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ABSTRACT

Segev, A., Sass, E., Ron, H., Lang, B., Kolodny, Y., McWilliams, M. 2002. Strati-
graphic, geochronologic, and paleomagnetic constraints on Late Cretaceous
volcanism in northern Israel. Isr. J. Earth Sci. 51: 297–309.

Late Cretaceous volcanism in northern Israel is represented by basaltic pyroclastics
and lavas at two adjacent localities at Mount Carmel and the Umm el Fahm area. Four
Cenomanian and one Senonian volcanic intercalation occur in the marine succession.
These volcanic rocks were dated by the 40Ar/39Ar and K–Ar techniques using whole
rock, amphibole megacrysts, and plagioclase fractions. Paleomagnetic measurements
were performed on the Senonian pyroclastics.

Amphibole from the oldest Cenomanian volcanic unit in Mount Carmel (the
Kerem Maharal pyroclastics, at the base of the Chalk Complex) yielded an age of 97.1
± 1.7 Ma. The penultimate Cenomanian volcanic unit in Mount Carmel (basalt at
Nahal Raqefet and Muhraqa) yielded a whole-rock age of 96.7 ± 0.5 Ma. The youngest
Cenomanian volcanic intercalation in the Umm el Fahm area (basalt at Me-Ammi)
yielded a whole-rock age of 95.4 ± 0.5 Ma. Amphiboles from the Senonian Bat Shelomo
pyroclastics, the youngest volcanic unit in the area, yielded an age of 82.0 ± 1.3 Ma.

Three conclusions may be drawn from our new radiometric ages: (1) The major
volcanic events operated synchronously at Mount Carmel and the Umm el Fahm area.
(2) The chalk complex of Mount Carmel and the Deir Hanna Formation in the Umm el
Fahm area are stratigraphically correlated. (3) The new radiometric results agree with
biostratigraphically-derived ages, but provide better time constraints for the
lithostratigraphic units. The data help to settle previous correlation controversies: the
Albian–Cenomanian boundary is set below the top of the Yagur Formation, and the
Cenomanian–Turonian boundary, above the base of the Muhraqa Formation.

INTRODUCTION

Mount Carmel and the Umm el Fahm area are the only
localities in northern Israel where Late Cretaceous
volcanic activity is recorded (Sass, 1968, 1980; Sass
and Bein, 1982; Garfunkel, 1989). Basaltic volcanic
units, predominantly pyroclastics at Mt. Carmel and

mostly flows in the Umm el Fahm area, are interbedded
within a ~300-m-thick sequence of marine carbonates.
These units have great potential for use in stratigraphic
correlation. Conventional stratigraphic correlation has
been difficult in this area for three reasons:
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1. Facies changes are common in the Mount Carmel
sequence, related to the proximity of the area to the
platform edge during the Cenomanian and Turonian,
and to the effect of protruding structures (reefs,
volcanoes) on adjacent and distal environments. In
contrast, the Umm el Fahm area was located at the
inner part of the platform and is characterized by
monotonous and gradual facies variations.

2. The Mount Carmel sequence is intensively faulted
(Picard and Kashai, 1958; Ron et al., 1990), making
it difficult to track facies changes across fault
blocks.

3. Mount Carmel is separated from the adjacent Umm
el Fahm area by a syncline (Fig. 1), that does not
allow direct comparison of stratigraphic boundaries
across the different platform subenvironments
(edge, inner part).

Stratigraphic correlation using the volcanic units
has been only partly successful due to their limited
geographic extent. While correlation is theoretically
feasible for distances up to ~10 km, it is impractical for
larger distances, such as between the northern and
southern parts of Mount Carmel, or between Mount
Carmel and the Umm el Fahm area. Using the absolute
ages of the volcanic rocks and imposing the con-
straints of geomagnetic polarity data, we hoped that
correlation would be possible over a larger area.

This paper presents a preliminary chronostrati-
graphic framework for the Upper Cretaceous section
in Mount Carmel and the Umm el Fahm area, integrat-
ing new 40Ar/39Ar age determinations and paleomag-
netic analyses with published biostratigraphic data.

GEOLOGICAL SETTING

Mount Carmel (MC) and the Umm el Fahm area
(UFA) are elevated topographic features separated by
a syncline (Fig. 1). Both consist of Cretaceous marine
successions, subdivided into two parts (Fig. 2), the
older Judea Group (hard carbonate rocks) and the
overlying Mount Scopus Group (mostly soft carbonates
and marls). The Mount Scopus Group is quite uniform
across a wide area in northern Israel, but Judea Group
sections at both localities are quite dissimilar.

Stratigraphic relationships within the Judea Group
of Mount Carmel (Fig. 2) are quite complicated, as
marked facies changes occur across short and long
distances (Kashai, 1958; Picard and Kashai, 1958;
Bein, 1974, 1977; Sass, 1980; Sass and Bein, 1982).
Central and northern Carmel are made up principally

of the “Main Chalk Complex” (Picard and Kashai,
1958), which overlies the dolomitic Yagur Formation.
In contrast, in the southern part, the equivalent section
consists mostly of limestones, dolomites, and reef
structures. Lithostratigraphic correlation between the
northern and southern areas is uncertain and contro-
versial. The Main Chalk Complex is overlain by a
succession of reef-related limestones (reef cores, reef
talus, bioclastic limestones), dolomite in places, and
an intermediate marl unit (comprising the Muhraqa,
Daliyya, and Umm E Zinat formations). Southward,
the marl unit wedges out and disappears, reef struc-
tures are scarce, and an undivided limestone succes-
sion (the Shune Formation) is found. Locally devel-
oped volcanic rock units, mostly pyroclastic, are
common as lenticular intercalations in the chalk and in
the equivalent limestone/dolomite succession. Each of
these units has a limited lateral extent (up to ~6 km)
and a maximum thickness of ~60 m.

Stratigraphic relationships in the Umm el Fahm
area are much simpler, and the major lithostratigraphic
units retain their identity over the entire area (Fig. 2).
The Cretaceous section, roughly equivalent to that at
MC, consists of the Deir Hanna and Sakhnin forma-
tions, dolomitic divisions that display no evident simi-
larity or correlation with MC. The only similarity is
the occurrence of volcanic intercalations in both areas,
but there are significant differences between the two
areas. The volcanic intercalations in the UFA are re-
stricted to the Deir Hanna Formation. Most of the
volcanic units at MC occur in the Cenomanian chalk
and equivalent limestone/dolomite sections, while a
single one is contained in the younger Senonian En
Zetim Formation. Most of the volcanic rocks in the
UFA are basaltic lava flows, with the exception of the
youngest unit, which consists of pyroclastics. The op-
posite is true at MC, where most of the volcanic units
are pyroclastics, and basaltic lava flows terminate the
local volcanic activity. Of the five volcanic units in the
UFA, only the two lower ones have a restricted extent.
The other units persist across the entire areas of their
exposed host stratigraphic units, with variations in
thickness.

In summary, the Judea Group sections at MC and
the UFA are quite dissimilar. This observation, com-
bined with the scarcity of index fossils in dolomites
and in most limestones, has produced controversy in
stratigraphic correlations (Fig. 2). According to some
authors (e.g., Bartov et al., 1981; Flexer et al., 1981),
the Chalk Complex at MC correlates with both the
Deir Hanna and Sakhnin formations of the UFA, and



A. Segev et al. Late Cretaceous volcanism in northern Israel 299

150 160155 165 170 175145

245

240

235

230

225

220

215

210

sp

sp

t

t

t

t

t

sp

t

sp

cc

t

cc

c1

c3

t

sp

mβ

Mount Scopus Gr.

Bina Fm.

Upper Cretaceous
volcanics

Adulam Fm.

Yagur Fm.

Isfiye & Khureibe chalks,
Reef complex

Sakhnin Fm.

Maresha Fm.

Bet Guvrin Fm.

Lower Basalt Fm.

LEGEND

Kurkar ridgesqk

qs

q

Sand dunes

Alluvium

qh Red sand &
loam

ucβ

ucβ

ucβ

Deir Hanna Fm.

Junediya chalk &
Reef complex

Timrat Fm.

Pleshet, Kurdani,
Bira fms.

Conglomerate units,
undivided

m

Volcano

t

Hefa

t
t

t

t

C A R M E L

t

emr

t

sp

Kerem
Maharal

Fureidis

t

t

t

t

ea
p

ea

q

c1

c2-I

sp

t sp

sp

c2

sp

sp

sp

sp

sp

sp

sp U M M  E L  FA H M

emr

emr

emr

ea

mβ

emr

ue

ea

q

qhqs

qk

t

c2-I

c2-II

sp

sp

ea

ue

c2-I
c2-I

c2-I

t

c2-Ic1

c1

c1

c1

c2-I

c2-I

c2-I

ucβ

ucβ

ucβ

ucβ

ucβ
ucβ

emr

emr

et

ea

ea

ea
mβ

mβ

nqc

nq
c

c2

t

t

sp

c3

c3
t

t

t

t

ucβ

qh

qk

qk

qk

q

q

q

qk

qs
qk

e
a

qk

qs

qk

qs

q

q

q

mβ
mβ

c2-I

c1

c2-II

c2

c3

c3

sp

ea

emr

ue

et nqc

p

β

Low

Scale

Cretaceous magmatics

LEBANON SYRIA
35

0

N E G E V

ISRAEL

JORDAN

Tel Aviv

Jerusalem

 M
AKHTESH R

AMON

TIMNA

M
E

D
IT

E
R

R
A

N
E

A
N

  S
E

A

D
e
a
d
  
S

e
a
 T

ra
n
sf

o
rm

G
A

L
IL

E
E

CARMEL

UMM EL
FAHM

ARIF

33

32

31

0

0

0

30
0

AREA STUDIED

t

M
E

D
IT

E
R

R
A

N
E

A
N

  S
E

A

0 100 km

Shefeya
Bat Shelomo

ea

Makura

Shefeya

Me Ammi

N. Raqefet

Muhraqa

Bet Oren

βuc
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Fig. 2. Lithostratigraphic relationships of the Judea Group in
Mt. Carmel and the Umm el Fahm area.

the Muhraqa–Daliyya–Umm E Zinat formations (or
equivalent Shune Formations), together with the over-
lying Qumbeze Formations, are equivalent to the Bina

Formations. Others (Lewy, 1989; Buchbinder et al.,
2000) correlate the Chalk Complex of MC with the Deir
Hanna Formations, and the Muhraqa–Daliyya–Umm E
Zinat–Qumbeze formations with the Sakhnin–Bina
Formation.

SAMPLING AND GEOCHRONOLOGY

Mount Carmel

Kerem Maharal volcano (coord. 1487/2283)
Outcrops of black to variegated pyroclastics occur

in isolated areas west of Kerem Maharal. This rock
unit overlies the Yagur Formation and represents the
first volcanic eruption in the area. The pyroclastics
contain xenoliths of garnet, clinopyroxenite and rare
peridotite, and olivine gabbro. Xenocrysts of augite,
garnet, hornblende, biotite, and spinel are very com-
mon and appear to have resulted from xenolith disinte-
gration (Sass, 1980). Hornblende crystals (AS-9811,
9812) and a basaltic bomb (AS-9816) were collected
at this site.

Raqefet (coord. 1560/2295) and the Muhraqa (coord.
1589/2311) lavas

The Raqefet volcanic complex includes three vol-
canic units, two lower pyroclastic units and an upper
~25 m section of olivine basalt flows (Sass, 1980). The
nearby Muhraqa lavas (~4 km east of Nahal Raqefet)
consist of porphyritic olivine basalt and appear to be
correlated with the Raqefet lava flows. Fresh samples
of both lavas were sampled (S

2–3
 from Nahal Raqefet

and S
2-4

 from Muhraqa, Table 1).

Table 1
Samples used for 40Ar/39Ar age determinations

Coord.
 Sample Location (Old Israel Grid) Igneous Unit Type of sample K (%) Lab

Mount Carmel
AS-9816 Kerem Maharal 1487/2283 Tuff near vent WR basaltic bomb 0.25 1
AS-9811 Kerem Maharal 1487/2283 Tuff near vent Amphibole sing. crys. 1.8 1
S

2–3
Nahal Raqefet 1560/2295 Upper basalt flow WR 2

S
2–4

Muhraqa 1589/2311 Upper basalt flow WR 2
AS-99/3 Bat Shelomo 1509/2250 Volcaniclastics near vent Amphibole sing. crys. 1.61 1

Umm el Fahm
S

2–2
Me-Ammi 1634/2121 Upper basalt flow WR 2

AS-99/1A Me-Ammi 1634/2121 Upper basalt flow Plagioclase separate # 0.55 1
AS-99/1B Me-Ammi 1634/2121 Upper basalt flow Plagioclase separate # 0.99 1

sing. crys.—single crystal;  WR—whole rock; #—XRD-identified.
1—Geological Survey of Israel; 2—Stanford University.
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Bat Shelomo volcano (coord. 1509/2250)
The small Bat Shelomo volcanic vent is located in a

chalk host section of Senonian age and terminates the
Cretaceous magmatic activity. It consists of ~30 m of
dark pyroclastic rocks containing ejecta of sedimen-
tary blocks, volcanic bombs, xenoliths, and xenocrysts
of hornblende (Sass, 1980). K-Ar ages of three am-
phibole single crystals from Bat Shelomo average
82 ± 2 Ma (Segev, 2000, based on unpublished data by
Lewy et al.). An amphibole crystal from this vent was
collected and dated in this study (AS-99/3) (Table 1).

Umm el Fahm area

Me-Ammi upper lava flow (coord. 1641/2118)
The Me-Ammi basalt flow and the overlying pyro-

clastic rocks (DHv
4
 and DHv

5
, respectively; Sass,

1968), in the upper Deir Hanna Formation, terminate
the volcanic activity in the UFA. One whole-rock
sample from the Me-Ammi lava flow was collected
and dated at Stanford University (S

2-2
), and two

aliquots of plagioclase from a second sample were
dated at the Geological Survey of Israel, GSI (AS-99/
1A and 1B, Tables 1, 2).

METHODS

Samples analyzed at the GSI laboratory were first
crushed and sieved. The 120–170 mesh (0.105–0.088
mm) fraction was divided using a Franz magnetic
separator. A low susceptibility fraction containing
principally plagioclase was separated from a higher
susceptibility fraction containing olivine, pyroxene,
and amphibole. The matrix separates contain dissemi-
nated magnetite and, thus, were found mainly in the
high susceptibility fractions. The A and B fractions of
sample AS-99/1 are clean non-magnetic minerals con-
taining only very minor matrix (probably pyroxene,
see the Fe and Ca content in Table 2).

The 40Ar/39Ar measurements at the GSI were con-
ducted using procedures as described in Heimann et al.
(1992). Samples were irradiated in the IRR-1 reactor at

the Soreq Nuclear Center, Israel (Heimann et al.,
1992). The samples were heated using an inductive
furnace and analyzed using an MM-1200B mass spec-
trometer at the GSI geochronological laboratory. Neu-
tron fluence was calibrated using LP-6 biotite standard
with an assumed age of 128.5 Ma (Roddick, 1983).

For conventional K–Ar measurements, potassium
was determined after fusing with Li

2
B

2
O

4
 by ICP-AES

(Perkin Elmer Optima 3000). Argon isotopic measure-
ments were done at the GSI geochronological labora-
tory using standard isotope dilution and an MM-
1200B mass spectrometer (Steinitz et al., 1982).

Plateau ages were calculated using the standard
criteria. A plateau is defined by three or more contigu-
ous steps whose apparent ages are not significantly
different at 2σ and which contain at least 50% of the
released 39Ar (McDougall and Harrison, 1999).

Normal (40Ar/36Ar vs. 39Ar/36Ar) and inverse (36Ar/
40Ar vs. 39Ar/40Ar) isotope correlation diagrams were
generated using Isoplot 2.3 (Ludwig, 2000). Normal
isochrons constructed by a Model 1 fit are based on the
York (1969) algorithm. On the assumption that the
assigned uncertainties are the only reason the data
diverge from a straight line, the points are weighted
proportionally to the inverse square of their uncer-
tainty (allowing for correlated uncertainties). The
Mean Square of Weighted Deviates (MSWD) ex-
presses the goodness of fit, using these assumptions.
The uncertainties are quoted at the 2σ level assigning a
1.5% error to J. If the assigned uncertainties are the
only cause of scatter, the MSWD tends towards 1,
while MSWD values much greater than 1 suggest
either underestimated analytical errors, or the presence
of non-analytical scatter (Ludwig, 2000).

The plateau and isochron ages for all the samples
are generally concordant. We use only isochron ages
for comparison, as they are not influenced by the
choice of the 40Ar/36Ar ratio of the trapped non-
radiogenic 40Ar. For samples measured at GSI, the
normal isochrons were used for age interpretation.

Three 40Ar/39Ar analyses of WR basalt samples

Table 2
Chemical analyses (major constituents) of the studied samples (results in wt %)

Sample SiO
2

Al
2
O

3
Fe

2
O

3
TiO

2
CaO MgO MnO Na

2
O K

2
O P

2
O

5
SO

3
L.O.I. Total

AS-9816 WR 40.0 8.0 14.5 3.30 9.40 12.70 0.21 0.60 0.30 0.10 0.05 4.32 93.5
AS-9816 43.5 8.0 10.0 1.70 9.80 14.50 0.10 0.60 0.50 0.05 0.05 4.37 93.2
AS-99/1 WR 47.0 12.5 13.0 2.80 8.80 10.20 0.15 2.50 1.15 0.05 0.05 0.45 98.6
AS-99/1B 54.5 25.0 1.9 0.25 8.90 1.60 0.02 4.70 1.20 0.05 0.05 0.76 99.0
AS-99/1A PL 55.5 27.1 1.1 0.15 10.60 0.70 0.05 4.85 0.67 0.10 0.10 0.36 101.3
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(S
2–2

, S
2–3

, and S
2–4

) were done at Stanford University.
These samples were irradiated at the USGS TRIGA
reactor; the argon was extracted in a vacuum furnace
and analyzed with a MAP 216 mass spectrometer
(Hacker et al., 1993). Neutron fluence estimates used
Taylor Creek sanidine (85G003 with an assumed age
of 27.92 Ma, Izett et al., 1991). For these samples, the
inverse isochrons were used for age interpretation.

RESULTS

The chemical composition of most of the fractions
used for 40Ar/39Ar measurements at GSI was deter-
mined, and the purity of the mineral separates was
checked by XRD (Tables 1 and 2). K/Ar ages of am-
phibole megacrysts from Kerem Maharal are listed in
Table 3. The 40Ar/39Ar data are illustrated in Figs. 3–5,
and a summary of all the age determinations is pre-
sented in Table 4.

All apparent age spectra for WR samples show a
disturbance at low and high temperatures but display
well-defined plateaus in the intermediate temperature
steps. The amphibole apparent age spectra are flat with
varying degrees of disturbance at both ends, and the
plagioclase separates yield relatively flat spectra.

Kerem Maharal volcano

An amphibole megacryst (AS-9811) from this volcano
yielded a somewhat disturbed plateau age of 96.9 ± 0.7
Ma (Fig. 3a), defined by 97% of cumulative released
39Ar (8 contiguous steps; Table 4). Five of six low
temperature steps (3% of cumulative released 39Ar)
yielded older apparent ages (up to 120 Ma) and
suggest the presence of excess 40Ar. The isochron
age (97.1 ± 1.7 Ma, MSWD = 0.4 with 40Ar/36Ar of
301 ± 20; Fig. 3b) is concordant with the plateau age.
The K/Ar age of another amphibole crystal is slightly
older (99.9 ± 2.0 Ma, Table 3), but is not significantly
different from the isochron age.

The WR basaltic bomb (AS-9816) from the same
site yielded a disorderly, and probably meaningless,
apparent age spectrum (Fig. 3c), and a total gas date of
111 ± 56 Ma with no statistically valid isochron.

Nahal Raqefet volcano

The WR sample from Nahal Raqefet upper basaltic
flow (S

2–3
) yielded a plateau age of 96.5 ± 0.1 Ma

(Fig. 4a), defined by 84% of cumulative released 39Ar
(7 contiguous steps; Table 4). Its concordant inverse
isochron age is 96.9 ± 0.2 Ma with MSWD = 0.86 and

Table 3
K/Ar data of two amphibole crystals from the Kerem

Maharal volcano, Mount Carmel

Sample 40Ar
rad

40Ar
rad

K Age
(ppb wt.) (%) (% wt) (Ma)

AS-9821 7.18 95.9 1.80 100.0 ± 2.8
AS-9821 7.17 96.3 1.80   99.9 ± 2.0

aDecay and isotopic constants as suggested by Steiger and
Jäger (1977).

Table 4
Summary of 40Ar/39Ar age calculations for whole rock and mineral separates

Plateau data Isochron calculations

Sample Lab Sample Total gas Step 39Ar Age Error    Type  Age Error 40/36 MSWD
type  age (Ma) nos.  (%) (Ma)  (Ma)  (Ma) (Ma) Intercept

Mount Carmel
  AS-9811 GSI amph*   97 ± 1.5 7–14 97 96.9 0.7 N 97.1 1.7 301 ± 20 0.35
  AS-9816 WR GSI WR 111 ± 56 — — —
  S 

2–3
Stan WR   94 ± 1.5 4–10 84 96.5 0.1 I 96.9 0.2 283 ± 5 0.86

  S 
2–4

Stan WR   76 ± 17 3–9 88 96.0 0.4 I 96.5 0.5 288 ± 8 0.07
  AS-99/3 GSI amph*   81 ± 1 2–7 95 81.1 0.6 N 82.0 1.3 296 ± 110 0.08
Umm el Fahm
  S 

2-2
Stan WR   91 ± 5 5–11 72 95.3 0.3 I 95.4 0.5 285 ± 9 0.43

  AS-99/1A GSI plag   93 ± 2 6–11 73 93.6 0.9 N 95.5 3.7 270 ± 57 0.52
  AS-99/1B GSI plag   96 ± 1.5 6–15 52 95.1 0.7 N 97.5 4.9 214 ± 210 0.1

GSI—Geological Survey of Israel; Stan.—Measurements at Stanford University; amph*—Different amphibole single crystal;
N—Normal isochron; I—Inverse isochron.
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Fig. 3. 40Ar-39Ar age spectra and normal isochron ages for Kerem Maharal and Bat Shelomo volcanoes, Mount Carmel.
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a 40Ar/36Ar intercept of 283 ± 5 (Fig. 4b). Similarly, the
WR sample from the correlative Muhraqa upper basal-
tic flow (S

2-4
) yielded a plateau age of 96.0 ± 0.4 Ma

(Fig. 4c), defined by 88% of the cumulative released
39Ar (7 contiguous steps; Table 4). The concordant
inverse isochron age is 96.5 ± 0.5 Ma, with MSWD =
0.1 and a 40Ar/36Ar intercept of 288 ± 8 (Fig. 4d). These
two basalts represent a single volcanic event.

Bat Shelomo Volcano

One amphibole megacryst (AS-99/3) from this vol-
cano was dated by both the Ar/Ar and K/Ar methods.
Two amphibole megacrysts were previously dated by
K/Ar in duplicate (BL-1001 and BL-1002; Segev,

2000, based on unpublished data by Lewy et al.). The
amphibole AS-99/3 yielded a well-defined plateau
with an age of 81.1 ± 0.6 Ma (Fig. 3d), defined by 95%
of the cumulative released 39Ar (6 contiguous steps;
Table 4), similar to its total gas age of 81 ± 1 Ma and
concordant with the isochron age of 82.0 ± 1.3 Ma
(MSWD = 0.1; Fig. 3e), with initial 40Ar/36Ar ratio of
296 ± 110. The weighted average of five K/Ar ages is
82.2 ± 1.8 Ma (data from Segev, 2000), similar to the
Ar/Ar ages.

Me-Ammi upper basaltic flow

The WR sample from Me-Ammi upper basaltic flow
(S

2–2
) yielded a plateau age of 95.3 ± 0.3 Ma (Fig. 5a)
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defined by 72% of cumulative released 39Ar (7 con-
tiguous steps; Table 4). Its concordant inverse isoch-
ron age is 95.4 ± 0.5 Ma with MSWD = 0.4 and an
40Ar/36Ar intercept of 285 ± 9 (Fig. 5b).

Two plagioclase concentrates (AS-99/1A and
AS-99/1B) from the same basaltic flow yielded well-
defined plateau ages of 93.6 ± 0.9 and 95.1 ± 0.7 Ma
(Fig. 5c,e, respectively). Both plagioclase fractions
yielded concordant isochron ages of 95.5 ± 3.7 and
97.5 ± 4.9 Ma, with MSWD = 0.5 and 0.1, respectively
(Fig. 5d,f). The 40Ar/36Ar intercepts of these isochrons
are 270 ± 57 and 214 ± 210.

PALEOMAGNETISM

Methods and results

New paleomagnetic data were obtained from the same
Cenomanian samples that we used for our age determi-
nations. Samples from Muhraqa, Nahal Raqefet, and
Me-Ammi (Ron et al., 1990) were collected as field-
drilled cores and oriented by sun compass. Senonian
volcanic pyroclastic samples from Bat Shelomo were
also collected and oriented in the field in 2 × 2 × 2-cm
plastic boxes. Natural remanent magnetization (NRM)
was measured and stepwise demagnetized in a three-
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axis cryogenic magnetometer with integrated alternat-
ing field (AF) coils. All samples retained 90% of their
NRM after demagnetization to 80 mT and display
stable magnetic behavior. Most of the samples display
single component vectors, but some display two-com-
ponent behavior with a low coercivity viscous rema-
nent magnetization (VRM) component of recent origin
superimposed on a stable characteristic remanent mag-
netization (ChRM). The demagnetization behavior of
all samples is suggestive of titanomagnetite as the
carrier of remanence. All samples yield ChRM with
shallow inclination and N to NNE declination (Fig. 7).

A compilation of all paleomagnetic data is pre-
sented in Table 5. The detailed analytical procedures
and statistics can be found in Ron et al. (1990).

All Cenomanian samples display positive shallow
inclinations, as expected for stable Africa (Table 5).
The divergent NNE declinations result from vertical

axis rotation of fault blocks bounded by strike slip
faults (Ron et al., 1990). From the mean inclination,
we estimate the paleolatitude of the region during
Cenomanian time to be ~7°N. The paleolatitude esti-
mated from the Senonian rocks is ~14°N, but this
estimate cannot be considered reliable because direc-
tions from only a single site are available.

DISCUSSION

The radiometric ages

Amphibole from Kerem Maharal yielded a plateau age
of 96.9 ± 0.7 Ma with a concordant isochron age of
97.1 ± 1.7 Ma. As discussed previously, we take the
isochron age of the amphibole as representative of the
cooling age, and hence the eruption time of the Kerem
Maharal volcano. The small amount of excess 40Ar

Table 5
Compilation of observed (O) and expected (E) paleomagnetic field directions of Mount Carmel region. The VGP data for the

stable African Plate are from Besse and Courtillot (1991)

Age Dec. (O) Inc. (O) α 95 n VGP (Ma) λ (N) Φ (E) Dec. (E) Inc. (E)

Cenomanian 9.4 13.5 6.3 14 98.4 61.6 245.6 345.9 14.7
Senonian 7.8 26.7 8.2 6* 80.7 66.4 232.2 353.1 19.3

n—number of sites, and with *, number of samples; Dec.—Declination; Inc.—Inclination;  α 95—radios of 95% confidence
about the mean; VGP (Ma)—age of the Virtual Geomagnetic Pole of the stable African Plate; λ (N)—VGP latitude; Φ (E)—
VGP longitude.

Fig. 7. Orthogonal magnetic vector plot and normalized intensity (J/J
0
) of a representative sample of normal polarity from Bat

Shelomo volcano showing stepwise demagnetization in an alternating field (AF). Solid circles denote the declination
component and open circles denote the inclination component.
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may result from contamination by older basement dur-
ing uprising of the magma (e.g., Renne, 1995) and
explains the slightly older (~3 m.y.) K/Ar apparent
age. The WR bomb sample from the same site yielded
a meaningless date, possibly caused by alteration.

The whole-rock basalt samples from Nahal Raqefet
and Muhraqa yielded isochron ages of 96.9 ± 0.2 and
96.5 ± 0.5 Ma, respectively. Since these samples be-
long to the same unit (the upper basalt flows in the
western Carmel area), their average isochron age of
96.7 ± 0.5 Ma is probably its crystallization age.

The terminal Late Cretaceous (Senonian) volcanic
eruption in the Carmel area (Bat Shelomo volcano) is
well dated by amphibole, whose flat and undisturbed
spectrum yielded an age of 81.1 ± 0.6 Ma. The com-
panion isochron age is 82.0 ± 1.3 Ma. This age dates
the cooling of the amphibole and, in turn, the eruption
age of the Bat Shelomo volcano. The isochron age is in
agreement with the average K–Ar age calculated from
five single-crystal measurements (82.2 ± 1.8, data from
Segev, 2000).

The Me-Ammi lava flow in the Umm El Fahm area
was dated at two laboratories. A whole-rock sample
was analyzed at Stanford, and yielded a plateau age of
95.3 ± 0.3 Ma and a concordant inverse isochron age
of 95.4 ± 0.5 Ma. The two low-susceptibility fractions
from the same basaltic flow consist mainly of plagio-
clase, and were dated at GSI, yielding plateau ages of
93.6 ± 0.9 and 95.1 ± 0.7 Ma, with 95.5 ± 2.2 and
97.5 ± 4.9 Ma isochron ages. The whole-rock sample
yielded a much smaller analytical error, and therefore
we take 95.4 ± 0.5 Ma to be the cooling age of the
Umm el Fahm upper lava flow.

Paleomagnetic evidence

The paleolatitude from our measurements at Bat
Shelomo volcano is ~14°N, whereas the expected
value derived from stable Africa is 10°N (Besse and
Courtillot, 1991). This 4° difference is probably due to
insufficient averaging of secular variation. Both are
consistent with northward drift of Africa at the end of
the Cretaceous. Our data further confirm the assump-
tion that the Sinai–Israel sub-plate was part of stable
Africa during the Mesozoic. The positive inclination
and northerly declination at this site may indicate that
these volcanics were magnetized near the end of the
Chron 34 normal polarity interval. The age of the
Senonian Bat Shelomo pyroclastic rocks is 82.0 ±
1.3 Ma, slightly younger than the 34n/33r polarity
boundary (83.0 Ma, after Cande and Kent, 1995), but
the age difference is not statistically significant.

Radiometric ages and stratigraphic correlation

Our new ages provide constraints for existing correla-
tion schemes and help define the tentative stratigraphic
correlation presented in Fig. 6. The volcanic units we
dated in the Judea Group in both areas are Cenomanian
in age. Our first assumption is that the undated volca-
nic units (the upper equivalent units Shefeya and
Makura in MC, as well as the three lower units in the
UFA) are also included in this time interval. Next, four
main volcanic episodes are present at both MC and the
UFA. Formally, five units have been recognized in the
UFA (Sass, 1968), but upper units V

4
 and V

5
 can be

considered as substages of one episode since they are
separated in places by a thin limestone layer that is
absent elsewhere. In view of the relatively short
distance between the two areas, we think that each of
the major volcanic episodes was synchronous over the
entire area. Accordingly, we propose a correlation of
the main Cenomanian volcanic units in MC with cor-
responding units in the UFA (Fig. 6).

This correlation is not totally consistent with the
preliminary correlation of volcanic bodies in Mount
Carmel of Sass (1980), and in particular with the view
that the lavas of Shefeya, Raqefet 3, and Muhraqa are
time equivalents. The previous correlation was based
on the observation that there is only one basalt unit in
each of the three mentioned areas, which represents
the terminal volcanic activity in this area. It had been
assumed that these three basalts are local manifesta-
tions of one episode, but our new radiometric data
point to a gap of 1.3 m.y. between the youngest basalt
in the UFA and the Raqefet 3-Muhraka basalts in MC,
which is larger than the analytical uncertainty.

This proposed correlation scheme has two impor-
tant chronostratigraphic implications. First, the Chalk
Complex at Mount Carmel can be correlated with the
Deir Hanna Formation in the Umm el Fahm area.
Second, setting the Albian–Cenomanian boundary be-
low the top of the Yagur Formation (Bartov et al.,
1981; Flexer et al., 1981; Sass and Bein, 1982) and the
Cenomanian–Turonian boundary above the base of the
Muhraqa Formation (Buchbinder et al., 2000) is con-
sistent with our ages.
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