration of envi-
ronments through time. The studied deposits repre-
sent the distal termination of a high-slope fluvial tufa
system, in which the decreasing slope downstream
favoured the development of palustrine areas, shal-
low ponded areas and small cascades. Moreover,
the increase in width of the valley downstream fa-
voured extensive development and preservation of
the palustrine facies (i.e., up-growing calcite-coated
stem boundstone). Therefore, the model corresponds
to a low-slope, wide stretch dominated by palustrine
conditions at the end of a stepped, cascade-barrage
fluvial system (Fig. 13).

This model includes detrital sediments (extraclasts)
that were deposited in shallow channels during incision
periods due to high water discharge events, leading to
gravel and sand deposits. Typically, channel incision
during high discharge occurred at the initial stages of
the Middle-Late Pleistocene record and was followed
by gravel and sand fill and then by floodplain depos-
its, at places with accumulation of fine-grained car-
bonaceous matter (FA 1). Afterwards, carbonate sed-
imentation turned to be dominant throughout. Most
flat areas became then site for palustrine vegetation
with sluggish water flowing across extensive areas.
The flooded action from some high-energy episodes
eroded the up-growing stem phytoherms and associ-
ated deposits (e.g., carbonate sands) over the palus-
trine zones, producing phytoclasts that were deposited
along the channels (e.g., at the beginning of FA 2 and
3) and on the palustrine areas. Some phytoclastic ac-
cumulations favoured the formation of small cascades
and barrages-cascades along the channel, with deposi-
tion of fine sediment (i.e., carbonate sand and granule
size) in the upstream dammed areas and moss layers
downstream (FA 4). Progradation of these cascades and
barrages-cascades structures gave rise to small hang-
ing calcite-coated stem boundstones (e.g. as in FA 5).
Hydrophilous vegetation and pooled areas with sandy
sediment became dominant downstream in flat zones
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(FA 2 and 3), where aggradation of carbonate sand and
lime mud in slow flowing and ponded areas occurred
during low energy discharges (FA 2, 3 and 5). In this
context, the hygrophilous plants were partially to ful-
ly submerged, then becoming coated with calcite and
transformed into boundstone of up-growing stems. Also
present is the abundant phytoclastic rudstone, which
originated from the breakage of calcite-coated hydro-
phytes and broken stems accumulated in the palustrine
environments. Water stagnation of some zones in these
areas favoured accumulation of marly, silty and sandy
sediment and preservation of peaty matter (FA 3).

Factors controlling extensive palustrine deposition
and preservation

Considering the large-scale sedimentary context of
the Ebron Valley, the different pre-Quaternary car-

bonate and non-carbonate rocks are incised by the
present river as it flows down the decreasing slope
gradient. There is a remarkable contrast between the
upstream and downstream sedimentological features
in the Pleistocene outcrops. The large cascade-bar-
rage structures (formed of moss and stromatolite bi-
oherms) and associated thick dam deposits upstream
(consisting of carbonate sands and phytoclastic
rudstones), e.g., near Castielfabib (as described in
Lozano et al., 2012, and Sancho et al., 2015), be-
came much less prominent downstream (e.g., near
Los Santos). There, cascade-barrage structures were
smaller and overall “small-slope and slow-water
facies” were dominant (e.g., carbonate sands and
silts, phytoclastic rudstones and stem phytoherms).
Interestingly, stromatolites, which commonly form
in fast-flowing water areas along moderate to high
slope zones (e.g., Violante et al., 1994; Arenas et
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al., 2014b), are absent in the Los Santos area of the
Ebrén Valley. Moreover, most moss mounds form
discrete bodies that represent small jumps (Fig. 5).
Another remarkable attribute in the Los Santos study
area is the lack or limited presence of features denot-
ing large or deep erosional processes within the tufa
sequence, which supports deposition in overall slow
to moderate flow condition.

These depositional changes coincide with a gener-
al decrease in slope and an increase in width down-
stream through the valley during the Pleistocene.
This change was conditioned by variations of bed-
rock lithology, from Mesozoic carbonate rocks up-
stream to Neogene alluvial rocks downstream (e.g.,
as shown in Fig. 2). The gentle sloping topography
of the Los Santos area and the lack of vigorous ero-
sional processes at the distal termination of the flu-
vial system enabled a dominant palustrine condition
to exist on the sluggish streams, along stream banks
and in pools within wide floodplains.

The Los Santos tufa sequence is much thinner (up
to 19 m) than the Castielfabib sequence (up to 77 m),
which is consistent with the distal deposition from
the carbonate source (springs upstream), leading to
reduction of calcite precipitation downstream, due
to the decrease of the dissolved calcium carbonate
content and/or the diminishing mechanical CO,-loss,
related to lesser water turbulence. This feature has
been shown in some modern fluvial tufa systems
(Arenas et al., 2015). Remarkable is the fact that the
present day water composition of the Ebron River
shows, mostly in the downstream area, minor de-
creasing trends in Ca content and alkalinity values,
but the values of the Saturation Index with respect to
calcite usually remains higher than +0.6, suggesting
the existence of tufa sedimentation in the distal part
of the river, though reduced compared to upstream
deposition rates (Arenas et al., 2015). Moreover,
present day sedimentation studies indicate that the
tufa deposition rates in each fluvial subenvironment
of the Ebron River were mainly controlled by the
CO,-outgassing intensity linked to local flow con-
ditions and the biological substrate type (Arenas et
al., 2015). In the Pleistocene study case, a decrease
in CO,-outgassing intensity would be expected, as
the area corresponded to the downstream, low-slope
area. As a matter of the fact, thickness of deposits on

tablets monitored every six months along that riv-
er also showed decreasing depositional rates down-
stream, coinciding with the area of Los Santos. Ad-
ditional water inputs through springs that introduce
CO, in the carbonate system may cause decreases
in calcite precipitation, as in the case of the present
Ebron River (Arenas ef al., 2015). This type of wa-
ter input was occasional in the downstream stretch.
In the Pleistocene, although spring CO,-inputs may
have accounted for the small tufa accumulation at
the downstream part of the system, this type of in-
puts is not expected to have been dominant, given
the extensive palustrine tufa deposits. Thus, springs,
if present, were small or occasional.

Many other ancient sedimentary fluvial systems
with slope and facies changes along the valley path
have been found in the Quaternary record (e.g., Vio-
lante et al., 1994; Pedley et al., 1996; Arenas et al.,
2014a; Capezzuoli et al., 2014; Huerta et al., 2016;
Toker, 2017). Several other Quaternary examples
with palustrine environments come from central It-
aly (Buccino et al., 1978), Israel (Heimann & Sass,
1989), central Spain (Pedley et al., 2003), southern
Turkey (Ozkul et al., 2010) and southwestern Tuni-
sia (Henchiri, 2014). However, situations with ex-
tensive low-slope palustrine tufa areas at the most
downstream fluvial stretch, as in the case study of
Los Santos, are not so commonly preserved.

Arenas et al. (2014a) described a moderate-slope
fluvial tufa model for Holocene deposits in the Ibe-
rian Ranges in which some portions with dominant
palustrine facies could be similar to those in the Los
Santos studied example. Thick palustrine deposits
have also been described in the lower reach of the
Pleistocene Mesa River (Vaquez-Urbez et al., 2012).
Henchiri (2014) related the dominant palustrine con-
ditions of Holocene tufas in southwestern Tunisia
to bedrock configuration and the flat topography of
the area where the springs emerged, prone to form a
marshy context.

In the Los Santos studied system, the large dammed
areas, opposed to minor and small cascades-barrages,
formed as a result of gentle gradient in the wider val-
ley, thus vertical growth of barrages was limited, while
favouring lateral migration of the fluvial environment.
Stagnant conditions in the pooled areas could be es-
tablished due to the likely long periods without wa-
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ter renewal and lack of vigorous flow, which together
favoured accumulation and preservation of organic
matter such as peat (e.g. as described by Pedley et al.,
2003; Arenas et al., 2014a; Henchiri, 2014).

The palustrine tufa of the Ebron River is a typi-
cal example illustrating the distal evolution of
a carbonate-rich riverine environment in a wide
low-layering area that, in the downflow direction,
progressively reduces or stops its capacity to pre-
cipitate calcite due to the decrease of the dissolved
calcium carbonate and/or the diminishing mechan-
ical CO,-loss, related to lesser water turbulence in
overall low-slope surfaces. In other settings, this cal-
cite precipitation reduction has been related to the
system entering other hydrological system with dif-
ferent hydro-geochemical characteristics (see Toker,
2017). In these settings, carbonate deposits are rap-
idly replaced by detrital tufa or mixed clastic suc-
cessions (Ortiz et al., 2009; Martini & Capezzuoli,
2014). However, this is not the case of the Pleisto-
cene example studied herein.

Together, the above discussion indicates the com-
plex interplay of factors that control fluvial tufa
deposition (geology, topography, hydrology, hydro-
chemistry, biology, climate; see Goudie et al., 1993;
Pedley et al., 2003; Pentecost, 2005; Valero Garcés
et al., 2008; Arenas-Abad et al., 2010). As cited
above, the factors that favour the formation of tufa
palustrine systems are: the reduced slope and large
amplitude of the sedimentary substrate, the high
saturation of water in calcium carbonate and the re-
duced and slow water level changes, along with the
absence of strong erosional processes.

Subsidence is a principal factor that favours accu-
mulation and preservation of different types of de-
posits. In the investigated environment, for instance,
thick tufa, oncolite-bearing and bioclastic limestones
formed in the middle-late Miocene of the Ebro Ba-
sin; thickness and preservation were clearly linked
to subsidence induced by evaporite-solution of un-
derlying bedrocks (Arenas et al., 2000). In this case,
the corresponding beds showed typical geometry
and thickness variations. Similarly, thick and varied
facies deposits formed westward in the Ebro Basin,
in relation to subsidence associated to a blind thrust
rooted in the Iberian Range during the middle-late
Miocene (Vazquez-Urbez et al., 2013). However,
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thick dominantly palustrine tufa successions pre-
served in basins affected by tectonic activity and
subsidence have been reported only in a few cases
(Ellera Basin; Pazzaglia et al., 2013).

Due to the concurrence of such varied conditions,
extensive areas of palustrine tufa at the downstream
areas of fluvial systems form only rarely and related to
local situations. For instance, in arid conditions (Ben
Younes tufa - Gafsa area, Tunisia) Henchiri (2014) de-
scribed extensive palustrine tufa deposits related to re-
peated occurrence of springs able to lead supersaturat-
ed waters. Tufa deposits can also represent the distal
portion of thermal systems, where typical travertine
facies are transitional to cooler, plant-rich tufa facies
and especially of suitable environments as lakes, allu-
vial plains or marshes (Della Porta, 2015; Della Porta
et al., 2017; Brogi et al., 2017; Mancini et al., 2019;
Mohammadi et al., 2020).

In brief, from the above discussion, the factors that
favour the formation of tufa palustrine systems are:
the reduced slope and large width of the sedimentary
substrate, the water saturation in calcium carbonate and
the reduced and slow water level changes, along with
the absence of strong water discharge provoking ero-
sion. Preservation is expected to be greatly affected by
subsidence, as in any other subaerial contexts. Whether
subsidence could control the characteristics of the stud-
ied palustrine system in the Ebron valley is unknown.

Conclusions

The Pleistocene Los Santos studied deposits repre-
sent the distal termination of a high-gradient fluvial
tufa system in a wide low-layering area with typical
features of the palustrine environment, with domi-
nant up-growing stem boundstones and carbonate
sand and silt deposits. This extensive area was close
to the Ebron river entering the main or trunk river
(Turia River, southeastern Iberian Range, Spain).

Five fundamental facies associations were recog-
nized: (FA 1) Channel fill and floodplain passing to
palustrine zones; (FA 2) Palustrine zones with pools;
(FA 3) Palustrine zones with stagnant ponds; (FA 4)
Low-slope channel with small cascades and pools;
(FA 5) Cascade and dammed areas.

The sedimentary facies model proposed in this
work represents a carbonate fluvial sedimentary sys-
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tem predominantly developed along the longitudinal
profile and with limited lateral extension due to the
surrounding relief, conditioning the river’s migration
path. The Los Santos area developed downstream
of a stepped fluvial stretch. Bryophyte boundstones
(Lbr) formed in small cascades, but were not com-
mon due to the low gradient, in contrast to pooled ar-
eas and extensive floodplain, hence with a dominant
palustrine environment, with abundant carbonate
sands (Sb), up-growing stem boundstones (Lst 1)
and phytoclastic limestone (Lph). These conditions
are consistent with the absence of stromatolites (Ls),
typical of high-energy zones in upstream zones.

Bedrock lithology conditioned the slope decrease
and the widening of the valley downstream. The
occurrence of an extensive low-gradient area with
stable water level and absence of strong erosional
processes favoured the development of hydrophil-
ous plants, shallow ponds with fine deposition and
accumulation of organic matter, as well as the pres-
ervation of the correspondent deposits.

The general thinner tufa and minor clastic depos-
its in the studied area (up to 19 m) respect to the
upstream deposits (up to 77 m) of the same fluvial
system was linked to the distal deposition from the
carbonate source (springs from carbonate aquifer),
leading to reduction of dissolved calcium and bicar-
bonate contents downstream, and to the diminishing
mechanical CO,-degassing in the low-gradient envi-
ronments. Similar conditions occur at present in the
Ebron River.
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