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Field trip 3:

L andscape evolution and tectonics along the margin of the
Arava Valley sincethe mid-Pleistocene

Yair Rinat!, Yedidia Gelman?, Ari Matmon?!, Amit Mushkin?

1. The Institute of Earth Sciences-The Hebrew University of Jerusalem
2. The Geological Survey of Israel

Introduction

This field trip concentrates on two subjects: 1) mid-Pleistocene to mid-
Holocene drainage evolution and its tectonic implications, and 2) Holocene
seismic activity as expressed by the formation of large boulder piles. The
introduction will consider both subjects, first the evolution of drainage systems
and then seismic boulder piles. Although these subjects are apparently non-
related, both are manifestations of landscape response to tectonic activity in the
region. The field trip includes 8 stops (see map of stop locations below). This
field trip is based on the master theses of Yedidya Gelman and Yair Rinat, both
conducted at the Institute of Earth Sciences, the Hebrew University of
Jerusalem.
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Drainage evolution

Along transform boundaries the majority of deformation is confined to strike-
slip faulting zones while additional deformation may be dispersed to adjacent
regions (Wilcox et al. 1973). Such deformation is expressed by subordinate
strike-slip faults, normal faults, reverse faults, flexures parallel or oblique to the
displacement direction and rhomb shaped grabens or push-up ridges (Sylvester,
1988). The Dead Sea transform (DST) is the boundary between the Arabian
plate and the Sinai sub-plate (Garfunkel, 1981; Fig. 1). It extends from the Red
Sea in the south to the Zagros Mountains in the north (Quennell, 1958). Left-
lateral movement began in the mid-Miocene and resulted in cumulative sinistral
offset of ~105 km (Freund et al., 1970; Garfunkel, 1981). The margins of the
transform contain numerous deformational structures. A component of
transverse separation has resulted in the formation of a rift valley along major
parts of the transform (e.g., the Jordan and Arava Valleys). The width of the
deformation and faulting zone associated with the initial stages of the DST
reached tens of kilometers (Eyal et al., 1981; Marco, 2007; Beyth et al., 2012).
With the continuation of lateral movement, deformation became more localized
and concentrated within the Arava Valley center (Marco, 2007). Paleoseismic
studies (e.g., Amit et al.,, 1999, 2002; Gerson et al., 1993), geomorphic
investigations (e.g., Amit et al., 1999) and interpretation of historic seismic
records (e.g., Ambreseys et al., 1994; Amiran, 1994; Hamiel et al., 2009; Porat
et al., 2009a) together with geophysical and remote sensing investigations (e.g.,
Frieslander, 2000; Baer et al., 2008) point towards late Pleistocene - Holocene
seismic activity along the center of the valley. Along the western margin of the
southern Arava Valley, a set of sub-parallel faults separate a series of structural
blocks composed of crystalline basement rocks (the Roded, Eilat and Amram
blocks) (Garfunkel, 1970). The width of these structural blocks ranges from a
few hundred meters to 1.5 kilometers and they are 3 to 7 kilometers long (Fig.
1). Vertical offsets of hundreds of meters as well as considerable sinistral
movement between these blocks are evident. Another deformational structure is
the Amir Syncline that formed between the Roded block and the Amram block
(Garfunkel, 1970; Beyth et al., 2012).

Here, we examine late Quaternary changes in drainage systems along the
western margin of the Arava Valley and attribute them to tectonic deformation.
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The research area is located ~10 kilometer north of the Gulf of Eilat (Fig. 1).
The geomorphic surfaces investigated are fluvial terraces and fans within three
drainage basins. The Shehoret basin which drains an area of ~13 km? a
tributary of the Zefunot basin (which will be simply named from here on — the
Zefunot basin) which drains an area of ~3 km?, and the Amram basin which
drains an area of ~4 km?. The base-level for these basins is the Evrona playa, a
tectonic and morphologic depression in the center of the Arava Valley (Amit et
al., 1999). This extremely arid environment is subject to rare rain events and
very low precipitation, ~30 mm/yr (lsrael Meteorological service,
http://www.ims.gov.il). Sub zero temperatures are rarely reached (lsrael
Meteorological service, http://www.ims.gov.il). Climatic conditions in the
southern Negev and Arava remained arid to hyper arid throughout the
Quaternary (Amit et al., 2006; Enzel et al., 2008; Enzel et al., 2012).

The drainage systems were examined applying field based mapping of fluvial
units (considering field relations, morphologic appearance, and pedoogic
characterization), high-resolution topographic cross-sections using a "Sokkia
50x” total station (EDM) and optically stimulated luminescence (OSL) dating
which provides the time of last exposure of sediment to sunlight, i.e. its burial
age. By dating the base and top of a sedimentary unit it is possible to
approximate the time of initial deposition and abandonment of the surface
(Aitken, 1998). OSL samples were processed at the Geological Survey of Israel
Luminescence Laboratory according to the SAR protocol (Aitken, 1998) and
according to the protocol detailed in Porat (2009b). Luminescence dating using
the single grain (SG) method following the procedure described by Duller
(2008) was applied to samples that required more precise results. Thermally
transferred OSL (TT-OSL) (Wang et al., 2006) was applied to samples collected
from units that exhibited very mature morphologic characteristics and where the

‘traditional”’ OSL methods yielded poor results. Our results indicate coeval
southward and northward migration of flow channels in the north and south of
the study area, respectively. These changes appear most consistent with tectonic
tilting and point towards N-S compressional deformation. OSL dating indicates
that this tilting initiated later than the mid-Pleistocene and continued at least
into the mid-Holocene.
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Figure 1. (Left) Regional tectonic settings. The study area is marked with a black open
box. (Right) Satellite image of the southern Arava Valley and its western margin. The
present catchments of the basins examined in this study are outlined in black dashed line.
The white dashed lineindicates the area no longer draining into the Shehoret basin.

Boulders

Rockfalls are common features in tectonically active regions. The relation
between seismic events and the detachment of boulders in rock falls is well
established (e.g. Dai et al., 2011; Keefer, 2002; Xu et al., 2013). Rockfalls are
also an important process controlling scarp retreat rates (e.g. Matmon et al,
2005). Thus, they are a dominant process in the development of landscapes in
tectonically active regions.

Cambrian sandstones are exposed in the study area and its vicinity. The
sandstones are composed of ~90% quartz grains (Druckman et al., 1993; Karcz
et al., 1971; Weissbrod, 1980). The sandstones overlie Precambrian crystalline
basement and form steep cliffs (Avigad et al., 2005). Field observations indicate
that two processes dominate the research site morphology: cliff retreat
dominated by rockfalls and lowering of the upper, leveled surface dominated by
slow erosion. Piles of huge (~120 m®) sandstone boulders are found in many
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locations at the base of these cliffs. Boulder faces and detachment scars on the
cliff are virtually intact and boulders can be traced, within ~1 cm accuracy, back
to their original location on the cliff. Selected boulders are positioned on flat
surfaces, so the possibility of post detachment movement is decreased. Samples
were collected from four rockfalls (Fig. 2) and dated using terrestrial
cosmogenic nuclides (TCN). At each rockfall site, samples were collected from
conjugate boulders and cliff surfaces that were simultaneously exposed. Such
conjugate samples would initially have had identical pre-fall TCN
concentrations (“inherited” concentration). After boulder detachment, these
surfaces were additionally dosed at different production rates due to differences
in post-fall shielding and surface geometry. Results suggest most-probable
rockfall ages between 3.6+0.8 ka and 4.7+0.7 ka. OSL ages of sediment
accumulated behind the boulders
range between 0.6+0.1 ka and
3.4+1.4 ka and set a lower limit for
the TCN results. In the hyper-arid
environment of our study area
rockfalls are most likely triggered
by earthquakes. Our ages agree
with other dated earthquakes
determined in paleoseismic studies
along the entire length of the Dead
Sea fault. We suggest that
earthquake clustering occurred
along the Dead Sea fault system
around 4-5ka.

Figure 2: Samplelocationsfor boulder pile dating.
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Stops 1,2,3 - The Zefunot and Amram basins

The Zefunot basin

Three generations of fill-cut fluvial terraces and one playa were investigated
(ZQ1-ZQ4 and ZP; Fig. 3):

Unit ZQ1 is the most elevated terrace in the Zefunot basin. It contains a high
fraction of carbonate clasts. This unit directly overlies Precambrian magmatic
and Cambrian sandstone bedrock. The unit’s morphologic and pedogenic
features are well-developed (Amit et al., 1993). Relicts of ZQ1, found north of
the active channel, are partially buried by a low angle colluvial apron composed
of magmatic clasts. The unit's base was dated to 58+23 ka and its deposition
ceased shortly after 48+2 ka. Relicts of unit ZQ1 along the northern edge of the
basin were dated to 50+3 ka. Unit ZQ1 does not maintain a constant elevation.
The northern relicts are currently located 4.75 m higher than the highest point
on the southern terraces, at a distance of 158 m, forming a southwards gradient
of 1.7 degrees (Fig. 4).

Unit ZQ2 surface is typically one to a few meters lower than unit ZQ1. The
units morphologic and pedogenic features are well-developed (Amit et al.,
1993). The unit is composed mostly of magmatic clasts. The upper sediments of
unit ZQ2 yielded an age of 59+20 ka.

34°57'0"E
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Figure 3: A geomorphic map of the Zefunot basin. The evolution stages of flow direction are
shown: initial flow direction was towards the NE (dashed arrows). Flow direction shifted to
the south, cutting through the elevated terrace ZQ1 (black arrows).
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Table 1: OSL data and agesfor Zefunot basin samples

ot | Smele | T | De | Age
' (cm)
ZQ1 1 180 137+36 40£10
ZQ4t 2 65 3349 7.1+1.9
ZQ4 b 3 210 62+24 24+9
ZQ1t 4 70 171465 47+18
5 ZQ1tSG 176+7 48+2
g ZQlb 5 350 170466 58423
é ZQ4t 6 45 2048 5.2+2
E ZQ1lt 7 120 206+63 49+15
E) ZQ1tSG 205+12 50£3
ZQ2t 8 80 197+68 59420
ZQ3t 9 110 199+93 49+23
ZP 10 120 3.9+2.6 0.6+0.4
ZP SG 0.4+0.1

SG = Single grain measurement; t = sample collected from top of mapping unit; b = sample
collected from base of mapping unit.

Unit ZQ4 was deposited several meters below the surface of all previous units.
The unit’s morphologic and pedogenic features are poorly-developed (Amit et
al., 1993). The bottom of this unit yielded an OSL age of 2449 ka and the top
ages of 5.2+2 ka and 7.1+1.9 ka.

Unit ZP. The present active channel incises into all units with a preferred SE
flow direction (Fig. 3). This channel cuts across the elevated terrace of unit ZQ1
and unit ZQ4. As it emerges from the elevated terrace, it widens, and a small
fluvial fan has been deposited. This fan blocked a small tributary located to the
south of the main channel and as result a small playa formed (Figures 3 and 5).
An OSL age of 0.4+0.1 ka was obtained from the fine-grained silty playa
deposits (Table 1). This is a minimum age for the playa since it was not
obtained from its base.
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Figure 4: (Top) A northward view across the Zefunot basin. Unit ZQ1 is seen in the
foreground and the northern rélicts of ZQ1 north of the active channel. OSL sampling
locations are indicated by dots. (Bottom) A topographic cross section acr oss the main active
channel. Thelocation of the cross section isindicated on the photograph (A-A').

During their deposition, units ZQ1 and ZQ2 maintained a general flow
direction to the NE. Degradation removed a large volume of sediment forming a
wide channel system with relicts of ZQ1 and ZQ2 as isolated and elongated
ridges oriented to the E. Shortly before 24+9 ka aggradation resumed and unit
ZQ4 was deposited in the channels between the relicts of ZQ1 and ZQ2. Unit
ZQ4 indicates conservation of the general E flow. After the aggradation of unit
ZQ4 ended, the flow pattern changed from a wide braided fan that occupied the
entire width of the basin, to incision of a single channel. The change of flow
pattern occurred simultaneously with a shift to a southward flow direction. This
channel cut across the elevated terrace (unit ZQ1) after 7.1+1.9 ka and 5.2+2 ka,
as indicated by the abandonment ages of unit ZQ4's surface. The abandonment
of the former E flow direction and the southeastward incision through the
elevated relict of ZQ1 is consistent with a southward tilt of the basin. The
geometry of the ZQ1 relicts supports such a tilt.
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Figure 5: (Top) A northward view of the active channel of the Zefunot basin. The former
flow direction isindicated by dashed arrows and the active flow direction by solid arrows. A
fan formed as the incised channel exited ZQ1 and dammed a small east-flowing tributary.
As aresult, a small playa formed. OSL sampling locations are indicated by dots. (Bottom)
A topographic cross section acr oss the main active channel. The location of the cross section
isindicated on the photograph (B-B').

The Amram basin

The Amram basin drains an area of 4 km?2. The Shlomo fault crosses the basin at
its west side and a strike-slip fault crosses the basin from NE to SW (Beyth,
2012; Fig. 6). A topographic saddle formed where the fault crosses over into the
basin from the Zefunot basin. Bedrock lithology within the basin consists of
magmatic rocks, carbonates and sandstones. Fluvial sediments have two
primary sources: (a) Phanerzoic carbonates and sandstones from the western
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hanging wall of the Shlomo fault and the southern slopes of the basin, and (b)
magmatic clasts from the northern slopes. Geomorphic mapping of the fluvial
units revealed five fill/cut-fill terrace units (AQ1-AQ5 in fig. 7). These terraces
were not dated.

Unit AQL1 consists of elevated alluvial relicts. These relicts are located along
the northern, magmatic slopes of the basin. The predominately carbonate
lithology in these relicts distinguishes them from their surrounding magmatic
colluvium.

Units AQ2-AQ4 consists of a sequence of fill terraces which cover ~12% of the
basin’s area. The base of the sequence is deposited on Pre-Cambrian magmatic
bedrock. The sediments of AQ2 are coarse and consist mainly of carbonate
clasts. Unit AQ3 overlies in places unit AQ2. A 40 cm thick horizon of gypsum
and salt developed at a depth of 120 cm from the top of the unit. In places the
unit consists of up to 60% angular magmatic clasts. The base of unit AQ4 lies in
places on Cambrian sandstones and in other places on unit AQ3. The unit
consists of carbonate clasts only. Unit AQ5 is a cut-fill terrace and covers about
2% of the drainage area. This unit was deposited after the channel incised into
unit AQ4. The surface of AQ5 is lower than unit AQ4's surface by a few meters.

5 2 : &,-‘,,/ :7" ¢ ’ 7 D~ > 43 :"" \
Figure 6: Oblique view of the Amram basin. Red lines mark the axis of the Amir Syncline.
The Amram basin is marked with a thin dashed line (M odified from google maps).
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After the deposition of unit AQ1 ceased, incision formed a wide channel in
which units AQ2, AQ3 and AQ4 were deposited as fill terraces. Alternating
sedimentary sources resulted in the major difference between units AQ2 and
AQ4, which are mostly carbonate, and unit AQ3 which is mostly magmatic.
Aggradation ceased after the deposition of unit AQ4, and the channel has been
incising into the fluvial sediments as well as the underling bedrock. This
incision was interrupted by a short period of surface stability at which time unit
AQ5 was deposited.

Fluvial sediments of carbonate lithology found on the magmatic slopes above
the topographic saddles between the Amram and Zefunot basins testify for the
wide spread coverage of carbonate fluvial material in the area. The southward
bend of the Amram channel through the Amir syncline is a unique flow path in
the general drainage pattern of this region. Furthermore, the crossing of the
syncline’s elevated flanks is an unusual phenomenon that requires an
explanation. Combining the wide spread alluvial cover and the possibility of a
southward tilt of the block may provide an explanation to this unique flow
pattern.
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Geomorphic map of the Amram basin
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Figure 7: (Top) Geomor phic map of the Amram basin. (Bottom) Cross section (A-A’) across
the active drainage demonstrates the elevation of unit AQ1 relative to the elevation of units
AQ3, AQ4 and the current base level, indicating that it was deposited during a higher stand
of the base level.

Stop 4 — Boulder pile#1
Subjects to be presented in this station:

Escarpment stratigraphy and sites location (Figure 2)

Reconstruction of pre-fall setting using identical features on boulder
and cliff (Figures 8,9)

TCN theory and limitations on a shoe string

TCN and OSL sampling points and results (Figures 8,10, Tables 2,3)
Why simple interpretation of the results doesn’t work (Figure 11)
Numerical procedure and final TCN results (Table 4; Figures 12,13)
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Terrestrial Cosmogenic Nuclidesin Boulders

Measurements of cosmogenic nuclides from exposed bedrock surfaces are used
routinely for exposure dating (e.g. Balco et al., 2011; Bierman and Turner,
1995; Bierman et al., 1995; Guido et al., 2007; Lal, 1987, 1988, 1991;
Nishiizumi et al., 1986, 1990; Small et al., 1999; Matmon et al., 2009; Ward et
al., 2009). Cosmogenic nuclide production rates are controlled by several
factors. The most important ones are the geomagnetic field intensity
(approximated by latitude) and atmospheric shielding (approximated by
elevation) (e.g. Desilets and Zreda, 2001, 2003; Dunai, 2000, 2001; Lal, 1991;
Lifton et al., 2005, 2008; Pigati and Lifton, 2004; Nishiizumi et al., 1989;
Stone, 2000). These factors are grouped and referred here as the primary scaling
factor (PSF). Factors that influence the production rate related to the sample
thickness, topographic shielding of the sample (Balco et al., 2008; Dunne et al.,
1999; Gosse and Phillips, 2001), and surface geometry (Masarik and Wieler,
2003) are referred here as geometrical factors (GSF). These factors are
generally of lesser importance. However, when a considerable portion of the
incoming cosmic rays, and in particular those close to the zenith, is blocked, the
influence of the geometrical factor increases (Balco et al., 2008). This is the
case in complex geometries, such as in the case of boulder piles. Thus, the
importance of accurately calculating the geometrical scaling factors in many
geomorphic and tectonic studies is enhanced. When dating fallen boulders using
TCN, not only the sample-specific production rate has to be determined but also
the “inherited” TCN concentration that accumulated in the boulder prior to its
fall.

In this study, virtually unweathered surfaces of sandstone boulders and cliffs are
the target samples. We assume a two-stage dosing history of the sampled
boulders and cliff faces. Each sampled boulder, presently resting at the foot of a
bedrock cliff, was part of the cliff until it instantaneously detached. Prior to
detachment, both cliff and corresponding boulder were identically shielded and
accumulated similar amounts of "inherited” TCN (Fig. 8). Since detachment,
the newly exposed surfaces have not been subjected to significant erosion, as
inferred by our ability to perfectly match the boulders both to one another and to
their matching cliff. Therefore, we safely assume no loss of TCN by post-fall
erosion. Concentrations of TCN at the sampled surfaces follow equation (1)

(Lal, 1991):
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N (1) = Nopporvear €Xp(=At) + Py, - PSF-GSF - (1-exp(-At))/ 4 (1)

"Inheritec
where N(t) is the measured concentration of TCN per gram quartz, t is the
sample exposure time (yr), Nenneriea iS the concentration of TCN per gram
quartz that accumulated in the sample prior to its fall, Pgn. is the total
production rate at sea level and high latitude (atoms g SiO, yr?), PSF is the
primary scaling factor, GSF is the geometrical scaling factor, and 4 is the TCN
decay constant (yr?). The straightforward calculation of the “inherited” TCN
concentration is feasible if pre-fall erosion rate (¢) of the surface above the
sample has been constant over a long period (r>>1/(A+pe/A) allowing steady
state conditions. p is the target's density (g cm®) and 4 is the attenuation length
(9 cm?) (Lal, 1991). The erosion rate can then be evaluated from the
cosmogenic concentration (N) measured in a sample collected from the surface
above the investigated cliff following Lal (1991). Once the erosion rate is
obtained, “inherited” TCN concentration is described following the depth
profile.

e g StteSHI w E Site SH1 w

- 15m - - -

Figure 8: (Left) pre-fall location of samples in boulder pile #1. (Right) Locations of OSL
samplesin boulder pile #1.

To determine the post fall production rate of any boulder or rock cliff sample,
the geometrical scaling factor must be accurately evaluated. The geometrical
scaling factor is influenced by topographic obstructions, target geometry, and
sample thickness. Methods based on measurements of the surrounding

topography and surface dip for shielding evaluations have been previously
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proposed (Balco et al., 2008; Dunne et al., 1999; Gosse and Phillips, 2001).
However, in the case of strongly dipping surfaces (>30°) and when the sampled
site is irregularly surrounded by obstacles with thickness comparable to the
cosmogenic attenuation length, or when it is heavily shielded, such shielding
factor calculations become inadequate (Balco et al., 2008; Matmon et al., 2005).
Twenty-six sandstone samples were collected for TCN analysis. Samples were
collected from twelve boulders and three bed-rock cliff faces (BR) to evaluate
post-fall TCN accumulation, and from upper flat bedrock at four roof-top
surfaces (RF) to calculate top surface erosion rate and pre-fall TCN
accumulation. All RF samples were collected from horizontal surfaces, at least
1m from the cliff edge. Cliff and boulder faces in each of the four sampling sites
were carefully examined and indicative marks on the fresh faces were inspected.
Such marks include small (~1-5 centimeters) pebbles, different rock textures,
niches, and bulges (Fig. 9). Four to six samples, presumably exposed during the
same detachment event, were collected from each site (Fig. 10). Primary °Be
production rates (i.e., production on a flat un-obscured surface) in all four sites
range from 3.4+0.4 to 3.5+0.4 (atoms g* SiO; yr?). Geometrical scaling factors
were estimated following Balco et al. (2008) and Masarik and Wieler (2003). A
neutron attenuation length of 160 (g cm™), °Be decay constant of 4.99-107 (yr
1, and absorption coefficient of 0.0138+0.001 (cm™) were used for all
calculations (Balco et al., 2008). Measured rock density varied between 2.2 to
2.6 (g cm). We applied a rock density of 2.2 (g cm™®) to enable the comparison
with other works in the region (e.g. Matmon et al., 2005). The use of a different
value, for example 2.6 (g cm?), changed the results within the uncertainty
limits.

OSL dating

OSL dating was used to delimit the boulder fall ages at each site. OSL can be
used to date boulder falls under certain conditions (Kanari, 2008; Matmon et al.,
2005; Siman-Tov, 2009): 1) the sampled sediment must be either buried under
the boulder, abut the boulder, or accumulated in dust traps between rock
fragments 2) it must contain quartz or feldspar, 3) the sampled mineral grains
were exposed to sunlight and sufficiently bleached before burial, and 4) the
sediment was not bioturbated or washed by water. The temporal relations

between the dated sediment and the fallen boulders can be estimated from field
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relations, and thus, the obtained OSL age can constrain the time of the boulder
fall (Fig. 8). Fifteen samples for OSL dating were collected from the four sites.
All samples contain aeolian quartz grains that were presumably bleached before

deposition.

Figure9: Identical textures on cliff face (a) and its matching boulder (b,c) in boulder pile#1.
Markslikethisenableto reconstruct boulder position prior toitsfall, deter mine which faces
wer e exposed at the sametime, and ensure limited post-fall erosion.

Figure 10: Sampling location in boulder pile#1.
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Stochastic numerical procedure

The calculation of simple exposure ages of these rockfalls is not applicable.
Steady state erosion in the investigated sites is not a valid assumption, thus,
TCN inheritance cannot be calculated (Fig. 11). Furthermore, the use of
previously published scaling schemes that account for topographic shielding
and geometry for exposure age dating do not yield reasonable ages, thus, post-
rockfall production rates are also difficult to evaluate.
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Figure 11: Validity tests for calculated geometrical scaling factors and “inherited” TCN
concentrations. (a) Comparison between measured TCN concentrations and calculated
“inherited” TCN concentrations (following Granger and Muzikar (2001) and Granger and
Smith (2000) and assuming steady state erosion). Over 70% of the calculated “inherited”
TCN concentration values are larger than the measured TCN in the samples. (b) Optional
TCN depth-profile (dashed line) and measured TCN concentrations as a function of the
sample pre-fall depth. TCN depth profile (dashed line) was built applying an erosion rate of
40 mm/ka and a 250 ka build up time. Post fall accumulation of TCN is described by the
‘horizontal’ shift of the measured concentration from the depth profile. While geometrical
scaling factors for each sample (calculated using Balco et al. (2008); presented in the inset)
arerelatively uniform, the distances of the sample from the depth curve are not. All samples
in this example are from boulder pile #1. (¢) Numerical procedure of modeled “inherted”
TCN values obtained using geometrical scaling factors calculated following Balco et al.
(2008) and Masarik and Wieler (2003). The obtained results in each site do not conform to
the fundamental law stating that the cosmogenic nuclides concentrations decrease with
depth.
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Therefore, we developed a numerical method to estimate the exposure age for a
set of samples at each given site. The following assumptions are made: 1) all
samples from the same site (four to six samples) have an identical exposure age,
and 2) the “inherited” TCN concentrations decrease with pre-fall depth. A
global stochastic optimization procedure (e.g. Masri et al., 1980) is applied to
estimate, at each site, the exposure age and other variables in equation (1) by
minimizing the difference between measured and calculated TCN
concentrations using the RMSD and Bias objective functions:

1yn 2 : 1 n n
RMSD = \/; Zi:l(Ncalculated,i - Nmeasured,i) Bias = ; J(Zi=1 NCalculated,i - Zi=1 NMeasured,i)

where n represents the number of samples at each site. Model ages are
insensitive to variations in input parameters while TCN inheritance and scaling
factors are interchangeable (Fig. 12). All results were examined using
sensitivity and validity tests (Fig. 13).

Table 2: Analytical data, sample properties, geometrical scaling factors, erosion rates,
“simple” exposure ages for pile #1.

Sample Be Pre-fall SF2  Erosion rate “Simple”
Name (10* atoms depth (mm ka)° exposuretime
g!S0,) (cm) (ka)©

SH1-RF 80.7+3.4 0 1.00£0.00 3045 -
SH1-B2 10.6+1.5 620 0.52+0.03 5.8+0.7
SH1-BR1 11.2+15 620 0.49+0.03 6.5%£0.8
SH1-Al 15.9+1.1 720 0.58+0.06 7.9+0.9
SH1-B1 14.7¢1.1 720 0.52+0.03 8.1+0.8
SH1-A2 15.5+1.2 800 0.51+0.03 8.7£0.9
SH1-BR2 13.0+0.7 800 0.43+0.02 8.6+0.8

aGeometrical scaling factors were calculated by multiplying the thickness scaling factor (Balco et
al., 2008), surface geometry scaling factor (Masarik and Wieler, 2003), and topographic
shielding scaling factor (Balco et al., 2008).

bCalculated using measured '°Be concentrations collected from the upper surface above each site
(noted as: RF), assuming steady state erosion.

Calculated using the geometrical scaling factors from Balco et al. (2008) and Masarik and
Wieler (2003), and assuming zero erosion and zero “inherited” TCN concentration.
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Figure 12: Response surfaces of the RMSD functions. The response surfaces where
generated by varying the two variables under consideration while keeping the others
constant. Response surfaces (a) and (b) indicate that age is a well-constrained variable.
Response surface (¢) indicates a low correlation between variables of different samples.
Response surface (d) demonstrates the high correlation between inherited TCN and scaling
factor in the same sample indicating that these variables ar e interchangeable. RM SD units
arein atomsg* SiO2.

Table 3: Field, laboratory data, and obtained OSL agesfor pile #1 samples.

Site Samplename Depth (m) De(Gy) Age (ka)
a1 YAR-1 0.15 13.5+2.9 2.2+0.5
YAR-2 04 18.7+2.8 2.6+0.4
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Figure 13: “Synthetic” predetermined variable values and variable values obtained by the
numerical procedure (computed) for runs with six samples. Model result uncertainty is
represented by RM SD values between the computed and expected variables. Thelow RM SD
value for the modeled exposure age (a) indicates similar computed and expected values, and
testifies for the procedure's ability to evaluate this variable. RMSD values for GSF and
“Inherited” TCN (b,c) are moderate and affected by the correlation between these
variables. The linear dashed lines (y = x) indicate equal pre-determined and computed
values.

Table4: Numerical procedureresults

Samplename [ “Inherited” TCN (10° atoms g SiO,) | GSF
Site: SH1, Modeled Exposure age: 4.3+0.4 ka, RM SD: 75.9 (atoms g SiO,), Bias: 0.21 (atoms g SiO,)
SH1-B2 6.8+1.3 0.26+0.11
SH1-BR1 6.8+1.3 0.30+0.11
SH1-Al 5.5+1.3 0.71+0.11
SH1-B1 5.5+1.3 0.63+0.11
SH1-A2 4.3+1.3 0.76+0.11
SH1-BR2 4.1+1.3 0.60+0.11

Stop 6 — Boulder pile #10

Subjects to be presented in this station:

o Reconstruction of pre-fall setting using identical features on boulders
and cliff (Figure 14)
TCN and OSL sampling points (Figure 15)
OSL, TCN, and model results (Tables 5,6,7)
Rockfalls in a geomorphological active surrounding (Figure 16)
Relation to earthquakes (Figure 17)
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Rockfallsin a geomor phological active surrounding
As stated above, a plausible cause for the inability to accurately evaluate the

“inherited” TCN can be related to non steady state erosion of surfaces above the
RF samples. At boulder pile #10 we find evidence for episodes of complicated
geomorphological history with periods of exposure and sedimentation. Field
observations suggest the following complicated history of this site: a) erosion
and exposure of the Amudei Shlomo formation. b) Coverage by alluvium
(terrace SQ1). Remnants that are found on hills above, and around boulder pile
#10, suggest 15-17 meters of coverage (Figure 16). ¢) Exposure of the lower
Amudei Shelomo formation (boulder forming layers) and of the granitoide
basement. d) Alluvial sediment (SQ5) covers the basement stratum. The timing
of stage d is constrained by OSL samples (YAR3, YAR-5, YAR-6, YAR-7) and
ranges between 6.2+0.8 to 3.4+1.4 ka. €) At the end of stage (d), or close to its
end, the rockfall occurred. The timing of the rockfall is derived from the model
results and is estimated at 4.5+0.8 ka. f) Final stage of erosion and incision of a
small, yet deep (3-4 meters) creek between the two main boulders in site.

Boulder pilesand earthquakes

In the hyper-arid environment of the south-western Arava the most likely
trigger for rockfalls is seismic events (earthquakes). The obtained rockfall ages
range between 3.6+0.8 and 4.7+0.7 ka, and are identical within their uncertainty
limits. A mutual age for all four sites is calculated to 4.3+1 ka (Fig. 17). These
rockfalls were most likely formed during closely spaced earthquakes (or
possibly during a single seismic event). The resolution of the dating method
does not enable to distinguish between these alternatives. Similar rockfall ages
have been obtained in Timna, ~20 km north (Matmon et al., 2005; Hidy et al.,
unpublished data). Apparently, many paleoseismic records along the DST and
its margins indicate the occurrence of earthquakes during this time period (Fig.
17). These studies employ various dating methods and investigate a large range
of paleoseismic archives (Matmon et al., 2005; Amit et al., 2002; Shaked et al.,
2011; Gluck, 2001; Migowski et al., 2004; Kagan et al., 2005; Marco et al.,
2006; Zilberman et al., 2008; Braun et al., 2010; Katz et al., 2010). Although,
some of the above mentioned records suggest repeated seismic events
throughout the Holocene, the only time period in which all records indicate

seismic events is around 4 ka. The spatially wide spread and temporally
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clustering occurrence of seismic events at ~4 ka has been considered and
discussed by Braun et al. (2010) but only for the northern part of the DST. Here
we suggest that the events spanned the entire length of the DST. Earthquake
clustering on millennia time scale has also been inferred for the DST during the
late Pleistocene by Marco et al. (1996) and the Holocene by Migowski et al.
(2004). Such fault behavior is not unique to the DST and has been observed on
other major strike slip faults such as the San Andreas, California, the Denali
fault, Alaska, and the North Anatolian fault, Turkey (e.g. Frankel et al., 2004;
Lettis et al., 2002; Prentice, 1999).

Figure 14: (Left) sampling location in boulder pile #10. (Right) example of matching
features on boulder and cliff faces

Site SH10 w Site SH10 E

11m

— 40m —_— l — 15m —

Figure 15: (Right) pre-fall location of samplesin boulder pile #10. (L eft) locations of OSL
samplesin boulder pile #10.
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Table 5: Analytical data, sample properties, geometrical scaling factors, erosion rates, and
“simple” exposure ages for pile #10.

Sample 1Be Prefall SF2 Erosion rate “Simple”
Name (10° atoms depth (mm ka)° exposuretime
g'S0y)  (cm) (ka)®

SH10-RF 155.1+2.9 0 0.99+0.00 16+3

SH10-E1 29.0£2.2 300 0.95+0.01 8.7+0.8
SH10-G1 27.0£1.7 300 0.99+0.00 7.7£0.7
SH10-A1 18.6+0.7 290 0.61+0.08 8.9+1.1
SH10-B1 15.9+1.7 300 0.91+0.01 5.1+0.5
SH10-C1 64.1+2.3 300 0.99+0.00 18.8+1.6
SH10-C2 22.8+0.9 300 0.99+0.01 6.8+0.6
SH10-BR1 21.3x0.9 300 0.67+0.05 9.2+0.9

aGeometrical scaling factors were calculated by multiplying the thickness scaling factor (Balco et
al., 2008), surface geometry scaling factor (Masarik and Wieler, 2003), and topographic shielding
scaling factor (Balco et al., 2008).

bCalculated using measured °Be concentrations collected from the upper surface above each site
(noted as: RF), assuming steady state erosion.

Calculated using the geometrical scaling factors from Balco et al. (2008) and Masarik and Wieler
(2003), and assuming zero erosion and zero “inherited” TCN concentration.

Table 6: Field, laboratory data, and obtained OSL agesfor pile #10 samples.

Sample Pit* Sediment Grain Depth De Age
name typeP
Site Size(um) (m)  (Gy) (k&)
SH10 YAR-3 A+Al 90-125 045 222462 49+14

1
YAR-5 1 A+Al 90-125 0.1 17.0+6.9 3.4+14
YAR-6 2 A+Al 90-125 1.75 26.5+3.6 6.2+0.8

YAR-7 2 A+Al 90-125 1.75 26.0£55 5.3+1.1
aSamples were two pits. Samples from the same pit with consecutive depths are in chronological
order.
®Samples were collected from sediments containing aeolian quartz (‘A’), quartz from alluvial
sources (‘Al’), or quartz that was derived from aggregates of the nearby sandstone boulders(‘Ag’).

Table 7: Numerical procedureresultsfor pile#10

Sample name | “Inherited” TCN (10°atoms g' SiO,) | GSF

Site: SH10, Modeled Exposur e age: 4.5+0.8 ka, RM SD: 60.6 (atoms g* SiO,), Bias: 0.5 (atoms g* SiO,)
SH10-Al 13.8+1.5 0.31+0.13
SH10-B1 10.8+1.5 0.32+0.13
SH10-C2 10.8+1.5 0.77+0.13
SH10-BR1 10.8+1.5 0.67+0.13
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Figure 16: Cross section above boulder pile #10 showing the possible coverage of the site by
alluvium.
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Figure 17: (Top) Probability density functions for the ages of the four boulder piles
investigated in this study (thin lines). A Gaussian distribution fit (R2 = 0.99) to the mean
probability density function (thick line) of these four sites suggests an age of 4.3+ 1 kafor a
single event that may have formed all four piles. (Bottom) Evidences for Holocene seismic
events from paleoseismic records along the length of the DST. The time interval,
represented by a gray box, is determined by the maximum age range of the four dated
boulder pilesin thisstudy. L ocations of sites shown in inset.
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Stops 5,7,8 - Overview of Shehoret, and specific discussions of alluvial
terraces

The Shehoret basin
Six cut and fill generations of fluvial terraces are identified (Fig. 18):
34°56'0"E 34°56'30"E

29°37'30"N

29"36"30"N

Figure 18: A geomor phic map of the Shehoret basin. The evolution stages of flow direction
are shown: At first the flow direction was towards the SE (dashed arrows). Second stage,
flow direction shifted to the NE (black arrows). Notice the channel south of the main canyon
that deposited unit SQ5 (seetext for discussion).
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Table 8: OSL data and agesfor Shehoret basin samples

Unit Sa,\rlT;pIe Sg;"p‘t’r']e (ge Age
e ey |k

SQLtTT 11 40 | 817£143 | 526:94
SQLbTT 12 300 | 777185 | 549+133

g sezt 13 130 | 170457 | 20268
2| sqzb 14 350 | 208+59 | 202460
é SQ4 b 15 2000 | 7617 | 12328
E‘ SQ4b t 16 50 31+16 | 3116
S| soabtse 83:02 | 83:03
SQ4at 17 120 32410 309
SQ4t 18 65 2045 18t4

SG = Single grain measurement; TT= thermally transferred OSL; t = sample collected from top
of mapping unit; b = sample collected from base of mapping unit.

Unit SQ1 is the most elevated terrace in the Shehoret basin. SQ1 relicts are
found mostly on hilltops, tens of meters above the present active channels
overlying either Precambrian magmatic basement or Cambrian sandstone. The
sediments comprising this unit are predominately carbonate and chert pebbles.
The unit's relative maturity is indicated by its morphologic and pedogenic
features (Amit et al., 1993). The deposition age of the base of the unit and top
were found to be 526494 and 549+133 ka, respectively (Table 8). No contact
between unit SQ1 and the other mapping units was found.

Unit SQ2 is found about 20 m lower than unit SQ1. It was deposited on
Precambrian magmatic basement or Cambrian sandstone within elongated
channels. The lithologic composition of the unit is predominately carbonate and
chert pebbles. The unit’s morphologic and pedogenic features are well-
developed (Amit et al., 1993). The deposition age of the unit’s base and top
were dated to be 202+60 and 202+68 ka, respectively (Table 8).

Unit SQ3 is at the same level as unit SQ2. The unit's lithologic composition is
predominately magmatic pebbles derived from the tributaries to the south of the
main Shehoret channel. The units morphologic and pedogenic features are well-
developed (Amit et al., 1993). This unit was deposited simultaneously or shortly
after the deposition of unit SQ2 and shares similar depositional properties. Field
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relations, mainly inter-fingering between the two simultaneously deposited
units, enable to associate the ages of unit SQ3 with unit SQ2.

Unit SQ4 was deposited approximately 30 m below the top of units SQ2 and
SQ3. SQ4 was deposited on magmatic and sandstone bedrock. The lithologic
composition of the unit is predominately carbonate pebbles. The exposed
thickness of unit SQ4 reaches approximately 25 m, thus, in some places it
nearly reaches the top of the older units. OSL dating yielded an age of 123+28
ka for the deposition of the base of the unit (Fig. 19; Table 8). The OSL age of a
sediment horizon, approximately 15 m above the base yielded an age of 3049
ka, and the top-most sediments of unit SQ4 vyielded an age of 18t4 ka.
Therefore, overall the unit represents >100 ka of deposition. The unit’s
morphologic and pedogenic features are moderately-developed (Amit et al.,
1993). Following the deposition of the unit, four progressive down-cutting
episodes carved four inset surfaces that sculptured the current shape of the unit
(surfaces SQ4a, SQ4b, SQ4c and SQ4d; Fig. 19). Sediments, approximately 1
meter beneath the surface of SQ4b, yielded an OSL age of 8.3+0.3Kka.

Unit SQ5 consists primarily of magmatic clasts sourced from a channel that
drains the magmatic slopes south of the main active Shehoret canyon. SQ5 was
deposited on magmatic bedrock and partly upon unit SQ4. Depositional inter-
fingering between SQ5 and SQ4 indicate that the lower layers of SQ5 were
deposited simultaneously with the upper layers of SQ4. The upper layers of
SQ5 were deposited after the deposition of unit SQ4 ceased, as indicated by
sediments of unit SQ5 that deposited into SQ4 swales and surround QS4 bars
(Fig. 3). SQ5 morphologic and pedogenic features are poorly-developed (Amit
et al., 1993). Sub-unit SQ5a is a cut-terrace incised ~ 2m into SQ5. SQ5a
sediments yielded OSL ages that range between 3.4+1.4 and 6.2+0.8 ka (see
data from boulder pile #10 at stop #5).

Unit SQ6 is found approximately 2m above the active channel bed in the main
active channel. The unit lacks indications of morphologic or pedogenic time-
dependent developed (Fig. 19).
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Figure 19: (Top) Eastward view of the main active channel of the Shehoret basin and the
nearby terraces. OSL sampling locations are indicated by dots. Terraces SQ4c and SQ4d
are not seen from this viewpoint. (Bottom) Topographic cross section acr oss the main active
channel. Thelocation of the cross section isindicated on the photograph (B-B') and in figure
14. Scale - Dirt road is~4 m wide.

Concluding remarks

Drainage system evolution

The geomorphic evolution of the Zefunot basin indicates that during the late
Pleistocene - late Holocene fluvial configuration shifted southward. The
geomorphic evolution of the Shehoret basin indicates that during the late
Pleistocene - Holocene fluvial configuration shifted northward. Although

incision-aggradation cycles are controlled by changes in sediment supply and
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sediment transport capacities, spatial perturbations such as significant changes
in stream course and stream capture events are better explained by ongoing
tectonic deformation. Tectonic surface tilting appears to be the single process
that can explain all our observations. The observed southward migration of the
Zefunot and Amram basins may express the southward tilt of the Amram block
and the northward migration of the Shehoret basin may express the northward
tilt of the adjacent Roded block (Fig. 20). The combined observations may be
interpreted as resulting from compressional N-S tectonic deformation in the
region.

34°55'30"E 34°56'0"E 34°56'30"E 34°57'0"E 34°57'30"E 34°58'0"E

29°37'30"N 29°38'0"N 29°38'30"N 29°39'0"N 29°39'30"N

29°37'0"N

Roded O
Blocks

Figure 20: A geomorphic map of the research area. Hollow dashed arrows represent
surface tilt directions. Former flow directions indicated by dashed arrows. Active flow
directions by black arrows. The Pleistocene- Holocene surface tilt observed upon the
adjacent structural blocks can be explained by a compressional setting.
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Many of the DST deformational structures match the characteristics of the
simple shear mechanisms (Ron and Eyal, 1985). In a simple shear environment,
among other deformational features, folds will form normal to the maximum
contraction direction. The structural and geomorphic observations along the
western margin of the southern Arava fit this description. The formation of the
Amir syncline at the boundary between the Amram and Roded blocks, which
are confined between the Shlomo and the Arava faults (Fig. 1) is the result of
compression (Garfunkel, 1970; Beyth et al., 2012) and indicates that these
blocks have been converging as rigid bodies. Several processes affected the
Amir syncline: 1) the syncline continued to deepen due to ongoing compression,
and 2) the lower levels of the syncline were exhumed. The combined effect of
these processes brought the Amir syncline to its present geomorphic position in
which the lower levels of the syncline (Cretaceous sandstones and carbonate
rocks) are exposed and exhibit a tight fold. It is important to notice that as the
syncline was exhumed, the Amram stream incised across both limbs of the
syncline at a right angle to the syncline’s axis (Figure 6). As the DST stress
field is still maintained, the compressional fold continues developing and
deformation of hard and layered rock is occurring at the subsurface. At the
surface, the compression is manifested by surface tilting and the response of
fluvial systems to such tilting. It is reasonable to assume that earlier drainages
also responded to surface tilting as the Amir syncline was developing at the sub
surface.
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IR — NP 1O MW PPN 22270 1WA 2w MIANDNT 220N YW nw T
=277 79w MNNSNT YW 21w 0225w 2°TYINM 172 7NDK NAN 1907 AX1 1077 771m2
MO M7 1°2 2°0° DX 021 700 932 77177 21722 02 07h 2K 0nw 09D 2
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2O1PT DY W% A -3 071
Morag et al., 2011 ©WI92 DY YT 838 — 759 Ma U-Pb Zrn omppl>ra) ) Ridlalok irh)
V177077 (°57 0N
Morag et al., 2011 DOIPTT DY WIca 570 - 815 Ma U-Pb Zrn
[ehraloinlolBakhlehinl o]
Kolodner, 2007 B 71K + MO 530 - 840 Ma U-Pb Zrn .
Katz et al., 1998 (?) oromnvn ~700 Ma K/Ar Bio
Katzetal, 1998 | 177°2(T¥P0M22) M | a5 a5 Ma | K/Ar Bio
AMRA 97N VIR
Morag et al., 2011 arunn 614+4 Ma U-Pb Zrn SR
Katz et al., 1998 ars nLA 73012 Ma K/Ar Amp
61115 Ma
Morag et al., 2011 61246 Ma U-Pb Zrn
Katz et al., 1998 jafala}abyal 634+2 Ma U-Pb Zrn VT-PINP
Stein and Goldstein,
1996 630+4 Ma U-Pb Zrn
Morag et al., 2011 arun 642+5 Ma U-Pb Zrn 57D I3
Morag et al., 2011 o°V0 MNP 654 — 859 Ma U-Pb Zrn ©VIINIPN
Morag et al., 2011 arunn 844+7 Ma U-Pb Zrn P Mpa MizpIN
(v210p) T
Morag et al., 2011 algorabla] 599+6 Ma U-Pb Zrn mm’?pm
Morag et al., 2011 arunn 60745 Ma U-Pb Zrn ?wzﬁ:ﬂ?m
arunan 612+15 Ma . P2 MPPIR
Morag et al., 2011 (0ompoD) (2042 Ma) U-Pb Zm —
Morag et al., 2011 arunn 634+4 Ma U-Pb Zrn w*n:;::p:x
. , ) -091) 2571 PT
Katzir et al., 2007 arvnn 593+8 Ma U-Pb Zrn e
585+16 Ma
arunan ) M77) 0 P
Morag et al., 2011 (D’UD’WPT]OP) (669'\;;)'.999 U-Pb Zrn (Tb’x 17"1?3
Moragetal, 2012 | PTPTTTVUIERT 575 9197 Ma | U-Pbzm n 3P
Morag et al., 2012 “’”mg:m?“ | 593-2511Ma | U-PbZm |  oomnman
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7717 PY92 R pNvAuaT oabeme i1 mann

D7I0IATO-TUN D0 DD 7T P92 W RN PN AwnIn HMNRung 03951177
TV IPOIR PRI RO AT MNIDAN POV DMALAN 12NN OUHIRDD — 17D 1072
-NN D NHYA RRDH NAmMDn Mpna .017-N0% 990 P2 °Iud NHYa NPOIR-NN
SW 0P VN2 NOTYIN NI P92 LIV PWOAA W 072NN 2371 SDIMNALAT 71T PO
0173 DW 2PHDYIDND O3 DOV TN MUY 2112 L(PITIR — BAAOR) 1IPTADY PP
DINNT DW D°002EMD DI NIND 191 THRTARD + NP vYaAn NN P2 00
LINI0T 2077 5YA LIRS DY DOTYMY DMAUNT 0RpYONIPT TIN2 Dpnh 2pnn oanwn
Katz et al., 1998; Gutkin and Eyal, ) >mpni v1»°7077 23772 2™°Wn IKX¥IND 190
MYIXIN D2207MAT 9DMAWAN 0I2OMIPT Y02 DOWWANK 2w VDI MY Mmpna (1998
(4 MmN2 VD2 W) PLRIPIPN? 23772 MW TE? SURIPIRDA 25772 Y90

N1 °VODTID-IXIMP 20772 0PI LW XANTA 170w 2Pt Yw U-Pb noowa nen
now .(1 7720 ;Morag et al., 2011) wn 759 -5 838 12 2»7Mpnp 2°°3 Hw M
WODTID-1XIMNPIT 07247 RXINW T2 931 2»W0T 077 NPT 0 9V TYn 7apnaw v
MAWR2 OrLANAT 293 IR 197 D°3X7M) DIP7°TT YW WI20A7 9273 07 19K 0°9°3 012702 R
TWRINT 127702 AT W DR 3NN DN AN .0IRPT0N D PR IR DR I 07K
¥ (W ~760) N2 PRI 00T NPT 2w 10w 80 -2 — noIphnn myan
LDIN0AT VIR DY 191 02137 QX1 1107 BIANTON NYRPWIY NYIRKDO0IAT 9247 NP DR
WO W NIDPRT TN P NAIPYN WP YH0N 1A DWW ONPITIY 1110
Hf 5w 910187 297737 20 DIPRIR .AmTRa DwR YW IR DY MK 797 9190 1190
S0 Wi yara HE 5w oowexs 20000 ;eHf) 12°09K 957w 11n1 10w onpana
(3 7x ;Morag et al., 2011) +10.5 -7 +4 152 (A7 7A12 *V 7T WRAT WD IR
ONT — PO NP1 AN AMITPA NAIRPYNT NWRAY 70 BV 03701 002100 2000vn
DYO0IY 2% 72WN PEPOTIR OMT .NOUYN YD W IONTD 1A MK T NN
2P 12 HE 5w 901rR7 207977 9947 201 .AWTR 2172 ND0IN TR 1 7OWR YW T pona
MDY DV 0T 2°1P7T W 1PR? 2°ARIN TTI0 PI72 HW 990N 0O99MIPN Q1YY
.(Kolodner, 2007) w» 1000 -5 79 5w 201 2°p°ny 2°2° 03 IRXAI NN % OX ,N°R
530 290121 2R MR (Sr,Nd) nromIrR MMTYA 2°9mIN 198 MR eHty 2w
oy .(Stein and Goldstein, 1996 ;1982 ,°p0%»2 XPNT?) WNIRA "2-27W7 720 W
DY NRTAITAN NDLYAT YW 210X MWL NNNK PR Q%370 N2 0991317 00 L, NNT
PPNV NP 230N WD 1IN0 DY YD
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DR TXIANT IV AW 2VWRAR DOPHD MY LTTIM PIvan 2w 209ea gHf(t) 339w D U-Pb Y903 13 1R
SIXTNPA OOCIATR 2OWIVT TONPTT NIV LKBATA N2Y 2RI POV TN IR TIRNRT 903 9w eHf,
U- =7 5993 D12 203312 2577712 290723 D0 gH () 9590 97975 BOI3-1p91n 290D MPIeR 2910 SupeThD
Chauvel ;MORB % Lu-Hf "11n1 5""5y) nb791727 nouyn: M2y 3wmei 2957w 2mn — DM .anvw Pb
bw Lu-Hf "13n2 5"oy) “H°1217 21pn M2y 2w nnnenan amn — CC .(and Blichert-Toft, 2001

(Wedepohl, 1995 ;>nw=31 2195

SW 099 [N 2PN SWODTYD-IMPR 07T NNTA Dow iR Yw U-Pb nvwa TRona
640 — ,wn 720 — 740 -2 nypoy o3 MXap whw nanam ar anva .wrn 590 — 740
MPYRART 731202 92pnn 0993 Hw N2 91 199700 wR Lwen 590 — 620 -1 wrn 700
%1272 2°9°A7 ,7702 AR 19K 009 Hw anmynawn (10719 20w 2201 L, ;4 1K)
3 PMYAYA DYX 077 O9R OUM0T DOWIRIN DWW 090 MY WY INWRIT
DO3PN 19K DAY DAY NP2 DLIMTI R TPIWA AP 00T DONpTa
DOX2PR OPR O O9R LT 172 9¥902 YADW YDA IR TN 17T DOUITRIN
5239 0OM17 ,AN1°2 FYXA L NWUOWA AXIap2 20900 AT IR Ay AR 2°3 nnb pioon

(2 7InN2 VD) TTN VINT-PINP W 0 090
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PI52 D SDTMAVRAT BIYBRIPA SUODTID-IXINDT OWIAT NTMA BwRM bw U-Pb Y9 nuabenn 14 K
77

TTIN BINT-PANPY SDNNAVAT OOVDRIPT 193 YA 12 I

DNAAT 0329MIPY NI ("R 10-2 KW 9910 now) D1TA NOIPD 1T TN WIINT-PIp
a0 D177 PUIPDT R TN PP DW MWAN MOW N2 DR TN AT 0L LT D
THRPA%D L0 ,ATI22MT O TN WIT-PINPA 27w 200rna ORI minna
-yMp .90799-K -1 PpT L0PueR 190 D910 Dawnn 22901 (oR: LYY (PITIN)
N1ON ,W0AAT DT 2°07230 20 DPLIRD HYIDY CINTLE DI HYA KT T LT
Katz et) nwon o321 °127 5w (2731 9p°Y2) nomipn aysim 0PuRIPURDNT 22901000
DOXWDIT DOTHPIR-POR DONWIPD W AX1IPY W T LT-pp noeo L(al., 1998
Garfunkel,) 7T 982 0WH NOXmAn N MDY P2I-2W 1WA DY ON0XT 1PN TR
D°°UA1R I °°UA1P-V0ID 02172 037 19X 22117 .(1980; Be’eri-Shlevin et al., 2009
NPORA NMDPIR MMM WAPT-FINP2 NIAPRY NINMT AW9NT TIRODT .0MMmKn
TMIRK VAP 1T VIPT-PINPAY 2OEA (5 7IMN2 VIO IRI) MLDW 7131 SHYa 2PN
VNT-PINPI OW NIRRT nwn 2Rt Hw U-Pb aken nxr oy L(Katz et al., 1998)
T2y Papnaw AT 1YY XITw o4 (Morag et al., 2011) wrn ~612 Hw 2%
Morag et al.,) w'n ~635 — n?K V3173 NANT R DR DOIPHPOR-PYR WD
Garfunkel, 1980;) o>unrp-uow ovawnml wR ,(2011, Be’eri-Shlevin et al., 2009
.(Be’eri-Shlevin et al., 2009

T2 YNAT WA 2001 PMI% T 0 DWW 2217 MTNRA P2 770 2192 YW 11T 19002
mUWa 221 T IPR NPT DY P2 VAT DOVT-PINRT 90T 20Mnunn 0399mpn
NP QYO VAT MR TNRY 2702 7237 MAD HW 172 12 RIT 1900 1TAD WP
oM MIVP NNPRIR 2°99197 AW Y9I O9¥2 CHRM 25772 A0 yho W ovo o°an
oW (A" MWY) 2PN OO 2PNVONW 2PMT LNV T MY (20RI0 MOwY)
VP YIY P I9MRY 20T MR MR Do (3 MInn2 v1D ARD) CwenR Y0
VIT3 WO DX RXA1 T Y1V LT 00 D 2P0A-011T0 MTNN2 YA TIRY nnnan
av Yang OTR? T7IM02 *5MALAT 037919 2P0 TN "0 30-3 B mp Hya 0T v
T9P1A7DY YN 2w NPTIPRIR 20001 NPUIORMD AMLOPY ¥ K1 LINAT LOT-PIMPI
(1996 ,'23m1 y2) nOo13910 7100p0 MYYa

138




2016 NN TPONIYIN TINTINN NH2ANN DI

©I9129572RT 9213 :3 mamn

TIRD 2" MIRA TV MY QYT DOWMA T90MR DDA TN P12 YW 1129DK:T 9D
0PV DD PIW NP2 WINDNRT DTN LIT-PINPY 2DIN0NT DI20MIPN 172 VA
— PITIR) TOPYA?DY (A71921797) D1200RK M2 MID MIAdOWH 25717 WO PT 01DY
SW DOUPYYY O3 0N NMWAT AT CN9ID 2077 MYV MIPIPY MaowY L(1T13b
SW 1w 010 (0102 — YINTI?) OXHR TORIAYY JOPID DRI NP OKINN HORN
23 T2P1A7DR1 P12°0nKY (D112 99191 20Wn 132 AR R LWOAI 03 117 0IIONRT N7
5w NLAWA MPPIR MY DI MMPAA .77 IR UIPT-7IMPY 0I20ART P2 vann .Lora
D°DW DIWY ,TAIA ORI TIN DR NI NINRIY MTYNAT V1T PINRA CWI91200R Y90
01T PP DOMTA QORIAT WOAAT O3 OIONKRT DIDW? AT 2577 CHYa D7ORN
M7 ,0177-N9X 0990 PO R0 DOV TPINRODID C1an BIIDARD DOVIOW Nupna
Katz et al., .(1996 ,'23m y2) 7777 2w *5n0n 0p2OMIPa Po02 NP MR
Y90 TINT 270 WK D02 20772 MRA) DW TN LIIDNRT DT IR WD (1998)
PRI NPRH ROW POV ODMAVAT VIR 2RV TP YADI DMAVNT DI79MP
N3 VRENRT Y0N 1TI9IY 220nR Hw K/Ar nwa RN .20 nm 1A
,07% .(Katz et al., 1998) *1p w17 51muni 31K 2232 2wn1 WK wn 730112 5w 9
593 DR 3TP0 2MNAR WK L,000RA 21p12 U-Pb nuiwa ananxb nwyviw wen
929 11 137 1 3 .(Morag et al., 2011) wrn 61444 5w any YR X 01 TN

TR WD ANWR SN MPR OF TYAD MW 0 T-PINRT May Lapnaw

VIVRAIM :4 7N

oM - DD DOVPR2 MWV DWIXT D190 20T CDMAun YYD 13 1unn
Pon .(leucosome) omp? - 022 D°90n PYa MY M (melanosome)
Y9077 P21 .(Ne0SOMe) DINKI XIPI QMNP DIIPA DW NIPIXIY 377977 73°91) 12 Y901
QMM RIPI TTI0T AWAINT R? 121 DPIPRT NOOMIV/N00CWA 7700p0T IR nwnn
n7onn .(Johannes and Gupta, 1982) (paleosome) omx*® X (mesosome)
DI PR YO0 S nopon aona UMy HHa-7772 NNa0m 2mpARY oMutnt noatrna
TN MR MATINTA IRYIND PXVA 28N NPOIMAVA 777D 2w 2200 DI DX WX
777?122 Sw T pona L(Menhert, 1968) sommun nynt 72102 ¥902 0090rnn Y
LPPT-YINPA NI QY YaRD TIN0T PN POV DMALAT 037901 DUIUNIN DD
T2°2pn neNrd Sya (stromatic) 20wn DMK YW 712n CHYa PO DI DUuRNAI
Anenburg and) *v°%5 25772 D RRIND/VOW W DIMRITDA AP TARIDT NN
o wr R M ooan L(Katzir, 2014; Gutkin and Eyal, 1998; Katz et al., 1998
PRI M 650°C -5 Hw mmvionw awen Katz et al., (1998) ;mi5% nn 7172
PRI YP0 SW NPPRR AONT PWaR P°D0n MM 170 1R MNII0A0 °3 IR0 DN
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ompaa TooT90-K 97w By yooana Gutkin and Eyal, (1998) ,7xn .oon minoma
O NITNR2 AWYIY PIAITA DIAILD D L0IN0T W o002 IR IMPRY v’
mMvopy o wawn onw AR Anenburg and Katzir (2014) "y 77172 oowewnann
MMPAT AORNA RY¥AI MWK T90720-K HW namIRn 79%0m 2mIna Tl Ny 5y mTvnn
-2 5w DO 2°9°3 101 0URn Pw MRRNTA 2°0ura Hw K/Ar npwa 7R .ompnana
"y wrn 700 -3 Hw penyn an (Katz et al., 1998) wn 700 -1 wn 435 ,wn 535
TOOMT DW MW MIANT DMXTR DTV DN TWA arDMuAT 2% NROAXMD
U-Pb nvwa mxen .(Heimann et al., 1995) amixkn *2n0n 317°K 720m2 ((PErn ™))
Morag et al.,) w"n 570 — 815 5w nom ann 2°%°3 ML N1 DL LANATA D NPT W
oW ,wn 815 -5 wrn 750 12 v1 0w T 0IOR TNk N 2P nvi o°9oa (2011
VDT HW PR 2YD02 arLANAT 3 DR RIIT 9ID 2O OYUuT P
YIVRIT T2IN2W 19N ,AMRD NIDW TTINR DOAX1N NV DOPYRT DN TIWA L0070
o vHva @3 o7 W 720 -1 YR o3 Ohva @RI Do LPRPDI0ANAT IR D0
.(Hartmann and Santos, 2004) o»57mun 220p15 20w awnat 0.1-n 71 Th/U
PO L,ART MA? (5 1R) DMPN0IN TTIDMY KANTA POV LA 19X 2°PNPTT L0012
y¢n Garfunkel (1980) .17 :17°RD P17 993 312p% WHRA 1R D 1PYET 2901 D AT
mM?123 TMR? PPY2 DNYOIT TAD DY LMINT-PIMPY 200UURHT PR LI R N
Q17 WK LVARNA IRXAIY DV PP 08 DR 7207 O9R 9120 7710 R o

(W ~612) 1019977 NI AR
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TTI WINPT-PINP2 NPPIN 5 7N

PR I 7T LNT-PINR DU N0YOT TN INRNRT 00001 YRl DY rhyn phna
NP1 OR DODWY LIRNAT LT-PINPT ARNWAL WOA-PTY 0°70 Y0 91 PIvn Mpa
TR 0ID0A Y0 TIN2 K137 00N DDA YY0 A7 OR*NNT 297 nnn - "NPpIR" awsd
mMp YA 017 19X 291 QPTAR NN DI IR/ 1IPR A0 AWID NIV MYnRwn XYL
.0°0n D HY AW IR OPTIA 990-T772 IR 0T-pph o170 2RI 2Y0Ip0 T
5w U-Pb nuewa 71axen (6 71°KR) 2102 T°n0 oK 29w N 293 017 0ONR
(RO ANMV) 2T 2% 2937 ,7TN 212 2°001 DRI L0000 WD MN2RIRD DONPIT
;:Morag et al., 2011) wrn ~612 , 7777 L>PT-yIMPA N2 VWA MR 72pNIw A0
MWHY DPNVZO-1°0 DTN DV 2OYIR 137 12X MIPPIR 797 Twwna 9mn ar na (1 %2
o .(Katz et al., 1998 Rnx172) 19w A1132 2°IWPY SVM1T PP PVIPDT N2XA DX
DY 7YY TIWY 0 TRIVOINA 2UNHPH RN 2377 Y0¥ DNMYD-1°0 027 NMYRIR YW
Chen et al., 2009; Kemp et Xn3177) "217p 1P *nouyn Mpnn (Mnan) 0°on1 YW 2127y
IR TIRAT VIPT-PINPI MPIRTR 21T W DY 1w HE -7 00w L(al., 2007
Q1P W TONAAW PO LNRT OV MW 0 MR DY TR Wyn ,aar anva 1902
arwaMT 25w IR nRY wrn 200-2 P awnang aYRT Mowp 25wa (X 290313
Hf 50 510K 29777 Hva 73970 1P Mpnn TNINw MDEY awp ,ImRAT 19pIR-pIRn
Sw (~37 Ga) mom IRT D1 XA AT YW DRT L, NO0YNT 20 NTMYnwn 97210
WX SroBw DWIRA 2377M I 20770 005y (3 R) SLu axn ;R
TN DR W DPIHPYR-PYRP 2UNIPoT 172 Cuax wp uww Weissman et al. (2013)
1A DA 2WIOONR PR CYR0N DOWII0PI WD 3 IR LIN2 MYOMT MNYPIRD
NNR .OPRT MOWPR 25W2 NOLYAT YW 70072 11811 DAXYA TWRY ,NPIORYR-PIPT N
Morag) w"n 84417 Hw 9237 157810 (26 11°R) 0011 2112 DY TNE MOV NN2PIN
TOW VR Y202 1NPAY V0P N1TA 1R AT 7IpRaw 70 0¥ Toven 137 (et al., 2011
TIWINW N2 PRYA YOI DAY 121 RIT T YR0 LTOWI N0X YW 2nTpvan o0ahwh

R N2

2B 2IPITI NPIR BIMDANP 16 TN

TN 5w MN2ET 299910 TR IV TROWI MO RN 2NNRT 2025w
7T 00 00w 2192 1DWR1 WK 2°PAY 050N QU090 2OYI0 C23-2Y P01 T0-1IpM
Avigad and Gvirtzman 2009; Garfunkel,) 79°90 7PNRY nyanna YW AR 5y 1ovn
MM LA JNna M2 nravanton M .(1999; Weissbrod and Sneh, 2002
DUIRANPA YA Madn ,(Bentor, 1961) 'nR vmipanp' 29937 owa BRI o172
ON2°202 I9WT NPIANP-RIDT NNWNT 2377 DR AN D2OW 070 o0 ,0°0)

-IpoNa gnnn n2R MRa L(Gutkin and Eyal, 1998 ;1997 .19 ;2006 ,130) 72100
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Sw 0w Tana (1 A1R) 299nR-n7m 99957 DNPOW 0°12RTA2 POV AR 03T
MMINTA IR LROR T AR0W 77 WA DW 0MANTT MTNNAW AR RXA1 NPR UIM9AR
o°un 400 -5% a7omn v2w v a1 kA L(Bentor and Vroman, 1955) 717 pYoa Sw
7WOPYY YA TR HYA HH0 2100w XD IR D3 212°W1 °2°0RD BIMTANPA N23NA KO
P22 03 29910 IR ,n"0 1-10 Hw 910X DT Vb o 2R .QPWoRYR NN
MYOIOR OPPI0AY YOO S1aw3A WY 03 LR P2 TINWA 0p Iwnn .00 3-0 7Y W DT
m7Yn IR Mo .(Gutkin and Eyal, 1998 ;2006 ,330) 2v°7 79191 7710
,JAD) PMYnwn 997N 791 Mnona debris flow Sw mTroRa pva qwnann NTAaY
PNWNT DR D°2°07An 2°Y907 9on 2LIAAID XIXAY 3N 0°0A7 20oRLPa 172 (2006
25WH QW OVRIDR 2OPMT DY 2LINAID DY M2 IR 5910 ,72°202 NONanp-1I0n
P> 31 Rt oy L(Bentor, 1985) "211-°2w 720w 119¥2 INYA MINAT QIR
MNALXIW 0 DY 27U LIARANPA DT DR DOXINT 2MRD 21WIDR O°PT 190na
MIRAT QPPN 25w 270 N AWRINT 22UIRAR

%% WA N1 DR uIIAanpn ovvhmwT oonpat Sv U-Pb o noowa wen
760 — 880 -2 o>y oMo Caw oy Lwrn 590 -5 1000 1aw miva 0% RINIDIRDIN]
2D OMRT MNWR Sw arnnwet 25w Nk ovxenn (7 rR) wn 580 — 660 -1 wrn
wrn 920 — 1000 -2 7nmT 79902 TI0R DO AXIAR LTARNTR L N0RL-00IDN arnnNAT
oonni .(Morag et al., 2012) o»x mnwp DX 5w N D17R 25W NAXMN ROTW 19NM
S1IPYNT NN TOVI0T DO1PTT PW AT AUIWA TIRINA 192PNaY 2047 SN0 2017 19K
TOIN2 PR 0020w Hw mawnn oy yn 12T (Samuel et al., 2011) 102 MwinTo
NP1 gt 0Ty HW vhmng 0 O2-020Yn 7w DWW ONDRT phn MY
DR IR TOWR YW 09937 901210 CDIRT DY YR "API RYNI LIARANPAR 1770w
57 "HYa WA (wrn 1000 -n pPny) SRINVINDINGI-TID 7% OHYa 2Pt YW jup 1901
(7 A1R) POy MR MR RIRLNP Y 207vn (2°1p71 171 730 5) 0990w et
-T7D DR DWW 2ODOIPI0R IRXNAI DARANPY DTN 2UWIOTIT 2PTTIN TIRA
°37Y YHY2 DORIMIVIIDINCI 2ONPT 2w 7123 TR 191 (MEDIR 12 7101 2) 2RINIWINDIN
NPT 2232 ORNA2 wrn ~585 -9 yap1 P Hw 2 (MR 5 inn 5) 07%w eHt
WX W 59348 -5 YW a7 nX oXIn 1 73 .(Morag et al., 2011) 7oXinw v yen
Katzir et al.,) 7777 P92 2w >97mwnn 03292IP% NI 1T 0T P27 MaY 2apnn
PYT7AW 090 eHty 23Ty SHYaY 2P nYa 0L NP P YTAY Mworn (2007
IRA DOVTI MR DONPTT DY YR NDXNT QY NAWTNR PR 0RRANRaR 1A
PPIVA MIRINIT MTP2 R 1920 2P0 PR TN P20 L7900 LNPR 1Imanpa
eHt >3 *Hv2 IR/ DR NY DVOMPIOR NPT DY M TINXR .P1T Y AT 21
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Field trip 6:

Major unconformitiesin the stratigraphic succession in the
Timna-Eilat region and their relation to copper and
manganese miner alization cycles

Amit Segev
The Geological Survey of Israel
Introduction

This field trip in the Timna Valley (TV) — Eilat region aims to present some
highlights of the major exposed unconformities, such as: 1) the Early Cambrian
peneplain, which overlays the crystalline rocks of the Arabian-Nubian shield
(ANS) and underlies the Phanerozoic sedimentary succession (Fig. 3). It
expresses the late processes of collapse and crustal exhumation of the
Precambrian East African Orogeny (EAO); 2) the Early Cretaceous
unconformity between the Cambrian and the Early Cretaceous formations (Fig.
5) which expresses regional uplift, since ~140 Ma, and denudation associated
by magmatic\volcanic events; and 3) the Oligocene unconformity\ peneplain
which eroded Eocene until Precambrian rock units and was overlaid by
Miocene formations. This expresses regional uplift, since ~35 Ma, and
denudation that predated the continental breakup of the Afro-Arabian plate and
the formation of the Dead Sea transform (DST). In addition, copper and
manganese mineralization cycles related to the above mentioned unconformities
will be presented.

The field trip (station 1) starts in Mt. Yoash together with field trip 2
overlooking the Cambrian and Oligocene peneplains and the Middle Cambrian
Timna Fm. Our group travels to 5 stations in the TV (Fig. 1). This relatively
short tour guide supplies references for detailed geological information. General
geological information of the Eilat region for students, amateur geologists and
tourists are presented by Beyth and Calvo (2015).
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Figure 1. Geological map of the Timna Valley (Beyth et al., 1999) and the location of Early
Cretaceous volcanic eruption centers (red circles and name), subsurface basic intrusion (red
rectangle), station locations (Red numbers). Faults that delimit major structures are
emphasized by wide black lines. Seelegend on Figure 2.
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Geological Background

The western margins of the DST in the TV — Eilat region have a unique
geological appearance in Israel. The reason being that Precambrian
metamorphic and igneous rocks of the ANS are exposed combined with large
parts of the sedimentary succession. Since this region lies alongside a long
lasting (~20 Myr) active DST plate boundary, it has faulted intensively and has
a complicated structure. The metamorphic and igneous rocks of the ANS
represent several hundred Myr (ca. 780-640 Myr, after Kroner et al., 1990;
Kolodner, 2007) in the formation of the EAO (Garfunkel, 1980; Bentor, 1985;
Beyth et al., 1994; Stein and Goldstein, 1996; Katzir et al., 2007; Morag and
Avigad, 2010).

Extensional processes during post-Orogenic\ collisional tectonomagmatic
events caused orogenic collapse or lowering of the orogenic relief. These
processes took place ca. 635-580 Myr (Be'eri-Shlevin et al., 2009) and were
associated by emplacement of shallow plutons, dike swarms and formation of
local tectonic basins, as a result of extension and crustal thinning. Garfunkel
(1999) argued that

the processes removed the upper 8-12 km of the EAO, and Segev et al. (1999)
suggested that this disintegration of the EAO has similarities to the
disintegration of the Cordillera orogeny, in western North America, to the
Basins-and-ranges configuration, presumably by a lower mantle plume. Late
Precambrian volcano-sedimentary successions, such as the Eilat cgl., were
deposited within the tectonic basins during regional uplift, deep truncation and
peneplanation (Weissbrod and Sneh, 2002). These processes marked the final
cessation of the Neoproterozoic EAO. Dolerite dike, which intrudes the Timna
alkali granite and was eroded by the Cambrian denudation, yielded an Early
Cambrian Ar-Ar age of 532 Ma (Beyth and Heimann, 1999). It marks the end of
the first peneplain formation in our region and the transition to stable
continental crust of ~36 km in thickness. The relief of this peneplain in the TV-
Eilat area is ~200 m and the Cambrian sediments filled it by onlap relations
(Segev, 1986; Fig. 3).
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Figure2: General stratigraphy of the Timna Valley after Beyth et al. (1999).

Figure 3: The Precambrian-Early Cambrian flat peneplain above crystalline basement
rocksin the eastern side of the Arava Valley.
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Early Cambrian sedimentation began with Amudei Shelomo Fm., fluviatile sub-
arkosic sandstones and conglomerates (Karcz and Key, 1966) having dark-
brown silty-clay bed at the base. It conformably was overlain by the early
Middle Cambrian marine Timna Fm. (Fig. 2), which is exposed in several
localities in Israel and adjacent lands: Timna Valley, Har Amram, Shehoret and
Roded regions, Ras en Nagb, Sinai (Blake, 1936; Bentor, 1952; Garfunkel,
1970; Segev, 1986). An equivalent section was also described from Feinan in
the south of Jordan to the northern part of the Dead Sea (Bender, 1968, 1974,
Bigot, 1981). The Timna Fm. is exposed in two lagoonal basins, the northern
Timna and the southern Eilat separated by east-west trending Har Amram — Har
Neshef ridge (Fig. 4; Segev, 1984). The Timna Fm. in the Eilat basin is
undivided alternation of dolostone, stromatolitic limestone (Segev, 1986),
sandstone (some with siliciclastic stromatolites, after Soudry and Weissbrod,
1995) and shale.

In the TV, Segev (1986) divided the Timna Fm. into two members: the lower
Hakhlil Mbr., built mainly of siltstone, sandstone and sandy dolomite, and the
upper Sasgon Mbr., consisting of three lithofacies: Dolomitic and Sandy, which
have lateral relationships, and Shaly on top of both previous lithofacies (these
complicated relationships will be discussed later).

The continental, Middle Cambrian sub-arkosic sandstone and siltstone of the
Shehoret Fm. overlie this marine unit. It was divided into three members
(Weissbrod, 2005) of which only the lower one 25-40 m thick is preserved in the
TV, during the Early Cretaceous truncation. Deeper erosion, down to the lower
Shehoret Mbr. at the TV (Fig. 5), and not as close to Eilat, down to the Netafim
Fm. (Segev and Beyth, 1983) is typified by the Aptian regional unconformity
(Fig. 2,6). The latter unconformity is the second one during the Early
Cretaceous (Segev, 2009; Fig. 7), by which differentially previous stratigraphic
successions were eroded (Segev et al., 2005; Fig 6).
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Figure 4: Paleogeography of the marine Cambrian after structural reconstruction of the
DST (after Segev, 1984).

Figure 5. The horizontal Early Cretaceous (Aptian) unconformity between the lower
member (Multicoloured) of the Middle Cambrian Shehoret Fm., at the base (pink color -1),
and the Early Cretaceous Amir Fm. on top (cream patina-2). The 'Saves Hill', Timna
Valley.
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Lower Cretaceous Amir, Avrona, and Samar formations unconformably overly
the Cambrian formations (Weissbrod, 2005; Fig. 5). The Amir Fm. isa ~40 m
thick white friable, fine to mediun-grain quartz kaolinitic sandstone with marine
trace fossils, burrows and tidal channels with unconformable contact at the top,
with the Avrona Fm. (Weissbrod and Sneh, 1997). Its age is about Early Aptian
(Fig. 6). The Avrona Fm. consists of medium to coarse-grained massive
sandstones with quartz pebbles (5-10 mm in diameter) close to its base. It is
about a 60 m thick formation characterized by gray rounded cliffs and large-
scale cross bedding. Metallic mineralizations were found with plant debris
scattered in a bed, to be described later.

In the northern TV the Cambrian formations and the Early Cretaceous Amir and
Avrona formations are cut by a basaltic plug (Beyth and Segev, 1983) and
funnel-shaped vents with volcaniclastic fill (Barak Fm., of Weissbrod et al.,
1990).

The Albian Samar Fm. (Fig. 6), which overly the volcaniclastic diatreme,
consists of alternations of fine to medium- grain quartz sandstone and clay beds
(lateritic). In the TV this ~150 m thick rock unit forms soft geomorphological
outcrops below the carbonate cliffs of the Cenomanian Judea Group. The above
mentioned Early Cretaceous unconformities, associated with tectonomagmatic
processes, were related by Segev (2000, 2002, 2009) to a lower mantle plume
activity.

Since the Early Cenomanian, the Tethys Ocean transgressed over the Afro-
Arabian continent, including the Timna-Eilat region, and deposited a thick
series of platform, mainly carbonates and siliciclastic rocks (Judea and Mount
Scopus groups), which build the upper part of the escarpment surrounding the
TV (Figs. 1,2).

Very few outcrops of the Avedat Gr. appear within deep grabens (such as
Raham, south of TV, and Shelomo-Taba near Eilat) below the Oligocene
truncation surface (RTS; Avni et al., 2012), or peneplain. According to the latter
authors, the RTS separates two main stratigraphic divisions: (a) middle Eocene—
early Oligocene pre-rift clastics preserved below the regional truncation surface
(Fig. 9); and (b) late Oligocene—Holocene Red Sea Supergroup deposited after
the RTS.
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Figure 6: Correlation between the Early Cretaceous lithostratigraphic units in southern
Israel (after Segev et al., 2005). The fossil-bearing marine intercalations and the
radiometrically dated Ramon Volcanics provide reliable chronostratigraphic markersin an
otherwise barren continental siliciclastic sequence.
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Figure 7: Correlation between Cretaceous lithostratigraphic units in southern, central and
northern Isradl (after Segev, 2009).

A g R r.‘:- o SR, v
Figure 8: The southern outcrop of the volcaniclastic rock units (gray cliff) filling volcanic
diatreme above the Avrona Fm. (A) massive sandstone and below the Samar Fm. (B), at the

Tamar site, NW Timna Valley (Fig. 1). The four numbered lithofacies is described in route
station 5.
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Figure 9: Geological map representing
the stratigraphic units exposed by the
RTS after structural reconstruction of
the DST (after Avni et al., 2012).
Numbers (in m) represent the
cumulative thickness of rock sequence
eroded by the RTS (geological map after
Sneh et al., 2000; detailed explanations
in Avni et al., 2012, and Avni, this
volume).
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Figure 10: Schematic N-S geological cross section showing intersection between the RTS
and the hard rocks of the crystalline basement [1], the Upper Cretaceous [2] and the Eocene
[3] carbonate rocks (the numbers are explained in Fig. 9).
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About 1500m succession (from Cambrian to Eocene) was eroded during the
formation of the RTS in the Eilat-Timna area (Garfunkel, 1970; Eyal, 1973),
and the questions how and when it happens were discussed in detail by Avni et
al. (2012). The reconstructed RTS and its subcrop map (Figs. 9, 10) by the latter
authors shed new light on the initial stages of the Afro-Arabian breakup,
indicating two principal phases: (1) an Oligocene slow crustal doming (Fig.
11A), with reactivation of preexisting faults and the development of the RTS,
all triggered by the upwelling of the Afar plume; and (2) late Oligocene—early
Miocene rifting of the Red Sea and Suez rift (Fig. 11B), which refaulted the
region, including the initiation of the DST along a preexisting suture line. This
two-stage model indicates the mutual genetic relationship between the early
Oligocene phase of tectonic development following the penetration of the Afar
plume and the post-Oligocene rifting and continental breakup of the Afro-
Arabian continent.
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Figure 11: A conceptual model for the mor photectonic evolution of the Afar-L evant region:
(A) in the early-middle Oligocene, during the development of the regional truncation
surface (RTS) (modified after Cloos, 1953); and (B) the present configuration.
Downfaulted blocks, or grabens (Fig. 9) preserved the upper part of the
stratigraphic column, e.g., the top Eocene formations and conglomerates of the
Eocene-Early Oligocene Themed clastics and the Mahatardi Conglomerate,
both deposited prior to the Oligocene formation of the RTS (Avni et al., 2012).
Most of these grabens are located along major border faults of the Suez rift and
the DST, indicating their preexistence and their activity in the early middle
Oligocene. Most of these blocks continued to subside after formation of the
RTS. This is indicated by the thick Miocene sediments that were deposited and
preserved on top of most of these blocks (additional information available in
Tour 2b by Avni, this volume).
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TimnaValley - Structure

The TV, 9x10 km in size, is a semi-crater shaped valley, truncated in the east by
the DST and surrounded by a 500-m-high sedimentary sequence of Cambrian
and Cretaceous age (Figs. 1, 2). The core of the TV is the elevated, pentagon
shape, structural block of Mt. (Har) Timna (5x3 km in size, 453m a.s.l; Fig. 13)
consisting of a shallow intrusive complex of Neoproterozoic age, which is the
northernmost tip of the ANS (Shpitzer et al., 1991; Beyth et al., 1994). Segev
and Beyth (1983, 1986) and Beyth et al. (1999) studied the geology and mapped
the TV (Fig. 1).
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Figure 12: Schematic E-W geological profile acrossthe Timna Valley.
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The Tertiary—Recent DST, a sinistral strike-slip fault system of about 100 km
(e.g., Freund et al., 1970; Garfunkel, 1981) was formed by the breakup of the
once-continuous Arabian—African continent. Using the Paleogeography of the
marine Cambrian rock units on both sides of the DST enabled Segev (1984) to
suggest a structural reconstruction of the DST in southern Israel and SW Jordan
(Fig. 4). It shows that the left lateral plate boundary there acts along two major
faults, the Dead Sea (~80 km motion) and Feinan (~15 km motion). Recently,
Beyth et al. (2014) used the same rationale, but with dike marker, and suggested
~85 km motion along the DST. Moreover, geophysical study of the Gulf of
Eilat/Agaba led Segev et al. (2012) to suggest a possible continuation of the
Feinan (or Humeima) fault toward the south as part of the Dahab strike-slip
fault. The latter fault crosses the Gulf of Eilat and may act as parallel strike-slip
fault to the DST. East from the TV the DST formed a deep basin fill by
approximately 1700 m of clastic sediments (Segev et al., 1999). An intensive
network of faults and joints, whose dominant direction is NW-SE, crosses the
studied area (Fig. 1).
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Figure 13: Perspective block diagram illustrating the general pattern of faulting in the
TV (after Segev, 1986).
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Early Cretaceousigneous activity

An airborne-detected magnetic anomaly (Har Mikhrot; Fig. 14), followed by a

ground-based magnetometric survey (Segev et al., 1995a), is suggested to be
caused by an elongated (15 by 2 km) shallow, E-W-trending gabbroic intrusion
(Figs. 1,14), at 600 m depth. A 3-D magnetic modeling by these authors
suggest that the intrusion is mostly emplaced in the upper part of the crystalline
basement, but in places reaches the unconformity at the top of the Precambrian
basement. Some of its apophyses were intruded into the sediments just above
the unconformity, while others breached the surface as violent explosions.

CAMBRIAN I

1

Figure 14: Magnetic intensity map of northern Timna Valley showing volcanic sites and
ground-based profiles (after Segev et al., 1995a). Dotted lines are discontinuous readings;
solid lines are continuous records (grid spacing 100x100 m). Note disturbance of the
magnetic field near the volcaniclastic sites. The modeled subsurface basic intrusion (red
rectangle) ismarked alsoin Fig. 1.
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Figure 15: Stages in development of the volcaniclastic vents in the Timna Valley (after
Weissbrod and Segev, 2003).
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According to Weissbrod and Segev (2003), these vents (diatremes) filled with
volcaniclastic breccia are the result of an ascending gabbroic intrusion
interacting with groundwater, breaching the surface atop the Avrona Fm. The
volcaniclastic fill consists of heterogeneous fall-back tephra and epiclastic
debris of partly altered volcanic and sedimentary clasts of various sizes (Figs.
8,15). Ar-Ar and K-Ar analyses of 3 biotite xenocrysts and one hornblendite
xenolith from the Tamar vent yield an average age of 108.4 + 1.7 Ma (Early
Albian).

Neogene fracturing and hydrothermal activity

The Timna Fm. in the TV was previously divided into four units (Bentor, 1952),
which Bartura (1966) defined as (lower to upper): Hakhlil, Nimra, Nehushtan,
and Mikhrot formations. It was considered that they were deposited at different
times. Segev (1986) united these three upper units into one Sasgon Mbr.,
composed of 3 different lithofacies: dolomitic, sandy, and shaly. The Timna
Fm. outcrops in the TV are intensively faulted, being adjacent to the DST. The
Sasgon Mbr. displays complicated lithofacies relationships, which include
lateral changes from manganoan sandy dolomites (2-6% Mn within the
dolomite lactic) into sandstones (rich in Mn oxides) within very short distances
(Fig. 16). The distribution of the sandy lithofacies is not random; instead it
develops along linear features which were shown to be related to the joint and
fault systems in the area (Figs. 17,18).

These lithological variations are accompanied by drastic thickness changes, the
sandy lithofacies being thinner by a factor of 2-3 relative to the dolomitic
lithofacies. The transitional areas between the two lithofacies are characterized
by abundant deformational features, such as steeply inclined strata, rotated
blocks and collapsed structures. These observations led to the view that the
sandy lithofacies was the result of differential dissolution (karstification). The
close association between the sandy lithofacies and the fracturing pattern
establishes an epigenetic origin for this dissolution. The structural analysis of
the area suggests that the intensive fracturing and hence, the discerned
epigenetic dissolution, are of Neogene age.

Kohn and Weissbrod (1993) used fission tracks in authigenic apatite to date the

hydrothermal event at 13-15 Ma, and to relate it to early stages of Dead Sea
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rifting. Paleomagnetic studies (Marco et al., 1993) suggest that epigenetic
hydrothermal events of Miocene age, affected most of the Precambrian Mount
Timna igneous complex (PIC) during a relatively short (~1 Myr) period.
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Figure 16: Schematic representation of the lithofacies relationships in the Sasgon Mbr.
(after Segev, 1986).

Beyth et al., 1997 use oxygen isotopes to evaluate the extent and nature of the
alteration that affected the PIC. They suggest that alteration occurred at ~260°C
by a hydrothermal fluid from the surrounding sedimentary rocks, which
probably were a source and conduit for basinal brines of such isotopic
composition.

To sum up: there is broad agreement, between the above mentioned
multidisciplinial studies that a large part of the Precambrian and Cambrian rock
units in the TV were highly influenced by hydrothermal fluids mainly during
the Neogene. The intensive fracturing of the TV, on the DST margin, as
demonstrated in Figs. 17,18 constitutes favorite conditions for such
hydrothermal activity.
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Figure 17: Air photograph of the Step-fault region, western TV, displaying the variousrock
units and main faults. Note the correspondence between the dir ection of closely spaced
parallel faultsand a seriesof linear ridges and trenches, designated D and Sfor dolomitic
and sandy lithofacies (see next fig. 18) respectively. €la =Amudei Shelomo Fm.; €lt=Timna
Fm.; €ms =Shehoret Fm.; Klam=Amir Fm.; Q=Alluvium (after Segev and Sass, 1989b).
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Figure 18: Schematic relations between the various lithofacies in the Sasgon
Mbr., Step-fault site (coord. 1439/9085 (from Segev, 1986).
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Copper and Manganese miner alization cycles

Copper mineralization in the area was found from the Precambrian igneous
complex through the Cambrian rock units, and up to the Lower Cretaceous
sandstones.

Metallic Mineralization cycle 1 — in the Precambrian | gneous Complex

Zlatkin and Wurzburger (1957) reported the presence of copper sulphide
(chalcocite- Cu,S) and silicate (chrysocolla-CuSiO3x2H,0) in rocks close to the
contact with the Paleozoic sedimentary rocks. They suggested that this copper
accumulation may have originated by Cu-rich solutions from chalcocite-bearing
sediments. Wurzburger (1970) reported the presence of Cu-sulphide assemblage
in various igneous rocks in Mount Timna. In addition he found latter Cu mineral
assemblage of Paratacamite (Cu[OH]sCl) Malachite (Cu[COs][OH].) and
chrysocolla. The latter author suggested hypogene origin (ascending
hydrothermal solutions) for the sulfidic assemblage that was followed by lower
temperature hydrothermal activity in oxidized conditions.

Sulfidic copper ores (chalcopyrite-chalcocite-covellite) were found in the late
Precambrian volcanic (andesitic to rhyolitic) rocks in Jordan, mainly Wadi Abu
Khusheiba and Wadi Abu Arga (Burgath et al., 1984). This primary copper
mineral assemblage appears with cuprite (Cu,O)-tenorite (CuO)-malachite and
chrysocolla secondary copper mineral assemblage. These authors assumed
primary copper sulphide mineralization within the volcanic rocks (Fig. 19).

The described primary copper mineralization hosted by PIC rocks demonstrates
the spatial existence of copper, and most likely manganese, within various
regions of the crystalline basement. The truncation of these regions by the
peneplanation processes causes leaching and transportation of the eroded
materials, including enriched metals, to the close by sedimentary basins (Fig. 4).

Copper and manganese Mineralization cycle 2 — hosted by the dolomitic
lithofacies, Sasgon Mbr., Timna Fm. and the white M br. of Shehoret Fm.

Small nodules\spherules (up to 20 mm long) consisting of primary copper
sulfide with oxidized rim were found within hard sandy dolomites of the Timna
Fm., TV (Segev, 1986; Segev and Sass, 1989). However, all dolostones in the

TV contain anomalous high copper values (averaging 0.06% Cu; Fig. 20B),
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whereas few sandy dolomite horizons host syn-sedimentary copper
mineralization. They occur as greenish beds 13-100 cm thick with copper
content, predominantly Paratacamite laminae and veins, ranging between 0.22%
and 1.77% (Segev, 1986, 1992; Fig. 20A). These cupriferous dolostones ("pre-
dolomitic copper horizon™ of Bentor, 1952) were found in many of the well-
preserved dolomitic lithofacies outcrops throughout the TV.

-N- -S-

(~505 Ma) | |

Middle Cambrian
sandstones

Cycle 2 - Syn-sedimentary Rhyolite &

copper volcaniclastics _ . Cycle2

Middle Cambrian Manganoan dolomite

marine sediments e
—————————————————— Early Cambrian s.s.

(~513 Ma)
Precambrian
(>545 Ma)

syenite Rhyolite

Cycle 1 - Primary Precambrian Cu
Cycle 1 - Primary Precambrian Cu Y g

Figure 19: Schematic illustration depicts the first and the second copper mineralization
cycles in southern Israedl and SW Jordan. The first primary Precambrian copper
accumulations within igneous and volcanic rocks have been exposed by the peneplain
surface. During the Cambrian marine ingression, the eroded metals were transported
and deposited within the carbonate sediments (syn-sedimentary copper deposit) of the
Timna Fm. and the marine white sandstone of the Shehoret Fm. middle member.
According to Shlomovitch et al. (1999), the primary copper sulfide minerals are
djurleite (Cus.93S) and covellite (CuS) with minor chalcocite (Cuz-1.3S), digenite
and anilite, randomly dispersed in the dolomitic lithofacies. These authors
reported 5%S of -14%o which are consistent with sulfides formation by reduction
of marine sulfate. Later evolution of the sulfides includes their replacement by
malachite followed by the development of paratacamite as veins arising from
the altered sulfides. The malachite alteration stage represents a change to
oxidizing conditions; paratacamite develops with a decrease in pH and in the
presence of chloride ion, which allows the development of stable aqueous
copper chloride complexes. Segev and Sass (1989b) suggested that the initial
copper sulfides mineralization took place in reduction bottom marine
environment that was probably due to the presence of organic matter in algal
mats (Fig. 19). All the sandy dolomites in the TV contain 2-6% Mn within the
dolomite lattice (Segev, 1986), and Mn-oxides appear commonly where the
dolomite is epigenetically altered. Manganese nodules appear in various shapes
and sizes within alteration product of the fresh dolostones.
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Figure 20: (A) About 15 cm thick bedded sandy dolomite rich with green paratacamite
laminae and veins. This horizon contain ~1.7% Cu; (B) Two copper sulfide spherulesin the
dolomite (from Shlomovitch et al., 1999), (A) is a metallic gray Cu sulfide surrounded by a
green envelope of paratacamite. The green spherule (B) is composed mainly of malachite
and par atacamite, which replaced the original Cu sulfide.

According to Brown (1992) and others, general genetic model of Sediment-
hosted Stratiform Cu deposits (SSC) contains igneous basement Cu-bearing
(primary) source rock, clastic copper-bearing red beds unit above it, which
consist of the weathering products of the magmatic basement (such as the Amudei
Shelomo Fm.), and a carbonate/shale unit that acts as the trap for the copper.
However, no Cu-bearing sandstones were found yet below the Timna Fm. in the
TV, and the Cu-bearing dolostones represent syn-sedimentary Cu deposit,
which is only one type among the SSC.

Copper Mineralization hosted by the middle, white M br. of Shehoret Fm.

Along this field trip we shall not see outcrops of this copper mineralization.
Nodules of copper sulfides, which were mainly altered to cuprite (Cu20) and
malachite, in horizontal layers 2-10 cm thick and several meters long were
described near Nahal Shehoret by Weissbrod and Sneh (1992), closely
associated with scolithos remnants. The same sites are also enriched by
manganese oxides as impregnations within the white sandstones of the middle,
white Mbr. of Shehoret Fm. Similar occurrences were reported in SW Jordan
(mainly Wadi Abu Khusheiba) by Bender (1998) and Basta and Sunna (1972).
Lillich (1963) described this stratiform Cu ore parallel to the bedding, running
more than a few kilometers, as unrelated to the structure, and suggested syn-
sedimentary precipitation of Cu-sulfides, in distinct horizons where anaerobic
conditions prevailed (Fig. 19). Therefore, the erosion of the Cu-bearing
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basement rocks in the very close vicinity during this Marine ingression supplied
the Cu to the Abu Khusheiba and Shehoret regions. Although several different
and contradicted models tried to explain this copper mineralization, its
occurrences strongly support Lillich's explanation of syn-sedimentary origin.

Copper Mineralization cycle 3 — within the Lower Cretaceous Kurnub
Group

This Copper mineralization occurs mainly close to the base of the Lower
Cretaceous Avrona Fm. (up to ~15 m), and to a lesser extent at the top of Amir
Fm. Within the Avrona Fm., the amount of Cu decreases upward and occurs in
three types of copper mineralization (Keidar, 1984): (a) replacement of plant
debris; (b) concentrations and nodules (Fig. 21); and (c) impregnation and
cementation of sandstones. These Cu accumulations are distributed from the
region of Tamar Site in the northern TV (Fig. 1) toward the south, to the Eilat
area (Segev et al., 1992) and southward. The original Cu-sulphide concretions
were frequently oxidized at their margins forming rims of malachite and
paratacamite minerals (Fig. 21). The Cu impregnations and cements are
predominantly composed of malachite, which replaces the original kaolinitic
cement. The majority of the ancient copper exploitation works were carried out
along the contact between the Avrona and Amir formations (Rothenberg, 1988).

Keidar (1984) suggested an epigenetic model for these Cu and Fe
mineralizations in which the Cu was dissolved from the PIC and the Timna Fm.
It was transported mainly as chloride complexes, and precipitated in the Avrona
Fm. as a result of reduction conditions caused by disintegration of plant
materials which created the required reducing conditions and supplied the
sulphide ion. Later on, most of the Cu-sulfide was replaced by malachite and
paratacamite by supergene
processes.

Figure 21: A hand specimen of a
Cu-sulphide concretion  (dark
gray) from the Lower Cretaceous
sandstone. Note that the green rim
consists of  malachite and
paratacamite minerals replacing
the Cu-sulphide minerals (from
Asad et al., 2012).
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Figure 22: Schematic illustration depicting thefirst, second and the third copper
mineralization cyclesin southern Israel. Thethird cyclewasfound only in Isradl, asalso the
Early Cretaceous igneous activity.

New studies of the igneous\volcanic activity in the northern TV (Figs. 1,14,15;
Beyth and Segev, 1983; Weissbrod et al., 1990) led Segev et al. (1992) to
suggest genetic relations between this volcanic activity and the Cu
mineralization within the Avrona and Amir Fms, namely hydrothermal activity
due to heating of the groundwater by the shallow Early Cretaceous basic
intrusion (Fig. 22) emplaced below Har Mikhrot region. Direct support of this
model came from K-Ar dating of Mn nodules hosted by the Sasgon Mbr. Sandy
and Shaly lithofacies (Segev et al., 1995b) in Har Mikhrot region. Type-1
nodules, which consist of massive, well-crystallized hollandite (Ba.:MnsO:s)
and pyrolusite (MnQ;) yielded a calculated Early Cretaceous age of 112+11 Ma,
which is within the error range of the volcanic event Ar-Ar age (108.4+1.7 Ma,;
Weissbrod and Segev, 2003).

The mineralization genetic models of Keidar (1984) and Segev et al. (1992),
supported by isotopic studies of Asael et al. (2012), suggested copper-bearing
solutions originating in the Timna Valley Cambrian rocks. Later on, the
solutions moved freely through the Lower Cretaceous sandstones, where the
organic matter decay and bacterial sulphate reduction, locally influenced redox
conditions at the site of Cu concretion formation.

Copper Mineralization cycle 3— Timna Fm-hosted Stratiform Cu deposits

The explanation of this copper and manganese mineralization follows the
chapter: "Neogene fracturing and hydrothermal activity", since the entire
oxidized metallic dissolution, remobilization and precipitation is directly
connected to the epigenetic (mainly of Neogene times) dissolution/
karstification of the Sasgon Mbr's dolomitic lithofacies (Segev, 1986; Segev and

175



2016 NN TPORIYIN PN NIAND DI

Sass, 1989a,b). As mentioned, part of these processes in the northern TV, are
related to the Early Cretaceous magmatism associated by hydrothermal activity.
Stratabound, or sediment-hosted stratiform Copper mineralization (ore deposit)
is largely accumulated within the residual sandstone unit and the shales of the
Sasgon Mbr., as well as within the base of the overlaying Shehoret Fm. (Fig.
16). This mineralization type forms the mineable Cu ore in TV in modern times
(Figs. 23,24). The economic ore is 4-8m thick with an average Cu content of
1.1-1.5% (Barski, 1978). Intensive prospection works for copper of this type
was carried out from the 1950s (Bentor, 1952; Bartura and Wurzburger, 1974),
and Cu exploitation was carried out between 1958 and 1983.

Figure 23: The northern side of open pit "J*: (1) Sandy Figure 24: Round and elliptic-
lithofacies; (2) Shaly lithofacies rich with veins of copper ~ shaped dark, ocean- and midnight-
silicates; (3) Relict of dolomitic lithofacies; (4) Shehoret Fm.  blue-colored plancheite surrounded
red sandstone with lateral transition to the top Sasgon Mbr. by pale- to-sky-blue chrysocolla in
and (5) Alluvium sediments. the sandy lithofacies (after
Shlomovitch et al., 1999).

Due to the economic potential of copper mineralization, it was the subject of
several researches from the late 1950s (e.g., McLoad, 1959; Bartura, 1966;
Milton, 1966; Bartura and Wirtzburger, 1974; Bartura and Gross, 1966).
Uranium exploration works and detailed studies renewed since the 1980s
(Segev and Beyth, 1983; Ayalon et al., 1985; Segev and Beyth, 1986; Bar
Matthews, 1986, 1987; Segev, 1986; Segev and Sass, 1989a,b; Bar-Matthews
and Matthews, 1990; Segev, 1992; Shlomovitch et al., 1999).

Shlomovitch et al. (1999) suggested that the first copper mineral to form in the

Sandy and Shaly lithofacies is chrysocolla (Cu.xSiOs)(0H)s yH-0), which is

formed by the dissolution of precursor silicate minerals (quartz, clays,

feldspars). The chrysocolla subsequently evolves into plancheite
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Cus(Sis011)2(0H)2-yH,0) (Fig. 24), pseudomalachite (Cus(OH)4P04) and
dioptase (CuSiOs-H20). Thermodynamic calculation indicates that copper
silicate formation was brought about by a decrease in pH and/or increase in aCu
and is thus consistent with the evidence for epigenesis in the Sasgon Mbr.
(Shlomovitch et al., 1999).

Most of the early studies suggest that the source for copper was the erosion of
adjacent Precambrian rocks, and that deposition within the clastic rocks
occurred through stratiform syngenetic sedimentation in lagoons (Bentor, 1956;
Wurzburger, 1970; Bartura and Wurzburger, 1974). Veins cutting through the
strata were considered to have been formed by epigenetic processes. However,
Segev and Sass (1989a, b) suggested that both the stratiform and the veins
within the clastic sediments (mainly residual sandstone) are epigenetic in origin
(Fig. 25). On the other hand, Bar-Matthews (1986, 1987) and Bar-Matthews and
Matthews (1990) proposed that the stratiform copper and manganese ores,
mainly within the residual sandstone, were deposited under oxidizing conditions
during diagenensis. This proposal negates the conclusion of epigenetic origin
for most of the clastic host-rocks (Segev and Sass, 1989a,b).

Late Cretaceous
carbonate rocks

Early Cretaceous

sandstones | 108 Ma |
/Avrona Fm
(~115 m.y.) Amir Fm
—— ——
(=505 m.y.) e

Middle Cambrian
sandstones

Middle Cambrian ™\

Timna Fm.

Precambrian
igneous rocks

Neogenzgiy‘;iitr;thermal Ealy Cretacscis
basic intrusions
Figure 25: Schematic illustration depicted the first (1), second (2), third (3) and fourth (4)
Cu mineralization cycles in southern Israel. The karstification associated with metallic
remobilization and deposition of the fourth cycle typifies only the Israeli Cu mineralization
within the Timna Fm.

Shlomovitch et al. (1999) concluded that the main copper mineralization,
following paragenetic order of: chrysocolla, plancheite, pseudomalachite, and
dioptase, are concentrated within the sandy and shaly lithofacies, and represent
epigenetic secondary copper mineral assemblage.
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Manganese and phosphate mineralization in the same clastic units of the
Timna Fm. appear mainly as cement, forming laminated Mn-rich residual
sandstones with average Mn content of 2.83%. In some of the Mn nodules, the
Mn content reaches 49%. Similarly, the P content usually ranges from 0 to 5%,
whereas in several phosphorite concretions the P,Os reaches more than 30%. In
several sites uranium enrichments (up to 4000 ppm) were found within some of
the manganese and\or the phosphorite assemblages (Bar-Matthews, 1986; Segev,
1986).

Various types of Mn nodules were reported almost exclusively around Har
Mikhrot (Bentor, 1952; Magaritz, 1969; Bar-Matthews, 1986, 1987; Segev,
1986; Segev et al., 1995b). These nodules vary in size (1-30 cm) and shape and
were classified in two groups, according to their mineralogy and chemical
composition (Bar-Matthews, 1987). Type A Mn nodules consist of alternating
20 mm wide pyrolusite (MnO) and hollandite (Ba: 2MngOs¢) laminae, with 30
to 50% quartz and feldspar grains, whereas type B Mn nodules mainly comprise
of coronadite (Pb:2MngO16) and hollandite—coronadite solid solutions. Type A
nodules are rare and Bar-Matthews (1987) and Bar-Matthews and Matthews
(1990) showed their transformation to type B. The main Mn minerals within the
sandy lithofacies cement are cryptomelane (Ki-15MngOis) with minor
pyrolusite, hollandite and coronadite. Calculated K-Ar age for type A Mn
nodule yielded 112+11 Ma suggesting their formation during the Early
Cretaceous magmatic and hydrothermal activity at this site (Segev et al.,
1995b). The much younger K-Ar calculated dates for type B Mn nodule yielded
inconsistent 20+2 and 49+5 Ma suggesting mixed ages of former type A
material with later Neogene and younger material. Bar-Matthews (1987) and
Bar-Matthews and Matthews (1990) argue that type-A Mn nodules have
Cambrian diagenetic origin.

Pb and U isotopic compositions were studied by Ehrlich et al. (2004). They
showed that type A nodules have a wide range of 2%°Ph/2%*Pb ratios and an
almost constant ratio of 2Pb/2*4Pb, which might reflect Pb contributions from
plutonic rocks, whereas type B nodules have almost constant 2°°Pb/?%Pb and
208pp/294Phy ratios which indicate that these nodules were formed from a Th-
enriched solution during later epigenetic processes. This line of isotopic
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evidence well supports the genetic model for the above mentioned copper
mineralization cycles.

Uranium enrichment (up to 4000 ppm) occurs in phosphatic and manganese
minerals particularly in the epigenetic residual sandstones, which are the
insoluble residue of sandy dolomites. Uranium, originally slightly enriched (up
to 31 ppm) in the dolomites, was leached, mobilized and chemically entrapped
by these apatite and Mn-oxides (Segev, 1992). Mass-balance calculation made
by the latter author (Fig. 26), shows that the amounts of uranium, and most of
the other metals studied in the sandy lithofacies host rocks, correlate well with
those in the dolomitic lithofacies source rocks. This indicates a semi-closed
intraformational system for most of the metals within the Sasgon Member.
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Figure 26: Plot of metal amounts within the dolomitic lithofacies versus

their amounts within the clastic lithofacies of the Sasgon M ember. With

linear regression (excluding Pb): Y= 0.8 X-225888, and r= 0.985.
The entire evidence for the intensive Karstification and Cu, Mn and U
mineralization processes within the Timna Fm., and the close by rock units,
strongly relate them to the intensive faulting along the Dead Sea — Arava
tectonic line. Normal faulting initiated before the Oligocene RTS and later on
accelerated during the Miocene localization and development of the DST plate

boundary.
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Route Description (stations 2-6 depicted in Fig. 1)
Station 1 —Har Yoash

Overview of the Oligocene truncation surface and the Early Cambrian
peneplain

Lookout from Har Yoash toward the Gulf of Eilat tip to notice the faulted
blocks on both sides of the DST. In the northwest we shall look at the
Precambrian block of Har Neshef and its typical young erosion. Furthermore,
the proposed Middle Cambrian paleogeography (Fig. 4) indicates the existence
of two basins, the Timna basin to the north and the Eilat basin in the south,
separated by the Har Neshef - Har Amram ridge. Downward gradual faulted
blocks that reach the Gulf of Eilat can be seen toward the south and east —
Gishron block on the east from Har Yoash; Shelomo graben , extends
southward toward the faulted block of Gebel Atsfir, where almost complete
section of the Avdat Group comprise this block. On this block we can see the
Early Cambrian peneplain truncating the Precambrian basement rocks. On the
Shelomo-Roded tectonic block these Precambrian rocks reach ~770 m above
m.s.l. and ~1500 m above m.s.l. in the Jordanian side of the Gulf (such as Gebel
Bagir). The exposed complicated landscape and geological structure will be
discussed in view of the morphotectonic and geodynamic processes (additional
information available in Tour 2b by Avni, this volume).

Egyptian border road cut -the Timna Fm. in the Middle Cambrian Eilat
basin

The Timna Fm. near Har Yoash contains a significant amount of alternation
between reddish limestone, dolostone and colored (red and green) clastic rocks
(Fig. 27,28). The sandy limestones typify undulatory stromatolitic lamination
indicating their early formation and good preservation (Segev, 1986). The
intimate alternation between limestones and dolostones led the latter author to
suggest early diagenetic origin for these dolostones. The road cut exposed syn-
sedimentary channel cutting the clastic and carbonate layers and filled by pink
sandstone with cross bedding and mud balls.
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Figure 27: Columnar section of the Figure 28: Photograph of road cut near the
Timna Fm. near Har Yoash, Eilat Egyptian border exposes the Timna Fm. near Har
region. Y oash, Eilat region (Fig. 27).

The Timna Fm., deposited in the Eilat-Abu Khusheiba basin (Fig. 4), is
different from that of the Timna Valley regarding its internal division and the
carbonate rocks composition. In the Timna Valley all the carbonate rocks are
completely dolomitized.

Station 2 — The" mushroom"”

On our way to the Timna Valley (TV), after turning off the Arava road, we will
drive along the southern fault of Nahal Timna graben (Figs. 1,13), which strikes
WNW-ESE between Har Mikrot block in the north and Har Timna block in the
south. The southern normal fault separates the Timna Granite in the south, and
the Samar Fm. sandstones within the graben. A concealed normal fault
separates the Timna Fm. of Har Mikhrot, and Har Sasgon, and the Amir Fm.
within the graben. A small outcrop of Yotvata Mbr., Hazera Fm. surrounded by
alluvium crops out within the deeper down faulted block. The structural position
of Hazera Fm. in front of the basement granite points to its pre RTS Oligocene
origin, similar to Nahal Raham graben on the southern TV (Fig. 1). We will stop
to overview the TV from its center, showing Har Timna in the east, as the core
of the TV pentagonal domal structure (Figs. 12,13). The semi-crater shaped
valley is surrounded by the high cliffs of the Hazera Fm. The entire stratigraphic
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succession, from the Early Cambrian peneplain (Fig. 2), is exposed around the
station.

Station 3— The Arches

Driving west towards this stop we will pass through the Timna and Shehoret
fms. (partly covered by alluvium), up to the top Amir Fm. The arches at the
bottom of the TV cliff typify the massive gray sandstone of Avrona Fm. (~60 m
thick). We will discuss the cycle 3 copper mineralization within the Early
Cretaceous Avrona and Amir Fms. Nearby ancient vertical and horizontal shafts
demonstrate the exploration and exploitation of this type of copper ores.

Station 4 — Northern Har Mikhrot

From station 3 we drive back toward Nahal Timna graben, turn north and
circumvent Har Sasgon from the east. The road on the southern margin of Nahal
Mangan will pass along the eastern outcrops of the Early Cretaceous
magmatism in the north TV (hidden within a small wadi on the south), namely
basaltic plug and volcaniclastic rocks.

Very good exposure of the Sasgon Mbr's lateral lithofacies relationships can be
seen at station 4. The results of dissolution\karstification and differential
compaction (Fig. 29,30) of the insoluble materials will be presented. Two
prospection trenches expose the contact between the sandy and the shaly
lithofacies hosting various types of Mn and P mineralization, and some Cu
mineralization of cycle 2 which is hosted by fresh dolostones. Prospecting
tunnels from the 1950s exposed big Mn nodules hosted by the shaly lithofacies.

=

.~ Figure 29: Detail of transition between
- the dolomitic and sandy lithofacies
(SL) in northern Har Mikhrot. A
wedge of laminar sandstone (of the SL)
passes laterally (toward the upper left
of the photograph) into rocks of the
dolomitic lithofacies. Note the steeply
¥ inclined beds of the SL and ther
discordant contact with the underlying
sandy dolomites. Rocks of the dolomitic
: B s lithofacies, overlying the sandstone
- P .o~ T TRE N wedge (to the right), are fragmented
e ] ok _,d into blocks of varying sizes.
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Figure 30: Detail of the transition between the dolomitic (1) and shaly lithofacies (ShL-2) in
the west TV for comparison. A wedge of the ShL passes laterally (toward the central left
and right of the photograph) into rocks of the dolomitic lithofacies. Contorted and defor med

beds of the ShL are overhung by cliff of the dightly faulted pink sandstone of Shehoret Fm.

-

Station 5 - The Early Cretaceous volcanism — Tamar site diatreme

The Tamar site is an excellent example of exposed Early Cretaceous volcanic
vent (diatreme) filled by volcaniclastic sediments cut across Cambrian and
Early Cretaceous Fms. in the northern Timna Valley. The vents are the result of
an ascending gabbroic intrusion interacting with groundwater, breaching the
surface atop the Avrona Fm. (Weissbrod and Segev, 2003).

The volcaniclastic fill at the southern margin of the Tamar vent (numbered in
Fig. 8), shows a succession of four lithofacies types (after Weissbrod and
Segev, 2003) as follows: (1) Polymict, matrix-supported, brown volcano-
sedimentary breccia, consisting of angular to sub rounded fragments, including
sandstone, siltstone, shale, and dolomite, as well as granite and mafic clasts in a
sandy-silty matrix. (2) Clast-supported polymict. volcaniclastic mixed breccia
with angular to subangular fragments of altered mafic rock (microgabbro) and
granite. These strongly altered fragments include ghosts of olivine, augite,
biotite, and plagioclase laths. (3) Non-stratified fine- to medium-grained
sandstone with granule- to gravel-size fragments or splinters of altered mafic
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clasts and devitrified glass. In the lower part the color is green due to the many
mafic chips. (4) Laminated green siltstone and mudstone alternate with yellow
to reddish platy micritic dolostone, locally replaced by lenses of chert with
stromatolithic to produce a spotted texture.

Station 6 — Closeto the Timna copper mines gate

A separated relict hill of the dolomitic lithofacies in an area dominantly
comprised of sandy lithofacies. The sandy dolomites host the syn-sedimentary
copper mineralization (Fig. 20) that is related to Cu cycle 2. The Cu-rich
dolomite hosts clearly seen paratacamite laminae and veins (~1.7% Cu), but the
Cu sulfide spherules are rarely found. The unique dolomitic relict hill is very
close to one of the Timna mines open pits ("J") where the dominant lithofacies
is sandy, but dolomite relicts can also be seen. This open pit demonstrates a
typical occurrence (Fig. 23) of the Miocene stratabound copper deposit hosted
by Middle Cambrian rock units (Cu cycle 4).
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