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Abstract

The spectral decomposition of time series obtained from ancient rock records can be used to
study the similarity between the dynamics of present-day and past climate systems. A high-
resolution periodicity analysis of luminance and lamina thickness of lacustrine stromatolites in
the Ebro Basin (northeast of Iberian Peninsula) reveals a significant signal of interannual and
decadal climatic variability in the Miocene. This is one out of very few works that presents the
use of spectral analysis to estimate the potential of stromatolite lamination as multiple-scale
recorders of climate parameters. The effects of precipitation and evaporation variations on
stromatolite lamination have been detected at three orders of cyclicity based on textural and
high-resolution stable-isotope analyses (C and O) obtained in prior studies. These analyses also

revealed that the light and dark simple lamina couplets are identified with annual cycles (third-



order isotopic cycles). In the present study, the spectral analysis results obtained through
different paths in five stromatolite specimens reveal significant periods in the power spectrum
at around 2.5, 3.7, 5, 7, 10, and 22 years. These cycles can be correlated with the typical
oscillation bands of different climate-related agents. The 2.5-year period corresponds to the
Quasi Biennial Oscillation (QBO), or to the biennial component of the El Nifio-Southern
Oscillation (ENSO), or to the North Atlantic Oscillation (NAO). The 3 to 5 and 5 to 7-year bands
can be linked to ENSO or NAO variability (second-order isotopic cycles). The 8 to 11-year bands
fit the 11-year Schwabe (first-order isotopic cycles) and 22 to 23-year fit the 22-year Hale
sunspot cycles. Thus, the stromatolite growth was controlled by ENSO, NAO, and solar activity
cycles. The close relationship between these climate-related agents makes it difficult to specify
the dominant agent controlling the stromatolite growth. Nevertheless, the significant periods
obtained from this study, within interannual (2.5, 3.7, 5, 7 years), decadal (10, 22 years), and
even multidecadal bands (37-42 years), support the existence, and concurrence, of ENSO and

NAO precursors during the early and middle Miocene.
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periodicity; quasi-periodic cycles; Solar and calendar frequencies.

1. Introduction

The temporal significance of stromatolite lamination has been an intriguing, unsolved issue
ever since its discovery. The difficulty in knowing the environmental significance of lamination
comes from the wide variety of parameters that are involved in lamination development, and
the several ranks of lamina arrangement (Hofmann, 1973; Petryshyn et al., 2012; Arenas and
Jones, 2017). Most studies of stromatolite lamination are based on textural variations of the
laminae, in some cases coupled with stable isotope analyses (C and O), which together provide

palaeoclimatic and palaeoenvironmental information (Andrews and Brasier, 2005; Nehza et al.,



2009; Brasier et al., 2010; Osacar et al., 2013; Arenas et al., 2019). The stable isotope
composition mainly yields information about temperature variations (Matsuoka et al., 2001;
Kano et al., 2007; Brasier et al., 2010) or precipitation/evaporation conditions (Leng and
Marshall, 2004; Arp et al., 2005; Lépez-Blanco et al., 2016). The cyclic evolution of textural and
stable isotope data, mostly §*20, contribute to the inference of seasonal climatic changes
(Kano et al., 2003, 2007; Dabkowski et al., 2015; Martin-Bello et al., 2019a). Clumped isotopes
are a promising tool for obtaining temperature data from ancient stromatolites (e.g., Frantz et
al., 2014; Kele et al., 2015; Kato et al., 2019). This technique is useful for inferring cyclic
changes through time, from which durations can be inferred. However, its use is still limited,
pending refinement of the equilibrium calculations (Affeck, 2012). Another way to estimate
the temporal meaning of lamination is the study of modern stromatolites, through the periodic
monitoring of deposition and the corresponding hydrological, climatic, sedimentary, and
geochemical conditions (e.g., Kano et al., 2007; Gradzinski, 2010; Arenas et al., 2014). These
studies have mostly been performed in the fluvial environment, and show that a number of
laminae can be formed annually or even seasonally (Manzo et al., 2012; Arenas and Jones,

2017).

Concurrent cyclic variations of textural and stable isotope composition in microbial lamination
have been reported by several authors (e.g., Arp et al., 2010; Brasier et al., 2010; Dabkowski et
al., 2015; Rodriguez-Berriguete et al., 2018; Martin-Bello et al. 2019a). These authors propose
seasonal changes in climate parameters to explain such cyclic variations. In other cases,
cyclicities based on lamina thickness, geochemical data or stable isotope data have also been
related to climatic phenomena such as the El Nifio-Southern Oscillation (ENSO) or SUNSPOT

cycles (Mischke and Zhang, 2008; Tang et al., 2014; Petryshyn et al., 2015).

Despite inferences from textural and stable isotope composition in the ancient record, and

comparisons with the recent record, the main problem in interpreting the temporal



significance of stromatolitic lamination comes from its fractal nature, which produces multiple
ranks of laminae and of lamina arrangement (Monty, 1967; Nehza et al., 2009; Martin-Bello et
al., 2019a). The spectral analysis of time series can help understand climate dynamics reflected
in the geological record at different scales (e.g., Weddon, 1993 and references therein; Bond
et al., 1997; Holmgren et al., 1999). This type of analysis has been applied to varied laminated
ancient records in order to infer annual to multidecadal periodicity similar to the North
Atlantic Oscillation (NAO) or ENSO variations (e.g., Huber and Caballero, 2003; Galeotti et al.,
2010; Lenz et al., 2010; Batenburg et al., 2011; Walliser et al., 2017). The stable isotope
variations in speleothem laminae from northern Italy, and in high-resolution lacustrine laminae
from north-eastern Spain, have been suggested to have been significantly influenced by the
NAO during the Holocene (Scholz et al., 2012; Mufioz et al., 2015). Other studies have
associated the variations registered through the upper Miocene with the NAO or ENSO-like
phenomena, as in the case of §'0 records of corals of the Mediterranean (Brachert et al.,
2006; Mertz-Kraus et al., 2009), and others from Pliocene lacustrine laminated sediments in
Spain and Greece (Mufioz et al., 2002b; Kloosterboer-Van Hoeve et al., 2006). The periodicity
of thickness values in upper Miocene halo-varves in Italy has also been related to the influence
of ENSO variability (Galeotti et al., 2010). Even in the middle Oligocene, Walliser et al. (2017)
have found that data on shell growth rates from long-lived marine bivalves in northern Europe
yield variability comparable to that of the NAO. However, lacustrine stromatolites have not

been explored yet in detail with such a periodic perspective by using spectral analysis.

The characterisation of atmospheric circulation phenomena and solar activity (as SUNSPOT
phenomenon) as climate forcing agents is an important subject of study today. Additionally,
several works have focussed on revealing the evidence of periodic or quasi-periodic behaviour
of present-day climatic phenomena in records of the past. The persistence of these climatic
phenomena over long time periods can help evaluate the predictability of the climatic

conditions.



The purposes of this paper are: 1) to demonstrate the occurrence of different orders of
periodicity of stromatolitic lamination; 2) to propose plausible temporal intervals for such
orders; and 3) to suggest natural causes of such periodic changes, such as atmospheric
circulation phenomena and solar activity. The study is based on the analysis of periodicity of
time series built from discrete and continuous parameters of the laminae (e.g., luminance and
thickness) obtained in several stromatolite specimens from the Miocene lacustrine record in
the Ebro Basin, Spain. The results, supported by stable isotope analyses of previous works,
provide new data on the temporal significance of stromatolitic lamination, and show the
complexity of stromatolitic lamination and its potential to record multi-scale climate
signatures, such as ENSO, NAO, and SUNSPOT variations. Moreover, this work contributes to
knowledge on the influence of circulation patterns such as the NAO and ENSO on the climate

of Europe, both in the past and at present.

2. Circulation phenomena and climate variability in present and Cenozoic

environments

The solar activity that interacts with the Earth’s surface is the sum of several processes that
occur mainly in the convection zones, the photosphere, and the atmosphere of the Sun (Gray
et al., 2010). Several Sun/Earth interaction mechanisms have been suggested in studies of the
variability of solar activity influence on the Earth's climate system (Beer et al., 2000; Reid,
2000). It has been suggested that there is a relation between solar activity and ENSO variability
(Hathaway, 2015; Zhai, 2017). Moreover, the spatial structure of the NAO in winter is
significantly forced by the solar cycle (Kodera and Kuroda, 2005). Actually, the influence of
solar activity on phenomena such as the NAO, ENSO, and AMO (Atlantic Multidecadal

Oscillation) has been noted over the Atlantic/European sector (Gray et al., 2016).

Changes in rainfall and temperatures in northern and southern Europe are related to NAO



variability (Hurrell, 1995; Hurrell and van Loon, 1997; Jones et al., 2003). The more coherent
variations occur on periods of 2.5, 5-6, and 8 years (Pozo-Vazquez et al., 2000; Weddon, 2003).
It is considered that the phenomenon of mixed oceanic and atmospheric circulation known as
ENSO is the globally dominant mode of interannual climate variability, and that it has a global
influence over weather and climate. The influence of the ENSO on climate has also been
studied in Europe (e.g., Vicente-Serrano, 2005; Brénnimann et al., 2007; Shaman and
Tziperman, 2011; Kalimeris et al., 2017). The impact of the extreme phases of the ENSO on
seasonal precipitation has also been detected on the Iberian Peninsula (Rodd et al., 1997;
Rocha, 1999; Vicente-Serrano, 2005). Likewise, the association of NAO variability and rainfall
on the Iberian Peninsula and in northern Africa has been the subject of various studies (Zorita
et al., 1992; Rodo et al., 1997; Knippertz et al., 2003). The correlation found between the
values of NAO indices and rainfall also applies to some places in the current Ebro Depression
(Goodess and Jones, 2002; Mufioz-Diaz and Rodrigo, 2004; Hernandez-Ballarin and Peldez-
Campomanes, 2017). Present-day lakes are widely affected by climate variables, such as air
temperature, wind velocity and precipitation (Margalef, 1983), and observations have
demonstrated that many physical and biological lake properties are controlled by these
parameters on seasonal to decadal scales (Catalan et al., 2013). Likewise, the NAO produces a
pronounced effect on the physics, chemistry, and biology of many northern hemisphere lakes
and rivers (Straile et al., 2003). The NAO exerts a dominant influence on European lakes in
winter and early spring, when spring turnover and the onset of stratification occur, but the
influence is noted through the year. Thus, the NAO exerts a major impact on the seasonal
distribution of temperature and nutrients (Hurrell et al., 2003; Straile et al., 2003). Similarly,
the relation between interannual variations of lake level and river discharge in Africa and Asia
are shown to be mainly driven by precipitation changes that are associated with the ENSO
(Mercier et al., 2002; Hwang et al., 2005; Okonkwo et al., 2014). In Europe, surface pressure,

temperature and precipitation data collected from several studies reveal ENSO influence on



lake water features (Fraedrich and Muller, 1992). Climatic sensors from a modern saline lake in
the south of the Sierra de Alcubierre also manifest positive response of lake level variations to

ENSO parameters, such as precipitation (Rodo et al. 1997).

Thus, numerous studies support the influence, at present-day, of the phenomena of circulation
such as ENSO and NAO on the seasonal distribution of temperature and rainfall of Europe and
specifically of the Iberian Peninsula. Likewise, several works support the idea that periodicity
oscillations found in the ancient record can also be attributed to ENSO effects (Mingram, 1998;
Galeotti et al., 2010; Lenz et al., 2010). In this line of argument, Mingram (1998) indicated the
presence of a 5.5 yr periodicity in Eocene laminated lacustrine deposits of central Europe
(Germany). Similarly, Lenz et al. (2010) found that, during the cold interval of the Eocene,
lacustrine laminated oil shales in Central Europe showed thickness variability attributable to
ENSO effects. In contrast, other works consider that these periodic or quasi-periodic variations
could have been produced by NAO effects (Brachert et al., 2006; Mertz-Kraus et al., 2009;
Walliser et al., 2017). Both Brachert et al. (2006) and Walliser et al. (2017) provided
information on numerical climate models and distribution of wSLP-EOF (winter Sea-Level
Pressure-Empirical Orthogonal Function) domains in the North Atlantic ocean that led them to
propose the NAO, and not ENSO, as the main cause of the seasonal and interannual climate
variability recorded through the growth of corals and bivalves. Walliser et al. (2017) did not
discard the hypothesis that both circulation patterns (NAO and ENSO) could coexist in the

Oligocene and Miocene, as it happens nowadays.

During the late Miocene, it has been recognised that climate conditions allowed sea surface
temperature (SST) gradients similar to those that cause the El Nifio phenomenon at present
(Holbourn et al., 2018). In the western Pacific, during the Miocene, there was a substantial

interannual variability of SST, with a 3-year periodicity (Batenburg et al., 2011). Variations in

80 records of corals of the late Miocene Mediterranean have been associated with variations



in SST and the hydrologic balance of sea water, both influencing sea surface salinity. All these
parameters have an interannual variability with periods linked to the NAO or ENSO-like
phenomena (Brachert et al., 2006; Mertz-Kraus et al., 2009). The periodicity of thickness values
of late Miocene halo-varves in Italy has been related to variation in SST influenced by ENSO
variability (Galeotti et al., 2010). In the Iberian Peninsula, the regional palaeogeographic
configuration during the Miocene would be similar to the present one (Bice et al., 2000; Seton
et al., 2012; Scotese, 2014) and therefore could provide suitable conditions for these

phenomena to occur.

3. Geological setting

The Ebro Basin is located in the northeastern sector of the Iberian Peninsula and is bounded by
the Pyrenean, Iberian, and Catalonian Coastal ranges (Fig. 1A). It is the latest southern foreland
basin of the Pyrenean orogen (Riba et al., 1983). The basin fill comprises marine and non-
marine deposits from Palaeocene to late Eocene times. From the latest Eocene (Costa et al.,
2010), the basin became fully continental. Then, it was filled with alluvial and fluvial sediments
derived from the rising bounding ranges, and evaporite and carbonate deposits in lacustrine

systems in the basin centre.

The Ebro Basin fill has been divided into eight genetic stratigraphic units, denominated
tectosedimentary units (T1 to T8; Mufioz et al., 2002a; Pardo et al., 2004). Units T1 to T3 were
deposited up to the upper Oligocene; unit T4 is Oligocene to lower Miocene in age, and units
T5 to T8 are Miocene in age. In the middle or late Miocene the basin opened to the
Mediterranean sea (Arche et al., 2010; Vazquez-Urbez et al., 2013), starting an emptying phase
that continues to the present day. As a consequence of the extensive erosion during the
Pliocene and Quaternary, several uplands formed in the central part of the basin. One of those

uplands is the Sierra de Alcubierre, which is the study area of this research.



The Sierra de Alcubierre area comprises ca 600 m of lacustrine and distal fluvial deposits. In
the area there are no active tectonic structures and the strata are close to horizontal, dipping
slightly to the south-southwest. The succession is divided into three tectosedimentary units:
T5, T6 and T7 (Fig. 1B), which span from the Agenian to the Aragonian (equivalent to the
Agquitanian and Serravalian, respectively) (Mufioz et al., 2002a). These units have been dated
by magnetostratigraphy as 21.3 to 13.5 Ma (Fig. 1C)(Pérez-Rivarés et al., 2002, 2018). Unit T5
(approximately 4.6 Ma) is formed of 430 m of mudstone, sandstone, gypsum, marl, limestone,
and dolostone strata, which grade laterally into limestone and marl deposits to the east and
north (Fig. 1C). Further north, these lacustrine deposits pass laterally into fluvial mudstones
and sandstones. Unit T6 (approximately 1.9 Ma) includes 135 m of mainly limestone and marl
deposits; gypsum strata are interbedded toward the southwestern part of the Sierra (Fig. 1C).
Unit T7 (approximately 1 Ma) comprises 110 m of mudstone, sandstone, limestone, and
marlstone strata. The stromatolites are associated with laminated limestones in the three

units, being more common and thicker in units T5 and T6 (Fig. 1B, 1C) (Arenas et al., 1997).

Arenas and Pardo (1999) proposed a lacustrine facies model for units T5 and T6 in the central
sector of Ebro Basin, including the Sierra de Alcubierre, during the Miocene. The depositional
model is defined by lake level fluctuations. During high lake levels freshwater carbonate
conditions promoted massive and bioturbated limestone and marl facies formation. Low lake
levels led to sulphate and halite facies development in a playa-lake system. Stromatolites and
laminated limestones and dolostones developed at intermediate lake level settings, i.e., during
oscillations between high and low lake levels that yielded saline carbonate conditions. These
oscillations are related to climatic variations. Indeed, the lacustrine record of the Sierra de
Alcubierre has been shown to reflect the influence of astronomic climatic signatures (Pérez
Rivarés, 2016). Cyclostratigraphic analysis of some Miocene lacustrine sections showed that
decimetre to decametre-scale sequences could be linked to Milankovitch frequencies.

Correlation between local magnetostratigraphy (Pérez Rivarés, 2016) and Laskar solutions



(Laskar et al., 2004) has allowed the matching of groups of marl-limestone couplets with
astronomical precession (23-kyr), and short (100-kyr), large (400-kyr), and very large (1.2-Myr)

eccentricity cycles (Pérez Rivarés, 2016).

Within the context of saline carbonate conditions, in the study area, three types of
stromatolites have been distinguished: thin planar, stratiform and domed. Thin planar
stromatolites have greater length than height (up to 6 m long and up to 10 cm thick). They
usually have flat-to-undulatory, laterally continuous laminae, and developed in shallow and
marginal lake areas prone to subaerial exposure. Stratiform stromatolites are 10 to 30 cm thick
and 10 to 30 m long, and include varied internal growth forms (columns, domes and
undulatory to flat-laminated forms). Domed stromatolites are 10 to 30 cm thick and of similar
length. They are formed of similar internal growth forms to those in the stratiform
stromatolites. Stratiform and domed stromatolites are related laterally (Martin-Bello et al.,
2019b). The three types of stromatolites are composed of different lamina types and lamina

arrangements.

4. Materials and methods

Five specimens of lacustrine stromatolites from the Sierra de Alcubierre (Fig. 2; PL-22, VS-22,
AC-5, SC-6, and SC-141) were collected from units T5 and T6 (locations and horizons in Fig. 1B,
1C). The specimens are 4-12 cm thick. High-resolution images (1000 ppi) were obtained
directly through digital scanning of polished sections across the lamination. Lamina thickness
and luminance values were used to analyse the cyclicity registered by the stromatolitic
laminae. Both types of data were measured using the multipurpose software for stratigraphic
signal analysis Strati-Signal (Ndiaye et al., 2012). In order to measure these values, several
paths perpendicular to the lamination were selected on the images of the specimens (Fig. 2).

Due to the morphology of the laminae (see Fig. 3A) and to avoid artefacts or defects, running

10



several segments was necessary to cover the whole specimen. In specimens PL-22, VS-22, and
SC-6 the spectral analysis was performed following two paths across the specimens (Fig. 2).
Path-A was conducted across portions of the specimen with flat laminae, while Path-B was
performed across portions with more convex laminae (or through summit portions in
specimen SC-6; Fig. 2). Each path shows dissimilar variations of lamina thickness. Data
obtained from the time-equivalent interval of the two paths in each of the three specimens

were used to evaluate the coherence of the cyclicity results.

Rock colour records were extracted from digital images of scanned stromatolite surfaces in the
CIE-L*ab colour space. Each value resulted from the average of eight laterally aligned
measurements, obtained by a maximum luminance pixel integration window (imperfections
were usually revealed as darker pixels). Successive values were plotted along the segments
normal to the laminae. These data points were used to construct luminance curves for each

path. A linear de-trending was applied to the data.

A semi-automated lamina counting was implemented in order to give a class (dark or light) to
each type of lamina and then calculate its thickness. The light class includes both light dense
micrite laminae and light porous micrite to microsparite laminae. The dark class is identified
with dark dense micrite laminae. This type of grouping is also based on the isotopic values of
the laminae (Martin-Bello et al., 2019b). For the classification process, a moving average data
smoothing was applied to the luminance curves. The width of the smoothing window was
specified as 15 data. A last value padding of the data was applied to avoid the loss of sample
size due to the moving average application. The original luminance and the smoothed-
luminance curves have been overlaid to have a Boolean discriminatory condition: a datum of
the original luminance curve is classified as light lamina class if its luminance value is higher
than the homologous value of the smoothed luminance curve, and as dark lamina class if it is

lower. Other classification methods were tested, such as fuzzy logic and instance-based

11



learning (Dasarathy, 1991), but the results were less discriminatory (with overestimation of
dark laminae), presumably due to the high presence of imperfections and the higher variability
of luminance of the light laminae compared to the dark ones. The output classes were then
compared with visual representations of the stromatolitic laminations, and the discrepancies
in automatic classification manually corrected. Thus, it was possible to obtain the thickness
measurements of the stromatolite laminae. Subsequently, several time series were elaborated
based on: raw luminance data, the thicknesses of simple light and simple dark laminae, and
the sum of thicknesses of the light and dark laminae (light-dark lamina couplets)(

Supplementary material 1).

The time series were analysed to reveal periodic cycles in lamina thickness using the Fourier
transform and wavelet spectral method, with the spectral analysis programme REDFIT (Schulz
and Mudelsee, 2002), and Wavelet analysis (Torrence and Compo, 1998) integrated in the
software PAST (PAleontological STatistics V. 2.15; Hammer et al., 2001). REDFIT automatically

removes the trend by subtracting the mean prior to time series analyses.

To distinguish the frequency cycles (spectral peaks) from background variability, the time
series were tested against red noise. As greater amplitude values at low frequencies are a
characteristic of climate time series (e.g., Weddon, 2003; Olafsdéttir et al., 2013), the
implementation of this type of error is adequate. A first-order autoregressive (AR(1)) process
(i.e., red noise) was applied to form a theoretical red noise spectrum and false-alarm at 90, 95,

and 99% levels (Thomson, 1990).

Moreover, in order to reveal variations in the spectral profiles through time (following the
stromatolite lamina accretion), wavelet spectral analyses were performed. The Morlet wavelet
base (wavenumber 6) was used, which is the most commonly used wavelet in geophysics (Lau
and Weng, 1995). The temporal series were padded with zeros at both ends, to limit the edge

effect. A cone of influence was included to indicate the region of the wavelet spectrum where

12



the results were less reliable. Background noise was an autoregressive model AR(1), and the
statistical significance of the wavelet power spectrum was evaluated with a 5% significance

level (95% confidence threshold).

5. Stromatolite lamination

Textural, structural, and stable-isotopic data for the studied stromatolite deposits are
discussed in Martin-Bello et al. (2019a, 2019b). This paper provides only contextual
information to help interpret the lamina cyclicity data within the lacustrine environment and

the results derived from the periodicity data obtained herein.

5.1 Characteristics of the laminae and lamination

The studied stromatolites are formed of micrite and microsparite laminae, with occasional
fibrous laminae (i.e., they are fine-grained or micritic stromatolites, sensu Riding, 2000). They
consist of calcite, with variable amounts of dolomite in some specimens. The laminae are
laterally continuous, with variable thicknesses and cross-sectional shapes. They vary from flat

to gently to steeply convex (Fig. 3A).

Four types of simple laminae (i.e., smallest units of uniform texture, cf. Arenas and Jones,
2017) have been defined by their texture, colour, and porosity (Martin-Bello et al., 2019b).
Three of them compose the stromatolites used for this study and are described below (Fig.

3B):

- Dark dense micrite laminae (0.04 — 0.5 mm thick) are composed of dark grey micrite. These
laminae are laterally continuous, with uniform thickness. Elongated pores (40 um) parallel to

the lamination are occasionally present.

- Light porous micrite to microsparite laminae (0.08 — 1.3 mm thick) are formed mainly of light

grey to brown porous micrite, typically forming micropeloidal fabrics. The thickness varies

13



laterally, decreasing down the sides of the domes, sometimes disappearing, and increasing at

the summit of the domes.

- Light dense micrite laminae (0.1 — 1.9 mm thick) are composed of light grey to light brown
micrite, and include scattered small quartz grains, bioclasts, intraclasts, and ooids. The

thickness varies laterally in an irregular way.

The boundaries between simple laminae are consistent in all the stromatolites: gradual from
light dense laminae to light porous laminae, and gradual or sharp from light laminae to dark

dense laminae, but the boundaries at the top of the dark dense laminae are always sharp.

In polished sections, the dark dense laminae are distinguished as dark yellow to brown
laminae, while the light dense laminae and light porous laminae are light yellow, white or

cream in colour (Fig. 3D).

Several simple laminae can be grouped into composite laminae in which either the dark or the
light laminae are dominant (Fig. 3B). Dark composite laminae (0.2 — 2.8 mm thick) are
characterised by dark dense micrite laminae with thin light porous lamina intercalations, or by
the succession of dark dense micrite laminae (Fig. 3B, 3C). Light composite laminae (0.6 — 6.4
mm thick) show light porous laminae with thin dark dense lamina intercalations, or alternating

light porous and light dense laminae (Fig. 3B, 3C).

Overall, in the studied rocks, post-sedimentary features at the scale of microfacies consist of
microspar and spar calcite cements, either in intergranular or framework or rare moldic
porosity. Dissolution and replacement features are not common. In the studied stromatolites
the contacts between the several lamina ranges are either gradual or sharp and coincide with
changes in crystal size and/or porosity; the boundaries between laminae are not found within
crystals nor within crystalline bands, as described in other laminated carbonates (Rodriguez-

Berriguete et al., 2018). Moreover, the stable isotope composition from high-resolution

14



sampling of a specimen parallels textural changes and colour variations. Together these
features indicate that diagenesis did not influence significantly the lamina boundaries, and

thus the measurement of thickness based on colour can be considered close to pristine.

5.2 Stable isotope composition

Previous studies of the Miocene lacustrine stromatolites in the Ebro Basin, based on textural
and stable isotopic analyses (5*°C and §'%0) suggested that changes in the
precipitation/evaporation ratio (P/E) were the main factor controlling the cyclic variations
between light (either porous or dense laminae) and dark dense laminae (Martin-Bello et al.,
2019a, 2019b). Temperature effects are less clearly reflected in the isotopic record of closed
lacustrine basins (Kelts and Talbot, 1990; Leng and Marshal, 2004; Arp, et al., 2005; Lopez-
Blanco et al., 2016), such as the Ebro Basin in the lower and middle Miocene. Accordingly, the
light laminae, with lower isotopic C and O values, correspond to more humid conditions, while
the dark laminae, with higher isotopic C and O values, developed under drier conditions
(Martin-Bello et al., 2019a, 2019b). The authors assumed that the higher temperatures would
be related to drier periods, while the cooler temperatures would be related to more humid
conditions, as is nowadays (the latitude of the studied area was similar today and in the
Miocene). Martin-Bello et al. (2019a), through a High Resolution Sampling study, detected
three orders of cyclicity in the isotopic variations of both §*C and 60, which were related to
P/E changes reflected in textural changes. First order isotopic cycles correspond to couplets
formed of a light composite lamina followed by a dark composite lamina; this succession was
interpreted as representing an overall decrease in the P/E ratio (Fig. 4B). Second order isotopic
cycles correspond to each composite dark or each composite light lamina, which are thought
to represent periods of drier or more humid climatic conditions, respectively. The highest
frequency order cycles (third order) are the light-dark simple lamina couplets, each couple

reflecting seasonal P/E ratio variations through a year. According to these premises, the dark
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dense simple laminae were interpreted to have developed mostly in summer, and the light
porous and light dense simple laminae during the cool seasons (Kano et al., 2003; Martin-Bello
et al., 2019a). Textural features allow to infer that the light porous simple laminae would have
formed during the spring to early summer periods, and the light dense simple laminae during
the autumn to early spring (Fig. 5). The succession of the three types of simple laminae, and
the stable isotopic composition of the light versus dark laminae, allowed the authors to

suggest that each light-dark simple lamina couplet represents one year.

6. Results

6.1. Stromatolite growth rates

Assuming that each light-dark lamina couplet represents a year of growth of the stromatolites
of the Sierra de Alcubierre, the stromatolite records studied here span between 120 and 500
years. An average growth rate of the studied Miocene stromatolites of 0.362 mm yr* can be
calculated (between 0.199 and 0.540 mm yr™; Table 1). Table 1 shows a remarkable difference
between the rates observed in unit T5 (0.21 mm yr™) and unit T6 (0.41 mm yr™); however this
difference is mainly due to the type of morphology of the laminae (flat or domed; Path- A or -

B) and therefore there is no relation with the unit in which they occur.

6.2 Description of the cyclicity of stromatolite lamination

Thickness and colour variations of the laminae can be recognised on polished sections on
different scales, i.e. forming cycles of different orders. Specimens PL-22, VS-22, and SC-6 show
clear variations that can be associated with cyclic patterns. Three order cycles have been
recognised by manual counting; these are composed of 3to 5, 7 to 12, and 37 to 42 light-dark
lamina couplets. Figure 6 illustrates such variations for the case of specimen SC-6. The cycles
that are more clearly distinguished are those formed of 7 to 12 light-dark couplets (red lines in

Fig. 6). Each of these 7- to 12-couplet cycles begins with a dominance of light laminae at the
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lower portion of the cycle, with the light laminae being thicker than the dark laminae. This
difference progressively changes upwards, to the point that the thickness of the dark laminae
is similar to, or greater than, that of the light laminae at the upper portion of the cycle.
Moreover, the dark laminae at the top of these cycles are more continuous laterally than the
underlying laminae, and their top boundaries are sharp. Cycles formed of 3 to 5 light-dark
lamina couplets (blue lines in Fig. 6) are not so clear. In these 3- to 5-couplet shorter cycles,
there is also an upward decrease of the light lamina thickness, at the same time that the dark
laminae thicken upward. Moreover, these two order cycles are grouped into higher order
cycles that are formed of 38 to 42 light-dark lamina couplets, which are clearly distinguished
with the naked eye (black lines in Fig. 6). Lamina accretion patterns similar to those of
specimen SC-6 are recognised in specimens PL-22 (Fig. 7) and VS-22 (Supplementary material
2). These two specimens show cycles of 9 to 12 light-dark lamina couplets with the same

variations as those found in SC-6.

6.3 Spectral analysis

The spectral analysis reveals several statistically significant power spectrum peaks in Path-A
and Path-B. Path-A spectra from specimens PL-22, VS-22, and SC-6 (Fig. 2), show several peaks
that are repeated around the same frequency bands in the three specimens (Figs. 8C, 8E, 8F,
Supplementary material 3). In contrast, in Path-B spectra from the three same specimens, the
statistically significant peaks are distributed in a less defined frequency band, and in general
the peaks are less significant than those of Path-A, except at the highest frequencies, where
the levels of significance are similar (Figs. 8D, Supplementary material 3). From these
considerations, the focus will be on the spectral analysis of Path-A, through flat laminae in the
five specimens, and in the cases of domed and columnar internal growth forms, through their

flanks.

The results obtained from the spectral analysis performed on the raw luminance data are
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essentially similar to those from the lamina thickness data (Supplementary material 4). In most
cases the main significant power spectrum peaks are present in the spectra from both types of
data. The peaks arise at similar frequencies in thickness and raw luminance based spectra, but
the peaks usually have lower confidence levels at lower frequency bands. Spectral analyses

from thickness laminae time series reveal more accurate results than raw luminance data time

series.

The spectral analysis of light-dark lamina couplets revealed several recurrent periods of
thickness variation in the stromatolitic lamination (Figs. 8C, 8E to 8H). The PL-22 spectral
analysis (Fig. 8E) detected periodicities around 2.3 years, and at 4.5 and 26.2 years, with a
confidence level above 95%. Several peaks in the power spectrum were detected at 3.1, 3.8
and 5 years at a confidence level of over 90%. The VS-22 spectral analysis (Fig. 8F) reveals
several statistically significant periods, around 2.5 years, and at 2.8, 3.5, and 22.1 years,
exceeding the 95% confidence level. Several significant peaks can be recognised in the AC-5
spectrum (Fig. 8G). The outstanding peaks in the power spectrum, at over 99% confidence
level, are at 5.2 and 5.9 years; other periodicities are recognised around 2.5 and 3.7 years, and
at 7.7 and 10.2 years, at a confidence level of over 95%. The SC-6 spectral analysis (Fig. 8C)
reveals cycles with periods of 2 and 3.7 years, at a confidence level of over 95%. A cycle with a
period of 10.6 years arises at over 90%, and very close to the 95% confidence level. As for SC-
141 (Fig. 8H), the spectral analysis yields periodicities around 3.6 and 23.6 years, and at 4.7
years, at a confidence level of over 99%; and periodicities around 2.2, 3, and 7.8 years are only

observed over 95%. A 10.7 year periodic cycle rises over the 90% confidence level.

Separated spectra can be obtained from light or dark laminae time series (Figs. 8A, 8B,
Supplementary material 5). Analyses performed on the thicknesses of light-dark laminae reveal
very similar spectral results to those of the light laminae. In contrast, in specimen PL-22, the

spectrum resulting from using only the thicknesses of the dark laminae reveals strengthened
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peaks reaching higher levels of confidence at 2.2-2.3, 6.4, and 9.9 year cycles (Figs. 8,
Supplementary material 5). In VS-22, the dark laminae spectral analysis shows new significant
periods, not detected previously, around 5.5, 6, and 10.5 years, exceeding the 95% confidence
level (Figs. 8J, Supplementary material 5). The spectral analysis of the SC-6 dark laminae also
reveals other significant cycles, with periods of 2.5, 3.3, 6.5, 8.2, and 10.2 years (Fig. 8B).
However, the AC-5 dark laminae thickness spectrum (Figs. 8K, Supplementary material 5)
shows similar peaks to those in the light-dark thickness spectrum, except for one peak that
marks a period of 21 years with greater significance (above the 90% confidence level). The SC-
141 spectrum reveals similar significant periods in the light plus dark, light or dark laminae

analyses (Figs. 8L, Supplementary material 5).

The specimens that reveal greater deviations between the spectral analyses of light-dark and
light laminae versus dark laminae show higher convexity of the laminae (PL-22, VS-22, and SC-
6), while the specimens with flat laminae reveal more similar results among their spectra (AC-5

and SC-141)(Fig. 2).

In specimens that show more convex laminae (PL-22, VS-22, and SC-6), the spectra produced
with only the dark lamina thicknesses reveal new power spectrum peaks at frequencies
corresponding to intervals with periods between 5 and 22 years (Figs. 8l, 8], Supplementary
material 5). If these frequency peaks were already present in the spectra obtained from the
light-dark couplet thicknesses, the periodicities would present a higher significance. A less

significant peak is present in the spectral band of periods between 3 and 5 years.

In summary, the Fourier transform spectral analysis of the time series based on the thickness
values of light-dark lamina couplets indicates the existence of several significant peaks in the
power spectrum density curve (Fig. 8). The power spectrum from the couplet-based time
series reveals persistent significant peaks at the 2.2—-2.5-year period; the most significant peaks

are around the 3.7-year period. Other significant peaks are around the 5- and 6.5-year periods.
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In some cases, significant peaks can be recognised around the 8-, 10-, and 20- to 23-year
periods. Several peaks exceed the 99% confidence level (e.g., around 2.5, 3.7, 5, 6, and 8). In
other cases, the peaks, including those around 10, only reach the 90-95% or 95-99%
confidence band. At lower frequencies the peaks are below the 90% confidence band, or have

such low frequencies that they are not credible for the time series duration.

The continuous wavelet analysis (Fig. 9) confirms the presence of periodic cycles similar to
those found by the singular spectral analysis. The persistence of areas delimited by the 95%
confidence level (using the red noise model) through the time represented by the number of

lamina couplets indicates the loci where the periodicity is more evident.

7. Discussion

7.1 Annual nature of the lamina couplets

Deciphering the environmental and temporal significance of stromatolite lamination is not
easy, due to the wide variety of processes involved (Petryshyn et al., 2012; Arenas and Jones,
2017). In continental contexts, variations in temperature, precipitation and evaporation may
directly or indirectly cause the formation of laminae, which in many cases result in texture and
colour alternations (Andrews and Brasier, 2005; Kano et al., 2007; Brasier et al., 2010; Frantz et
al., 2014; Dabkowski et al., 2015; Bouton et al., 2016), and repetitive lamination (Monty, 1967;

Suarez-Gonzalez et al., 2014).

The formation of stromatolite laminae in some spring-tufa and marine deposits has been
considered daily (e.g.,Takashima and Kano, 2008; Okumura et al., 2013a, 2013b), seasonal or
annual (Hofmann, 1973; Kano et al., 2007; Gradzinski, 2010), based on the textural and
geochemical characteristics. Based on radiometric ages through stromatolite sections, a

multiannual duration has been estimated for some laminae in the Holocene stromatolites of
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Walker Lake (Petryshyn et al., 2012). For example, daily cycles have been recognised in the
lamination of current travertines due to the activities of microorganisms that favour or inhibit
the micrite precipitation (Okumura et al., 2013a). In the fluvial environment, studies of modern
stromatolites have shown that several laminae can form in a few months, with periodic and
non-periodic climatic parameters influencing the lamina formation (Gradzinski, 2010; Arenas

and Jones, 2017).

In the lacustrine stromatolites studied herein, the correlation between the stromatolite
textural changes and the stable isotopic variations ("°C and §'®0) of laminae at different
orders relates the light-dark lamina couplet with the seasonal variations in the year (Martin-
Bello et al., 2019a). Other time frameworks can be proposed for these couplets. However, if
each light-dark lamina of the stromatolites in the Sierra de Alcubierre had formed in a daily
cycle, the studied stromatolite specimens would have developed only in a few months. Given
that there is no evidence of major interruptions within the studied stromatolite lamination,
daily growth is not a reasonable duration for each lamina pair. Longer cycles, such as the
Heinrich and Milankovitch cycles, vary on millennial and much longer scale periods. These
cycles cannot be reflected in the studied stromatolite specimens of the Sierra de Alcubierre,
because the time estimated for the stratigraphic portions, in which the specimens are
included, is too short (see Pérez-Rivarés et al., 2018 and reference therein). Therefore, the
more coherent duration of each single light-dark lamina couplet of the studied Miocene
stromatolites in the Sierra de Alcubierre should be annual, as suggested by Martin-Bello et al.

(2019a).

7.2 How fast do stromatolites grow?

Stromatolites are complex three-dimensional structures where the growth rates can vary
depending on the stromatolite portion in which they are calculated (Petryshyn et al., 2012).

Thus, the growth rates in this work should be considered as an estimation of the order of
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magnitude. These results can be compared with rates obtained from stromatolites in other
environments and/or from other lacustrine deposits. The mean calculated growth rate of the
studied stromatolites is 0.362 mm yr" (between 0.199 and 0.540 mm yr’; Table 1). Holocene
lacustrine stromatolites from Walker Lake (Nevada) yielded growth rate estimates between
0.066 and 0.390 mm yr* (Petryshyn et al., 2012). These rates are much lower than those
measured in modern riverine stromatolites. For example, in some streams in the Iberian
Range, mean rates vary from 4.56 to 13.75 mm yr’1 (Arenas et al., 2014, 2015). In recent fluvial
laminated tufa of southern Japan, Kano et al. (2007) estimate rates from 2.8 to 11.2 mm year™.
These differences are consistent with the idea that lacustrine stromatolites have lower growth
rates than fluvial ones, mainly because of the strong and dominant mechanical CO,-outgassing
in most riverine carbonate systems. However, the calculated rate in the Ebro Basin
stromatolites is much higher than the average sedimentation rates of the stratigraphic
portions in which the stromatolites occur (Fig. 1C). For example, the rate is approximately
0.070 mm yr™ in the dominantly lacustrine portions of unit T6 (Pérez Rivarés, 2016). These
circumstances have to be taken into account when calculating average sedimentation rates in
stratigraphic intervals containing stromatolitic deposits, as the total rates could otherwise be

overestimated.

7.3 Recognition of solar, ENSO, and NAO cycles in the stromatolite lamination

A correlation between the periodic cycles registered in the lamination of the Miocene
stromatolites of the Sierra de Alcubierre and the circulation phenomena ENSO and NAO, as
well as the solar cycles, can be established from results of three different proxies: luminance
and thickness spectral analysis, visual recognition of colour and thickness patterns, and High

Resolution Sampling stable isotopic analysis.

Power spectrum and wavelet transform analyses of lamina couplet thickness and luminance

time series reveal coherent main modes around 2.5, 3.7, 5, 7, 10, and 22-year periods (Figs. 8,
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9; and Supplementary material 3, 4, 5). If each lamina couplet is assumed to represent a year,
as reasoned above, the peaks that represent 2.0-2.5 couplets may correspond to the Quasi-
Biennial Oscillation (QBO, Baldwin et al., 2001) or the biennial component of ENSO (Rasmusson
et al., 1990). The 3-5-couplet peaks may then be indicative of ENSO (Quinn and Neal, 1987;
Philander, 1990; Weedon, 2003), and the 5-7-couplet peaks may be linked to the most typical
NAO modes (Hurrell and van Loon, 1997). The period at 13 couplets may be linked to low-
frequency modes of the NAO (Rossi et al., 2011; Olafsdéttir et al., 2013); other NAO periods

exist, but are not as significant and persistent as the lowest frequency periods.

The Schwabe solar cycle has a period of about 11 years, but varies in duration with a standard
deviation of approximately 14 months (Hathaway, 2015). The periods found at 8-11 and 22-23
couplets match the 11-year Schwabe and 22-year Hale sunspot cycles. The persistent period at
26, present in the PL-22 spectrum, might be linked to the AMO variability of 26-28 years

(Knudsen et al., 2011; Olsen et al., 2012).

The continuous wavelet transform analyses reveal an intermittent behaviour in the periodicity
of the studied time series (quasi-periodic behaviour) that is typical of the NAO/ENSO, with
active phases and their corresponding maximum amplitudes in different frequency bands
(Bronnimann et al., 2007). The spectrum (Fig. 9) reveals periods of around 2.5 and 6-10
couplets, similar to the classic periods found by Hurrell and van Loon (1997) for the NAO. The
peaks of lower frequency should be questioned because the time series have insufficient data
to obtain a good estimation in these frequency bands. Although the actual climate indices of
different atmospheric phenomena have periods in common (Rossi et al., 2011), the periods
obtained from this work have been correlated with the more typical oscillation bands of each

phenomenon.

The statistically significant peaks obtained in the power spectrum reveal that correlative

patterns defined by the lamina thickness variations can be identified, not only in the spectral
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analysis, but also through manual counting on the polished sections. In specimens AC-5 and
SC-141, the thickness and colour variation patterns observed on the polished sections (Fig. 2),
are not as evident as in specimens PL-22, VS-22, and SC-6 (Figs. 6, 7), because there are wide
intervals with similar thicknesses of the laminae, which make it difficult to recognise cycles.
The cycles composed of 7 to 12 light-dark couplets (red lines in Fig. 6), which are consistent
with the peaks revealed by the spectral analysis of this period band (Fig. 8A to 8D), could
correspond to the effects of the NAO and ENSO over the modes of 8 and 11 years, or to the 11-
year Schwabe solar cycles. Higher frequency cycles, of 3 to 5 light-dark lamina couplets, are
also recognised (blue lines in Fig. 6), but these are not so clear. In this case the pattern could
be related to the higher frequency of the NAO and ENSO phenomena. At the same time,
higher-order cycles (black lines in Fig. 6) are formed of approximately 40 light-dark lamina
couplets, but these are not reflected in the spectral analysis due to the limited number of
laminae that compose the specimen. Some atmospheric circulation phenomena have modal
variations around these values, such as the AMO, with a period of 40 years. Specimens PL-22
(Fig. 7) and VS-22 (Supplementary material 2) show cycles of 9 to 12 light-dark lamina couplets
(red lines) as in SC-6. These couplets could be related to the peaks obtained through the
spectral analysis of this specimen, better marked by the dark lamina thicknesses (Fig. 8I, 8J),
and ultimately to the 11-year Schwabe solar cycles. In turn, the 3 to 6 light-dark lamina
couplets (blue lines in Figs. 7, Supplementary material 2) can also be related to the higher-
frequency modes of the NAO and ENSO phenomena. In specimens PL-22 and VS-22, higher
rank cycles formed of 26 and 22 light-dark lamina couplets (black lines in Figs. 7,
Supplementary material 2), respectively, are also revealed by the spectral analysis. These

cycles could be linked to the 22-year Hale solar cycle.

Results from high-resolution isotopic analyses performed in specimen PL-22 (Fig. 7) by Martin-
Bello et al. (2019a) support that the third order isotopic cycles (Figs. 5A, 4A, 4B), represented

by light-dark lamina couplets, correspond to annual lamination. Likewise, the results of the
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spectral analyses reveal that the second order isotopic cycles can be correlated with the cycles
of lamina couplets with periods around 3.5, 5, 6, and 8 years, which are related to the
NAO/ENSO circulation phenomena. The first order isotopic cycles, which are the lowest
frequency cycles, can be identified with the cycles consisting of 9—12 couplets that are related

to lower frequency modes of the NAO/ENSO, or directly with the 11-year solar cycles.

The varying quality of the spectra results obtained in this study is consistent with present-day
observations of the NAO and, at the same time, fits the interpretation of lamina formation
proposed by Martin-Bello et al. (2019a). The anti-cyclonic activity that occurs during the
positive phase of the NAO has been associated with a greater possibility of drought in the
eastern part of the lberian Peninsula (Pozo-Vazquez et al., 2001; Mufioz-Diaz and Rodrigo,
2004, 2006). However, the influence of the NAO on the probability of abundant rainfall, and
therefore of rainy winters in this area, is less evident. This could explain why better results are
obtained in the 5- to 8- year period band (related to circulation phenomena of the NAO/ENSO)
of the spectra based on time series of dark laminae (formed in drier conditions in the summer)

than in those based on light laminae and dark-light lamina couplets.

The longer cycles reflected in the Miocene stromatolites of this study (i.e., 8-23 years) can be
attributed to the 11-year Schwabe and 22-year Hale solar cycles. However, these cycles could
also have been produced by the higher typical modes of the NAO and ENSO. There is evidence,
based on observation and simulation processes, of a direct relation between solar cycles and
atmospheric circulation patterns like the NAO (Kodera and Kuroda, 2005; Gray et al., 2016; Li
and Xiao, 2018) and ENSO (Nuzhdina, 2002; Zhai, 2017). We do not reject the possibility that
the solar cycles could have indirectly influenced the lamina accretion of the stromatolites
through variations in humidity influenced by the NAO and ENSO, rather than only directly
through solar irradiance. This indirect solar influence is suggested by the irregular occurrence

of the 8- to 23-year cycles in the spectra and the wavelets of the several specimens studied

25



here. This result is in accordance with the periods of around 10 and 21 years that are obtained
from the El Nifio No. 3 area index (Cook, 2000), which has been related to solar activity
(Hathaway, 2015; Zhai, 2017). The close relationship between the quasi-periodic variations of
these phenomena makes it difficult to discriminate the different contributions of each of them
in a particular time interval of the studied stromatolite growth. As it happens nowadays, both
circulation patterns (NAO and ENSO) could also coexist in the Oligocene or Miocene (Walliser
et al., 2017). The results from the stromatolite periodic analysis in the Ebro Basin fit such a
hypothesis and suggest influences of the three phenomena (solar activity, either directly or
indirectly, and the precursors of NAO and ENSQO) on the middle Miocene climate of the north-

eastern Iberian Peninsula.

8. Conclusions

This study provides convincing evidence of the utility of spectral analysis (Fourier transform
and wavelet spectral analyses) for understanding climatic influence on stromatolite lamination
at several time scales. A periodicity analysis was performed on several Miocene lacustrine
stromatolites in the Ebro Basin, Spain. Assuming that each light-dark lamina couplet represents
a year, as supported by textural and stable isotope analyses by Martin-Bello et al. (2019a), the
periodic cycles found in this study can be related to some of the main variability modes of
atmospheric circulation phenomena like the NAO and ENSO, and solar activity. The periodicity
analysis was performed over several time series, based on lamina thicknesses and luminance
measurements through different paths in several stromatolites. The results reveal consistent
periods, and exceed very high confidence levels. From these results the following important

conclusions can be drawn:

1. From a methodological point of view, in this study, the results of time-series spectral

analysis based on lamina thickness data were more accurate than those from the analysis
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based on raw luminance data. The time-series obtained through flat-lamina sections yielded
more significant results than those obtained through convex-lamina sections of the specimens.
Indeed, some frequency bands were only significant in time-series based solely on one type of
lamina (i.e., the dark lamina).

2. The fact that analysis of dark lamina produces more significant results than light or light-
dark laminae in some frequency bands (5 to 22) might suggest that sedimentary records
formed in the dry and/or warm seasons are better records of climate variations at decadal or
multi-decadal scales.

3. The annual duration assumed for each light-dark lamina couplet implies that the lifespan of
the studied stromatolite specimens is between 120 and 500 years. The growth rates of these
stromatolites vary between 0.199 and 0.540 mm yr™.

4. Time-series analysis shows persistent significant periods over 2.5, 3.7, 5, 7, 10, and 22 years.
Even though this distribution of periods is common to several climate phenomena and solar
activity, these periods can be associated with the typical oscillation bands of specific climatic
signatures. The 2.5-year periods correspond to the QBO or the biennial component of the
ENSO or NAO variability. Periods within 3 to 5 and 5 to 7-year bands can be linked to typical
NAO or ENSO variability. The periods of 8 to 11 and 22 to 23-year bands match the 11-year
Schwabe and 22-year Hale sunspot cycles. Thus, in this study, there is not a simple solution
about the contribution of each of these phenomena to lamina periodicity.

5. There is a correlation between the cyclicity orders based on stable isotope analyses from
Martin-Bello et al. (2019a) and the periods and climatic signatures presented in this study.
Third-order cycles are identified with the light-dark simple lamina couplets (annual cycles)
used in the spectral analysis. Second-order cycles (each dark and each light composite
laminae) can be correlated with the cycles of lamina couplets with periods around 3.5, 5, 6,
and 8 years, which are related to NAO/ENSO variability. First order cycles (each pair of

consecutive light and dark composite laminae) are identified with 9—12 couplets, and are
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related to NAO/ENSO-like or 11-years Schwabe solar cycles.

6. The persistent significant periods detected by the time series analysis in the studied
Miocene stromatolites reveal inter-annual, decadal, and even multi-decadal climatic variability,
which reinforces the evidence of the presence of ENSO and NAO precursors during the

Miocene.
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Figure captions

Figure 1. A) Location of the Ebro Basin in the northeast of the Iberian Peninsula. B) Distribution
of lithofacies and genetic stratigraphic units (T5, T6 and T7) through the Sierra de Alcubierre
(Ebro Basin, Spain). The positions of the stratigraphic sections are marked: Valle de Soler (VS),
Puig Ladron (PL), San Caprasio (SC) and Aldea del Correo (AC). C) Stratigraphic sections with
the locations of the studied stromatolite specimens, and chronostratigraphic and
magnetostratigraphic sketches based on Pérez-Rivarés et al. (2018). GPTS: Geomagnetic

Polarity Time Scale.

Figure 2. Polished sections of the studied stromatolite specimens. VS-22, PL-22 and AC-5
correspond to Unit T5, and SC-6 and SC-141 (A and B are consecutive sections of the same
specimen) correspond to Unit T6. Thicknesses and luminance time series values were

measured along Path-A (black) and Path-B (red).

Figure 3. A) Lamina shape based on Preiss (1972, 1976) and Walter (1972), in Kennard and
Burne (1989). B) Types of laminae based on textural differences, simplified from Martin-Bello
et al. (2019b). C) Thin section and (D) polished section of quasi equivalent, mirror planes of a
micritic stromatolite in the study area. DCL: dark composite laminae; LCL: light composite

laminae.

Figure 4. A) Bulk isotopic analyses of C and O performed across specimen PL-22 in light (I) and
dark (d) laminae. B) High-resolution sampling in PL-22t 7] and PL-22t 8d, and orders of cyclicity

according to Martin-Bello et al. (2019a).

Figure 5. Stromatolite laminae arrangement, showing the annual (A) and multi-annual nature

(B) of lamination, based on Martin-Bello et al. (2019b).
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Figure 6. Example of a stromatolite polished section, and identification of the different
patterns of cyclicity recognised (SC-6): blue lines correspond to second order cycles according
to Martin-Bello et al. (2019a), which in this work are identified with NAO/ENSO-like cycles; red
lines correspond to first order cycles after Martin-Bello et al. (2019a), identified with 11-year
Schwabe cycles; black lines correspond to supra-order cycles that could be identified with

AMO-like cycles.

Figure 7. Example of a stromatolite polished section, and identification of the different
patterns of cyclicity recognised (PL-22): blue lines correspond to second order cycles after
Martin-Bello et al. (2019a), which in this work are identified with NAO/ENSO-like cycles; red
lines correspond to first order cycles after Martin-Bello et al. (2019a), identified with 11-year
Schwabe cycles; black lines correspond to supra-order cycles which could be identified with

AMO-like cycles.

Figure 8. Spectral analysis results. A to D) Comparison between different singular spectra
obtained from SC-6 thickness values based on (A) light laminae, (B) dark laminae, (C) light-dark
lamina couplet from Path-A, and (D) light-dark lamina couplet from Path-B. E to H) Singular
spectra based on thicknesses of light-dark lamina couplets: E) PL-22 light-dark, F) VS-22 light-
dark, G) AC-5 light-dark, and H) SC-141 light-dark. | to L) Singular spectra based on dark lamina
thickness values: I) PL-22 dark, J) VS-22 dark, K) AC-5 dark, and L) SC-141 dark. Coloured areas
limit the most typical climatic signature frequencies: QBO, Quasi-Biennial Oscillation; ENSO, El
Nifno-Southern Oscillation; NAO, North Atlantic Oscillation; SUN, Schwabe and Hale sunspot

cycles. Time series data are provided in Supplementary material 1.

Figure 9. Continuous wavelet spectra from thicknesses of light-dark lamina couplets performed
on Path-A. Time series data are provided in Supplementary material 1. The vertical axis

indicates cyclicity periods (years) on a logarithmic scale; the horizontal axis represents
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counting of lamina couplets through time (years). The 95% confidence levels are given as thick

contour lines.

Table 1. Lacustrine stromatolite growth rates considering annual couplet duration. Capital
letters A and B are referred to the path through which the growth rate was calculated (see Fig.

4). * is the combination of SC-141A and SC-141B specimens.
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Specimen Thickness (mm) Time (years) | Growth rate (mm/yr) | Units
SC-141A* 113.38 531 0.214 | T6
SC-6B 36.84 162 0.227 |T6
SC-6A 27.70 139 0.199 | T6
PL-22A 50.37 118 0.427|T5
PL-22B 67.98 126 0.540 | T5
VS-22A 63.98 137 0.467 | TS5
VS-22B 54.12 106 0.511 | T5
AC-5A 59.45 189 0.315|T5
Average 0.362
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