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Abstract

83C and ™0 of recent, continuous tufa records, obtained during a monitoring period
spanning 3 to 13 years, are compared with the corresponding, known environmental
conditions. Three rivers in NE Iberia (located along a 200-km N-S transect) are used for
this comparison. The isotopic variations through space and time are discussed in terms
of the environmental and geological parameters that operate on different scales,
focusing on discerning the interactions between these parameters and providing
examples of possible misinterpretation of climatic conditions, which is important to past
climate studies based on isotopic data.

The calculation of the actual isotopic fractionation coefficients, and the comparison with
the literature-derived coefficients, demonstrates that the studied tufa formation was
close to isotopic equilibrium to reflect the water temperature. The difference between
mean measured water temperature (Tw) and mean calculated Tw (based on 8180ca|cite
and measured 5'®Oyaer) is less than 2.7°C. Tendencies of these calculated Tw are similar
to the regional air temperature (Tair) tendencies through time, in particular in the case

of the 13-year record, although certain deviations exist over shorter time spans. The best



agreement between measured and calculated Tw and between 618Oca|cite-based Tw
tendencies and Tair tendencies corresponds to the tufa stromatolite facies.

Differences between the §'°Ocarcite records of the three rivers cannot be attributed to
temperature changes, but to the varying influences of groundwater inputs and isotopic
rainfall composition in each river. Without considering these parameters, 61BOca|cite—
based Tw calculations yield inaccurate results when comparing the study sites.

83Cearcite values do not exhibit distinct patterns over time, and S3Carcite Variations are
likely caused by local processes that do not reflect general environmental changes.
These findings underscore the significance of accounting for both groundwater
behaviour and rainfall stable isotope composition when interpreting climate parameters
in carbonate systems, particularly when differences between the isotopic signatures of

deposits exist in the same region.
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1 Introduction

Fluvial tufa deposits have been widely used as paleoenvironmental tools (e.g., as
summarized by Pedley, 2009 and Capezzuoli et al., 2014), especially the stable isotopic
composition of tufa calcite, due to the temperature dependence of the oxygen isotopic
fractionation and the influence of several inorganic and organic carbon sources on
carbon isotopes (Andrews, 2006). Obtaining reliable environmental information from
stable isotopes is dependent upon calcite precipitation occurring in isotopic equilibrium.
In some cases, the isotopic equilibrium was sufficient enough to provide trustworthy

information (Matsuoka et al., 2001; Garnett et al., 2004; Kano et al., 2007; Yan et al.,



2012; Osécar et al., 2013a), while other studies have concluded that tufa precipitated at
non equilibrium (Lojen et al., 2009; Yan et al., 2012; Sun et al., 2014). These results
show the varied isotopic behaviours of fluvial systems.

In addition to above-mentioned parameters, other factors such as rainfall amount,
moisture sources (Liu et al., 2006; Liu et al., 2010), residence time of water in an
aquifer, discharge and other hydrological features (Wang et al., 2014) can produce
varying effects on the tufa isotopic composition. These factors can be assessed based on
the tufa isotopic record (Makhnach et al., 2004; Garnett et al., 2004). Together, these
facts illustrate the complexity of the relationships between tufa stable isotopes and
environmental conditions.

One of the most successful approaches for better understanding the tufa formation is the
study of modern tufa sedimentation through periodic monitoring of both tufa stable
isotopes and the related environmental parameters, such as physical and chemical water
characteristics, air temperature and precipitation (Chafetz et al., 1991; Liu et al. 1995;
Matsuoka et al. 2001; Kano et al. 2004; Lojen et al. 2004; O’Brien et al. 2006;
Anzalone et al. 2007; Arenas et al. 2010; Brasier et al., 2010; Vazquez et al. 2010;
Manzo et al. 2012; Yan et al., 2012; Osacar et al., 2013a; Auqué et al., 2014; Sun et al.,
2014; Wang et al., 2014; Arenas et al., 2015).

Studies of modern tufa sedimentation in several rivers in the Iberian Range were
conducted from 1999 to 2012 (Arenas et al. 2010; Vazquez-Urbez et al. 2010, 2011;
Osacar et al., 2013a, b; Auqué et al., 2013, 2014; Arenas et al. 2014; Arenas et al.,
2015), revealing that the Aflamaza, Piedra and Ebron Rivers (Fig. 1) are suitable for
analysing the environmental imprint on the 8*3C and 820 records. These rivers, which
are located along an approximately 200-km N-S transect in the Iberian Range (Fig. 1),

share similar geologic contexts and climatic conditions, with a HCO3—Ca-SQO,-based



groundwater supply. Mechanical CO; outgassing is the primary driving mechanism of
calcite precipitation in the three rivers. However, every river has unique features derived
from specific conditions (discharge, precipitation, temperature, hydrodynamics and
riverbed slope), which prompts the study of their effects on the isotopic composition of
tufa sediment. Previous studies in these rivers (Osacar et al 2013a; Auqueé et al., 2014;
Arenas et al., 2014, 2015), dealt with the isotopic composition of tufa sediment sampled
in situ twice a year, which represented short time spans and therefore, were a non-
continuous record through time; moreover, these works focused greatly on the
precipitation process in each river.

The main objective of this paper is to assess how diverse environmental parameters and
factors are reflected in the tufa isotopic record and to determine the effects of their
variations through space and time. For this purpose, continuous carbonate records,
obtained from artificial substrates in three rivers in the Iberian Range and that are
representative of the whole studied time period, are compared, and their stable isotope
variations through space and time are discussed in terms of the involved environmental
parameters. The results are of high interest to climatic interpretations based on stable

isotopic data of the geological record.

2 Study Sites

2.1 Geographical, geological and climatic settings

The three study sites are located along a 200-km N-S transect in the Iberian Ranges
(Fig. 1). The Afnamaza and Piedra Rivers flow towards the NE into the Ebro River, and
the Ebrdn River flows to the SE into the Turia River. The Iberian Ranges are NW-SE
trending, alpine, intraplate mountain chains on the northeastern Iberian Peninsula (Fig.

1). Thick Mesozoic carbonate formations are widespread and constitute karstic aquifers



that feed the entrenched drainage network (Table Al). The three studied rivers are
mainly fed by groundwater. Karstic system dynamics produced extensive fluvial tufa
sequences during the Quaternary (Pefia et al., 2014; Sancho et al., 2015), and tufa
formation remains active today in many valleys, including at the sites analysed in this
study.

The climate in the region is continental Mediterranean with strong seasonal contrasts in
temperature and precipitation. Precipitation is irregularly distributed with maxima in
spring and autumn. The Atlantic rainfall fronts cross the Iberian Peninsula from west to
east, with greater influence in the north. The eastern part of the peninsula is influenced
by Mediterranean air masses (Araguas-Araguas and Diaz-Teijeiro, 2005). Table Al

summarizes geological and climatic information in the three river watersheds.

2.2 Sedimentological characteristics of the fluvial tufa systems

Carbonate sedimentation in the three studied rivers occurred in different depositional
settings (subenvironments) defined by the morphological features of the riverbed (e.g.,
bed slope), physical flow characteristics (e.g., water velocity and depth) and substrate-
associated biota (e.g., floral associations and bacteria). The distinct sedimentary
carbonate facies that formed in the five main stream subenvironments are described in
Arenas et al. (2014).

The deposits that formed in these subenvironments had very different deposition rates
(mean values of facies from the three rivers varied from 0.1 to 12.8 mm/year), mainly
linked to varying hydrodynamics. Mechanical CO, outgassing is considered the
principal factor that controls tufa sedimentation (Arenas et al., 2014, Auqué et al., 2014,
Arenas et al., 2015), as it occurs in other tufa systems (Chen et al. 2004; Gradzinski et

al., 2010). Moreover, the locations of spring water inputs and the topographic profile of



the riverbed also determine the amount of CO, in water and, hence, the calcite
saturation index variation along the rivers.

The deposition rates were greater during warm periods (Spring and summer seasons)
than during cool periods (autumn and winter seasons), independent of facies. These
differences were mainly caused by seasonal variations in temperature-dependent
parameters, such as water saturation with respect to calcite, the development of flora
and prokaryotes and the correlative photosynthetic activity. Thus, tufa deposition rates
in the studied rivers were controlled by both physicochemical and biological processes
(Arenas et al., 2014; Auqué et al., 2014, Arenas et al., 2015).

The tufa records studied in this work correspond to two facies (Arenas et al, 2014):

1) Facies A is composed of stromatolites that formed in areas of fast flowing water
(water velocity > 90 cm/s), such as rapids and small waterfalls devoid of mosses and
filamentous algae (Fig. 2A). The laminated deposits (micrometre- to millimetre-thick
laminae, Fig. 2B) consist of calcite tube-shaped bodies that formed around filamentous
cyanobacteria that later decayed (Fig. 2C). The mean deposition rate was 12.8 mm/yr.

2) Facies C is composed of moss and algal boundstones that formed in stepped
waterfalls and small waterfalls in slow to fast flowing water (Fig. 2D, E) in which
mosses and filamentous algae were coated by calcite (Fig. 2F). The mean deposition
rate was 6.8 mm/yr. Stromatolites (facies A) also formed in this subenvironment in

zones with strong water flow (Fig. 2E, F).

2.3 Hydrochemistry
Waters of the Piedra and Ebron rivers are HCO3—Ca type at the headwaters, shifting
towards a HCO3-(SO,)-Ca type downstream. Those of the Afiamaza River are SO4—

HCO3—Ca type (Auqué et al. 2014; Arenas et al., 2015). This characteristic explains the



high conductivity values found in the Aflamaza River, as well as the higher dissolved
SO, and Ca contents with respect to the two other rivers (Table Al). Mean pH
(approximately 7.95 for the three rivers) and alkalinity values were very similar in the
three rivers (Table Al).

The calculated partial pressure of CO, (pCO,) was highest at the headwaters and
decreased downstream due to CO, outgassing, especially at topographic breaks (Table
Al). This general trend can be altered by additional groundwater inputs along the
studied stretches, promoting local increases in pCO; values. The river waters were in
equilibrium or oversaturated with respect to calcite (see the maximum saturation index
(SIc) in Table Al).

The downstream evolution of Ca content and alkalinity suggests that tufa formation is a
continuous process year round and is more intense in warm periods, which is in
agreement with thickness measured in tablets (Arenas et al., 2014, 2015; Auqué et al.

2014).

3 Methods

Tufa analysed in this work was collected from sediment deposited on artificial
substrates (limestone tablets25x16x2 cm) that had been installed at sites that
corresponded to different subenvironments along the three studied rivers (Fig. 1 and
Fig. 2). One tablet was installed at each site. Ten sites along the Aflamaza River were
monitored from April 2007 to March 2010, nine sites along the Ebron River were
monitored from November 2006 to March 2010 and 24 sites along the Piedra River
were monitored from November 1999 to September 2012. The tablets were removed at
the end of summer and at the end of winter to measure the sediment thickness and then

placed back in their original positions until the next six-month period ended. The



difference in sediment height between consecutive measuring times represented the six-
month deposition rate at each site (see procedure in Vazquez-Urbez et al., 2010). In the
Piedra River, up to four sets of tablets per site were installed throughout the entire
monitoring period (Arenas et al. 2014). Spring and summer months are considered the
warm period, while autumn and winter months represent the cool period. Hereafter,
these periods are referred to as Warm and Cool. After the tablets were finally removed,
they were cut perpendicularly to the accumulation surface. The six-month intervals were
identified in the cross-sections by plotting the successive thickness measurements
corresponding to the cut section.

Only tablets with relatively continuous sedimentary records (facies A and C) and in
which six-month intervals could be clearly identified were selected for this study,
including tablets from two sites in the Afiamaza River, eight sites in the Piedra River (in
the Monasterio de Piedra Park) and two sites in the Ebron River (Fig. 1, 2 and Table 1).
Samples for stable isotope analyses were collected with a microdrill. One sample per
interval was taken, and within some intervals, up to three samples were obtained from
base to top. Both facies A and C were sampled in some intervals.

Tufa consisted of calcite, as determined by X-ray diffraction analysis (see procedure in
Osacar et al., 2013a). Textural observations of the deposits on tablets were made using a
stereomicroscope and scanning electron microscopy (JEOL JSM 6400 at the University
of Zaragoza). Thin sections of deposits on tablets were also examined using a
petrographic microscope.

River water was sampled for chemical and 8*°0 analysis every six months, in the
middle of the warm periods (end of June) and cool periods (beginning of January), at a
number of sites coinciding with the tablet sites (Fig. 1). Temperature, pH and

conductivity were measured on site. Water temperature (Tw), which was obtained



hourly using data loggers (HOBO Pro V2; Onset, Cape Cod, Massachusetts, USA)
installed in every river from June 2007 onwards, was also used in this work. Hereafter,
we refer to the continuous Tw record unless otherwise stated. The water sampling
procedure used in and the hydrochemical data from the Afiamaza, Piedra and Ebrén
rivers are detailed in Auqué et al. (2014) and Arenas et al. (2014, 2015).

83C and 5™0 analyses of calcite (5™*Cearcite and 8*®Ocaicite) and 8*°0 analyses of water
(8" 0waer) Were performed at the Stable Isotope Analysis Service of the University of
Salamanca (Spain). The analytical protocols and methods are outlined in Oséacar et al.
(2013a). The results are reported in %o notation relative to V-PDB (carbonates) and V-
SMOW (water). The overall reproducibility was greater than = 0.1%o. A total of 181
calcite samples were analysed (85 from cool periods and 96 from warm periods, see
Table 2, A2). Water 80 data from the three rivers (220 samples, Tables 1 and A2)
were taken from Auqué et al., (2014), Oséacar et al. (2013a) and Arenas et al. (2015).
Analyses of dissolved inorganic carbon in water (813CD|C) in the Afilamaza and Ebrén
Rivers were carried out in the Cool 2009-2010 and Warm 2010 periods (Tables 1 and
A2). 5"*Cpic analyses were performed at the Department of Environmental Sciences of
the J. Stefan Institute in Lujblana (Slovenia) using the protocols described in Oséacar et
al. (2013a). The results are expressed in %o notation and are reported versus V-PDB.
Reproducibility was greater than + 0.1%0.8"3Cpc data from the Piedra River were taken
from Osacar et al. (2013a) from the Cool 2009-2010 to Warm 2012 periods (Tables 1
and A2).

The water temperature was calculated using the formula reported by O’Brien et al.
(2006), which was applied to similar tufa sediments (Oséacar et al., 2013a):

T(°C)=15.310-4.478(5"80 acite-0 > Owater) +0.14[0.277+1.0412(5** Ocarcite-0" Owater) ] (1)



8" Owaer Values of precipitation of several stations close to the rivers (Soria, year 2003,
Madrid-Retiro, Zaragoza and Valencia, years 2000 to 2009 in the three cases) were
taken from the Spanish Stations of the Red de Vigilancia de Is6topos en la Precipitacion
(REVIP, the Spanish member of the Global Network of Isotopes in Precipitation, GNIP)

and compared with the river §"®Oyaer Values.

4 Results

4.1 Water temperature (Tw)

The lowest average Tw corresponds to the Afiamaza River, both in cool and warm
periods, while the highest average Tw corresponds to the Ebrdn River in cool periods
and to the Piedra River in warm periods (Table 1). The Piedra River exhibits the widest
Tw range (even based on only the synchronous time interval). The narrowest Tw range

corresponds to the Ebron River (Fig. Al).

4.2 Water 6**C and §*®0 composition

Mean 8"3Cpc values (Fig. A2A) are significantly lower in January than in June in the
Aflamaza and Ebron rivers, but in the Piedra River, the June and January values are
similar (Table 1). In the Piedra River the "*Cpc values at different sites are within a
narrower range (Table A2), and the average §"*Cpc value becomes progressively higher
from Cool 2009-2010 to Warm 2012 (Fig. 3). The 8*3Cpc values of the River Piedra
spring (-11.3 and -11.4%0V-PDB in January and June 2010, respectively) are notably
lower than those of the Afiamaza and Ebrén rivers (-10.6%0 and -9.6%0V-PDB in
January and June 2010, respectively, in the Afiamaza River and -8.9%o and -6.9%0V-

PDB in January and June 2010, respectively, in the Ebron River).
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The average Oyaer values from June and January are lower in the Afilamaza River (-
9.1 and -9.7%.V-SMOW respectively) than in the Piedra (-8.5 and -8.6%. V-SMOW)
and Ebrén (-8.3 and -8.8%. V-SMOW) Rivers, whose values are very similar (Table 1,
Fig A2). The maximum individual 8*®0yaer value (-7.3%. VV-SMOW) corresponds to the
Piedra River values and the narrowest range of the individual values (-7.9 to -9.9%. V-
SMOW) corresponds to the Ebron River (Table 1).

Six-month variation is barely displayed in the 8*®0yqer evolution (Fig.4), with slightly
lower values in January than in June (Fig. A2B and Table 1). The evolution through
time shows a weak six-month pattern with many exceptions (Fig. 4). The pattern is
slightly more distinct over the 12 year-period in the Piedra River (Osacar et al., 2013a).
The evolutions over the synchronous monitoring time interval (2007 to Cool 2009-
2010) are similar in the three rivers, except for the reversed observation in June 08,
which is not reflected in the Afamaza River, and the remarkably low values in January
10, which are not reflected in the Piedra River.

Both 8"Cpic and 5™ Oyater become higher downstream (Fig. 5), likely due, at least
partially, to ongoing CO, outgassing, which is consistent with pCO, calculations based
on hydrochemistry data. This downstream trend is clearer for 520 values in the three
rivers and less clear for §"*Cpc values in the Afiamaza and Ebrén Rivers (Fig. 5).
Moreover, because the 520y.er Values in the Piedra River correspond to sites that are
approximately 12 km downstream of the springs (Fig 1C), the cumulative effect of CO,
outgassing may be the reason that these values are higher in the Piedra River than in the

Anamaza and Ebrén Rivers.

4.3 513CCa|cite and 518OCa|Cite Va|UeS and pattems
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In general, the differences in the average 8"Ceacite Values between the three rivers are
minor, with those of the Piedra River being slightly lower (Figs. A3, 6 and Table 2).
The average values of warm and cool periods are very similar in the three rivers (Fig.
6). The widest range corresponds to the Piedra River, while the ranges in the Aflamaza
and Ebron Rivers are similar (Table 2). There is not a distinct six-month pattern in 5°C
(Figs. A3 and 7A), neither is the evolution of 5'°C parallel in the three rivers.
Differences between facies A and C are obvious in the Ebron River, with lower §3C
values in facies C than in facies A (Fig. 6).

The Afiamaza River exhibits the lowest §'®Ocarcite Values, and the Piedra the highest
values (Figs. A3, 6 and Table 2). In the three rivers, the §'®Ocaicite Variation over time,
with lower values in warm periods and higher values in cool periods, reflects six-month
temperature variations, as expected based on the ™0 temperature-dependent
fractionation coefficient (Fig. A3 and 7B). The similarity between the six-month
patterns of 5'®0 in the Aflamaza and Piedra Rivers is notable (Fig. A3). In the Ebron
River, the 8*%0 values do not reflect the six-month periodicity to the same extent, and
the differences between warm and cool periods are smaller (difference=0.04%o) than in
the Afiamaza River (difference=0.70%o) and the Piedra River (difference=0.81%o, for
the same time interval and 0.72%. for the 13-year record) (Table 2).

These differences in 8*®Oacire between the three rivers are related to the different Tw
values measured in each case. The most pronounced range of 8**Ocacite SiX-month
variability in the Piedra River (2.1%0V-PDB between maximum and minimum values)
over the three-river common analysis intervals (Cool 2007-2008 to Cool 2009-2010)
agrees with the largest six-month differences in mean Tw (5.4°C, Fig. Al). In the
Afiamaza and Ebrén Rivers, the six-month variability of §®Ocacite is smaller and

proportional to their respective mean Tw ranges (the difference between maximum and
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minimum values of §®Ocacite is 1.73%0V-PDB in the Afilamaza River, with a range of
3.8°C in mean Tw, and 1.12%0.V-PDB in the Ebron River, with a range of 3.2°C in mean
Tw). In the Ebrdon River, which has the narrowest six-month, mean Tw range, the Cool
2007-2008 period does not display six-month temperature oscillations (Fig. A3 and 7B).
There is little difference in 8*°0 between facies A and C deposits in the Piedra and
Ebrén Rivers. In the Aflamaza River, the §*°0 values are lower in facies C than in facies
A (Fig. 6). Nonetheless, the facies C record is incomplete in the three rivers (Fig. 7B).
In the Piedra River, a general trend towards lower §*2Ocaicite Values is displayed by most

tablets throughout the 13-year monitoring period (Fig. A3).

4.4 Water temperature estimation

Water temperature estimation [Eq. 1] based on §®Ocacite and average 5Ot Values
(weighted mean for warm and cool periods) in each river yields values closer to the six-
month average Tw than to the instant Tw (Fig. 8). Therefore, hereafter Tw refers to the
mean water temperature of the six-month period, unless otherwise indicated.
Differences between the average calculated temperatures (mean of the calculated
temperatures at all sites during every period in each river) and the average six-month
Tw are always <2.7°C (Table A3). The maximum average differences are 2.1°C for the
Afiamaza River, corresponding to the 2007-2008 period, 2.1°C for the Piedra River,
corresponding to the Cool 2009-2010 period, and 2.7°C for the Ebron River,
corresponding to the Cool 2007-2008 period. The average difference between the
calculated and recorded six-month Tw is 1.1°C in the Afiamaza River (Cool 2007-2008
to Cool 2009-2010), 0.8°C in the Piedra River (2.6°C in the case of instantaneous
temperatures; 2007-08 to Warm 2012) and 0.8°C in the Ebron River (Cool 2007-2008 to

Cool 2009-2010).
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The observed differences between calculated and measured Tw are of the same order as
those obtained in other recent tufas that likely correspond to systems close to oxygen
isotopic equilibrium (Garnett et al., 2004; Leybourne et al., 2009; Brasier et al., 2010).
The best fit is exhibited by the Piedra River. This fit is even more remarkable if the
difference between actual and calculated Tw is compared with the measured Tw range
in each river. This measured Tw range is larger in the Piedra River (5.4°C) than in the

Aflamaza and the Ebrén rivers (3.8°C and 3.2°C respectively).

5 Discussion

5.1 Isotopic fractionation

To assess the reliability of the isotopic composition of these tufa records as
environmental archives, it is important to evaluate the isotopic fractionation in the
calcite precipitation process.

Average 8'°C fractionation between calcite and dissolved bicarbonate is approximately
1+0.2%o0 regardless of temperature in the range of 10-40°C (Romanek et al., 1992;
Garnett et al., 2004). In this study, 8"*Cp,c is lower than the corresponding average
813Cca|cite. This difference is larger in January (up to 2.0%o in the Afiamaza River) than
in June (Tables 1 and 2). The difference between the average 8*>Ceacite and the average
813CD|C ranges from a minimum of 0.40%o in the Ebrén River in warm periods to a
maximum of 2.01%. in the Afiamaza River in cool periods (Tables 1 and 2). In the
Piedra River, this difference is approximately 1.3%o. both in warm and cool periods.
These values are the same order of magnitude as those reported in other tufa studies
(Matsuoka et al., 2001; Garnet et al., 2004; Kano et al., 2007; Lojen et al., 2009).
Additionally, they suggest that carbon isotopic fractionation in the studied tufas is not

far from isotopic equilibrium.
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The actual fractionation coefficient of oxygen isotopes has been calculated from the
8" 0carcite values and the average 5®Oyaer Values of the warm and cool periods and
compared with the fractionation factors defined by Kim and O’Neil (1997), Coplen
(2006) and Tremaine et al. (2011). In the three studied cases (Fig. 9), the actual
fractionation coefficients are closer to the laboratory-based values reported by Kim and
O’Neil (1997) than to those reported by Tremaine et al. and Coplen, which were based
on cave studies, and than to the fractionation coefficients of Kele et al. (2015) for
travertines and tufas. The coefficients of the studied cases here plot slightly above the
Kim and O’Neil (1997) line and below the Tremaine et al. values, indicating a higher
fractionation. This suggests that the actual fractionation of these tufa systems, despite
not corresponding to a perfect isotopic equilibrium, is relatively homogeneous and is
well represented by the equation used in the temperature estimation, which has already
yielded good results when applied to this kind of tufa deposits (Arenas et al., 2010;
Osécar et al., 2013a and b).

The slope of the Piedra River regression line is slightly lower than some of the other
lines (Fig. 9) due to the warm periods exhibiting relatively higher fractionation than
expected with respect to the cool periods. This effect has already been observed by
Osacar et al. (2013a) in tufa sediment sampled in situ. This raises the question of the
influence of the precipitation rate on the isotopic fractioning because, in general,
isotopic equilibrium should be harder to reach at higher tufa precipitation rates
(Tremaine et al., 2011, Watkins et al., 2014), which correspond to warm periods in the
study cases (Arenas et al., 2014). The reason for this mismatch is not fully understood.
Some studies have illustrated the complexity of the dependence of the isotopic

fractionation on the deposition rate (DePaolo, 2011).
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In summary, although some kinetic effects cannot be discarded, the fitting line of the
actual fractionation in this study shows that the isotopic composition of the tufa calcite
can be used to derive environmental information (e.g., Tw), in particular, in the case of
the Piedra River. Nevertheless, the accuracy of Tw estimation based on the tufa record
depends on the 8'®Oyaer cOmposition, whose exact value for the whole six-month
periods is unknown. The fractionation coefficient does not seem to be affected by the

precipitation rate.

5.2 Temperature trends from 5*80carcite and air temperature

In addition to the estimation of the individual water temperatures, 8**Ocaite Can provide
information regarding Tw evolution through time (Kano et al., 2007; Lojen et al., 2009).
In fossil tufa studies, this type of estimation is more common and, in general, the
calculated Tw is assumed to reflect the regional Tair.

In the Piedra River, the Tw parallels the Tair from Cool 2007-2008 to Warm 2012 (Fig.
8). Most likely, the parallelism can be extended to the whole tufa record of this study
(1999-2012). The Tair and measured Tw show a distinct increase from 1999 to 2012.
According to the regression line, the Tair tendency increases from 12.4°C to 13.9°C
(Tair change=1.5°C) and the calculated Tw increases from 13.1°C to 14.3°C (Tw change
=1.2°C) in the case of facies C and from 13.2°C to 14.6°C (Tw change=1.4°C) in the
case of facies A.

In other tufa deposits, the agreement between calculated and measured Tw is variable.
In a 60-year record studied by Lojen et al. (2009) in Slovenia, trends of calculated and
measured temperatures differ significantly because of the kinetic effects associated with
isotope fractionation. In the 15-year tufa record studied by Kano et al. (2007), the

calculated temperatures agreed with the measured temperatures. This agreement was
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attributed to the stability of the water isotopic signature based on the residence time of
water in the aquifer. In the Piedra River, because the river 8"®Oyger is not fully stable
(Fig. 4 and Table 1), the weak six-month variation in 8**Oywater has been accounted for in
the Tw estimation (using averaged 8"®Ouwaer Values for warm and cool periods). The
results prove that the §'®Ocacite Values mimic the evolution of Tair with a reasonable
reliability (Fig. 8B). Although the trend line of the calculated Tw is always slightly
higher (~1.5°C) than the Tair line, the parallelism between Tair and calculated Tw
shows that the calculated Tw tendency is reliable and, generally, is more useful for
fossil tufa analyses than the Tw estimation itself.

Over the interval Cool 2007-2008 to Cool 2009-2010, comparisons between the
calculated Tw, the average six-month Tw and Tair in the three rivers yield dissimilar
results. In the Piedra River, Tair exhibits an increasing tendency (Fig. 8D), similar to
the actual Tw trend. The 8"®Ocacie-derived Tw tendency also increases, but the slope is
much higher. This discrepancy may be due to the small number of periods considered
compared to the 13-year record.

In the Afiamaza River Tair exhibits a slight increase throughout the 3-year record,
whereas the measured Tw and the calculated Tw decrease during the same time interval.
Temperatures calculated from facies C are slightly higher than actual Tw. In contrast,
calculations from facies A are slightly lower than the actual Tw and closer to Tair (Fig.
8A). These differences may be related to the offset of approximately 2°C between the
Tw and Tair.

The differences in 8**Ocaiite between facies A and C (Figs. 6 and 7) do not have a major
influence on the estimated Tw, which show very small differences between these facies.
Nevertheless, facies A seems more suitable for temperature estimation because it shows

a more complete record.
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In the Ebrén River, both the measured and the calculated Tw exhibit decreasing trends,
whereas the Tair are mostly invariable (Fig. 8C). In this river, the seasonal oscillation in
actual Tw is significantly narrower than in the other rivers, especially during cool
periods when average Tw can be up to 8°C higher than Tair. Consequently, both the
measured and calculated Tw tendencies yield much higher values than Tair. The Tair
variations are not apparent in the river Tw, likely due to the diffuse groundwater inputs
along the river (Arenas et al., 2015).

Despite the differences between measured and calculated Tw, the Tw trends are more
reliable than the temperature itself. The calculated Tw can reflect the Tair if the
analysed time interval is long enough and if the hydrologic conditions allow the Tair
signature to be transferred to the river water. The best fit between calculated Tw and

Tair tendencies corresponds to the 13-year record of the Piedra River.

5.3 Caveats regarding the water temperature estimation from tufa 620

From the comparison between the temperature estimation results in the three rivers,
some caveats arise, other than the ones derived from the isotopic fractionation process.
The effect of the different §80yqter values on Tw estimation from 880t is illustrated
by the Afiamaza River. These differences can be mistaken for changes in temperature.
This river exhibits the lowest §®Ocarcite Values (Fig. 6), which may be the result of a
higher calcite precipitation temperature. However, this river exhibits the lowest Tw of
the three rivers (Fig. Al). Therefore, the low 5'®Ouaer Values of the Aflamaza River
water (Fig. 4) result in these low 8'®O¢acite values. These low 8Ocacire Values reflect the
influence of both the §"®Ouaer composition and the temperature fractionation effects.
The change in 8"®Owaer cOmposition is the reason for some Quaternary tufa §20

variation (Garnett et al., 2004; Brasier et al., 2010). In these cases, the 81sOca|Cite values
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reveal the isotopic signature of rainfall, which, through aquifer recharge, is transferred
to the river water and, subsequently, to tufa calcite (Garnett et al., 2004; Liu et al.,
2006). Estimating regional Tair based on the Afiamaza River §"®Oaie Would result in
temperature overestimation.

The Ebron River represents another example of potentially misinterpreted climate
conditions. The small 8"®Occie difference between warm and cool periods in the Ebrén
River (Fig. 6) is related to the small difference in Tw between cool and warm periods
(Fig. 5 and Al). However, these Tw differences do not respond to smaller seasonal Tair
oscillations in the area. This feature is likely associated with continuous groundwater
inputs at several points along the monitored river stretch (Arenas et al., 2015). These
inputs diminish the influence of Tair on the seasonal changes in Tw and, thus, are
responsible for the weak response of the tufa record to Tair changes. Estimating
regional Tair based on the Ebron River tufa would underestimate the six-month
contrast.

These findings suggest that although the three studied rivers are located in the same
geographic and climatic context, the corresponding tufa isotopic record can vary due to
differences in local environmental and hydrogeological features (see below). In the case
of fossil tufa studies, disregarding these phenomena may result in misinterpretation of
regional temperatures, even in the cases in which the isotopic fractionation is close to

equilibrium.

6. Comparison between the three rivers: discerning local and regional changes
The differences shown by the isotopic record of the three river tufas give evidence of
the importance of considering the local and regional hydrological differences in the

studies of paleoclimate based on 8*%0.
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Changes in 8"*Ceaicite and '®Ocarcite between close tufa-depositing streams in a region or
in a basin can be related to differences in the isotopic compositions of rainfall and
springs feeding the streams, and to differences in the discharge and distribution of
groundwater inputs along the stream. In addition, varying aquifer residence times can
also induce changes in the calcite isotopic composition (Garnett et al., 2004; Andrews,
2006; Liu et al., 2006). The rivers studied in the Iberian Range are suitable for
discerning the influences of such parameters and factors on the calcite isotopic

composition.

6.1 Groundwater isotopic composition and discharge

8" Owaer Variations along the Ebrén River are not large, relative to the studied stretch
(22 km, Table A1), likely because of the groundwater inputs along its path result in
small 5'®0yaer variations along the studied stretch (Fig. 5C). In the Aflamaza River (in a
18km stretch), the effects of downstream '®0O-enrichment are larger than in the Ebrén
River (Fig. 5A).

In the Piedra River, 5"®Ouwater Values of the main spring (Fig. 1) are distinctly higher in
June than in January (Fig. 3), which is consistent with the seasonal variation of rainfall
8'%0 (i.e., lower in the cool season than in the warm season; Sharp, 2007, sect. 4.7.1).
The river 5®Ouater €volution throughout the 12-year study shows a much less distinct
temporal pattern (Figs. 3 and 4).

The average 8"*Ceaite Values of the Piedra River parallel the 8*3Cpc values of the main
springs (Fig. 3), significantly lower than those of the Afamaza and Ebron rivers.
Therefore, the slight 8**Cearcite Variations found in the different studied sites along this
river may be due to local phenomena that do not respond to regional environmental

conditions.
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In both the Ebrén and Afiamaza Rivers, the discharge maxima coincide with low river
8" Owater Values. This relationship is observed in January 2010 in both rivers and in June
08 in the Ebron River (Fig. 10A, C). Both the June 2008 and January 2010 peaks
coincide with increased rainfall phenomena (Fig. 10A, C). However, the corresponding
8" 0carcite Values barely mark these high discharge and rainfall phenomena. These were
likely unique episodes (Auqué et al., 2014), the effects of which were concealed in the
six-month period deposits and because if the event occurred during the coldest month,
tufa deposition would not have been favoured (cf., Hori et al., 2009; Brasier et al., 2010;
Auqué et al., 2014). Moreover, in the Aflamaza River, high discharge events caused
dilution in the river water (Auqué et al., 2014) and partial erosion of the tufa deposits. In
the Ebrdn River, lower deposition rates correlate with high discharge episodes (Arenas
et al., 2015). Therefore, although in both rivers the river 580 uater reflects changes in
rainfall and discharge, the 8*®Qcacie record does not reflect these changes. In turn,
8"3Carcite does not exhibit parallelism with either discharge or rainfall (Fig. 10A, B).
Unlike the Aflamaza and Ebrén Rivers, the Piedra River 8*®Oyaer Values are not directly
related to discharge variations, and precipitation does not parallel discharge. Only
certain high discharge events (e.g., June 2008) are accompanied by precipitation
maxima (Fig. 10C). The delay between rainfall and its signature in the river water
isotopic composition was previously noted by Oséacar et al. (2013a) and explained by
aquifer storage, which occurs in other tufa systems (lhlenfeld et al., 2003).

In turn, the §"*Ceacire Values in the Piedra River mimic discharge variations, particularly
in the case of facies A (r=-0.42, N=26) (Fig. 10B). The §"*Cait Values are higher from
Cool 1999-2000 to Warm 2003, which is an interval of especially low discharge. From
Cool 2003-2004 to 2009, certain higher discharge values coincide with low 8"Ceaite

values. The discharge decrease from Cool 2011-2012 to Warm 2012 coincides with an
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increase in 8" Cearcite, Which was detected in both facies. This reverse correlation
between discharge and 8Ceaicite has been observed in other tufa deposits in which high
values of 8Cearcie are linked to low discharge periods due to long aquifer residence

times and consequent **C-enrichment (Makhnach et al., 2004; Garnett et al., 2004).

6.2 6'®0 composition of precipitation

Variations in rainfall 'O, can contribute to differences in tufa 8*20gacite (Andrews et
al., 1994; Wang et al., 2014). An example of the influence of rainfall 580 yater ON river
8" 0uater is the six-month variation observed in the groundwater §'°0 signature in the
Piedra River (Fig. 3). This variation is likely due to the seasonal variation of rainfall
880, which is lower in winter.

The lower 8"®Oyaeer Values in the Aflamaza River compared to the other two rivers (Fig.
A2B) cannot be explained by latitudinal differences between the three rivers, as these
are small and appear to have no influence on general tufa development (Sancho et al.,
2015). Temperature differences are also not responsible because Tair of cool periods in
the Afamaza River is slightly higher than Tair during cool periods in the Ebron River.
Altitude is also not the cause, as the drainage areas of the three rivers are slightly above
1000 ma.s.l., and only the studied stretch of the Piedra River is at a lower altitude (786
ma.s.l.).

The location of the rivers between the Atlantic Ocean and the Mediterranean Sea may
explain such differences. This type of moisture source variation has been used to
explain the 8'®0 variations of Quaternary tufas in the SE Iberian Ranges (Dominguez-
Villar et al., 2014). The rainfall 5'®0 values on the Atlantic coast are generally lower
than those on the Mediterranean coast based on the long-term weighted %0

precipitation values from the Santander (-6.1%0V-SMOW) and Valencia (-5.0%0 V-
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SMOW) stations (Aragués-Araguds and Diaz-Teijeiro, 2005). The location of the
Afiamaza River catchment, which is closer to the Atlantic Ocean than the Piedra and
Ebrén Rivers, results in a larger proportion of **0-depleted rainfall in the area compared
to the two other areas. The mean rainfall values of the GNIP stations of Soria (-7.7%o. V-
SMOW, year 2003), Madrid and Zaragoza (-6.3%. V-SMOW, years 2000 to 2009 in
both cases), which may be used as proxies of the rainfall sources for these rivers,
illustrates this situation. However, the lack of data of 5'® O of the river catchment areas
and of the behavior of the aquifers only allow a qualitative approaching to this issue.
This result suggests that the Afiamaza River water reflects, to some extent, the rainfall
8" 0waier Signature (Fig. 4). However, this signature is only partially transmitted to
5*80carcite. 1N this river, the §*®0gcite Values are lower than those in the Piedra and Ebrén
Rivers in warm periods, but not in cool periods, when the isotopic fractionation under
lower temperatures favours a higher 6180ca|cite.

Therefore, the Piedra and Ebrén rivers do not maintain full §'%0 signature of the
rainfall, as does the Afiamaza River. The delayed influence of rainfall on the river water
8'80 signature in the case of the Piedra River and the repeated groundwater inputs in the
Ebron River may be the causes of such differences.

These findings suggest that even rivers in close proximity can display different
behaviours relative to their tufa stable isotope signatures. Rainfall, aquifer residence
time, 5'°C composition of the aquifer groundwater and groundwater inputs along the

river may cause different isotopic signatures in tufa in close depositional areas.

7. Comparison with other tufa profiles
Since Matsuoka et al. (2001) showed that tufa 820 and §"°C reflected the seasonal

variations of Tw and DIC content, many papers have dealt with the climatic significance
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of tufa stable isotopes, but there are very few published works that cover periodical
analysis of environmental parameters and the correlative sediment records through long
time spans.

In the Mediterranean context, only Lojen et al. (2009) studied a 60-year profile of tufa,
formed inside a tunnel, linked to a dam of the river, in Slovenia. The presence of non-
equilibrium precipitation of calcite and the complicated hydrological situation hampered
the relation between temperature and calcite 5'°0; nevertheless, calcite 5*°0 conforms
to river discharge since 1981. In contrast, in the studied cases in the Iberian Peninsula,
the discharge does not correlate with §*®Oacite; and only 5'®Oyater decreases with high
discharge events in the Afiamaza and Ebron rivers, but not in the Piedra River.

In the Iberian cases, the 8"®Ocacite independence of the discharge events favors that
8"®0cacite can reflect more accurately the Tw. These varying results highlight the
importance of the hydrological characteristics to the carbonate isotopic signature.

In Greece, Brasier et al. (2010) studied a Holocene tufa stromatolite profile and
compared the tufa §'0-derived water temperatures with the ones obtained from recent
tufa 8'%0 that formed in isotopic equilibrium. However, the calculated temperature
range of the Holocene tufa corresponded only to autumn and spring, the only seasons
when tufa forms in this case, which coincided with sharp textural changes between the
successive laming. In the three studied rivers of the Iberian Peninsula, although the tufa
formation rate depends on the season (i.e., Warm and Cool periods), no systematic
hiatuses have been inferred. Besides, the tufa sampling method intended that samples
would represent the whole Warm and Cool periods. The actual Tw range is similar to
the measured Tw, which supports that tufa formation occurs through the whole year,
although the estimated temperatures are always higher, which is explained by the

fostering of tufa formation by higher temperatures. Accordingly, the SlSOca|Cite ranges in
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the continuous records of the Iberian tufas are wider that the range in the Greek tufa
with the partial record.

Other studied tufa profiles correspond to monsoon or subtropical climates, where heavy
rainfall dominates part of the year. In these cases, the heavy rain can dilute the original
water 8" Cyarer and 8'°Oyarer signature and the tufa isotopic record can reflect the heavy
rain episodes or season as a decrease in 83C, §'®0 or both (Liu et al., 2006). When
rainy seasons alternate with droughts, evaporation can cause variability in the tufa stable
isotope signature, as in the 14-year profile of recent tufa of Australia, formed under a
semiarid monsoon climate, studied by Ihlenfeld et al. (2003). In that case the long
residence time of water (1.5 years) in the aquifer can delay and blur this effect. In the
Piedra River, although rainfall is not so intense, the decreasing of &"Ceacite With
discharge increase is also observed, likely because the water residence time is smaller.
Another example is the 15-year tufa profile studied by Kano et al. (2007), from the
subtropical Miyako Island, southern Japan, that experiences intense rainy periods and
droughts. The calcite 520 record reflects the air temperature trend through the 15-year
period, although the estimated temperature change is more than twice the measured
change, which, according to the authors, may be due to a change in §*®Oyaer. In the case
of the Piedra River, the difference between calculated and measured Tw is much smaller
and the available water 8"®Owaer ShOws no significant variations through the studied
period.

In none of the referred cases is there a record of water characteristics (temperature,
hydrochemistry, 5'0) synchronous to the tufa deposition, as in the case of the Iberian
Range rivers. This validation makes the results of these rivers (three different rivers

along a 200-km long transect, a large number of samples and long time spans),
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significant and relevant to interpreting climatic parameters from stable isotopes of

continental carbonate systems.

8 Conclusions

A comparison of 8°C and &0 in recent tufa (stromatolite and moss and algal

boundstones deposited on artificial substrates and monitored periodically from 3 to 13

years) from three rivers (Afiamaza, Piedra and Ebron Rivers along a 200-km N-S

transect in NE Spain) has yielded the following important conclusions:

Calcite precipitation occurred close enough to equilibrium for certain
environmental information to be derived from the tufa isotopic composition.

The 8'®0euite Values of the three rivers display cyclic variation (six-month
variation), which is consistent with the six-month Tw variation and is mainly
due to temperature-dependent isotopic fractionation.

Average six-month Tw estimated from the 818OC3|Cite and the mean 8180W3ter
values of the cool and warm seasons in each river differ from the corresponding
actual Tw by less than 2.7°C. An even better agreement is found between the
tendencies of the calculated Tw and the Tair. The best agreement corresponds to
the 13-year Piedra River record; over this period, an increase of 1.3°C in
calculated Tw corresponds to an actual Tair warming of 1.5°C.

The tufa 83C values do not exhibit distinct patterns; however, in the Piedra
River, the 8"*Cpic reflects the spring water 5"*Cpic signature and the only
variation is the downstream increase by the outgassing of “*C-depleted CO,.
Tufa stromatolites prove to be the most suitable sedimentary facies for

estimating regional temperatures.
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Differences in the 8"Ocacite record across the studied 200-km transect cannot be
attributed to temperature changes, but they are due to variable influences of
groundwater inputs and isotopic rainfall composition at each site.

e Lower 50 values of rainfall yield lower §®Ocucie Values that can be
misinterpreted as being due to higher regional temperatures. Permanent
groundwater inputs along the rivers diminish the influence of Tair on river Tw
and their seasonal variations. The ensuing smaller range in 580 acite Values may
be misinterpreted as a smaller seasonal temperature variation.

¢ In rivers mainly fed by groundwater at the headwaters and that exhibit a delay
between precipitation and corresponding discharge variation, the river §*Ouwater
keeps the signature of rainfall &®0u.e composition only partially.
Consequently, these conditions provide a suitable scenario for climate
interpretation based on tufa stable isotope composition.

These findings highlight the importance of accounting for both groundwater behaviour
and rainfall stable isotope composition when interpreting climate parameters from stable
isotope compositions in carbonate systems, particularly when differences in the isotopic

signatures of deposits exist in the same region.
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Figure and table captions

Fig. 1. Location and geological setting of the studied rivers. (A) Geographical location.
(B) to (E) Geological maps of the three studied rivers with locations of tablet sites and
water sampling points. (B) Ebron River, (C, D) Piedra River, (E) Afiamaza River.

Modified from Auqué et al. (2014) and Arenas et al. (2014, 2015).

Fig. 2. Depositional subenvironments and sedimentary facies studied. (A) Fast-flowing
water area devoid of macrophytes in which Facies A forms. (B) Cross-section of tablet
P-14 (Facies A) indicating six-month intervals. (C) Scanning electron microscope image
of Facies A showing calcite tubes mostly subperpendicular to lamination that form a
palisade. (D) Stepped waterfall with moss and algae in which Facies C and minor Facies
A form. Position of tablet P-11 for sedimentation monitoring is circled. (E) Cross-
section of tablet P-11 showing Facies C over Facies A. Six-month intervals are
indicated. (F) Optical microscope image of Facies C (mostly composed of calcite
encrustations around algae (Al (tu)). Note the dense calcite-laminated structures made

of calcified cyanobacterial filaments (Cy) that correspond to Facies A.
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Fig. 3. Evolution of §'*C and §'®0 values in tufa calcite, in the river water, and in the

main springs of the Piedra River (Cimballa) from January 2010 to June 2012.

Fig. 4.Temporal evolution (2000-2012) of mean water %0 values in the Afiamaza,

Piedra and Ebrén Rivers.

Fig. 5. Downstream evolution of average water 20 values and 8Cpic in the (A)

Afamaza, (B) Piedra and (C) Ebron Rivers.

Fig. 6. Average 8°C (A, B, C) and §'®0 (D, E, F) (%o V-PDB) values of tufa calcite
from the Afamaza, Piedra and Ebrén Rivers. (A, D) the whole data set, (B, E) only

facies A and (C, F) only facies C.

Fig. 7. Temporal evolution of 60 and §'C (%o V-PDB) values of tufa calcite in facies

A and C from the Afiamaza, Piedra and Ebrén Rivers.

Fig. 8. Comparison between the temporal evolution of water temperature (Tw)
estimated from 8'°0 (%. V-PDB) values in facies A and facies C, measured Tw
(instantaneously and continuously recorded) and air temperature (Tair). The
corresponding tendency lines are also displayed. (A) Afiamaza River, (B) Piedra River

and (C) Ebron River. (D) Piedra River (Cool 2007-2008 - Cool 2009-2010).

Fig. 9. Comparison between the calculated fractionation coefficients in this paper and

the defined in the literature. The actual fractionation coefficient of 820 is calculated
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based on the measured 8'®QOcycite Values and the average 580uater Values of warm and

cool periods.

Fig. 10. Temporal evolution of average water 5'%0, calcite §®0 and 8*3C, discharge of
the water sampling month (June/January) and precipitation (2-month means for May
and June/December and January). (A) Aflamaza River, (B) Piedra River and (C) Ebrén

River.

Table 1. Means of water temperature in cool and warm periods.Ranges and means of
water 8"°Cpic and §'®0 in the three rivers. In brackets, the periods in which the

corresponding maxima and minima are recorded.

Table 2. Ranges and averages of calcite 53Cpic and 60 in tufa calcite during warm

and cool periods in the three studied rivers.

Figure and table captions of the Appendix

Fig. A1 Temporal evolutions of the water temperatures recorded in the three rivers.

Fig. A2. Mean values of 5"*Cpc V-PDB (A) and §'0 V-SMOW (B) in the river waters
of the Afiamaza, Piedra and Ebrdn Rivers. Data partially taken from Oséacar et al. 2013a,

Auqueé et al., 2014 and Arenas et al., 2015.

Fig. A3. 5'3C and 50 (%, V-PDB) values of calcite samples analysed from deposits on
tablets. Long records (P-14, 16, 20, 11 and 12) correspond to successive tablets installed

at the same sites. Note that two to three samples were analysed in some intervals. Gaps
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within the series are due to the lack of a corresponding sediment record caused by

erosion.

Table A1l. Summarized information from the studied valleys (climate, hydrology and
drainage area from Sancho et al., 2015), and hydrochemical parameters (this paper and
Auqué et al., 2014, Osacar et al., 2013a, and Arenas et al., 2015). Annual discharge data
are available from http://www.chebro.es (Aflamaza and Piedra rivers) and

http://www.chj.es (Ebrén River).
Table A2. Data of tufa calcite **Cand 80 (%0VPDB), river water 520 (%oVSMOW)

and 8"Cpic (%0VPDB), and water T measured during sampling. Water data partially

taken from Osécar et al. 2013a, Auqué et al., 2014 and Arenas et al., 2015.

Table A3. Calculated water temperatures from tufa calcite 8*°0 in the three studied

rivers
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Temperature © C Water 5*° Cpc %o VPDB Water 5'%0 %, VSMOW
Mean instantaneous Mean sensor M M M M
temperature temperature Maximum  Minimum Yo €an  Maximum  Minimum ean ean
June January January  June
warm cool warm cool
~ -10.6 -8.7 -10.9
Anl_\?.maza 16.3 9.1 136 10.4 : Jun_e7'20010) (January 8.2 -9.6 (January  (January 9.7 9.1
ver 2010) 2008) 2010)
- -8.1 -10.5 -9.6
F;(?dra 17.3 9.1 155 10.9 (January (January -9.0 -9.0 (Jun_e37§006) (January -8.6 -8.5
ver 2012) 2010) 2010)
. -7.9 -9.9
Ebrén -6.9 -9.0
River 15.8 10.9 14.3 11.8 (June 2010)  (June 2010) -7.9 -8.5 (J;gg;ry (\Zl\égg? -8.8 -8.6

Table 1. Means of water temperature in cool and warm periods. Ranges and means of water 53Cpic and 880 in the three rivers. In brackets, the

periods in which the corresponding maxima and minima are recorded.
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5'°C%.PDB 5'°0%.PDB
Mean Mean Mean Mean
Maximum Minimum Warm Cool Maximum Minimum Warm Cool
periods  periods periods periods

Afamaza -6.79 -7.95 -7.93 -9.66
River (Warm 2009)  (Cool 2008-2009) 4% 733 (ool 2009-2010)  (Warm2009) 90 820

. . 528 8.75 712 -9.41
PiedraRIVer  \yam 2012)  (Cool 2009-2010) "0 768 (cool2010-2011)  (warm2009) 856 784

. -6.98 8.16 -7.89 -9.01
Ebron RIVer 61 2007-2008) (Cool 2007-2008) 4% 753 awarm2008)  (Cool 2007-2008) 838 842

Table 2. Ranges and averages of calcite 8**Cpc and §'20 in tufa calcite during warm and cool periods in the three studied rivers. In brackets, the

periods in which the corresponding maxima and minima are recorded.
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=9 = 2 ® RS o =
ST & 2Igpes =% 9 4 E
S 5% §%-57_ 52 > 2 B» E 8
River sg OF > %\E/E 2E wfE Geological bedrock of catchment basin s E £ £ a 3
§o 2E 883925 3o g 0 s £ o
$8 5§ 85258 23 s o © g 3
= g E % — 5 © 5 g <
< 7] 7] O
Jurassic limestones and marls
o Cretaceous sandstones and mudstones
Afamaza 11.1 564 0.16 18 1013 - 561 Tertiary conglomerates, sandstones and 786 220 132 248 -2.11 +1.37
limestones
Lower Cretaceous sandstones
Piedra 14 3974 106 0.4 786 Upper Cretaceous limestones and dolostones — ¢a, 105 g77 270 279 +0.79
Tertiary conglomerates, sandstones and
mudstones
Jurassic limestones
Cretaceous sandstones and dolostones
Ebrén 10.8 450 1.2 22 1050 - 740 Tertiary conglomerates, sandstones and 528 80 84.2 266 -2.44 +1.0

mudstones

Table Al. Summarized information from the studied valleys (climate, hydrology and drainage area from Sancho et al., 2015), and hydrochemical
parameters (this paper and Auqué et al., 2014, Oséacar et al., 2013a, and Arenas et al., 2015). Annual discharge data are available from

http://www.chebro.es (Afiamaza and Piedra rivers) and http://www.chj.es (Ebron River).
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Eog ‘goging an . ;E,UE §o§§°§ ng 5 G
Sites .g«%gt gabg Eg\ig gf_)% 29 Sites gg@g gabg §Q\ig §§§ ge,
572 372 § 7 Phg 3 $7e 3% §2 7Ra G-
Cool 1999-2000 Warm 2000
P-11 -7.52 -7.97 P-11 -7.12 -7.75
P-12 -6.48 -7.96 P-12 -7.78 -7.61
P-16 -7.84 -7.74 P-16 -7.44 -8.71
P-20 -7.39 -7.75 P-20 -7.29 -8.54
Cool 2000-2001 Warm 2001
P-10 -8.6 10.7 P-10 -8.78 16.9
P-11 P-1la -6.8 -8.54 -8.67 16.4
P-11b -8.18 -8.82
P-12 -7.70 -7.75 -8.6 9.7 P-12 -8.00 -7.62
P-14 -8.16 -7.92 P-14 -8.01 -8.81
P-16 -7.09 -7.45 -7.9 10.4 P-16 -7.45 -8.75 -8.57 16.5
P-19 -8.6 10.5 P-19 -8.33 16.6
P-20 -7.36 -7.21 P-20 -7.07 -8.59
pP-22 -8.6 8.6 pP-22 -8.76 16.2
Cool 2001-2002 Warm 2002
P-10 -9.08 12.2 P-10 -8.31 18.8
P-11 -7.71 -8.32 -8.83 12 P-11 -7.78 -8.27 -8.09 18.8
P-14 -7.03 -7.22 P-14 -7.24 -8.02
P-16 -6.88 -7.33 -8.94 12.2 P-16 -8.07 -8.55 -8.08 18.9
P-18 12 P-18
P-19 -8.87 11.9 P-19 -8.43 18.5
P-20 -7.50 -7.46 P-20 -7.04 -7.92
pP-22 -8.65 11.7 pP-22 -8.33 19.4
Cool 2002-2003 Warm 2003
P-8 P-8 55 19.1
P-10 -8.6 8.1 P-10 -8.6 19.2
P-11 -7.35 -7.49 -8.7 6.6 P-11 -8.36 -8.48 -8.2 19.4



P-14 -8.30 -8.44 P-12 -8.18 -8.79
P-16 -7.28 -7.21 -8.5 6.7 P-14 -8.4 194
P-19 -8.7 P-16 194
P-20 6.4 P-19 -8.1 195
P-20 -8.30 -8.66 -8.2 19.6
p-22 -8.7 6.6 pP-22 -9.0 19.6
Cool 2003-2004 Warm 2004
P-8 12.2 P-8 18.1
P-10 P-10 -8.43 18.0
P-11 -7.86 -7.50 11.50 P-11 -8.22 -8.95 -8.03 17.8
P-12 -8.08 -8.20 10.90 P-12 -7.81 -8.41
P-14 P-14 -8.52 -8.52 -8.23 17.8
P-16 -8.32 -8.64 18.0
P-19 11.20 P-19 -8.27 18.4
P-20 -7.97 -8.45 11.00 P-20 -7.86 -8.69 -8 18.1
p-22 10.8 pP-22 -7.82 17.8
Cool 2004-2005 Warm 2005
P-8 13.1 P-8 18.2
P-10 -8.83 12.8 P-10 -8.75 18.2
P-11 -7.34 -7.59 -9.01 12.7 P-11a -7.93 -8.34 -8.75 18.3
P-11b -8.19 -8.15
P-12 -7.27 -7.38 P-12a -7.95 -7.78
P-12b -8.13 -8.63
P-14 -8.03 -7.12 -8.9 12.4 P-14 -8.29 -8.58 -8.7 18.4
P-16 -7.95 -7.73 12.3 P-16 -7.82 -8.53 18.4
P-19 -8.71 11.7 P-19 18.5
P-20 -7.86 -7.58 -8.19 12.3 P-20 -7.66 -8.55 -8.61 18.4
P-22 -8.88 12.1 P-22 19.2
Cool 2005-2006 Warm 2006
P-7 P-7
P-8 8.8 P-8 18.3
P-9 P-9
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P-10 -9.48 8.3 P-10 -8.49 18.2
P-11 -8.13 -8.37 -9.28 7.5 P-11 -8.05 -8.26 -7.58 18.2
pP-12 -8.15 -8.10 P-12 -8.26 -8.70
P-14 -8.09 -7.34 -8.99 7.9 P-14 -8.34 -9.01 -7.58 17.9
P-16 -8.00 -7.86 7.5 P-16 -8.02 -8.45 17.9
P-19 -9.2 7.4 P-19 -7.29 18.3
P-20 -7.99 -7.62 -8.39 7.8 P-20 -7.52 -8.04 -7.37 17.9
P-22 -9.05 7.6 P-22 -7.56 17.6
Cool 2006-2007 Warm 2007
A-1 -9.2 A-1 -9.2 15.3
A-2 -9.3 A-2 -9.3 15.8
A-3 -9.3 A-3 -9.3 15.7
A-4 A-4
A-5 9.1 A-5 9.1 16.1
A-6 -9.2 A-6 -9.2 15.6
A-7 -9.2 A-7 -9.2 15.8
A-8 9.1 A-8 9.1 15.4
P-7 9.7 P-7 -8.8 194
P-8 9.7 P-8 -8.9 19.4
P-9 9.7 P-9 -8.8 19.4
P-10 9.8 P-10 -8.7 16.2
P-11 -7.84 -8.11 9.2 P-11 -8.12 -8.44 -8.7 16.1
P-12 -8.13 -8.25 9.2 P-12 -8.13 -8.60 -8.8 16.1
P-14 -8.17 -7.64 9.0 P-14 -8.28 -8.59 -8.6 16.1
P-16 -8.00 -8.80 9.2 P-16 -7.95 -9.40 -8.7 16.2
P-18 8.3 P-17 -8.8
P-19 9.2 P-18 -8.8 16.2
P-20 -7.60 -7.55 9.3 P-19 16.5
p-22 9.5 P-20 -7.63 -8.29 -8.9 16.4
P-22 -8.7 16.3
E-1 -9.31 11.8 E-1 -8.7 15.7
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E-2 -9.08 111 E-2 -8 -8.31 -8.8 15.1
E-3 -9.37 11.7 E-3 -8.8 15.6
E-5 -8.99 13 E-5 -8.8 17.7
E-6 -8.96 105 E-6 -8.8 17
E-7 -9.3 8.9 E-7 -8.8 16.2
E-8 -8.41 10.1 E-8 -7.45 -8.3 -8.9 16
E-9 -8.23 10.1 E-9 -8.9 15.8
Cool 2007-2008 Warm 2008
A-1 A-1 -9.2 17
A-2 A-2 -9.3
A-3 -9.3 9.4 A-3 -7.09 -8.75 -9.3 17.2
A-4 -9.2 8 A-4
A-5 -9.3 8.4 A-5 9.1 17.3
A-6 -7.4 -8.04 -8.9 8.5 A-6 -7.69 -8.85 -9.2 17.6
A-7 -8.7 8.5 A-7 -9.2
A-8 A-8 -9.1
A-9 9.1 9.1 A-9
A-10 A-10 9.1 15.8
P-7 9.7 P-7 14.4
P-8 P-8 14.4
P-9 -8.7 9.8 P-9 -9.16 14.3
P-10 -8.7 9.8 P-10 -9.04 14.4
P-11 -8.07 -7.67 -8.7 9.2 P-11 -8.31 -9.04 -8.84 14.4
pP-12 -8.00 -7.36 p-12 -8.13 -8.69
P-14 -8.20 -7.52 -8.6 9.0 P-14 -8.22 -8.47 -8.74 14.5
P-16 -8.15 -8.31 -8.8 9.2 P-16 -7.81 -9.30 -9.02 145
P-18 -8.5 8.3 P-18 -8.76 14.6
P-19 -8.7 9.2 P-19 -8.66 14.8
P-20 -7.04 -7.48 -8.7 9.3 P-20 -7.46 -8.64 -8.91 15.2
P-22 -8.6 9.5 P-22 -8.64 15.3
E-1 10.7 E-1 15.5
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E-2 -8.16 -9.01 -8.9 10.6 E-2 -7.39 -7.89 -9.85 14.7

E-3 11.6 E-3 15.4

E-5 13.2 E-5 16.7

E-6 -8.9 12.6 E-6 -9.92 16

E-7 -8.9 12.2 E-7 -8.83 16

E-8 -6.98 -8.63 -8.9 12.2 E-8 -7.15 -8.82 -9.24 15.5

E-9 12.9 E-9 15

Cool 2008-2009 Warm 2009

A-01 A-01 -9.59 16.4
A-1 A-1 -9.75 16.8
A-2 A-2

A-3 -7.26 -8.58 A-3a -7.46 -9.21

A-3b -7.86 -9.66

A-4 -9.56 7.6 A-4 -9.45 16.9
A-5 -9.47 8.9 A-5 -9.41 16.7
A-6a -7.95 -8.6 -9.15 8.5 A-6a -7.65 -8.41 -9.33 16.2
A-6b -7.53 -8.16 A-6b -7.24 -8.9

A-6¢ -6.79 -8.38

A-7 A-7

A-8 A-8

A-9 -8.84 7.5 A-9 -9.08 15.3
A-10 A-10

P-7 -7.81 8.5

P-8 -8.13 P-8

P-9 -8.21 8.2 P-9 -8.25 16.2
P-10 -8.25 8.4 P-10 -8.29 16.4
P-11a -8.07 -7.56 7.4 P-11 -7.82 -8.48 -8.75 15.9
P-11b -7.85 -7.69

P-12 -8.67 -8.39 P-12 -7.89 -8.33

P-14 -7.94 -7.56 -8 8.0 P-14 -8.33 -8.62 -9.32 16.2
P-16 -71.75 -8.27 -7.75 7.9 P-16 -7.95 -9.41 -8.96 16.3
P-18 -7.82 6.3 P-18 -8.61 15.9
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P-19 -8.22 75 P-19 -8.51 16.6
P-20  -7.84 742  -7.82 8.1 P-20  -7.79  -848  -8.12 16.8
P-22 7.3 7.8 P-22 -8.13 16.3
E-1 9 E-1 -8.52 15.3
E-2 -8.59 9.9 E-2  -756 -8.18  -8.62 15
E-3 10.1 E-3 14.9
E-5 11.3 E-5 -8.47 16.3
E-6 -8.25 10.8 E-6 -8.36 16.3
E-7 -7.94 10.5 E-7 -8.32 16.1
E-8 74 812  -7.97 10.7 E-8 741 -876 -7.98 15.6
E-9 11 E-9 15.7
Cool 2009-2010 Warm 2010

A-01 -10.6  -10.60 10 A-01 -8.44

Al -10.57 -10.35  10.3 Al 882 -7.71

A-2 A2

A3 719  -8.29 A-3

A-4 1091  -984 106 A4 827  -6.98

A5 -10.43 10.9 A5

A6  -728 793 -10.75 858 104 -8.64  -7.87

A7 A7

A-8 A-8

A-9 988 988 105 A9 791  -9.88
A-10 A-10

P8 875 -851  -9.58 97 10.3 P-8  -864 896 877 946 155
P-10 10.1 P-10 15.7
P-11  -767 -812 92 105 100 pP-11  -7.70 -907 -894 8% 156
P-12 721  -756 P-12 752  -8.83

P-14  -7.67 -8.12 10.1 P-14  -7.70  -9.07 15.6
P-16  -7.59  -7.99  -8.94 -9.6 10.1 P-16a -7.18 -8.35  -8.8 893 157

P-16b  -7.50  -8.56
P-18  -659  -8.30 16.0
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P-19 -7.11 -7.82 10.0 P-19 -6.57 -8.07 16.1
P-20 -7.75 -8.08 10.2 P-20a -7.26 -9.03 16.0
P-20b -7.51 -8.98
P-20c -7.26 -8.41
p-22 -7.17 -8.55 -8.54 -9.5 10.2 pP-22 -9.02 -9.09 15.9
E-1 -9.38 -8.80 9.3 E-1 -7.17 -6.91
E-2 -7.58 -7.98 9.6
E-3 9.8 E-3
E-5 -8.40 11.4 E-5 -7.53 -7.76
E-6 11.1 E-6
E-7 -8.42 10.8 E-7
E-8 -7.54 -8.38 -8.87 -8.35 10.8 -6.73 -9.01
E-9 10.6 E-9
Cool 2010-2011 Warm 2011
P-8a -8.13 -8.33 -8.9 -9.18 5.9 P-8a -8.39 -8.09 -8.28 -9.61 16.7
P-8b -8.56 -8.01 P-8b -7.99 -9.03
P-10 6.6 P-10 16.8
pP-11 -7.59 -8.44 -8.52 -8.60 5.4 P-11 -7.56 -8.86 -8.22 -8.95 17.2
P-12 -7.13 -7.56 P-12a -7.25 -8.27
P-12b -7.03 -8.54
P-14 -7.59 -8.44 6.6 P-14 -7.56 -8.86 171
P-16 -7.16 -7.62 -8.23 -8.68 6.4 P-16a -7.39 -8.39 -7.83 -9.05 17.6
P-16b -7.28 -8.88
P-18a -6.72 -7.68 P-18 -6.98 -9.06
P-18b -6.52 -7.11 P-19a -6.76 -8.63 17.6
P-19 -7.12 -8.35 6.9 P-19b -7.47 -8.72
P-20 -7.40 -7.97 7.1 P-20a -7.41 -8.21 17.3
P-20b -7.04 -8.92
P-20c -7.42 -9.09
pP-22 -8.42 -8.59 6.6 pP-22 -7.55 -8.99 16.9
Cool 2011-2012 Warm 2012
P-8 -7.90 -8.16 -9.36 -8.61 8.5 P-8 -8.57 -8.91 -8.79 -9.04 17.1
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P-10 8.5 P-10 17.1

P-11a -7.59 -8.24 -9.05 -8.41 7.6 P-11a -7.59 -8.80 -8.93 -8.46 17.7
P-11b -6.59 -7.61 P-11b -7.33 -8.57
P-12 -7.31 -7.66 P-12 -6.30 -7.94
P-14a -7.59 -8.24 P-14a -7.59 -8.80 17.5
P-14b -6.59 -7.61 8.5 P-14b -7.33 -8.57
P-16a -7.43 -7.67 -8.75 -8.26 8.1 P-16a -7.07 -8.31 -8.76 -8.69 17.7
P-16b -6.88 -7.37 P-16b -7.26 -8.46
P-18 -6.84 -7.59 7.6 P-18 -5.28 -7.98 17.6
P-19 -7.25 -7.65 8.1 P-19 -7.06 -8.73 18
P-20 -7.11 -7.85 8.4 P-20 -7.28 -8.76 17.7
P-22 -8.62 -8.08 7.9 P-22 -7.21 -8.61 -8.97 -8.52 17.6

Table A2. Data of tufa calcite 5°Cand 8'°0 (%0VPDB), river water 520 (%0VSMOW) and 8"*Cpic (%0VPDB), and water T measured during

sampling.
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Temperature °C | AflamazaRiver Piedra River EbrénRiver
Sites A-3 A-6 P-14 P-16 P-20 P-8 P-11 P-12 P-18 P-19 E-2 E-8
C0011999-2000 115 11.6 12.5 12.5
Warm2000 16.3 15.6 12.2 11.6
Co0I2000-2001 12.3 10.4 9.4 11.6
Warm2001 16.8 16.5 15.8 16.2 11.6
Co0l12001-2002 9.4 9.9 10.4 14.0
Warm2002 13.3 15.6 12.9 14.4
Co0l12002-2003 14.5 9.4 12.8 10.5
Warm2003 16.1 15.3 16.1
Co00l12003-2004 14.6 10.6 141
Warm2004 15.3 16.0 16.2 17.4 14.4
Co0l12004-2005 9.0 115 10.9 10.9 10.7
Warm2005 15.8 15.5 15.6 14.3 141
Co0l2005-2006 9.9 12.0 111 14.2 13.1
Warm2006 17.7 15.2 13.4 143 16.3
Cool 2006-2007 111 16.1 10.8 13.1 13.7
Warm2007 15.8 19.5 14.5 15.1 15.8 14.2 14.1
Co0l2007-2008 8.6 10.6 14.0 10.5 11.3 10.0 16.1 14.5
Warm2008 13.7 14.2 15.3 19.0 16.0 17.8 16.2 12.4 16.4
Co0l2008-2009 | 10.7 9.0 10.8 13.8 10.2 111 14.3 12.3
Warm2009 16.7 12.9 15.9 195 15.3 15.3 14.7 13.6 16.1
Cool 09-10 9.6 8.1 13.1 12.6 13.0 14.8 14.0 10.8 11.9 11.7 13.4
Warm2010 18.0 15.2 16.8 17.5 17.4 16.9 14.5 135
Co0I2010-2011 14.5 111 125 134 13.2 10.8 10.1 14.1
Warm2011 17.0 16.0 16.5 15.7 15.7 15.0 17.9 16.2
Coo0l2011-2012 12.3 10.6 12.0 13.3 13.6 11.2 10.9 11.2
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Warm2012 ‘ ‘ 16.2 14.9 16.6 17.2 171 13.0 131 16.4 ‘

Table A3. Calculated water temperatures from tufa calcite §*%0 in the three studied rivers
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Highlights

e Recent tufa §*°0 reveal seasonal and decadal climate changes in NE Iberia

e 50 calcite-derived Tw fit regional and local air temperature trends through time

e Calculated Tw can be biased by discharge and rainfall isotopic composition changes
e 1C calcite reflects both exceptional discharge events and in-aquifer recharge

e Together, this is relevant to climate inferences from isotopes in carbonaterecords
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