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Stop 3. Sanhedrin tombs (at Sanhedriya garden) — hewn in Nezer Fm.
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Stop 4: Jason tomb hewn in Weradim Fm. (Mizi Ahmar)
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Stop 1: The Kidron Valley tombs hewn in Shivta and Netzer

formations (Photo by Boaz Zissu)

catly cut ashlars

il

Massive limestone
of Shivta Fm.

Stop 2: Inside one of the burial chambers at the “Tomb of Nicanor”,

hewn in Menuha Fm. (Photo by Boaz Zissu)
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Burial places reflect external and natural conditions

Typically, Jewish burial was performed outside the settled area and at a
reasonable distance from the settlement. The distribution of tombs around
the city suggests that they were not planned by a central authority. It seems
that burial was conducted by the families and not by the community, and
according to available bedrock. The tombs are laid out in clusters around
the city in places where the rock was amenable to cutting. The authorities
apparently were careful not to create a public nuisance, although they did
not design a master plan for burial. Moreover, we propose that the choice
of burial places reflect external and natural conditions. We assume that in
some cases, owners of estates located in suitable lithologies, such as the
Menuha Fm., granted burial rights to additional families. This can explain
the large number of tombs in this formation and the clusters of burial
systems; for example, at Giv’at Ha’Mivtar, the western slopes of Mount

Scopus, Abu-Tor, Azal Stream and the Armon Ha’Naziv Ridge.
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of the poor quality of the bedrock, the masons had to cut out the bedrock
defects and chiselled out elements of harder limestone, to complete the
desired structure. In other cases, fissures and cavities formed along the
border between calcrete and the underlying chalk were sealed and smoothed
out with a mixture of plaster and small field stones. In hard limestone or
dolomite rocks, encountering a substantial karst cavity might result in the
abandonment of the entire excavation project; (2) Superficial defects that
required only aesthetic solutions. In these cases, only some cosmetic
solution was needed, which in most cases was either chiselled out or

concealed with plaster.
Financial means

Generally, there is a correlation between the size of the courtyard, the
overall decoration of the facade, complexity of the burial system and
sculpting quality, with the tomb owners’ financial means. The tombs
quarried in the massive Shivta and Weradim Formation are surely
monumental, but their relative number is limited. Quarrying in the hard
Shivta Formation required funding. Therefore, this geological formation did
not allow the creation of tombs for people from a lower socioeconomic
class. Only those families who could afford the cost of quarrying difficult
rock types did so. Good examples are the monumental tombs in the Kidron
Valley or Jason’s Tomb. The rocks extracted from these lithostratigraphic
units were later used for significant building projects in Hellenistic and

Early Roman Jerusalem.
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Rock decay characteristics

The observed rock decay features are typical of the amalgamation of climate
and lithology in the Mediterranean zone. Rock surfaces are mostly decayed
by chemical dissolution, forming pits, microkarren and cm-size rills,
enhanced by structural fissures in the rock. Condensation corrosion and
excess moisture observed on the ceilings of some structures, along with bio-
erosion, are also common. For example, vertical fractures of a cm scale
produced dissolved microrills and a brecciated appearance. Although the
fractures were closed, micro flow-paths formed and were observed in the
bedrock both at the Simeon the Just Tomb and at the Sanhedrin Tomb, both
in the Nezer Formation. The fine polished fagades of the Sanhedrin Tomb
are surprisingly preserved, although dissolution along perpendicular
fissures (length and breadth) was visible on the ceiling of the vestibule.
Karst dissolution processes are also common among the Weradim, Shivta
and Nezer formations and microkarren solution pits are visible on the rock
surface. Cyanobacteria cover both the facades and the ceiling in most rock-
cut chambers and roots penetrating through fissures or bedding planes,
cause fissures to widen, leading to sporadic rock falls are also common,

especially in the soft Menuha Fm.

Handling rock defects

During the hewing process, the ancient masons had to find various solutions
when encountering lithological defects: (1) Major defects, endangering the
stability of the rock-cut chamber. These required complementary building

with ashlar stones as observed at Jason’s Tomb. In other cases, as a result
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between the lateral spots within the same layer, and these differences are
closely spaced (some are just dozens of centimetres apart). The hard-rock
spots exhibit values of 66.4 > R > 45.1, and the soft-rock spots exhibit
values of 45 > R > 19.8. These differences are perhaps the most prominent
in the studied area. We presume that this lateral variation in the rock
hardness favoured the rock-cutters and enabled the excavation of almost
100 tombs (and probably many more) in this unit. Compared to the
Weradim dolomites, the Nezer Formation is characterized by moderate R-
values but with less pronounced differences between the high and low
average values. The hard layers have values of 54.5 > R > 19.2. The soft
layers have values of 39 > R > 16.4. In all cases, the Shivta Formation
exhibits extremely high R-values: 69.1 > R > 49.3. This formation is
composed of hard, dense, biosparitic limestone, which certainly hindered
the stone-cutting process. The softest lithostratigraphic unit is the Menuha
Formation with generally low R-values: 30.1 > R > 11. This formation is

composed of chalk and marl and is covered in places by calcrete.
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Figure 4. The Schmidt hammer values obtained for 17 tombs in five geological
formations. (Abbreviations: Kuks=Kefar Shaul Fm., Kuw(y)=Weradim Fm. (Mizi
Yahudi), Kuw(a)=Weradim Fm. (Mizi Ahmar), Kush=Shivta Fm., Kun=Nezer Fm.,
Kum= Menuha Fm., Kumi=Mishash Fm. (Shtober-Zisu and Zissu, 2018)
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tombs were hewn in the thick limestone strata of the Nezer Formation,
including extremely fine stonework sculpted with floral and geometric
motifs in the fagade, the vestibule and the pediment.

Almost 17% of the tombs are carved into the hard carbonate limestone and
dolomite layers of the Weradim and Shivta formations. The Weradim
Formation extends into the western part of the necropolis, while the Shivta
Formation is characteristic of the mountain piedmonts near the valley
bottoms, mainly in the eastern and southern parts of the necropolis. For
example, the monumental tombs in Kidron Valley and the tombs in Ben-
Hinnom Valley are carved into the Shivta Formation. The Weradim and
Shivta formations are both characterized by karst phenomena in the form of
caves, exposing various speleothem features. In the Weradim Formation, at
Jason’s Tomb, we observed a cyclic alternation of soft laminar and porous
strata with dense, hard limestone layers. These, together with
postdepositional vertical fissures, form a rectangular structure in the rock
face, favouring the extraction of building stones.

Rock hardness and burial cave distribution

The rock hardness of 17 tombs was measured using a Silver Schmidt
hammer (type N), and are presented in Figure 4. The tombs tested in the
Kefar Shaul Formation reveal two types of rocks of different rebound
hardness. The hard layers are composed of thin-bedded limestone (59.9 >R
> 29.9), and the softer layers are composed of interbedded marl and chalk
(21.7 > R > 12). A similar tendency was observed in the Weradim (Mizi
Ahmar) Formation and the Turonian Nezer Formation. The Weradim (Mizi
Ahmar) Formation appeared slightly brecciated; the hardness differences

are less distinct between the consecutive layers and more pronounced
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Figure 3. Distribution of tombs by geological formation. 75% of the tombs are hewn
in the chalk and Nari of Menuha Formation and the well bedded limestone (of Nezer
Formation) Shtober-Zisu and Zissu, 2018).

Figure 3 demonstrates the percentage of the tombs hewn in each
lithostratigraphic unit. Most tombs (56%) are cut in the chalk and marls of
the Menuha Fm., which is composed of fractured massive clayey chalk and
covered by a 1-2-m-thick layer of hard calcrete crusts (Nari). Another soft
lithological unit in the necropolis is the Kefar Shaul Fm., but it contains
fewer than 5% of the total number of tombs. This scarcity may be attributed
to the relatively limited exposure of this formation. In addition, the Kefar
Shaul Fm. comprises a large amount of marl strata, decaying to rock-powder
even in the very recent outcrops along the roadsides. Therefore, it is possible
that if more tombs existed in the Kefar Shaul Fm., they did not survive.

Another 20% of the tombs were cut into the Nezer Fm. This unit is
characterized by well-bedded micritic, pale-yellow limestone and thick-
bedded white, coarse crystalline limestone superimposed in alternating hard

and soft beds, which can reach several metres in thickness. Monumental
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The ancient city of Jerusalem was built on the Nezer Formation, taking
advantage of the hilly topography and the relatively hard limestone strata.
Most tombs found west of the city were excavated in the Weradim
dolomite and limestone. Those found north of the city were mainly hewn
into the well-bedded Nezer Formation, while the tombs hewn east or south
of the ancient city were mainly within the soft units of the Menuha

Formation (Figure 2b).
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Figure 2. The ancient necropolis of Jerusalem during the Hellenistic and early Roman
periods: (a) Tombs are marked black over the geological map; (b) Distribution of tombs
by geological formation (Geological map modified from Sneh and Avni, 2011; Shtober-
Zisu and Zissu, 2018).
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1. The Menuha Formation (Kum) is 0-90 m thick and is almost entirely
composed of chalk with a hard-bedded ‘flamy’ chalk at the base. This
formation might include three types of rock masses with a range of
geotechnical properties: white to grey massive chalk, which may reach the
hardness of limestone in places; white to grey and pink massive clayey
chalk with fractures infilled with clay and calcite; and light yellow to brown
massive marl and clay, often with limonite and manganese staining. Their
distribution is variable and interchanges within a few metres.

2. The Mishash Formation (Kumi) is 90 m thick and composed of massive
brecciated brown chert or alternating beds of chalk and chert. This unit also
includes massive brown chert and flint with silicified chalk and some
phosphorite beds. The chert and flint essentially consist of quartz, with a
hardness similar to glass, and occur as discontinuous bands or individual
concretions that cause difficulties in drilling and excavation.

Jerusalem is located north of the structural saddle between the NE-SW-
orientated Judea and Hebron anticlines. Following the development of these
structures, a succession of softer Senonian age carbonate rocks (chalk and
marl) with inherent crystallinity and fossil content were deposited in the
synclines and overlapped the flanks of the anticlines (Arkin and Ecker,
2007). Thus, the distribution and exposure of rocks of various ages are the
result of the geological structure: all layers dip eastwards at a gradually
increasing rate, representing the eastern flank of the Judea anticline.
Geological formations and the distribution of tombs.

We plotted 764 tombs over the geological map of Jerusalem. The results
clearly indicate that most of the tombs are located east of the city and are

superimposed on the soft geological units (Figure 2a).
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The upper Judea Group outcrop is subdivided within this study into five
units according to the latest geological map published by the Survey of
Israel (Sneh and Avni, 2011).

1. The Kefar Shaul Formation (Dir Yassini Formation [Kuks]) is 10-80 m
thick and composed of marl and chalk, with well- and thin-bedded
limestone; it appears discontinuously between the Weradim and Shivta
formations in the western part of the study area.

2. The Weradim Formation (Mizi Yahudi Member [Kuw(y)]) is 30 m thick
and composed of hard, massive, coarse and dense dolomite. Karst
phenomena and microkarren structures are common.

3. The Weradim Formation (Mizi Ahmar Member or the lower-Bina
Formation [Kuw(a)]) is 35 m thick and composed of bedded fine crystalline
and dense dolomite.

4. The Shivta Formation (Meleke or the mid-Bina Formation [Kush]) is 20—
40 m thick, consisting of massive, biosparitic/fossiliferous limestone and
limey dolomite and forming a typical cliff morphology with many caves.
5. The Nezer Formation (Mizi Hilu or the upper-Bina Formation [Kun]) is
60-90 m thick and mostly consists of well-bedded, dense biomicritic
limestone, as well as dolomite and marl. The upper contact with the
Senonian succession is usually conformable.

The overlying Mount Scopus Group consists of several formations of the
Palaeocene, characteristic of mid-shelf central lithofacies. During the
Senonian—Palaeocene, deep seawater gave rise to the massive chalk and
marl deposits of the Mount Scopus Group. Two formations represent the
Mount Scopus Group within the study area (Arkin and Ecker, 2007; Flexer
and Honigstein, 1984).
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usually made of chalk or limestone and sometimes painted or ornamented
with carved or incised designs).

Quarrying was carried out from the cave entrance towards the inner
chambers. When possible, square blocks were removed from the chambers:
channels were cut into the edges of the blocks, which were then detached
from the bedrock. The whole necropolis area and especially the Shivta and
Nezer limestone formations contain large quarries. A variety of rock types
were quarried for building purposes from the limestone and dolomite in and
around the historical city of Jerusalem. These rocks were characterized by
the local stonecutters according to their hardness and colour. For example,
white, hard, crystalline limestone was originally referred to as Meleke or
the ‘stone of the kings’; cream-coloured micritic limestone was known
locally as Mizi Hilu (sweet rock); reddish limestone was termed Mizi
Ahmar (red rock); and grey crystalline dolomite was known as Mizi Yehudi
(Jewish rock) (Arkin and Ecker, 2007).

The lithostratigraphic sequence

The lithostratigraphic sequence is commonly characterized by the late
Cretaceous Judea Group, which is composed of a thick (900-1000 m)
sequence of hard and permeable limestone and dolomite, interbedded with
argillaceous impermeable layers - when the common depositional
environment was within a wide shallow platform lagoon with barrier reefs,
isolating the lagoon from the open sea. Subsequently, the overlying
Senonian—Maastrichtian sediments are characterized by a thick sequence of

homogeneous chalk and marls (the Mount Scopus Group).
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Introduction

During the last 150 years, various archaeological excavations and surveys
undertaken in and around ancient Jerusalem revealed approximately 900
rock-cut tombs in the extensive necropolis surrounding the city. This large
number of tombs has been archaeologically dated to the last 150 years
before the destruction of the city by the Romans in 70 CE.

The necropolis was 10 times the size of the inhabited portion of the city,
forming a ring approximately 3-5 km wide around the city walls and
dividing the built-up city from the villages on the other side. The tombs,
arranged in clusters within this strip, were cut into the slopes and cliff walls
of the wadis (dry stream valleys) surrounding the city and extending up to
the city walls (Kloner and Zissu, 2007).

Each tomb typically served an extended family and included one or more
underground chambers and various architectural features. The burial
complex can be divided into two main components, each one serving a
different function: (a) external components — which included a courtyard,
vestibule and additional facilities, such as tomb markers (nefashot), and
sometimes ritual baths; (b) the internal components, where the bodies were
actually buried, including burial niches (kokhim) and arcosolia.

During the Hellenistic and Early Roman periods, Jews used to bury their
dead in what is known as a ‘double burial’: first, the corpse was placed
supine in a burial facility within the family tomb, usually a kokh, niche or
pit cut into the rock. After a certain period of time when the flesh had
decayed, the bones were carefully transferred from the primary to the
secondary burial site within the same rock-cut tomb, either placing the

bones loosely in a kokh or into an ossuary (small, covered receptacles
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or south of the ancient city mainly met the soft Menuha Formation (56%).
Excavating in the hard limestone of Shivta Formation required high effort
and funding and therefore the tombs number is limited (3%). In some cases,
owners of estates located in soft lithologies granted burial rights to
additional families, as proved by the large number of tombs and the clusters
of burial systems in the Menuha Formation.

Rock surfaces are mostly decayed by chemical dissolution, enhanced by
structural fissures in the rock. Condensation-corrosion and excess moisture
were observed on the ceilings of some structures, along with bio-erosion.
Two types of defects are common in the local rock: (1) Major defects,
endangering the stability of the rock-cut chamber that required
complementary building with ashlar stones, and (2) Superficial defects that
required only aesthetic solutions.

Plan and schedule:

The field trip includes 4 stops: (1) The Kidron valley tombs; (2) The Tomb
of Nicanor at Mt. Scopus; (3) Eshkolot tomb at Sanhedriya garden; and (4)

Jason tomb (Figure 1).

=

Figure 1: The field trip stops
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Fild trip 6:

Lithology and the distribution of Early Roman Era
tombs in the Jerusalem’s necropolis

Nurit Shtober-Zisu! and Boaz Zissu?

1. Department of Israel Studies, University of Haifa
(nshtober@research.haifa.ac.il)

2. The Martin (Szusz) Department of Land of Israel Studies and
Archaeology, Bar Ilan University (boaz.zissu@biu.ac.il) Introduction

Abstract

During the last 150 years, various archaeological excavations and surveys
revealed approximately 900 rock-cut tombs in the extensive necropolis
surrounding ancient Jerusalem, dated to the late Hellenistic and Early
Roman periods. The field trip goals are to examine the spatial distribution
of these tombs in relation to the lithological units and rock hardness and to
examine the diverse methods by which the ancient masons solved various
lithological defects they encountered during the tomb excavation.

The field trip is based on a study conducted in recent years (Shtober-Zisu &
Zissu, 2018). The study demonstrated that the substrate played a crucial role
in the establishment of the city and the residents’ living conditions and that
the presence or absence of caves in certain areas can be explained
lithologically. Most tombs found west of the city were excavated in the
Weradim Formation (13.7%); those found north of the city were mainly
hewn into the well-bedded Nezer Formation (20.7%); the tombs hewn east
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Figure 12 — Time-variation in the morphology of an arch experiencing a uniform
denudation over the windward flank (left) and differential denudation over the
leeward flank (right). Over the leeward flank of the arch, denudation rate decreases
(linearly) by an order of magnitude between the water divide and left-most margin.
Over time, the water divide (white dots) migrates towards the lee-side leaving a planar
surface which cuts through the structure. This simple model demonstrates that the
non-symmetric denudation pattern generated by the rain-shadow effect, will drive to
generate and/or maintain the upper “Oligocene truncation” surface.
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100’s of meters of rock from above the Judea Hills, indicating that the
hilltops of the range have been lowered significantly below such a surface.
A planar surface may be preserved if denudation of hilltops was overall
homogenous at length scales of ~10 km. The fact that precipitation imposes
a first-order control over denudation, while lithological variation does not
appear to play a significant role, is consistent with such mechanism. In
addition, the planar surface may be generated and/or maintained by the
asymmetric denudation pattern dictated by the rain-shadow. Over time,
such a pattern acting on an initially-symmetrical arch, will drive the water

divide east, leaving a planar surface west of the water-divide (Fig. 12).
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Figure 11 — A) Published denudation rate data (Ryb et al., 2014a, 2014b) limited to
interfluve sites across the Judea Range correlate with local S-T (elevation difference
between a stratigraphic datum and the present topography; see text) values. B) Mean
annual precipitation (MAP) values are plotted against S-T values of major interfluves
across the Judea Range. Nonlinear increase in S-T values with MAP occurs across the
windward flank of the range. Figure modified after Ryb et al. (2015).
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S-T values are therefore a function of post Turonian sediment accumulation,
pre-range truncation and post-range denudation. Importantly, only the latter
component is a function of the orographic precipitation pattern observed
today. The trend in S-T values across the Judea Range correlates well with
the MAP and with 3¢Cl-based denudation rates (Figs. 10D and 11A,
respectively), and is therefore interpreted to be governed by Dsyn. Because
the trend in MAP is controlled by the rain-shadow effect of the range, these
correlations suggests the existence of the rain shadow over a 10°-107 yr time
scale. Considering the differences in denudation rates across the range, a
maximum of 16 Myr are required to develop the observed 450 m S-T
difference (Fig. 3A). Indeed, previous studies suggest that by mid-Miocene,
the Judea Range was uplifted to ~500 m above sea level, and that the
Mediterranean was the main source for humidity to the region (Gvirtzman
et al., 2011). Considered together, these data suggest that the rain shadow
of the Judea Range was established during the early or middle Miocene and
triggered a stable spatial pattern of denudation. In the above analysis,
episodic variations in climate and/or denudation are integrated over these
time scales. The validity of the S-T analysis has been tested in the Negev,
where Miocene alluvial sediments overlie the Oligocene truncation surface
along major interfluves, thus indicating that very little denudation has
affected these surfaces. There, S-T values do not correlate with precipitation
but with structure, i.e., it is largely a function of Dpre.

While Oligocene truncation has likely affected the Judea Range, the robust
correlations we observe between S-T values, %Cl based denudation rates

and mean-annual precipitation values are consistent with the removal of
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Eq 3. T:S+H'(Dpre+Dsyn)
Rearranging Equation 3, the value of S-T can be described as

Eq4. S-T= DpretDsyn-H

A. Post-Turonian deposition (H)
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Figure 10 - A-C) lllustrations of the general stratigraphic datum (S) and topography
(T) S-T value concept (see text). D) Transect across the Judea Range showing
topography and top-Turonian datum elevations (m), and mean annual precipitation
(MAP, mm) profiles. Coincidently, MAP values are similar to the range of elevations
and therefore the same vertical axis was used for both data. Published denudation
rates from across the Judea Range are projected onto the transect. To avoid the effect
of mechanical erosion processes in the arid and hyperarid zones (MAP < 200 mm),
we limit in situ denudation rate data to interfluves. Data from Mediterranean and
semiarid climate zones include all available denudation rates. Denudation rates follow
the trend of MAP across the range, and decrease by an order of magnitude between
the western and eastern flanks. Figure modified after Ryb et al. (2015).
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of this morpho-stratigraphic feature has required hyper-arid climate up until
the Pleistocene to keep post-Oligocene denudation at a minimum (few 10’s

of meters at most, Bar et al., 2016).

Ryb et al. (2015) have estimated the long term total denudation above the
envelope topography of the Judea Range by measuring the difference
between the top of the Torunian datum (S) and current topography (T)
(hereafter S-T). The absolute volume of rock removed is poorly constrained,
and they considered S-T values to represent relative differences in the
denudation of different parts along the range. Adhering to interfluves that
define the envelope topography ensures a minimum contribution of
mechanical processes to the net denudation. Their analysis uses the top of
the Aptian—Turonian sequence, because it is the youngest pre-deformation
datum. Aptian—Turonian units are continuous and their thicknesses do not
vary greatly throughout the region. Accumulation of Senonian to early
Oligocene sediment elevates the surface (T) above the top-Turonian datum
(S) by the sediment thickness (H) (Fig. 10A):

Eql T=S+H.

Denudation during possible exposure periods between the Senonian and
Oligocene prior to the range uplift (Dpre) lowers the surface relative to the
top-Turonian datum (Fig. 10B):

Eq2. T=S+H-Dpr

Post-Oligocene denudation (Dsyn) has an effect similar to that of Dpre;
however, because this component is related to the uplift of the range to its
present form, it is a strong function of the precipitation gradient (Fig. 10C):
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Figure 9 - ¥Cl-based long-term denudation rates (yellow and green dots) and annual
chemical weathering rates (light-blue squares) plotted against local mean annual
precipitation (MAP) values and year-specific precipitation in Jerusalem, respectively.
Chemical weathering rates were calculated by Ryb et al. (2014b) based on annual
recharge and average composition of the western Judea Range regional aquifer.
Annual Precipitation records in Jerusalem represent precipitation over the aquifer
recharge area. Long-term denudation rates of interfluves and the Mediterranean
climate zone in the Arugot watershed correlate linearly with MAP, and agree with
the linear trend of contemporary chemical weathering rates. Denudation rates from
the western face of the Judea Range (green dots)) also correlate linearly with MAP;
however, these rates diverge from the linear trend of contemporary chemical
weathering rates, and are on average higher. Therefore, it has been suggested that
effective precipitation over the western face of the Judea Range was higher than at
present over the time scales averaged by %Cl method (10°-10°yr) (Ryb et al., 2014b).
Figure modified after Ryb et al. (2014a).

From this view point the top-surface of the Judea hills constitutes an
extensive planar surface which cuts across different lithological units.
Studies have associated this surface with a regional truncation during the

Oligocene (Bar, 2009; Picard, 1943), and suggested that the preservation
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change has a limited effect, and the average decrease of ~7 °C that was
calculated for the Judea Hills during the Last Glacial Maximum can explain
only ~10% of the increase in denudation rate (Eq. 5). In contrast, a glacial-
interglacial average increase in the precipitation gradient and overall
effective-precipitation by ~40% can explain the long-term denudation rate
of the exposed bedrock (Fig. 9). Indeed, an increase in regional rainfall by
a factor of two has been suggested by Enzel et al. (2008) and Vaks et al.,
(2006) for the Last Glacial Maximum. Ryb et al. (2014a) have calculated
3Cl based denudation rates in the Arugot drainage, over the eastern lee-side
of the Judea Range where climate varies from Mediterranean near the water
divide to hyper arid close to the Dead Sea Rift escarpment. There, long-term
denudation rates vary linearly with MAP values in agreement with the trend
predicted by the annual solute-load analyses. They therefore suggested that
the inferred increase in effective precipitation during glacial periods has
been limited to the western, windward flank of the range, while over the
eastern-flank glacial-interglacial average effective-precipitation has

remained similar to modern values.
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Chemical weathering rates calculated from the annual flux of dissolved
carbonate rock, divided by the aquifer recharge area, range between 6 and
30 m® km2 yr! (which is equivalent to mm kyr?) and vary linearly with
annual precipitation (Fig. 9). In the calculation of chemical weathering
rates, we ignored surface runoff, decreased precipitation over the aquifer’s
southern recharge area, and potential dependencies between recharge and
precipitation. Actual chemical weathering rates are therefore potentially
underestimated. The linear dependency in Figure 9 indicates that
precipitation is a major limiting factor for annual chemical weathering and,
consequently, for denudation. Figure 9 shows a comparison between the
annual chemical weathering rates (calculated from the regional aquifer
solute load) and the long-term (10* yr time scale) denudation rates (based
on 38CI concentrations in bedrock) versus annual precipitation measured in
Jerusalem or local MAP values. The trend formed by long term denudation
rates in the Soreq drainage lies above that generated by annual chemical
weathering rates, is steeper and intersects below the origin. Considering that
most of the chemical weathering concentrates at (or near) the surface, and
that mechanical weathering was negligible over the cosmogenic averaging
window, these discrepancies are puzzling and should be explained. The
cosmogenic averaging window for denudation rates of <30 mm kyr*!
encompasses no less than the last 2025 kyr. This period reflects glacial and
interglacial climates, and on average, colder and wetter climatic conditions
(Affek et al., 2008; Enzel et al., 2008), likely with thicker soil and denser
vegetation and lichen covers (Enzel et al., 2008; Frumkin et al., 2000).
Lower temperatures would have certainly increased CO> solubility and, as

a result increased the rate of denudation in the past. Still, temperature
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by the measured HCO3 concentrations. Given sufficient time for
equilibration, more of the runoff samples would have acquired HCOs
concentrations similar to those measured in the perched spring and aquifer
waters. Therefore, it seems that on an annual time scale, chemical
weathering focuses at the surface and can be considered as the chemical
component of denudation. The similarity in HCO3™ concentrations between
perched springs and the regional aquifer indicates that water-carbonate
equilibration is almost complete before infiltration of the water below the
Soreq drainage base level. HCO3s™ concentrations in individual springs vary
by 15%-30%, possibly in response to seasonal variations in dissolved CO>
caused by temperature and biorespiration. Nevertheless, discharge varies by
300%-600%. Therefore, recharge (or effective precipitation) imposes
major control over carbonate weathering, while other factors (temperature,

pCO-, or residence time) are secondary.
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Figure 8 - Distribution of HCO3~ concentrations in runoff, springs, and Western
Mountain Aquifer samples. Aquifer and springs data include selected samples from
Zilberbrand et al. (2006) database. Figure after Ryb et al. (2014b).
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high landslides frequency to the stabilization of the hillslopes may include
a gradual weakening of the uplift. However, the gradual decrease in
landslide activity can be explained simply by the time in which the
geomorphic signal of base-level stabilization traveled across the drainage,

as suggested by the model presented by Densmore et al. (1998).

En-Sataf (31°46'30.93""N/35° 7'42.63"E) — Denudation across temporal
scales and long-term landscape evolution of the Judea Range

En-Sataf is a perched spring that emerges from the Soreq Formation at the
eastern slopes of Mt. Eitan. Runoff water (collected during rain-events) and
spring-water (from three perched springs, including En Sataf) have been
collected during the 90’s and analyzed for dissolved load compositions by
Profs. Avraham Starinsnky and Amitai Katz. Together with annual
measurements of the mountain aquifer water recharge and composition,
these measurements reflect carbonate mineral dissolution at different
temporal and spatial scales.

Figure 8 presents the distribution of dissolved HCO3™ concentrations in
runoff, springs, and the regional aquifer waters. The concentrations in the
springs and in the aquifer waters overlap within 1o (mean values of 265+37
mg L and 290+44 mg L2, respectively). The mean HCOs concentration
in runoff water samples is lower (168 + 74 mg L1). However, 35% of runoff
samples have HCO3™ concentrations above 200 mg L, which is well within
the range of springs and the regional aquifer. Runoff samples were collected
during rain events before they had completed interacting with the bedrock
surface. Therefore, their potential for dissolution is higher than expressed
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Figure 7 - Interpretation of alluvial and colluvial TT-OSL ages in terms of relative
landslide frequency. Zano’ah alluvial fan samples are marked with black squares,
YKL samples are marked with gray squares, samples dated from Soreq alluvial
terrace deposited at the current streambed level are marked with gray diamonds, and
the minimum time required for stage V calcrete to develop is marked by a gray
rectangular. Dashed gray arrow across the stabilization period is one possible
landslides decay curve.

Gradual transition from landslide-controlled to dissolution controlled
hillslope erosion, as documented in the Soreq drainage, reflects the hillslope
response to dramatic weakening, or cessation, of stream incision. Such a
response is expected to follow stabilization of the base level at the piedmont,
rather than distal base level stabilization (the Mediterranean coast is located
~40 km west to the Judea Hills mountain front) (Frankel and Pazzaglia,
2006). It is suggested that weakening of tectonic uplift rate led to decrease
in stream incision to a rate that is lower than the erosive capacity of
carbonate dissolution in the Judea Hills. At that point carbonate dissolution
of the hillslopes kept pace with stream incision and prevented the

development of critical slopes. The period of 330 to 580 ka between the
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around the same time of the YKL (354+24 ka), and that the other 31
landslides that lack morphologic features occurred prior to the YKL but
after the establishment of the base level at 688+86 ka, the landslide
frequency had dropped gradually to ~20% within ~330 ka (Fig. 7). Since
landslides that lack morphologic features and reach the present streambed
can be identified only along road-cuts, it is likely that a number of them
were left unmapped and as a consequence uncounted. Therefore, the 330 ka
should be regarded as a maximum period for 80% decrease in landslide
frequency. This period of relaxation which is calculated based on our field
observations and TT-OSL dating agrees well with the results of numerical
modeling; Densmore et al. (1998) predicted that an abrupt cease in uplift
activity will be followed by gradual decay of landslide frequency due to
progressive cession in stream incision and the onset of aggradation
throughout the drainage. Their model employed physical parameters typical
to the Basin and Range province, and predicted that a 90% decrease in
landslide activity will occur ~100 ka after uplift had ceased, in the order of

our results.
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Figure 6 - Schematic cross-section through the Judea Hill mountain front, east of
Wadi Zano’ah (35.007° E/31.726° N). Two conglomerate units are present: the higher
(older) one, marked by gray background, is cemented by massive calcerete and its
original fan morphology has eroded. The lower (younger) one has a hard-pan calcrete
evolved on the top of the outcrop (dashed lines texture), and its fan morphology is
preserved. Measured TT-OSL ages are indicated in the circular inset.

Deposition of alluvial fans at the mountain front is expected to occur when
high flux of sediments is delivered from the slopes to the drainage system
due to frequent landslides. Incision of the Zano’ah tributary into the fan
sediments became possible when the flux of sediment decreased. Therefore,
between the accumulation of the sediment at the base of the fan outcrop
(688+86 ka) and the abandonment of the top of the fan (587457 ka),
sediment flux, and by inference, landslides frequency in the Zano’ah
tributary decreased dramatically (Fig. 7). The YKL is one of few (six out of
total 37) which reached the present streambed that has a recognizable scar
morphology and may represent one of the youngest landslides that occurred
in the Judea Hills, possibly during a period of relatively low landslide
frequency. Stable base level can generally enable a limited number of

landslides to occur; assuming that all six ‘Young’ landslides occurred
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Zano’ah alluvial-fan (31°43'30.63""N/35° 0'30.04"'E) — Tectonically-
driven transition from mass-wasting to slope stabilization

Two generations of alluvial fans were explored at Wadi Zano’ah, a tributary
of the Soreq that runs along the mountain front (Fig. 6). The relicts of the
higher and older conglomerate are found coating the mountain front face up
to 90 m above the current streambed; these relics are entirely cemented by
stage V hard-pan calcrete. The original morphology of the fan/terrace in
which they were deposited has been eroded and a distinguished
morphologic surface cannot be identified. The second and younger
generation reaches a thickness of up to ~10 m and was deposited at the
current base level. Its flat top is cemented by thick, stage V calcrete. Relicts
of similar conglomerates, which are situated at the same level, are found
along the mountain front down to the Soreq outlet. TT-OSL ages derived
from the Zano’ah alluvial fan are the same within errors, though obviously
the deposition of the conglomerate (688+86 ka) at the base of the fan
predates its abandonment (587457 ka). These constraints push the

stabilization of the Soreq drainage base-level further back in time.
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Figure 5 - A) Orthophoto of the ‘Old’ and ‘Young’ Ktalav landslides sites (OKL and
YKL, respectively) and location of calcerete samples collected for OSL dating. The
boundaries of the YKL are visible and a prominent scarp is found at the top of the
landslide. OKL has no apparent topographic expression. Its debris is exposed only
along the road cut. B) Cross-section through the YKL (marked A-A’ on the
orthophoto), the scarp is clearly visible at the top of the slope. C) YKL debris crop
out along the road cut. A sharp transition between lower coarse-clast calcrete and
upper thin-clast calcrete and the location of sample used for OSL dating are
highlighted. D) Schematic cross-section across the OKL outcrop. OKL debris overlies
a conglomerate bed ~100 m above the present Soreq stream. Figure from Ryb et al.
(2013).
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and the lack of calcrete-coated debris down slope of the outcrop (Fig. 5A)
suggest that the conglomerate was buried by the landslide shortly after its
deposition. The ‘Old’ Ktalav landslide (OKL) calcrete yielded a TT-OSL
age of 1056+262 ka. This age is in agreement with the 100 m higher base
level at the time of slope failure of the OKL, and suggests that the Soreq

had incised in response to tectonic uplift between 1-0.35 Ma.

Based on dating of alluvial and colluvial deposits (including the YKL and
OKL), Ryb et al. (2013) argued that following the cessation of tectonic
uplift, the Soreq base level and adjacent hillslopes stabilized during the mid-
Pleistocene and have been eroding thereafter mainly through dissolution.
Consistent with this interpretation, denudation rates of exposed bedrock
along a single interfluve or hillslope profile are mostly spatially uniform,
indicating that hillslopes have been retreating in a parallel manner at about
the same rate as interfluves are being lowered. The preservation of
knickzones in the streams and non-concave hillslope profiles in a stable
base-level drainage system since the mid-Pleistocene can be explained by a
decrease in stream power that immediately followed base-level
stabilization. Assuming that the hydraulic gradient remains constant, the
loss of stream power can be attributed to a significant decrease in effective-
precipitation, the formation of karst-drainage, and/or a decrease in the

supply of abrasive clasts to the streams.
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can easily lead to a collection of samples from surfaces that have
experienced a recent removal of soil at a rate that scales with hillslope
convexity. Indeed, Godard et al., (2016) sampled carbonate clasts
immediately next to bedrock samples, and found that pairs of clasts and
bedrock samples had similar 36Cl concentrations and Mg/Ca ratios,
consistent with negligible downslope transport of large rock clasts.
Looking east, landslide scar and debris can be seen on the western slopes of
Mt. Giora. Relict landslide debris, cemented by highly-evolved calcretes,
are common to the Judea Hills Hillslope. Ryb et al., (2013) mapped several-
dozens of such landslides in the Soreq drainage. The majority of which have
been identified along road-cuts, do not preserve any morphological features
(e.g., scar or debris fan). In contrast, six landslides (including the one
observed here) preserve some morphological features and reach within few
meters of the modern streambed, and are therefore considered to be
younger.” Optically Stimulated Luminesces (OSL) and Thermally
Transferred OSL (TT-OSL) dating of calcretes that have evolved into the
landslide debris, suggest that the both landslide and the local base-level
(modern Soreq streambed) have been stable at least since 354+24 ka.

A few hundred meters north of the ‘“Young’ Ktalav landslide (YKL), the
debris of a second landslide are exposed along the road cut. The debris, now
cemented by thick (~4-5 m) calcrete, covers a rare conglomerate relict,
some 100 m above the present streambed. Chert pebbles, included in the
conglomerate, were derived from Senonian units which currently crop out
only at the water divide, ~20 km to the east. The presence of these pebbles
in the conglomerate indicates that it was deposited along the main Soreq

stem. The preservation of the conglomerate bed on the steep slope (30-40°)
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hillslopes typically have partial soil cover, concentrated in depressions at
the top of bedrock steps, thus preventing the continuous down-slope

diffusion of large rock clasts.
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Figure 4 - Denudation rate distribution along four hillslope profiles in the Judea Hills.
Dashed lines delineates projection of samples onto to the profile. Figure modified after
Ryb et al. (2014b).

An alternative explanation is that different sampling strategies, rather than
a mechanistic difference, have led to this apparent discrepancy; *°Cl
concentrations are sensitive to mass-removal above the sampled rock
surface, regardless whether it is rock or soil that are being removed. Unlike
large rock clasts, terra-rossa soil can easily wash down-slope, at a rate that
is likely to increase with hillslope gradients. Ryb et al. (2014b) have
collected samples from prominent outcrops that were unlikely to have been
covered by soil within the averaging window of **Cl — and therefore their
results describe the rate of bedrock removal. A different sampling strategy

(perhaps dictated by a terrain that does not have such prominent surfaces)
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to chemical denudation over the cosmogenic averaging window.
Denudation rates of exposed bedrock along a single interfluve or hillslope
profile are mostly spatially uniform, indicating that hillslopes have been
retreating in a parallel manner at about the same rate as interfluves are being
lowered.

In contrast to the above findings, recent studies have reported significant
correlations between slope convexity and denudation rate in the Luberon
mountain range in France (Godard et al., 2016) and northern Israel, (Ben-
Asher et al., submitted to GSA Bulletin) and consequentially argue for a
significant contribution of mechanical processes to the overall denudation
and shaping of hillslopes in tectonically-stable Mediterranean terrains that
are dominated by ‘hard’-carbonates (i.e., dolostone and limestone).
Specifically, these correlations have been argued to reflect a significant
contribution of clasts from the bedrock to the soil and their transport
downslope (as is frequently the case in silicate terrains, and tectonically
active, glaciated or arid carbonate terrains, Ryb et al., 2014a). If we consider
a dissolution rate of ~20 mm kyr, a carbonate block of 10° cm? is expected
to dissolve entirely within 5000 years. This estimation is maximal, as
dissolution can be faster under soil cover. For mechanical processes to be
an effective component in denudation, solid rock clasts must be transported
to the channel within thousands of years, while the average colluvium
residence times in diffusive down-slope transit are typically an order-of-
magnitude longer (Mudd and Furbish, 2006). This simple comparison
suggests that most of the carbonate rock clasts transported by the Soreq
system (prior to modern human intervention) are derived from outcrops

within 10’s of meters from the main-channel. Moreover, the Judea Hills
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tributaries), it may be interpreted as a weathering-limited system (i.e.,
delivery of sediment to streams is limited by the rate of sediment
production) adjusting to a pulse of incision. Nevertheless, other
observations are inconsistent with mechanical processes playing a major
role in hillslope denudation; Some of the hillslopes are mantled by thick
calcrete crusts, there is no evidence for recent mass-wasting events, and the
sediment yield in the drainage is low. Notably, there is no sediment
accumulation at the mountain front, and significant portions of the Soreq
main-channel and its tributaries are bedrock channels. During floods, the
majority of sediment is suspended terra rossa washed from the basin. It must
be emphasized, however, that the terra rossa is mainly eolian in source
(Yaalon, 1997), and therefore the addition and removal of terra rossa cover
are not directly related to the underlying bedrock erosion. How should we
interpret the landscape of the Soreq drainage? Is it an effective, weathering
limited, fluvial system in terms of hillslope erosion, sediment entrainment,
and transport, or an inherited landscape that reflects past hydrologic
conditions, which have since changed? If so, what forced the hydrological
transition?

%CI denudation rates calculated along hillslope profiles are similar to those
calculated along interfluves and maintain the same correlation with MAP
while being independent from hillslope gradient. This result is valid for the
entire exposed bedrock sample population (Fig. 3), as well as along single
hillslope and interfluve profiles (Fig. 4). The lack of correlation between
denudation rate and hillslope gradient suggests that mechanical denudation

processes (which depend on hillslope gradient) have been limited relative
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Figure 3 -(A) Schematic model for the formation and decay of soil pocket landforms
within a massive carbonate bed bounded between thin marl beds, where r and &s are
bedrock denudation rates of exposed and soil-covered bedrock, respectively. At t0,
the landscape is planar above site “x,” and elevated above site “y.” At tl, a massive
carbonate bed crops out, and differential erosion begins to deepen soil pockets
associated with surface irregularities. Between t1 and t2, the erosion pattern is
reversed, and the soil pocket depth decreases. (B) *Cl concentration measured at the
bottom of three different soil pockets compared with 3Cl concentration profiles
calculated for adjacent exposed bedrock (see text for details). Figure modified after
Ryb et al. (2014b).

Soreg-Drainage Panorama (31°44'46.18""N/35° 3'48.40""E) — Hillslope
processes in the Soreq Drainage

This view-point offers an excellent panorama of the meandering Soreq
channel and surrounding hillslopes. Incising 400 m into the Judea Hills
carbonate highland, the Soreq catchment is a well-developed ephemeral
fluvial system (Fig. 1). With steep convex-linear hillslopes (in places

exceeding 30°) and non-concave stream profiles (of the main and side
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meters thick carbonate beds, which (when exposed) are denuding at a rate
of ~20 mm kyr, soil pockets are expected to evolve on time scales of only
a few 10° yr. Hence, bedrock beneath a soil pocket experiences relatively

rapid change in soil cover thickness, geometric effect, and bedrock erosion

rates over time.

These dynamics are expressed in the relations between 3®CI concentrations
measured at the bottom of soil pockets and those calculated at an equal
depth below adjacent exposed bedrock. At the initiation of a soil pocket,
high bedrock erosion rates are the result of the combined effect of high
pCO- beneath soil cover and the focused runoff from surrounding exposed
bedrock patches toward the pocket. As subsoil pCO- is expected to remain
high beneath soil cover, we hypothesize that soil pocket deepening must
stop due to the decrease in the pocket’s hydraulic conductivity. Such a
decrease might be caused by an intersection of the soil pocket bottom with
a clay-rich bed (Fig. 3), or simply by the accumulation of terra rossa and its
enrichment in clay as carbonate dissolution progresses (Merino and
Banerjee, 2008). Regardless of the specific mechanism, hydraulic
conductivity limitation on carbonate dissolution capacity means that during
the cycle of soil pocket deepening, some of the carbonate dissolution
potential may remain unutilized, and that denudation of exposed bedrock
surfaces controls the overall lowering of the surface.
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lithological and environmental parameters (% of insoluble residue, Mg/Ca
ratio, Rock strength (Schmidt-Hammer rebound values), elevation and
hillslope gradient) show considerably weaker and/or insignificant
correlations. These observations are consistent with carbonate mineral
dissolution, limited by precipitation amount, controlling the denudation of
exposed rock surfaces.

In silicate terrains, soils are derived mostly from in situ weathering of rock.
Soil thickness and production rates are therefore linked to overall rates of
erosion (Heimsath et al., 1999). In contrast, carbonate bedrock may dissolve
under soil cover, while soil is accumulating or is being removed. In the
following discussion, we therefore consider the erosion of bedrock at the
bottom of soil pockets rather than overall denudation, which includes the
removal of both bedrock and soil. In the Judea Hills, field observations
indicate that at a certain point in time, bedrock erosion rate in soil pockets
drops below that of adjacent exposed bedrock, and the pocket depth
decreases (Fig. 3). These observations include pocket-depth limitation to ~2
m and exclusive containment within massive carbonate units. In the absence
of such a decrease in bedrock erosion rate, soil pockets would have been
observed in all units as the denudation front progressed. Bedrock erosion
rates vary in soil pockets because acid production and hydraulic
conductivity are expected to change as the soil and vegetation cover change,
and as the bottom of the pocket interacts with different lithologies. In
contrast, denudation rates of exposed bedrock show only mild variation.
The formation of a soil pocket within a massive carbonate bed is limited by

bed thickness (Fig. 3); since soil pockets in the Judea Hills evolve in few-
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At steady-state, the fluxes of *6Cl formation and removal are balanced, and
the concentration of **Cl along a depth-profile is a function of denudation
rate. Reaching steady state requires the removal of ~1 m of rock, at a
constant rate (von Blanckenburg, 2005). Assuming such steady state has
been reached we have calculated denudation rates of the carbonate bedrock
surfaces across the Judea Hills (Soreq drainage). These rates average over
10%-10° years — integrating glacial and interglacial climates.
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Figure 2 - Denudation rates calculated for exposed bedrock samples plotted against
different environmental and lithological variables. (A) Denudation rates plotted
against local hillslope gradient; denudation rates are clearly decoupled from hillslope
gradient. (B) Denudation rates plotted against elevation; denudation rates are clearly
decoupled from elevation. (C) Denudation rates plotted against local mean annual
precipitation (MAP) values; samples show a general positive dependency on MAP
values. (D) Denudation rates plotted against bedrock Mg/Ca molar ratios. Average
denudation rate of low-Mg calcites is lower than that of high-Mg calcites and
dolomites. (E) Denudation rates plotted against bedrock Schmidt hammer rebound
values. (F) Denudation rates plotted against insoluble residue weight fraction. Figure
modified after Ryb et al. (2014b).

%Cl based denudation rates of exposed bedrock surfaces in the Soreq
drainage average at 21 mm kyr! and are correlated with mean annual

precipitation (MAP) values at the site of sampling (Fig. 2). Other
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Figure 1 — Location map of the Soreq Drainage and main field-trip sites.

Mt. Ye’ala (31°45'3.07""N/35° 2'17.59"E) — The rate and style of hilltop
denudation

Aminadav Formation dolostone crops-out near the top of Mt. Ye’ala,
forming rock-tables separated by terra-rossa soil pockets. This ‘table-and-
pocket’ landform is typical to massive carbonate rock units (e.g., Aminadav,
Weradim and Bina Formations) in the Judea Hills, and is far less common
in other units consisting of ‘soft’ carbonates (e.g., chalk, marl) or
alternations of thin marl-dolomite beds (e.g. Soreq Fm.). In the following
discussion we address the environmental controls on long-term rate and
style of denudation (e.g., mechanical vs. chemical) of hilltops in the region,
and the dynamics that shape the ‘table-and pocket’ landform.

Chlorine-36 is a cosmogenic radio-nuclide that forms at the upper meters of
the Earth-surface through interaction between cosmic radiation and target-
elements in carbonate mineral lattice, and is removed from the surface via
radioactive decay (half-life of 301 kyr) as well as denudation (Stone et al.,
1996, 1998).
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Field trip 2:

Climatic and tectonic controls on landscape volution
in the Judea Range

Uri Ryb and Ari Matmon
Freddy and Nadine Hermann Institute of Earth Sciences, Hebrew University

of Jerusalem

Introduction

Landscape evolution has been mostly studied in terrains dominated by
silicate rocks, in which the rate of mass removal is largely controlled by
topography (Portenga and Bierman, 2011). In this field-trip we will explore
the environmental factors which control the rate of denudation and
mechanism (mechanical or chemical) of landscape evolution in a carbonate
terrain. The Judea Hills are located over the western, Mediterranean-facing
flank of the Judea Range, and consist of a thick sequence of Cretaceous
marine carbonates (mostly beds of dolostone, limestone and marl). We
demonstrate how the interplay between climate and tectonic activity has
shaped this region since the Miocene. The data and interpretations we
present in this field trip are largely a synthesis of four publications that
emerged from U.R. thesis (Ryb et al. 2013, 2014a, 2014b, 2015).
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