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In this work we present the results of a stratigraphic and lithologic
study of a flowstone from Tana che Urla Cave, Apuan Alps (central Italy)
which grew intermittently between ca. 160 and 8 ka. The studied succession
consists of an alternation of two different lithofacies (Lf-A, Lf-B): a brown,
detrital-rich (Lf-A) and a white, inclusion-poor calcite (Lf-B). Using avail-
able growth rate data, the difference between the two lithofacies is thought
to be the result of different amounts of meteoric precipitation, with Lf-A re-
lated to low growth rates at times of low precipitation during phases of cli-
matic deterioration (stadial or glacial) and a higher flux of clastic material,
and Lf-B related to high growth rates due to high infiltration under condi-
tions of higher precipitation during wetter (interstadial/interglacial) periods,
with lower clastic flux. Following this interpretation and the available
chronology, the flowstone investigated shows a basal portion of Lf-A that
was deposited during MIS6. The flowstone then passed from Lf-A to Lf B
at the MIS6-5 transition, with Lf-B lasting for the full interglacial of MIS5e.
A long growth interruption (hiatus H1) can be correlated with the MIS5d
stadial, with resumption of lithofacies Lf-B occurring during the climatic
amelioration of interstadial MIS5¢. The age profile of the upper part of the
flowstone is poorly constrained, and is characterised by several growth inter-
ruptions, suggesting that the last glacial was more severe compared to MIS6.
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R1ASSUNTO: REGATTIERI E., ISOLA 1., ZANCHETTA G, DRYSDALE R.N.,
HELLSTROM J.C. & BANESCHI L., Stratigrafia, petrografia e cronologia di
speleotemi della Tana che Urla (Lucca): implicazioni paleoclimatiche. (IT
ISSN 0391-9838, 2012).

In questo lavoro vengono presentati i risultati dello studio stratigrafi-
co e litologico di un flowstone della grotta Tana che Urla, Alpi Apuane
(Italia centrale), cresciuto in modo intermittente tra circa 160 e 8 ka. La
successione studiata consiste nell’alternanza di due diverse litofacies: una
marrone, ricca in detrito (Lf-A) e una bianca, composta di calcite pura
(Lf-B). Basandosi sui dati disponibili sul tasso di crescita, la differenza tra
le due litofacies viene considerata come il risultato di differenti quantita
di precipitazioni meteoriche, con Lf-A legata a bassi tassi di crescita do-
vuti a scarse precipitazioni durante fasi di deterioramento climatico (gla-
ciali/stadiali) e Lf-B legata ad alti tassi di crescita dovuti a una maggiore
infiltrazione in relazione a maggiori precipitazioni durante periodi piu
umidi (interglaciali e interstadiali). Seguendo questa interpretazione e la
cronologia disponibile, il flowstone oggetto dello studio mostra una parte
basale di Lf-A deposta durante il MIS6, il passaggio tra Lf-A e Lf-B alla
transizione MIS6-5 e la presenza di Lf-B durante le condizioni pienamen-
te interstadiali del MIS 5e. La principale interruzione della crescita (Hia-
tus H1) pud essere correlata con lo stadiale MIS 5d e il riapparire della
Lf-B con il miglioramento climatico legato all'interstadiale MIS 5c. La
parte superiore del flowstone ha una cronologia poco definita ed & carat-
terizzato da una serie di interruzioni della crescita che suggeriscono come
l'ultimo glaicale (MIS 4-2) sia stato caratterizzato da condizioni piu seve-
re rispetto al MIS 6.

TERMINI CHIAVE: Speleotemi; Tana che Urla; Italia centrale; Litofa-
cies; MIS5.

INTRODUCTION

Speleothems are secondary carbonates formed in caves
from percolation waters rich in CaCOj; by the precipita-
tion of calcite (or aragonite) due to the principal mecha-
nism of CO,-outgassing (Ford & Williams, 1989). Gener-
ally, they develop in climatic regions characterized by
above freezing mean temperatures, with enough rainfall
and soil biological activity to promote solute transport into
the cave environment (Gascoyne, 1992).
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The composition of drip water depends largely on the
outside climate conditions such as temperature, amount of
rainfall, precipitation sources and on the soil biological ac-
tivity (which is itself climate-driven too). Changes in these
parameters produce a variable signal in the chemistry of
the cave waters which is transferred in many speleothem
via properties such as the isotopic composition of oxygen
and carbon in the calcite, the composition of trace ele-
ments and the growth rate (Lauritzen & Lundberg, 1999),
producing archives capable of yielding multi-proxy palaeo-
environmental records that cover, potentially and often
continuously, many millennia. Moreover, speleothems pos-
sess the great advantage of being precisely and accurately
datable using U-series techniques (Li & aliz, 1989; Hell-
strom, 2003) and can thus be used to test theories of cli-
mate forcing and reveal the timing, magnitude, duration
and geographic extent of global and regional climatic
events (Wang & aliz, 2001; Spotl & Mangini, 2002; Genty
& aliz, 2003; Spotl & aliz, 2002; Drysdale & aliz, 2009).

Although the most used of speleothem properties for
reconstructing past climate (especially palaeo rainfall, e.g.
Ayalon & aliz, 2002) is the stable isotope composition of
oxygen and carbon (8”0 and 8"C), recent works (e.g.
Zhornyak & aliz, 2011, Meyer & alii, 2012) have focussed
their attention on stratigraphy and detrital content of
speleothems in order to obtain new insights into Earth-
surface processes, that operated in the infiltration area
during the time of speleothem formation, and into palaeo-
hydrological processes (Niggemann & aliz, 2003; Jaillet &
aliz, 2006), and to disentangle the climatic signal related to
that processes.

Detrital components in cave sediments comprise parti-
cles and colloids that are produced by the weathering of
bedrock and soil, and are subsequently transported into
the karst system; this detrital phase can be incorporated in
speleothems as macroscopically visible layers of mud or
silt (Niggemann & a/zz, 2003; Jaillet & aliz, 2006; Zhornyak
& alii, 2011) or, more commonly, as microscopic particles
concentrated in individual layers of calcite. Changes in
quantity and type of clastic components may affect also
a speleothem’s fabric (Frisia & aliz, 2000; 2003) and the
composition of some trace elements commonly bound to

Karst rock

b
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detrital particles and/or colloids, e.g. Fe, Mn, Zn, Th, and
Rare Earth Elements (e.g. Ayalon & a/iz, 1999; Fairchild &
Treble, 2009).

In this study, we describe the stratigraphy, the petrog-
raphy and the chronology of two cores from a flowstone in
Tana che Urla Cave, in the Apuan Alps (Central Italy),
which was deposited intermittently during the penultimate
glacial (MIS6), the last interglacial (MIS5) and part of the
last glacial (MIS 4-2). This succession includes several
growth interruptions (hiati) and ends with the Holocene
(MIS1). The two cores show different petrographic facies,
with the alternation of detrital-rich and detrital-poor cal-
cite, with both having very different growth rates. This sug-
gests environmental changes during the flowstone growth
and our purpose is to define depositional and palaeoenvi-
ronmental models in order to explain the formation of this
characteristic calcite succession.

STUDY AREA, MATERIALS AND METHODS

The Tana che Urla (fig. 1) is a small spring-cave (592 m
of total length, 370 m emerged and 222 m submerged; +45
m of total height difference) with a permanent streamway
that flows from the interior to the entrance. This cave is
one of the best known in the area and was first described
in 1723 by the famous naturalist Antonio Vallisneri, in his
book «Lezione accademica sull origine delle Fontane» (Aca-
demic lesson on spring’s origins).

The entrance is located at 620 m asl on the south-east-
ern side of the Apuan Alps, on the Panie massif, a small
group of peaks which reach a maximum height of 1859
m (Pania della Croce), and which together comprise part
of the Apuan Alps Metamorphic Core Complex (MCC)
(Carmignani & Klingfield 1990). In the Turrite di Galli-
cano valley, where Tana che Utla is located, the contact
between the MCC and the non-metamorphic unit out-
crops (fig. 1). The cave developed at the contact between
Triassic schist and the Triassic meta-dolomite knows as
Grezzoni (fig. 2).

The subterranean stream flowing through the cave is
probably the terminal part of an underground collector
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FIG. 1 - Site location (a) and map
of the Tana che Urla cave (b).



FIG. 2 - Geologic overview of the
study area, with the the plan of
TCU cave shown in black (modi-
fied from Carmignani & a/zz, 2000).
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that drains the southern slope of Pania della Croce, which
therefore represents the catchment area of the cave.

The valley above the cave is covered by a relatively
deep soil and sustains a forest comprised mainly of chest-
nut (at lower altitude) and beech (at higher altitude), while
the summit part of the slope hosts a grassland of Bra-
chipodiunm ssp.

The climate in this area is wet throughout the year,
with abundant rainfall during fall and spring, many days of
snow during winter and intense rain storms during sum-
mer. The mean annual precipitation is about 2500 mm
in the nearby village of Fornovolasco (data recovered from
1951 to 1995, Piccini & aliz, 1999) but probably higher
(more than 3000 mm/years) on the ridge of the Pania.
There is no outside air temperature record but the mean
annual temperature (MAT) of the cave is 10.2 °C.

Tana che Urla is close to the more famous Corchia
Cave, so it is possible to find an exhaustive geological, geo-
morphological and climatic setting of the area from previ-
ous studies of Corchia, especially on Piccini (1997, 2008,
2011), Piccini & aliz (2003) and in Drysdale & aliz (2004).

In 2007 several cores were drilled within the cave using
a 38 mm-OD/34 mm-ID diamond-cut corer connected to
an electric drill (Milwaukee Electric tools, with 28 volts
of power and lithium-ion batteries). Two of these cores,
TCUD3 and TCUD4 (herein called D3 and D4), collected
from the same flowstone are the subject of this note. D4
and D3 are 350 mm and 640 mm long, respectively. In
both cores the bedrock was reached. The two cores show

several different lithological features (discussed in detail
below) and some evidence of growth interruptions, in
some cases with evidences of erosion and mud deposition.

D3 and D4 were investigated macroscopically and
using thin sections for characterising different lithofacies.
The thin sections were analyzed with a transmitted light
microscope (Leica DMRX) and photographed with a digi-
tal camera (Leica DFC 320). Description of the thin sec-
tions followed Frisia & a/zz (2000, 2003).

Polished sections of the two cores were sub-sampled for
stable isotopes. D4 was sampled at 1 mm increments using a
milling machine (CNC Micro Proto System) with a 1 mm-
diameter drilling bit, producing 350 subsamples. D3 was
sampled with a manual drill (1 mm-diameter drilling bit) at
ca. 1.5-2,0 mm of increments, producing 393 subsamples.
Stable oxygen (6"°0) and carbon (5”C) isotope ratios analy-
sis were performed using a GV Instruments GV2003 con-
tinuous-flow Isotope-Ratio Mass Spectrometer (IRMS) at
the Newecastle University (NSW, Australia). Sample results
were normalised to the V-PDB scale using a Carrara Marble
standard (NEW1) previously calibrated using the interna-
tional standards NBS-18 and NBS-19. Analytical uncertain-
ty for "0 and 6”C were 0.09%0 and 0.05%o respectively.

Sub-samples were also taken from both cores for U/Th
dating, initially as powder (manually with a traverse of 1
mm-diameter holes along a single growth lamina) but, be-
cause of the large uncertainty of the initial results owing to
high detrital contamination and low uranium content, sub-
sequently small prisms of ca. 300 mg were taken.
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The U/Th dating was performed on a Nu-Instruments
Plasma Multi-Collector Inductively Coupled Plasma-Mass
Spectrometer (MC-ICPMS) using the method of Hell-
strom (2003) at the University of Melbourne (Victoria,
Australia). Briefly, samples were dissolved and a mixed
P*U-2’U-"*Th spike was added prior to removal of the
carbonate matrix with ion-exchange resin. The purified U
and Th fraction was introduced in a dilute nitric acid to
the MC-ICP-MS. The *"Th/**U and **U/**U activity ra-
tios were calculated from the measured atomic ratios using
an internally standardised parallel ion-counter procedure
and calibrated against the secular equilibrium standard,
HU-1. Corrections for the detrital Th content were ap-
plied following Hellstrom (2006).

RESULTS

Lithography and stratigraphy

Both cores are mainly composed of columnar calcite,
from poorly laminated to massive, often with a consistent
detrital component. Based on the clastic content, the cal-
cite fabric and the macroscopic aspect and colour of the
calcite, several lithofacies (Lf) were defined. These facies
are slightly different for the two cores but allowed us to
make a convincing correlation between them. Lithofacies
and stratigraphic correlation of the flowstone are schema-
tized in fig. 3. To facilitate the following discussion, every
section is labelled with a number, independent from the
corresponding lithofacies. The TOP section in the same
figure indicates the terminal part of the flowstone which,
due to the large number of growth interruptions, did not
allow us to define a precise lithofacies.

The flowstone sequence is most complete in D3, so we
choose it as the master core. The succession starts with
Lithofacies A. This lithofacies is the most rich in clastic
material and it is characterised by grey-brown calcite with
thin laminations of detritus. This lithofacies can be divided
in two sub lithofacies (S-Lf A1 and A2) with a decrease in
the detrital content in A2.

Al is only found at the bottom part of D3 (section 1,
from 640 to 510 mm from the top) and represents the
darker part of the flowstone, with thinner laminations of
clastic components. It begins with a columnar-like fabric
with small crystals (fig. 4a-1). In some positions, the growth
of the single crystals is quite disturbed: the boundaries are
irregular and some microstructures like dislocations and
sub-grains are present. Immediately above, the structure
changes and the calcite becomes columnar, with bigger
and well-developed single crystals, but not fully coales-
cent. The space between the crystals is filled by laminated
detritus, with an alternation between dark material (possi-
bly oxides, clay and/or organic material) and light calcare-
ous sand (fig. 4a-2).

The sub-lithofacies A2 (fig. 4c-1) is lighter and brown-
er in colour than A1 and the thickness of clastic laminae is
greater than in Al. A2 is present in different positions of
both cores (three times in D3: section 2, from 510 to 420,
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FIG. 3 - Petrography and U/Th ages of the TCU cores and the proposed
stratigraphic correlation between the cores. Progressive numbers indicate
the different sections described in the text.

section 4, from 310 to 280 and section 6, from 245 to 210
mm from the top; twice in D4: section 8, from the bottom,
350, to 210 and section 10, from 120 to 80 mm from the
top). The fabric is columnar, with regular, coalescent crys-
tals. The detrital content forms laminations which cross
the crystals without disturbing their growth. The second
layer of A2 in both cores (section 4 in D3 and section 10 in
D4) is crossed by a big growth interruption (hiatus H1).

The central part of both cores is included within the
lithofacies B2. It is made of compact, milky calcite, with
no evidence of laminations and few impurities. In D3 this
interval extends over a greater core depth than in D4. In
the succession we found Lf-B twice in both cores (in alter-
nation with A2), in D3 from 420 to 310 (section 3) and
from 280 to 245 mm from the top (section 5) and in D4
from 210 to 120 (section 9) and 80 to 40 mm (section 11)
from the top. The fabric is mostly columnar (fig. 4b and
4¢-2) with large, regular crystals with straight boundaries
and no evidence of clastic deposition.

The last defined lithofacies, Lf-C (fig. 4d), is present
only in D3, from 210 to 50 mm from the top (section 7). In
this section the calcite is yellowish and more porous than
Lf-B with little detrital content and no laminations. Lf-C
shows structures that suggest the presence of micro-pools
on the flowstone surface, with small holes filled by pseu-
do-geopetal structures of calcite (well developed crystals)



FIG. 4 - a) Thin section from sub-
lithofacies A1 in TCUD3: 1 - co-
lumnar calcite fabric with small,
disturbed, crystals at the very bot-
tom of the core. 2 - still shows a
columnar fabric but with larger
crystals, non-coalescent and with
laminated detritus (base of mi-
crophotograph: 5,74 mm). In the
photo on the right, the bottom of
core TCUD3, depth 640-610 mm
from the top. b) Thin section
from TCUD3 and photos from
Lithofacies B. Note the milky
colour of the calcite and the most-
ly columnar fabric, with large
crystals, straight boundaries and
few impurities. ¢) (1) Sub lithofa-
cies A2 in D3. Note the columnar
fabric with detrital laminations.
(2) Lf B in TCUD3. In photos, on
the left the transition from A2 and
B in D3 (from 270 to 240 mm
from the top), on the right the
same transition in D4 (from 100
to 50 mm from the top). d) Sub-
lithofacies C in D3. Note the in-
termediate texture between S-Lf
A2 (for the crystal size) and Lf B
(for the detrital content). Photo
on the right from 120 to 90 mm
from the core top). All micropho-
tographs of the thin sections were
taken under crossed nicols.

(fig. 5). The fabric is still strongly columnar with few im-
purities, as in Lf-B, but the size of the crystals is smaller,
and more similar to S-Lf-A2. The absence of this lithofa-
cies in the other core may be related to the relative posi-
tion of the cores on the flowstone: it is probable that dur-
ing the deposition of this phase the point of D3 was sub-
tabular (in fact we have micro-pool structures, related to a
slight slope and slow water flow) while the point of D4
(which is in a lower lobe of the flowstone) was probably to
steep to allow the deposition and/or the lobe was out of
the depositional path.

1cm

FIG. 5 - Details of Lf-C (core D3) showing small cavities with calcite
pseudo-geopetal structures, probably related to microgours on the flow
stone’s surface.

The top part of both cores reveals an interesting series of
growth interruptions (fig. 6). Although this part does not
have a defined chronology, we can classify these discontinu-
ities as real hiati because in thin section they clearly show
erosive surfaces and mud deposition and, moreover, evi-
dences of non-continuity in the calcite deposition and fabric.

Looking in detail, in D3 we can detect at least 4 interrup-
tions (shown by black arrows in fig. 6). The first (arrow a)
separates section 7 (columnar, Lf-C) from a little layer of mi-
crocrystalline calcite which is followed by a complex struc-
ture (arrow B), which includes several layers of clastic depo-
sition (which brings growth cessation and maybe further ero-
sion) embedded with several phases of re-growth, still with a
microcrystalline structure. Following this is a 1 cm thick lay-
er of yellow, columnar calcite, which stops again at another
hiatus (arrow vy) then over the last two centimetres we ob-
serve white, columnar calcite, crossed by the last hiatus (ar-
row 8). In D4 the fabric looks very similar, with at least three
main interruptions, the second of which (arrow {) is proba-
bly the same as the second one in D3 (arrow B).

Isotopic data

A detailed discussion of the isotopic record is outside
the aim of this paper but the correlation between 8”C and
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8”0 (fig. 7) suggests that there is a connection between
isotopic composition and petrography in these flowstone
samples, although every lithofacies partly overlaps in its
8"”C and 80 values. Lithofacies A has the highest iso-
topic values whereas Lf-B presents slightly lower 8O
and 8"”C values. Furthermore, in Lf-A there is large varia-

FIG. 6 - The top part of the

two cores, hiati marked by small

Greek letters. Base of micropho-

tographs 5,74 mm, taken under
crossed nicols.

tion in both the 8”C (ca. 10%0) and the 8"O (ca. 4%o)
while Lf-B shows less variability and a variation in the
8"C (ca. 6%) which contrasts with the rather small
changes in 8O (ca. 2%0). Lf-C exhibits intermediate val-
ues and the smallest range of variations: ca. 2% for 8"°O
and 4%o for 6"C.
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FIG. 7 - Correlation between §"O and

8"C of the same lithofacies (A and B) in

both cores. Full squares represent core

TCUD4, and empty squares represent
core TCUD3.
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The proposed correlation between the cores is also
strengthened by the analysis of the isotopic composition
(fig. 8). Indeed, the 6”C and 5" O values of the same litho-
facies in both cores are tightly linked.

Chronology and growth rates

The high detrital Th component linked to the clastic
contamination within the cave brings a large uncertainty
for some of the measured ages. To build our chronology,
we select just the ages affected by the least contamination
(table 1) (i.e. with lower error and high correlation be-
tween uncorrected and corrected ages); the more unreli-
able ages have been discarded because they yielded unac-
ceptably large age uncertainties. In particular, for TCUD3
A_d and TCUD3 Abis C, it is difficult to correct the origi-
nal clastic contamination due to the lack of at least one
good age in the overlying part of D3, which could be used
as an upper limit for the correction.

It is interesting to note that the quantity of detrital Th is
different in the different lithofacies, with cleaner samples and
better ages obtained from the white calcite of L{-B, and larg-
er errors related to Lf-A. Age measurement, U and Th con-
tent and corresponding lithofacies are reported in table 1.

According to the U/Th ages, the flowstone spans from
ca.160 ka to 8 ka, although deposition was not continuous
and the growth probably stopped for long periods. Con-
sidering the age and the position of the mayor growth in-
terruption (H1), it is possible to identify a period of con-
tinuous growth between ca. 158,9 + 2.5 ka and ca. 124,3 +
1,3 ka. This period includes sections 1, 2 and 3 in D3 and
sections 8 and 9 in D4, and is followed by the mayor
growth interruption (hiatus H1). Above H1 only two more
ages are available: one in D3 just after H1 (ca. 101.5 + 3.3
ka) which indicates that H1 corresponds to an interrup-
tion of deposition between ca. 124 and ca.101 ka. After
H1 there are no evidence of growth interruption until the
terminal section, but for this part we have insufficient dat-
ing to constrain the chronology of the upper part of the
flowstone. The last available age is at the very top of D4,
after the terminal series of hiatz, and it is Holocene in age
(8,05 + 0.49 ka).

Looking in detail at the age of the different sections of
the defined lithofacies, we can broadly fix the first part of
Lf-A (sections 1, 2 and 8) between 160 and 130 ka while
the age of the first layer of Lf-B (sections 3 and 9) is almost
certainly within the interval 130 and 124 ka. Hiatus H1
separates section 3 and 9 from the second part of Lf-A

TABLE 1 - U/Th ages for TCUD4 and TCUD3; marked with an asterisk are the ages rejected due to the large uncertainness and the low (under 90 %)
correlation between uncorrected and corrected values

Core Sample ID Depth Th/”U  U/”U  Uncorrected Age (Ky) Corrected Age (Ky)  2se  Age Cr/Age Lf
TCUD4 TCUD4-D 8.5 0.1023 1.3521 8.5 8.0 0.5 95 % T
TCUD4-C 1235 0.8130 1.1631 1252 1243 1.3 99 % B
TCUD4-4 156.5 0.8746 1.2233 128.8 128.6 2.1 100 % B
TCUD4-B 207.5 0.8845 1.2295 130.1 129.2 13 99 % B
TCUD4-3 2255 0.9073 1.2394 134.1 132.5 2.7 99 % A
TCUD4-2 287.5 0.9509 1.1974 159.4 157.1 4.0 99 % A
TCUD4-A 3345 0.9361 1.1804 158.8 158.9 25 100 % A
TCUD3 *TCU D3 A_d 285 0.6701 1.2805 77.9 43.4 413 56% C
*TCU D3 Abis C 193.0 1.0634 1.2557 180.9 145.6 414 80% C
TCU D3 Abis.b 285.0 0.7642 1.2196 102.9 101.5 33 99 % B
TCUD3 E 314.5 0.8858 1.1877 140.6 126.4 14.9 90 % B
TCUD3 C 4585 0.9059 1.2061 141.9 130.7 11.9 92 % B
TCU.D3 B_e 509.5 0.9759 1.2165 162.0 153.2 9.9 94 % A
5"C %o(VPDB)
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FIG. 8 - Correlation between "0 and §"”C o
of the different Lithofacies (both cores to- 200 2
gether). Lf-A (empty squares) is character- [ %
ized by the highest isotopic values and =2
largest range of variation, both for oxygen -0 5
(ca. 4%0) and carbon (ca. 9%). LE£.B (full o
triangle) presents lower values and less - -5.00
variation, especially for 8O (ca. 2%o for
oxygen and 6%o for carbon). Lf C (asterisk) | 6.00
shows intermediate values and variation .
range. .75
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(sections 4 and 10), for which the only age available is ca.
101 ka. For the upper section, as noted previously, there
are not enough data to constrain the chronology.

Regarding the growth rates, the available ages allow us
to draw a very crude distinction between the first part of
the cores (If-A, sections 1,2 and 8) and the middle part
(Lf-B, sections 3 and 9). Looking at D4, which is the best
dated interval, we see that the growth rates change drasti-
cally at the passage between the two lithofacies: the first
140 mm from the bottom actually covers about 130 kyr,
whereas the next 90 mm span ca. 5 kyr. This corresponds
to a change in the growth rate from ca. 1,07 mm/kyr to 18
mm/kyr. Although these are only first-order calculations,
they suggest that a large change happened in the cave envi-
ronment between these two periods.

DISCUSSION

The calcite fabric in speleothems (defined as the orga-
nization of crystals within layers characterized by synchro-
nous crystallization, Frisia & a/zz, 2000) is the result of the
interplay of many factors, which have mostly an environ-
mental control: the chemistry of drip waters (i.e. supersat-
uration and composition of trace elements), the drip rate
and the rate of outgassing (Dreybrodt, 1988; Gonzalez &
alii, 1992, Frisia & aliz, 2000, Frisia, 2003).

A columnar calcite fabric (such as observed through-
out the TCU cores) is demonstrated to form from fluids at
low levels of supersaturation and where the speleothem
surface is continuously wet (Gonzalez & aliz, 1992; Frisia
& aliz, 2000, Frisia 2003). Macroscopic petrographic fea-
tures also suggest that the TCU flowstone was covered by
a continuous water film during its growth, because more
or less the same lithofacies can be traced between the two
cores. However, there are some differences in the thick-
ness of individual calcite layers and an absence of Lf-C in
D4: this indicates that flowstone growth rates were spatial-
ly and temporally variable.

The preliminary data on growth rate of TCU flowstone
suggest a relationship between the growth rate and the
petrography: if the flux of detrital material from the in-
filtration area was almost constant over time but rates of
calcite deposition changed rapidly in response to climatic
changes, one would expect white, detrital-poor calcite
during periods of high infiltration and brown, detrital-rich
calcite during drier periods. On the other hand, if the de-
trital flux was not constant (a more realistic situation) we
would expect to have a higher detrital flux during glacial/
stadial periods, with cold/dry conditions implying less well-
developed soil and lower vegetation cover resulting in more
detrital material transported via seepage water. During cli-
matic amelioration instead, the higher discharge and the
well developed soils and vegetation cover would produce
the purest, white calcite with higher growth rates. More-
over, during cooler periods, the PCO, of the percolation
water would be reduced because of lower plant CO, pro-
duction in the soil, so this would reduce growth rate as
well because the dissolved Ca would be lower.
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For the western Mediterranean region, it is known that
present-day temperature and rainfall amount are strongly
controlled by North Atlantic circulation patterns (Bolle,
2003; Trigo & aliz, 2002) and evidence for persistence of
this influence through glacial periods is well-documented
in marine-sediment (Chaco & aliz, 1999) as well in conti-
nental records. In particular, for the Apuan Alps it has
been demonstrated that variations in speleothems &0 are
mainly governed by rainfall amount (Drysdale & a/zz, 2004;
2007; 2009; Zanchetta & aliz, 2005, 2007) and largely re-
flect the variations in temperature of the North Atlantic
Ocean, with higher evaporation and moisture advection in
warmer periods (i.e. interglacials and interstadials), leading
to an increase in precipitation, especially where the rainfall
is mainly orographic, such as in the Apuan region.

Therefore, it is feasible that the brown, detrital-rich
calcite sequence (Lf A) formed under conditions of lower
percolation rates during periods of climatic deterioration
(dry and cold climate) whilst the white, inclusion-poor cal-
cite sequence (Lf B) coincident with warmer and wetter
periods. The observed pattern of 8°O and 6"”C values
strengthens this environmental interpretation: the highest
isotopic values are related to the brown facies whilst the
lower values are associated with white calcite (Bard & a7,
2002) (fig. 7).

The available chronology for the TCU flowstone al-
lowed us to define the period of growth of the different
sections, at least for the basal and central part of both
cores, and to interpret this petrographic sequence in terms
of the main changes in the climate system. A possible cor-
relation among the different lithofacies and the SPECMAP
curve (Martinson & aliz, 1987) is reported in fig. 9 and dis-
cussed further below.

The darkest, lowermost section of the flowstone spans
the period ca.160 to 130 ky and contains no major growth
interruptions, suggesting very slow (mean growth rates
~1.07 mm/kyr) but continuous or near-continuous calcite
precipitation during the last part of the penultimate glacial
period, corresponding to the end of MIS6 (fig. 9). The ob-
served lamination in the clastic content of the bottom part
of core D3 (Section 1, fig. 4a) reinforces this interpreta-
tion, suggesting a situation of very low percolation rates,
with the flowstone covered by a continuous film of perco-
lation water rich in impurities, which were deposited in
the space between the crystals without disturbing their
slow growth. Alternatively, the thin clastic layers were de-
posited during phases of high discharge then the continu-
ous crystal growth deformed the previous layers which re-
mains embedded in the vacuum between crystals. The ab-
sence of this specific fabric for the same period of growth
of the other cores (D4) may be explained in terms of lat-
eral variability of the water film, related to the past shape
of the flowstone and/or differences in the sources of drip
waters (it is worth nothing that the flowstone is laterally
extensive and is fed by waters entering from different
fractures).

The boundary between the Lf-A and the white, detri-
tal-poor calcite of Lf-B is broadly fixed around 130 ka,
close to the MIS6-MIS5 transition (fig. 9). This drastic
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change in the global climatic conditions is known as Ter-
mination II in the marine record (Martinoson & aliz, 1987;
Pailler & Bard, 2002; Martrat & ali7, 2004; Skinner &
Shackleton, 2006) and is chronologically constrained at
Corchia at ca.135 ka (Drysdale & a/zz, 2005; 2009).

Radiometric ages allow us to assign full interglacial
conditions of MIS5e to the onset of Lf-B facies in both
cores, corresponding to sections 3 and 9 (fig. 3). Here, we
observe the highest growth rates (18 mm/kyr) and lower
impurities, indicating high discharge within the cave, with
enhanced calcite deposition and dilution or cessation of
input of impurities. The high rainfall amount thought to
be responsible for this high water flux is in good agree-
ment with other records of the same periods: Corchia
speleothems (Drysdale & aliz, 2004; 2009) for the Apuan
Alps but also the pluvial period recorded in Soreq and Pe-
qiin cave in Israel (Bar-Matthews & a/zz, 2000; 2003) and
in Bourgeois-Delaunay cave in South-west France (Cou-
choud & aliz, 2009), suggesting that Eastern Mediterranean
and western Europe experienced relatively wet conditions
simultaneously during this part of the last interglacial.

The beginning of the first section of white calcite (sec-
tions 3 and 9) is quite well defined between 135 and 130
ka, in agreement with the chronology proposed by Drys-
dale & aliz, 2005 for the same events in Corchia. On the
contrary, the timing of the end of this sequence and many
more of the following sections 4 and 10 belonging to Lf-A
(which is crossed in both cores by the Hiatus H1) is diffi-
cult to constrain. The last age available before the end of
the Lf-B is about 124.3 + 1.35 ka, whereas the first date af-
ter the growth interruption H1 is already in the Lf-B, sec-
tion 5 (white, inclusion-poor calcite) and indicates an age

of 101.5 + 3.3 ka. This time interval spans from the last
part of MIS5e to the early part of the MIS5c (fig. 9), and
allows us to link the second incidence of brown, inclusion-
rich calcite of Lf-A (section 4 and 10) to the climatic dete-
rioration after MIS5e. Studies from the high-latitude
North Atlantic, in fact, show that the post-MIS 5e climate
was very unstable (McManus & a/iz, 1994; Chapman &
Shackleton, 1999), with at least two major cold events,
known as C23 and C24, recorded in sub-polar North At-
lantic marine cores, the influence of which was felt in the
middle latitudes (Heusser & Oppo, 2003; Lehman & a/z,
2002; Sanchez-Goni & aliz, 2005). These events have been
correlated with the Mélisey I and Montaigu cold stages
recognized in western European lake pollen records (Woil-
lard, 1978; De Beaulieu and Reille, 1984). These cold
events recognized in Europe are also in broad agreement
with Greenland stadials GS25 (111.0-108.5 ka) and GS24
(106.0-104.5 ka) recorded in the NGRIP ice cores (North
Greenland Ice Core Project Members [NGRIP], 2004),
suggesting major disruption to North Atlantic circulation
due to the southward shift of Polar Front (Sanchez Gofi
& aliz, 1999). An independent radiometric chronology for
these events was provided by Drysdale & aliz (2007), with
the older event extending between ca. 112.0 + 0.8 ka and
108.8 + 1.0 ka, and the younger commenced at 105.1 + 0.9
ka and ended at 102.6 + 0.8 ka. The ages of these events
broadly overlap the second section of Lf-A (section 4 and
10) and the H1 in TCU cores, although the warmer inter-
val between the two major events is missing in the stratig-
raphy of the flowstone, perhaps due to erosion or dissolu-
tion associated with the formation of H1. This hiatus thus
most likely demarcates the onset of stadial conditions
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identified throughout the North Atlantic and which had a
major impact on the climate of Europe (Shackleton & a/z,
2002; Miiller & Kukla, 2004; Meyer & alii, 2012).

The last age available for the sequence is in section 5
(white inclusion-poor calcite of Lf-B), and indicates an age
of 101.52 + 1.3 ka., corresponding to MIS5c in the marine
stratigraphy (fig. 9). The re-commencement of the white
calcite suggests a new period of high precipitation. For
MIS5¢ many studies suggest a marked climatic ameliora-
tion following the C23 and C24 cold events. This is visible
both in marine (McManus & aliz, 1994; Sanchez Goni &
alii, 1999, 2005 Martrat & ali7, 2004) and in continental
records (North Greenland Ice Core Project Members, 2004;
Drysdale & aliz, 2007).

As stated earlier, the upper part of TCU flowstone
lacks any chronological constraint so it is not possible to
disentangle its palacoenvironmental signal and discuss
possible correlations with other archives. In any case, the
presence of the third section of Lf-A (section 6) suggests
another period of slow growth/low precipitation. The sub-
sequent presence of the lithofacies C (different from all the
previous section) and, subsequently, the terminal sections
with its series of growth interruptions (maybe associated
with erosion), suggest that at least some of the environ-
mental parameters changed fundamentally (and persistent-
ly) for Tana che Urla Cave.

Finally, it is interesting to note that, while the penulti-
mate glacial (i.e. MIS6) is represented in the bottom part
of the TCU flowstone, the last glacial period seems to be
largely missing or characterised by a series of hiatuses (not
deposited or subsequently re-eroded). This lack of a con-
tinuous last glacial sequence could simply be a matter of
change in the flowstone’s feeding system, but the Holo-
cene age at the top of the core suggests that there was no
significant alteration of water flow source during the entire
period of flowstone growth. If this premise is correct, it
may suggests that MIS6 in the Apuan Alps was not as se-
vere as the last glacial period (MIS4-2). In fact the deposi-
tion of the flowstone, even though very slow, was conti-
nuous during at least the last part of MIS6 whereas it
stopped, probably for a long time, during the last glacial
period. The idea of a «milder» continental MIS6 com-
pared to Last Glacial is not new: some data from Argen-
tarola cave, in southern Tuscany (Bard & a/iZ, 2002) and
from Soreq cave in Israel (Aylon & aliz, 2000) highlight the
presence of at least two humid events for this period, the
older of which is thought to be related with the deposition
of Sapropel S6. Moreover, Corchia Cave suggests continu-
ous growth during most part of MIS6 (Drysdale & alzz,
2005, 2009; Zanchetta & aliz, 2005) but, so far, no con-
tinuous records are available for the Last Glacial from
this cave.

CONCLUSIONS
The chronologically constrained part of the studied

flowstone consists of an alternation of two different litho-
facies: a brown, detrital-rich calcite (Lf-A) and a white, de-
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trital-poor calcite (Lf-B), both with columnar fabric. The
lower section of this succession, including both lithofacies,
precipitated between ca 160 and 124 ka, while the upper
part starts before 101 ka and ends with a series of growth
interruptions that are not well defined chronologically.
The two sections are separated by a hiatus between ca. 124
and 101 ka.

This study suggests that these petrographic changes
are the result of climate fluctuations that impacted on the
Apuan Alps area. The white-clastic poor calcite seems to
be the result of higher growth rates, due to high infiltra-
tion related to wet (interstadial) conditions and clastic
flux prevented by soil development in the cave’s catch-
ment, while the brown-clastic-rich calcite is thought to
be due to a reduction of the precipitation during dry (sta-
dial) phases, when soil erosion is enhanced in a climate
colder and drier. The available U/Th ages allow us to
correlate the first section of brown calcite (lithofacies A,
Sections 1,2 and 8) with MIS6, and the first section of
white calcite (L{-B, sections 3 and 9) to full interglacial
conditions of MIS5e. Moreover, it is possible to propose
that the hiatus H1 correlates with the stadial period cor-
responding to MIS5d. For the upper part of the sequence,
above H1, the chronology is not well defined but the last
U/Th age available suggests that section 5 and 11 (litho-
facies B, white, inclusion-poor calcite) may have formed
during MIS 5c¢ (fig. 9). This implies that Tana che Urla
Cave is sensitive to the main shifts in the global climatic
system.

The proposed interpretation confirms the general con-
clusions obtained from other records in the area (e.g. Cor-
chia Cave) on which the passage from glacial to inter-
glacial is dominated by a dramatic shift in the amount of
meteoric precipitation. It is interesting to note that the
transition from lithofacies A to lithofacies B is almost coin-
cident (within errors and chronological problem of Tana
che Urla) with the isotopic transition defined by Drysdale
& alii (2005; 2009) at Corchia between MIS6-5.

Finally, we would highlights that, contrary to the upper
part of the successions which is characterised by several
hiati, suggesting conditions unfavourable for speleothems
growth, during most of MIS6 (although with low growth
rate) no significant hzati are observed. This suggests that
the MIS6 glacial period was milder than MIS4-2 in the
Apuan Alps (Zanchetta & aliz, 2005).
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