THERMAL METAMORPHISM BY COMBUSTION OF ORGANIC
MATTER: ISOTOPIC AND PETROLOGICAL EVIDENCE
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ABSTRACT
New evidence is presented in support of the previously suggested hypothesis that combustion of
organic matter in a Cretaceous bituminous sedimentary sequence supplied the heat for the high-
temperature, low-pressure metamorphism of the Mottled Zone in Israel. Such a model is compatible
with stable isotope data on carbonates from the Mottled Zone which are strongly enriched in C12

and 0?6,

INTRODUCTION

The paradox manifested by rocks of the
“Mottled Zone” in Israel (Bentor et al.
1963, 1972) is the occurrence of a sanidinite
to pyroxene hornfels facies assemblage
within a sequence of sedimentary rocks,
without any apparent cause for thermal
metamorphism.

It is the purpose of this paper to review
the available data on this sequence and to
show that the earlier suggested mechanism
of spontaneous combustion of organic
matter (Wellings 1934, Bentor and Vro-
man 1960) is compatible with stable
isotope analyses of the carbonates in-
volved. Thus, an unorthodox source of
energy for thermal metamorphism is
suggested.

PREVIOUS WORK

The sequence containing the high tem-
perature minerals is known to crop out at
nine separate basins in Israel as well as in
Jordan (fig. 1), always in the same strati-
graphic and structural position: synclines
filled by Maestrichtian to Paleocene
sedimentary rocks. The normal sediment-
ary sequence—the Ghareb and Tagqiya
formations—(fig. 2) consists of highly
bituminous and phosphatic marls, chalks
and limestones. Organic matter content
ranges from 10-259, (Shahar and Wuerz-

! Manuscript received July 30, 1973; revised
December 27, 1973.
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Fia. 1.— Outecrops of the ‘“Mottled Zone”
complex in Israel and Jordan. Approximate data
for Jordan—from Bender (1968).

burger 1967). The bituminous sequence is
underlain by the cherty Mishash formation
and overlain by FEocene limestones. A
clastic formation of Neogene age—the
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Fia. 2.—Schematic stratigraphic position of the Mottled Zone complex

Hazeva formation covers the stratigraphic
column uncomformably (fig. 2). The nor-
mal sequence has been preserved over
large areas in southern Tsrael, mainly in
synclines, both cropping out and in the
subsurface.

Where metamorphism took place, the
rocks are “mottled” in color: red-green-
yellow-black. The metamorphic sequence
is also characterized by strong veining,
disappearance of sedimentary bedding and
appearance of foliated structures. Rocks of
the Mottled Zone make a beautiful build-
ing stone and many of Jerusalem’s build-
ings are ornamented by it.

That something rather drastic happened
to the Mottled Zone rocks (hereafter
abbreviated M.Z.) became apparent to
many visiting geologists in Palestine as
early as the middle of the nineteenth
Century (see Avnimelech 1964 for a
review). Explanations for its origin varied
from volcanic through hydrothermal, dia-
genetic and tectonic.

The first evidence for a high temperature
origin of the M.Z. assemblage was present-
ed by Bentor et al. (1963a, b) who showed
that it contained high temperature phases
such as spurrite, gehlenite, and brown-
millerite, as well as portlandite, volchons-
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koite, ettringite, vaterite and others. The
mineral assemblage most closely resembles
that of some well-known contact meta-
morphic occurrences (Burnham 1959, Ag-
rell 1965). In the case of the M.Z., contact
metamorphism can be discarded as an
explanation because: (a) no igneous body
has been detected in its near vicinity,
(b) the rocks underlying the M.Z. complex
are normal marine calcareous and siliceous
sediments lacking any sign of metamor-
phism.

The paradox of high temperature min-
erals occurring with no apparent source of
heat has been explained by several authors
in different ways. Both Avnimelech (1964)
and Gross et al. (1967) stressed the strati-
graphic position of the rocks and doubted
the high temperatures indicated by their
mineralogy. The former explained the
phenomenon as a result of subaerial
weathering under hot climate, whereas the
latter followed Picard (1931), who sug-
gested a diagenetic origin, and proposed
‘“penecontemporaneous’” formation of the
sequence. Bentor and Vroman (1960) and
later Bentor and his coworkers (1963 a, b)
stressed the mineralogical evidence, and
in order to explain it, revived the unpub-
lished view of Wyllie et al. (1923) and
Wellings (1934) who suggested sponta-
neous combustion of bituminous matter in
the original rocks as a source of heat.
Bentor and Vroman termed this pheno-
menon ‘‘autometamorphism.” Reverdatto
(1970, p. 87-89) summarized the literature
on thermal metamorphism caused by
burning of coal seams, oil, and gas. The
temperatures thus attained can be ex-
tremely high, usually exceeding 1,000°C
(Brady and Greig 1939 and Schreyer and
Schairer 1961).

Fission track dating (Kolodny et al.
1971) yielded 13.6 + 2.0 m.y. (Miocene)
for the age of the thermal event. Thus the
confinement of metamorphism to a de-
fined stratigraphic sequence does not
indicate the time of the event, which
occurred some 50 m.y. later than deposi-
tion of the sedimentary rocks. The Miocene
date of the M.Z. event was confirmed by
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Kolodny et al. (1973) who found Neogene
sediments of the Hazeva formation affec-
ted by metamorphism (see fig. 2).

Bentor et al. (1972) presented results of
experiemnts in which most M.Z. minerals
were synthesized from unmetamorphosed
rocks by heating them in air in a furnace.
Thus the essentially isochemical (except
for decarbonation) character of the meta-
morphism was demonstrated. It is the aim
of this work to analyze the conditions of
formation of the M.Z. assemblage. An
attempt is made to integrate mineralogi-
cal, chemical and petrographical results
with stable isotope data and discuss their
implications on various models of origin
of this unusual occurrence.

METHODS OF STUDY

All samples were examined in thin
sections, x-rayed, and several studied by
DTA (Gross 1971). For chemical analysis,
samples were fused with NaOH and an-
alyzed for SiO, gravimetrically. Ca was
determined by atomic absorption spectro-
photometry, after HF—H,SO, dissolu-
tion. CO, was determined on the vacuum
line volumetrically in the course of prep-
aration of gas for isotopic analysis.

Four minerals from the M.Z. are carbon-
ate bearing: calcite, aragonite and vaterite
which are polymorphs of CaCO,; and
spurrite which is a carbonate silicate of
calcium. Whole rock samples of the M.Z.
were reacted with 1009, phosphoric acid,
and the liberated CO, analyzed for the
isotopic composition of carbon and oxygen
(McCrea 1950). Measurements were per-
formed on an M86 mass spectrometer at
the Isotope Department of the Weizman
Institute. Samples were measured by
interpolation between standards of known
isotopic composition (Zur et al. in prep-
aration). The results are reported in the ¢
notation relative to PDB standard for
both C and O (except where indicated that
SMOW was used as the oxygen standard).
Reproducibility of isotopic analysis is
better than + 0.2%,, on the same gas and
within + 0.5%, on the same powder.
Some of the analyzed rocks were practi-
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TABLE 1
SOME CHARACTERISTIC MINERALS IN THE M.Z. AND THEIR NORMAL PARAGENESIS

Mineral and Composition

Lower Estimated Temperatures of
First Appearance
(P = 1 atm)

(a) High temperature-low pressure decarbonation assemblage:

Diopside®*; CaMg(SiO3)z - ... ...
Periclase™; MgO .............
Wollastonite®¢; CaSiOz ..covnnnen
Monticellite®©; CaMg(SiO4) .......
Gehlenite®°; Ca,Al [(Si, Al),0,]
Spurrite®; Cas [COs, (Si04),]

Rankinite®€; CazSi,0 ..........
Merwinite®€; Ca;Mg(SiO4); ... ...
Larnite®¢; p—Ca,Si0, .......
Grossular?; Ca3Al,[Si04)5 - .- - - -
Brownmillerite®<; Ca,(Al, Fe),0s5 ... ..
Mayenite®©; Ca Alj4033 ........
Pseudowollastonite®<; a—CaSiO; ........

2 200°C (Turner 1967)

270°C (Turner 1967)

~ 625°C (Burnham 1959);

500°C (?) (Turner 1967)

[Pco, & 10-100 bars

(Burnham personal communication)]

450°C (Gross 1973);
560°C (Turner 1967)

800-980°C (deKayser 1955)
600°C (Gross 1973):
750°C (Roy and Roy) 1962

(b) The lower temperature assemblage of hydration and recarbonation:

Ettringite®*; Cags[Al(OH)s],(SO04)3 - 26H,0
Apophyllite®:¢; KF Ca,(Sig0,,) - 8H,0
Tobermorite®¢; CasH,[Si30y], - 4H,0
Portlandite®¢; Ca(OH),

Bayerite; AI(OH);

Aragonite?; CaCO3,

Vaterite®:¢; u—CaCO;

@ Sanidine facies. b Pyroxene-hornfels facies.

4 Late hydration and carbonation phases of low temperature.

cally pure spurrite (e.g., samples SG 360
and SG 442), as evidenced by both their
mineralogical analysis and the CO, yields.
The fractionation factor for oxygen be-
tween H PO, liberated CO, and total
CO,%- in spurrite is not known (compare
Sharma and Clayton 1965). Description of
the samples together with chemical and
isotopic results is given in tables 2 and 3.

PETROGRAPHY AND MINERAL PARAGENESIS

Table 1 summarizes the major miner-
alogical characteristics of the M.Z. As
evident from it, two major assemblages
can be discerned.

THE HIGH TEMPERATURE—LOW PRESSURE

PARAGENESIS OF DECARBONATED PHASES

The first nine minerals in Table 1
(assemblage a) are all members of Bowen’s

¢ Portland cement clinker or slags (Taylor 1964).

€ Hydrated Portland cement (Taylor 1964).

(1940) classical decarbonation series. Their
normal geological occurrence is associated
with sanidinite and hornblende-hornfels
facies of contact metamorphism (Crest-
more California, Scawt Hill in Irleand,
Mayen-Laacher See in Germany, Ardna-
murchan, Scotland and several localities
in Mexico) (see Turner 1968 (p. 225-259),
Agrell 1965, Temple and Heinrich 1964).
In the M.Z. spurrite is the most abundant
rock-forming mineral of this group. Eight
of the minerals in this association (table 1)
are normal phases in Portland cement
clinker and in slags. In both cases, these
minerals are indicative of high tempera-
tures acting on siliceous carbonate assem-
blages at low pressure.

The general conditions for the stability
of a calcite-spurrite association, and the
practical elimination of tilleyite (which is



TABLE 2
DESCRIPTION AND STABLE IsOTOPE COMPOSITION OF CARBONATES FROM THE MOTTLED ZONE

Carbonate

Sample Description of Mineralogy and Texture sC13 60'®  Type*
a:
SG395.... Calcite, micrite, Maestrichtian fauna — 1.2 — 6.1 a
SG567.... Calcite, micrite (marl) — 1.2 - 4.6 a
SG568.... Calcite, micrite (marl) — 1.2 — 45 a
SG569.... Calcite, micrite (marl) + 0.5 — 54 a
8G570.... Calcite, micrite (marl) + 0.8 — 5.2 a
MK103... Calcite, (slightly recrystallized limestone) — 06 — 4.1 a
MK116... Calcite, micrite (oil shale) + 15 — 49 a
b:
SG181.... Calcite, brownmillerite, portlandite, ettringite, larnite — 80 — 4.6 b (d)
SG204.... Calcite (recrystallized) diopside, garnet — 54 — 35 b
SG244.... Calcite (relict) garnet, ettringite, minor aragonite —16.5 —11.8 b (d)
S8G257.... Calcite (granular) —12.1 -13.3 b
8G299.... Calcite (recrystallized, equigranular) garnet —-16.1 —11.1 b
SG301.... Calcite (recrystallized) spurrite, mayenite, quartz, apatite =~ —19.8 —16.1 b
8G305.... Calcite (recrystallized, preferred orientation), brownmillerite —21.2 —10.7 b
SG331.... Calcite (recrystallized), lizardite, garnet, brownmillerite —-152 — 7.4 b
SG333.... Calcite (large crystals, recrystallized + ameboidal; foram.

ghosts) hydrogarnet, isotropic matter — 36 — 74 b (d)
SG340.... Calcite (recrystallized) garnet, zeolite, diopside — 6.0 — 43 b
SG364.... Calcite (dedolomite), lizardite - 71 =171 b
8G390.... Calcite (recrystallized, in places replaces ettringite),

spurrite, ettringite —-234 — 83 b (d)
SG391.... Calcite (fine grained) hydrogarnets, tobermorite,

Ca-Si-hydrates —20.1 — 84 b (d)
SG425.... Calcite (large crystals, recrystallized) —-142 - 9.9 b
SG441.... Calcite (micritic, partly recrystallized), garnets - 96 — 88 b
SG463.... Calcite (in part replacing spurrite) brownmillerite, ettringite —16.6 —11.2 b (d)
SG504.... Calcite (microsparite), garnets — 6.7 — 9.3
MAL ..... Calcite (recrystallized, preferred orientation), apatite —18.4 —11.8 b
MA3 ..... Calcite (sparitic, strongly recrystallized) —15.4 — 9.4 b
MK99.... Calcite (recrystallized, prismatic jointing) —233 — 88 b
MK100... Calcite in bituminous phosphorite (recrystallized) —-124 - 179 b
MK102... Calcite (strongly recrystallized) -16.7 — 9.3 b
MK104... Calcite (recrystallized), apatite —-13.7 -—10.1
MK105... Calcite (strongly recrystallized), apatite —18.6 —13.5 b
MK106... Calcite (recrystallized), brownmillerite —19.6 —12.6 b
MK109... Calcite (recrystallized), spurrite —19.5 —10.1 b
MKI110... Calcite, spurrite, brownmillerite, pyrite —14.0 —15.6 b
MK126... Calcite (recrystallized), brownmillerite, spurrite —15.1 —13.8 b
MKI127... Calcite (recrystallized), brownmillerite, spurrite —18.7 —15.3 b
MKI129... Calcite (recrystallized), spurrite, garnet —18.1 —12.7 b
MK130... Calcite (recrystallized), brownmillerite —16.5 —13.6 b
MKI131... Calcite (“augen’” structures, preferred orientation),

brownmillerite —11.3 —12.1 b
MK142... Calcite (prismatic jointing) —223 — 7.4 b
MK143a .. Calcite (micritic, prismatic jointing, poorly preserved

microfauna) —-22.0 -10.5 b

c:
SG329.... Spurrite, brownmillerite, calcite —19.6 — 8.0 c
SG346.... Spurrite, calcite, garnet (augen structures) —20.6 —10.1 c
SG359.... Spurrite, fine grained, cloudy, veins of ettringite, calcite —183 — 4.6 c (b)
SG360.... Spurrite, brownmillerite; calcite/spurrite = 1/40t -17.6 —14.0 c
SG427.... Spurrite, laminated, fine grained, brownmillerite, mayenite ;

calcite/spurrite = 1/75% —145 —11.4 c
SG442.... Spurrite, calcite, portlandite; calcite/spurrite = 1/21} —18.1 —11.2 c
SG442r... Sample SG442 recarbonated in laboratory atmosphere

(see text) —21.0 — 4.7

SG464d .. Spurrite, (fine grained) calcite, gehlenite;
caleite/spurrite = 1/10% —-19.1 —-10.0 c




TABLE 2 (Continued)

Carbonate

Sample Description of Mineralogy and Texture oct? 5018 Type*
SG4641 ... Spurrite, calcite (light colored margin of 464d,

calcite/spurrite = 1/12} —189 — 9.1 c (d)
SG497.... Spurrite, calcite, gehlenite; calcite/spurrite = 1/29+ —18.7 — 9.8 c
BT6000 .. Spurrite, calcite; (calcite/spurrite = 1/127) —-207 — 9.5 c
R-4D .... Spurrite, calcite; (calcite/spurrite = 1/77) —-17.5 —11.3 c
RA4L..... Spurrite, calcite; (light colored margin of R-4D) -17.2 - 8.0 c (d)
MK128 Spurrite, calcite —-17.6 —10.5 c
d:
SG277 Calcite, (large symplectic crystals) gehlenite; weathering

crust - 52 — 01 d
SG341 Calcite, (both micritic and symplectic) - 79 - 22 d (b)
SG344 Calcite, vaterite, isotropic matter —12.5 — 14 d
SG345 Calcite (partly recrystallized, partly symplectic) garnet,

aragonite, tobermorite —10.5 + 0.5 d (b)
SG447 Calcite, aragonite (symplectic), isotropic matter -11.2 - 14 d
SG572 Calcite, aragonite, chromatite —19.56 — 4.8 d, b
SG573 Calcite, gypsum, brownmillerite —-12.8 — 1.3 d,b
SG576 Calcite (brownmillerite) —-14.7 - 1.7 d, b
MK107 Calcite, aragonite, garnet, zeolite —10.6 — 6.5 d, b
MK108 Calcite, aragonite, garnet - 95 - 27 d, b
MK138 Calcite (symplectic) aragonite, garnet, zeolite (?) diopside — 6.9 — 0.7 d, b
e (Metamorphic Hazeva sediments):
8G210.... Tobermorite, apophyllite, clear sparry calcite —17.8 —12.6 b
SG192.... Calcite (recrystallized replacing sand grains), apophyllite —15.7 11.8 b
MK134... Calcite, apophyllite, hydrogarnets — 84 — 175 b
MK136... Calcite, vaterite, apophyllite (replaces quartz, carbonate

replaces apophyllite) —13.6 4+ 34 d
MK137... Calecite, quartz, apophyllite - 93 -— 80 b
MK146... Calcite, quartz, apophyllite —-11.0 - 7.0 b
MK147... Calcite, quartz, apophyllite, tobermorite (calcite replaces

both quartz and apophyllite) — 84 — 6.2 b
MKI150... Strongly recrystallized calcite, limestone fragment from

conglomerate - 9.9 — 9.2 b

* See four groups of carbonate in text.
1 See Gross 1971, for method of calculation.

the only member of the decarbonation
series missing in the M.Z.) were summar-
ized by Zharikov and Shmulovich (1969,
fig. 10). These require excess Ca, high
temperature, low pCO,.

THE LOW TEMPERATURE PARAGENESIS OF
HYDRATED AND CARBONATED PHASES

Here (table 1, assemblage b) various
complex calcium silicate hydrates and
calcium aluminium hydrates occur, to-
gether with several hydroxides and meta-
stable carbonates. The most abundant
among these are ettringite, tobermorite
and aragonite. These minerals occur
usually in veins, but in some cases are rock
forming. Elsewhere in nature, these min-
erals are related to late phases of meta-

morphism, typified by a drop of temper-
ature, hydration and carbonation (Jas-
mund and Hentschel 1964, Agrell 1965).
The two above-mentioned assemblages
suggest the following general sequence of
events for the formation of the M.Z.

Parent rock heating — decarbonation,
formation of assemblage (a) cooling — re-
carbonation and hydration, formation of
assemblage (b). The two stages may not
have been contemporaneous for the entire
M.Z.: whereas decarbonation was going
on in one place recarbonation might have
already taken place in another.

Accordingly, we distinguish five rock
types related to the M.Z. event.

1. Non-metamorphic rocks.—These can
be recognized in thin section by well-



TABLE 3
CHEMICAL COMPOSITION OF CARBONATES FROM THE MOTTLED ZONE

CaO Si0, CO, Ca[CO, Ca/SiO,
Sample (%) (%) (%) (Equiv. ratio) (Equiv. ratio)
SG395. ... 42.89 8.5 32.0 1.0 5.3
SGH67.......cvvvvnn. 44.43 5.66 38.5 0.9 8.4
SGH68...oi i 44.45 5.17 39.6 0.9 9.2
SG569............... 45.65 5.22 38.6 0.9 9.4
SG570. ... ... 49.67 4.52 39.7 1.0 11.8
MKI03.............. 53.20 2.75 41.7 1.0 20.8
SG204............... 24.67 34.18 9.1 2.1 0.8
SG244............... 39.84 15.68 20.2 1.6 2.7
SG257. ...l 44.96 5.02 36.5 1.0 9.6
SG299......cvvenn... 46.95 7.60 30.0 1.2 6.6
SG301............... 49.41 6.96 24.8 1.6 7.6
SG305. ... 48.85 8.38 24.3 1.6 6.3
SG333......iL. 33.95 19.59 21.6 1.2 1.9
SG340............... 25.03 34.13 5.7 3.5 0.8
SG364............... 43.80 3.93 35.0 1.0 12.0
SG390............ ... 44.02 14.88 13.5 2.6 3.2
SG391............... 35.44 21.04 8.0 3.5 1.8
SG425. ...l 43.84 12.26 23.8 1.5 3.8
SG441............... 37.52 13.69 28.6 1.0 2.9
MAL ....ciiiiiiennnn 55.31 1.76 29.7 1.5 33.7
MA3 ...t 51.41 1.26 41.0 1.0 43.8
MK100.............. 33.17 22.41 20.1 1.3 1.6
MKI102........000vt 49.97 1.90 44.0 0.9 28.1
MKIO5....covvinnn 44.60 9.92 29.6 1.2 4.9
MKIO6........covvtt 41.49 9.01 28.8 1.2 5.3
MKI109......00vvnnn 44.56 10.14 23.4 1.5 4.7
MKI110.............. 47.31 7.22 23.9 1.6 7.1
MKI126.............. 49.40 4.45 27.6 1.4 11.9
MKI27...coviiiinen. 53.42 4.21 30.4 1.3 13.6
MKI129.............. 50.43 6.56 25.3 1.6 8.3
MKI130.........0.00 49.22 10.98 18.0 2.2 4.8
SG329........... .t 41.23 13.44 9.4 3.4 3.3
SG346............... 49.76 6.02 14.4 2.7 8.9
SG360............... 50.17 16.77 7.3 5.4 3.2
SG442. . ... 48.29 15.93 7.1 4.9 3.3
SG442r.....iiin 40.61 11.18 26.5 1.2 3.9
SG464d ............. 49.26 17.46 9.0 4.3 3.4
SG4641 .............. 43.20 15.69 6.9 4.9 2.7
SG497. ... .ot 46.78 18.15 9.9 3.7 2.8
BT6000 ............. 50.43 16.42 10.8 3.7 3.3
R4d........oocvinen 42.32 13.21 10.4 3.2 3.5
R4l ..........oo0. 33.27 11.64 14.7 1.8 3.1
MKI128.......covvetn 45.43 14.18 9.4 3.8 3.3
SG277...cviviiiiii. 36.16 15.41 19.0 1.5 2.5
SG341............... 32.31 27.30 13.7 1.9 1.3
SG344............... 31.87 21.38 18.1 1.4 1.6
SG345........... ..., 35.69 19.24 13.5 2.1 2.0
SG447. ... ol 32.81 20.10 16.7 1.5 1.8
SG573. ... i 36.50 6.76 10.1 2.8 5.8
SGH76......000viinn 45.89 5.62 33.2 1.1 8.8
MKI107.............. 29.94 19.26 15.0 1.6 1.7
MKIO08.............. 35.40 23.66 20.3 1.4 1.6
SG210........ciit 29.86 39.35 2.3 10.2 0.8
SG192.........un... 43.86 12.00 30.3 1.1 3.9
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preserved microfauna and by the absence
of metamorphic minerals. This group
represents the parent material. Chemically,
these rocks are characterized by a molar
ratio of Ca/CO, = 1 (neglecting the
presence of gypsum, apatite or other Ca
bearing non-carbonate). On a triangular
diagram with Ca0—S8i0,—CO, as apices
their compositions fall generally in the
vicinity of the calcite—SiO, line (fig. 3).

2. Metamorphic calcitic rocks.—These
are recognized by strong recrystallization
of calcite, and the first appearance of
metamorphic minerals (commonly garnets
and diopside, rarely spurrite and brown-
millerite).

Where the parent rocks were pure lime-
stones recrystallization is the major cri-
terion of metamorphism. Some admixture

of silicate is necessary for the commence-
ment of decarbonation at temperatures
lower than the decomposition temperature
of CaCO;. Upon decarbonation each bulk
composition will move away from the CO,
apex on the triangular diagram.

3. Spurrite rocks.—In these rocks spur-
rite is the major mineral. Calcite is relict.
There is a minimum amount of SiO,
necessary for spurrite to become the major
mineral (mca/mg;o, = 2.5). With progres-
sive metamorphism the Ca/CO, ratio
increases. It reaches 5 in spurrite which is
the last carbonate containing mineral.
Further decarbonation will lead to the
formation of larnite which although
present in the M.Z. will not be considered
here, since it does not contain any CO,
which we could analyze isotopically.
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4. Recarbonated rocks.—Mineral assem-
blages from recarbonation during a late,
retrograde stage of metamorphism are
recognized by the following criteria:
a. The presence of unstable carbonates.
The inversion of aragonite (and vaterite)
to calcite at several hundred degrees
centigrade is so rapid (Turner 1968,
p- 166) that these phases could not have
survived the heating event. b. Textural
relationships which indicate hydration and
carbonation: such as the replacement of
brownmillerite, spurrite and larnite by
calcite or by hydrates. In this group, the
carbonates exhibit a very distinct symplec-
tic texture, often showing fibrous growth
and forming spherulites. Recarbonation of
silicates often results in the formation of
two symplecticly intergrown phases, a
calcium carbonate, usually forming large,
optically-continuous crystals, and an iso-
tropic phase consisting mainly of silica
with some Al-serpentine.

Recarbonated rocks must by definition
be relatively high in CO, but they must
also contain sufficient SiO, to have under-
gone decarbonation in the first place below
the decarkbonation temperature of CaCOq4
(fig. 3).

5. Metamorphosed  sandstones.—Rocks
belonging to the Neogene Hazeva forma-
tion are calcite-cemented, poorly-sorted
sandstones and conglomerates. Where
affected by the M.Z. event, apophyllite and
tobermorite appear in the calcitic matrix,
and replace rims of the sand grains. In one
case garnets were also observed in the
matrix. (Kolodny et al. 1973).

The field relations of the M.Z. rock
types are extremely complex and no
detailed map of the M.Z. is yet available.
The rocks of the M.Z. generally preserve
the compositional characteristics of the
parent rocks: whereas the lower part of
the sequence is rich in Ca-silicates, in-
herited from the calcareous Ghareb Forma-
tion, the upper part derived from the
shaley Taqiya Formation contains higher
amounts of Ca-Al silicates (Bentor et al.
1972).
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Figure 3 shows the distribution of the
analyzed samples on a Ca0O—SiO0,—CO,
triangular diagram. The chemical criteria
of division as outlined above are in fairly
good agreement with the mineralogical-
petrographic division.

CONDITIONS OF FORMATION OF THE
M.Z. ASSEMBLAGE

The high temperature-low pressure en-
vironment of formation of the prograde
M.Z. assemblage is indicated not only by
sanidinite facies mineral paragenesis but
by non-mineralogical criteria as well:

(@) A steep temperature gradient must
be responsible for the formation of pris-
matic columnar shaped jointing structures
(Avnimelech 1964) all along the contact of
the M.Z. with the underlying unmetamor-
phosed rocks. Similar prisms resembling
basaltic columnar jointing are common at
contacts of igneous intrusions with sand-
stones, clays and limestones (Ramdohr
1972).

(b) A lower limit on the temperatures
which prevailed during the M.Z. event is
placed by the disappearance of fluid in-
clusions, which are abundant in unmeta-
morphosed sand grains in Hazeva Forma-
tion sandstones. The three-phase inclu-
sions are absent whenever metamorphic
minerals are present which are in this case
minerals of relatively low thermal grade—
apophyllite, tobermorite, and garnet. Dol-
gov (1954) showed that decrepitation of
fluid inclusion in quartz sand grains occurs
in the range of 380-620°C; crude experi-
ments with Hazeva sandstones in this
laboratory indicate 200—400°C as decrep-
itation temperatures. Thus even the
“coolest”’ rocks of the M.Z. were apparent-
ly heated above 300°C.

(c) Field evidence places an upper limit
on the possible pressure. As noted already
by Wellings (1934) ‘“‘the metamorphosed
beds are always the youngest strata ....”
Where the bituminous sequence is con-
formably overlain by younger rocks it is
unmetamorphosed. In the case of the
metamorphosed Hazeva Formation sedi-
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ments, there is good evidence that these
were never covered by any overburden
(Kolodny et al. 1973). Thus, any evolved
CO, could have escaped immediately,
limiting total pressure and pCO, to
essentially atmospheric pressure.

There is, however, no way to translate
uniquely the extremely variable minera-
logy of the M.Z. into temperature-pressure
terms, due to the large variability in the
chemical composition of the parent rocks.

SOURCE OF ENERGY FOR THERMAL
METAMORPHISM

In its most fully devloped occurrence
the M.Z. complex is about 220 m thick and
covers an area of 50 km2 Following the
approach of Jaeger (1957) the igneous
body which heated such a volume of
sediments to temperatures as deducted
from the M.Z. mineralogy would have been
about 2-km thick. A body of this size is
unlikely to be overlooked in the field.

By elimination of contact metamor-
phism and diagenetic explanations for the
origin of the M.Z., and because the non-
metamorphic equivalents of the M.Z.
rocks are extremely rich in bituminous
matter whereas the organic carbon content
of the metamorphic equivalents ranges
between 0.02 and 0.25%,, we tend to accept
the model of internal combustion of
organic matter as the major source of
energy for the M.Z. Such an event was
compared by Bentor et al. (1963a) with the
“spontaneous combustion of artificial slag
heaps also known as coal tips.” It may
also be visualized as resembling the
colossal peat fire which imperiled large
areas in the Soviet Union in the summer of
1972 (Stern 1972. See satellite photo-
graphs there). The major problem which
such a mechanism raises is that of oxygen
supply to sustain the “burning” of a
200 m thick sequence of rocks.

It might be speculated that the ignition
of the rocks was triggered by intense
cracking in Miocene times, possibly related
to Rift Valley tectonics. Recent fission-
track dating indicates that epidote min-
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eralization, apparently related to faulting,
has taken place in the Late Miocene along
the Rift Valley. Such cracking would
create the channels of oxygen supply
necessary for combustion. It is visualized
that the burning was pulsating—starting,
reaching its peak, then being extinguished
locally due to lack of oxygen supply. Upon
cooling, contraction and collapse would
take place, new channels of oxygen supply
open, and the fire would start again. It is
interesting to note that the only cases,
where relict unmetamorphosed sediments
are found in the M.Z., are lenses of bitu-
minous rocks at the bottom of the section,
directly overlying the chert. These are the
locations most likely to suffer from
oxygen deficiency.

The probability of producing the nec-
essary metamorphic energy from the
organic matter of bituminous limestone
tn situ, is best demonstrated by Quennell’s
(1951, p. 112) report on the possible
economic uses of this limestone. He
mentioned that ‘“‘the material is burnt for
the production of quick-lime. It is mixed
and built into rough kilns and fired. There
is sufficient fuel in the limestone to com-
plete the process of burning”.

Recarbonation and hydration processes
probably accompany the cooling stages of
the event. Moreover, temperatures during
these last stages might have risen con-
siderably due to the strong exothermic
effect of most hydration reactions as
known from hydration of Portland cement
clinkers. (Copeland and Kantro 1964). The
occurrence of minerals such as apophyllite
which are often found in hydrothermal
environments is therefore not surprising.

STABLE ISOTOPES IN M.Z. CARBONATES

Figure 4 is a plot of §0'® versus 6C!3.
It shows that the isotopic composition
correlates well with the mineralogical
petrographic classification of our rocks.
In particular it should be noted :

(@) The unmetamorphosed sediments
show both carbon and oxygen isotopic
compositions in the range of normal



THERMAL METAMORPHISM

499

80pog—>
-16 -14 -12 -10 -8 -6 -4 -2 [0} +2 +4
T T T T T T T T T T T LT T T T T T T +2
o T .
) g \\\
7 T T (o}
/ .
= o/ll a aa /f ]
& Non metamorphic rocks N S /
™ + Metamorphic calcitic rocks / == / 1-2
| ® Spurrite rocks / |
o Recarbonated rocks / +
L / // 1-4
i / [ + //’6 ]
- / + /// —4-6
i /t N [ /// o i
/ / /
L * / o 4-8
/ + o+ ]
- / .\ + / / o .
+ !
! / | . -0
®
L 4 + / l‘ o 8C|3
i + /+ . ' {-12
/ \
L / \\ . _
-+ M [ \ 114
= +/ ° + / \\\o .

/ . + + / \\\\—-
A 1
T -

7" e + L4 °
- + ., / ® 1-18
L / ot + ® 9 \ i
/ t e ®
Iy + + °
_\ + l i '20
N )
o + e |
- \\ + + / -
S~ ’ 22
- + -
\\\\ _/1
L \\\ / .
S~ /
1 1 1 ) 1 1 1 1\—7 1 1 I 1 I ! 1 i 1 1

F1e. 4.—Isotopic composition of oxygen and carbon in carbonates from the M.Z.

marine carbonates, in which oxygen has
apparently undergone some later isotopic
modification (6C'® = — 1.29%, to +
1.5%,; 608 = — 4.1%, to — 6.1%,).
(b) The spurrite rocks are strongly
enriched in C'? and O!® (6C'* varying
between — 149, and — 21%,,, 50 be-

tween — 49,, and — 14%,). [Compare
these to three unpublished analyses of
Crestmore spurrites by S. Lambert which
averaged 6C'® = —3.53%,, 0Oppp'® =
— 14.90%,].

(¢) The isotopic composition of most
metamorphosed calcite rocks is inter-
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mediate between types (a) and (c), the
non-metamorphosed and the spurritic
rocks.

(d) The recarbonated rocks are charac-
terized by a significant enrichment in O'®
even in comparison with the unmetamor-
phosed sediments.

Accepting the suggested model for the
origin of the M.Z. rocks, two processes
could have determined the isotopic com-
position of carbon and oxygen in the pro-
grade metamorphic assemblage.

1. Decarbonation.—It has been shown
by Bottinga (1968) that at comparatively
high temperatures (500-1,000°K) carbon
dioxide has C'¥/C'? and O8/0'® ratios
which are higher than those of the calcite
with which it is in equilibrium. Shieh and
Taylor (1969) showed that decarbonation
reactions result in lowering the 0!%/0Q'®
and C'3/C!?2 ratios of rocks.

2. Interaction with CO, derived from
organic matter combustion.—Such CO,
is strongly depleted in C'3, and carbonates
with strongly negative 6C'® have usually
been interpreted as resulting from partici-
pation of organic matter carbon in their
formation. In some cases, oxidation of
organic matter has been invoked (Hodgson
1966; Hoefs 1970; Sass and Kolodny 1972),
in others methane gas has been suggested
as the carbon source (Hathaway and
Degens 1968).

The isotopic composition of oxygen in
the M.Z. rock may probably also have a
strong imprint of interactions with ground-
water.

It is difficult to evaluate the relative
importance of each of the two processes in
establishing the present isotopic composi-
tion of the M.Z. rocks.

Decarbonation alone cannot however
account for two aspects of the observed
results:

(a) The isotope effect during decarbona-
tion in the relevant temperature range
should be equal for oxygen and carbon or
more marked for oxygen (Shieh and Taylor
1969). Thus points on a §O'8 — 5C3
diagram should plot on a line with a slope
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of unity or smaller. Figure 4 shows that
our results fall on a trend whose slope is
considerably larger than unity. The enrich-
ment in C!2 is almost twice as large as that
in 06, Thus, if decarbonation is operative,
and additional process must be invoked,
the result of which would be either
enrichment of oxygen in its heavy isotope
or of carbon in its light one. One possible
process of such nature could be interaction
with groundwater. If one accepts the
isotopic composition of oxygen in the
unmetamorphosed rocks (60 = — 4.19,,
to — 6.1%,) as a result of isotopic ex-
change with groundwater, one could by
the same token accept late-metamorphic
low temperature, or post-metamorphic
exchange of groundwater with decarbona-
ted, hence strongly O!® enriched rocks,
resulting in a relative enrichment in O'8,
The alternative process (i.e., enrichment
in C'2 will be discussed below.

(b) If decarbonation were the major
effective process, a positive correlation
should be observed between enrichment in
C!2 and the degree of decarbonation which
can be estimated by the increase in the
Ca/CO, ratio. Figure 5 shows that indeed
for rocks with sufficient silica (mc,/mg;0, =
2.5 — 3.5) to be strongly affected by
decarbonation, a decrease in §C!® accom-
panies the increase in Ca/CO, ratio. On the
other hand, pure limestones which under-
went little or no decarbonation are in many
cases strongly depleted in C!2. It is note-
worthy that the “lightest” carbon found
in this study is that of the limestones with
prismatic jointing (table 2).

Thus, the stable isotope composition of
M.Z. carbonates cannot be explained as
the result of decarbonation only. The
additional process of interaction with
organic matter derived CO, is therefore
necessary. The isotopic composition of
such CO, would be approximately that
indicated on figure 6, namely §C'® =
— 28%,, (analysis of organic matter from
unmetamorphosed Ghareb fm. marl by
A. Nissenbaum; see also Epstein 1968),
60" = — 729, (0 SMOW = 23%,,
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atmospheric O, in which the organic
matter is combusted). Isotopic exchange
between carbonate and CO, is strongly
temperature dependent. It has been
shown by Anderson (1969) that it would
take about 108 years to exchange 509, of
carbon or oxygen in calcite by equilibrium
with CO, gas at room temperature; the
same result could be achieved in 10° years
at 450°C, and 100-1,000 years at 700°C.
Mass balance considerations limit the

extent to which isotopic exchange with
organic matter derived CO, could have
altered the isotopic compositions of M.Z.
carbonates. Taking for instance 209, by
weight as the value for organic matter
content in the parent rocks, the approx-
imate ratio of organic matter carbon to
calcite carbon is 1. The size of the CO,
reservoir being limited, the final isotopic
composition of carbon in calcite or spurrite
would depend on the amount of organic
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hypothetical CO, reservoirs (see text).

matter available, on the length of burning
time, and on the temperature reached.
Obviously, if the mere operative process
was equilibrium exchange with CO,, then
isotopic compositions like those of samples
MK 99, MK 143 or SG 305 (6C'3 =
— 23.3%0, — 22.0%,0, — 21.0%,, Te-
spectively) can be reached only if about
809, of the carbonate carbon is of organic
matter origin. As an alternative to such an
extreme requirement, participation of
reduced species such as CH, or CO which
are strongly enriched in C'? may be postu-
lated. If these are subsequently completely

oxidized, extremely ‘‘light” carbon values
can be reached. Non-equilibrium processes
should also not be excluded. One could
explain all our isotope data for prograde
rocks involving only interaction with
organic matter derived CO, and variable
extents of exchange with hot meteoric
water (see fig. 6).

The isotopic composition of carbonates
in recarbonated rocks will strongly depend
on the source of CO, for recarbonation.
Three sources can be suggested:

(@) Recarbonation could have occurred
with organic matter derived CO, as the
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recarbonating agent. Such CO, should have
been marked by “light” carbon and an
atmospheric value of the oxygen isotopic
composition (line b on fig. 6).

(b) CO, evolved during decarbonation
could have been reabsorbed on other de-
carbonated phases. This process should
have resulted in carbonates whose isotopic
composition on a §C'3 — §0'® diagram
shows a trend along line @ on figure 6,
(i.e., the trend of enrichment in C'? and
01¢ expressed upon transition from non-
metamorphic to extremely decarbonated
rocks is reserved).

(c) If the recarbonation agent is atmos-
pheric CO,, the resultant carbonates
should lie more or less along a mixing line
between composition of atmospheric CO,
(6C'3 = — 7%, and 80" %syow = 41%o)
and the decarbonated phases. Figure 6
shows that our results are in accordance
with the third interpretation. Further-
more it implies that recarbonation ocurred
in a fairly dry environment, since other-
wise CO, would have equilibrated with any

abundant groundwater present, resulting
in an enrichment in O'S.

The only decarbonated phase which we
could analyse was spurrite. Obviously, the
isotopic composition of oxygen in com-
pletely decarbonated minerals will (when
obtained), be crucial to the subject.
Absorption of CO, on alkali hydroxides
was studied by Baertchi (1952) and Craig
(1953). They showed that this process is
accompanied by a strong kinetic fractiona-
tion effect. Thus one could hardly expect
the points which represent recarbonated
rocks to adhere strictly to the mixing line
on figure 6.

Additional evidence on the recarbon-
ating process can be obtained by com-
paring the isotopic composition of C and O
in spurrite rocks with that of light colored
rims of these rocks which are products of
weathering (and recarbonation). Figure 7
shows such comparison, as well as the
results for laboratory recarbonation of
sample SG 442 which was exposed in a
water suspension to laboratory air for two
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years. The isotopic composition of this
water has not been measured, but is
estimated as 60%ow = — 5%, to
— 6%, (Jerusalem tap water). In all cases,
recarbonation resulted in enrichment in
0!8, Material balance calculation yields
different values for the isotopic composi-
tion of the recarbonation agent for differ-
ent samples, which in view of the reasons
mentioned above are not surprising, and
are not presented here.

SUMMARY AND CONCLUSIONS

1. The M.Z. rocks are the result of an
event of intense heating of a marine
carbonate-clay sequence.

2. The event occurred in the Late
Miocene, i.e., some 50 m.y., after deposi-
tion of most of the parent rocks.

3. Metamorphism in the M.Z. was
essentially isochemical ; decarbonation and
dehydration were the major chemical
changes. The resultant rocks are of the
sanidinite and pyroxene-hornfels facies.

4. The Mottled Zone Event was char-
acterized by high temperature (600-
800°C), low (about atmospheric) pressure
and low pCO,. The end products also
reflect a low Mg, silica deficient carbonate
sequence as a starting material.

5. The energy for metamorphism was
supplied by combustion of organic matter
contained in the original sedimentary rocks.

6. Following the main prograde meta-
morphic event was a second low tem-
perature stage. Recarbonation and hydra-
tion were the major results of this stage.

7. Whereas mineral parageneses are the
best witnesses to the net results of the
M.Z. event, analysis of the stable isotopes
of carbon and oxygen reveals much of the
causes of this event; specifically it finger-
prints carbon dioxide of different sources
which participated in the processes. Com-
bustion of organic matter resulted in a
strong enrichment of carbonates in C'2.
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Interaction with meteoric water caused
depletion in O'8. Decarbonation per se
might have also enriched the metamorphic
rocks both in C!% and O'®. The strong en-
richment of recarbonated rocks in O!® is
evidence of atmospheric CO, being the
recarbonating agent. Thus, recarbonation
is more closely related to weathering than
to retrograde metamorphism in its classical
sense.

8. The factors postulated here, which
are necessary to start the combustion
process, are extremely simple. In view of
the abundance of bituminous sediments in
the world the uniqueness of the M.Z.
occurrence is puzzling. It may be specula-
ted that only the combination of a carbon-
ate rich bituminous sequence, exposed for
a sufficient time at the surface but occurr-
ing in relatively young sediments and arid
climate will result in a high probability of
being both metamorphosed and preserved
in the geologic record.

ACKNOWLEDGMENTS.—We are most grate-
ful to Y. K. Bentor for first stimulating our
interest in the Mottled Zone. Discussions
with L. Heller-Kallai, R. Freund, Z.
Garfunkel, A. Katz, Z. Rekhes, E. Sass and
A. Starinski were most useful. Several of the
above mentioned, as well as C. W. Burnham,
S. Epstein and Y. Glass, also contributed by
critically reviewing the manuscript. We
enjoyed several exciting discussions with
Prof. R. Bloch who favors a cometic origin
of the M.Z. J. Gat and A. Nissenbaum of the
Weizman Institute generously permitted the
use of their mass spectrometer for isotype
analysis. Mesdames I. Zilberstein, J. Israel,
M. Belski and Mr. M. Gaon performed the
chemical and isotopic analyses. Financial
support was provided by a grant from the
Hebrew University Central Research Fund
to Yehoshua Kolodny. The work of Shulamit
Gross constitutes part of a more extensive
project at the Geological Survey of Israel;
it is also part of her Ph.D. thesis under the
supervision of Y. K. Bentor.

REFERENCES CITED

AGRELL, 8. O., 1965, Polythermal metamorphism
of limestones at Kilchoan, Ardnamurchan:
Mineralog. Mag. Tilley volume, p. 1-15.

AnpERsSON, T. F., 1969, Self-diffusion of Carbon

and Oxygen in Calcite by Isotope exchange
with carbon dioxide: Jour. Geophys. Res.,
v. 74, p. 3918-3932.

AVNIMELECH, A., 1964, Remarks on the occur-



THERMAL METAMORPHISM

rence of unusual high-temperature minerals in
the so-called “Mottled Zone” Complex of
Israel: Isr. Jour. of Earth-Sci., 13, p. 102-110.

BagrTcHI, P., 1952, Die Fractionierung der
Kohlenstoffisotopen bei der Absorption von
Kohlendioxyd: Helv. Chim. Acta, v. 35,
p- 1030-1036.

BENDER, F., 1968, Geologie von Jordanien.
Beitrage zur Geologie der Erde. Berlin:
Gebrueder Borntraeger, 230 p.

BenTOr, Y. K., and VrRoMAN, A., 1960, The
Geological Map of Israel, sheet 16: Mount
Sdom. Geol. Survey of Israel, p. 117.

; Gross, S.; and HELLER, L., 1963aq,

High-temperature minerals in nonmeta-

morphosed sediments in Israel: Nature, v. 199,

no. 4892, p. 478-479.

; — 1963b, Some unusual
mlnera.]s from the “Mottled Zone” Complex,
Isra,el Amer. Mineral., v. 48, p. 924-930.

; and KoLopny, Y., 1972, New
Ev1dence on the Origin of the High- tempera-
ture Mineral Assemblage of the ‘‘Mottled Zone”
(Israel): 24th Intl. Geol. Congr., Section 2,
p- 267-275.

BorTinga, Y., 1968, Calculation and fraction-
ation factors for carbon and oxygen isotopic
exchange in the system calcite-carbon dioxide-
water: Jour. Phys. Chem., v. 72, p. 800-808.

BoweN, N. L., 1940, Progressive metamorphism
of siliceous limestone and dolomite: Jour.
Geology, v. 48, p. 225-274.

Brapy, L. F., and GrElg, Y. W., 1939, Note on
the temperature attained in a burning coal
seam: Am. Jour. Sci., v. 237, p. 116-119.

BurnuAM, C. W., 1959, Contact metamorphism
of magnesium limestones at Crestmore, Calif.:
Bull. Geol. Soc. Am., v. 70, p. 879-920.

Crare, H., 1953, The geochemistry of stable
carbon isotopes: Geochim. et Cosmochim.
Acta, v. 3, p. 53-92.

1967; quoted in REVELLE, R., and
FAIRBRIDGE, R., Carbonates and Carbon
dioxide: Geol. Soc. Amer., Mem. 67, vol. 1,
p- 274-276.

CoreranDp, L. E., and KanNTrO, D. L., 1964,
Chemistry of Hydration of Portland Cement
at Ordinary Temperatures, in TAYLOR, H.F.W.,
ed., Chemistry of Cements, v. 1, p. 313-370.

D Kavser, W. L., 1955, Reactivity in the Solid
State between oxides of the cement system:
IVA, Roy. Swed. Acad. Sci. of Eng. Sciences,
v. 26, p. 292-309.

Dorcov, Y. A., 1954, Differentiation by the
thermosound method of sedimentary terri-
geneous quartz contained in Neogene strata
of Trans-Carpathis: L’vov. Geol. Obshch.
Geol. Sbornik., v. 1, p. 76-87 (in Russian).

EpsTEIN, S., 1968, Distribution of Carbon Iso-
topes and Their Biochemical and Geochemical
Significance in: CO,, Chemical, Biochemical
and Physiological Aspects: NASA-SP-188,

505

Symposium, Haverford, Penn., Aug. 1968.
(Editors: R. E. Forster, J. T. Edsall, A. B.
Otin, and F. J. W. Raughton).

GarLic, G. D., 1969, Geochemistry of oxygen,
wn WEeDEPOHL, K. A.. ed., Handbook of
Geochemistry, v. II/1, Springer-Verlag.

Gross, 8., 1970, Mineralogy of the ‘“Mottled
Zone” Complex in Israel. List of Minerals:
Isr. Jour. of Earth-Sci., v. 19, p. 211-216.

1971, Determination of spurrite, associ-

ated with calcite, by means of DTA.: Isr.

Jour. Chem., v. 9, p. 601-606.

1973 (in press), Mineralogy of the

“Mottled Zone”: Bull. Geol. Survey Israel.

; Mazor, E.; Sass, E.; and ZAx, 1., 1967,
The Mottled Zone Complex of Nahal Ayalon
(Central Israel): Isr. Jour. of Earth-Sci.,
v. 16, p. 84-96.

HatHAWAY, Y. C., and DEcENs, E. T., 1968,
Methane-derived marine carbonates of Pleisto-
cene Age: Science, v. 165, p. 690-692.

Hopason, W. A., 1966, Carbon and oxygen
isotope ratios in diagenetic carbonates from
marine sediments: Geochim. Cosmochim.
Acta, v. 30, p. 1223-1233.

HoEers, J., 1970, Kohlenstoff und Sauerstoff-
Isotopenuntersuchungen an Karbonat-kon-
kretionen und umgebendem Gestein: Contrib.
Mineral. and Petrol., v. 27, p. 66-79.

JAEGER, J., 1957, The temperature in the
neighborhood of a cooling intrusive sheet:
Am. Jour. Sci., v. 255, p. 306-318.

Jasmunp, K., and HENTSCHEL, G., 1964,
Seltene Mineralparagenesen in der Kalk-
steineinschluessen der Lava des Ettinger

Bellerberges bei Mayen (Eifel): Beitr. Mineral.
Petrog. v. 10, p. 296-314.

KoropNy, Y.; Bar, M.; and Sass, E., 1971,
Fission track age of the “Mottled Zone Event”
in Israel: Earth and Planet. Sci. Letters, v. 11,
p. 269-272.

; ScmuLMaN, N.; and Gross, S., 1973,
Hazeva, Formation Sediments affected by
“Mottled Zone Event’’: Isr. Jour. of Earth-
Sci. v. 22, p. 185-193.

McCREA, J. M., 1950, On the isotopic chemistry
of carbonates and a paleotemperature scale:
Jour. Chem. Phys, v. 18, p. 849-857.

Picarp, L., 1931, Geological researches in the
Judean Desert. Jerusalem, 108 p.

QUENNELL, A. M., 1951, The Geology and Mineral
Resources of (Former) Trans-Jordan. Colon.
Geol. and Min Resources, v. II, p. 85-115.

RAMDOHR, P., 1973, Written communication.

REVERDATTO, V. V., 1970, The Facies of Contact
Metamorphism: Translated from Russian 1973,
Canberra, 263 p.

1972, Types of contact metamorphism:
Translated from the Russian, n Int. Geol.
Rev., v. 13, p. 1225-1229.

Roy, D. M., and Roy, R., 1962, Chemistry of
Cement, in Proceedings of the IVth Int.




506

Symposium. Washington, 1960, p. 307.
NBS monograph; U.S. Dept. of Commerce.
Sass, E., and Koroony, Y., 1972, Stable
isotopes, chemistry and petrology of carbonate
concretions (Mishsash formation, Israel):

Chem. Geol., v. 10, p. 261-286.

ScHREYER, W., and ScHAIRER, J. F., 1961,
Composition and structural states of anhydrous
Mg-cordierites-A re-investigation of the central
part of the system MgO—Al,0;—Si0,:
Jour. Petrology, v. 2, p. 324-406.

SHAHAR, Y., and WUERZBURGER, U., 1967, A new
oil shale deposit in the Northern Negev, Israel:
Proc. 7th World Pet. Congr., Mexico, p. 719—
728.

SaiEH, Y. N., and Tavror, H. P., Jr., 1969,
Oxygen and carbon isotopes studies of contact
metamorphism of carbonate rocks: Jour. of
Petrology, v. 10, Part 2, p. 307-31.

STERN-MAGAZIN, 1972, Das Riesenfeuer zwischen
Moskau und dem Ural. No. 38, p. 24-26.

TavLor, H. P., Jr., and ForesTER, R. W., 1971,
Low-O'® Igneous Rocks from the intrusive
complexes of Skye, Mull and Ardnamurchan,
Western Scotland: Jour. Petrology, v. 12,
p- 465-497.

TavLor, H. F. W., ed., 1964, The chemistry of

YEHOSHUA KOLODNY AND SHULAMIT GROSS

cements: Academic Press, London—-New York,
v. 1, 460 p.

TempLE, A. K., and HeiNrICcH, E. WM., 1964,
Spurrite from northern Coahuila, Mexico:
Mineralog. Mag., v. 33, p. 841-852.

TicLey, C. E., 1951, A note on the progressive
metamorphism of siliceous limestones and
dolomites: Geol. Mag., v. 88, p. 175-178.

TURNER, F. J., 1967, Thermodynamic Appraisal
of steps in progressive metamorphism of
siliceous dolomite limestones: N. Jahrbuch f.
Mineralogie. Monatshefte 1967, p. 1-22.

1968, Metamorphic Petrology, Mineral-
ogical and Field Aspects: McGraw-Hill, 403 p.

WeLLINGs, F. E., 1934. Unpublished report.

WryLLIg, B. K. N.; CampBELL, K. A.; and LEEs,
G. M., 1923, Anglo-Persian Oil Co., unpublished
report.

WywLig, P. J., and Haas, J.L., 1966, The system
Ca0—=S8i0,—C0,—H,0. II-The petrogenetic
model: Geochim. et Cosmochim. Acta, v. 30,
p- 525-543.

Zuarikov, U. A., and SeEMuLoviIcH, K. 1., 1969,
High temperature Mineral Equilibrium in the
system Ca0—Si0,—CO,: Geochem. Inter-
national, v. 6, p. 853—-869.






