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ABSTRACT 
Two models of tufa build-ups, (1) a perched spring tufa (transverse system) and (2) a fluvial 

barraged tufa (axial system), are intimately linked to the outflow of a perched spring and to the 
spring location in relation to a valley axis located in the central sector of the Betic Cordillera 
(Southern of Spain) 

The style of deposition of the transverse spring tufa is characterised by vertical cascades and 
moss curtains, and encrusted vertical stems. The transverse spring tufa system prograded from a still 
active perched spring on a hillslope until it dammed the fluvial valley. The gradual closing of the 
valley outflow provoked the upstream decrease of the longitudinal gradient of the axial system, 
allowing the accumulation of non-tufaceous sediments (a fluvial braided system) which evolved 
gradually into a fluvial barrage tufa (represented by oncoidal sinuous channels) and then into 
lacustrine stromatolitic domes. A Lower Holocene fluvial stepped tufa system, represented by 
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megaoncoids and bryophytes, filled a strait valley which truncated the previous tufa probably during 
the last glacial period.  

A gently gradient in the longitudinal profile, combined with a wider upper part of the valley 
at the spring top, provided the ideal context for standing water settings dammed by low and wider 
barrage-cascade build-ups, creating thin and extensive tufas at the middle of the previous interglacial 
period. The steeper longitudinal profile and a narrowing of the valley at the spring foot created fast 
flow settings, encouraging the formation of thick and confined fluvial stepped tufas filling incised 
valleys at the beginning of the next interglacial period (Early Holocene).  

 
Keywords: spring tufa, fluvial tufa, Quaternary geomorphology, Betic Cordillera 

  
INTRODUCTION 
Tufa represents carbonate precipitation within flowing freshwater systems such as springs 

and river channels. As tufa can form within a diverse range of geomorphic and hydrological contexts 
they can exhibit a wide array of morphologies and sedimentary features. This inherent complexity is 
compounded by the fact that tufa generation can be controlled by a number of factors including 
prevailing climate, bedrock geology, surface and sub-surface hydrology and tectonics (Pedley, 2009; 
Vázquez-Urbez et al., 2012; among others). The architecture, sedimentology and stratigraphy of the 
tufas is a function of; 1) climate forcing, 2) large-scale geomorphological changes (switches between 
channel stability and channel incision which is also probably a function of climate) and 3) local 
geomorphic variations (i.e. damming of the system and the production of ponded deposits). The 
fluvial geomorphological context (valley width and slope and ruptures in the longitudinal profile), 
instead of climate (Viles et al, 2007) controlling the spring outflow changes (Martín-Algarra et al., 
2003) have been recently reported as the main factor controlling the style of deposition in tufa 
systems (Vázquez-Urbez et al., 2012).  
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 Despite this complexity tufa has the potential to act as an important indicator of past changes 
in both landscape and climate. As tufa requires warm and humid climates its formation is, in Europe, 
frequently used as an indicator of interglacial climate conditions (i.e. Ford and Pedley, 1996; 
Andrews, 2006; Pedley, 2009). Furthermore, the oxygen and carbon isotopic values of tufa can 
provide important information on past climate changes on both Milankovitch and sub-Milankovitch 
timescales (Capezzuolli et al., 2010). The complex architecture and sedimentology of tufa means, 
however, that extraction of palaeoclimatic information, whether from the timing of tufa development 
or from interpreting the isotopic signature that they contain, is not straightforward. Changes in tufa 
facies may reflect intrinsic shifts in carbonate sedimentology as a result of the lateral or vertical 
accretion of tufa, whilst tufa growth can also generate localised changes in hydrology which may, in 
turn, propagate major shifts in tufa facies and isotope geochemistry. The link between tufa 
development and factors as climate change and landscape evolution is complex and only the in depth 
sedimentological and stratigraphical study of these deposits can allow intrinsic and extrinsic 
responses to be identified. 
 In this study we present a detailed investigation of the Frailes tufa sequence in southeast 
Spain. The well-exposed outcropping of freshwater carbonates around the Frailes village allows the 
study of the complex internal organization of a valley infilling by two tufa systems, a transversal and 
a longitudinal tufa system, and a non-tufaceous fluvial system. High variability of tufa facies in 
horizontally short distances and complex vertical stacking consisting of aggrading stages filling 
incised surfaces linked to fluvial downcutting is shown in Frailes tufa. 
 

GEOLOGICAL SETTING, CLIMATE AND HYDROLOGY 
The tufa deposits (concept defined by Ford and Pedley, 1996, to refer to freshwater carbonate 

resulting from calcareous precipitation under a cool or near ambient temperature) occur along 4 km 
of the Frailes river, which runs from North to South, cutting the Mesozoic substrate (Sanz de 
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Galdeano, 1973) and overlying the Neogene-Quaternary deposits of the infilling of the northern 
margin of the Alcalá la Real Basin in the Central Betic Cordillera, southern Spain (Fig. 1A, B). Two 
tufa steps occur close to each other and separated vertically by more than 75 m in height (Fig. 1B): 
Frailes tufa or highest tufa step and Ribera Alta tufa or lowest tufa step. This study is focussed on the 
highest tufa step (its flat top is 975 m above sea level) which outcrops around the Frailes village (Fig. 
1C, D). The proximal parts of the Frailes tufa lie unconformably over a palaeorelief cutting the 
Mesozoic substrate (Triassic Keuper facies consisting of reddish sandstones and siltstones with 
bedded secondary gypsum and yellowish banded dolostones, overlying karstified Jurassic massive 
dolostones locally named “Carniolas”), while the distal parts lie aggrading over a regionally-
extension culmination surface capping the Neogene-Quaternary infilling of the basin also reported in 
the neighbour Guadix Basin (Viseras and Fernández, 1992).  

Most of the tufas in fluvial barrage systems documented in central Spain received their water 
input from springs restricted to the contact between Triassic Keuper facies impermeable materials 
and the overlying Jurassic karstified dolostones and limestones, such as the well-known tufas from 
Ruidera Lakes Natural Park (Pedley et al., 1996; Ordóñez et al., 2005). In the study area, a still active 
perched spring (mean annual temperature of 13.5 ºC), located at the Keuper-Jurassic contact, 
favoured the formation of tufaceous deposits. These deposits, as well as the Pleistocene fresh-water 
tufas deposited in the main valley, benefited from the Jurassic-Cretaceous marine limestones forming 
the main reliefs (Fig. 1B) as their source of carbonate. Recent talus cones breccias at the foot of the 
hills overlie the tufa deposits, truncated by present day Velillos River.  

The current climate of the area around the Frailes tufa corresponds to the continental 
Mediterranean type, with strong seasonal contrasts. Air temperature and precipitation were recorded 
from 1951 to 1987 by the Alcalá la Real meteorological stations, the mean annual air temperature 
being around 14ºC, with mean lowest values of 7ºC in winter and mean highest values of 20ºC in 
summer. The mean annual precipitation was around 690 mm, irregularly distributed, with its 
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maximum in winter and its minimum in August (data from Alcalá la Real meteorological stations; 
provided by the Agencia Estatal de Meteorología).  

 
METHODS 
The stratigraphic analysis, the study of facies and facies association, as well as the analysis of 

these lateral changes formed the basis for constructing the stratigraphic model. Six stratigraphic 
sections of the Frailes tufa have been measured (Figs. 2A, B), complemented with the 
sedimentological analysis of other significant outcrops. 

Thirty samples were taken for thin sections, and their microfacies were studied using an optical 
petrographic microscope. Stable isotopes of O and C were analyzed in some of these samples. The 
analyses were performed in the facilities of the Royal Holloway University of London, using bulk 
samples, which were powdered using a pestle and mortar. The δ13C and δ18O isotopic composition 
was established by analyzing CO2 liberated from sample reaction with phosphoric acid at 90º C. 
Internal (RHBNC-PRISM) and external (NBS-19, LSVEC) standards were also analyzed. The 
carbonate stable isotopes where analyzed using a VG PRISM series 2 mass spectrometer. In this 
study all isotopic values are quoted in reference to VPDB.  

The numerical age of the samples was obtained with the 230Th/234U according to the protocol 
from the Laboratory of ICTJA (CSIC, Barcelona) that use alpha spectrometry (see Table 1). 
Laminated carbonate samples from stromatolitic domes and megaoncoids were analyzed. As the 
relation 230Th/232Th indicates, the samples are contaminated and the uncorrected ages can be 
considered upper limits to the true age. Taking the ages and uncertainties into consideration (Table 
1), it seems that the two phases of tufa construction occurred during the Pleistocene and the 
Holocene, respectively.  

 
STRATIGRAPHIC ARCHITECTURE AND FACIES ANALYSIS 
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Frailes tufa fills an irregular topography represented by a mainly northeast to southwest 
fluvial entrench which controls the variable thickness of the tufa (up to 30 m thick). Two 
depositional systems in terms of prograding stratigraphical architecture are typified: (1) a transverse 
system prograding southeastwards, represented by tufaceous deposits (Figs. 2A, 3A) and (2) an axial 
system prograding southwestwards, represented by an alternation of tufaceous and non-tufaceous 
deposits (Figs. 2A, 3B). The axial system consists of two sequences: (1) a lower stratigraphically 
thin, extensive and fining-upward sequence unit evolving from non-tufaceous deposits at the base to 
tufaceous deposits at the top, and (2) an unconformably, upper stratigraphically (but topographically 
lower), thicker and laterally confined coarsening-upward sequence unit evolving from tufaceous to 
non-tufaceous deposits. Deposits of both transverse and axial systems are interdigitated. 

When studying the sedimentology and petrology of the abovementioned logs, a number of 
autochtonous and allochtonous facies, mainly tufaceous, have been identified (Table 2). After the 
field observations, a detailed study of carbonate thin sections under the optical microscope led to the 
description of 8 tufaceous facies, according to the recent facies classification proposed by Arenas-
Abad et al. (2010), plus a laminar calcrete facies. Their interpretation has been supported by 
comparisons with other examples of similar fresh-water tufas in the literature, such as the ones 
provided by Arenas et al., (2000, 2007), Pedley et al. (2003), Pedley (2009), Gradzinski (2010) or 
Vázquez-Urbez et al., (2010).   

The associations in which these and the non-tufaceous facies appear in the field are described 
below, and an interpretation for each one is provided. These associations are based on the 
classifications proposed by Pedley (1990) and by Arenas et al. (2010), and have been divided into 
two groups of tufaceous deposits, autochthonous-dominated and allochthonous deposits, and a third 
group of non-tufaceous deposits associated to them.  

 
Mostly-autochthonous tufaceous deposits  
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Facies association A: Cascade flowstones and moss curtains 
It is represented by steeply inclined to vertical carbonated precipitated sheets (facies Lst 2, Ls 

and Lbr, see Table 2). They are located at the front of the tufa building. The stratal architecture range 
from (1) several metres-scale high convex-up steeply dipping bedding packages with caves behind 
them (Fig. 4A) to (2) above 1 to 2 m high concave-up packages with vertical bedding at the top, 
distally evolving to horizontally undulating bedding at the base (Fig. 4B). Convex-up bodies 
showing an alternation of layers of stromatolites (Ls facies) and coated plants (Lbr and Lst 2 facies) 
appear at the lower part of the tufa building. They are located at the front of the tufa building.  

As it has been observed in modern similar environments, such as the waterfalls of the Monasterio 
de Piedra Natural Park (Vázquez-Urbez et al., 2010), in this facies association, vertical carbonated 
layers are inherited from curtains of moss and other herbaceous plants hanging from the fall rim 
related to carbonate-rich water flowing at waterfall or cascade. Where high water flow reaches the 
tufa rim, the water falls in parabolic trajectory, forming convex-up flowstones and leaving caves 
behind the tufa curtain (Fig. 4A). Where standing or gently flowing water reaches the tufa rim, the 
water falls with a vertical trajectory, adapting to the subhorizontal substrate at the fall foot (Fig. 4B). 
Convex-up cascade flowstones occur at the front of non-barraged tufa and concave-up cascade 
flowstones occur at the front of barraged tufa.  
 

Facies association B: Build-ups of bryophytes, stromatolites and phytoclastic layers 
1 to 5 metres-high asymmetric convex-up domes consisting of stacked mm to cm thick sheets 

alternating of stromatolites (Ls) and bryophytes (Lbr) (Fig. 4C) and phytoclastic limestones (Lph). 
The internal organization consists of steep downstream dipping undulated laminae adapting to the 
previous accumulation surface. The core of this accumulation may consist of allochthonous 
tufaceous deposits such as phytoclastic limestones or megaoncoids.   
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 This association is interpreted as tufaceous barrages in streams with occasional phytoclasts or 
megaoncoids stacking in narrow and high-energy streams (Arenas et al., 2010) The downstream 
dipping of the sheets reflects the downstream progradation of the barrage. Alternation of bryophytes 
and phytoclastic sheets is interpreted to be controlled by alternation of low and high discharge 
periods of the stream, respectively. The location of stromatolitic sheets at the top and at the barrage 
front is interpreted as precipitation by microorganisms in fast flow areas when the barrage is flooded.  

 
Facies association C: Stromatolite domes  
This facies association is represented by large bodies formed by multi-layered boundstones of 

microbial communities which display laminar build-up growth forms (facies Ls). These bodies are 
0,5 to 1 m high dome head shaped stromatolitic bioherms (Fig. 4D). Stromatolites exhibit 
laminations constituted by alternating µm to cm thick of light spar and dark micritic layers with 
pores coated by a micritic layer nucleating calcite fan-like crystals (Fig. 4E). They are present at the 
top of conglomeratic and oncoidal (Lo facies) channel fill deposits.  

Arenas et al. (2007) have interpreted stromatolites developed in a similar fluvial architecture, 
occurring at the final stage of oncolitic channel fills, as formed during quiet conditions in shallow 
ponded areas after the partial isolation of channels evolving to lacustrine settings. The asymmetry of 
stromatolitic domes can be presumably linked to the current flow close to outflow point in the 
barrage as interpreted in other examples (Zamarreño et al., 1997). The southwards verging 
asymmetric lamination of Frailes stromatolite heads imply at least slow flow towards the south into 
the pools, in contrast to the typical symmetric laminated stromatolites domes developed in lacustrine 
settings, where stagnant water dominates. The presence of what have been interpreted as larval 
housings (Fig. 4F) within the stromatolitic facies, by comparison with similar structures present in 
other tufa examples (Carthew et al., 2002, 2003, 2006; Gradzinski, 2010) is normally associated to 
dam surfaces and cascades in hydraulic zones ranging from standing water to gently flowing water, 
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although certain types of larvae are related to zones with relatively high flow velocity (Carthew et 
al., 2006). However, the difficulty to recognize in detail which type of larvae produced the 
bioturbation in the stromatolitic domes restricts the environmental proxies to interpret them mainly 
to the stromatolitic morphologies. 
 

Facies assocation D: Biomicrites and phytoherms of stems 
This facies association is formed by lenticular to tabular carbonate bodies with a thickness 

ranging from several cm to 1.5 m and a lateral extent that varies on a metre- to hectometre-scale. 
They are dominated by the Lb facies (Fig. 4G), usually showing a micritic matrix with a variable 
content in malacofauna and/or carophytes. Sometimes they are associated to phytohermic 
framestones (facies Lst 1) (Fig. 4G). The plant remains may belong to macrophytes (facies Lst 1) 
and/or to bryophytes (Lbr), and they may appear as a framestone without matrix or associated with 
the lacustrine-palustrine facies (Lb) (see Table 2). Occasional leaf moulds are preserved. Their 
petrography is described in table 2, and starting from their meso- and microscopic features, they 
show different degrees of pedogenic and diagenetic alteration.  

Following the interpretation for similar deposits in the neighbouring Guadix Basin (Betic 
Cordillera, Southern Spain) (Pla-Pueyo et al., 2009a), these deposits have been interpreted as ranging 
from primary lacustrine facies (Gierlowski-Kordesch, 2010), with charophyte remains, pointing to a 
relatively deep water (Platt and Wright, 1992), to palustrine shallow facies (Alonso-Zarza, 2003) 
with different degrees of alteration, showing features due to subaerial exposure such as mottling or 
nodulization (Freytet and Verrecchia, 2002). Phytohermic framestones represent hygrophytic plants 
in which their submerged parts were coated by calcite, following the interpretation of similar facies 
by other authors (e.g. Pedley, 1990; Arenas et al., 2000, 2007; Pla-Pueyo et al., 2009b; Arenas-Abad 
et al., 2010).  
  



Author version of García-García et al 2014, Facies 60, 53-72. (CC-BY-NC-ND user license ) 
 

 10

Allochthonous tufaceous deposits 
 

Facies association E: Oncoidal deposits 
This facies association is characterized by the presence of unattached grains coated by 

concentrical laminae, with a spherical to elongated-shape. There is an alternation between sparry 
light coloured laminae and micritic brown-orange ones. These oncoids may show a stem fragment, 
an intraclast (tufa clasts) or an extraclast (mesozoic limestone pebbles) as their nucleus. The oncoids 
are classified following the oncoid size classification of Arenas et al. (2007) as small (several mm to 
5 cm), large (10 to 25 cm) and giant oncoids (more than 40 cm). Spherical megaoncoids occur at the 
valley bottom, punctually stacked and coated by stromatolites aggregating the oncoids (Fig. 5A). 
Small oncoids appear in two ways: (1) normal graded oncoids within non-channelized orange sands 
commonly showing root moulds and (2) 0,5 to 1 m thick channel-like bodies with cross-bedded 
oncoidal sediments, cutting oncoidal sands deposits (Fig. 5B, C). Sands channels with cylindrical to 
lenticular oncoids appear laterally and vertically, respectively, linked to the transition between non-
tufaceous deposits (e.g. facies association G) and tufaceous deposits (e.g. facies association C).  

Following the interpretation of Arenas et al. (2007) the origin of large oncoids is related to long 
mobile wood fragments or allochthonous clasts that accumulate at the bottom of the streams during 
low discharge phases and around which carbonate precipitates. Once the already coated grains are no 
longer mobile, the microbialite coatings continue growing as attached stromatolites. The location of 
the megaoncoids at the strait valley bottom is related to the high energy of the fluvial discharge, able 
to move coarse litho- and phytoclasts (oncoids nuclei) and to move megaoncoids. Spherical shapes 
are associated to high-energy water subenvironments, such as fluvial channels (Zamarreño et al., 
1997). The stabilization of megaoncoids is encouraged by carbonate precipitation covering and 
aggregating several megaoncoids. These dome shape bodies formed the core of fluvial barrages 
(Facies association B). Small oncoids in sands are interpreted to be deposited within low-energy 
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streams, when flow is expanded into lateral vegetated areas during floods. The orange colour and the 
root moulds indicate a certain degree of subaerial exposure, leading to oxidation of the deposits and 
colonization by plants. Cross-bedded oncoidal sediments are interpreted as point bars in sinuous 
channels flowing within the alluvial plain with slow flowing waters. 
 

Facies association F: Phytoclastic deposits 
It is formed by cm to 1,5 m thick normal graded rudstone to grainstone/packestone phytoclastic 

beds (Lph facies, see Table 2), which predominantly consist of chaotically arranged broken coated 
stems, millimetric to centimetric in diameter and length, and occasional leaf mould fragments (Fig. 
6A). Sparry diagenetic cements may be found either as intergranular cements or as precipitates 
within the phytoclasts (Fig. 6B). Sometimes a micritic matrix is present, pointing to relatively low 
energy conditions. They may appear associated to small oncoids (Lo facies) aggregated by a 
carbonate coating, within small channels cutting fine detritic sediments. The bed geometry is 
variable, adapting to the ground, ranging from horizontal to sigmoidal beds. They are constituted by 
30 to 120 cm thick normal grading of mm to 10 cm long phytoclasts (predominantly of stems) in 
erosional base beds. 

These facies result from breakage of carbonate coated plants caused by moderate energy events 
that affected proximal vegetated areas (Arenas et al., 2007).  

 
Non-tufaceous deposits associated  

  
Facies association G: Channelized clast-supported gravels 
These facies association occur mainly in the axial system. They consist of normal grading and 

imbricated pebble clasts of dolostones and limestones (Mesozoic clasts from the source area) and 
occasionally tufa clasts filling 0,5 to 1,5 m thick and 1 to 15 m of lateral extension channel-like 
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bodies (Fig. 6C). Clasts usually appear coated by a carbonate crust. Proximally, these deposits 
overlie unconformably the folded Mesozoic substrate, filling an irregular topography, and distally 
they truncate oncolitic sands. These sedimentary bodies present a particular external geometry. Their 
base is strongly entrenched, and the surface forming the limit between the body and the entrenched 
fine sediment is very irregular, with an expansive upwards trend. In detail, this expansive trend is no 
continuous. As the body evolves, new irregularities appear in the margin, meaning that locally, the 
fine sediment predominates where the coarse channel sediment was previously being deposited, and 
vice versa. Therefore, when the coarse sediment predominates, we find development of normal 
graded beds of granules and oncoidal coarse sands, with a plan-convex upwards lens morphology 
that thin as we separate from the main body (Facies association E). These beds correspond to 
overbank wings of the channel on the mudflat in which it is developed. From the point of view of the 
facies present in the main body, a vertical evolution has also been identified. In the most entrenched 
section, located at the base, the filling corresponds to massive gravels. In the intermediate section, 
well bedded gravels are recognize, often showing trough cross bedding, indicating a better 
organization in the sedimentary process. The clasts deposited in the channel at this level often 
correspond to oncoids and coated stems (Facies association E). Finally all the body is covered by a 
thick bed of stromatolitic domes (Facies association C) (Fig. 6D, E). 
 According to Fernández et al. (1993) this type of fluvial bodies are developed in endorheic 
basins, with a fluctuating lacustrine base level very close to the channels. Thus, the lowest part, 
strongly entrenched, corresponds to the erosive scar developed when the fluvial system is not 
dammed. During this stage there is barely any fluvial sedimentation, but erosion and sediment bypass 
downstream in a basically straight channel.   

In the moment when a barrage starts forming in the axial valley, a water dam is produced, and 
the flow speed decreases suddenly. The sudden energy decrease provokes a fast accumulation of the 
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transported sediment, not giving the fluvial system the chance to develop well-organized bedforms in 
the straight channel, but only massive gravels at the base of the body. 

Once the erosive scar is filled, the base level rise due to the dam leads to the development of a 
mud flat on which the channels transporting coarse sediment penetrate. Thus, the limit between the 
coarse and the fine sediment becomes is a resulted of the relation between the speed of accumulation 
of gravels and coarse sand within the channel and the speed of vertical accumulation of lutites on the 
mud flat. The previously straight channel becomes a low sinuosity braided channel where low relief 
gravel bars are deposited. When the channel overflows, it develops levees on the adjacent mud flat, 
built mainly by the lower density sediment (oncoidal sands and granules), forming the overbank 
wings of the channel. On the contrary, during moments of scarce fluvial transport, the fine sediments 
of the mud flat impose over the coarse sediment. This alternation in time conforms the irregular 
margin of the sedimentary body.  
Finally, when the barrage/dam is at its maximum height, certain stability is produced, with a general 
flooding of the part of the valley closest to the dam. At this moment, the coarse sediments that were 
deposited in the old channel act as the core for the development of the stromatolitic domes (Facies 
association C). The rising of the local base level leads to the deposit of the coarser sediment in a 
more proximal part of the system.  

The vertical distance from the entrenched base to the top of the stromatolitic domes can be used 
as an estimation of the accommodation height temporarily created in this part of the valley through 
the development of the barrage.  
 

GEOCHEMISTRY OF THE TUFA DEPOSITS 
The results of the stable isotopic analysis on the Frailes tufas show that the different carbonate 

facies have a very similar isotopic composition (Fig. 7), with mean values of δ13C of -7.01‰ PDB 
(δ13C range: -7.59 to -6.35‰) and δ18O of -6.40‰ PDB (δ18O range: -6.70 to -5.69‰). These values 
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are in agreement with those of other well-dated Quaternary Spanish tufas (Andrews, 2006) and with 
the range of values for regions dominated by C3 vegetation.  

The isotopic values obtained for the Frailes samples have been compared with other Pleistocene 
to recent tufas from Spain, such as the Tagus River (Ortíz et al., 2009), the Urrea de Jalón tufas 
(Arenas et al., 2000) or the Ruidera Lakes Natural Park tufas (Andrews et al., 2000). Data from some 
of the other tufa locations (del Rey and Redondilla sites from Ruidera and Urrea de Jalón tufas) have 
been plotted against the Frailes samples, using the fields proposed by Andrews et al. (1997) to 
distinguish between different European tufa settings (Fig. 7). The Frailes tufa isotopic results fall 
within the typical range for fluvial tufas in Spain, which coincides more or less with the UK lakes 
field proposed by Andrews et al. (1997). When looking at the isotopic values of the different facies, 
the most remarkable are the values for the Ls facies in the stromatolitic domes. They are quite 
different from the values observed for the Ls facies in cascade flowstones and the rest of the sampled 
facies (Lst 1, Lb and Ll), giving the highest values for C and O. This probably indicates a more 
lacustrine nature of the stromatolites forming the domes with respect to those forming the cascade 
facies, but more data would be necessary to support this assumption, as this value is within the field 
of the lowland European streams and wooded Alpine streams field (after Andrews et al., 2006). As 
the other Spanish tufa localities, the Frailes tufa samples fall within more than one of the Andrews et 
al. (1997) fields (Fig. 7). 

 
SEDIMENTARY FACIES MODELS 
The wide range of facies associations recognized in the study area wide is interpreted to belong 

to several tufa depositional contexts, following the tufa models classification by Pedley, (1990, 
2009), Ford and Pedley (1996) and Arenas-Abad et al. (2010). The environmental models interpreted 
are the following (Fig. 8): 
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Perched spring to cascade tufa (transverse system)  
It consists of a 30 m-high carbonate tufa build-up which shows a 500 m-radium fan shape in 

plan, opening from the spring source (a spring still recently active) and gently convex-up in 
transverse section (see MDT image in Fig. 2A). It is mainly built by carbonate precipitation on 
hanging curtains of stems, hemispherical mosses and cascade flowstones with blind caves (facies 
association A), but also on phytoherms of stems (facies association B). 

According to Peddley (2009), in this model could be distinguished proximal and distal deposits. 
The proximal deposits are made up by steepped springline lobes and cascades, intimately related to 
mosses (bryophytes) which rapidly become tufa coated and preserved the vegetal morphologies as 
characteristic vertical fabrics. Distal deposits are composed of intraclast tufa which is carried beyond 
the proximal deposits. In our model, the proximal deposits are clearly represented by the cascade 
flowstone and moss curtains facies (facies association A, Fig. 4A). The development of the distal 
facies is complex to show because the village of Frailes occluded their outcrops. However, the log 6 
(Fig. 2B) shows at their bottom the presence of Lph facies, which could be considered the equivalent 
to distal facies from Peddley (2009). Overlying these deposits, the Lst2 facies were developed, 
showing the presence of cascades and the curtains of hanging stem (facies association A). 

 
Fluvial tufa (axial system)  
Low-gradient, fluvio-lacustrine with tufa barrage (Pleistocene?) (Fig. 8A-D) 
It is represented by an alternation of non-tufaceous and tufaceous deposits. The upper part of the 

non-tufaceous sequence is represented by finning-upward sequences of fluvial braided gravels 
(Facies G) evolving to the top to dominantly carbonate deposition, represented by small oncoidal 
sinuous channels (Facies E) and stromatolite domes (Facies C) formed in pools located upstream of 
the tufaceous barrages. The axial fluvial system was only dominated by tufaceous sedimentation 
(oncoids and stromatolite domes) when the low gradient longitudinal profile was blocked by the 
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transverse tufa system at the topographic height of the spring feeding it (975 m asl), leading to the 
phase of barraging of the fluvial system.  

The vertical evolution from coarse-grained non-tufaceous deposits at the base to allochtonous-
dominantly tufaceous deposits at the middle to autochthonous-dominated tufaceous deposits at the 
top is interpreted in terms of decrease of gradient and flow velocity.  

 
High-gradient, stepped fluvial tufa (Holocene) (Fig. 8E-F) 
It is represented by a vertical sequence evolving from tufaceous deposits at the base to non-

tufaceous detritic deposits at the top. Tufaceous carbonate deposits are represented by megaoncoids, 
coated bryophytes and phytoclastic build-ups (facies associations B and E) forming fluvial barrages 
at the bottom of strait incised valleys truncating previous tufa deposits. The transition of tufaceous to 
non-tufaceous deposits is represented by sands with small oncoids. The top of the vertical sequence 
is represented by non-tufaceous clastic deposits, dominated mainly by breccias.  
 

 
GEOMORPHOLOGIC-CONTROLLED TUFA ARCHITECTURE 

 The development of tufa systems has been a topic very interesting in the literature. The 
hypothesis more extended is that their development is clearly controlled by the climatic conditions. 
Then, Peddley (1990), Ford and Peddley (1996), Peddley et al (1996), Chen et al. (2004) or Peddley 
(2009) argue that the best development of tufa systems were under warm, humid and temperate 
climate. The temperature is a major controlling factor in the morphological development of tufa 
fabric. Peddley (2009) establishes that the Mediterranean tufa deposition reached a maximum during 
warm and wet interglacial periods.  

An hypothesis is proposed by Vázquez-Urbez et al (2012), who show that the climate is one 
factor that condition the presence / absence of tufas, but it does not controlled the distribution of 
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facies within the sedimentary systems. The latter might be conditioned by the geomorphological 
context of the valley where the tufas form, with width and slope being decisive along with the 
presence or absence of ruptures in the longitudinal profile. 

Assuming that, the climate cannot be considered as the factor controlling the facies and the 
architecture of the both tufa systems and, as indicate Vázquez-Urbez et al. (2012), the 
geomorphology of the area considered in the present research should be the major in these processes. 

The fluvial geomorphological context (valley width and slope and ruptures in the longitudinal 
profile) has been recently reported to be an alternative to climate as the main factor controlling the 
sedimentary style in tufa systems (Vázquez-Urbez et al., 2012). Here are the proposed stages of 
evolution of fluvial tufa systems on the basis of Frailes researching results:  
 
  First phase of construction (Pleistocene?) 
 Thick transverse spring tufa 

High accommodation height availability (accommodation height is represented by spring to 
bottom valley height) encouraged the development of a thick transverse spring tufa system 
(controlled by the initial fluvial valley width). The high gradient of the longitudinal fluvial profile 
encouraged first erosional processes, and later the deposition of axial non-tufaceous fluvial systems 
and clastic tufas (phytoclastic-dominated fluvial tufas, accumulating eroded tufas developed in less 
steep marginal areas of the system) (Fig. 8A). The axial system deposits started being preserved 
when carbonate precipitation from spring water reached the axial position.   

 
Thin, extensive, low-gradient axial fluvial barrage tufa 
The progradation of the transverse tufa system, fed by the main spring, led to the narrowing 

of the valley, the fluvial deposits aggradation and the smoothing of the longitudinal profile. As the 
aggradation progressed, the fluvial gradient decreased and the valley got wider and shallower (the 
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spring-valley bottom height is decreased) (Fig. 8B). Under these conditions, a slower flow was 
favoured. The decrease of the gradient of the river encouraged the transition from a high-gradient 
axial system, represented by braided channels, to a middle-gradient axial system, represented by 
oncoidal sinuous channels in the floodplain and low and wide tufa build-ups barraging the river and 
forming pools upstream. (Fig. 8C). Low accommodation height encouraged the development of thin 
and extensive low-gradient tufas formed by mix of spring and fluvial water. 
 

Second phase of construction (Holocene) 
Thick and restricted high-gradient axial fluvial tufa 
Incised valleys truncating the previous tufa during the glacial period (Würm glacial period in 

Frailes example) (Fig. 8D) are filled by axial high-gradient fluvial stepped tufas and tranverse 
spring-cascade tufas after downcutting (Fig. 8E). A steep gradient and the narrow fluvial valleys 
encourage then the entrapment of tufa deposits. Steep and narrow valleys close to springs provide the 
ideal geomorphological setting for high aggradation rates of axial tufa systems. As documented in 
recent fluvial tufa systems, high carbonate deposition rates occur in high energy hydraulic settings 
where intense CO2 outgassing takes place (Vázquez-Urbez et al., 2010). In this way, valleys will 
quickly become barraged. Restricted valley and high-energy deposition allow the formation of 
barrages without pools or ephemeral and restricted pools upstream the barrage. Megaoncoids at the 
nucleous of bryophytes barrages in the axial fluvial tufa and cascade flowstones as the transverse 
spring tufa deposits are the sedimentary style of tufas characterizing this stage.  

 
In the Mediterranean we would normally think of glacial climates is linked to landscape 

instability and interglacial climates is linked to landscape stability. This is because the low 
vegetation cover and more seasonal and extreme rainfall events of glacial climates because the 
stripping of sediments from the hillside, downcutting in the headwaters and aggradation in the lower 
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reaches. The high vegetation cover and more humid conditions mean that landscapes become stable 
and channels become quiescent. This is important because tufas won’t form when you have unstable 
channel beds or high rates of sediment supply. It is likely that tufa precipitation is only possible, 
regardless of landscape stability, during interglacial/warm climate intervals. Over-printed onto this 
are the local geomorphological variations relating to channel damming and ponding. 

 
CONCLUSIONS 
The tufa architecture and sedimentation style of Frailes tufas are controlled by the valley 

geomorphology close to the spring. Parameters as accommodation height –or spring height from the 
valley bottom-, valley width, transversal and longitudinal profile gradient conditioned the facies 
distribution and tufa model. The tufa architecture is a complex result of tufa and non-tufaceous 
deposition stages showing progradational and aggradational stratal pattern filling a fluvial valley, and 
stages of river entrenchment.  

From the Frailes tufa study, a megasequence of two phases of tufa construction with an 
intermediate stage of non-tufaceous deposition configured the stratigraphic architecture of the fluvial 
valley infilling. The megasequence of filling is characterised by (1) an initial stage -after river 
downcutting- represented by high accommodation height, high-gradient transversal and longitudinal 
profile encouraging the thick deposit of a spring tufa with cascade flowstones at the front and 
bryophytes at the bottom, and a laterally restricted axial system represented by megaoncoids facies, 
(2) an intermediate stage represented by braided non-tufaceous channels vertically evolving to 
sinuous oncoids channels is preserved in the axial system as the longitudinal profile is decreasing 
and (3) a thin and extensive fluvial barrage tufa topped the valley infilling when the accommodation 
height and longitudinal and transversal profile is low to encourage the fluvial barraging and the 
deposition of stromatolitic domes into pools upstream dams.  
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Figure captions 
 
Figure 1. (A) Location of the Betic Cordillera in Southern Spain. (B) Location of the Frailes tufa and 
other tufa systems (white asterisks) in the central sector of the Betic Cordillera. The situation of the 
tufa examples provided is linked to the surface limiting Triassic rocks (gypsum and shale) and 
Jurassic to Cretaceous carbonate units. (C) 3-D geological sketch of the northern part of the 
Neogene-Quaternary Alcalá Basin, showing the extension of the tufa step outcropping close to 
Frailes village and the position of logs 1 to 6. (D) Distribution of Frailes houses around the tufa 
deposits: the top district built on tufa top and the down district of cave-houses excavated into the tufa 
deposits cut by the recent Frailes river. 
Figure 2. (A) DTM image showing the distribution of the spring (Transverse tufa system) and fluvial 
barraged tufas (axial tufa system). Observe the fan-shape of spring tufa closing the fluvial valley 
drainage. The model also shows the position of the studied logs. (B) Stratigraphic logs (1 to 6) with 
indication of the facies showed in each one.  
Figure 3. (A) Geological skecht of the Transverse system along a valley transversal section crossing 
the spring tufa build (see location in Figure 2A). (B) Geological skecht of the Axial system and 
stratigraphic logs (1 to 6) (see map on Figure 1C for logs position and Figure 2A). 
Figure 4. Autochthonous tufa deposits in the Frailes area. (A) Cascade flowstones prograding 
transversally to the main fluvial valley. Notice the primary caves developed behind the vertical 
carbonate sheets. (B) Laminated stromatolites going from a steep to an almost horizontal disposition, 
prograding at the downstream side of two meters-high fluvial barrage. (C) Detail of moss layers 
(phytoherms of bryophytes) alternating with stromatolitic layers. (D) An asymmetric 1 m high 
stromatolitic dome. (E) Photomicrograph (optical microscope) of undulating lamination in 
stromatolites (autochtonous Ls facies). (F) Photomicrograph (optical microscope), pores coated by a 
micritic layer in their upper part, nucleating calcite fan-like crystals. These microscopic features have 
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been interpreted as larval housings (Carthew et al., 2002, 2003, 2006; Gradzinski, 2010) arranged 
one over another in stromatolitic facies (Ls). (G) Bioclastic (ostracods) palustrine limestone (facies 
Lb) under the optical microscope showing geopetal fillings (vadose silt and blocky sparry cement). 
Figure 5. Examples of allochthonous tufa facies in the Frailes area. (A) Stacking of megaoncoids and 
stromatolitic laminae covering and grouping two or more megaoncoids, forming a barrage at the 
valley bottom. (B) Photomicrograph (optical microscope) of oncoidal facies (Lo). (C) Channel of 
cross-stratified and normally graded small oncoids (allocthtonous facies Lo).  
Figure 6. Examples of allochthonous tufa deposits and non-tufaceous deposits associated. (A) Small 
channel filled by chaotic phytoclasts formed by cm-long coated stems (facies Lph). Notice the 
carbonate coats crusting small oncoids (facies Lo). (B) Photomicrograph (optical microscope) of 
phytoclastic facies (Lph). (C) Gravel channels cutting oncoidal sands. (D) Coated vertical stems at 
the top of a dm-thick sequence of oncoidal sands topped by planar-laminated stromatolites and 
coated stems (E) Stromatolitic domes overlying braided gravel channels and bars (at the bottom of 
the picture) (person to scale). 
Figure 7. Isotopic composition (δ13C, δ18O), of the different tufa facies, plotted against other Spanish 
Quarternary to recent tufas (see text for detailed description).  
Figure 8. Three transversal cross-sections (A to C) of the fluvial valley showing the evolution in 
style of deposition of transverse and axial Frailes tufa systems. 
 
 
Table captions 
 
Table 1. Data used to calculate the U-series ages of two samples from Frailes tufas. 
Table 2. Tufaceous and associated non-tufaceous facies description. The asterisk means that the 
feature is not always present. 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 

 
 
Table 1 

Sample Facies  Lab code 238U (ppm) 232Th (ppm) 234U/238U 230Th/232Th Age (Kyrs)   NA-2011-28 Megaoncoid 1605 0.28 0.07 2.14±0.05 2.312±0.149 9.8±0.5 
NA-04-23 Stromatolitic dome 1605 0.28 0.32 1.1±0.03 3.371±0.093 106.8+5.8/-5.5 
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Table 2 
 
Tufaceous Facies  
 
 

 
Geometry of strata and 
dimensions  
 
 

 
Textural features, sedimentary 
structures and biological content 

Interpretation 

 
Lst 1 
 

 
Phytohermal 
limestones of stems 
(palisades and 
bushes of stems) (Fig. 5B, 6B) 
  
 
 
 

 
cm to dm of thickness 
tabular bodies 

 
Boundstones of carbonate moulds 
of in situ macrophyte stems (mm to 
cm of width and length) 
Mostly vertical moulds (life 
position), some horizontal  
Sometimes plant leaves are also 
coated and preserved 
Calcitic coatings (up to ?? cm) with 
alternating layers of micrite and 
spar (µm to mm thick)  
Malacofauna usually absent 
Cyanobacteria, filamentous algae, 
diatoms? 
*Diagenetic and/or pedogenetic 
alterations 

 
Precipitation of 
calcite around 
stems of  living 
macrophytes 
(hygrophytes) in a 
shallow ponded 
area, either in 
palustrine settings 
or in  restricted 
fluvial floodplain 
areas. 

 
Lst 2 

 
Phytohermal 
limestones of stems 
(curtains of hanging 
stems)  (Fig. 6A) 

 
dm to m of thickness 
vertical to sigmoidal bodies 

 
Boundstones of carbonate moulds 
of stems (up to ??? cm of diameter) 
of macrophytes (life position) 
hanging as a curtain 
Calcitic coatings (up to ??? mm 
thick) with alternating layers of 
micrite and spar (µm to mm thick)  
Malacofauna usually absent 
 
 

 
Precipitation of 
calcite around 
stems of living 
hanging 
macrophytes in a 
steep area 
(cascade or 
waterfall) and 
growing 
downwards 

 
Lbr 
 

 
Phytohermal 
limestones of 
bryophytes  (Fig. 6C) 

 
cm-thick parallel layers 
giving convex-up 
morphologies 

Boundstones of bryophytes 
of carbonate coated moss plants 
laying perpendicular to oblique to 
accumulation surface.  
Calcitic coatings (up to ??? mm 
thick) with alternating layers of 
micrite and spar (µm to mm thick) 
Pores empty or filled by micrite or 
cements 
Malacofauna usually absent 
 

Precipitation of 
carbonate on 
living moss 
plants, in 
barrages, 
waterfalls and 
water jumps  
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Ls 

 
Stromatolitic 
limestone  (Fig. 5C-F, 6B-C) 
 

  
cm to m-thick tabular to 
convex-up morphologies 

Boundstone of microbial 
communities. Alternating layers 
with flat to undulating lamination 
of different thickness (µm to mm 
thick), porosity and crystal size  
*Presence of larvae housings 

Precipitation of 
biomediated 
carbonate by 
microorganisms 
(bacteria and/or 
algae). 
Two potential 
contexts in the 
study area: 
1)  In quiet areas, 
such as fluvial 
and lacustrine 
calm areas or 
inactive areas of 
waterfalls and 
caves. 
2) In fast flowing 
areas on the river 
bed (low slope 
zones and 
cascades) 

Lb Bioclastic limestone (Fig. 5A) 
cm to dm-thick tabular 
geometries 

Massive mudstone to wackestone 
limestones with a micritic matrix 
Malacofauna remains (ostracods, 
gastropods) 
Charophyte remains 
*Edaphization features (such as 
marmorization, root moulds,  
desiccation cracks) pointing to 
variable degrees of subaerial 
exposure and desiccation 

In situ 
sedimentation in a 
ponded low 
energy 
environment 
(lacustrine/ 
palustrine) 

Lph Phytoclastic 
limestone  (Fig. 4B, F) 

cm to dm of thickness 
channelized to sheet-like 
bodies 
 
 

Rudstones/floatstones of 
phytoclasts. Micritic matrix among 
coated stems and leaves.  
Stems range from 1 mm to 2 cm in 
diametre (inner). Calcitic coatings 
with alternating layers of micrite 
and spar (µm to mm thick)  
*Malacofauna remains 

Coated plant 
debris, eroded 
from phytohermic 
framestones, 
cemented before, 
during and after 
the deposit 

Lo Oncoidal limestone (Fig. 4A, 4D-F) 
 
 
 
 
 
 

cm to dm of thickness sheet 
to channelized-like bodies 

Rudstone of oncoids 
Oncoid size ranges from mm to 1 
cm in diameter (small oncoids) to 
35 cm in diameter (large oncoids) 
with spherical to ovoid shapes.  
Carbonate coatings (up to ??? cm 
thick) formed by alternating 
micrite-spar layers µm to cm thick.  
Nuclei of different shapes and 
nature (intraclasts, extraclasts, 
shells and plant fragments)  
 

Stromatolitic 
formation around 
a nucleus, under a 
fast, slow or static 
water regime 
(different 
resulting 
morphologies). 
They are usually 
related to channel 
fills, channel bars 
and lake shores. 

Li Intraclastic 
limestone  (No Fig) 
 

 mm to cm-thick horizontal 
layers 

Rudstones, packstones and 
grainstones of intraclasts 
The intraclasts may include 
fragments of coated stems,  
stromatolites and palustrine 
limestones 

Flood deposits 
accumulating  
previously eroded 
sediments. 



Author version of García-García et al 2014, Facies 60, 53-72. (CC-BY-NC-ND user license ) 
 

 38

Ll Laminar calcrete (No Fig) 
 

mm to cm-thick horizontal 
layers 

Coarse uneven carbonate 
lamination  

Root moulds, desiccation cracks 
and other edaphic features  

*Brecciated texture 
*Micrite coated clasts 

*Intraclasts 

Laminar horizons 
of pedogenic 
calcretes, 
developed by 
cementation and 
replacement of 
carbonate in 
edaphic profiles  

 
 
 
 
 
 
 
 
Non-tufaceous Facies  
 
 

 
Geometry of strata and 
dimensions  
 
 

 
Textural features, sedimentary 
structures and biological content 

 
Interpretation 

 
Gcs  

 
 Clast-supoorted 
gravels  (Fig. 4A,5C) 

 cm to 2 m-thick channel-
like bodies  
 
 
 

 
Normal-grading and imbricated 
gravels filling a 1 to 3 m thick 
channels (occasionally with wings) 
Limestones and dolostones clasts 
Gravels can laterally and vertically 
evolve to oncoids 
 

 
Stream deposits filling braided fluvial 
channels 

 
Gms 

 
Matrix-supported 
gravels (No Fig) 
 

 dm to 1 m-thick tabular 
beds 

 
Chaotic, matrix-supported angular 
clasts  
Limestones and dolostones pebble 
to cobble-sized clasts 
 

 
Debris flows in proximal alluvial fans

 
B 

 
Breccias (No Fig) 
 

 cm to dm sheet-like beds 
 
Sheet-like bodies of open-work 
desorganized to inverse-grading 
angular clasts  
Occasionally alternating with sands 
 

 
Sheet floods in debris cones to poor
maturity alluvial fans 

S  Sands (Fig. 4A,F, 5B) 
 

dm-thick tabular beds  Massive coarse to very coarse sands 
of carbonated grains (limestones 
and oncoids in nature) laterally and 
vertically linked to facies Gcs and 
B 

Sheet floods and channel overbank 
deposits 

 
 
 


