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In 1993, Goudie and co-authors named the postulate that there would be a marked decline in the
deposition of calcareous tufa in Europe since ca. 2500 BP ‘the late-Holocene tufa decline’. However, the
growing development of investigation on calcareous tufas and considerable improvement in dating
methods, especially radiocarbon dating, has provided reliable evidence of deposits developing until our
present days. I thus discuss the reality of the decline, reviewing 62 tufa sites in Europe and their time
distribution based both on radiocarbon dates and biochronological data and distinguishing different
cases depending on tufa size and types. | demonstrate that the late-Holocene tufa decline is actually a
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CaJl/care ous tufa general view of a rather complex tendency: after a maximum during the Atlantic period, fluvial tufas are
Holocene systematically affected by a decline from ca. 5 ka cal. BP but no general trend is shown in the devel-

opment of proximal (spring-fed) or lacustrine tufas. This observation is likely to result from the
increasing impact of human activity (mainly deforestation) on landscapes, and more specifically on
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fluvial environments, from the Bronze Age.
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1. Introduction

In the last decades, the growing number of scientific publica-
tions on calcareous tufas has demonstrated their relevance as ar-
chives of interglacial palaeoenvironments and palaeoclimates (e.g.
(Andrews, 2006; Antoine et al., 2007; Dabkowski et al., 2011;
Limondin-Lozouet and Preece, 2014; Ortiz et al., 2009; Pazzaglia
et al.,, 2013; Ricci et al., 2015). Tufas are indeed one of the few
continental archives capable of building true synergistic records of
past environments (including physical, faunal and floral changes)
that simultaneously provide independent records of regional cli-
matic changes (especially from calcite stable isotopes), and that can
be dated precisely and objectively (Capezzuoli et al., 2014;
Dabkowski, 2014). To date, most investigations have been focusing
on Holocene deposits as they are more numerous and better pre-
served than older tufas (Ford and Pedley, 1996; Pentecost, 1995).
For this recent period, their distribution and development have
long been discussed as a promising indicator of anthropisation
because, as any fluvial systems, tufas are highly responsive to
environmental changes, especially those induced by human activ-
ity (Antoine et al., 2002; Pastre et al., 2001).

In 1993, Goudie and co-authors named the postulate that there
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would be a marked decline in the deposition of calcareous tufa in
Europe since ca. 2500 BP ‘the late-Holocene tufa decline’. The
concept got a certain success in the community of researchers
working on travertines and tufas then, this paper has been exten-
sively and regularly cited (104 citations according to Scopus data-
base, October 2019) while its main topic is actually not to
demonstrate the existence of such a decline but to discuss the role
of various natural and anthropogenic changes that may have
affected tufas. The authors themselves wrote: ‘In many parts of
Europe there appears to be evidence for a decline in tufa deposition
rates since the mid-Holocene. However, the veracity of this trend
needs to be investigated further’ (Goudie et al., 1993, p. 185).
Nevertheless, the ‘late-Holocene tufa decline’ rapidly became a
paradigm (e.g. (Andrews et al., 1994; Pentecost, 1995; Pentecost,
2005; Zak et al., 2002) then, most discussions have concentrated
on its causes and mechanisms (Dramis et al., 1999; Pedley, 2009;
Vaudour, 1994) or, in the case of long Holocene sequences including
recent to modern tufa depositions, on the reasons justifying the
absence of such a decline (e.g. (Dabkowski et al., 2015).

The late-Holocene tufa decline was rapidly debated after the
publication by Goudie et al. (1993). Baker and Simms (1998) thus
demonstrated that ‘there has been a considerable underreporting
of active tufa deposition’ and that ‘this observation, in turn, sug-
gests that the same has occurred for fossil sites’. In the last decades,
the growing development of investigations on calcareous tufas in
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Europe and considerable improvements in dating methods, espe-
cially radiocarbon dating, have provided reliable evidence of de-
posits developing until our present days (Andrews et al., 2000;
Dabkowski et al., 2015; Dobrowolski et al., 2002, 2005; Hajek et al.,
2016; Lozek, 2009; Pedley et al., 1996; Srdoc et al., 1980). All these
publications also illustrate a large diversity in tufa deposits.

A large part of the literature on Holocene European tufas is here
reviewed, including past to recent publications, with the aim to
better constrain the reality of the decline and distinguished
different cases depending on tufa size, types or geomorphological
settings.

2. Time distribution of tufa deposits during the Holocene: the
state of the art

The chronological distribution of tufas over the Holocene has
been discussed since the 1960s, then more intensively during the
1970s and 1980s while radiocarbon dating became increasingly
available for these deposits. At regional scales, observations sug-
gesting a maximal development of tufas during the Atlantic period,
in terms of deposition rate and/or frequency, were made in
Southern France, Central Europe, Britain, Northern Spain, Germany,
etc. (Ambert, 1981; Bogli, 1980; Evans, 1972; Gonzalez-Pellejero,
1986; Stirn, 1964; Weisrock, 1986). The first review of dated sites
over Europe (also including Morocco and Israel) was provided by
Jean Vaudour (1986a), including about 30 locations or groups of
locations (i.e. from the same region/country). Chronological data
used for this early review were provided by both biostratigraphy
and, when available, radiocarbon or U/Th dating. They highlighted a
decrease in tufa deposition during the Subboreal period up to an
apparent stop in their accumulation at the Subboreal-Subatlantic
transition (Vaudour, 1986a); pattern which was thus defined as
the ‘late-Holocene tufa decline’ by Goudie et al. (1993). Following
these early publications, several regional inventories were pub-
lished during the last decades (Alexandrowicz et al., 2016; Nicod,
2010; Ollivier et al., 2006; Starkel et al., 2013; Vaudour, 1994).

Parallel, with the development of radiocarbon dating on tufa
calcite and associated organic matter (Dobrowolski et al., 2002,
2005; Pazdur and Pazdur, 1986, 1990; Srdoc et al., 1980; Thorpe
et al., 1980), a few, intensively cited, reviews have focused on the
frequency of dates per time interval (of a thousand years) at
regional to European scale (Pentecost, 1993, 1995): they showed a
strong predominance of dates between 7 and 9 ka. However, in
some of these reviews, data collected from thermogene travertines
are including (Pentecost, 1995, 2005), while their accumulation
processes are very different from those of (meteogene) calcareous
tufas and usually independent of environmental or climatic pa-
rameters (Capezzuoli et al., 2014).

Generally, little is said about the type of tufa deposits and the
stratigraphic context of sampling for dating and/or associated
palaeoenvironmental studies that provide biochronological infor-
mation. However, Baker and Simms (1998) suggested that the re-
cord of the Late-Holocene decline might depend on the type of tufa:
in Wessex (UK), they distinguish large deposits (>1000 m?) affected
by a decline while smaller sites are not. Later, Ollivier et al. (2006)
stressed that the geomorphological context of tufas from South-
eastern France is highly important to assess the chronological sig-
nificance of a sequence: e.g. as tufas are affected by a lateral
transgression within the valley, several profiles might be stacked to
cover the whole duration of the tufa deposition. Alexandrowicz
et al. (2016) also discussed the chronological distribution of tufas
in the Pieniny Mountains (Carpathians, Poland) according to their
morphology and place of deposition, while in the Lublin upland
(Eastern Poland), Dobrowolski et al. (2002) attempted to correlate
tufa granulometry and sedimentation rate with Holocene

temperature changes. To test these assumptions on a tufa decline
and involved mechanisms at the European scale, a new review of
calcareous tufas and their time distribution over the Holocene
appears necessary.

3. Tufa deposition in Europe during the Holocene: a new
review

Data collected from 79 references (journal articles, previous
reviews, books, technical reports, etc.; Table 1) on a total of 66 in-
dividual locations have been summarised in Fig. 1. Fourteen coun-
tries are represented, covering Europe from Northern UK (Scotland)
to Southern Spain and Italy and from the French West coast (Nor-
mandy) to Eastern Poland (Lublin Upland) and Belarus (Table 1).

For the purpose of this paper, only publications with strong
chronological information (from radiometric dating or biostratig-
raphy) were considered. Most of them are related to palae-
oenvironmental reconstructions, which is actually the main field of
investigation regarding fossil tufa deposits (Dabkowski, 2014;
Pentecost, 1995). The most common proxies are molluscs and
pollen. In some cases, plant macrofossils are also found, and more
rarely ostracods. At some sites, archaeological artefacts (ceramics,
hearths, slags, etc.) also give chronological indications (Fig. 1).

3.1. Time distribution of radiocarbon dates in tufa deposits

To allow comparisons between dates obtained from the 1980s to
nowadays and, with previous reviews of Holocene tufa dating
(Pentecost, 1993, 1995, 2005), uncalibrated dates are considered in
this section. The number of dates per sites is highly variable. The
tufas from Plitvice and Krka (Croatia) are exceptionally well dated,
which reflects the extensive work of the Zagreb dating researcher
group and its collaborators over decades (Horvatincic et al., 2000;
Roglic, 1977; Srdoc et al., 1980, 1985, 1994). These two Croatian
locations provide almost as many dates (212; Figs. 1 and 2) as all the
other 48 dated sites together (234 dates). They are thus excluded
from the following discussion on the distribution of radiocarbon
dates as they may induce an over-representation of the Late Ho-
locene in the corpus of data (Fig. 2). More commonly, dated tufa
sites provide 1 to 10 dates (4.7 dates in average; Fig. 1) rarely more,
except at recently studied sites (Dabkowski et al., 2015; Hajek et al.,
2016; Pazdur et al., 2002): in the last decades, high-quality radio-
metric dating became mandatory for publication in international
journals while technical and methodological progress allowed to
date new and smaller amount of material.

While the occurrence of a Late Holocene tufa decline was pre-
viously demonstrated by the greatest number of dates ranging
between 7 and 9 ka BP (Pentecost, 1993, 1995, 2005), newly
reviewed data does not show such a strong tendency (Fig. 3).
Maximal frequencies of dates are reached at 6—7 and 8—9 ka BP
(respectively 36 and 34 dates), then at 5—6 and 9—10 ka BP (31
dates for both intervals), while more than 23 dates are still inven-
toried at 3—4 ka BP (Fig. 1). Conversely, the 7—8 ka-interval pro-
vides fewer dates (15). These observations are likely to reflect the
availability of material to be dated in tufas. While the opportunity
for dates was long depending on the presence of well-preserved
organic matter (as organic sediment accumulation or large char-
coals and plant macrofossils), often limited to some stratigraphic
units, the development of dating on calcite (or smaller amount of
organic matter) and more recently on mollusc shells has resulted in
the increase of dates and their better distribution over tufa se-
quences (Ollivier et al., 2006). The sites where only organic material
was dated thus provide fewer dates (Fig. 1). A strong discrepancy
between the number of dates and the number of actually dated
sites is also observed (Fig. 3). Between 5 and 9ka BP, dated sites
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Table 1
List of sites and related bibliography included in this review. Sites are first classified by countries (in alphabetical order of their IOS-ALPHA-2 code as referred in Fig. 1) then by
alphabetical order of the site main name.

AT: AUSTRIA

St Magdalena

BE: BELGIUM

Annevoie-Rouillon

Buzenol

Ethe (La Source du Cron)

Orval Abbaye

Treignes

Vierset-Barse (Houyoux valley)
Villiers-Devant-Orval (Le Chameleux)

BY: BELARUS
Bezymiannoe

Okono

Ptich

Teklits

CZ: CZECH REPUBLIC
Svaty Jan pod Skalou
EE: ESTONIA

Lake Antu Sinijarv
Varangu

ES: SPAIN

Alcaraz

Laguna Redondilla
Molinar valley

Purén valley

Queiles valley (Moncayo Natural Park)
Sedanillo valley
Tubilla del aqua

Val valley

FR: France

Calais coastal plain (several sites including

Guines)
Clénay (vallée de la Norges)
Daours
Jouques
La Vis
Meyrargues (Grand Vallat)
Pont-de-Joux
Saint Gilhem le Désert
Saint-Antonin
Saint-Germain-le-Vasson
Scarpe valley (Hamblain-les-Prés)
St Momelin
Vauvenargues
GB: GREAT BRITAIN
Alport (Lathkill valley)
Caerwys
Inchrory (Scotland)
Wateringsbury
Bad Laer
HR: CROATIA
Krka
Plitvice
IT: ITALY
Paestum
Triponzo
LU: Luxembourg
Direndall
Loschbour
PL: POLAND
Dolina Eliaszéwki Nature Reserve
Homole Gorge
Komaréw
Krzywice
Laski
Ociemny stream
Ptasnie
Ractawka
Rudka
Rzerzusnia
Saspowska valley
Sieradowice
Skotnicki stream

Fritz (1976)

Gueurts (1976)/Quinif (2012)/Paepe (1965)

Cofiteaux (1969)

Vaudour (1986a)/Cotiteaux (1969)

Cofiteaux (1969)

Mullenders et al. (1963)/Gueurts (1976)/Vaudour (1986a)/Janssen and Swennen (1997)

Gueurts (1976)/Franco et al. (2008)

Vaudour (1986a)/Paepe et al. (1970)/Souchez and Paepe (1972)/Gueurts (1976)/Pazdur and Pazdur (1990)/Janssen et
Swennen (1999)

Makhnach et al. (2004)
Makhnach et al. (2004)
Makhnach et al. (2004)
Makhnach et al. (2004)

Zak et al., 2002

Laumets et al. (2014)
Kalm and Sohar (2010)/Sohar and Meidla (2010)

Andrews et al. (2000)/Taylor et al. (1998)
Andrews et al. (2000)

Gonzdlez-Amuchastegui and Serrano (2015a,b)
Gonzdlez-Amuchastegui and Serrano (2015a,b)
Aranbarri et al. (2016)

Gonzalez-Amuchastegui and Serrano (2015a,b)
Gonzalez-Amuchastegui and Serrano (2015a,b)
Aranbarri et al. (2016)

Sommé (2006)/Van Der Woude and Roeleveld (1985)

Clair et al. (1972)

Limondin-Lozouet et al. (2013)

Vaudour (1994)/Ollivier et al. (2006)/Nicod (2010)/Nicol-Pichard (1986)

Ambert (1986)/Vaudour (1986a)

Vaudour (1994)/Ollivier et al. (2006)/Nicod (2010)/Magnin et al. (1990)

Vaudour (1994)/Ollivier et al. (2006)/Nicod (2010)/Bonifay (1986)

Ambert (1986)

Vaudour (1994)/Ollivier et al. (2006)/Nicod (2010)/Guendon and Vaudour (1981)/Guendon et al. (2003)/Ali et al. (2003)
Limondin and Preece (2004)/Limondin-Lozouet et al. (2005)

Sommé (2006)/Emontspohl (1994)

Sommé (2006)/Van Der Woude and Roeleveld, 1985

Vaudour (1994)/Ollivier et al. (2006)/Nicod (2010)/Del Giovine (1986)/Magnin and Thinon (1988)

Andrews et al. (1994)

Garnett et al. (2006)

Preece et al. (1984)/Faulkner and Brazier (2016)
Garnett et al. (2004)

Hiltermann (1977)

Horvatinci¢ et al. (2000)
Roglic (1977)/Srdoc et al. (1980, 1985, 1994)/Horvatinci¢ et al. (2000)

Lippman and Vernet (1986)/Amato et al. (2009)
Fubelli et al. (2013)/Vinken (1968)

Meyrick (2000)/Dabkowski et al. (2015)/Granai et al., in prep.
Gob et al. (1984)/Brou et al. (2014-2015)

Alexandrowicz and Skoczylas (2017)

Alexandrowicz (1996)/Alexandrowicz et al. (2016)

Dobrowolski et al. (2016)

Dobrowolski et al. (2002)/Alexandrowicz et al. (1994)/Pazdur et al. (2002)
Gradzinski et al. (2001)

Alexandrowicz et al. (2016)/Alexandrowicz and Skoczylas (2017)
Alexandrowicz (2013)/Alexandrowicz et al. (2016)

Pazdur et al. (1988)/Szulc (1983)

Dobrowolski et al. (2002)/Pazdur et al. (2002)

Pazdur et al. (1988)

Alexandrowicz (1983)/Gradzinski et al. (2017)

Pazdur et al. (1988)

Alexandrowicz et al. (2016)

(continued on next page)
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Table 1 (continued )

Trzebienice Pazdur et al. (1988)

Tylka Alexandrowicz (2013)/Alexandrowicz et al. (2016)
Zawaddéwka Dobrowolski et al. (2005)

SK: SLOVAKIA

Haj Gradzinski et al. (2013)

Hrhov Gradzinski et al. (2013)

Mituchovci Haéjek et al. (2016)/Dabkowski et al. (2018)

provide up to seven dates per 1 ka-interval (2 dates on average;
Fig. 1). Consequently, the apparent highest date frequency at this
time corresponds to around 20 sites only. Actually, when consid-
ering dated sites (instead of dates), no tendency is seen: the
number of dated sites remains around 15—20 during the Early and
Middle Holocene and only slightly lowers to 7—8 per 1ka-interval
from 3 ka BP to present time (Fig. 3).

Additionally, the absence of date does obviously not indicate the
absence of tufa deposition: in this review, almost a quarter of the
inventoried sites are not dated by radiocarbon (Fig. 1), including
long sequences such as Ethe in Belgium (Gueurts, 1976) or Okono
and Teklits in Belarus (Makhnach et al., 2004). Similarly, at sites
showing a single or few dates, these are unlikely to be represen-
tative of the full period of time covered by the tufa sequence. The
stratigraphic position of dated samples within the whole tufa de-
posit should be carefully considered which in turn also prevent to
include dates which are not consistent with other chronological
information (due to e.g. reworked material, diagenesis, dead carbon
ageing; (Pazdur and Pazdur, 1990; Pazdur et al., 1988).

Therefore, considering these numerous biases, the frequencies
of dates or dated sites are not suitable for discussing the time dis-
tribution of tufas over the Holocene. This review thus considered
tufa sites with strong chronological attribution based on combined
proxies (Fig. 1).

3.2. Tufa development over the Holocene

The extended period of development of each of the 66 reviewed
sites is shown in Fig. 1. These chronological attributions are
generally based on palaeontological data (mainly pollen and mol-
luscs) and thus discussed by authors in terms of chronozones (i.e.
Preboreal, Boreal, Atlantic etc. periods) and/or Holocene subseries
(Early, Middle or Late Holocene). These chronologies are here re-
ported respectively senso (Mangerud et al., 1974) calibrated by
(Walanus and Nalepka, 2010) and senso (Walker et al., 2012, 2019);
ages are thus expressed here in calibrated years BP (Fig. 1). As a
relative dating approach, biostratigraphy intrinsically involves un-
certainties in terms of ‘absolute’ ages; 500yrs-intervals are thus
considered in this review. Exceptions were made at the major
chronological boundaries (i.e. Pleistocene (Tardiglacial)/Holocene,
Early/Middle and Middle/Late Holocene boundaries) where those
intervals are according to the formal subdivision dates from the
International Commission on Stratigraphy (respectively 11.7, 8.2
and 4.2 ka cal. BP (Head and Gibbard, 2015; Walker et al., 2019;
Walker et al., 2012).

At most sites, tufa development ceased between 2.5 at 5.5 ka cal.
BP, after the Atlantic optimum (Fig. 1). Fig. 4 shows the evolution of
the number of sites precipitating tufa along the Holocene. While
only a few sites are assigned to the Late Glacial, their number
rapidly increased during the Early Holocene to a maximum at 7—7.5
ka cal. BP (50 sites; Fig. 1). The number of tufa sites then progres-
sively decreased but more than a third of inventoried tufa still
developed during the Late Holocene. The number of tufa sites even
slightly increased again during the Subatlantic (ca. 1.5—2 ka cal. BP).
This first look at the Holocene time distribution of European tufas
thus indicates that part of them seems affected by a ‘late-Holocene

decline’ but the phenomenon appears less marked and less sys-
tematic than previously described.

As suggested in previous publication, the size (Baker and Simms,
1998) and geomorphological position/type (Alexandrowicz et al.,
2016; Dobrowolski et al., 2002; Ollivier et al., 2006) of tufa de-
posits may have induced them to be differently affected by a late-
Holocene decline; reviewed data are thus further discussed
regarding those assumptions.

3.2.1. Effect of size

The spatial extension (surface area) of reviewed tufas is not
systematically provided by authors and apparently only mentioned
when deposits are exceptionally large: 36 sites are reported as
larger than 1000 m?, one site is ‘small’ (Loschour, Luxembourg),
while no information is available for the 29 others (Fig. 1). Contrary
to Baker and Simms (1998) who observed, in the UK, a decline in
the deposition of large tufas (>1000 m?) as opposed to small sites
(<1000 m?), no relationship between size and a cease in deposition
during the Late-Holocene is demonstrated in this review of Euro-
pean tufas.

The height (or depth) of tufas is systematically shown in papers
as their stratigraphy is almost always presented. This review thus
also considers high (i.e. thicker than 10 m) versus thin (<10 m-
thick) deposits (Fig. 1). While thicker deposits, as there are likely to
correspond to longer and/or more detailed records, could have
been more attractive when looking for palaeoenvironmental in-
formation, they are not the most studied: 27 of the 66 tufa sites (i.e.
39 tufa thinner than 10 m). Actually, the thickest tufas do not sys-
tematically cover the whole Holocene and conversely, the longer
records are observed in ‘thin’ deposits (Fig. 1). As for the surface
area, the height of tufas and so, their precipitation rate, do not show
any relationship with their stop or continuation during the Late-
Holocene.

3.2.2. Effect of geomorphological position and resulting type of tufa
Many studies (including in this review) have shown the di-
versity of tufas and the wide lateral variability of facies within a
single deposit, which both have induced difficulties in classifying
them for decades and the development of complex nomenclatures
(Ford and Pedley, 1996; Pedley, 1990, 2009; Pentecost and Viles,
1994). A review by Capezzuoli et al. (2014) attempted to simplify
these classifications of tufas generally based on depositional ge-
ometry, details within stratigraphy and petrology (e.g. perched
springline, cascade, fluvial, lacustrine, paludal) into three groups
based on the physico-chemical and biological context of deposition
resulting from the distance from the water spring(s): 1) resurgence
(or proximal) environments, including e.g. mound spring and
spring-fed mire or perched-springline tufas (Pedley, 1990; Pedley
et al., 2003), where CO,-rich groundwater oversaturated in cal-
cium ions degases as it flows away from the spring(s), increasing
calcite precipitation also due to biological processes (linked to
cyanobacteria, algae, vegetation, etc.); 2) intermediate environ-
ments, i.e. fluvial, including small cascades and barrages (Pedley,
1990), where calcite precipitation is mainly induced by cyanobac-
teria, algae and aquatic vegetation as water becomes undersatu-
rated; and finally, 3) distal environments, where tufa deposition
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Guines FR L T 1 1
Dolina Eliaszéwki Nature Rese PL T 2 2
Ptasnie T il 1
Skotnicki stream PL H 1 1
Tylka PL T 1 1 2
Homole Gorge PL T i 1 2
Laguna Redondilla ES L T 1Kl 2
Rudka PL T 2] 3 §2 3 10
Plitvice HR L H (172)
Krka HR L H (40)
Ethe (La Source du Cron) BE T
Direndall LU L T (N 2 §28 2 2924 1§l 1 14/
Lake Antu Sinijarv EE L T 1 1 EN 1 4
Mituchovce SK L T 24 2 i 1 E iy 2 10
Inchrory GB L. T 1 1
Krzywice PL T 31 1 2 4 4 15
HOLOCENE CHRONOLOGY
Nb of dated sites 8 7 819142021121818 7 1| 50| [ Subatlantic | Subboreal | Atlantic Borea[ Preboreal [ YD [ All |
[TOTAL SITES 66] Nb of dates 12 12 10 23 18 31 36 1534 31 11 1| 234 { Late | Middle | Early

Fig. 1. Inventory of all chronological data available at the 66 reviewed sites and their chronological distribution (see Table 1 for references). Sites are ranked according to the time they stopped deposited before or during the Late
Holocene. At some sites, a second phase of deposition is observed during the Subatlantic after a hiatus of 500 years or more; the date they stopped precipitating before the hiatus is then considered to rank them. Site characterisation
includes the country they are from (I0S-ALPHA-2 code, see Table 1); type of tufa as described by authors, height (T = Thin, i.e. <10 m; H = High, i.e.>10 m) and surface area/width (S = Small, i.e. <1000 m?; L= Large, i.e.> 1000 m?).
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Fig. 3. Frequency distribution per 1 ka-intervals of radiocarbon dates from European
tufas after Pentecost (2005) compared to both date and dated site frequencies from
this review (scales are the same).

becomes scarce and generally form intercalated lenses/units within
(silico) clastic sediments (e.g. braided stream; Pedley, 1990).

50+

45

w w S
o (3] o
1 1 1

Number of sites
S B
1 1

0 2 4 6 8 10 12 14
Age (ka cal. BP)
Chronozones| SA [ SB | A [B] PB [YD [AI]
Subseries | Late [ Middle | Early

Fig. 4. Evolution of the number of all, intermediate, proximal and lacustrine tufas
during the Tardiglacial and the Holocene (from 14 ka cal. BP).

In this new review, proximal (spring/resurgence) and interme-
diate (fluvial) tufas have been distinguished. As they do not result in
(nearly) continuous large and high tufa accumulations, the third
context of tufa deposition (distal) is usually not considered
regarding the Holocene development of tufa and their environ-
mental record; none of the reviewed tufa can be attached to this
group. Besides, lacustrine tufas are here discriminated as they may
develop in the three above described environments but due to their
low energy context, they are less related to degassing (in proximal
environment) but might be affected by evaporation processes (in-
termediate to distal environment (Capezzuoli et al., 2014; Pedley
et al,, 2000; Pedley et al., 2003). The three types of tufas (prox-
imal, intermediate, and lacustrine) are shown by different colours
in Fig. 1 and the evolution of their number reported in Fig. 4.

Among the 66 reviewed sites, 31 tufas are intermediate (fluvial)
deposits, 18 are lacustrine tufas and 17 are, perched-springline or
spring-fed mire, proximal deposits.

The ten sites that did not stop developing during the Holocene
are all proximal or lacustrine tufas while all intermediate (fluvial)
deposits are affected by a decline (Fig. 1). After a maximum be-
tween 7.5 and 5 ka cal. BP, the number of intermediate deposits
rapidly decreases after the Atlantic and during the Late Holocene
(from 24 sites during the Atlantic to only 2 fluvial tufas reported at
2—2.5 ka cal. BP) while the number of lacustrine and especially of
proximal deposits remains relatively constant (respectively 6—12
and 5—9 tufa sites since the Atlantic; Fig. 4). In detail, we may notice
that a stop in the deposition of some lacustrine and proximal de-
posits is observed but, if these tufas thus seem affected by a decline,
the phenomenon does not appear systematic contrary to fluvial
deposits (Fig. 1). These observations strongly demonstrate that the
general notion of a late-Holocene tufa decline in Europe is a reality
only for intermediate (fluvial) tufas.

4. Mechanisms of a tufa decline: climate or human impact?

In their 1993 paper, Goudie et al. listed 26 hypotheses to explain
a decline in tufa deposition; they are summarised in Table 2. Their
diversity reflects the complexity of the mechanisms involved in
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Table 2

Possible mechanisms explaining a late-Holocene decline in tufa deposition (after Goudie et al., 1993).

Possible opposite Climatic or Local/regional Type of tufa likely
effects Anthropic effect to be affected
Changes in water discharge
1 diminution due to climatic changes (i.e. reduction of yes C R All
rainfall)
2 diminution due to anthropogenic impact (e.g. pumping of A R/L All but especially Interm.
aquifers, diversion of channels, etc.)
3 increase due to climatic changes (i.e. increasing rainfall) C R All
4 increase due to anthropogenic (e.g. deforestation, A L Interm.
urbanisation, ditching)
5 increasing variability of discharge (i.e. flooding) C/A R/L Interm.
Changes in water chemistry
6 increased stream turbidity due to soil erosion A(C) R Interm.
7-8 changes in the CaCO3 content of soils due to weathering and C/A R All
cumulative post-glacial leaching
9 changes in thickness and cover of soil due to erosion C/A R All
(leading to changes in soil CO2 level)
10 nutrient release (e.g. nitrates) due to deforestation A Q) L(R) All
11-13 water pollution from fertilisers, sewage and industrial yes A L(R) All
effluents or acid deposition
12 Reduced CO2 flux due to deforestation A(C) L(R) All
Changes in catchment environment
14—-15 deforestation leading to changes in shade and temperature yes A(C) L Prox. and Interm.
of the streamwater
16 introduction of domestic stock causing trampling and A L Prox. and Interm.
intensive eutrophication
17 removal of trees from catchment which reduces the supply A L All
of fallen trunks and branches at the basis for many barrage
tufas
18 decreasing temperature and rates of evaporation C R All
19 deforestation/devegetation of floodplain making them A L(R) Interm.
more susceptible to channel migration and erosion
20 changes in the water base level (e.g. sea-level changes) C R Interm. and Lac.
21 self limiting tufa deposition (tufa growth damming itself) - L All
22 quarrying of existing tufa A L All
23 building of dams, weirs, mills or bridges yes A L(R) All but especially Interm. (and Lac.)
24 storm damage/catastrophic collapse of unstable tufa yes - L All but especially Interm. (and Lac.)
25 tectonic activity (+landsliding) yes - L All but especially Interm. (and Lac.)
26 draining and channeling of marshland A L Interm.

tufa deposition/erosion and their sensitivity to numerous param-
eters including water and atmospheric temperature, water and soil
chemistry, water dynamic and landscape changes. This complexity
also results in possible opposite effects of a single mechanism as
they might co-depend on other mechanisms or involved parame-
ters (Table 2; Goudie et al., 1993). Most of those mechanisms are
either climatically or anthropogenically induced.

Climate changes such as rainfall increase or decrease (mecha-
nisms 1 and 3) and decreasing atmospheric temperature (mecha-
nism 18) are likely to have regionally impacted the development of
all types of tufas (Table 2). Calcareous tufas indeed require warm
and wet conditions and are thus characteristic of Interglacial pe-
riods (Ambert, 1981; Ford and Pedley, 1996; Pentecost, 2005). The
maximal number of tufa deposits during the Holocene climatic
optimum, the Atlantic period (Fig. 4), shows this strong link be-
tween tufa development and climate (Dramis et al., 2014; Martin-
Algarra et al.,, 2003; Vaudour, 1986a; Vaudour, 1994; Weisrock,
1986). Other hypotheses related to climate changes have been
proposed to explain this relationship such as variations in the at-
mospheric CO, concentrations controlling the rate of tufa precipi-
tation or the role of groundwater temperature on calcium
carbonate dissolution within the aquifer (Dramis et al., 1999;
Griffiths and Pedley, 1995).

According to those assumptions, a decline in tufa development
following the optimum is expected. However, as previously
demonstrated, such a decline does not systematically affect all
types of tufas as proximal and lacustrine deposits are still well
represented during the Subboreal and Subatlantic periods (Fig. 4).

Besides, the sharp decrease in the number of intermediate (fluvial)
deposits by the start of the Subatlantic period, resulting in a total
termination in tufa precipitation at most sites (Fig. 1), seems too
important to be driven by climatic changes only (Pedley, 2009;
Taylor et al., 1998). Additionally, comparisons can be made with
older, chronologically well-constrained, Pleistocene tufas: for
instance, at Caours (Eemien, MIS 5e) and La Celle (MIS 11) in
Northern France, the most intensive tufa deposition actually
occurred after the climatic optimum, while both temperature and
rainfall amount (recorded by tufa calcite stable isotopes) declined
(Antoine et al.,, 2006; Dabkowski et al., 2012, 2016; Limondin
Lozouet et al., 2006). In this context of non- (or less-) human-
impacted deposits, the effect of moderate climate changes on tufa
development thus appears limited. Those observations suggest, as
debated for decades by many authors, that the Holocene decline in
tufa development might be mostly driven by human activity (e.g.
(Gonzalez-Amuchastegui and Serrano, 2015a; Gonzdlez-
Amuchastegui and Serrano, 2015b; Gradzinski et al., 2017; Nicod,
2010; Taylor et al., 1998; Vaudour, 1986b; Vaudour, 1994).
Anthropogenic modifications of landscapes or pollution can
have affected tufa development either at a regional scale or near the
altered area (local effect; Table 2). Deforestation is the human ac-
tivity that results in the greatest number of possible side effects on
tufa development through various mechanisms (Table 2; Goudie
et al., 1993; Nicol-Pichard, 1986). First, deforestation has a strong
impact on (ground) water chemistry: the induced increase in runoff
contributes to soil erosion and leaching that, in turn, induce
changes in soil CaCO3 and CO, contents (mechanisms 7—9). Parallel,
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tree removal may lead to increasing nitrates in water while soil CO;
flux decreases because of the reduction of root respiration and leaf
fall (mechanisms 10 and 12). Changes in the water composition are
likely to have regionally impacted the development of tufa deposits
of all types (Table 2). However, deforestation may also have local
but strong impacts on the flood plain in terms of shade and tem-
perature conditions (mechanisms 14—15), supply of material initi-
ating barrages (mechanism 17) and erosion processes, which
preferentially affect fluvial tufa deposits (Nicod, 2010): increasing
runoff is likely to lead to greater erosion of soils providing detrital
material into streams (increasing turbidity, mechanism 6) and the
erosion of the tufa deposits themselves (mechanisms 4 and 5).

Channel and water management (mechanisms 2, 4, 23 and 26) is
another strong contributor to tufa decline, specifically in the areas
favoured by human settlements, i.e. in fluvial environments. Finally,
pollution caused by human activity (fertilisers, industrial effluents,
eutrophication due to introduction of domestic stock, etc.; mech-
anisms 11—13 and 16) can strongly impact tufa development at
local to regional scales and especially fluvial tufa development as
inputs concentrate in stream water (Casanova, 1986; Nicod, 2010);
Table 2).

This overview emphasises that fluvial tufa deposits are more
exposed to anthropogenic changes especially related to agricultural
practices and land management than other types of tufas. Addi-
tionally, several authors have noticed the chronological concor-
dance between the start of the European tufa decline (from ca. 5 ka
cal. BP; Fig. 4) and the onset of the Bronze Age during which forest
clearance practises, pastoralism and river management rapidly
increased (Alexandrowicz and Skoczylas, 2017; Gonzdlez-
Amuchastegui and Serrano, 2015a; Lippmann and Vernet, 1986;
Taylor et al., 1998; Vaudour, 1986b, 1994). A Late-Holocene tufa
decline is thus observed in intermediate (fluvial) deposits in Europe
because of increasing human impact on landscapes, which more
systematically impacts them compared to other types of tufa.

5. Conclusions

This review of the time distribution of 66 European tufas has
considered all chronological data available at each site. Radiocarbon
date (or dated site) frequency does not appear as a relevant mean to
discuss the presence/absence of tufa deposits during the Holocene
due to numerous biases in the sample availability and their strati-
graphic distribution. Combining biochronological data to absolute
dates, a general trend to a reduced number of tufa deposits after a
maximum at 7—8 ka cal. BP is observed. If no relationship is shown
between size (neither the surface area nor the height) and the time
distribution of tufa, strong differences have been evidenced ac-
cording to their geomorphological position: only intermediate
tufas, precipitating in fluvial environment, are systematically
affected by a late-Holocene decline, from the end of the Atlantic
period (ca. 5 ka cal. BP). No significant trend is observed in the
number of lacustrine and proximal (spring) tufas during the Ho-
locene. Consequently, the late-Holocene tufa decline should not be
considered as a paradigm any more.

Regarding the possible causes of the decline, increasing human
impact on landscapes with the development of agricultural and
land management practices from the Bronze Age would explain
both the timing of this decline and that it preferentially (and sys-
tematically) affects fluvial deposits compared to the other tufas.
Lacustrine and proximal deposits may obviously be also affected at
some sites by local settlements but no pattern is shown at the
European scale. These assumptions involve that Holocene calcar-
eous tufas are promising archives to disentangle the combined ef-
fects of climate and anthropisation at different scales of space and
time.

Finally, we have to notice that this review has considered the
decline of Holocene tufas on a presence/absence basis in the con-
tinuity of previous investigations (Goudie et al., 1993; Pentecost,
1995) but changes in the precipitation rate or facies could be
further discussed as well (Dobrowolski et al., 2002).
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