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Abstract

The Te’omim cave is an isolated karst cave located on the western slopes of the
Jerusalem hills, approximately 20 km west of Jerusalem, at Nahal Hame’ara (Israel Grid
152049/126028). A wide array of vadose speleothems, such as flowstone, stalagmites
and columns had accumulated in various parts of the main chamber, some of which
producing thick accumulations of flowstone and large stalagmites. During a recent
survey in the cave, a quarry was identified in the eastern part of the cave’s main
chamber. The quarry was dated by U-Th method using a flowstone deposited on the
quarried surface after the cessation of quarrying, to the Middle Bronze Age (first half of
the 2" millennium BCE). The quarry is entirely within flowstone, composed of
translucent, banded coarse crystalline calcite, suggesting that it was used in antiquity as
a source of calcite ‘Bahat’ (alabaster). The term ‘Bahat’ is used in modern
archaeological Hebrew literature to denote calcite-alabaster. Calcite-alabaster objects
found in the southern Levant are commonly believed to be imported from Egypt.
Ignoring the possibility of local calcite-alabaster sources, most researchers accepted the
Egyptian source assumption formulated many years ago. However, calcite-alabaster
quarries indeed existed in the southern Levant in at least two caves, Te’omim and
‘Abud caves (approximately 11 km east of Shoham), most probably providing local
workshops with an alternative source for this luxury material.

A cross section of flowstone ~3 m long, TM-2, was sawed from the wall of the quarry.
It was selected where maximal thickness of relatively clean flowstone had accumulated,
in order to identify the major sequence of the flowstone at the quarry. The upper 80 cm

of TM-2 were studied in this research.



For dating, climatic and environmental change reconstruction purposes, 50 and §*3C
analyses are made at intervals of ~0.5-1.0 mm (459 drilled samples of TM-2 section).
The top 10 cm of the section was previously dated using U-Th dating method. Dating of
the older parts of the section was performed by applying the U-Pb and Paleomagnetic
methods. TM-2 section was dated from ~1.3 Ma to ~50 ka. The U/Pb dating gave two
ages of 1310 £60 ka and 1350 +120 ka, and the magneto-stratigraphy of this section gave
five ages: 773ka, 1001ka, 1069ka, 1189ka and 1221ka. The isotopic profile was wiggle-
matched with the isotopic record of LR04 benthic §'®0, stack. Fourteen isotopic events
recorded in TM-2 isotopic profile, match MIS events ranging between 1316 ka and 773
ka. The average time interval between the major §*°0, peaks is about 40ka, matching the
41ka obliquity cycles that occurs until the beginning of the middle Pleistocene transition
(MPT). Further bench marks are isotopic events with low §'%0. and high §*C which can
be correlated with strong sapropel events in the Eastern Mediterranean Sea. Using the
combined U-Pb ages, the magnetostratigraphy and wiggle-matching the isotopic events
with benthic 5'®0, stack and sapropel events suggests that the isotopic record of TM-2
reflects a long period of flowstone deposition since almost 1350ka. This record is the
longest terrestrial paleoclimatic record at the Eastern Mediterranean region.

The isotopic profile demonstrates that during the MPT, there is a continuous flowstone
growth during glacials and interglacials. The lower §'®0 values during glacials and
interglacials of TM-2 section at the early Pleistocene compared with Soreq cave through
the last 230ka indicate a temporal transition of climatic system during the MPT with

symmetric glacial/interglacial cycles with 41 ka obliquity cycles changes by the end of



the MPT, at ~700 ka, to a highly nonlinear system dominated by ~100 ka periodicity with
asymmetric glacial/interglacial cycles.

The petrography of the flowstone is characterized mainly by large columnar crystals,
producing the typical '‘Bahat' structure. In some cases, significant changes in the crystal
habit follow changes in the isotopic trends.

Oxygen and carbon isotopic compositions of ‘Bahat’ archaeological artifacts samples
from Egypt and Israel were also measured for comparing them to the isotopic
composition of the TM-2 in order to gain information on the provenance of these
artifacts. The isotopic composition of 'Bahat' archaeological artifacts samples from
several archeological sites in Israel show that most of the 'Bahat' artifacts do not match
the *3C - 5'®0 combination of artifacts imported from Egypt. ‘Bahat" artifacts from Umm
el Umdan, Herodion, and Kotel match the isotopic composition of Te'omim Cave and

could have been derived from Te'omim quarry.






Acknowledgements

I would like to express my special thanks of gratitude first and foremost to my supervisors:
Dr. Miryam Bar-Matthews and Prof. Amos Frumkin for the interest they showed in my work,
their guidance and their willingness to help at any given moment. | have learned a lot from them

and profoundly benefitted from their knowledge and experience.

This work would not have been possible without the help and support of Dr. Avner Ayalon,
who acted essentially as a supervisor of mine, and whose professional help, friendship, and

general concern made things very enjoyable.

Thanks to Boaz Zissu, head of the archaeological expedition to the Teomim Cave, who

provided administrative and financial support.

Special thanks go to the wonderful team from the Geochemistry Department at the
Geological Survey of Israel (GSI): Tami Zilberman, Jonathan Keinan and Sergei Sladkevich for

their help with performing the stable isotope measurements.

Many thanks to Miryam Bar-Matthews for the U-Th dating, to Ron Shaar and Yael Ebert
from Hebrew University of Jerusalem for the magneto-stratigraphy dating and to Gideon
Henderson at Oxford University, GB for the U-Pb dating.

Many thanks to Ayala Amir for providing the '‘Bahat' Sample and for her help.

Thanks to my room colleagues from the GSI: Yuval Burstyn and Neta Shalev for sharing

with me their knowledge and experience.

Many thanks to Gal Yas'ur for her great help with the research proposal.



Thanks to Lidia Grossovitch and Irit Gefen for their help with the polarizing optical
microscope. Thanks to lad Suaid for his help with the thin sections. Raanan Bodzin is thanked

for his help with SEM analyses.

I wish to thank Anton Vaks and Ahuva Almogi-Labin for their help with relevant papers.

Funding for this project is provided by a grant no# 103/14 of the Israel Sciences
Foundation (ISF). Israel Antiquities Authority and the Nature and Parks Authority provided
sampling permits.

And last but not least thank you always to my family: Bnaya, Adi, Aner and lvri, and to
my parents Uzi and Yaffa Goldberg. You are always so understanding and loving and I could not

make it without you.



Table of Content pp-

1 Background and Previous STUTIES ...........cceiiiirieiieiieiesie e 11
1.1 T OMIM CAVE..eiiiiiiiiiiiie it siee e siee e ste e see et e et e et e e et e e s b e e snbe e e snbeeesnaeeanneeas 11
1.1.1  Location and history Of reSEarch..........ccovereeiiiin i 11
1.1.2  TE OMIM QUAITY tevveieeriieieesieesieere et n e 14

1.2 Speleothems fOrmMation..........ccccoeiiiiiiiinieee e 16
1.3 Flowstone and calcite-alabaster .............cooiiiieiiiiiieeee e 17
1.4 PAlEOCHMALE ... 19
141 Marine iSOtOPE STAGES. .....cveeeeertiitiriisieeiee ettt bbb 19
1.4.2  Middle Pleistocene Transition (MPT) .....cccooviiiiiininiiieeec e 21
1.4.3  SAPIOPEIS BVENTS.....ueiiieiieiieieee s 24

1.5 Paleoclimate reconstruction using stable isotopes in speleothems .................... 26
151  Oxygen iSOtOPIC COMPOSITION .....orviiviriiriieiieie et 26
1.5.2  Carbon iSOtOpiC COMPOSITION .....veviiiiiiiiiieieie e 27

1.6 PEtrOgrapNy ..c.eoeeeeeie e 29
1.7 The use of stable isotopes for identifying provenance of ancient vessels.......... 30

2 AIMS and research gOalS .........ccoiiiiiiiiiei e 31
3 MENOTOIOQY ... 32
3.1  Flowstone sampling in the CAVE ........cceiiiiiiie e 32
3.2 DALING ettt ettt bbb 34
3.2.1  Uranium-Thorium dating ........ccoceeerinieienene e 34
3.2.2  Magneto-Stratigraphy .......c.ccceeveieeieiie e 35



3.2.3  Uranium-Lead dating ........ccocveeeiimiiiieiiee e 36

3.3 Oxygen and carbon iSOtopiC COMPOSITION .........cceriririiriiieieiere e 37
3.4 Oxygen and carbon isotopic composition of '‘Bahat'.............ccccceeeviniiiiininns 38
3.5 OPLICAl MICTOSCOPY ...vveueenriteiieriesiisie ettt 38
RESUIES ... bbbt n bbb 39
A1 DALING .ttt 39
411 U-TROBEING i 39
4.1.2  Magneto-Stratigraphy .........cccceoiiiriiiieeee e 39
4.1.3  U-PDAAtING ...ccooiiiiiiieieeee e 39
O £ 0] (o] o] [ol ¢=Tolo] (o FO USSP PP PROP 41
4.3  Petrography and iSOtOPIC Profile ..........cooviiiiiiiiiiiiee 42
4.4  Isotopic composition of 'Bahat’ archaeological artifacts ............cccccecvviiirnnnnn 95
DISCUSSION ...ttt bbbttt b bbbt s et nn bbb e b ene s 58
5.1 DALING ettt bbb a bbb 58
5.2  Isotopic profile charaCteristic fRAtUIeS ..........cevvrieiiee e 63
5.3  The relations between the petrography and the isotopic profile ..............c......... 64
5.4  Isotopic composition of 'Bahat’ archaeological artifacts ...........cccccevvverriernne 66
Summary and CONCIUSIONS .........coveiiiiiiiiiie s 67
RETEIENCES ...t bbb bbb 70
Table of Figures pp.
Figure 1: LOCAIION IMIAP ..o.voiuiiiiiiiiee ettt 13
Figure 2: Plan of Te’0omim Cave. ........ccccviiiiiiiiiiieie e 14
Figure 3: Te’ Omim CAVE QUAITY. ..eiouuieririeiieieiieeesieeesieeesteesssseesssseesssseessnseesssseesssnessssnees 16

8



Figure 4: The LR04 benthic 5'0 stack constructed by the graphic correlation of 57
globally distributed benthic 8*20 reCords ...........covvvevieeeeeeeeeeee e, 21
Figure 5: Precession (a), Obliquity (b) and Eccentricity (c) orbital cycles and summer

solar forcing at 65°N (d) global stacked 8'°0 benthic foraminifera record (e)

temperature anomaly (f) and CO, concentration records (g).......cooceveeereerrerseeruens 23
Figure 6: Compilation of Sapropel OCCUITENCES .......c.ooveiieiiiiiiiieeeeee s 24
Figure 7: Sawing the sample from the wall of Te’omim Cave quarry. .........cccccevevervennne 33
Figure 8: The entire TM-2 sampled SECTION. .........cceiiiireiiiee s 33
Figure 9: Image SECHION TIM2-2. .....c..oiuiiiiiiiiiiieieie et 34
Figure 10: Dating results Of TM-2 SECHION..........ccueiiiiierieicieeseee s 40

Figure 11: 8'®0c and 6™C profiles of TM-2 section vs serial number of the isotopic

ANATYSES POINTS, ...ttt bbb 41
Figure 12: Comparison between petrography and isotopic record of TM-2-1-b............... 43
Figure 13: Comparison between petrography and isotopic record of TM-2-1-C .............. 44
Figure 14: Comparison between petrography and isotopic record of TM-2-2-1. ............. 45
Figure 15: Comparison between petrography and isotopic record of TM-2-2-2............... 46
Figure 16: Comparison between petrography and isotopic record of TM-2-2-3............... 47
Figure 17: Comparison between petrography and isotopic record of TM-2-3-ac............. 48
Figure 18: Comparison between petrography and isotopic record of TM-2-3-de ............ 49
Figure 19: Comparison between petrography and isotopic record of TM-2-4-1 .............. 50
Figure 20: Comparison between petrography and isotopic record of TM-2-4-2............... 51
Figure 21: Comparison between petrography and isotopic record of TM-2-4-3 .............. 52
Figure 22: Comparison between petrography and isotopic record of TM-2-5 ................. 53

9



Figure 23: Comparison between petrography and isotopic record of TM-2-6. ................ 54
Figure 24: "°C plotted against 5'°0. values of TM-2 section, and from 'Bahat' artifacts
TrOM VAITOUS SOUICES ...ttt 56
Figure 25: location map of the archeological SItes. ..........cccoiiiiiiiiiciii e 57
Figure 26: Wiggle matching between TM-2 §'%0, isotopic profile to the LR04 benthic
R O TR 7o T RTUTTToOTSRT 59
Figure 27: Ages from U/Th and U/Pb at blue, magneto stratigraphy (black)................... 60
Figure 28: 8*%0. and §'*C isotopic profiles of TM-2 plotted against age, A. 1350-0 ka, B.
1T 0410 SRS 62

Figure 29: 5'®0 and §'°C isotopic profiles of Soreq Cave plotted against age................. 63

10



1 Background and previous studies

1.1 Te’omim Cave

1.1.1 Location and history of research

The Te’omim cave is an isolated karst cave located on the western slopes of the
Jerusalem hills, approximately 20 km west of Jerusalem (Figure 1), at Nahal Hame’ara
(Israel Grid 202049/726028). The cave was referred to as M gharet Umm et Tteimin, ‘the
cave of the mother of twins’, by local residents in the nineteenth century. The cave
comprises a large chamber and one major side passage (Figure 2). Entry to the main
chamber is sub-horizontal, with a 3 m vertical drop immediately inside the entrance,
followed by a debris cone filling the chamber. The entrance was formed when subaerial
denudation breached the edge of the cave, probably at the end of the Pleistocene,
allowing human use of the cave during the Holocene, as evidenced from the
archaeological finds (e.g. Zissu et al., 2011).

The first study of the cave was carried out by the Survey of Western Palestine team in
1873 (Conder and Kitchener, 1883, pp.148-149). The floor of the main chamber was
partly excavated in the late 1920’s by Neuville (1930) who published mainly the
materials collected from a specific layer found in a small probe excavated near the
entrance to the main chamber. This layer yielded various pottery sherds, lithics, bone and
stone tools. In accordance with the available parallels at the time, Neuville attributed the
finds to one period only, so-called “Bronze I tardif”, which more or less parallels the
more recent designation “Early Bronze Age”. However, when examining the

archaeological finds published, it is clear that the aforementioned layer contains mixed
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materials from at least four different chronological periods: Neolithic, Chalcolithic
(Ghassulian), Early Bronze and Intermediate Bronze Age. The fact that all these finds
were collected from one spatial context points to the stratigraphic mixture common in
natural caves. In addition, Neuville (1930) reported finds from the Middle and Late
Bronze Age, Iron Age and the Roman and Byzantine periods.

In the early 1970’s, G. Mann of the Society for the Protection of Nature in Israel
surveyed the inner passage of the cave, and collected pottery, an oil lamp, and fragments
of glass vessels which were attributed by Amos Kloner to the Roman and Byzantine
periods (Mann, 1978).

A new archaeological-geological-speleological research project in the cave is taking
place during the last decade by the Hebrew University, Bar-llan University, and the
Geological Survey of Israel (e.g. Zissu et al., 2011). Among other finds, a flowstone
quarry has been discovered (Frumkin et al., 2014), and is studied here within the

framework of the new Teomim research project.
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Figure 1: Location Map
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Flowstone quarry, Te'omim Cave

ICRC

Te’omim Cave plan

ICRC

10 m

2

"“ﬁ‘m’
Cave entrance kL

Figure 2: Plan of Te’omim Cave. The inset shows the main quarrying lines (abandoned
quarry walls), as well as estimated iso-thickness lines (dashed) of quarried flowstone,
after Frumkin et al. (2014).

1.1.2 Te’omim quarry

A wide array of vadose speleothems, such as flowstone, stalagmites and columns had

accumulated in various parts of the main chamber, some of which producing thick

accumulations of flowstone and large stalagmites. The flowstone had been deposited
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by a sheet of water over a sloping surface under free-air conditions, prevailing since the
cave emerged above the regional water table, millions of years ago (Frumkin and
Fischhendler, 2005). During the recent survey in the cave, a quarry was identified in the
eastern part of the cave’s main chamber. Field examination and drilling revealed that the
quarry is entirely within flowstone, composed of translucent, banded coarse crystalline
calcite, suggesting that it was used in antiquity as a source of calcite-alabaster. The
flowstone layering is partly seen in the quarried surfaces, while in other surfaces younger
flowstone covers the wall. In many places there are signs of the cessation of quarrying
scars or ‘negatives’ left on the quarry walls and floor after the removal of flowstone
blocks (Figure 3). Few blocks of flowstone were never separated, due to fissures or
defects in the bedrock. The quarry face, where quarrying had stopped, is up to 4 m high
vertical wall of flowstone, underlain by additional flowstone, indicating that the original
flowstone thickness was >4m. The quarry is 25 m long and up to 8 m wide (Figure 2). No
indication for in situ production of vessels was observed during the archaeological survey
of the cave (e.g. working tools, drills), and it seems reasonable to assume that vessel
production took place in a proximate subaerial site. Water flow and dripping is an
ongoing process on the quarried surfaces, where recent flowstone and other types of
dripstone are still deposited today. The quarry was dated by U-Th of the flowstone
deposited on the quarried surface after the cessation of quarrying. Such a date indicates
the latest possible time of abandonment at this part of the quarry. Two drilled cores of
flowstone, TC and TM1 were used. The oldest lamina (just above the quarried surface) of
each core was dated (on 2012) by U-Th to 3426 + 100 (2c error) and 3585 + 118 years

for TC and TM1 cores respectively. Younger layers, four and one cm above the oldest
15



ones, yielded the ages 2704 +102 and 3434 +£168 years respectively (Frumkin et al.,

2014).

Figure 3: Te’omim cave quarry.

1.2 Speleothems formation

Speleothems usually form in Kkarstic terrains with carbonate host rocks as a result of
chemical reactions between rain water, soil and host rock (e.g. Richards & Dorale, 2003,
McDermott, 2004). Rainwater percolating through the soil, results in water with high
pCO, and low pH value. The high pCO, leads to formation of carbonic acid (equations 1
and 2):

1) COy <= COxg

2) COg(aq) +H20(|) <> H+(aq)+H COg_(aq)

16



The weakly acidic water migrates through the carbonate host rock, dissolving it and
absorbing trace elements, such as uranium, and becomes saturated in respect to calcium
carbonate (equation 3):

3) H'@g+HCO3 g+ CaCOlszsy <> Ca’*(aq)+ 2HCO3 (ag)

The water reaches the cave where, due to oversaturation relative to the cave pCO,, it
degasses — a process which results in calcite precipitation (equation 4):

4)  Ca’*(ag)+ 2HCO3 2y €> CaCOs(s + COy) +H20q

Speleothems can continuously grow, but hiatuses are common, due to lack of water or
changes in the fracture system above the cave.

1.3 Flowstone and calcite-alabaster

Calcitic flowstone is a secondary limestone, composed usually of the mineral calcite,
formed by deposition from film flow of water under vadose (unsaturated) conditions
(Ford and Williams, 2007), usually as a coarsely crystalline, translucent speleothem. Its
attractive shelly translucent banding derives from the subsurface deposition environment,
where low energy conditions promote the growth of large, clear crystals. In volume, it is
the most common speleothem, often with m-thick deposits. Flowstone may be deposited
at a rate of micrometers to mm per year, depending strongly on water flow rate and
composition of the water and atmospheric CO,. Flowstone (and closely-associated vein
calcite) was often used in ancient times for the production of high-valued objects. In
Egyptological studies it is commonly referred to as ‘alabaster’, a term derived from
‘alabastrites’, the ancient Roman name of this stone (Harrell, 1995). However,

archaeological terminology related to this material is confusing, as it is alternately
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referred to in the literature as Egyptian alabaster, onyx, calcite, (Egyptian) travertine,
marble, and more.

Calcite-alabaster was commonly used in Egypt from Early Predynastic times (5th-
millennium BCE; e.g. Lucas, 1930) until the end of the Roman period, ~400 CE, as well
as in recent times (Harrell et al., 2007). In Egypt, calcite-alabaster was used to produce
many kinds of ornamental and high-class objects. It was one of the most popular
materials in Egyptian stone vessel working due to its aesthetic qualities: attractive
coloring, translucency, ability to take a high polish, and softness (3 in Mohs scale), which
made it easy to work with and inscribe upon. Its use was limited to ambient temperatures
because it is not heat-retardant. In the southern Levant, the present-day areas of Israel,
Jordan, Lebanon and Syria, calcite-alabaster objects first appeared sporadically during the
Late Chalcolithic through the Early Bronze Age (late 5th to the 3rd millennium BCE; e.g.
Amiran, 1970; Ussishkin, 1980). During the Middle and Late Bronze Age, calcite
alabaster artifacts peaked in the region (e.g. Clamer, 1976, 2007; Caubet, 1991; Press,
2011). During these periods, calcite-alabaster artifacts in the Levant comprise mainly
small vessels. Calcite-alabaster artifacts declined in number during the Iron Age, and
eventually disappeared after the Roman Byzantine period. The term ‘Bahat’ is used in
modern archaeological Hebrew literature to denote calcite-alabaster. Calcite-alabaster
objects found in the southern Levant are commonly believed to be imported from Egypt
(e.g. Clamer, 1976; Ebeling, 2001; Press, 2011). Ignoring the possibility of local
calcite-alabaster sources, most researchers accepted the Egyptian source assumption
formulated many years ago (Ben-Dor, 1945). However, the Egyptian provenance

assumption is not taken for granted by all researchers. Lilyquist (1996) noted that only
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“few of the vessels assigned to Egypt being displayed in various cities of the Levant
seemed unquestionably Egyptian in material, shape and detail”. Lilyquist also mentioned
examples of geological deposits in the Levant, suggesting that some of these could
potentially be quarried for calcite-alabaster, but she brings no example of such quarries.
Sparks (2007) has acknowledged the existence of potential calcite-alabaster sources in
the Negev and Sinai deserts, without evidence of quarrying, but does not mention such
deposits in the inhabited parts of the southern Levant. Sparks (2007, p. 160) noted also
that “The main issue therefore becomes whether these sources are suitable for
manufacturing stone vessels and whether it is possible to demonstrate knowledge or
exploitation of them during the period under review”, referring to the southern Levant.
Frumkin et al. (2014) show that calcite-alabaster quarries indeed existed in the southern
Levant in at least two caves, Te’omim and ‘Abud (approximately 11 km east of Shoham),
most probably providing local workshops with an alternative source for this luxury
material. They employed U/Th age dating to constrain the absolute date of these quarries,
succeeding in one of the cave quarries. This age-dating is supported by conventional
archaeological methods.

1.4  Paleoclimate

1.4.1 Marine isotope stages

Marine isotope stages (MIS), are alternating warm and cool periods in the
Earth's paleoclimate, as deduced from oxygen isotope of benthonic foraminifera from
deep sea core samples.

Oxygen isotope records obtained by analysis of benthic foraminifers from deep-sea cores

in the Caribbean were divided by Emiliani (1955) into marine isotopes stages. Shackleton
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and Opdyke (1973) provided evidence that the §*°O; record is dominated by the effect of
changes in the oxygen isotopic composition of the global ocean and therefore that the
isotope stages could be used as a means to create a global stratigraphic framework for
marine sediment. Working backwards from the Holocene, which is MIS 1 in the scale;
stages with even numbers have high §'®0. and represent cold glacial periods, while the
odd-numbered stages are troughs in the 'O, representing warm interglacial (or
interstadial) intervals.

For the description of Quaternary marine sediments this scheme is almost universally
applied, although the means by which it is applied varies; Prell et al. (1986) recommend
the use of ‘‘events’’ (isotopic extremes) rather than boundaries (transitions between
isotope stages) for applying the formal oxygen isotope stratigraphy (and associated
timescale) to a core. At 2005, Lisiecki & Raymo published 5.3-Ma stack (the ‘‘LR04”’
stack) of benthic §'80, records from 57 globally distributed sites aligned by an automated
graphic correlation algorithm (Figure 4).

Numerous investigations have shown that the earth's climate responds linearly, to
variations in the earth's orbital geometry (e.g. Hays el al, 1976; Komintz and Pisias,
1979). Since this climate response is continuously recorded in deep sea sediments by
climatically sensitive parameters (as 5'%0;) the orbital\climate link provides possibility
for establishing geochronology (Martinson at al, 1987). Indeed, the MIS data matches the
astronomical data of Milankovitch cycles of orbital forcing or the effects of variations
in insolation caused by cyclical slight changes in the eccentricity, obliquity (tilt of the

earth's axis of rotation), and precession .
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Figure 4: The LR04 benthic 520 stack constructed by the graphic correlation of 57
globally distributed benthic 520 records. Marine isotopes Stages compared with
paleomagnetic time scale, after Lisiecki and Raymo, 2005. Black bars indicate normal
polarity and white bars is reversed polarity.

1.4.2 Middle Pleistocene Transition (MPT)

The last stage in the transition from early to mid-Pleistocene is known as the Middle
Pleistocene Transition (MPT), starting at ~1.25 Ma and ending around 0.7 Ma.

This transition (Figure 5) represents a major shift in the earth’s history since the first ice
sheets started accumulating in the northern hemisphere ~2.6 Ma. Ice-sheet growth
linearly followed the 41 ka obliquity cycles until the beginning of the MPT. By the end of
the MPT, at ~700 ka, this mode shifted to a highly nonlinear system dominated by ~100
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ka. periodicity (Lisiecki and Raymo, 2005; Clark et al., 2006) with asymmetric
glacial/interglacial cycles (Figure 5). Large-scale ice-sheet growth in the northern
hemisphere coincides with the onset of MPT, representing a fundamental change in ice-
sheet dynamics. The change was attributed to an increase in ice-sheet thickness rather
than in areal extent (Clark et al., 2006; Sosdian and Rosenthal, 2010). The first major
glaciation, indicated by a substantial increase in ice volume, predates the end of the MPT,
occurring at ~880 ka during glacial stage 22, with increasing severity and duration of this
cold stage compared with earlier glacial stages (Figure 5). Later on, between ~850 ka and
~750 ka there were notable minima in summer solar forcing at 65°N and markedly

smaller amplitude in the ~23 ka, ~100 ka, and ~400 ka orbital bands (Figure 5).
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Figure 5: Precession (a), Obliquity (b) and Eccentricity (c) orbital cycles and summer
solar forcing at 65°N (d) following Berger and Loutre (1991), compared with the global
stacked 820 benthic foraminifera record (e) of Lisiecki and Raymo (2005), the numbers
are Marine isotopes Stages. Compilation of temperature anomaly (f) and CO,
concentration records (g) between 810 and 600 ka in Antarctic EPICA Dome C ice core
following Jouzel et al. (2007) and Lithi et al. (2008). The vertical gray bar defines the
latest part of the MPT, between 900 and 700 ka.
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1.4.3 Sapropels events

Sapropel is a term usedto describe dark-coloured marine sediments that are rich
in organic matter. Organic carbon concentrations in sapropels commonly exceed 2% in
weight.

The sapropel occurrences in the marine sequences over the entire Eastern Mediterranean
(EM) are considerable; with the resolution that can be obtained from isotope studies,
groups of sapropels occurred simultaneously over the entire basin (Emeis at al., 1998).
Studies on the geochemistry and facies of sapropels agree that anoxic conditions favored
preservation of organic matter in sapropels, caused the enrichment of trace metals
associated with sapropels, and helped preserve primary sedimentary structures. All
evidence is consistent with elevated flux of organic matter and associated elements

during sapropel events.
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Figure 6: Compilation of sapropel occurrences through time at Sites 964, 969, 967, and
966 (in the Mediterranean Sea) for the last 2.25 m.y. Gray bars denote sapropel ghosts.
Bar width is an indication of sapropel thickness (Emeis at al, 1998).

Lower 8" Ogpeeotnems Of the EM surface is associated with sapropel formation in the EM
(Bar-Matthews et al., 2000), as a result of freshening of the Mediterranean sea surface

due to increasing input of rainfall, glacial meltwater from European-Black Sea systems,
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and Nile River and rivers from the Sahara discharge, associated with increased African
monsoon rains (for review see Bar-Matthews, 2014). The climatic conditions during the
sapropel events are also reflected in the terrestrial record. §°C values of Soreq Cave
speleothems present more complicated features. During most of the interglacials, 8*3C
values range between -13 and -10%o., typical of C3-dominated vegetation, but during MIS
5e (128-120 ka) and during the early Holocene (9.4 and 7.0 ka), 8"3C values are
extremely high, rising to ~0%o and ~ -5.0%0 at MIS Se and early Holocene respectively.
The very high 8*3C during these intervals are coupled with the very low &'®0. Bar-
Matthews et al. (2000) interpreted this coupling as reflecting deluge events, where §*3C
cannot reflect the soil-CO, composition due to high water flushing to the cave that result
in isotopic composition approaching the surrounding dolomite host rock. Evidence for
this process is provided by the large amount of detrital material incorporated in the Soreq
Cave speleothems during these time intervals (Ayalon et al., 1999), and the sharp drop in
the concentrations of Sr, Ba, and U, and in the ratios of (3*U/*®U), and &'Sr/%Sr, which
reflect enhanced weathering of the host-rock (Kaufman et al., 1998; Ayalon et al., 1999;

Bar-Matthews et al., 2000).

Bar-Matthews et al. (2000, 2003) estimated that rainfall during these events could have

been 20%-70% higher than present-day amounts. Alternatively, Frumkin et al. (2000)

suggest that the high §"°C during 128-120 ka can be the outcome of unstable, dry and warm

conditions, loss of vegetation, and erosion of the soil cover. This hydrologic regime is

consistent with irregular high water flushing events: flash-floods are potentially more

common under scarce vegetation cover. Such fluctuating dry-hot intervals could have
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enhanced forest fires, followed by rapid soil erosion; eventually leading to abrupt changes
and high 8'°C. The high Soreq cave pool levels during the 128-120 ka interval indicate that
some flash-floods were frequent enough to keep the pools full, long enough for calcite
deposition. Enhanced rainfall over the Mediterranean basin during sapropel events is evident
from the similar salinity trend in the entire Mediterranean basin (Kallel et al., 1997) and from
combined biotic and abiotic proxies in the Yammouneh basin (Lebanon) (Gasse et al., 2015).
The extreme arid region of northeast Africa experienced episodes of considerable increase in
rainfall at this time associated with EM rainfall front, coinciding in time with increased
African monsoon activity (Vaks et al., 2010). Less wet conditions developed during the
intervals of sapropels S3 and S4 (~109-107 ka to 104-100 ka and 86-83 ka, respectively). In
general, the speleothem evidence reflects highly unstable and erratic conditions during these
deglacial/interglacial transitions.

During interglacial substages, between sapropel events (e.g. MIS 5.2, 5.4, 7.2, 7.4 etc.,)
the 5'®0c. are higher by ~2-3%., reflecting change in the §'®0 of the source water and
increased aridity in the region. The increased aridity is also evident from the marine record
indicating aeolian deposits replacing fluvial Nilotic contribution (Almogi-Labin et al., 2004,
2009).

1.5 Paleoclimate reconstruction using stable isotopes in speleothems

1.5.1 Oxygen isotopic composition

Speleothems are used as archives providing information related to environmental
conditions, which are monitored using their isotopic and chemical composition. Once the
chronology and growth rate of the speleothem are determined, a detailed climatic

reconstruction can be made, using 8*°0, and 8"*C values (e.g., McDermott, 2004). The
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fractionation of '®0/*®O between water and calcite during the precipitation of the
speleothems depends on the temperature in the cave and the 8*°0y, of the cave water. The
80 of the cave water is closely related to the isotopic composition of the rainwater
(Ayalon, et al., 1998), and the cave temperature reflects average annual temperature in
the area. 5'°0, of rainwater is a function of various parameters, including the isotopic
composition of the source, temperature, distance from the rainfall source and the amount
of precipitation also referred as the “amount effect” (Bar-Matthews et al., 2003; Kolodny
et al., 2005), latitude and altitude. The “source effect” is significant on the long-term
behavior of isotopic reservoirs of the east Mediterranean region: Speleothem §'80. is
strongly influenced by the marine reservoir that contributes its vapor to rain formation.
Short-term variations in the isotopic composition of rainfall are dominated by the amount
effect and the temperature. Periods of low §'®0; values in Soreq Cave speleothems were
interpreted as related to warming, and increase in the rainfall amount (Bar-Matthews, et
al., 2000). High values of 8*%0; in Soreq Cave speleothems are related to global cooling
episodes, such as Heinrich events and the LGM.

1.5.2 Carbon isotopic composition

The §'°C values of cave waters reflect the contribution of the dolomitic host rock and of
s0il-CO,, CO, degassing and carbonate precipitation (e.g. Frumkin, et al., 2000; Genty &
Massault, 1999; Bar-Matthews, et al., 1996). Soil-CO, is a major source of carbon to the
speleothems, and 8*3C of soil-CO, gas mostly depends on the type of photosynthesis
pathway and also on the intensity of biogenic activity and deserts tend. Thus, 5°C
fluctuations shown in speleothems may reflect changes in the vegetation type in the cave

area. There are two major photosynthetic pathways: Csand Ca. The Cs pathway is usually
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used by trees, shrubs and cool climate herbs. The Ca4 pathway is used by warmer climate
adapted grasses and herbs. Average §**C values of C3 vegetation is ~ -27%o, and of C, is
~ -12%o0 (Smith and Epstein, 1971; Deins, 1980). The expected range of §3C in
carbonates in regions dominated by Cs plants is -14 to -6%o. whereas those dominated by
Caplants range between -6 to +2%o (Bourdon, et al., 2003).

Other factors controlling the carbon isotopic composition are the presence or absence
of soil cover, intensity of carbonate host-rock dissolution and water—rock interactions in
the unsaturated zone (e.g., Bar-Matthews et al., 1996; Hendy, 1971; Genty et al., 2001;
Frumkin, et al., 2000). Environmental parameter such as water stress, high temperature
and CO, level may affect the plant §*3C value by an increase in the range of 2-4%o (e.g.,

Ehleringer and Cooper, 1988; Tieszen, 1991)
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1.6 Petrography

Experiments have demonstrated that crystal morphology and growth mechanisms yield
much information on the physicochemical parameters of the parent fluid (Sunagawa,
1987). Crystals form when there is departure from equilibrium, which, for sparingly
soluble salts (such as calcium carbonate), is the degree of supersaturation. As
supersaturation increases, crystal habits are expected to change from prismatic to
spherulitic (Boistelle, 1982). Kim and O’Neil (1997) demonstrated that nonequilibrium
isotope fractionation in calcite occurs when crystals grow at high supersaturation
resulting in kinetic fractionation. Departure from equilibrium growth, therefore, may
influence both the form (habit) and the isotopic properties of calcite crystals.

Gonzalez et al. (1992) illustrated that spelean calcite crystal habit is controlled by
supersaturation, and fabrics are controlled by flow rate. Changes in calcite fabrics and
crystal habits, therefore, have the potential to provide a record of supersaturation and
changes in water availability through time (Szabo et al. 1994).

Crystal habits, however, are not controlled solely by the degree of supersaturation but
also by other factors such as crystal structure (Burton et al.1951), the presence of foreign
ions, and the kinetics of growth processes (Prieto et al. 1981).

The combination of different factors such as drip rate, supersaturation, impurity content,
and, possibly, Mg/Ca ratio of the parent waters seemingly control the development of
columnar, fibrous, microcrystalline, dendritic, and calcareous fabrics in speleothems.
Most of these factors are detectable through petrographic observations. Secondary
changes, such as neomorphism or transformation also impact speleothem preservation of

climate signals and are, potentially, detectable by petrographic observations also.
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Commonly, speleothems are mineral aggregates formed in voids (caves) — only a few
speleothems consist of single crystals (Frisia, 2000). The fabric is, thus: “a geometric
picture formed by the dividing surfaces of the separate mineral individuals which form
the mineral aggregate” (Stepanov, 1997).

For example, columnar fabric proper has been interpreted as forming at relatively low
supersaturation, regular flow, negligible presence of “foreign ions” (Frisia, 2000) and
"feathered” like, columnar may form because of the presence of magnesium, sulphate, or
microbes (Folk, 1965). Likewise, large detritus free crystals are common during glacial
periods when water dripping was more continuous and slow compared with early
Holocene (Bar-Matthews et al., 1997).

1.7 The use of stable isotopes for identifying provenance of ancient vessels
To determine the provenance of artifacts, each potential source area must be "finger-
printed"” and a database built up of sources. The distinctive fingerprints can base on
petrographic, magnetic, geochemical or any other distinguishing physical characteristics
of the material.

The most widely used procedure today for identification of white marbles involves a
combination of microscope and C-O stable isotope analyses (Gorgoni et al, 2002). As
early as the beginning of the 1970s, Craig and Craig (1972) highlighted the importance of
the carbon and oxygen isotopic signature for provenance study of archeological white
marbles, and proposed the first comparative data bank in the form of correlation clusters.
Over the following years, the first database was developed and detailed by several
researchers (Manfra et al, 1975; Hertz, 1986). This progressive implantation proceeded in

two directions: 1. By creating sets of reference data for new supply areas of known or
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potential archeological interest never previously considered and 2. By improving and
detailing the database for the most important marbles of classical antiquity.

For example, a study has been made of 5'®0. and §**C variations in Greek marbles from
the ancient quarry localities of Naxos, Paros, Mount Hymettus, and Mount Pentelikon.
Parian, Hymettian, and Pentelic marbles can be clearly distinguished by the isotopic
relationships; Naxian marbles fall into two groups characterized by different oxygen-
18/oxygen-16 ratios. Ten archeological samples were also analyzed; the isotopic data
indicate that the "Theseion" is made of Pentelic marble and a block in the Treasury of
Siphnos at Delphi is probably Parian marble (Craig, 1972).

Here we shall use, in a similar way, stable isotopes of oxygen and carbon for preliminary

identification of the provenance of some ‘bahat’ artifacts.

2 Aims and research goals

This research has three main goals:

(1) To identify the character of local calcite-alabaster raw material, based on petrographic
and isotopic parameters of TM-2 flowstone section from the quarry at the Te'omim cave.
These parameters will be used to determine whether shifts in the isotopic composition are
associated with change in crystal growth.

(2) To date the entire studied section of TM-2 using paleomagnetic tools, U-Pb and U-Th
methods and by comparing isotopic events with the global stacked &0, benthic
foraminifera record, timing of magnetic reversals and sapropel events. The paleo

environment of the southern Levant during the growth period of TM-2 will be deduced
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from the analysis of oxygen and carbon stable isotope values. This will shed light on
long-range terrestrial climate change and its extreme values.

(3) To compare the isotopic composition of the TM-2 to the isotopic composition of
archeological artifacts from several locations in order to add information on the
provenance of archaeological artifacts that were produced from this site as opposed to
alternative sources.

As mentioned above, calcite-alabaster objects found in the southern Levant are
commonly believed to be imported from Egypt (e.g. Clamer, 1976; Ebeling, 2001; Press,
2011). Ignoring the possibility of local calcite-alabaster sources, most researchers
accepted the Egyptian source assumption formulated many years ago (Ben-Dor, 1945). In
this research petrographic and isotopic characteristics of the calcite-alabaster will enable
the characterization of the local alabaster, that were quarried from the local flowstone

quarry in the Te’omim Cave.

3 Methodology

3.1 Flowstone sampling in the cave

A cross section of flowstone ~3 m long, TM-2, was sawed by Makita grinder saw from
the wall of the Te’omim cave quarry (Figure 7, Figure 8). It was selected where maximal
thickness of relatively clean flowstone had accumulated, in order to identify the major
sequence of the flowstone at the quarry. Additional ‘new’ flowstone deposited on the
quarried surface was also sampled. The upper 80 cm of TM-2 section that used for this
study was separated to 7 parts, TM2-1 is the upper one and TM-2-7 is the lowest (Figure

8).
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Figure 8: The entire TM-2 sampled section.
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Figure 9: Image section TM2-2.

3.2 Dating

The top 10 cm of the section (~80 cm) was previously dated using uranium-thorium (U-
Th) dating method. Because several discontinuities were observed in the top 10 cm, it
was not possible to estimate the growth rate of the entire section from the growth rate of
the top 10 cm. The age model was performed by using the U-Pb and the Paleomagnetic
ages, together with wiggle matching the isotopic record to the LR04 benthic §'%0, stack.
The sapropel events were identified in the speleothems record by extremely low §'20,
and high 8*3C as was found to late Pleistocene speleothems from Soreq, Pegi'in and
Jerusalem caves (Bar-Matthews et al., 2003; Frumkin et al., 1999) which help to
constrain the chronology of the older part of the section.

The dating methods are described below:

3.2.1 Uranium-Thorium dating

34



U-Th dating of the top 10 cm of the flowstone section was performed at the geochemistry
lab of the Geological Survey of Israel (GSI) by Mira Bar-Matthews, using a Nu
Instruments Ltd (UK) Multi-Collector-Inductively-Coupled-Plasma-Mass-Spectrometer
(MC-ICP-MS) equipped with 12 Faraday cups and 3 ion counters. The location of the
dated samples was at 2, 3, 4 and 5 cm distance from the top of the section. U-Th dating
was carried out following the method described in detail by Vaks et al. (2006) and Grant
et al. (2012). Ages of flowstone section was calculated according to the following

equation (Kaufman et al., 1998):

20Th ~ 238 P ~ 238 . %30 1
{234U ]_(234U] (1 e )+(1 {234U}J [2230_2234J [1 e o0~ ]

Where t is the age, Aa30 and Ap34 are the decay constants of 2°Th and #**U, respectively,

and all ratios represent activity ratios. The ages were calculated using Newton-Raphson
iteration, which gives the final age and the analytical error (+20; two standard errors of
the mean). Age correction methods were applied as needed (Kaufman, 1993; Hershkovitz
etal., 2015).

3.2.2 Magneto-stratigraphy

Magneto-stratigraphy method works by collecting oriented samples at measured intervals
throughout the section, in order to represent all of it. The samples are analyzed to
determine their characteristic remnant magnetization (ChRM), that is, the polarity
of Earth's magnetic field at the time a stratum was deposited. Samples are first analyzed
in their natural state to obtain their natural remnant magnetization (NRM). The NRM is
then stripped away in a stepwise manner using thermal or alternating field

demagnetization techniques to reveal the stable magnetic component.
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Magnetic orientations of all samples from a site are then compared and their average
magnetic polarity is determined with directional statistics. The latitudes of the Virtual
Geomagnetic Poles from those sites determined to be statistically significant are plotted
against the stratigraphic level at which they were collected. These data are then abstracted
to the standard black and white magnetostratigraphic columns in which black indicates

normal polarity and white is reversed polarity (Figure 10).

To locate the magnetic reversals in the time scale, at least one age obtained from another
dating method is needed. With the aid of the independent age, the local
magnetostratigraphic column is correlated with the Global Magnetic Polarity Time Scale

(GMPTS) (Singer, 2014).

Oriented cores, 1°”in diameter were drilled in the section using electrical drill. The
cores were sliced in the lab to smaller 1’ length specimens. Paleomagnetic stepwise
demagnetization experiments were carried out in the paleomagnetic laboratory of the
Institute of Earth Sciences, the Hebrew University of Jerusalem by Ron Shaar and Yael
Ebert. Measurements were carried out usinga 3-axis 2G cryogenic magnetometer
with integrated  Alternating Field (AF) demagnetization unit. Each specimen
underwent multiple demagnetization steps at progressively increased field up to 90 mT

to determine the paleomagnetic polarity.

3.2.3 Uranium-Lead dating
The method Uranium-Lead (U-Pb) chronology is usually applies to two U-Pb decay
systems:

(1) 2%Pbm = 2% ppi + 28U (elyzst — 1)


https://en.wikipedia.org/wiki/Directional_statistics
https://en.wikipedia.org/w/index.php?title=Virtual_Geomagnetic_Pole&action=edit&redlink=1
https://en.wikipedia.org/w/index.php?title=Virtual_Geomagnetic_Pole&action=edit&redlink=1
https://en.wikipedia.org/wiki/Isotopic_dating

(2) 2’Pbm = 2" Pbi + Z°U(elysst — 1)
Where “m” refers to the measured amount of an isotope at present, “i” to its initial

‘6|37

concentration, is the decay constant for the appropriate isotope, and “t” is the time
elapsed from initial conditions to the present. Uranium-lead dating is usually performed
on the mineral zircon (ZrSiO4), but also been applied to other minerals such
as calcite/aragonite and other carbonate minerals. The two U-Pb dates obtained from #*U
and U have different half-lives, so if the dates obtained from the two decays are in
agreement this adds confidence to the date.

Flowstone samples from Te'omim cave were U-Pb dated by Gideon Henderson at Oxford
University, GB.

3.3 Oxygen and carbon isotopic composition

For climatic and environmental change reconstruction purposes, 5'%0. and §**C analyses
are made on 0.35-0.5 mg samples, obtained by drilling at intervals of ~0.5-1.0 mm and
put in glass vials. Dry phosphoric acid (100%) is added to the top of the vials, which are
placed in a horizontal position to avoid reaction with the carbonate. The samples are
flushed with pure helium gas for 10 minutes in order to remove all atmospheric COz2, and
only then the vials are turned to vertical position to allow the phosphoric acid to react
with the powder of the drilled samples dissolving the carbonate, and forming COz. The
COz2is measured using a Delta VV mass spectrometer with a Gas Bench automatic sampler
in order to measure §'%0. and §*C. All 50, and §*3C values were calibrated against the
international standard NBS-19, and are reported in permil (%o), relative to the VPDB

standard
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3.4 Oxygen and carbon isotopic composition of ‘Bahat’

Oxygen and carbon isotope composition of ‘Bahat’ (alabaster) archaeological artifacts
samples from Egypt and Israel were measured using the same technique described above.
The 'Bahat’ artifacts and their characteristics were supplied by Ayala Amir who studied
the provenance of these objects for her MSc thesis, using other methods (e.g., trace
elements, Sr isotopic composition). The description of each '‘Bahat' samples is given in
the supplementary section.

3.5 Optical microscopy

13 thin sections 30um thick were taken lengthwise the TM-2 section. These thin sections
were examined using polarization optical microscope Olympus BX50 in the GSI in order

to determine their crystal growth habit and fabric.
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4 Results

4.1 Dating
4.1.1 U-Thdating
U-Th dating of five samples from the top of the section yielded ages of ca. 53.1 £ 1.2 ka,
60.2 £ 0.8 ka, 109.4 + 1.3 ka, and 488 * 87 ka (Figure 10).
4.1.2 Magneto-stratigraphy
Figure 10 displays the TM-2 section and the location of the 26 samples taken for the
magneto-stratigraphy dating.
The first reversal commonly dated to 773 ka occurs at about 10 cm from the top of the
section. Comparison with the isotopic profile (see paragraph 4.2) suggests that the
reversal point can be placed where isotopic measurement no. 100 was performed (Fig.
11).
4.1.3 U-Pb dating
Eight samples were dated U-Pb dating method. The sample powders were taken from the
samples collected for paleomagnetic study, and are numbered with the same numbers as
marked in Fig. 10. The results are as follows:
1. Samples 1 and 6: Contain high concentration of Pb and thus could not give
reliable U-Pb age. Based on their 2*U/?*®U ratio, their age is estimated at about
1000 ka.
2. Samples 8, 12, 15: located close to each other, gave an age of 1300 ka with error
of +60-120 ka.

3. Sample 16: Probably not a closed system.
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4. Sample 22: Two replicates fail to give a good spread of U/Pb value, but fall
close to data obtained for samples 8, 12, 15, suggesting a similar age of ~ 1300
ka. Age calculated based on the %*U/?*U ratio, indicate a slightly older age of
~1450 Kka.

5. Sample 25: Probably not a closed system.

The two ages that are marked below (~1300Kka; Figure 10) are the ages from samples 8,

12, 15 and 22.

T™M2

Upper part Age (ka) GITS (singer 2014)
R = == : _— M-B Reversal 773 (A)

U-Th & U-Pb g 800-. M-B Precursor 794 (A)

Ages (blue)

Paleomag R/N g Kamikatsura 900 (906)

(white) Santa Rosa 932*

Paleomag model
(black)

Stable isotopes
segments (red)

1001 (1008)
Jaramillo subchron
1048 (A

1069 ((1 76)

Punaruu 1122 (1129)

1189 *
- 1Cobb Mtn. subchron

122
Bjom 1255 (A)

Meseta del Lago
Buenos Aires ~ 1300
(1308)

Figure 10: Dating results of TM-2 section: Ages from U/Th (Bar Matthews, 2014,
unpublished) and U/Pb in ka (courtesy Henderson, 2016, unpublished) are marked in
blue, and magneto-stratigraphic results, R-reversal in black and N- normal in white
(courtesy Shaar, 2015, unpublished). Magneto-stratigraphic time scale is according to
Singer (2014) and marked in black on the right. The suggested correlation with magneto-
stratigraphic results is indicated by dashed lines.
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4.2 lsotopic record

Figure 11 presents the 8*%0 and §*3C profiles of TM-2 section:
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Figure 11: 8'®0c and §™C profiles of TM-2 section vs serial number of the isotopic
analyses points, the black number represent 14 events characterized by 4 different trends
of 8"®0c and 3°C

This isotopic profile is based on 459 isotopic analyses points drilled ~0.5 — 1.0 mm apart.
The profile is characterized by significant fluctuations of both §'%0. and §"3C values.
Throughout the entire studied section, 80, values vary between -9.6%o and -3%o. The
8"3C values range between -11.5%o and -4.3%. with maximum fluctuation between

adjacent isotopic analyses points 143-144 of ~ 6 %o.
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The isotopic record was divided to 14 events characterized by 4 different combinations of
8'%0, and §'°C trends:
I High &"3C and high 8*°0; (events 13, 5, 3)
1. Low &*3C and low 50, (events 14, 12, 7, 4)
I1l.  High 8'*C and low 820, (events 11, 9, 6, 2)

IV. Low &'C and high §*°0; (events 10, 8, 1)

4.3 Petrography and isotopic profile

This chapter presents a description of the calcite crystals of TM-2 (flowstone) cross-
section, in order to define if growth was continuous and if there were major depositional
changes during the formation of the flowstone. Special attention will be given to verify if
changes in the crystal growth habits and size correspond to changes observed in the
isotopic profile and therefore the numbers 1-14 represent the isotopes events described in
section 4.2.

TM2-1B (event No. 1, Figure 12)

Two patterns are observed in the sample: (1) The oldest part, between isotopic analyses
points 48-31 is characterized by very large (~ 10 mm) and transparent crystals with
mosaic structure. Along this section, 'O values show moderated decreasing trend from -
3.5%o to -5%o. (2) The younger part of the section, between isotopic analyses points 31-
23, is characterized mostly by small (1-2 mm) columnar crystals with parallel extinction,
with dark laminae in between. Along this part, 8'°0 values are characterized by
fluctuations between -4%, and -5%o. In both sections, the §'*C values are relatively low,
ranging between ~ -11%o and -10%.. Although there are changes in the crystal habit, no

sharp oscillations in the %0 and §"*C are observed.
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Figure 12: Comparison between petrography and isotopic record of TM-2-1-b covering the

isotopic analyses points 23-48.
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Tm2-1C (event No. 1, Figure 13)

In this section, the contact with the young cover that deposited on the quarry surface is
observed. The older part of the section covers the isotopic analyses points 68-49. The
oldest part (isotopic analyses points 68-61) is characterized by very long crystals
(~10mm) oriented parallel to the contact with the young cover. The isotopic record is
characterized by almost uniform §'%0 values (~-5%o) and low 8*3C (-10 to -11%o).

The younger part (between isotopic analyses points 60-49), show significant change in
the petrography, characterized by smaller idiomorphic crystals, slightly rounded, oriented
diagonally to the contact with young cover. The location of the rounded crystals between
columnar crystals may indicate recrystallization. The entire isotopic profile is
characterized by relatively stable §'®0 and &C values, with very low amplitude.
Between isotopic analyses points 56-68, the isotopic record is characterized by relatively
high 820 values (-4.5 to -5.5%o) and low 8*C values (-10 to -11%o).

In this sample, the significant variations in the petrography are not reflected in the

isotopic composition.
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Figure 13: Comparison between petrography and isotopic record of TM-2-1-c, covering
the isotopic analyses between points 50-68. The lower dark part is the young cover that
deposited on the quarry surface.
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Tm2-2-1 (event No. 1, Figure 14)

The petrography of the old part (isotopic analyses points 92-77) is characterized by 2 mm
crystals with mosaic pattern. 5*%0 values range between -4.5%o and -4.0%o. At the old
part, with significant fluctuations in the §*C from -10.5%o to -9.0%o.

The young section is characterized by medium (up to 5mm) columnar crystals with
preferred orientation. The 80 and 8C values increase from the older part to the
younger part. Between isotopic analyses points 76-69 both §'%0 and &3C are higher,

820 values vary between -3.5%o and -4.0%o, and 5"°C values are ~ -9.0%o.
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Figure 14: Comparison between petrography and isotopic record of TM-2-2-1 covering the
isotopic analyses between points 92-69.
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Tm2-2-2 (events No. 1&2, Figure 15)
The old part of the section (isotopic analyses points 117-104, event No. 2) is

characterized by large (5 mm) crystals with mosaic pattern. The isotopic profile between
isotopic analyses points 117-106 shows small fluctuations and is characterized by very
low 8'®0 values ranging between -7.5%o and -9%o coupled with high §"*C values ranging
between -7.0%o and -7.5%eo.

At ~ isotopic analyses points 104-101 the petrography is characterized by large columnar
crystals (~4 mm in size). The amplitude changes in 5*%0 values increases to ~1%o from
isotopic analyses point 106, and from isotopic analyses point 101 the &0 values
increase, reaching a value of -4%. until isotopic analyses point 97 (event No. 1). Overall,
the 5'®0 values increase significantly by ~5%o, from about -9%o to -4%.. From isotopic
analyses point 106 to 94, the amplitude of 8"C fluctuations increase to 1%o-2%o, ranging
from -8.5%o to -6.5%o

d180

10.
-9.00
8.00
7.00 /
6.00 / —_—:
-5.00 /
400 +
20 g7 B 102 10 112 n
200 1 L . . L L
1 2 d13C
12,00
11.00
10.00
-9.00
-8.00 /h\ //\ sy
-7.00 / u V
-6.00
S50 57 107 12
-4.00

Figure 15: Comparison between petrography and isotopic record of TM-2-2-2 covering
the isotopic analyses between points 93-117.
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Tm2-2-3 (events No. 2&3, Figure 16)
The crystals at the older part (isotopic analyses points 136-130, event No. 3) are small (1-

2 mm) with preferred orientation, forming laminar structure along the contact with the
young cover. 8*%0 values are very low, and moderately increase from -8.5%o to -7.5%o.
The younger section (isotopic analyses points 130-118) is typified by long (10 mm)
transparent crystals and the sample is characterized by dissolution voids.

Two &0 peaks (events No. 2&3) are observed in the young section, the first one is a
high value of -4.5%o at isotopic analyses point 125 and the second one a low value of
-8.5%0 at isotopic analyses point 120, followed by an increasing trend to -5.5%. at
isotopic analyses point 118. &'*C values show a continuous significant increasing trend

throughout the entire sample, from -10.5%o. at the older part to -6.5%o at the younger part.
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Figure 16: Comparison between petrography and isotopic record of TM-2-2-3 covering
the isotopic analyses between points 136-118.
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Tm2-3-ac (events No. 4&5, Figure 17)

The older part (isotopic analyses points 188-184, events No. 5) is characterized by large
(5-7 mm) and clear crystals with preferred orientation.

The 820 profile of the entire sample is characterized by significant fluctuations with a
high amplitude of ~ 3.5-4.0%.. From isotopic analyses points 188 to 183, there is
decreasing trend from -5.0%o to -6.5%o. A significant low 520 peak of -7.5%o is observed
at isotopic analyses points 180-178. This peak is also expressed by the petrography. The
crystal size became smaller (0.5-2 mm) with interruptions of darks areas, most likely due
to the presence of oxides and clays. At isotopic analyses points 174 and 172 there are two
additional very low 820 peaks of -7.5%o and -6.5%o respectively.

Throughout the section, except the youngest part, 5°C values are low, ranging between -
10%o and -11.5%0 with a constant increasing trend, and characterized by relatively much
smaller fluctuations compared to the 5'®0 values.
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Figure 17: Comparison between petrography and isotopic record of TM-2-3-ac covering
the isotopic analyses between points 188-138.
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Tm-2-3-de (event No. 6, Figure 18)

The old part of the section (isotopic analyses points 216-205) is characterized by
continuous growth of large and clear columnar crystals (5-20 mm). Isotopic composition
is relatively stable and high: &0 values vary between -4.5 and -5.0%o, 8*3C between -9.5
and -10.5%o.

Around isotopic analyses point 205 (to isotopic analyses point 196), there is a change in
the trends of the isotopic profiles, and both, 820 and §"C fluctuate in larger amplitude,
in the order of 1%. (8'0) and 3% (5'°C). These significant variations in the isotopic
profiles are also expressed by the petrography, which is characterized by few small
crystals.

Between isotopic analyses points 198-191 the section is characterized by large crystals
(10 mm) and relatively stable isotopic composition. 'O decreases from -3.8%o to -4.7%o

and 5"°C form a plateau around -10%o.
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Figure 18: Comparison between petrography and isotopic record of TM-2-3-de covering
the isotopic analyses between points 191-216.
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TM2-4-1 (event No. 7,Figure 19)

The older part of the section (isotopic analyses points 270-247) is characterized by large

and clear columnar crystals (5-8 mm) with preferred orientation, interrupted by an area of
small crystals between isotopic analyses points 265-263. The isotopic profiles between
isotopic analyses points 268-242 show low 50 values with small variations, 5'°0 values
fluctuating from -8 to -7%o. °C values in this interval are relatively high fluctuating
between -10 and -8%o.

The section between isotopic analyses points 246-237 is characterized by smaller crystals
with no clear orientation.

The youngest part of the section (between isotopic analyses points 242-229), is
characterized by growth of large and clear crystals (5-8 mm) while both isotopic profiles
show increasing trends, 5O, by a moderate range of ~ 1%o (from -8 to -7%o), 5°C by a

very sharp increase of ~ 3%o (from -8.5 t0 -5.5%o).
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Figure 19: Comparison between petrography and isotopic record of TM-2-4-1 covering
the isotopic analyses between points 229-270.
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TM2-4-2 (events No. 9 & 8, Figure 20)

The older part of the section (isotopic analyses points 315-278, event No. 9) is
characterized by continuous growth of large and clear columnar crystals (5 to >20 mm).
From isotopic analyses point 315, there is a very sharp decrease in the §'%0 values (of ~
3.5%0; from ~-6%o to -9.5%o) reaching a very low &'®0 peak of -9.5%o. This very low
880 peak is coupled with high 8'*C peak of similar order of magnitude (~4.5%o; from ~-
10%o to -5.5%o) reaching a value of -5.5%.. The younger part of the section (isotopic
analyses points 277-268, event No. 8) is characterized by smaller crystals (1 mm and
less). It is characterized by an opposite isotopic trend, high 80 values (increasing to -
4.8%o) coupled with low 8'*C (decreasing to -9.3%o). The different isotopic trends are
also expressed by the petrographic pattern: there is a significant change from isotopic
analyses points 285 to the younger section, and the continuous large and clear columnar
crystals are replaced by much smaller crystals forming a laminar structure. Very thin

white laminae expressed as dark thin layer maybe mark hiatuse (see arrow in Figure 20).
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Figure 20: Comparison between petrography and isotopic record of TM-2-4-2 (covering
the isotopic analyses between points 269-314.
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TM2-4-3 (events No. 10, Figure 21)

The section (isotopic analyses points 341-310; event No. 10) is characterized by
continuous growth of large and clear columnar crystals (5-10 mm). Around isotopic
analyses points 335, 324 and 319 there are areas with small crystals (around 0.5 mm),
similar to the pattern observed for event No. 8.

The entire section is characterized by relatively high 8*°0 values varying from -5 to -6%o,
coupled with low 83C values (—9%o to —10.3%). At the young edge (isotopic analyses
points 316-310) there is a significant decreasing trend at 50 values from -5.5%o to -

8.5%o, With no significant change in the 8*3C values.
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Figure 21: Comparison between petrography and isotopic record of TM-2-4-3 covering
the isotopic analyses between points 310-340.
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TM2-5 (event No. 11, Figure 22)

This section covers the isotopic analyses points 341-370.

Between analyses 368 to 356 there are large (8-10 mm) crystals interrupted by thin
lamina and small (0.5 mm) crystals.

Throughout the entire section, 'O values are relatively low, varying between -7.8 and -
6.8%0. 8"3C values show a continuous gentle increasing trend from -9.7%o (isotopic
analyses point 370) to -8.6%o (isotopic analyses point 349). Around the isotopic analyses
point 357, the &'®0 profile shows a low peak of -7.8%o followed by an increasing trend
toward isotopic analyses point 342. This part of the sample is characterized by large (8-

10 mm) and homogeneous columnar crystals with preferred orientation.
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Figure 22: Comparison between petrography and isotopic record of TM-2-5 covering the
isotopic analyses between points 341-370.
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TM2-6 (event No. 12, Figure 23)
The petrography covers the isotopic analyses points 405-379. The older part is

characterized by crystals with a mosaic structure; the crystals size is about 5 mm smaller.
Between isotopic analyses points 412-395 there is a decreasing trend in both, §*20 (from
-6.5%o to -8.2%0) and 8*C (~ -9.0 to -10.0%o).

The younger part of the sample, between isotopic analyses points 395-384, is
characterized by columnar crystals (5-20 mm) with parallel extinction. This section is
characterized by relatively constant very low 820 values (-8.5%o to -8.0%0) and &C
values (-10.2%o to -9.8%o).

The youngest section of the sample (isotopic analyses points 384-379) is characterized by
crystals with a mosaic structure. Both §'®0 and &™C are higher (-7.0 to -6.5%o and -9.5
t0 -9.0%o respectively)
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Figure 23: Comparison between petrography and isotopic record of TM-2-6 covering the
isotopic analyses between points 405-379.
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4.4  Isotopic composition of '‘Bahat’ archaeological artifacts

Figure 24 presents the §3C vs. 820, values of TM-2 section, and 'Bahat' archaeological
artifacts from several archeological sites: Har Habait, Herodion, Caesarea, Tel Yarmuth,
Kotel, Umm el Umdan,, N. Natuf and Herodian bathtub from Cypros fortress (Figure 25),
and of archaeological artifacts from Egypt calcite alabaster. A flowstone sample from
Abud Cave flowstone quarry was also measured for comparison.

The plot shows that §'%0 values from TM-2 section range between -9.6%o and -3%o and
83C values range from ~ -9%o to -4%.. The isotopic composition of archaeological
artifacts from Herodion, Kotel, Umm el Umdan, Abud Cave and N. Natuf fall in this
range, whereas most artifacts from Egypt have lower §'%0 values ranging between -7%o
and -12%o and higher 8*3C values ranging between ~ -5.0%o and -8.5%o. Out of the five
artifacts from Egypt, two samples cover the margins of TM-2 section.

The archaeological artifacts from Har Habait, Caesarea and Tel Yarmuth have very high
8"3C values (~ -1%o to 4%o), and Herodian bathtub is characterized by lowest §*3C values

(~ -14%o).
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Figure 24: 5'3C plotted against 80, values of TM-2 section, and from 'Bahat' artifacts from

various sources (see text and appendix 1 for details).

56

31, 32 - Harodion
33 - Abud Cave

3 - Nazhai Natsf
20 - Cozsaraz

52 - Tel Yarmuth




3740000 3760000 3780000 3800000 3820000 3840000

3720000
1

3880000 3900000

Figure 25: location map of the archeological sites.
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5 Discussion

5.1 Dating

The dating of the section TM-2 was carried out using three different methods as
described above in the methods (3.2) and the results (4.1) chapters. The methods include
U/Th dating of the younger (upper) part, magneto-stratigraphy and U/Pb of the older part.
Top 10 cm of the flowstone grew between 773-53 ka and the mean growth rate is ~ 0.015
cm/ka.
The U/Pb dating (the 2 lower ages marked in blue in Figure 27) gave two similar ages of
1310 +60 ka and 1350 +120 ka, with ~40 cm of flowstone in between these dating points,
suggesting very fast mean growth rates of 5.5-10 cm/ka.
The magneto-stratigraphic chronology gave five reversal ages from top to bottom: 773ka,
1001ka, 1069ka, 1189ka and 1221ka (marked in black in Figure 27).
The assumptions made for wiggle matching are as follows:
Using all the measured ages, TM-2 grew between 1350-60ka. The youngest part, the top
10 cm, grew very slow between 773-60ka, and provide a low resolution profile. The older
70 cm of the section, grew between ~1350ka and 773ka. The average growth rate is about
8cm/ka. At this time interval, 13 significant climate events were identified as described
above. Out of the 13 events, 4 events (2, 6, 9 and 11) are characterized by low &0, and
high &'3C peaks, that usually identify sapropel events (Bar-Matthews et al., 2000; 2003;
Frumkin et al., 1999). Event 2 at ~ 770 ka can match sapropel 17, event 6 at ~ 950 ka can
match sapropel 18, event 9 at ~1100 ka can match sapropel 26, and event 11 at ~ 1170 ka
can match sapropel 28. Using these dated “anchors”, allows us to locate the older 70 cm of
TM-2 section in the time interval of 1350-773 ka. Based on the determined time range, we
can wiggle-match the significant isotopic events of TM-2 &0, profile with a global
isotopic profile in this time interval.
For the wiggle-matching we correlated TM-2 low §'%0. peaks with the most significant
low 820, peaks of LRO04 benthic §'%0. stack (Lisiecki & Raymo 2005; Fig. 27). Lisiecki
& Raymo (2005) published a 5.3-Ma stack (the <‘LR04’’ stack) of benthic §*°O; records
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from 57 globally distributed sites aligned by an automated graphic correlation algorithm.
LR04 age model for the Pliocene-Pleistocene is derived from tuning the 5'%0, stack to a
simple ice model based on 21 June insolation at 65N. The stack is plotted using the LR04

age model with MIS labels for the early Pleistocene.
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Figure 26: Wiggle matching between TM-2 §'20, profile (green, upper graph) and the
LRO4 benthic §'®0Ocstack (blue, lower graph; Lisiecki and Raymo, 2005). The black
numbers are the age anchors (U-Th, PM-Paleomagnetism, U-Pb), the green numbers at
the top diagram are the 14 isotopic events identified in TM-2 §'°0, profile and the blue

numbers at the bottom diagram are marine isotopes stages (MIS).

Following the ages determined by U-Th, paleomagnetism, U-Pb, sapropels and the
wiggle matching between TM-2 580, profile and the benthic §'%0; stack, the measured
and wiggle-matched ages are presented in Table 1. The composite 5'%0. and §**C
isotopic profiles of TM-2 plotted against the entire age interval (0 to 1400 ka) are shown
in Figure 28a, and the high-resolution profile from 750 ka to 1400 ka is shown in Figure

28b.
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Figure 27: Dating results of TM-2 section: Ages from U/Th and U/Pb in ka are marked in
blue, and magneto-stratigraphic results, R-reversal in black and N- normal in white.
Magneto-stratigraphic time scale is according to Singer (2014) and marked in black on
the right. The suggested correlation with magneto-stratigraphic results is indicated by
dashed lines.

This method of determining ages by comparing isotope profiles by wiggle-matching them
to a well-dated record, is well known in deep sea cores (e.g. Martinson et al., 1987; Imbrie
et al., 1993; Hoek and Bohncke, 2001). Oxygen-isotope wiggle-matching provides a basis
for time-parallel synchronizing between ice-core, terrestrial, and marine records (Hoek and
Bohncke, 2001). The wiggle-matching dating technique used here is applicable in regions
where climatic oscillations produced isotopic variations that can be recognized in the
isotopic record (Kagan et al., 2005).
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Table 1: ages determined by U-Th, paleomagnetism, U-Pb and the wiggle matching

between TM-2 880, and the benthic LRO4 §*80; stack.

Time
Sabropel interval
TM-2 FI’\Iop MIS between
Ser. Age U-Th PM ) age MIS ™™-2 ™™-2
No. * ka (ka) (ka) ** U-Pb (ka) (ka) Event | Event No. Events
1 60 60+0.8 1
109+1.
5 109 3 1
15 488 | 488187 1
100 773 773 17 2
136 860 860 21 3 87
182 950 950 25 5 90
233 950 18 6
240 978 978 27 7 28
250 992 1001
274 1024 1024 29 8 46
276 1027 1069
304 1072 26 1072 31 9 48
325 1108 1108 33 10 36
344 1144 1189
357 1168 28 1168 35 11 60
386 1240 1240 37
396 1273 12217
398 1280 1280 39 12 112
420 1300 1300 41
437 1316 1316 14 36
13502(60-
459 1350 120)

*|sotopic analysis points

** Paleomagntism
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Figure 28: 80 and 8**C isotopic profiles of TM-2 plotted against age, (A). 1350-0 ka,
(B). 1350-750ka.

The average time interval between the peaks is about 40ka. This cyclicity matches the
41ka obliquity cycles that occur until the beginning of the MPT. The transition between
peaks 2 to peak 1, that corresponds to the paleomagnetism Brunhes—Matuyama reversal
at 773ka may represent the MPT in the TM-2 section. Differences observed between the
TM-2 880, record and the global record may reflect local climate conditions, which are
further discussed below.

The isotopic record of TM-2 is indicative of a long period of flowstone growth since
almost 1350ka. This record provides the longest terrestrial paleoclimatic record at the
Mediterranean region. Several breaks in deposition (hiatus) were rarely identified within
the Bruhnes paleomagnetic epoch, and the older flowstone deposition seems to be
continuous, indicating that the drip and flow was partly diverted from TM-2 site during

the mid-Pleistocene.
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5.2 Isotopic profile characteristic features

As mentioned above, for comfortable description, the record was divided to 14 isotopic events
(event 14 is the oldest and event 1 is the youngest, Figure 11).

As described in section 1.5.2, variations in the 8*3C values of calcite speleothems mainly reflect
changes of the vegetation type in the vicinity of the cave, while other factors controlling the 8**C
values are presence or absence of soil cover, intensity of carbonate host-rock dissolution and
water—rock interactions in the unsaturated zone.

The 520, values of speleothems depend on the temperature in the cave and the 520, of the cave
water, which is closely related to the isotopic composition of the rainwater. Low &0, values are
typical for interglacial periods. The low 820, values of TM-2 range between -7.5%o and -9.5%o.
These values are low in comparison to the interglacial low 520, values of Soreq cave at the last
250ka that reach a minimum value of about -8%o. (Figure 29). The high 5'®0. glacial values of
TM-2 are around -4%., and are also low in comparison to Soreq values which are around -2 to -
3%o. The §'°C values of TM-2 section range between -5%o and -12%o while the values of Soreq
profile range mainly between -8%o and -13%. (Figure 29).
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Figure 29: 5'®0 and 5™C isotopic profiles of Soreq Cave plotted against age, the black
numbers are MIS events (Bar-Matthews et al., 2003; Bar-Matthews 2014).
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The differences between the 8'°0. and 8'3C values of TM-2 section at the mid
Pleistocene and the values of Soreq cave at the last 230ka may indicate different climatic
systems. This difference is also reflected at 40ka cyclicity observed in the TM-2 section
that matches the 41ka obliquity cycles that occur until the beginning of the MPT,
compared with the 100ka cyclicity at the late Pleistocene.

There are four events observed at the TM-2 isotopic profile which are characterized by
low 880, values associated with high &°C values (events 11, 9, 6 and 2; Figure 11).
High 8"3C values usually indicate dry conditions and relatively low biogenic activity and
low vegetation root zone respiration rates (e.g., Quade et al., 1989a), and high ratio of C4
to the C3 biomass. Low &0, values usually do not match the high §*3C values. The
coupling between low value of the 820, and high 8*3C values of can be also interpreted
as reflecting deluge events, where 5'°C values do not reflect the soil-CO, composition,
due to high rate of water flushing to the cave, resulting in isotopic composition
approaching the surrounding dolomite host rock (e.g., Bar-Matthews et al., 2000).
Alternatively, high 8"3C values can be the outcome of unstable, dry and warm conditions,
loss of vegetation, and erosion of the soil cover. This hydrologic regime is consistent with
irregular high water flushing events: flash-floods are potentially more common under
scarce vegetation cover. Such fluctuating dry-hot intervals could have enhanced forest
fires, followed by rapid soil erosion; eventually leading to abrupt changes and high 5*°C
values (Frumkin et al., 2000). These periods occur at 1168 ka, 1072 ka, 960 ka and 830
ka (peaks 11, 9, 6 and 2 respectively). Peaks 11 and 9 are correlated with sapropel events
35 and 31 respectively.

5.3 The relations between the petrography and the isotopic profile

As described above, combining the °C and §'®0 trends, four categories have been
observed. In some cases, these isotopic trends are associated with significant petrographic
structures. In general, most of the flowstone section is characterized by large columnar
crystals, leading for the typical 'Bahat' structure. Though in some cases similar
petrographic features are found for different isotopic peaks from the same category, it is
not always so, and isotopic peaks from the same category may be associated with

different petrographic features.
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(1) High 8"*C and high §*®0 (peaks 13, 5, 3)

Event 5 and 3 (Figure 18 and Figure 16 respectively) are characterized by small

crystals interrupting large and massive calcite crystals structure. The combination of
the isotopic composition of high 5'*C and high §'®0, and the petrography, small
crystals indicate slow and inconsistent growth, most likely reflecting relatively dry
conditions

(11) Low 8™*C and low §*0 (events 14, 12, 7, 4)

Peaks 12 and 7 are characterized by large crystals, reaching up to 10-20 mm, in some

places forming a mosaic structure (Figure 23 and Figure 19 respectively). The
combination of the isotopic composition of low §2C and low §%0, and the
petrography, large, mostly not oriented crystals indicate continuous growth, most
likely reflecting relatively wet conditions. Such wet conditions are not always
reflected in the petrographic structure.

(1) High 8"C and low "0 (peaks 11, 9, 6, 2)

Peaks 11 and 2 show similar petrography. Peak 11 is characterized by large (8-10

mm) and transparent homogenous columnar crystals with preferred orientation
(Figure 22), and peak 2 is typified by long transparent crystals (~10 mm; Figure 16).
Peaks 9 and 6 are also characterized by large and clear columnar crystals (5-8 mm)
with preferred orientation, but interrupted by an area of small crystals (Figure 20 and
Figure 18 respectively).

The combination of high §°C values coupled by low 50 values may indicate
periods of relatively dry (high 5'°C) and warm (low §'0) conditions. However, as
clearly seen in peaks 9 which is characterized by very sharp decrease in §*20 values
(from ~ -5 to -9%o) coupled with very sharp increase in 8*3C values (from ~ -10 to -
5.5%o), these climatic conditions may reflect a sapropel event which is characterized
by high hydrologic activity, resulting in very low 820 values. As explained by Bar-
Matthews et al (2003), the high *C values during the sapropel event may be due to
deluge conditions, resulting in minimum reaction between the water and the soil CO..
Alternatively, Frumkin et al. (2000) suggest that the high §*3C during sapropel events
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could be the outcome of unstable, dry and warm conditions, loss of vegetation, and
erosion of the soil cover.

(1V)  Low &"C and high "0 (peaks 10, 8, 1)

Peak 10 is characterized by medium-large and clear columnar crystals (5-10 mm)

with preferred orientation, interrupted in places by an area of small crystals (Figure
21). Peak 8 is characterized by smaller crystals without preferred orientation. On the
other hand, peak 1 is characterized by various petrographic features, including large
tabular crystals, laminated medium-size crystals, and large crystals with mosaic
structure.

The combination of low 5'*C and high 520 values may reflect wet (low §*3C values)
and cold (high 5'0 values) climatic conditions. The large and clear calcite crystals
most likely reflect continuous and constant growth.

5.4 Isotopic composition of ‘Bahat’ archaeological artifacts

Figure 24 presents the 8'°C plotted against 'O values of TM-2 section, and of 'Bahat’
archaeological artifacts from several archeological sites. The plot shows that §*°0 values
from TM-2 section range between -9.6%o and -3%o and 5"°C values range from ~ -11.5%o
to -4%o. Archaeological artifacts from Har Habait are characterized by very high §**C
values (+4.1%o0 and +3.7%o), relatively to the values of the Te'omim cave, coupled with
low 80 values of -8.9%. and -7.2%.. These artifacts are not made of 'Bahat' but
probably from marble. Archaeological artifacts from Caesarea and Tel Yarmuth are also
characterized by relatively high 8'*C values (~0%o and -1.2%o respectively) coupled with
low 80 values (~-9.3%o and -8.6%o respectively). These artifacts are also probably most
likely not made of the 'Bahat’ quarried at the Te'omim cave quarry.

Most measured archaeological artifacts from Egypt (samples 20, 16 and 27, see Figure
24) are characterized by significantly lower §'%0 values (ranging between -6.8%o and -
11.7%o) than Te'omim cave values, whereas 8C (range between -5.2%o and -8.5%o), is
similar to the higher 8*3C values measured for Te'omim Cave. Samples 17 and 49 have

values that match the margins of the Te'omim Cave values, but to find the provenance of
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these artifacts requires using other methods (e.g., trace elements, Sr isotopic
composition).

880 value of the sample taken from Herodian buthtub is in the middle of the range of
Te'omim Cave samples (~ -5%o), while the *3C is ~-13%o, below the range of the values
from the Te'omim cave, lower also than all other '‘Bahat' samples measured in this study.
Therefore, probably the Herodian bathtub was not made of the '‘Bahat' quarried at the
Te'omim cave quarry.

The isotopic composition of archaeological artifacts from Herodion, Kotel, Umm el
Umdan and N. Natuf fall in the range of the Te'omim cave. It is possible that these
artifacts were created from the 'Bahat' quarried at the Te'omim cave quarry. The isotopic
composition of speleothems from Abud Cave is characterized by similar §'20 values, and
lower §'*C values compared with Te'omim cave quarry.

In order to confirm this hypothesis other methods are required in another study.

6 Summary and conclusions

1. TM-2 section was dated from ~1.3 Ma to ~50 ka . U/Th dating of the younger (upper)
part, yielded ages between 488ka-53ka, whereas the rest of the section was beyond the
limit of U-Th dating method (~500 ka) and was dated by Magneto-stratigraphy and U/Pb.
The U/Pb dating gave two ages of 1310 +60 ka and 1350 £120 ka, and the magneto
stratigraphy of this section gives five ages: 773ka, 1001ka, 1069ka, 1189ka and 1221ka.
Based on these range of dates, the TM-2 80 profile was then dated by “wiggle-
matching* its oxygen isotopic record to the globally distributed benthic §'®0 records
(Figure 26). Fourteen isotopic events recorded in TM-2 isotopic profile, match MIS
events ranging between 1316 ka and 773 ka. The average time period between the §'°0
peaks is about 40ka, matching the 41ka obliquity cycles that occurs until the beginning of
the MPT.

The isotopic record of TM-2 reflects a long period of flowstone deposition since almost
1350ka. This record is the longest terrestrial paleoclimatic record at the Mediterranean

region.
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2. The lower &0 values during glacials and interglacial of TM-2 section at the mid
Pleistocene transition compared with Soreq cave at the last 230ka indicate a temporal
transition of climatic system during the MPT. This difference is also reflected at 40ka
cyclicity observed in the TM-2 section that matches the 41ka obliquity cycles that
occurred until the beginning of the MPT, compared with the 100ka cyclicity at the late
Pleistocene.

Events characterized by low &0 associated with high §'*C values were correlated with
sapropel events as was described for Soreq and Jerusalem caves, and may reflect deluge
or extremely unstable dry events. During the MPT there is a continuous growth during
glacials and interglacials.

3. In general, most of the flowstone section is characterized by large columnar crystals,
producing the typical 'Bahat' structure. In some cases, the isotopic trends are associated
with significant petrographic textures. (1) High 5'°C and high 820 are often characterized
by relatively small crystals, though their structure is not uniform. The combination of the
isotopic composition of high 8*3C and high §'20, and the small crystals indicating slow
and inconsistent growth, most likely reflecting relatively dry conditions; (1) Low §"*C
and low %0 are mostly associated with large, usually not oriented crystals, indicating
constant and fast growth, most likely reflecting relatively wet conditions. These wet
conditions are not always reflected in the petrographic structure; (111) High 8*3C and low
880 peaks are usually associated with homogenous columnar and transparent crystals
with preferred orientation. The large and clear calcite crystals reflect constant and more
or less homogenous growth due to constant dripping in the cave. (IV) Low §"3C and high
80 values are often characterized by medium-large and clear columnar crystals with
preferred orientation, interrupted in places by an area of small crystals. The combination
of the isotopic characteristics and the petrography of the calcite crystals may reflect wet

and cold climatic conditions, resulting in continuous and constant growth.

4. The isotopic composition of 'Bahat' archaeological artifacts samples from several
archeological sites in Israel and Egypt show that most of the 'Bahat' artifacts do not match

the 8'3C - 5'®0 combination of artifacts imported from Egypt. '‘Bahat" artifacts from Umm
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el Umdan, Herodion, and Kotel match the isotopic composition of Te'omim Cave and
could have been derived from Te'omim quarry. '‘Bahat' artifacts from Ceasarea, Tel
Yarmuth and Har Habait deviate significantly from both, Egypt and Te'omim isotopic
trends. Herodian bathub matches the §'%0 range of Te'omim Cave, with somewhat lower
8"3C values. Additional methods (e.g., trace elements, Sr isotopic composition) are

required to find the provenance of 'Bahat' artifacts.
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Appendix 1

8'%0 and 6"°C values of Bahat samples

Item 5"*C (%0 VPDB) | %0 (%0 VPDB)
Amid-3-Nahal Natuf -10.54 -4.71
Amid-4-Kotel -10.95 -6.45
Amid-6-Um el umdan -10.14 -5.48
Amid-16-Egypt -8.45 -10.13
Amid-17-Egypt -6.62 -8.35
Amid-20--Egypt -7.3 -11.67
Amid-23-Har Habait 3.73 -8.87
Amid-27-Egypt, modern -8.2 -9.56
Amid-30-Teomim cave -5.62 -6.71
Amid-31-Herodion -10.17 -4.07
Amid-32-Herodion -10.17 -4.86
Amid-33-Abud Cave -11.25 -5.55
Amid 25--40081-Har Habait 4.06 -7.16
Amid-7-8-Umm el umdan -10.98 -6.67
Amid-50-Bizant 0.08 -9.57
Amid 49- modern Egypt -5.23 -6.84
Amid-Te 25-Teomim cave -10.35 -7.54
Amid 50-Ceasarea -0.31 -9.14
Amid 52- Tel Yarmuth -1.2 -8.57
Amid - 51- k41738-Hordus Bath -12.8 -5.07
Amid - 51- k41738-Hordus Bath -12.74 -4.62
Amid - 51- k41738-Hordus Bath -12.75 -4,72
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Description of Bahat samples (Translated from Amir, 2016)

Sample no. 25 Sample no. 3
The quarry wall at Te'omim Cave Speleothem from Nahal Natuf Cave

Sample no. 4 Sample no. 5,6

Pillar from the Kotel Excavations, Jerusalem | Chips from Umm el Umdan

Site number 58. 1-6/3 (Weiss at al, 2005).
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Sample no. 7,8 Sample no. 7.8

Bahat bloc from Umm el Umdan Bahat bloc from Umm el Umdan

Site number 58. 1-6/3 (Weiss at al, 2005). | Site number 58. 1-6/3 (Weiss at al, 2005).

Sample no. 16,17,20 Sample no. 23, 25

Bahat archeological artifacts fragments | Marble artifact fragments, Har Habait
(ancient), Giza, Egypt. (Jerusalem)
The Austrian delegation to Egypt, the 19#

century.
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Sample no. 27

Bahat bloc (modern), Cairo, Egypt.

Sample no. 30

Archeological artifact fragment, Te'omim

cave.

Sample no. 31,32

A basin side wall, Herodion

Sample no. 33

Quarry wall, Abud cave
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Sample no. 49 Sample no. 51

Modern vessel, Egypt. Herodian Bath, Cypros.

Sample no. 52

Bowl fragment, Tel Yarmuth.
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