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A B S T R A C T

This study gives insight into the mechanisms of formation of palygorskite-sepiolite minerals that have remained
elusive for many years. The occurrence of palygorskite-sepiolite and minor smectite in association with a variety
of authigenic sulphates and Ca-Mg carbonate mineral deposits was identified in silicon-poor, saline to hy-
persaline ephemeral lakes in Central Spain. By a combination of sedimentological, mineralogical and petrolo-
gical techniques (XRD, SEM, FEGSEM and TEM) it is shown that very small, poorly ordered palygorskite-sepiolite
crystals resulted from the aggregation of nanocrystals within the matrix of the microbial mats (EPS) as it de-
hydrates. The Mg-rich clays nucleated on Mg-enriched EPS that also contain variable amounts of Si, Mg, Al and
Fe, mostly derived from the degradation of siliciclastic minerals. The crystals have a broad compositional and
textural range, from poorly ordered palygorskite laths to pure sepiolite bundles, suggesting that they grow
through successive stages. Changes in the chemical composition of the fibers occur even at microscale, which is
explained by the variability of the biogeochemical conditions prevailing in the microenvironments where the
crystals grow. The overall results provide evidence for a biomediated-crystallization of palygorskite-sepiolite in
microbial sediments.

1. Introduction

The occurrence and authigenic formation of Mg-rich clay minerals is
widely reported in literature of ancient lacustrine rocks (Calvo et al.,
1999; Galán and Pozo, 2011; Calvo and Pozo, 2013). However, detailed
descriptions of Mg-rich authigenic clays and more specifically sepiolite
and palygorskite in modern lacustrine environments are uncommon,
thus the interpretation of their environmental formative controls has
relied on laboratory experiments (Birsoy, 2002; Tosca and Masterson,
2014) or the analyses of sedimentary sequences (Bustillo Revuelta and
García-Romero, 2003). The mechanisms commonly invoked for the
formation of the authigenic clays in these environments are the trans-
formation of a mineral precursor through dissolution-precipitation
(Suárez et al., 1994) and the neoformation by direct precipitation from
brines or pore fluids (Khademi and Mermut, 1998; Pozo and Casas,
1999; Galán and Pozo, 2011).

Alternatively, several lines of evidence suggest a biological-assisted
nucleation of palygorskite and/or sepiolite minerals in ancient micro-
bialites (Sanz-Montero et al., 2008; Leguey et al., 2010; Cuevas et al.,
2011), which agrees with the increasing observations of authigenic
magnesium silicates in modern lacustrine microbialites (Ferris et al.,

1987; Cabestrero et al., 2014a; Zeyen et al., 2015). Along this line,
Cabestrero et al. (2014a) reported palygorskite and sepiolite authi-
genesis in microbial mats hosted in playa lakes from Central Spain. In
these shallow lakes, water availability and composition (salinity, pH,
Eh, etc.) as well as the microbial composition and mineralogy change
drastically through the year (Sanz-Montero et al., 2013b; Cabestrero
et al., 2013; Sanz-Montero et al., 2015a; Cabestrero and Sanz-Montero,
2018; Cabestrero et al., 2018). Likely due to this variability, few studies
have addressed the authigenesis of palygorskite and sepiolite in modern
playa lakes, despite they are the most favorable sedimentary environ-
ments (Jones, 1983; Singer, 1989; Sánchez and Galán, 1995; Galán and
Pozo, 2011) and are conspicuous worldwide (Navarro et al., 2008).

The deposition of Mg-rich clays in playa lake deposits from Central
Spain provide a good opportunity for characterizing sepiolite and pa-
lygorskite minerals, by a combination of sedimentary, mineralogical,
geochemical and microscopic techniques. In addition, this study aimed
to investigate vertical and lateral variability of the clays in relation with
microbial mats, hydrochemistry and detrital mineral paragenesis to
constrain the mechanisms involved in the authigenesis of sepiolite and
palygorskite minerals.
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2. Environmental setting

2.1. Geomorphology and geology

The studied lakes are permanent (Longar, LG) and temporal lakes
(Altillo Chica, AC and Altillo Grande, AG) that are located in a hydro-
logically closed wetland in La Mancha region (Central Spain) (Fig. 1).
These three mesosaline to hypersaline lakes have no inflow from major
rivers and insignificant groundwater contribution, so surface water
runoff comes mainly from rainwater. The region has a continental semi-
arid climate and is characterized by a high evaporation
(1300–1660mm·yr−1) and low precipitation (360–500mm·yr−1). The
annual mean temperature is 14 °C, and extreme values of −7 °C and
40 °C are registered in January and July, respectively (Cabestrero and
Sanz-Montero, 2018).

AG and AC are 0.20 and 0.17 km2 playas at an elevation of 678 and
682m, respectively (Fig. 1). Over the winter, the nearly-flat surfaces in
the center of the playa lakes are unevenly covered by a thin sheet of
water. The water column reached up to 0.25m, but used to be< 0.05m
deep on average (Sanz-Montero et al., 2015b; Cabestrero and Sanz-
Montero, 2018). They are considered seasonal lakes, drying out com-
pletely from May to September. In contrast, Longar Lake is a permanent
lake with a large surface of 0.91 km2, lying at 683m, and filled with an
averaged water column between 0.35m (winter-spring) and 0.10m
(late summer). The lakes lie on horizontally-bedded Neogene sedi-
mentary rocks that consist of gypsum, chert, carbonates and quartzitic
sandstone and conglomerates (Sanz-Montero et al., 2015a).

2.2. Hydrochemistry

The brines are usually of Mg2+-(Na+)-(Ca2+)-SO4
2−-(Cl−) type

(Cabestrero and Sanz-Montero, 2018). AG has the highest SO4
2/Cl−

ratio resulting in a Mg2+-SO4
2−composition. In contrast, AC has Mg2+-

Cl− brines, and Longar is in between with a Mg2+-SO4
2−-Cl− com-

position. They have high to very high molar Mg2+/Ca2+ averaged ra-
tios such as 5 in AG, 33 in AC and 58 in Longar. Na+/Cl− ratios range
from 1.82 to 0.67 in AG, 0.86 to 0.62 in AC and 0.97 to 0.34 in LG.

2.3. Sedimentary features

The bed material has an average composition of gypsum precipitates

(up to 75%), clastic material and clays and up to 4% of organic con-
stituents. Gypsum crystallizes as lenticular crystals that can be replaced
by minor celestite microcrystals (Sanz-Montero et al., 2009a, 2013a).
Clastic sediments consist mainly of silt-sized quartz, feldspars, carbo-
nates and up to 30% of clay minerals (Cabestrero et al., 2014a).

In the spring, the sediment gets covered by cohesive microbial mats.
In the most surficial layer of the mats, the exopolymeric substances
(EPS) excreted by the microorganisms (cyanobacteria and diatoms)
form a tight framework in which the detrital and authigenic minerals
are firmly held (Sanz-Montero and Rodríguez-Aranda, 2013). Extensive
growth of microbial mats on the bed enhances the formation of mi-
crobial mat-related structures, including different construction, de-
formation and destruction forms (Sanz-Montero et al., 2013b, 2015a).
In addition, microbial mats modify the chemical behavior of the brine
and promote the precipitation of carbonates and sulphates, despite
unfavorable saturation conditions for most of them (Cabestrero and
Sanz-Montero, 2018; Cabestrero et al., 2018). Authigenic carbonates as
calcite, aragonite, and minor dolomite, hydromagnesite, mono-
hydrocalcite, magnesite and nesquehonite can also be found pre-
cipitating within the microbial mats (Cabestrero and Sanz-Montero,
2018).

In the late spring, evaporation concentrates brines favoring the
precipitation of magnesium and/or sodium sulphates (mainly epsomite,
hexahydrite, pentahydrite, starkeyite, konyaite, bloedite, mirabilite and
thenardite) and halite minerals on the surface (Sanz-Montero et al.,
2013a; Cabestrero et al., 2014b, 2016; Del Buey et al., 2016; Cabestrero
et al., 2018). Along with the precipitation of sulphates and chlorides,
clay authigenesis (up to 25% of clay minerals) also occurs (Cabestrero
et al., 2014a).

3. Material and methods

3.1. Sample collection

For sedimentological and mineralogical analyses, up to 10 cm thick
samples of sediment including a mineral layer and the overlying or-
ganic top of microbial mats were regularly collected between December
2009 and March 2017 in the three studied playa lakes. In addition, to
analyze the bulk and clay mineralogical composition, a 30 cm thick
profile of recently deposited microbial sediment was sampled from the
top in LG lake in the 2nd of November of 2016 (Fig. 4). In the profile are
represented most of the distinctive features of the microbial sediments
accumulated through successive cycles of wet and drying (Fig. 3A). Two
cores of lithified sediment, up to 35 cm in depth, were also obtained in
AG in the 10th of June of 2013 (Fig. 5). The cores were collected in the
shore (AG-S1-4; 39°41′32.72″, −3°18′8.87″) and central part (AG-SB;
39°41′35.66″, −3°18′1.85″) of the playa lake to evaluate the influence
of location on the mineralogy. Other samples exhibiting distinctive and
common sedimentary structures related with microbial mats were also
collected. So, mat curls (MC-LG and MC-AG) and decaying mat portions
(MF-LG) were sampled from LG and AG playas in March 2017 (Fig. 2A
and B). Other type of sample showing vesicular structures (AC) was
obtained in march 2016 from AC.

3.2. Water samples

Apart from sediment samples, water/brine samples were collected
of each playa-lake, whenever it was possible. Water physicochemical
parameters such as salinity (S), temperature (T), dissolved oxygen
(DO), oxidation reduction potencial (ORP), and pH values were re-
corded with a portable water multiparameter probe (Hanna
Instruments 9828). The main cations and anions were analyzed by ion
chromatography, using Dionex DX 500 ion and METROHM 940
Professional IC Vario chromatographs at CAI de Técnicas Geológicas
(UCM).

Fig. 1. Location map of the studied playa lakes (Longar, Altillo Chica and Altillo Grande)
at the south of Lillo village in La Mancha region, Spain. Situation of the trench and cores
are represented by circles (T, S1-4, SB).
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3.3. Bulk and clay mineralogy (XRD)

About 50 samples were examined by random powder X-ray dif-
fraction (XRD) analysis using a Bruker D8 Advance diffractometer with
Cu Kα radiation (λ=1.54060 Ǻ) and equipped with a Sol-X detector.
The samples were scanned from 2 to 65° 2θ with a step size of 0.02° 2θ
and a counting time of 0.5 s per step. XRD interpretation was based on
the method described by Chung (1974) and using EVA Bruker software.
For clay mineralogy, carbonates, sulphates and organic matter were
removed from samples using 200ml of 0.2 M HCl dissolution, con-
tinuously agitated for 20min (Kübler, 1987; Nieto et al., 2016). < 2 μm
and<0.5 μm fractions of the treated sediment levels were separated
using the centrifuge technique (Jackson, 1979). To obtain fractions
below 2 μm, cycles of 1000 rpm during 3min were performed, whereas
fractions below 0.5 μm were obtained by 2000 rpm during 10min.
Using Thermo Scientific Sorvall ST 16 Centrifuge. All size fractions
were analyzed as oriented mounts prepared by smearing the slurries on
glass slides. Three XRD diagrams were obtained for each size fraction:
after air-drying (AD), ethylene-glycol (EG) and heating at 550 °C at least
2 h. These samples were scanned from 2 to 35° 2θ with a step size of
0.02° 2θ and a counting time of 1 s per step. The quantification of the
clay mineral assemblages was done by using the mineral intensity factor
method (MIF) of Moore and Reynolds (1997).

3.4. Sedimentological textural features (SEM)

Textural features and mineral assemblages were established by
scanning electron microscopy using images recorded with secondary
and backscattered electrons, and energy dispersive X-ray systems
(EDX). Freshly fractured surfaces of representative samples were air-
dried and coated with Graphite and Au under vacuum conditions. SEM
observations were performed using a FEI INSPECT microscope for en-
vironmental electron microscopy (ESEM), operating at 30 kV and high
vacuum mode, and JSM 6335F (FEG-SEM) operating at 20 kV. Both
models are equipped with an OXFORD INSTRUMENTS solid-state EDX
detector.

3.5. Textural and crystallochemical features of Palygorskite-Sepiolite
(TEM-AEM)

TEM observations and quantitative analyses, from eleven re-
presentative samples, were obtained from powdered portions prepared
using C-coated Cu grids. The TEM data were obtained using two elec-
tron microscopes: the JEOL 3000F, operated at 300 kV, and the JEOL
JEM 2100 microscope, operated at 200 kV. Quantitative analyses
(AEM) of particles were obtained in STEM mode with an OXFORD
INSTRUMENTS EDX microanalysis system in the first one.

4. Results

4.1. Hydrochemical and physicochemical parameters

Physical and chemical parameters of water column and pore waters
for the period 2014–2017, are shown in Table 1. Analyses were done
during diluted, mild and highly concentrated conditions in the three
lakes AC, AG, LG. Following autumnal rain periods, the salinity values
were consistently low (Table 1), being the lowest recorded: 3.05 g·L−1

(AG); 11.71 g·L−1 (AC); and 36.33 g·L−1 (LG). Salinity kept rising as the
lakes water evaporates reaching the maximum values of 13.97 g·L−1

(AG); 55.09 g·L−1 (AC); and 161.20 g·L−1 (LG). The pH, DO and ORP
varied strongly over time, ranging from 7.13 to 9.6, from 0.0% to
203.9% and from −99.3 to 197.8 mV, respectively (Table 1).
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4.2. Lake water and pore water variations in seasonal lakes

During autumn the dissolution of the evaporites precipitated in the
previous dry season leaded to higher ionic concentrations in pore water
than in the water column (AG, November 2014; Table 1). The first rains
of the wet season also reactivated the drought-resistant microorganisms
responsible for the decomposition of buried microbial mats (Fig. 3A),
which accounted for higher contents of NO3

− in the pore water than in
the water column. The colder and drier stable conditions prevailing
from November to December favored the ions exchange flux from the
pore water, which resulted in a notable increase of ions content in the
water column (Table 1, AC and AG). Despite that, the concentration of
ions was still higher in the pore water, where the Mg2+ increased its
ratio (Table 1, AG). In winter of 2015, the pore water and the water
column showed a similar concentration of ions except for Mg2+ and
Na+ cations that remained slightly higher in the pore water (Table 1,
AC).

4.3. Lake water variations in a permanent lake

LG lake has never dried out in the studied period, although it was in
2016 when it showed the highest variations (Table 1, LG). The rela-
tively low concentration of ions in March 2016 resulted in a salinity of
36.33 g·L−1, and it increased to 161.20 g·L−1 after a dry summer. Be-
tween March and November 2016 physicochemical parameters varied
widely mainly due to seasonal differences in microbial mats coverage
and composition. In March 2016 and 2017 temperatures recorded in
water were higher than in the air during March 2016 (19.45 °C and
11.13 °C) and March 2017 (17.24 °C and 13.98 °C), stimulating the
growing of microbial mats (with abundant phototrophs), which ac-
counted for high levels of oxygen production (203.9%), high pH values
(9.6) and oxidizing conditions (26.6mV). By contrast, in November,
low pH (7.13) and DO (0%) values as well as reducing conditions
(−99.3mV) are explained by the lower temperature in water than in
air and adverse environmental conditions including high salinity levels
(161.20 g·L−1) that led to the decayment of microbial mats, in which
low production and/or very high oxygen consumption rates prevailed.
Mg2+ and Na+ are the most abundant cations, being more concentrated
in pore waters (1313.30mmol·L−1 and 1558.00mmol·L−1; respec-
tively) than in open lake waters (144.97 mmol·L−1 and
260.91mmol·L−1; respectively). On the other hand, SO4

2− and Cl− are
the dominant anions, being more concentrated in pore waters
(1898.95mmol·L−1 and 4498.59mmol·L−1; respectively) than in open
lake (183.25 mmol·L−1 and 425.07mmol·L−1; respectively). The big-
gest difference in concentration of ions between open lake and pore
waters was recorded in March 2016.

4.4. Dissolved silicon variations

Silicon dissolved in water was very low in AC and AG lakes, oscil-
lating from 0.06 to 0.2 μg·mL−1 (Table 2). In the shore of LG the con-
tents of silicon (Si) were slightly higher and varied in the range
of< 0.04 to 6.6 μg·mL−1. The lowest value coincided with the lowest
pH found (7.13) and a very high salinity (161.2 g·L−1). On the contrary,
the highest Si content was concomitant with a relatively low salinity
(47.5 g·L−1) and the highest pH ever recorded (10.26). As the pH, the Si
values increase towards the center of LG. The concentration of Si in
pore water (up to 11.80 μg·mL−1) is invariably much higher than in
lake water (Table 2).

4.5. Sedimentological and bulk mineralogical characterization

4.5.1. Surficial microbial sediments
Microbial mats that proliferate on the bed are disrupted after stormy

or desiccation events (Sanz-Montero and Rodríguez-Aranda, 2013),
producing mat fragments with uplifted margins detached from the layer

underneath (mat curls) (Fig. 2A and B). Two types of mat curls were
analyzed. One type forms by desiccation of the organic portions (MC-LG
and MC-AG) (Fig. 2A). The second type consists of wet and incipiently
decayed microbial mat portions (MF-LG) transported to the water's
edge by currents (Fig. 2B). Other typical surficial feature of microbial
mats is the vesicular structures (AC) that are commonly produced by
gas bubbles trapped within the sediment, especially after flooding
events.

Bulk mineralogical composition of the mat curls (Fig. 2A) and wet
and incipiently decayed microbial mat portions (MF-LG; Fig. 2B) re-
veals that they contain high proportion of phyllosilicates (about 30%)
and gypsum CaSO4·2H2O (25–35%), while the silt-sized quartz and
feldspars grains together represent up to 25% of the total (Table 3).
Other sulphate, hexahydrite MgSO4·6H2O, is only present in the LG mat
portions (Fig. 2B). By contrast, the proportion of the carbonate mi-
nerals, calcite and dolomite, in AG (18%) is double than LG. With some
differences, mainly concerning to the amount of phyllosilicates that
hardly account for the 15%, the mineralogy of the incipiently decayed
microbial mat portions and sediments with vesicular structures (AC) is
similar to that of the dry mat curls (Fig. 2A).

4.5.2. Longar profile
The sediment of LG profile is an irregularly layered silty mud with

variable amounts of evaporites and organic compounds that are re-
sponsible for the different colorations exhibited, ranging from white to
black with localized green, red and purple pigmentations (Figs. 3 and
4). Five distinctive layers a few cm in thickness are differentiated
downwards from the puffy surface (Fig. 4). The uppermost layer con-
sists of wavy laminated microbial deposits with alternation of lithified
and non-lithified laminae. In some parts the vertical lamination of the
microbial community is still visible by the distinctive green, red, and
purple colorations (Fig. 3A). The underlying is a patchily lithified black
layer with gas scape pores that can extent to the surface. The black layer
overlies gray to white multilaminated deposits. Bellow, two burrowed
evaporitic layers are visible (Fig. 3B and C). The burrows are arranged
in all directions displaying a tangle pattern. This type of burrowing is
produced by feeding of the Ephydra (shore flies) on microbial mats just
on the shoreline where they proliferate (Sanz-Montero et al., 2013a).
The deepest, is a buried black layer crowded with a complex network of
irregular burrows which enhanced the oxidation of the reduced sedi-
ment around them (Fig. 3D). These burrows are digged by beetles
(Bloedius) on moist and microbial mat covered surfaces (Sanz-Montero
et al., 2013a; Rodriguez-Aranda et al., 2014).

The sediment is comprised of a mixture of authigenic and detrital
mineral assemblages that include sulphates, chlorides, carbonates and
silicates, and show some variations along the profile (Fig. 4B and

Table 2
Si concentration, salinity (S) and pH values from different playa lake spots.

Lake Date Spot Si (μg·mL−1) S (g·L−1) pH

AG 25/04/2013 Shore 0.07 11.27 9.16
AG 28/01/2014 Shore 0.10 5.67 9.10
AG 10/02/2014 Centre 0.10 4.90 8.58
AC 26/04/2013 Shore 0.06 18.79 9.20
AC 04/01/2014 Shore 0.20 11.06 8.11
AC 28/01/2014 Shore 0.10 11.71 8.72
AC 10/02/2014 Shore 0.10 10.16 8.84
LG 28/01/2014 Shore 6.60 47.54 10.26
LG 10/02/2014 Shore 4.40 48.26 9.23
LG 02/11/2016 Shore < 0.04 161.20 7.13
LG 02/11/2016 Pore water 8.10 – –
LG 11/11/2016 Shore 2.50 48.97 8.78
LG 11/11/2016 Centre 2.80 45.90 9.06
LG 14/03/2017 Shore 0.25 63.08 8.78
LG 14/03/2017 Centre 1.30 63.70 8.99
LG 14/03/2017 Pore water 11.80 – –
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Table 3). Gypsum CaSO4·2H2O, with proportions ranging between 40
and 55%, is the most abundant authigenic mineral followed by hex-
ahydrite MgSO4·6H2O, which reaches its maximum value (30%) in the
bioturbated evaporitic layer. Other hydrated- magnesium sulphates,
epsomite MgSO4·7H2O and starkeyite MgSO4·4H2O, are locally present,
too. Small amounts of starkeyite occur associated with hexahydrite at
the deepest bioturbated layer, whilst epsomite makes up 15% of the
multilaminated layer. Minor halite is ubiquitous thorough. The carbo-
nates, calcite CaCO3, its polymorph aragonite together with dolomite
CaMg(CO3)2 account for< 10% of the total mineralogical composition
of the deposit. Calcite and dolomite remain constant throughout,
whereas minor aragonite is restricted to the topmost layer of the profile

(Table 3). Up to 10% of silt-sized detrital silicates, quartz and feldspar,
remain nearly constant down the profile. By contrast, the clay mineral
contents vary in the range of 10% to 20% (Fig. 4B and Table 3).

4.5.3. Altillo Grande (AG) profiles
The two cores, collected from the shore (Fig. 5A) and in the inner

part (Fig. 5C) of AG, are composed of a mixture of silty mud and whitish
evaporites. The structure of the sediment is massive with common
bioturbation traces. They consist of four to five gross bands separated
by diffuse and irregular contacts and mostly defined by gradual to
abrupt variations in the relative abundance of evaporites. The upper-
most 20 cm of both profiles are characterized by the profusion of pores,

Fig. 2. Surficial microbial sedimentary structures and clay
mineral assemblages of mat curls (MC-AG and MC-LG),
microbial mat portions (MF-LG) and sediment with vesi-
cular pores (AC). A: Mat curls on the shores of AG. B:
Decaying mat portions on the shore of LG C: Clay miner-
alogy fraction (< 2 μm) D: Clay mineralogy fraction
(< 0.5 μm) I: illite, Chl: chlorite, Kaol: kaolinite, Prl: pyr-
ophyllite, Pal: palygorskite, Sep: sepiolite, Sm: smectite.

5cm 2cm

A B

D

2 cm2 cm

C

Fig. 3. Sedimentary layers found through the sedimentary profile excavated at the shore of LG (see Fig. 4). A: Surficial microbial mat with vertical lamination showing green, red, and
purple colorations. B: Burrowed evaporitic layer (LG-5) C: Detail of a burrowed evaporitic layer (LG-5b). D: Deepest black layer at the bottom of the trench with irregular burrows
highlighted by oxidized sediment (LG-6). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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up to 3mm in diameter that can be connected vertically through
channel-like pores. This porosity is reduced in depth. Gravel sized
detrital fragments occur floating in the mud both in the uppermost
layer and scattered through the outer core. An indurated bed is forming
the base of the two profiles. The mineralogical bulk composition of the
two cores consists basically of a mix of sulphates, silicates, carbonates
and low amounts of chlorides (chiefly halite and locally carnallite
KMgCl3·6H2O in the shore deposits) although there are differences be-
tween them in the relative proportions of the main groups of minerals
(Fig. 5A and C). The most abundant minerals, comprising up to 50% of
the total, are gypsum and phyllosilicates in the outer and inner cores,
respectively (Table 3). The percentages of both vary significantly along
the two profiles. In fact, an inverse trend between gypsum and phyl-
losilicates is observed in the two cases (Table 3). Except for the most
soluble evaporites (chlorides, bloedite), the remaining minerals vary in
a narrow range (Fig. 5A and C).

4.6. Microfabrics of the microbial sediment

The microfabrics of the microbial sediments have been examined by
different microscopy techniques to determine the textural relationships
between the main minerals and the microorganisms (Fig. 6). In optical
microscopy the active microbial mats exhibit a variety of intergrada-
tional fabrics dominated by a filamentous microfabric that reflect cy-
anobacterial layering (Fig. 6A). The dark organic cyanobacterial fila-
ments grade laterally to degraded areas of the microbial mat that show
a massive microfabric, within which some organic laminae are vaguely
recognizable. Under higher magnification, it is clearly visible that
minute and poorly crystalline clays occur within the degraded parts
(Fig. 6B) associated to gypsum microcrystals. The inner lamination is
also disrupted by burrows infilled with lenticular gypsum. This type of
cylindrical and meniscate burrows are caused by ephydrida larvae
(Sanz-Montero et al., 2013a).

In active microbial mats, the dominant microorganisms (cyano-
bacteria and diatoms) have the ability of trapping and binding the
detrital particles in the EPS they produce (Fig. 6A–C). The detrital
components (chiefly, quartz, feldspars and mica/illite) appear ex-
tensively dissolved and disaggregated as a result of interaction between
the microbes and minerals (Fig. 6C and D). Together with the detrital
grains, authigenic gypsum and carbonate crystals often occur in the
organomineral matrix (Fig. 6D and E). So upon degradation of the
matrix, the gypsum crystals appear embedded by organomineral clots

(Fig. 6B) that contain variable amounts of Si, Al, Mg, Fe, etc. (Fig. 6E)
derived from the altered silicates lying in the vicinity (Fig. 6C and D).
More detailed observations by FE-SEM demonstrate that sometimes
gypsum crystals are covered by irregular to fiber-shaped aggregates
exhibiting incipient crystalline faces composed of Si, Al and Mg
(Fig. 6F).

4.7. Clay mineralogy

4.7.1. Mineralogy and distribution of clay minerals
The results of clay mineralogical analyses by XRD conducted on all the

variety of microbial sediment are represented in Table 4 and Figs. 2C and
D, 4, 5 and 7. The clay minerals detected are: illite (I), representing be-
tween 5% - 90% of the phyllosilicates, sepiolite (Sep), 0%–90%, smectites
(Sm), 0%–55%, palygorskite (Pal), 0%–50%, kaolinite (Kaol), 1%–30%,
chlorite (Chl), 0%–20%, pyrophyllite (Prl), 0%–5%. According to the
chemical composition and order degree (Fig. 7), two groups of clays have
been differentiated: the first is comprised of I-Kaol-Chl-Prl and the second
embraces the remaining Mg-rich clays that on average constitute about
50% of the phyllosilicates, although its spatial and vertical distribution is
variable. Parallelly, statistical analysis reveals that the concentration of the
two groups vary inversely having a correlation coefficient R2=1 (Fig. 4C
and D, Figs. 1S and 8S).

The assemblage comprised of I-Kaol-Chl-Prl is ubiquitous in all
surficial and buried sediment and are recognizable by sharp reflections
in the diffractograms (Fig. 7). In the Mg-rich group, Pal and Sep occur
associated in most of analyzed samples, unlike Sm that appear dis-
continuously in AG (Fig. 5B and D). Smectites are only recognized after
ethylene-glycol solvation (EG) by the shift of the 001 reflection to the
range 17.0–18.7 Å (Fig. 7). All the magnesian phases are characterized
by broad reflections (Fig. 7 and Fig. 12S), indicative of their small size
and/or low order. The concentrations of the clays by size follow dif-
ferent trends in the<2 μm and<0.5 μm fractions (Figs. 2 and 4 and
Table 4). I, which is predominant in the< 2 μm fraction, decreases
significantly in the<0.5 μm fraction. In general, Sep and Pal exhibit
similar behavior and tend to accumulate in the smaller fraction
(< 0.5 μm). This increase is more prominent, especially for Pal, where
the phyllosilicates occur in high amounts (about 65%), as is the case of
some surficial samples and in a buried bioturbated layer of LG (Fig. 4D).
By contrast, the Sep-Pal group occurs with low contents in the< 2 μm
fraction and practically disappears in the<0.5 μm fraction, just in the
epsomite-bearing layer of the LG profile (Fig. 4B–D and Table 4).

Fig. 4. A: Trench through the recently deposited sediment in the water edge of LG. Squares indicate the location of samples LG-2 to LG-6 from top to bottom. B: Bulk mineral composition
along the profile. Mineralogy of the< 2 μm fraction (C) and< 0.5 μm fraction (D). Gp: gypsum, Epso: epsomite, Hx: hexahydrite, Sy: starkeyite, Arg: aragonite, Cal: calcite, Dol:
dolomite, Hl: halite, Phy: phyllosilicates, Fsp: feldspar, Qz: quartz.
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Distinctly, Sep is more abundant than Pal and increases with depth on
the shore of AG (Fig. 5B and Table 4).

4.7.2. Textural features
The overall textural and microtextural analyses by TEM of Pal-Sep

clays confirm that the fibers are nanometer-sized and poorly ordered
(Fig. 8). The incipient crystals present a low degree of aggregation ac-
cording to the classification done by García-Romero and Suárez (2014).

In the recently deposited sediment of LG, the crystals commonly
occur as lath and rod-shaped fibers of Pal and Sep with width (W)/
length (L) ratios ranging 0.1–0.4, varying the L and W of the individual
crystals: 100 nm–400 nm and 9.70 nm–75 nm, respectively (Fig. 8A and
B). In addition, up to 1.5 μm long and 200 nm wide bundles, composed
of several rods arranged in parallel to the c-axis of the fiber, are only
found in the deepest layer of the profile.

In the more lithified deposits of AG, the bundles of Sep are bigger,
800 nm to 2.5 μm in L (Fig. 8C) and are predominant in bioturbated
layers (Fig. 5). Two types of bundles are identifiable with W/L ratios
varying 0.13 to 0.3. One of the types is comprised of fibers shorter than

1 μm that grew tightly connected to each other forming a dense mesh.
In the second type of bundles, the fibers, 1–10 μm in L, grow forming
open to close aggregates. Besides, individual lath and rod-shaped
crystals, characterized by W/L from 0.04 to 0.5, are common in dif-
ferent layers of the profiles.

In general, the laths and rods forms are straight and rigid but the
bundles tend to be curled (Fig. 8A–C). It is notorious that Pal laths and
rods are in direct contact with the EPS matrix (Fig. 8D), confirming SEM
observations (Fig. 6E). In fact, rod shaped fibers project outwards from
the EPS (Fig. 8D and G), on occasions forming bridges between shrunk
masses of EPS (Fig. 8H) that progressively separate as the EPS undergo
retraction by dehydration (Fig. 8G). More hydrated EPS show a 3D
alveolar morphology (Fig. 8D, G and H) and contain very high amounts
of Mg accompanied by variable Si, S, Al, Fe, Cl, K, Na (Fig. 8F) and P.
The components of the dehydrated EPS are similar but the relative
contents of Mg and O are much lower in comparison with the hydrated
counterparts (Fig. 8H). The lower amounts of ions attached to dehy-
drated EPS (Fig. 8I) with respect to the hydrated masses (Fig. 8K) is
related with the lower amount of charge present in the degraded EPS.

Table 3
Bulk mineralogy: semi quantification results obtained by XRD powder method of recent and buried microbial sediment from LG, AG and AC playa-lakes. With the exception of Phy,
Phyllosilicates; Hx, Hexahedryte; Epso, epsomite; Sy, starkeyite; Blo, bloedite; and Cn, carnallite abbreviations are according to Whitney and Evans (2010). Gp, Gypsum; Cal, Calcite; Dol,
Dolomite; Hl, Halite; Qz, Quartz; and Fsp, Feldspar. (-) Not detected.

Sample Location/type Gp Hx Epso Sy Blo Cal Arg Dol Hl Cn Qz Fsp Phy

%w/w %w/w %w/w %w/w %w/w %w/w %w/w %w/w %w/w %w/w %w/w %w/w %w/w

LG-2 Shore trench 55 10 - - - 6 3 2 3 - 3 8 11
LG-3 Shore trench 43 13 - - - 8 - 2 4 - 5 6 19
LG-4 Shore trench 47 10 15 - - 2 - 2 4 - 2 4 15
LG-5 Shore trench 35 27 5 - - 3 - 3 7 - 3 6 11
LG-5b Shore trench 53 18 - - - 3 - 2 5 - 2 5 12
LG-6 Shore trench 41 15 - 6 - 7 - 3 4 - 6 5 14
MC-LG Surficial mat curls 35 10 - - - 8 - - - - 6 8 31
MF-LG Surficial decaying mat 30 22 - - - 6 - - 6 - 4 14 16
AG S1 0-2 Shore core 38 4 - - 3 11 - - 1 - 16 6 12
AG S1 2-4 Shore core 32 5 - - 4 7 - - 1 4 13 5 22
AG S1 4-6 Shore core 32 - - - 6 20 - - 2 - 14 7 20
AG S1 6-8 Shore core 38 - - - 5 8 - - 1 - 24 6 18
AG S1 8-10 Shore core 44 - - - - 7 - - 2 - 20 7 21
AG S1 10-12 Shore core 53 - - - 3 5 - - 1 - 9 5 23
AG S1 12-15 Shore core 43 - - - 3 5 - - 1 - 6 6 28
AG S2 0-2 Shore core 57 - - - 4 5 - - 1 - 8 5 20
AG S2 2-4 Shore core 52 - - - 2 7 - - 1 - 24 3 11
AG S2 4-6 Shore core 52 - - - - 8 - - 1 - 21 5 13
AG S2 6-8 Shore core 39 - - - - 10 - - 1 - 15 8 27
AG S3 0-2 Shore core 25 4 - - 6 9 - - 2 3 15 9 22
AG S3 2-4 Shore core 22 - - - 7 10 - - 2 - 22 11 27
AG S3 4-6 Shore core 27 - - - 9 9 - - 2 - 13 8 32
AG S3 6-8 Shore core 59 - - - - 5 - - 1 - 11 6 17
AG S3 8-10 Shore core 64 - - - 2 3 - - 1 - 5 7 18
AG S3 10-13 Shore core 63 - - - - 2 - - 2 - 4 8 21
AG S4 0-2 Shore core 77 - - - - 1 - - 1 - 2 6 14
AG S4 2-5 Shore core 71 - - - - 2 - - 2 - 3 7 16
AG SB 0-2 Inner core 17 - - - 10 13 - - 2 - 10 10 39
AG SB 2-4 Inner core 22 - - - 5 13 - - 3 - 7 10 41
AG SB 4-6 Inner core 22 - - - 6 14 - - 2 - 7 14 36
AG SB 6-8 Inner core 33 - - - 5 7 - - 1 - 6 11 37
AG SB 8-10 Inner core 39 - - - 5 7 - - 1 - 6 8 34
AG SB 10-12 Inner core 37 - - - 5 7 - - 1 - 5 7 38
AG SB 12-14 Inner core 37 - - - - 9 - - 1 - 8 8 38
AG SB 14-16 Inner core 29 - - - - 3 - - 1 - 6 11 50
AG SB 16-18 Inner core 41 - - - - 9 - - - - 8 - 43
AG SB 18-20 Inner core 29 - - - 6 5 - - - - 8 11 41
AG SB 20-22 Inner core 31 - - - 5 2 - - 1 - 5 8 47
AG SB 22-24 Inner core 33 - - - 5 2 - - - - 7 10 44
AG SB 24-26 Inner core 39 - - - 5 2 - - - - 8 8 38
AG SB 26-28 Inner core 31 - - - 6 1 - - 1 - 12 11 39
AG SB 28–30 Inner core 49 - - - 4 - - - 1 - 8 5 33
AG SB 30-32 Inner core 47 - - - 5 4 - 5 1 - 5 8 26
AG SB 32-34 Inner core 32 - - - 5 7 - 7 2 - 2 8 37
MC-AG Surficial mat curls 23 - - - - 18 - 2 5 - 16 10 29
ALTC Surficial porous sediment 29 - - - - 27 - - - - 17 10 14
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Structurally, the degraded EPS are also different, exhibiting a collapsed
and massive structure. Some fibers act as an intermediate and con-
tinuum phase between the turgent to collapsed state transition
(Fig. 8H). These fibers typically contain prominent Si as well as Mg, Al
and Fe (Fig. 8J), which fits well with a Pal composition. The presence of
randomly-oriented fibers of Pal along with other amorphous or poorly
ordered phases within the EPS (Fig. 8D, G and H), is coherent with their
polycrystalline condition (Fig. 8G).

4.7.3. Crystallochemical composition
The overall analysis of the Pal-Sep clays by TEM-AEM (Fig. 9) re-

veals that there is a vast variability in the chemical composition of the
group as all intermediate phases between pure Pal and pure Sep have
been determined (Suárez and García-Romero, 2011).

Compositionally, the clays present in the dark layer of LG (LG-3) are
scattered through most of the fields of the diagram. This contrasts with
the well-defined composition of the underlying layers, LG-5 and LG-6,
that mostly contain Mg-Pal ([Si12O30Mg8(OH)4 (OH2)2]0.6
[Si8O20(Mg2Fe2)0.6 (Mg2Al2)0.4 (OH)2 (OH2)2]0.4 n H2O) and a mixture
of pure and common Pal ([Si12O30Mg8 (OH)4 (OH2)2]0
[Si8O20(Mg2Fe2)0.25 (Mg2Al2)0.75 (OH)2 (OH2)2]1 n H2O) (Suárez and
García-Romero, 2013). Pal belonging to the mat curls (MC-LG) and
decaying mat portions (MF-LG) have chemical intermediate composi-
tions between LG-6 and LG-5.

A remarkable spatial and vertical variability is observed in the more
lithified sediment of AG. In the inner core, some layers (AG SB 14-16)
contain average Fe2O3 values (0.48%–8.22% Fe2O3) but other shallower
layer (AG SB 6-8) are extremely shifted to higher Fe2O3 contents (6.71% to
16.92%). In the marginal core (AG S3 2-4 and AG S3 6-8), the clays are
characterized by high MgO contents (9.20% - 20.52%) and the variability
of Fe2O3 that range from negligible in one layer to be highly variable in the
underlying (0.76% - 3.91%). The chemical composition of the first cor-
responds to a pure Sep (15.32% MgO, 0% Al2O3, 0% Fe2O3). By contrast,
the clays of the mat curls distributed over the surface of LG host a chemical
composition that fits to pure-common Pal ([Si12O30Mg8(OH)4 (OH2)2]0.2
[Si8O20(Mg2Fe2)0.35 (Mg2Al2)0.65 (OH)2 (OH2)2]0.8 n H2O) (Suárez and
García-Romero, 2013). The remaining surface samples from AC are che-
mically heterogeneous, varying widely in MgO values (9.55% to 18.41%)
and shortly in Fe2O3 contents (1.60%–3.73%).

5. Discussion

The previous results provide evidence for the extensive formation of
Pal-Sep clays in modern lacustrine environment and shed light on the

conditions of formation of these minerals that have remained elusive
for years. Sedimentological, mineralogical and microscopical determi-
nations show that the widespread formation of the Mg-rich clays occurs
in microenvironments within the matrix of the microbial mats (EPS),
which argues in favor of a biochemical origin for this group of minerals.

5.1. Authigenic formation of Mg-rich phyllosilicates

A number of signatures (distribution patterns and associations, mineral
assemblages as well as textural and chemical features) provide criteria for
interpreting the Mg-rich phyllosilicates, particularly the more abundant
Pal-Sep group, as authigenic rather than detrital in origin.

The Mg-clays were formed in the microbial mats as unequivocally
reflects the close association observed at all scales between them.
Specifically, transmission electron microscopy provides compelling evi-
dence for the crystallization of the fibrous silicates on the EPS of microbial
mats (Fig. 8H). In addition, we found an opposite distribution pattern of
the clay mineral assemblages throughout the microbial sediment. The
detrital clay group (I, Chl, Kaol and Prl), commonly exhibiting destruction
marks, is dominant in surficial, growing microbial mats. In contrast, the
Mg-clays become more abundant in the decaying and buried microbial
mats. This divergent trend is statistically confirmed by a perfect negative
correlation between the two assemblages of clays and reveals different
mechanisms of formation for each type (Figs. 1SA and B, 8S).

The full Mg-clay paragenesis, in addition to Sep and Pal, locally
includes variable amounts of Sm. The composition of this paragenesis
by itself denotes the authigenicity of the fibrous clays as it includes the
main groups of neoformed clays reported in ancient lacustrine basins
(Jones and Galan, 1988; Calvo et al., 1999; Meunier, 2005; Galán and
Pozo, 2011). As in the study cases, where Mg is the dominant cation in
the water, ancient Mg-phyllosilicates formed in hydrologically closed
basins with Mg-enriched waters (Calvo et al., 1999; Calvo and Pozo,
2013; Jones and Deocampo, 2003). The results of the present study
further confirm that interstitial water of these evaporitic basins sys-
tematically contains more Mg and Si than the surface water (Tables 1
and 2). The physicochemical changes in the pore water are chiefly
promoted by microbial metabolisms that control the production or
consumption of oxygen, the redox reactions, the release of gases, etc.
These changes have an impact on pH (Cabestrero and Sanz-Montero,
2018) that is known to control the Mg-clay system along with the Mg
and Si contents (Tosca and Masterson, 2014). Accordingly, the ionic
supply of Si from the destruction of detrital grains in the microbial mats
proved crucial for clay authigenesis in the study playa lakes where the
silica dissolved in the surficial water is negligible. Significant higher

Fig. 5. Mineralogical composition of two cores taken from the shore and the center of AG. A: Shore core, bulk mineralogy. B: Clay mineral assemblages (< 2 μm) in the shore of AG. C:
Bulk mineralogy of the inner core. D: Clay mineral assemblages (< 2 μm) in the inner core of AG.
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values of Si dissolved in pore water than in surficial water further
support that the Si reservoir is in the more labile detrital grains. A si-
milar argument may apply for explaining the source of Al.

Characterized by broad diffraction reflections, the fibrous phyllosili-
cates are poorly ordered and nanometer-sized phases (the majority
are<0.5 μm). These textural properties are typical of authigenic and
biogenic clays reported by Konhauser et al. (1993). The Pal- Sep crystals
occur in the three different stages of aggregation described by García-
Romero and Suárez (2013): laths, rods and bundles. The laths are the
smallest, stable and identificable units (Fig. 8G), and they, in turn, result
from the aggregation of much smaller particles “nanolaths”, which is
consistent with their crystallization in situ. The aggregation of laths, par-
allel to the c-axis results in wider laths and rods (García-Romero and
Suárez, 2014). The two types of Sep bundles observed can be the result of
two different crystal growth processes. Assuming that the growth system is
far from equilibrium (Cölfen and Antonietti, 2008), an oriented attach-
ment mechanism is proposed for bundles shorter than 1 μm that grew
tightly connected to each other forming a dense mesh. By contrast, the
second type of bundles, 1–10 μm in length that form open to close

aggregates (Fig. 8C), are thought to have grown in conditions close to the
equilibrium (García-Romero and Suárez, 2014).

The lower (Mg+ Si): Al ratios measured in the Pal laths in com-
parison with the larger and more aggregated crystals (rods and sepio-
litic bundles) is a chemical trend that was also observed by Tazaki
(1997) during the mineralization of layer silicates around microbial
cells and demonstrates that the fibers grow in successive stages. The
compositional changes in the fluids explain the formation of all inter-
mediate phases in the entire Pal-Sep polysomatic series, including an
uncommon Fe-rich phase in AG (Fig. 9). It is not coincidental that such
ferrous mineral formed in a sedimentary bed where detrital chlorite
abounds (Fig. 5D) as it was shown that the destruction of chlorite re-
leases Fe which is incorporated in the minerals forming in its vicinity
(Sanz-Montero et al., 2009b). Except for the Fe-rich type, the compo-
sitional variability observed in the neoformed clays was also typical of
the fossil clayey counterparts (García-Romero et al., 2004).

The occurrence of the Mg-rich clays in all the studied samples,
ranging from recently formed to lithified microbial sediments, reveal
that clay crystallization occurs on the surface and starts as soon as the
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Fig. 6. Light and electron microscopy images showing the micro and ultrafabrics of the microbial sediments. A: Parallel polar microphotograph of active microbial mat showing microbial
mat layers disrupted by burrows infilled with lenticular gypsum. The laminar microfabric, defined by dark organic filaments of cyanobacteria (Cy), gradually pass to degraded areas with
some filament remains (see magnified square area in B). B: Minute and poorly crystalline clays have precipitated within the massive degraded area (squared in A), where some organic
filamentous are still visible. Notice gypsum microcrystals (Gp) precipitated within the filaments. C: Secondary electron image of Quartz (Qz), mica/illite (Ms/I) and other detrital grains
trapped in the EPS produced by cyanobacteria (Cy). Notice the degradation marks in quartz (Qz). D: Secondary electron image of a detrital quartz grain (Qz) surrounded by a mixture of
carbonates (2) and Mg-clay minerals (1). E: Secondary electron image showing gypsum crystals (Gp) embedded in the organomineral matrix (3) of the microbial mats. F: FEG-SEM
microphotograph (backscattered electron mode) of a gypsum crystal (Gp) covered by irregular to fiber-shaped aggregates (4) exhibiting incipient crystalline faces.
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microbial mats develop. Upon burial and facilitated by sufficient Mg2+

in solution, clay crystallization proceeds even though the composition
and structure of the resulting phase depend on the pore fluid chemistry,
which is greatly variable.

The overall abundance of the clay minerals also varies through the

different sedimentary facies reflecting changes in the environmental con-
ditions (evaporation, detrital input, bioturbation, desiccation, reworking,
etc.). In general, the highest concentrations of Mg-clays have been de-
termined in burrowed beds, desiccated mat curls and sediment showing
vesicular structure. These structures have in common that their formation
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Fig. 7. XRD patterns of oriented mounts of a re-
presentative sample (AC): air dried (AD), ethylene glycol
solvated (EG) and thermal treated (550 °C). The clay mi-
neral assemblage comprise: sepiolite (Sep), palygorskite
(Pal), illite (I), pyrophyllite (Prl), kaolinite (Kaol), chlorite
(Chl) and smectites (Sm). Notice the broaden peaks of Pal,
Sep and Sm (only perceived on EG pattern).

Table 4
Clay mineralogy: semi quantification results obtained by XRD oriented mounts method. With exception of Prl, Pyrophilite; according to Whitney and Evans (2010). The rest of clay
minerals have the following abbreviations: I, Illite; Chl, Chlorite; Kaol, Kaolinite; Pal, Palygorskite; Sep, Sepiolite; and Sm, Smectite. (-) Not detected. TOC: total organic carbon.

Sample Location/type Fraction I Chl Kaol Prl Pal Sep Sm TOC

%w/w %w/w %w/w %w/w %w/w %w/w %w/w %

LG-2 Mudflat trench <0,5 μm 38 4 5 1 33 11 8 -
<2 μm 62 22 3 1 3 6 4 -

LG-3 Mudflat trench <0,5 μm 28 11 10 - 29 15 6 -
<2 μm 48 6 4 - 27 9 7 -

LG-4 Mudflat trench <0,5 μm 94 - 6 - - - - -
< 2 μm 79 3 3 - 8 6 1 -

LG-5 Mudflat trench <0,5 μm 13 14 5 - 49 15 4 -
<2 μm 46 8 7 4 15 15 6 -

LG-5b Mudflat trench <0,5 μm 62 8 3 2 13 8 5 -
<2 μm 71 2 2 1 17 5 2 -

LG-6 Mudflat trench <0,5 μm 16 22 8 5 12 21 16 -
<2 μm 33 8 7 2 22 22 6 -

MC-LG Surficial mat curls < 0,5 μm 37 5 23 2 10 8 16 -
<2 μm 36 1 10 5 9 14 26 -

MF-LG Surficial decaying mat <0,5 μm 9 2 9 5 14 13 48 -
<2 μm 30 4 11 5 18 7 26 -

AG S1 0-2 Shore core <2 μm 27 1 15 - 2 - 55 -
AG S1 12-15 Shore core <2 μm 21 6 8 - 16 49 - 0.5 ± 0.1
AG S2 6-8 Shore core <2 μm 47 5 15 - 8 26 - -
AG S3 0-2 Shore core <2 μm 37 0 25 - 3 34 - -
AG S3 2-4 Shore core <2 μm 16 4 11 - 5 64 - 0.8 ± 0.1
AG S3 4-6 Shore core <2 μm 16 1 5 - 2 73 3 -
AG S3 6-8 Shore core <2 μm 4 1 5 - - 86 3 0.5 ± 0.1
AG S3 10-13 Shore core <2 μm 7 1 3 - 2 85 2 -
AG SB 6-8 Inner core <2 μm 37 8 27 - 17 7 12 0.5 ± 0.1
AG SB 14-16 Inner core <2 μm 31 2 26 - 7 13 23 0.4 ± 0.1
AG SB 20-22 Inner core <2 μm 61 6 15 - 5 2 17 -
AG SB 26-28 Inner core <2 μm 90 3 10 - - - - 0.7 ± 0.1
AG SB 32-34 Inner core <2 μm 21 2 6 - 24 50 - -
MC-AG Surficial mat curls < 0,5 μm 5 7 22 - 33 34 - -

< 2 μm 10 1 13 3 11 11 50 -
ALTC Surficial porous sediment <0,5 μm 6 9 19 - 34 31 - -

< 2 μm 24 1 8 2 3 6 55 -
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enhances the degradation of microbial mats. Alternatively, the permanent
or seasonal character of the lake in combination with the central or
marginal location of the deposit has effect on the type and amount of the
associated evaporites that may play a control on clay authigenesis. In fact,
the precipitation of a hydrous magnesium sulfate such as epsomite in LG
seems to prevent the formation of the fibrous silicates since requires high
concentration of Mg. By contrast, the occurrence of gypsum and other
evaporites does not appear to influence the relative abundance of the
authigenic clay minerals.

5.2. Clay crystallization on EPS

In the study playa lakes, microbial mats consist of cyanobacterial
and diatoms that develop on the surface of the submerged sediment,
infilling the interparticle spaces by the extracellular polymeric sub-
stances (EPS) secreted by themselves. As the microorganisms grow they
alter the detrital grains by degrading them physical and chemically. The
microbial degradation of the silicate minerals (I, Chl, Prl, Kaol, Qz and
Fsp) is generalized but, as explained above, affects preferentially the
phyllosilicates that are commonly found disaggregated (Fig. 6D). Mi-
crobes attach selectively to the phyllosilicates because they have a large
surface area (Alimova et al., 2009) and contain beneficial nutrients such
as Fe and K (Rogers and Bennett, 2004; Sanz-Montero et al., 2009b;
Sanz-Montero and Rodríguez-Aranda, 2009). The dissolution of the

detrital silicates enables the release of ions (Si, Al, K, Fe, etc.) that are
shown to be fixed to the EPS (Fig. 8K). Mg and, to a minor extent, Ca are
found in high concentrations in the water solutions (Table 1) and get
fixed to the EPS due to its affinity for divalent cations (Dupraz and
Visscher, 2005). The result is a heterogeneous matrix where variable
amounts of amorphous to crystalline (Mg-Al)-Si phases coexist, along
with other authigenic minerals, mainly, gypsum, calcite and aragonite.
The creation of poorly ordered, Mg-Si phases is common in modern
microbial mats (Konhauser and Ferris, 1996; Souza-Egipsy et al., 2005;
Zeyen et al., 2015; Pace et al., 2016) and can be preserved in ancient
lacustrine microbialites (Sanz-Montero et al., 2008).

Pal laths exhibiting incipient faces (Fig. 6E) are the first nanometer-
sized crystals forming on the EPS. The mixture of randomly-oriented
and nanometer-sized crystals with amorphous phases explains the
polycrystalline condition of the EPS (Fig. 8F). Chemical and textural
evolution of EPS caused by dehydration confirms a continuum between
ionic chelation and clay nucleation in the organic templates. The Mg-
clays represent intermediate phases in the gradual transition from
turgent EPS, containing Mg and other ions strongly attached, to col-
lapsed and massive EPS with low amount of charge. The dehydratation
of the EPS entails the release of Mg and its enrichement in the re-
maining adsorbed ions, mostly Si. Along this line, Léveillé et al. (2000)
claimed that desiccation of EPS was involved in the formation of ker-
olite in microbial mats and Konhauser and Urrutia (1999) had
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Fig. 8. TEM micrographs, SAED patterns and AEM analysis of Pal-Sep crystals and associated EPS. A: Nanometer-sized Pal lath that produces a poorly crystalline diffraction pattern
(SAED). B: Rods of common Pal. C: Fibers of pure Sep aggregated into a bundle. D: Hydrated and turgent EPS with an alveolar structure that contain an array of fibers protruding
outwards. Mg is adsorbed to the EPS in much higher amounts that the associated ions, see EDXS of point 2 (F). The composition of the fibers in point 1 (E) is consistent with a Pal
mineralogy. G: The occurrence of several crystals of Pal randomly embedded by the EPS produces a polycrystalline diffraction pattern (SAED). H: A gradation of EPS structures from
alveolar (3) to flat and massive (1) is produced as the EPS dehydrate. The shrunk parts are connected by fibers of Pal composition (J). Notice that the concentration of ions adsorbed to the
dehydrated EPS (I) is much lower than in the hydrated and Mg-rich parts (K).
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suggested that upon EPS desiccation, precursors dehydrated and
transformed into more stable ordered clays. In the same way, Ueshima
and Tazaki (2001) suggested that the formation of Sm took place in EPS
that acted as charged templates.

In the study playa lakes, the largest accumulations of the magnesian
phyllosilicates found in the dry mat curls and bioturbated microbial
mats support that the degradation of the microbial biomass by dehy-
dration play a key role on clay authigenesis in this type of shallow se-
dimentary system. Extracellular polymeric substances (EPS) produced
in microbial mats which may act both as templates and reservoir of Si,
Al, and other ions, which favors the silicate formation.

5.3. Implications for the rock record

The interplay between microorganisms and Mg-clay formation is
increasingly being investigated both in natural and in experimental
systems but mostly focused on Sm and kerolite (Ueshima and Tazaki,
2001; Zeyen et al., 2015). To the best of our knowledge this is the first
work that reports the biomediated nucleation of Pal-Sep on EPS and
provides an excellent analogue for better understanding the ancient
sedimentary environments of the fossil counterparts that can be traced
back at least to the Neoproterozoic (Mettraux et al., 2015). Our results
confirm previous environmental interpretations done from sedimentary
sequences (Calvo et al., 1999; Galán and Pozo, 2011; Calvo and Pozo,
2013) but also clarify important issues concerning Si availability in
pore water as well as the crucial role of microorganisms both in the
destruction and production of silicates.

6. Conclusions

Authigenic Mg-clays assemblages comprised of Pal-Sep and Sm are
forming in microbial mats hosted in Si-poor and Mg-rich playa lakes
from Central Spain.

The formation of the Mg-clays occurs on extracellular polymeric

substances (EPS) of microbial mats that act both as templates and reservoir
of Si, Al, and other ions. Thus, even in ephemeral saline systems binding
and ion exchange mechanisms in microbial mats are involved into the
rapid cycling of silicon through the destruction and neoformation of sili-
cates.

The bioinduced crystallization tends to follow a pattern from the
very small and poorly ordered phases to more ordered crystals favored
by the progressive desiccation of the EPS. In first stages, small sized and
poorly ordered laths of pure Pal nucleate in relation with the EPS.
Additional growing of the crystals results in larger fibers of Mg- Pal to
Al- Sep phases. At a final growing stage, the aggregation of several fi-
bers resulted in the formation of bundles of pure Sep.

The extensive occurrence of bioinduced Mg-clays in the microbial
sediment shows that this type of silicate mineralization is a common
process that can enhance the preservation of the microbial structures in
ancient evaporitic rocks.
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