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These minarele may bhe divided into four

to the etsate of oxidetior of thne mencsnece,

fundsments]

grouns, &according

oxides siymwholising

theee sroups are, in ascendins order of ovidation. mangenosite (TnO},

hevemennite Ly bivvyite (in 0_0 £rd

in hirher stetes of oxidetion ie not found
These minerals will bhe described here with anzlagous

ecsential lons of other metsls,

(i)

hansanous oxide group.

(a) ‘ienganosite.

The formuls 1s given as :InGC, but Fe, g

The crysetal esxsten is

croun is Wi 3Am, The length of the « axis is

The colour is green on fresh surfacesg,

The streak is brown and the hardnese 5%, The

at 5.36, srtificizlly prevared material varying between

mineral is transpavent, with a vitreous lustre.
ganosite apnears grey
In transmitted light the colour

and disversion are high (n green 2.19, n red

tlanganosite ie unstaeble under ztmospheric conditions,

nizher owides.
the

The

and has beern found in e¥—solution intergrowths with zincite (ZnC)

AP . . ) . O .
clase (Hg0). The melting point is 1785 , (Hay,

cason, 1943 ).

Manzanosite was named end first described from lLengban by

in 13874.
of calciun, magnesium and mangenese carbonates,

manganosite and carbon dioxide at =a
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arrolusite

nreserved

and.

4,436 A, unit cell

turning to

snecific

is emerald green.

Jt ocecurs as emall greinsg in dolomite,

(=m0 ", i

I4

ancanege
in netural environwente,

minerals containin:

end the hydrous oxide minersle.

substitute for "m.

is R
SN ey
.

. . /o -
cubic, nevoctanedral class (A/m 22 /m), and the space

conteining

black on exnosure.

gravity is calculsted

U
5.0 and 5.4. The

In polished section man-—

and isotronic, with emerald green internal reflections.

3

The refractive indices
N
2.165.

zltering to the

It a#lters more readily under alksaline conditions, yielding
- . N . /o~ et - -z A
hydrous oxide pyrochroite (un(Oﬂ)h) and eventually manganite (vinOOH.
LA o . )

compound forms rolid solutions &t high temperature with other RU oxides,

and peri-

Howat & White, quoted by

Rlometrand

formed by the metamorphism

the latter breaking down to

relatively low temwerature (Mason, ibid .




(b) Pyrochnroite.

y Zrn and Fe may substitute

The formuls is xiven &s In(OH)Q, hut
for . The crystal syctem is trigonsl, scalenohedral clese (30w, znd
the space group is C 3m. The unit cell contains '“(OH),, the dimensions

“
being &= 3.344, ¢ = 4.684,

5

The colour is nale greenish blue on fresh surfaces, eltering to brown

and finally to black or evposure. The minerel is transparent in thin
nlates, with & pearly lustre on cleavage surfaces. The hardness is 2%

e
and the specific gravity is calculated at 3.25.

In trensmitted light thin sections are colourless, hecoming brown on
alteration, and pleochroic witnh absorption 0> . The mineral is uniaxial

negative, with indices: n0= 1.723 - 1.733, and nl =1.581 - 1,693,

o=t

(ii} Mangano-manganic oxide groun.

D

(a) Hsusmannite.

; . . , o 3 )

The formula is MnSO,, or Hrn  ln ﬁ04. The mineral belongse to the
4 el

ditetragonal dipyramidal class of the tetragonal system (4/m2/m2/m), and

is regarded as naving a deformed spinel structure. The space group is
Id/amd. The unit cell contains in,“nS 16 and the dimensions are 1

a = 8.144, ¢ = 9.424 (Mason, ibid), but these are quoted as a = 5.754,

il

C

G.42A by Wleischer (1944).

The colour of hausmannite is described by ¥leischer as brownish black
to reddiesh, giving a reddish brown streak. daterial from Om Bogma, Sinai
ig a metallic grey. The mineral 1s paramagnetic. The hardness is 5 to
5% and the specific gravity varies between 4.7 and 4.9, being calculated

at 4.84.

Thin sections of hausmannite appear deep reddish brown and non-pleo-
chroic in transmitted light. The minerel is uniaxial negative with indices:
n0 = 2.46 - W06, nu= 2.15 ¥ .oz, In polished section it appears grey-
white with low reflectivity (between 10% and 20%) and slight reflection
pleochroism (0> E}. The plene of polarisatio: is rotated through 20.
Anisotropy is distinct, with brown and grey to blue colours. Deep red to

brownish internal reflections appear in some sectiorns, Lamellar twinning



is reported to be typical, but this wss not seen in material from Om

bogua.

The d spscings and estimated intensities of the lines in an x-ray

[ R

powder photograpin of & epecimen irom Om Joxme are as followses (oblﬁﬂ
(FO_ Vec‘ia\; fown [\ATN C\\‘cd—", takan w\\,‘\ﬂ r-Y C)LM. A @ a\‘

Nno. ¢ I
1 09 40
o qel 50 (goethite?)
3 3.07 40
4 2.75 60
5 2.47 100
& 2.35 5
7 2.03 5
¢ 1.79 5
9 1.57 3
10 1.54 20
11 1.44 5

Hausmannite is the mos? stable oxide of manganese at high temperatures,

and can be produced by heating any of the other oxides in air at about

1006° (Mason, ibidi.  The melting point is given as 1560°.

First recognised by Werner, hausmannite is of widespread occurrence
but of comparatively minor importance as an ore of mangsnese. Fesides
high temperature associations it also occurs in deposits showing no other

eign of thermal activity, as in Fiji.

(b) So0lid solution relationships.
L) 5 P

The natur«lly occurring minersal is generally almost pure in_ 0 but

3747

wnich appeasrs to be close to the

it hzs been found with 6.917% of F6304,

limiting replacement at ordinary temperatures, and 8.6% of Zn0 - apparently

a connecting link with hetserolite (ZnMnOO4). Verwey and van Bruggen (1935}
o i -

reported the preparsation of a series of solid solutions of Mn 0, with Teﬁoq.

N a3

b
There was a gradusl chienge in the axial retios with increasing I'e content,

from ¢/a= 1.16 to c/a: 1.00 at & couwposition of .n t e = 60 ¢ 40, mixtures

with more than 40% fe,0, .aving a cubic structure comparable to ¥ ¥e, 0.
[t <

3 3

- AN . . N PP .
rieson (1943}, without reference to the above work, revorted a similar series

between the end members Nn301 - We%OZ, with a similar change from tetragonal
4 3 4



[0,

to cubic structure at 60% Hn}Q,. The work appears to have been duplic—

ated with & different interp;etation of the valency etate of the ixron
nresert, The essentiel point 1s that the deformation of the svirel etruct-
ure 1is caused by the larger size of the menganese ions, hut it apvesrs to

be tre susller trivalent ion (tae largest trivalent ion in the iron family}

wnich esuses the deformetion rather thasrn the lsrger di-valent ior as sug-

=

o

T

rested ty Goldsecnniidt {1054, Thus the minersls 3dacobeite ({de=11v ¥
S P . - R L 3
Few® O} =and eelevite (idezlly ‘n~ Al 2 heve normal spinel siructures,

' oA

i
while hetzerolite (Zn' a0 I hes # tetragonsl lattice resewbline that of
1

2
heusmzannite, a1 the other zinc spinels z2re cubic.

(c)  GBvdrohe

emennite.

Thie mineral hee heen descrihad by Frordel (1052 and Wadsley (1¢55),

The etructure is similar to thet of heusmannite with a #li~htly larger unit
cell, compared with the dimensions of ¥leiscner (ibid?: & = 5,704, o = G,4092,
o4 3+

The unit cell contains (v, iin N o_g (O,Uﬁ)l,.
L= o]

Thne colour i¢ iron-black to brownish black with 2 brown stresk. The
refringence is less than that of hezusmannite, nl - 2.055, r¥ T 1,05, The

nineral is dichroic in brown, with B > OC.

(iidi) mpeganic oxide group.

- (a) Hivbyite.
N . e e e

The ideal formula for bivhyite is «,ungow, iron ie¢ prectically slways
3 ;

present, substituting for manganase, The minéral helonge to the dinloidal
cleees of the cubic system (2/m€}7 space group Jlal., The unit cell contains
(Jn,Feﬁ3QO4W. Gruner (1943) reported s variation in cell size according
to the uin :VFe ratio: artificial anoq n T 9,474, 17.25% J"‘ez():g a = 9,394,
c. 40% Fe?O% a = 4,354, Mtaeon {ibid.!, however, found the cell edze of

pure ‘.0, to be 9.400 T 0.0054, and that of & sample with 609 Fe_ 0. to

273 23
be 0,384 t 0.0G05A. The structure is thuat of the € type of sescuioxides,
(cf. the rarc esrth oxides) with octuhedral co-ordination. The large size

of the trivalent mangenese ion (0.73A; prohibites the tedrmss-dpssd. co-ordin-
. - . . . . 3%

ation of the corundum type of structure, co. N,Fe?OW (ionic size of wve” =

D

O.TOA. ;.



The colour of bixbrite is darc< brown to black, and the streak is

. . . 1 - R .

darx vrown. The herdness is 6:- and the specific gravity 4.74 to 5.1,
calculated at 5.01. Tne mineral is ovague with @ metellic to sub-metzllic
lustre. It is weakly magnetic, being infusible before the blowpipe but be-~

coming strongly megnetic on alteration  to (ln,Fe)WOA.
> 4
- . . . } . L ) 0
Bixbyite is the stable oxide of manganese bhetween 530 and 940 . It
occurs in nneumatolytic deposits and in metamorphosed manranese ores, often

is

3

in well-formed cubic crystalé. Jason, (ibid. ) demonstrated that Fego
soluble in ~isbyite to the extent of about 20% =zt ordinary temperatures,
rising to nearly 704 at 1000°. The compoesition of the bixbyite occurring
in the presence of haematite thus sives an indication of its temperature

of formation.

(b) Eraunite.

The formula 1is 31n903. MnSiDa. Brsunite belongs to the ditetragonsl
dipyramidal class of the tetragonai svstem (4/m2/m2/m}, and tae snsce group
is Id/acd. inason (ibid.} reports the unit cell dimensions as a = G,414,

= 18.644, but they are given in "Dana's System of liineralogy" es a =

c
13.444, ¢ = 18.G3A Tor a unit cell containing (ﬁn,Si)1m8OlOq
Z E Y

The colour of tne mineral is dark brownish blsclkk and the streak blacxk-

ish brown. The nardness ic 6 to 6%»and specific gravity 4.72 to 4.82,
being calculsated at 4.83. Braunite is weakly magnetic and opaque with =a
submretallic lustre. In polished sectlon it appears greyish white and

enisotropic, with a reflectivity of 15% to ZU%.

Wormally braunite contains little foreign materiazl in scolid solution,

but swmall amounts of iron are commonly oresent. dewett ~ Schaller (1937)

reported & specimen with 81lv 34nﬁ031 snS10, and 195 3Pe_C . xn3i0,, but this
‘ b) [ >

is an exception and a wide range of solid solution seems unlikely. Fermor

(1909 : reported an anulysis corresponding to the formula 3°n, C.. (Ig,Ca;
. c b}

IS

SiOB’ end this wae confirmed with an artificial product by .ason (ibid. .

Braunite is probably iiore common than tixbyite, and locally forms an

important ore of meangonese, as irn some of the iloroccan denosits.
(c) Hangsni te.

\ B . N . Y . . . N . .
The formula is MnO(OHN), manganite beinsz 2 member of the prismatic

class of the monoclinic system (Q/m}. The structure was determined by



12,
Buerger (19367 who assigned to it the space group B?l/d. The upit cell

contains hngoéOHﬁ the dimensions being a = 8.804, b = 5.244, ¢ = 5,704,

/87
{3 = 900. The mangzanese 1ig in octahedral co-ordination.

llenganite is dark grey to black, with a chocolate brown streak. The
hardness is 4 and the specific gravity 4.2 to 4.4, being calculated at 4.38.
The lustre is sub-metallic, the mineral bteing transparent only in the thin-
nest splinters.

In transmitted liglht menganite eppears red-brown and fairntly pleo-
chroic, (X and Y > Z). The optic plane = €10, 2 = ¢ (¥ AP) and 2V is
small and positive. Dispersion is very strong, redn> violet. The ref-

ractive indices in lithium light are: nX = 2,25, nY = 2.25 and n2 = 2.53.

In polisheda section manganite is grey-white with & brownish tint.
It is faintly pleochroic and snisotropic with bDlood red internsl retflect-

ions. The reflectivity is between 10% and 20%.
{d) Groutite.

The formula of groutite, described by Gruner (194 is HMnO, . It
& b <! S b ~
<
is orthorhombic {space grouv Ponm), and & member of the diaspore - goethite

zroup. The unit cell dimensions are & = 4.584A, D = 10.764, ¢ = 2,894,

The colour is jet-black, the hardness 3.5 and the specific gravity

(iv) ilsngenese dioxide group.

(a7 Pyrolusite.

MnO pyrolusite, also formerly named polianite, belongs to the

29
ditetragonal dipyramidal class of the tetragonal system,(4/m2/m2m>; the

space group 1is PA /v, The unit cell contains Mnmo1 and the dimensions
‘ oL

are:r a = 4.484, ¢ = 2.864,

Pyrolusite is opaque and iron grey to black in colour, with a black
streak and metallic lusire. Phe hardnees is 5 to &% but as the mineral
rarely cccurs in good individuel crysteles and is often in the form of soft
minutely crystalline masses the hardness has been recorded as 2, The

specific gravity for the pure uminerzl is 5, but values between 4.7 and
4.9 are commonly observed.



13.

In voliched section »nyrolusite appears creamy white s»nd wesklw

bleochroic, with reflectivity 25% to 35%. Anigotrony is distinct.

joN)

The 4 specings end estimated inteneities of the linse from an x-ray

pvowder niotogranh of 2 specimen frow Oz RBosma (09/65> follow:
(cq_ vaa\:a\’io\n’ My (’1\39-*\ talken with & 9§ ¢ wa. Q‘Z\maia\.

no, d I
1 7.1 z
- .20 5
3 2,38 30
4 3.14 100
5 2.4¢ 25
3 2.17 20
7 L.63 ‘ 20
A 1.55 5
o 1.30 15

Prrolugite ie probably the moet =bundant ménganese mineral, being
the stahle form of manganese under normel atmosvheric conditions, It is
of very widespresd occurrence, in small amounts in many rocks within the
zone of weathering and in concentrations forming the most valuable ore

deposits. It is found in both primary and secondary devnosits.
* (b) Ramsdellite.

The formula is #¥nO ramsdellite is & dimorph of pyrolusite, This

f) ;
«“
wineral is orthorinombic, with unit cell dimensionss & = Z4.5A, Hh T Q.24
? . b
6= PL.H3A. It is iron-grey to black in colour, with a black stresk,.

The hardnese ig 3 and specific gravity 4.7.

This mineral was first described by Ramsdell in 1937 and was named by

#leischer and Richmond (1643, It is & very rare mineral, % Hnog is a
more reactive compound ard therefore of special use in the battery trade.

It mey he a poorly crystalline Torm ot ramsdellite or & form intermediate
betweer ransdellite and pyrolusite. It is more widespread in occurrence

than rensdellite, (Cole, Wadeley & Walkley, 1947, Wadsley & Walkley, 16517,

7

(¢} The alphz diovides.

Thig term includes a group of minerals, cryptomelane, hollandite and

coropadite, containing essential ions other than msnganese. ~The ratio



11,

O s dn is alweys less than 2, being in the range 1.,#3 - 1.90. The group

N
\

was shown to be isostructural by Frondel # Heinrich (194?),,Richmond R

¥leischer (1942} snd Gruner (1943). It hes since been investigated by
Bystrom & Bystrom (1950}, who provosed tne gereral formula: A

B

.

o N 2~y "8~z
Xlé’ ahere A represents larpge ions, Ha (hollan01te), YT eryptomelane

s C : . . . I
or Pb (coronadite); B represents emall or medium-sized ions, ﬂn1 ) Fe3+
. 2= - . - \
¥ represents C or OH . They (Bystrom & Fystrom, 1951} have

gince modified this %o include water whicnh may possibly occur within the

lattice: (Ba,K,Pb)g_y(H?O}u(Hn,Fe}&_Z(O,OH) where y is alwaye close to

16’
1, but less in coronadite, u is probably always small anéd must be less than
1, and z is rearly 0. liaywell, Butler & Thirsk (1952) studied artificial

;in(')2 with other foreign ions.

These minerals are tetragonal or vseudotetragonal {mornoclinic) with
[&) < . b

e ~ 20 0 . o ; S .
(S within C.5 to 1.5 of 60 . The space group of the tetragonal cell is

3]

14/ ané the cell dimensions sre & = 9.84, ¢ 2.864. The mangenese is

in octohedral co-ordination.

The colour ir steel grey to black, with & metallic to sub-metallic
lustre and a dark brownish blsck streak. The hardness is 6 snd the spec-—
ific gravity in the range 4.2 to 5.6, beingz low for cryptomelane and higher

for coronzdite.

In polished section the minerals of this group appear white and weakl
I & N

vleochroic, but strongly anisotropnic. The reflectivity is in the range
?Q% to 30%. Chemical tests are necessary to distinguish the individual
4 :

members ol the group.

These minerals are of widespread occurrence, cryotomelane being by

far the most common.
(d) Psilomelane,

This name was previously epplied to a broader group of minerals,
including the three species described above. Feilomelane was originally
cescribed from Schneeberg in 1831 by Haidinger. It wes investigated by
Veur (1637}, using x-rey methods, end more fully studied by Wedsley (10524

and 1953,



15,

The jiormula is (De, H2O)2ﬂn5010. Psilomelane is monoclinic, space
group A2/m.  The unit cell contains: Be, . (kn,R) O, . 2.721,0, R = ot
and traces of other ions substituting for Mnl+. The unit cell dimensions
are: a = 9.56% 0.024, v = 2.88 ¥ ¢c.004, ¢ T 13.85 * 0.024, Z 92% 300 T
20",

The colour and streak are black, and tne mineral 1s opaque with a
sub-metallic lustre. The hardness is 6 and the specific gravity 4.4 to

4.7, being calculated at 4.82.

In polished section psilomelane appears greyish white and generally
tfine grained or amorphous, with moderate reflectivity (lower than the ref-
lectivity of pyrolusite}. The reflection pleochroism and anisotropy are
strong. Some specimens show brown internal reflections (Uytenbogaart,

1951>, but these were not seen in specimens from Om Bogma,

The Sinai material suspected of being psilomelane or related minerals

did not give good x~ray powder photographs. It was identified on the
basis of its optical properties as belonging to this type, the composition
of the ore (Chapter 6, (i}, (b)) suggesting that 2ll of these minerals

(psilomelane, cryptomelane, hollandite and coronadite) are represented.

FPsilomelane is one of the commonest manganese minerels. 1t loses
water on heating, taking it up again on exposure to air for several days.
At 5500 it alters to ite dehydration product, uollsndite (Wadsley, 1953).
A1l the manganese dioxides become unstable at about this temperature,
altering to bixbyite (Gruner, 1943), but the change is apparently not rapid
until a higher temperature is reached,as in D.T.A. both pesilomelane and
nyrolusite show strong endothermic rezctions above 6000, but little reaction

below this temperature (Heysteic & Schmidt, 1954 .
(e) Wad.

Poorly crystalline, generally soft and earthy, Torms of hydrous man-
genese oxides are generally classed as “"wad". 1ln recent years some of
this and other material has been investigsted and & number of distinct
minerals are now recognised. This material is ygenerally unimportent as

ores tue wminerals will merely he briefly listed here.



Cesurolite

Chalcophanite
Lithiophorite
Susnselite
Rancidite

Joodruftfite

Livn, A1,

Y

Ph i, 0 .+ 0
EEC R S

{ n, ffaa‘J, O

4 L \ u_-i'}" g
(7n,wn,?“|501

22,0 (wadsley, 1955a)

RISIRS (Wadsley. 1095021

"0 {Richmond A Wleiecuner, 1947a

W0 (¥rondel, 1953,

lb.
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(2) THE FRORLE.{ OF ORE-GRENESIS.

In the paset the oenecsis of some of the ovide ores of manwenese has
tean rather a2n eniematic subject. The larger deposite of thesse nres

tynically occur ss more or lese conformable maseces of the higher ovides
of mangsnere, occurring either alore or sccopanied by varvire ( and often
enormous ) emounts of the hicsher oxides of iron. Seldom 4o any other

elements occur in wmore thern very minor proovortione.

There hes been a tendency

ong mony gsolopists to zecrihe en epigene
origin to the manganese oxides, the ore deposits being clssceified as sed-
imentary, residurl or metzmorphic, the letter being formed by the alter-
ation of the two former itypes. Thie zpproach is epnitomised in "Kutlew's
ineralogy" (Reed, 1048), prohably one of the wost widely used reference
books =mmong economic gedlogists #nd others having frequent contact with
manganese oracs

"I+ will be =seen thet 2ll deposits of mencenece ovides heave been

i s

formed by the breaking up of the mansenese bearing mi
metamorphic rocks," .

of ieneous and

The point was also mede by Lindgren (1933 )

"¥angsnite, pyrolusite, ovsilomelane and wad are zlways secondary.

formed under the influence of weathering."
In the extreme case even the formation of veins of manganese oxides has
heen regarded as being Ly the filling of & previously open fissure by

naterial of superficial origin {(Meltner, 1933).

In support of the sedimentary marine origin the devosits forming on
imes cited. These

the floor of the deeper parts of the ocean are somet

[64]

are, however, forming extremely slowly, in the almost total absence of
other deposition. Disregarding the theory of the vermanence of the oceans,
it such deposits were to be raised up to be exposed in & land-mass they
would present lithological associations quite unlike those of many of the

larger known manganese ore deposits,

It is more usual to suggest depositior in shallow coastal waters, by

analogy with the sedimentary iron ores. The deposits of Chiatury, prob-
ably the largest in the world, are ocouoted @s an example of this. The

problem here is one of concentration, or more particularly of relative



concentration. To produce a workable iron ore body containing 4C% of
the metal the average concentration of iron in the crust (about 55) has +to

be increased eight times, but to form a manganese ore of comparable tenor

the average concentration of manganese (about U.1%) must be increased 400
times. or an ore with eqgual proportions of iron and mangeanese the nat-

urzl orocesses of concentration of the latter must bhe 50 times more effect-
ive than for the iror. It must be remembered that, excluding biological
factors, corditions which are favourable to the concentration of manganese
are generally also favouravle to the concentration of iron. 'mis relative
concentration could best be effected at the source (i.e. during weatheringi,
&5 the manganous ion is leached more easily than the ferrous ion (Gold-
schmidt, 1954,. There is still concentration relative to the normal sed-
iments of a neritic environment to be considered; owing to the usually
very small proportion of manganese in the rocke of the crust its accumul-
ation in the sea as a result of the weathering of those rocks would necess-—
arily Te slow. Wiiere an ore deposit is associated with detrital sediments
{as at Chiatury} furtiher concentration by secondary processes may have to

be invoxged.

Very special conditions would be required for the formation of large
sedimentary deposits of manganese ore, but large oxide ore bodies of rem-
arxable purity occurring in many varied types of rock formation have been

classed as of sedimentary origin in the past.

Bog ores and leke depcsits of manganese oxide ars being formed in
many places at present, hut they are generally of small size, amounting
to some tens of thousands of tons. This mode of formation does not apply

to any of the larger aanganese ore deposits.

Residual and lateritic deposits can also be seen forming at the pres-
ent time. Accumulation in this menner 1is commori, since mangsnese is read-
ily oxidised in atmospheric conditions to the insoluble trivalent or tet-
revalent ions. The proposed residusl origin of some ores, nowever, is
not entirely satisfactory. In some ceses the "oxidised zone" of & deposit
has been found to extend well below the present water table, and =o it has
beernn impossible to &tiribute this oxidation to weathering in the vresent

cycle of erosion {Fermor, 190G.,

The oxides of manganese arc not easily accommodated in the normal



sequence of hydrothermal ~ineral deposits associated with deep-seated
igneous intrusious. They nhave not been recorded in sny appreciable
quantity ir the paréegenesis of the hydrothermal deposits &t &ny stage,
evceot the zone of secondsry alteration where they sre sometimes found as
ovidaetion products of the carbonate snd silicete minerals, rihodochrosite,
mangano-giderite and rnodonite. The iron and menganese oxide deposits

are "foreien" to this »orimary hydrothermal environwent on two counts:

these are the high state of oxidetion of these metals and the usual psucity

of gangue, or any minerals other than the oxider of iron and manganese.

The occurrence of many of the manganese oxide dewnosits in asgsociation
with, or in proximity to volcanic or minor intrusive rocks has led Wester-
veld (1948) to infer that they are genetically connected with this igreous
activity. Ae provosed a scheme of classification for the manganese dep-
osits, zseociated with the Alpine orogenic belts including oxicde,cerbonate
and gilicete minerals of bhoth hydrothermal and sedimentary origin, arriving

at the following conclusion@ﬁSﬂi

R
;1tes de man-

"Le schéma sunnose que presaue la majeure vartie des
;anbse des régioms alnines a regu ce métal de sources hyipogenes, meme le
grand 48pot de Tchiaturi. Les concentrations tout 2 fait sédimentaires,
d€rivées de roches décomposées car alteration superiicielle ou formées par
1atéritisation de roches basiques, ne paraissent jouer qu'un role trés
secondaire; nuand celles—-cl obtlennent ocuelaue importance, il s'agit le
slue souvent de remaniements de nmatériaux provenant d'uns source profonde.

The obiect of this thesis ig to explain the origin of some deposits

of marngenese oxide ore.
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(1) INTRODUCTIOHN.

(i) Location.

Sinai is a roughly triangular area with south-pointing apex sit-
vated a2t the junction of Asia and Africa. It is bounded to the north
by the Mediterranean coast-line; to the west by the Suez Canal crossing
the Isthmus of Suez; and to the east it merges into the Negev Desert
(Israel). The southern part, the Sinai Peninsula, is bounded by the
two northern arms of the Red Sea - the Gulf of Suez to the éouth—west

and the Gulf of Agaba to the south-east,

Om Bogma 1is situated about midway between Suez and Ras Hohammed,
the southern point of the peninsula, seventeen kilometres from the
shore of the Gulf of Suez and 700 metres above sea-level. {Lat. 290 ".,

.

Long. 33° 20' £.).

(ii) ©Physical Peatures.

The topography of Sinai is very varied, from the mud-flats and
low sand dunes round the Bay of Pelusium in the north, through white
chalk hills and the Cretaceous escarpment of the central portion,
which is known as the Gebel el Tih and forms an almost unbroken berrier
over 1,000 metres above sea-level across the middle of the peninsula,
to the extremely rugged country of Pre-Cambrian crystalline rocks of
the south. Gebel Katharina, the highest peak of Mount Sinai, situated
in the latter area, rises to an altitude of 2,646 metres (Ball, 1916)
Om Bogma is on a strongly faulted and deeply dissected plateau of sand-~
stone resting on a basement of the crystalline rocks. The lower parts
of the two principal drainage channels of this erea, the Wadi Baba and
the Wadi Shellal, which cut through the uplifted grarnites of the base-
ment, are very narrow and deep box-canyons. The upper parts of these
wadis are wider, sand-filled valleys. Many of the hills &are bounded
by neer-vertical cliffs. The nature of the terrain makes transport a

difficult and costly proposition.
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Plate I

The lower parts of the courses of the main drainage
channels, where ihey cut through the granitic rocks

of the basement complex, are narrow box canyons.

Lower part of Wadi Shellal, 3% kms. south-west of

Om Bogma.

Plate 11

The upver parts of these wadis, traversing the sediments at

a smaller gradient, are wider, sand-filled valleys.

Upper vnart of Wadi Baba, looking north-esst from Bir Rekeis.









Plate IIT

The nature of the terrain makes transport a

difficult and costly proposition.

The motor road leading down to Wadi Shellal

from the Om Bogma hills.

Plate 1V

A dissected plateau of sandstone resting on

the uplifted granites of the basement.

Looking north-east from the downthrow side

of one of the major faults in Wadi Shellal.
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(iii) The Mining Areas.

The principal mining onerations are carried out on the properties
of the Sinai Mining Company Limited. These fall naturally into two
parts: the older mines of Om Bogma itself, and the Nahman Areas to the
east and north-east of them. The Om Bogmsa/have provided virtually all /WTUﬂES
the production of this company to date. They are situsted on four
groups of hills, described by Ball as the Central, North, East and South
hills but bvetter known at the mines as "Lease 10'", "Lease 8",'"Lease 9"
and "Ras eeromara“ respectively. The NWahman Areas, named after Enrico
Trahman, the engineer who took out the first mineral prospecting licences
in them, are considerably larger, extending some five kilometres east-
wards to the Wadi Neasib and Wadil el Lahian and for several kilometres

to the north.

The surrounding areas, to the north of Wadi Baba, east of Wadi
FFagib and south of Wadi el Sahu, as well as the lower part of the Wadi
Shellal (the continuation of Wadi el Sahu,, have been worked for smaller
deposits of manganese dioxide. This activity has increased considerably

in recent years.

(iv) Climate and Vegetation.

The climate is dry, with a few inches of local rainfall in the
winter months. Winter temperatures are usually in the 400 - 50O (F)
ranges frost is of rare occurrence except on the higher mountains.
Summer indoor temperatures are in the range 850 - 950, but shade temp-
eratures have DBeen recorded up to 1250 (F). ¥idday temperatures in
the deep wadis during the summer are very high as there is very little

shade or movement of air.

The most important agent of erosion haé been running water.
Although rain only falls on two or three days in the year a good deal of
the water flows away as surface run-off, there being virtually no sédl
or vegetation to hold it. The result is that in the normally dry wadis
there suddenly ap.oear torrents of water which can move quite coarse
material in their path. Probably the very deep erosion of the higher

ground took place during the Pleistocene Pluvial period, but there are



Plate V Plate VI

Wind erosion in the sandstones; srosion in the basement
examples of Loneycomb weathering, rocke is largely controlled
enlarging to windows and under-— - by Jjoints and other struct-
cut ledges. ure lines.

Lower Sandstone on the eastern Wadi Shellal, 3 kms, south-
slove of the North Hill. west of Om Bogma.

Plete Vil

The dolomites of the Limestone Series typically form

flat—tovoed hills (mesas; and plateaux,

Central Hills, seen from the middle of the lLorth Hills.
Prominent cliff of Lower Sandstone, with a lesser scarp

of Upver Dolo..ite nearer the top of the hill.










Plate VIIIL

Yiew to the north-east from Om Hogme. Central Hill in the foreground,
with the North Hills beyond with prominent outcrops of dark ore and East
#ills to the extreme right. The Cretaceous Scarp of Gebel el Tik can be
seen in the Tar distance. ihe Om Bogma Dyxe cuts through the conical nill
in the foreground and continues through the similar hill (surmounted by an

aluminium painted water tank) in the background.

Plate IX

View to the north from the Horth Hill. Gebel Hazbar, at the head of Wadi
Kharig, cun be seen on the right in the middle distance, with the sandy

tract of Debbet el Qeri beyond. The scarp of Gebel el Tih is in the back-

ground.
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signs of more recent rejuvenation in the form of terraces of gravel and

conglomerate,

Wind erosion has had a striking effect on the sandstones, which
show perfect examoles of honeycomb erosion enlarging into windows and

undercut ledges.

Vegetation is very sparse and consists of small groups of date-
palms, forming ocases where the watler which trickles beneath the sand
in the wedi~bottoms is brought close to the surfece by the configur-
ation of the bed-rock, and scattered acacia trees, Numerous smaller
plants appear after the rains, only to disappear agein after a few

weeks drought.

(v) Occurrence of the manganese ores.

The only manganese ore deposits in the iliddle East which hsve
béen worked commercially on a large scale are those of Om Bogma, but
there are other deposits of manganese in and around Sinai. These are
relevant to the subject as their presence suggests that the region may

be a metallogenetic province with regard to manganese.

(a) Om Bogma ores.

The ores consist of = heterogeneous mixture in varying proportions
of the higher oxides of manganese and iron. They outcrop intermittently
at a single geological horigzon in the hillsides; this is usually near
to the tops of the hills. The individual outcrops vary from a fraction
of a metre up to several hundred metres in length. Owing to the dis-
sected nature of the terrain the total aggregate length of outcrop is
very considerable, and access is possible to the ore deposits at a great

many places.

(b) Deposits of the Wedi el Arabah area.

The Wedi el Arabah is that part of the Rift between the head of the
Gulf of Agaba and the southern end of the Dead Sea. Irn the Wadi Menayeh,
some thirty kilomeires north of Aqabas on the wesi side of Wedi el Arabeh,
(in Israel;, there is a deposit of manganese and iron oxides. Another

deposit has been described in Wadi Dana, farther to the north and to the
east of Wadi el Arabah, (i.e. in Jordan). Both of these devosits have

much in common with those at Om Bogmz.
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(¢} Wadi el Akhdar.

In & tributary near the head of the Wadi el Akhdar ("the green
valley"), about 45 kilometres E.S.E. of Om Bogma 2nd =2luost at the centre
of the Sinai peninsula, 2 vein of mangenese dioxide has been Tound cutting
the Pre-Cambrian basement rocks., This ore has been worked to 2 depth of
about ten metres, but as there was rno improvement with depth the workings

were abandoned.

(4} Other occurrences.

Occurrences of "flozt" manganese ore have been reported from the
neighbourhood of Ras kohaimed, the southern tip of the peninsula and
from near lNoweiba on the Sinai shore of the Gulf of Agaba, but no work-

able deposits are known at these places,

Hume (1901) deecribed a conglomerate at Sherm, in esstern Sinai,
which is cemented with "hydrous black oxide of manganese', The devnosit
ig up to four metres thick and overlies strata with '"red ferruginous ochre'.
Hume also recordecd that the S.5.Pola expedition found manganiferous dep-
osits forming on the floor of the Gulf of 4gaba, which {unlike the Gulf

of Suez) is 1,400 metres deep. (Ball, 1911).

(vi} History of the Om Bogma ore-deposits.

(a) Ancient workings.

A number of excavationg containing ancient implements have been
found in outcrops of both rich manganese ore and of the lower grade irony
ore. Ball (1916} believed that malachite was the ore sought by the
ancient miners on Gebel Um Rinna and in Wadi Kharig. Evans (1929)
believed that the manganese ore must have been locally cupriferous and
was accordingly smelted for copper. Large heeaps of furnace slag, much
of it with green copner stains, occur at a number of places, suggesting
that a good deal of ore was smelted in ancient times. Both Fall and

Evans recorded the finding of copper artifacts among the slag a2t Bir

Hasib.

Blake (1939} reported the presence of heaps of slag in Wedi Dana,

which he says was an ancient centre for copper smelting.
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Although the manganiferous ore and the country rocks at Om Bogma
do contain traces of copver (amounting to less than 0.1% in the ores)
no concentrations of copper minerals of sufficient size to justify ex-
traction of the metal, even on a very small scale, have been found in the
modern workings. It is possible that some of the ancient excavations in
deposits of rich manganese dioxide were made to obtain '"kohl", powdered
pyrolusite used by the ancient Egyptians as a cosmetic - and still sold

in the Cairo bazaszrs for the same purpose.

(b) Discovery in modern times.

The deposits of iron and manganese ores were discovered by Thomas
Barron of the Geological Survey of Egypt, who made & reconnaissance of
some 3,500 square miles of Western Sinai in the winter of 1898-96, The
area soon became the centre of some commercial interest because of the

rising demand for manganese in the steel industry.

(¢c) Development and mining.

Before the outbreak of the first World War a German company had
leased the biggest deposits at Om Bogma and some developmenti work was in
progress on soine of the hills there. in @erial rope-way was under con-
struction to carry the ore for 9 kilometres over mountainous terrain to
a depot on the coastal plain which was connected by a light railway to
the deep water anchorage at Abou Zenima. Prospectors were also at work

near Bir Rekeis and in other outlying areas.

After the war the assets of the former company were bought from
the Controller of nemy Property by the presert Sineal lining Company Ltd.,
who have been responsible for the entire production of ferruginous mang-
anese ore (amounting to some three and a half million toris) and a high
proportion of the manganese dioxide from Sinai. The pace of operations
increased after the second World War, the rate of production of ferrug-
inous ore rising to nearly a quarter of a million tons a year in 1956.
Production of manganese dioxide, both by the Sinai linring Company and by
smaller operators in the outlying areas zlso increased considerably in
this period. 4t the same time a great deal of development work was done,
between ten and fifteen kilowetres of underground workings being driven
and mapped in detail, while many kilometres of new access roads were made

on the surface.
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(vii) Geological research.

(a) Ball (1916).

The most comprehensive geological survey of this area was made by
Ir. John Ball, of the Geological Survey of Egypt, in the two winter seasons
of 1912/13 and 1913/14. ile mapped the topography and geology of an area
of 1,000 square kilometres with considerable accuracy on a scale of 1 :
50,000. His account of the survey includes a description of the strat-
igraphy, including the palaeontology of the Carboniferous formations, the
tectonics and a detailed description of the more important groups of ore

deposits, with his interpretation of their probable origin.

(b) Barthoux (1923).

In 1923 J.Bartonoux published a comparison petween the manganese ores
of west Sinai and those of the lower iesozoic rocks of *orocco, with some
remarks on their respective origins. He gave a succession for Sinail
with three distinct "beds" of manganese ore, a description which does not
tally with my own field observations, or with any other recorded descrip-
tion. He also stated that the merine transgressive deposits overstepped
on to the ancient eruptive rocks, a statement which does not appear to be

borne out by the field evidence.

{(c) Evans (1929).

Dr.Jd.W.livans examined the ore deposits in the area surrounding Om
Bogma on behalf of the Sinai Mining Company. His report has not been
published, but Groves (1938) reported his suggestions that the ore had
been squeezed from beneath the superincumbent strata to apnear at the
hill sides. This analogy with valley bulges is quite unjustified by
the physical state of the ore, which is typically very hsrd and compact,

and has been disproved by underground development.

(d) Penine (1930;.

Professor Alexsndre Fenine made a study of the ore depogits being
worked between Wadi Baba and Wadi Shellal, near to their junction, and
presented his results to the Institute of Egypt. He was particularly
concerned with deposits of manganese dioxide and he made a rather confused

attempt to explain the relative concentration of manganese in relation to
iron.



(e) Recent research.

ATter resuming bulk production following the second World War the
Sinail Mining Company consulted Dr.G.A.Schnellmann, who made a close
evamination of the mines and outlying areas in 1951. He confirmed the
opinion‘of the Company's Technical Director, M¥r.Donald Gill, that the
deposits were epigenetic in origin and largely due to hydrothermal
metasomatic replacement of carbonate rocks, He also stressed the imp-
ortance of closely following structure and lithology in development work.
Later a resident geologist (the author) was appointed and detailed
geological mapping of 211 development workingse, amalgsmated with the
regular sampling of ore in situ, vecame routine practice. Relevant
data collected during that work have been incorporated in the present

thesis.
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The ore outerops near the tops of steep-sided hills, and access

to the deposits is nossible at a grest marny nirces, Tine

onening in the highest part of the Torth Fills.

Plate XI

View to the north from the iorth Hille, The outcrop of the Send-

storne Paveument can be treced round to the left from the opencast

working in the foreground. The basement rocks 2re exposed in

Wedi Fimeira, bottom righf, The sandy tract with trees in the
middle distance, right, is the Wedi Baba, with the Wadi Kharig

joining it from the north. Faulted and tilted strata can be seen

just in front of this confluence.









Plate XII

View to the north-west from the Central Hills. Light coloured granite

of the hasement can be seen in the foreground, with derker diorite beyond
the Wadi Baba. The vlaned-down surface of the hbasement aPNEeETrs in the
scarp facing the camera, overlain by Lower>Sandstone capoed by the Limestone
Series which forms & plztezu, seen here as @ "false horizon". Beyond,

the derk busement rocks reappear where they heve been uplifted adjiacent to
the westerly bounding fault of the Suez Rift with sediments dioping away

to the right (north-east). Reyond this again, znd farther to the right

the s:me sedimentary sequence is seen at a nhigher level.

Plate XITI
View to the south from North Hill. The largest of the East Hills is on
the right, in shadow. The herd base of the Lower Saﬂdstone forms a small
scarp at the bottom of the picture (wainly in shadow! while the softer
shaley sands of the middle of the formation meke uv the rounded features
in the floor of the cirque. The Limestone Series outcrops wbove the steep
cliff face. The Upper Dolomite, forming = small scarplet on the left of

the picture, disappears when traced across to the right.
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(2) STRATIGRAPHY

The main features of the regional stratigraphicel geology are
shown on Map I, and sections are given for W. Central Sinzi. with others

for neighbouring areas for comparison.

(i) Crystalline Basement Rocks.

The sediments rest unconformably on & Pre-Cambrian platform of
granites, gnelsses, schists and porphyries, corresponding to the "Agaba
Granite Complex' described by Quennell (1951) in the area to the east
of the peninsula. In the immediate vicinity of Om Bogma light grey and
pink grenites and gneisses occur. Towards their upper surface these
rocks show marked decomposition, especially in shattered fault-zones,
so that the top of the granitic rocks is often more easily weathered
than the overlying sandstone; but in the deep wadis the granites appear
quite fresh. The surface of unconformity has been planed with remark-
able regularity; the junction between crystalline and sedimentary rocks
shows up by colour difference when viewed from a distance of more than
eight miles and can be seen to be guite flat except where it has been
disturbed by later faulting. This feature can also be seen in the Agaba
region of Jordan where the sandstone is "lying like a cake on the igneous

table" (Blake, 1939).

(ii) The Kubian Sandstone.

(a) History of the name.

This term is applied to the north-easterly outcrops of the sandy
rocks, principally of terrestrial origin, which occur in many parts of
Africa north of the equator #nd in the past covered most of the northern
pért of the continent and Arabia. The beds are largely unfossiliferous
and in many cases their zge is uncertain even within very broad limits.
There has been a good deal of confusion and controversy about this term,
but it is & useful one and is being retained in modified form. Its
earlier history has been admirably summed up by O.H.Little (1938) in the
Lexicon de Stratigrephie, prepared and published as a result of the XVth

International Geological Congress.
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The term was first used by Russeger (1843) in re-naming his "Bat-
aract Séndstone" of Upper Egypt and Nubia. He came to the conclusion
that these sandstones are not younger than Lower Cretaceous. Laiﬁet
(1869) regarded them as being of iiddle Cretaceous age. Bauermann (1868)
collected some fossils from the sandstone of Sinai, but there was some
doubt as to whether they should be referred to the Trias or to the Carb-
“oniferous. Von Zittel (1883) pointed out that for different localities
of Egypt, Sinai and Palestine the Nubian Sandstone had been assigned to
various periods, from Carboniferous to lliddle Cretaceous, and he suggested
thazt the term should be either reserved for the Upper Cretaceous sandstone
or abolished. He placed the lNubian Sandstone in the Senonian. Lyons

(1894) also believed it to be entirely of Cretaceous age.

Fourtau (1902) was of the opinion that Nubian Sandstone should only
be used as a petrographical term with no strafigraphical significance,
but members of the Geclogical Survey of Egypt, notably Hume, Barron and
Ball, continued for many years to place this formation in the Cretaceous
System, excluding only those sandstones known to be of Carboniferous:&age
or older. In the key to his map of West Central Sinei, Ball (1916) re-
ferred the name Nubian Sandstone to the unfossiliferous beds lying between
the Upper Carboniferous Sandstone and the base of the Cenomanian clays,
and rather misleasingly includes them in the Cretaceous System, although

he was aware of the difficulties of these age relations.

Douville (1916) also used this questionable method of dating by
referring unfossiliferous beds to the next lower. age-group to that of
the overlying dated stratum in suggesting that the term lubilan éhould
e reserved for the lowest sandstone forming the middle of the Moghara
dome in northern Sinsail. This is below Bajocian beds '"and therefore of
Triasso-Liassic age."  HMoon and Sadek (1921) reviewed the previous work
on the lNubian Sandstone and proposed "to drop the term, whnerever possible,
and use instead Lower Cretaceous Sandstones to denote the sandstones
below the Cenomanian rocks, and Triasso-Liassic Sandstones for those

forming the centre of the Hoghsra dome."

A more realistic attitude was taken by Hume and Little (1928) of

the Geological Survey of Egypts
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"Fubian Sandstone has been retained for the series of sandstones
and clays beneath the lowest fossiliferous Cretaceous beds. In Bahariya
Ozsis the uppermost beds of the liubian Sandstone are immediately overlain
by Cenomanian beds, while in Kharga and Dakhla Oases they underlie the
Campanian. Nubian Sandstone, over 500 metres thick, extends from Kharga
and Dakhla Oases to Owenat Oasis and into the Sudan, and possibly contains
beds of various zges between Lower Carboniferous and Upper Cretaceous.
Kast of the Nile, the sandstones, 200 metres thick, between the Carbonifer-
ous and Cretaceous in Wadi Araba, are Nubian and this formation extends
south along the flanks of the Red Sea mountains. South of latitude
25”30' N. the Hubizah Sendstone forims the western portion of the Bastern
Desert. In Sinai, 500 metres of unfogsiliferocus sandstones between the
base of the Cenomanian clays and the Upper Carboniferous Sandstone, are
included in the Nubian."

In recent years the whole subject of African Stratigraphical names
and correlations has been taken up by the Association of African Geological
Services, and in particular by the Commission on the International Geol-

ogical kap of Africa.

Sandford (1948} has described some modifications of the term to give
it a broad stratigraphical value. He has been zable to link up "the old
part of the Fubian Sandstone™ with the "Continental intercalaire" respect-
ively of French Equatorial Africa, the Sahare and Fezzan by following
the succession from Egypt to the Chad Basin and Tibesti. The Fubian
Series, which includes the continental bheds above snd separated from the
Carboniferous beds of north-east Africa, are analagous in position to
the Karroo System of the south. The Hubian Series thins to the south,
with younger beds progressively overstepping &s the equator is approached;
the Karroo System behaves in the same manner towsards the north. There
are no glacial deposits below the liubian however, znd its coals are very
restricted compared with the Karroo Systems also vulcanism in its upper
part wes less than that which marked the end of the Karroo Period.

Sandford divides the Nubian Series into three pnartis:

(3) Buff sets, with fossil wood, locally Senonian. Breccia.
(2) Variegated beds.

(1} Baszl conglomerates.
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Thé‘ﬁsége of the International Map can be tabulsted as follows:

Cornitinental

Oligocene

terminal to Pliocene
Continenteal U.Carb. to kubian Sst. (S.S.) Hubian
intercalaire Mid. Cret. or New Nubian Segt. ubian
Sandstone (s.lato) Sst.
Continental Dev. to 0ld Nubian 8st. (s.1latis-
simo

Post—Eass,

Continental

Tagssilien

M.Carb.

Silurian

Cambrian

0ld Iiubian Sst.

(v) Local development.

At the Om Bogma mines two thick sandstone series occur, separated
by the marine Carboniferous Limestone formation which contains the
workable ore deposits. These three formations are locally known, from
below upwards, as the "Lower Sandstone", the "Limestone Series" and the
"Upper Sandstone'" respectively. The lower formation is 130 metres thick
and rests on a flat surface of generally decomposed friable basement
rocks. It consists of coarse angular and round-grained arkoses and
guartz grits (i.e. with grain-size 2 - 4 mm., corresponding to the "gran-
ule conglomerate" of Wentworth) at the bzse overlain by red and green
sandy shales, with a massive coarse-grained current-bedded sandstone at
the top containing some thin and impersistent layers of quartz pebbles
up to 1.5 cms. in diameter. This is the "Desert Sandstone" of Hull
(1885) and it was referred to by Ball as the "Lower Carboniferous Sand-
stone" beczuse it underlies a formation with fossils of Lower Carboniferous
age, although no recognisable fossils have been recorded from this sand-
stone. Probably the best descriptive term for this formation is "Cld
Nubian Sandstone" (i.e. "Groupe ancien des ngS de Fubie" of the Inter-

national Geological Map of Africaj.

The higher sandstone formation has been intruded at 150 metres and
200 metres respectively above 1its base by two thick messive sills of
dolerite (described in =z later section). These sills, with a few roof

pendants, are the highest members of the rock sequence in the immediate
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* ares of-the mines and they have been taken by Ball as marking the top of
the higher sandstone series. The sandstone is fine to medium even-grained,
grey to white in fresh exposures, weathering light brown. It contains
clay {principally kaolinite) in the metrix and locally concentrated as a
workable clay-band. Carbonaceous matier, with associated pyrite, is
present in the grey variety; ot one horizon a 20 cm. seam of soft highly
pyritous coal has been encountered. Ripple-marks and current bedding
are common in this formation. It hes also yielded rare plant remains,
including e specimen of Lepidodendron found by Ball, and'another found
by the author which cdmpares well with Ball's illustration. On this
basis the formation has been called "the Upper Carboniferous Sandstone';
on the International Map it is included as "couches a Lepidodendron" in
the Continental Post-Tassilien (Devonian and Lower and Middle Carbonif-

erous).

(¢) Surrounding areas.

To the north of Om Bogma some 500 metres of unfossiliferous sands
and shales outcrop, forming a flat sandy area and the lower part of the
scarp face of Gebel el Tih, where they are overlain by marine Cretaceous
rocks., This is the "Nubian Sandstone" of Ball, but in the accompanying
section I have included the whole of the arenaceous beds from the pene-
planed top of the crystalline basement rocks up to the transgressive
marine Cretaceous strata (about 800 metres in West Sinai) in the "Nubian
Sandstone (sensu latissimo)." Part of these are roughly correlzted with
the "Upper Palaeozoic Sandstones" of the Sudan, where Carborniferous plant
remains have also been found (Reed). Hume (1901 - Geological Wagazine
P. 200) states that in Eastern Sinai the "lubian Sandstone rests directly
on the basement rocks, the Carboniferous Sandstone of Western Sinai being
apparently absent here." With Barron (1901) he also states that no
Carboniferous remains hawe been found in the Eastern Desert ot Egypt (i.e.
south of the Wadi Araba outcrop). Reedlnotes that in the Sudan the

"Kubian Sandstone proper' locally rests directly on the basement.

In the southern legev the 350 metres of sandstone recorded from
the Wadi Henaiye area, described as Lower Cretaceous by Blake and as
Upper or :ain Wubian by Picard (1952), correspond to the lNubian of Ball

in Western Sinai. At Zerka iMain in the Dead Sea arez 700 metres of



saendstones and shales occupy this stratigraphical position, but the age
range here is less uncertain as a 60 metre thickness of fossiliferous
sandstones and shales of Lower Triassic age has been recorded in the

lower part of the Series.

It is interesting to note that in Central Lebanon the marine Cret;
aceous beds (represented by the Aptian and succeeding steges; are under-
lain by 30C metres of sands and shales with some fossil wood and lignite
but no recognisable flora or fauns, a typical Nubian facies. Marine
calcareous Jurassic rocks are present in the area up to Kimmeridgian, so
it 1s gquite logical to put the sandstones in the Lower Cretaceousy it
is indefensible however to extrapolate from this and put the rocks of
similar facies to the south within the szme system. In & recent paper
Sturm (1953) quotes a "terminoiogy of stratigraphic units established by
Dr. Bentor", but as he does noi say how it was established and is himself
sufficiently uncertain to place a query after each term 1t is not consid-
ered worth while quoting them here. The most recent tabulation of these
successions has been made by Quennell {194%), and it is reproduced for

comparison at the end of this section.

(d) Summery.

The basement rocks where they are exposed in Sinal and generally to
the south and west, are overlain by massive sandstones and shales, col-
lectively known as the Hubian Sandstone (sensu latissimo). They can be
divided into a lower member, the Palseogzoic Nubian now called "the old
part of the ¥Yubian Sandstone", and the upper or main lubian called the-
"Hubian Sandstone (sensu stricto)™. The former is relatively thin and
is not always present, though whether this 1is due to ﬁon—deposition or
subsequent erosion is not certain at any one place. In the BSudan it
is apparently bhetter developed and has been sub-divided into a Lower and
Upper Palszeozoic Sandstone (Reed) separated by a thick mess of rhyolite,
but it must be undersitood that "Lower FPalaeozoic" in this context does
not necessarily imply an Gld Palzeozoic age. "Lower" and "Upper 01d
fubian Sandstone" wouwld avoid this confusion. On the International
Map the terms "Continental Tessilien" (Camb. &nd Sil.: and "Continental

Post Tassilien" (Dev., L. and i. Carb.) respectively are used. The
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iubian Sandstone (é.s.) { Continental intercalesire) attains & thickness
of several hundreds of metres and ranges in age from Upper Carboniflerous
to iiddle Cretaceous. The Kubian Sandstone (s.11.) appears to have
covered most of North Africa at one time or another extending zs far
north as the Lébanon, where it probably reached its mazimum extent in
Lower Cretaceous times. Only rarely is it sufficiently fossiliferous
to be dated, but occasionrnally there have been incursions of marine
limestones in and around Sinai itself as at Om Bogma and in the lNegev

and Dead Sea areas.

(iii) HMarine facies of pre~Cretaceous zage.

To the south and south-west of Sineil merine rocks are not met with
between the crystalline basement and the Upper Cretzceous, and few fossil-
iferous beds are found between these limits, until the Karroo formations

are reached in Central Africa.
(a; Cambrian.

At the base of the Zerka iMein section near the Dead Sea, a black

limestone has yielded Hyolithes, trilobites and Tentaculites (Blake),

and other fossils have been recorded from this formation, also indic-
ating a Cambrian age {(XKing). Blake {1936) claimed to have found spec-

imens of the brachiopods Siphonatreta and Obolus in black cosrse-grained

limestones in Wadi lMenaiye, showing these beds to be Cambrian tco, but
Picard (1952) claims & Silurien age for them. Blake described the beds
immediately overlying these limestones as Carboniferous on the basis of
the similsrity of their manganese ores with those of Om Bogma, although
he accepted an epigenetic origin for the manganese ores in both cases -
a doubtful correlation to sav the least!  Quennell (1951 )1 suggests
that both this formation and another manganese-bearing dolomite in Wadi

Dena, Jordan, sre¢ eguivelent to the Burj Limestone o1 Lower Cambriean =ge.

(b} Carboniferous.

The Limestone Series of Om Bogma consists veriously of massive
dolomites, bedded dolomitic limestones, sheéles and siltetones resting
with slight disconiormity on the Lower Sandstone. To the north-west

of Om Bogma, the Limestone Series thickens to about 41 metres in Gebel
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Nukhul (Ball) indicating that the Carboniferous Sea was deeper and

marine conditions remained for = longer period in that direction. At
Gebel Hukhul and generzlly in the area north of the Wadi Baba the lower
part (up to 15 metres thick} of the Series was laid down as & massive
limestone, which has been dolomitised, in places resting directly on the
underlying sandstone so that the boundary can be determined in the field
only by very close inspection. The higher beds are similar to those at
Om Bogmas: thin beds of dolomite and earthy limestone separated by shales
end sandy bands, with one persistent bed, 2 to 5 meitres thick, of massive
crystalline dolomite near the top of the Series. To the south-esst of
Om Bogma the Limestone Series thins and dissppears altogether. The facies

changes are deelt with more fully in &z later section.

The palaeontology of this Carboniferous Limestone of Western Sinai
has been described in some detail by Ball. No attempt has been made in
the present resesrch to investigate the palaeontology of these beds, =l-
though several fossiliferous localities were observed about the manganese
mines. Ball's descrintion is here guoted in full, as there may now be

difficulty in obtaining copies of his work.

The Carboniferous rocks also outcrop in Wadi Arabah, an eroded znti-
cline on the west side of the Suez Gulft, to the north-west of Om Bogma.
The limestone is poorly developed and thins to the west, but the fzuna is

generally similar to that in Sinai.
(¢) lesozoic.

Ho Triassic rocks have been recognised in Sinai, but marine fossil-
iferous beds, including a thin limestone, of this system have been re-

ported from a terrace north-east of the Desd Sea,

Jurassic beds {Bajocizn - Bathonian in a2ge) have been reported
from an inlier (the logharz Dome) in northern Sinai, but do not occur in
the south. In Jordan south-ezst of the Dead Sea the system is repres-
ented by 200 metres of heds between grey limestone with shale and gypsum
below, probably Triassic in age, and sandstone above. farther north, in

the Lebanon and Hermon, the Jurassic rocks are over 1,000 metres thick.
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Quennell (1951 }) includes the marine Triassic and Jurassic rocks of the
Dead Sea region in the Zerqa Group, which he regards as being equivalent
in age to the Um Sahm Series of terrestriazl or estuarine sandstones which

interdigitate with them.

(iv) Cretaceous.

The Nubian Sandstone is succeeded in West Siﬁai, apparently con-
formably, by marls and clays of Cenomanisn age, with limestones above,
and these are succeeded in turn by clays, limestones and chalk of the
higher stages of the Cretaceous System, giving a total thickness for the

marine Cretaceous in the escarpment of E1 Tih of 750 metres (Ball, 1916).

(v) Tertiary.

The Eocene is represented to the west of Cm Bogma by 300 - 400 metres
of limestones, marls and clays. The iliocene conteins conglomerates and
sandstones besides limestone and clay. The maximun thickness of the
Miocene in the area west of Om Bogma is 300 metres (Ball, 1916).  Ball
(Chap. VI) described the entire sedimentary sequence as being without
visible unconformity, but he found no deposits of Cligocene age, and on
his map (Plate I) he shows Miocene rocks resting in some places on Cret-
aceous strata. There is therefore at least one distinct hiatus in the
Lower Tertiary succession, if not angular unconformity. Busk (1926}
shows an unconformity above the Hocene, but not below it; neither Busk
nor Ball listed any Danian sediments, so there is probably another hiatus

at the base of the Hocene System.

A great deal is known, unfortunately much of it unpublished about
the Cretaceous and early Tertiary rocks of this and other parts of the
middle East, more particularly from the exploration for oil, but a more

detailed discussion is not considered relevent to this work.
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(vi) Pleistocene and Recent.

Post-Miocene deposits in Sinai consist mainly of elluvial and
seolian deposits. Fall reifers to raised beaches of Pliocene age in the
neighbourhood of Suez; there are also numerous terraces of gravel or
hard cemented conglomerate in the wadis cutting the basement rocks of
the peninsula. Hume (1901} described high gravel terraces in the prin-
cipal valleys, often over 20 metres high, composed of fragments of local
origin, of all shapes and sizes, in & matrix of the same derivation. He
deduced from their flat upper surfaces that they were laid down in lakes
or marine fjords. They contain no fossils, but on the coast of the gulf
of Agaba they were found to overlie coral reefs with Pleistocene or Recent

forms.

Barron and Hume =«lso describe gravels znd conglomerates from the
Red Sea coast plain (western shore) with igneous pebbles similar to the
rocks of the Red Seas Hills. They are found both underlying and overlying
Pleistocene limestones, and resting unconformably on the Pliocene. Raised
beaches are present, and there are five series of coral reefs, the youngest
being below sea-level and the third youngest up to 170 metres above sea-
level and four to seven kilometres inland. The older reefs are disturbed

and dip 20° to the east.
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Stratigraphical Geology — The Cerboniferous Limestone.

(quoted from '"The Geography and Geology of West Central Sinai" by
John Ball, 1916). k

"Fossils are on the whole rather scarce in the Carboniferous Lime-
stone series, but they are fairly frequently met with in certain local-
ities, especially round the ezstern flanks of Gebel Nukhul and in the
upper part of Wadi Khaboba. The fossils are all marine, and mostly

indicative of fairly deep water conditions.

"Of corals, the simple form Zaphrentis is by far the most frequent,
bundreds of specimens having been collected from the earthy middle beds.
The tabular Syringopora occurs more sparingly in the upper beds, while

Favosites is still rarer.

"Crinoid stems are in some places extremely abundant, being often
well seen on weathered surfaces of the hard upper beds. Bryozoa are not
infrequently met with in the earthy layers, the commonest forms being

Fenestella and Monticullipora.

"Here as in other parts of the world it is the brachiopod fauna
which is the most characteristic feature of the organic remains of the
Carboniferous. By far the most common form is Spirifer striatus. The
more elongated and strongly ribbed Spirifer c¢f. moosakhailensis is much
less frequent, but is very characteristic. The small delicately scul-
ptured Orthis if{ichelini is fairly abundant, and has been found not only
in the middle earthj beds, but also sparingly in a silicified condition
in the upper crystalline dolomite. 0f the Productidee: the most frequent
form is the small P. longispinus: P. semi-reticulatus and P. scabriculus
are not very rare, though mostly found in a fragmentary condition. of
the genus Athyris, the species A. lamellosa, A. Roysii, and A. Planosulcata,.
are all fairly frequent. 0f Brachiopods more rarely met with, Orthotetes
(Streptorhynchﬁé) crenistria, Syringothyris cuspidata, Chonetes hardrensis,
Rhxnchonella pleurodon, and Dielasma (Terebratula) hastata, are the most

striking forms; the last two are cuite rare.

"Lamellibranchiata are poorly represented. The only form which 1is
at all common is a new species of Hinnites. This oyster-like fossil is

fairly sbundant in the earthy middle beds of the series, and is easily
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seen when present owing to its black colour; but the shells are so friable
and flaky that long search 1is usually necessary to get entire specimens.

Of the genus Edmondia, only one or two casts were picked up, and these in
gituations where their exact horizon was rnot very certain; the casts

were of sandstone, and possibly came from the lowest beds of the Upper

Carboniferous sandstone rather than from the limestone series.

"Gastropods are extremely scarce. A speciwmwen of the characteristic
Bellerophon tenuifascia and one or two other forms resembling Murchisonia

and Buomphalus were picked up at Gebel Nukhul.

"The vertebrates are represented only by the palatal teeth of sel-
achian fishes, which are occasionally met with in the hard crystalline
dolomites. They are conspicuous in the rocks by their very high polish
and sometimes opalescent sppearance; with a lens, the surfaces are seen
to be minutely pitted. The specimens collected have been referred by

Mr. Bullen Newton to Psephodus and Psamimodus.

"LIST OF CARBONWIFEROUS ¥OSSILS.

"Collected by the suthor from the limestone of Sinai.

CORALS:—

Zaphrentis sp., Wadi Budra, Um Bogma, Gebel llukhul, Wadi Khaboba.
Favosites Michelini Edw. et Heime, Gebel Nukhul.

Syringopora ramulosa Goldfuss, Gebel Hazbar, Um Bogma, Gebel Nukhul.

CRINOCIDS:-

Stem-ossicles, various.

BRYOZOA:-

Coscinium sp., Wadi Khaboba, Gebel IKukiul.
Fenestella sp., Gebel Nukhul.
tonticulipora sp., Um Bogma, Gebel Hulkhul.

Heterotrypa ramosa HEdw. et Haime, Gebel liukhul.
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BRACHIOPODA (provisional determinations by lr. Bullen Newton):—

Rhynchonella pleurodon.Phillips, Wadi Nasib, Gebel Nukhul.
Athyris planosulcata Phillips, Gebel Nukhul.
Athyris Roysii L'Eveille, Gebel Kukhul.
Athyris lamellosa L'Eveille, Gebel HNukhul,
Productus longispinus Sowerby, Wadi Xhaboba, Gebel Hukhul.
Productus scabriculus kartin, Gebel HNukhul.
Productus semireticulatus kHartin, Gebel Hukhul.
Spirifer cf. moosakhailensis, Gebel Kukhul, Wadi Khaboba.
Spirifer cf. striatus Martin, Gebel kukhul, Um Bogma, Wadi Khaboba.
Spirifer integricostatus Phillips, Gebel Nukhul.
| Spiriferine laminosa L'Coy, Gebel Hukhul.
Orthotetes crenistria Phillips, Gebel Nukhul.
Dielasma hastata Sowerby, Gebel Nukhul, Wadi Khaboba.
Syringothyris cuspideta Martin, Gebel Nukhul.
Chonetes hardrensis Phillips, Gebel Nulkhul, Wadi Khaboba.
Orthis Michelini L'Eveille, Gebel Nukhul, Wadi Khaboba.

LAMELLIBRANCHIATA:-
BEdmondia sp., Gebel Musaba Salame, Gebel Nukhul.
Hinnites sp. ndv., Gebel Kukhul, Wadi Khaboba.

GASTROPODA: -

Bellerophon tenuifascia, Um Bogma.

PISCES: -

Psephodus sp., Wadi Bud'a.

Psammodus sp., Um Bogma."




Plate XIV

The correlation between the thickness of the Limestone Series and
the undulations in the Sandstone Pavement can be seen in the field.
View to the north from Airn Abu Hamata. The Limestone Series
outcrops above the steep cliff face with largg'windows. At the
left edge cof the picture the Series is podrlj developed; it
thickens to the right, but pinches out altogether above‘tﬁe scree,
a little right of centre. Towards the extreme right it thickens

once again.

Plate XV

Efflorescent silky fibres of epscmite grow in profusion on exposures

of the dark carbonaceous rocks.

Koot (dark grey dolomite) of Devt. 2 main, no. 11 branch to fault.










Plate ZVI

Paulted strata in the south face of Hill 'F'. Cre occurs ‘in
association with both of these faults, which are thrown respect-

ively 40 m. and 9 mn.

Plate XVII

Faults exposed underground sometimes have a low dip, tending

to merge into bedding plane slip.

Small fault exposed in iouread cross—cut, beneath the northern

edge of Gebel Farsh el Azraq.

This displacement coincides with & change in fecles, with beds

of dolomitic limestone on the left giving way to shales.




(3} STRUCTURAL GECLOGY.

(i} Central Sinai.

The central part of the peninsule of Sinal is an elevated block
strongly and closely faulted and deeply dissected by erosion. The
structure of the basement xocks is complex but we are concerned here
primarily”with the tectonics which have also affected the overlying
sedimenfs. These latter show virtually no folding apart from very local
fault-drag with tilting of faulted blocks. The uplift o% this area hes
been strongest along its south-east and south-west margins; the rocks dip
awey from the gulfs of Suez and #Aqabs towards a point to the north of the
centre of the peninsula at an average angle of 1O - 2% The faults
increase both in frequency and magnitude towards the south; the inclin-
ation of the intervening rocks also increases; in the neignbourhood of
Om Bogmza dips of 10° - 150 are the rule, but they are all in the same

general direction - i.e. to the north and east.

The fractures of the Central Sinai block can be conveniently des-
cribed under three headings, viz: the major faults, the cross-faults

and the joints.

(a) Major faults.

In the Om Bogma area these zre somewhat sinusoidal in strike, vary-

ing between MN.-5, and M.W.-83.8., but their general trend is ¥.iW.W. to S.S5.E,

i.e. parallel to the long axis of the neighbouring Gulf of Suez. The

throw of the individusl faultsvaries up to about 300 metres or more and
they are downthrown either to the east or west, so that the area is div-
ided into e series of '"graben and horst" structures. The Iahman Areas,

east of Om EBogma forms one such graben.

\ . . . oD
These faults are all normal faults, with dips varying between 50
o . ) . . .
and 807 . Some of them hsve a tendercy to split and "feather', occas-
ionally giving rise to a zone perhaps 100 metres or even 200 metres wide

of fractured ground. Fault drag, where 1t is found, may take the form of

a Tlewxure of the beds adjacenti to a fazult rnlane, but most commonly a series

of smzll (or occasionslly fairly large) step faults occur on one or both

sides of a large fault. Fault drag is by no means the rule; +there are
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examples of a clean break with no sign of flexure or sympethetic faulting
on the one hend, and pronounced fault-drag on the other, occurring at

different points &along the same major fault and in the same type of ground.

Structure lines with thie seme itrend, in particulsr numberless dyvkes
which do not penetrate the éediments, can be seen in the bhasement rocks.
Excellent examples occur helf-way z2long the Wadi Bebe, end in the lower
part of the Wadi Samra. The north to south fanlt at the junction of
Wadi Zobeir and Wedi el 3ih exactly coincides with the strike of the
schists forming the basement on the upthrow side, while a little to the
south the strike of the major fault along Wedi Lahian and Wedi Zobeir is

parallel with that of numerous closely-spaced dykes in the basement.

This agrees with the observations (vide Dixey (19463, fuennell
(1948) end Shackleton (1950)) that "rift" faulting follows & pre-existing
"grain" of the basement rocks. The rule is not of universal application
however, as a few kilometres to the south and south-eest of Om Bogmz the
dykes, which are so closely spaced in the basement rocks that they make up
almost half the total volume of this complex, nearly all have 2 north-east-
erly strike while the rift faults and most of the erosion pattern of steep

ridges and vealleys are at right angles to them.

Fume (1901) described = series of straight valleys in eastern Sinai,
narallel to the Gulf of Agabz, showing vertical displacements of the rocks
of 200 to 600 metres. He observed that to the west of & line nearly
corresnonding with longitude 340 Fagt there 1is a series of north-west to

south-east "rifts" (which he calls the "Sues type'), "including the Gulf

of Suez, Wadi Qena and possibly part of the Kile wvalley'. To the east
of thie line are the Agaba series cf rifts. Hurme (19211 did not reach

any conclusion as to whether these faulted valleys had been formed as a

result of compression or of tension.

(v; Cross—faults.

At Om Bogme the cross-fzults have & general north-easterly trend.
Their throw 1is comparatively small, usually being of the order of 5 metres.
HMost of these faultes zppear to e normel faults with variadble dip: one
example in the Naehman Areas which is nearly vertical at the surface was

found to be sc nearly horizontal at a depth of 65 metres thet its dis-
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placement was almost taken up by bedding-plane slip. Some of the crosé—
faults however show unmistakeable compression phenomena where they cut the
less competent limestones and shales in that the beds on both sides of the
fault plenes are turned upwards, and may show crush-breccia, The cross-—
faults sometimes terminate against major faults, or sympathetic faults
with parallel trend, elsewhere they die out laterally. ¥rom the air

some of these fractures can be traced across several of the major H.N.W.
fault-blocks, either continuously or intermittently, for distances up to

2C kilometres.

are
To the south of Om Bogma there ie a number of cross-faults with con-

siderable throw, possibly up to 400 metres in one casej; some ot these
strike north-east to south-west and others strike nearly east to west.
Ball (1916) has shown some of these cutting straight across the major

faulting.

Hume (1901} zlso suggested "a transverse type of dislocation" from

the regularity and parallelism of the wvalleys in Central Sinai.
(c; Joints.

Joint patterns show up very prominently in the granites and diorites,
etc. of the bazsement, where they form most of the principal lines of weak-
ness and hence control the puttern of erosion. This is also true, but to
a lesser degree, of the dolerite capping of Gebel T'arsh el Azraq and sev-
eral other hills. In the Lower Sandstone and Limestone Series jointing
(contrasted with faulting) has had far less effect in guiding erosion than
have the differences in hardness zud resistance of the sedimentary beds
themselves, but in the Sandstones the joints often do show up plainly on
the surface as a result of weathering, because they are tue loci of dark
iron and manganese staining or because other minerals, (most commonly
calcite}, have been deposited from solutions passing through them to form

an indurating cement in and close beside the joint planes.

The pattern of the joints is similar to thet of the faults: over
most of the ervea of the mines there are three principal sets of joints,
striking north-~east, east and north to north-north-west respectively,
i.e. the two former sets intersect at zn angle of approximately 5007
winile the tuird (perallel to the "rift" faults; sometimes bisects the

obtuse angle between them.
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£ study of aerial photographs shows these joint directions to be
the most widespread, but there are variations from place to place; one
set may be less developed, one or more sets, or even the whole system may
be slewed round, or additional sets mey appear locally. The individual
joints are often very sirong and persistent, especially those striking

north-east which sometimes form a continuation of a fault-line.

(ii) The Clysmic Area.

This term (derived {rom Clysma, the Homan name for Suez, was used by
Hume (1921} to describe the area between the uplifted ancient granite
masses of the northern Red Sea Hills on the west and the corresponding
hills of Sinal to the east. The area includes the Gulf of Suez and the

coastal strips principally of younger rocks on either side of it.

(&) Boundary faults.

There are stiriking faults at the boundaries of this area, (See Hap I),
with throws of the order of several thousands of metres; the vertical
displacement of the fault systems as a whole increases to the south-east,
that is to say towards the Red Sea proper. At the latitude of Cm Bogma
the boundary faults are 80 kilometres apart and the throw of the western
one is about 2 kilometres, and possibly more. The faults eppear 1o be
normal as they are nearly vertical or dip towards the downthrow side..

Ball (1516 described & case at tue western end of the scarp of Gebel el
Tih, where the beds on the downthrow side of a fault dip strongly towards
the fault in & manner reminiscent of large-scale land-slipping. Faults

at the northern end of the gulf on the western shore were alsoc described

by Ball (191C) as large land-slips. Towerds the south, Lowever, where

the displacement is greater, the younger beds on the downthrow side of

the boundary fault-system are very highly disturbed; there is some =tten-
uztion of tne beds and folding which suggests that there may heave been

some lateral corspression during or after the fault movements.

(b} Structure within the zrea.

Within the Clysmic area there is a broad anticlinal structure, with
the strata in general dipping away from the Gul? of Suez. Owing to irreg-
ularities in the coast-line the azxls passes close to the shores of the gulf

at Abu Durba, in Sinai, and Gebel Zeit, on the western side near the Red
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Ses, and at these two places the ancient basement rocks are exposed. There
is a numbef'of faults, more or less perallel with the margine of the area,
2nd generally downthrown towards the centrel awis, which cause repetitions
of the stratigraphical succession in a series of inclined steps &as one

proceeds towards the margins from the centre of this area.

loon and Sadek (1925) in describing the Gebel Khoshera area, some 60
kilometres south-east of Suez, conclude that the seriesg of parallel faults
in that region {the eastern foreshore of the gulf} was formed in order from
east to west. There were two (&t leust) periods of movements on the most
westerly fault exnosed nere with some erosion and the deposition of Upper

“iocene sediments in the interim.

Continued or repeated movement of the faults in the Clysmic area in
Tertiary times, and in particular during the Illocene Period, hkas had a
marked effect on sedimentation. There has been erosion and the building
of coral reefs on the upthrown ridges, while in the trousghs great thick-
nesses of sediments have developed, including thousands of metres of evap-
orites (Hume, 1916). In places anticlines in younger sediments have been
shown to be the result of renewed movement on & pre-evisting fault in the

. underlying beds. These facts make the estimation of the total movement on
these faults difficult or impossible, and the same argument zpplies to the
boundary faults, where great banke of gravel (fanglomerate of Quennell)
have been heaped against the uplifted mass of the Central Sinai block, from
whence tﬁey were derived.

Hume (1921, remarked that tane rociks of this area sre "folded and
faulted to a remarkable extent", but Busk (1929, descrived it as = region
of normal faulting with subsidiary werping and folding. Busk noted two
main types oi fault, which he names crescentic and hinge faults, the former
"denending for its form on the fact thet the unthrust block dips awey fronm
the fault face." Fie figure (fig. 85) showe such a fauit convexX on the
upthrow side, while snother figure (fig. é9>, "showing the rift faults
of the Gulf of Suez margin', depicts a2 number of faulte, nearly all cres-—

centic, with the upthrow side to the north-e&st and convex in plan.

This confTiguration suggests that there nas been a positive uplift on
the unthrow side rather than a collapse due to gravity of the rocks on the

downthrow side, vide Rrock (1953) who states:
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"& remp Tault, by detinition, must have a convex curve on the upthrow
block eesee.. and the eszme must hold in plsny....... 3 the converse holds
for a genuine normal fault."

Although thie dogmatic statement will not be found to apply to &1l
cases 1in practice, the inference mmay be drawn here, thst there has been a

definite upthrust,

7

possihly by rotation, of wedges of the granitic sub-
stratun giving rise to appaérent wormal faulting in the overlying younger

csedimente.

{iii) Udeighbouring Hift iormations.

L1

muennell (1951] has interpreted the siructure of Jordan in the fol-
lowing wmanner:

Jinor folds in the Belga Cherts (highest marine formetion, U.Cret-
aceous in age), affecting the older but not the younger members of the
series, are the first effects of stress directecd W.L.W. - H.3.35. Leter

o

the stress direction changed to IH.vw. - S.g.{or .l .¥. - 5.8.8. and failure
by shear tookx place along planes of weakness precetermined in Pre-Cambrian
times, with sinsitral obligue slip on the major Eift Valley faults. At
a later stage complementary shears developed as . - W. thrust-faulte,
while i.W. - S.1. normel faults and grebens developed as tension iractures.

Juennell suggests thet the Arabisa, Sinal and Palestine block moved to
the east in late Tertiary times, then Arabia swung to the north with an anti-
clockwise rotation; the Gulf of Suez and Red Sea being formed by tension
and the Dead Sea by compressior with horizontal shearing. fecunulating
evidence sgtrongly supports the theory of Continental Drift which requires
a tearing asunder of the continents in t.is regiocn. The coesst lines of the
Red Sea and Gulf o Aden are s suggestive in tnis connection as are those
of the South Atlantic, the narrowing of the Straits of Bab el Ilandeb being
accounted for by the extrusion of Tertiary volcanlc rocks and some sediments
of Jurassic and later age. There seems to te a good case for the sinistral
rotation of Arabia; it is difficult to wccount for the wide &and deep
troughs of the Red Sea and Gul{l of Aden by compressionzl Hift formation.
But on the other hand it is equally difficult to explain their uonthrust
margins purely by tension.

weConnell (1948) hes cugcested thet tue castern side of the sast
Africaen Rift Systen has_s;ifted gsouthwarcs in ancient times in relaticn

to the western sides tacen with Quenrell's eviience concerning the Arabian
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block there seems to be a case for tension a2t some stage in the formation

of these abnormally wide rifts. It may be sigrnificant that only positive

gravity anomalies have been reported in the region of southern Egypt and

the Red Sea (Gutenberg & Richter).
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(4) IGNEQUS ACTIVITY.

(i) Sills in the Upper Sandstone.

The biggest intrusions in the area of the mines are the sills of
olivine dolerite capping Gebel Farsh el Azraq (Blue Carpet Mountain) to
the east of Om Bogma. Two of these "gills", in fact more nearly laccol-
iths, have been varitly preserved here on a sunken fault block, but the
former limits of only the lower one can now be traced. At the lower
horizon there are two parts of whst may have been a continuous intrusive
mass but whicih is rnow divided by two deep ravines, the whole mezasuring
about one and a half kilometres from north to soutn, about five wilom-
etres from east to west and about 80 wetres in thickness. At 1its
northern boundary the lower '"sill" terminates abruptly at a small fault
in the country rock, the fault-plane forming (more or lessi the northern
lateral limit of the intrusion. Part of the roof of the sill is preserved,
giving no doubt of the original limit of the dolerite. To the south the
dolerite thins to 30 or 40 metres beneath the northern remnants of the
gsecond intrusion, which is about 50 metres higher in the sedimentary suc-
cession. Wear the eastern end of this belt of "overlap" there is a
peculiar conical hill of sandstone (local name - Deleidim) whose apex is
compoged of dolerite and has the appearance of an "outlier" of the higher
sill. At the base of this hill on its nortnern side erosion has cut down
to the lower sill. I regard this hill as the site of a feeder to the
sills, the wveculiar conical shape heing due to the resistance to erosion
of recrystallized sandstone surrounding z magmas »inpe or neck, klsewhere
the sandstone surrounding the dolerite, including that above 1t, has been
partially re-crystallized for a thickness of a metre or more. Loczlly
there is also marked staining of this sandstone by iron and manganese

oxides.

Concordant intrusions 2t about the same stratigraphical horizon are
nreserved on the tops of hills and faulted outliers to the south-west of
Om Bogma between Wadi Abu Natash and Wadi Shellal and close to the largest
o the Rift faulits along Wadi Jludra, extending to the south as far as
Wadi Sidri, about 20 kilometres distant from Om Bogma, and they also occur
to the east for a similar distance. To the north, where the full success-

ion of the Upper Szndstone remains over o wide &rea, only a relatively thin
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111 is krown &t this norigon, outcropping to the west of Gebel Hezbar.

(ii} Discordant Intrusions.

These take the form of dykes of doleritic rocx, one of which, «rown
at the minee ag¢ the Um Bogme or Berren lyke, =sirikes nesrly due north-sast

and outcrops almost continuously for mwore then 25 kilometres with a fairly

constant width of 5 wmetres. Thie strike is parallel to one =et of prom-
inent structure-lines. This dyke 1is nearly vertical end cuts tunrough a

number of faults without luferal displacement, showing that i1t post-dates

the major taulting of the region. Locally there has been vertical displace-
ment, rearely more than 5 metres, between the sediments on either side of

the dyke, but the tarow is not always in the same direction. The position
of this dyke 1is of some 1lumportarce to ithe imain subject under discussion as

it bisects the ore-field along its long axis.

Another dyke, exactly similar to the above, but striking roughly
eest and west, outcrops to the north-east of Gewel Um Hinna on the pro-
jected line of the Om Bogma Dyke. 1t appears to Jjoin up with 2 much wider
iyke (up to 50 metres in width) which Ball described as extending to the
north-west up into the Cretsceous rocks of Tebel wl Tinh, where "..... 1t
has altered the limestone into & black crystalline form which strongly
resembles the basalt itsell in appearance."” llo suggestion i1s made as to
the nature of this dark colouration, but it is not an unigue occurrence -
similar blacxk staine eassocilaited with another dyxe farther east slong the
crest of 1l Fih show uv very pleinly on gerial photographs. £ study of
these photographs shows the vpresence of & number of dykes in the wide sandy
area to the north snd east of Gebel Um Rinna, siriking either .. - S.W.,

Ly = 5. or N.¥. - $.5., some having a slightly zig-zag outcron.

(iii) Other Igneous Activity.

5ills of dolerite occur in the Cretaceous rocks in the scarp of Kl
Tilh and in rocks up to rioccene age in the down-faulted ares bordering the
Gulf of Suez. At the mouth of Wadi Teyiba, & few kilometres north of
Abou Zenima, there is & band of dolerite in rocks of iiocene age which
according to Ball "hns the appearsnce of an interbedded lava'", but he did
not use ithis as evidence for dating the igneous activity as a whole, In

tiuis case the dolerite is underlain by a bed of purple shale, whose colour




appears to be due to heavy staining by iron, &nd possibly also by manganese
oxides. A number of dykes have also been repofted in the younger sedim-
ents nearer to the Gulf, where they sometimes appear to be associated with
the introduction of hydrocarbons into the exposed parts of the rocks,

(Hume, Madgwick, Moon & Sadek).

(iv) ¥utual Relations of the Igneous KRocks.

821l concluded from his field observations and macroscopic examin-
ation (but not petrographic or chemical analyses, which had not been made
when his work on this area was published} that all the dolerite and basalt
intrusions in the sediments of this region are of the same age and were
derived from one magma. Some of the intrusions are found in Hiocene
rocks and some have been involved in the fanlting which Ball has dated as
late iiiocene, so he assumed that the tectonic and igneous phenomena are
connected, the magms finding an outlet by means of some of the first

formed fractures.

Dr.J.W.Bvans, in a private communication to the Sinai ¥ining Compan
y g bany

listed the following sequence:

(17 intrusion of sills of dolerite in the Upper Sandstone,
(2; formation of normal faults striking v.l.W. - S.8.8.,
(3) intrusion of the basic dykes.

He noted that the sills on Gebel Farsh el Azrag were similar to some of
the dykes in the basement rocks, with which they might be genetically con-

nected, but he had "seen no dykes of similer composition in the sediments."

The Om Bogma Dyke does not closely resemble the rock of the Farsh el
Agraq sills in appearance in the field as i1t is much more easily weathered
and decomposed than the latter; even in underground exposures at a depth
of 50 metres below the outcrop it is difiicult to fihd a reasonably fresh
specimen of the dyke-rock while at the surface the dolerite is completely
altered to a soft greenish—yéllow friable rock. The dolerite of the sille
orn the other nhand is being broken up and eroded by mechanical means rather
than chemical weathering. This striking <Zifference may be partly due to
the fact that the Om Bogma Dyke is =n important aquiter (two wells sunk

into it, Bir Rais and Bir Hasib, give a perennial supply}; the salts

5o,
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dissolved in the percolating water perhaps assisting in the early stages

of the decomposition of the rock.

In thin section the rocks are of a similar nature with the exception
that in the sills fresh olivine 1is present, but in the dyke olivine can

be identified by crystal outline only.

The Om Bogma BDyke cuts cleanly through neerly all the faults which
cross it, and thus post-dates them, but in the case of the sills only a
few of the smaller faults definitely ante-date the intrusion. There is
no physical connection between the Farsh el Azraq sills and any of the
dykes so their mutual genetic snd age relations must remain in some doubt,
but it seems almost certain that their origins are closely bound up with
the tectonic disturbances which have affected this part of the globe in

Tertisry times, particularly in the Hiocene Period.
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(5) FACIES VARIATION IN THE LIMESTONE SERIES.

The ore deposits are entirelv confined to the Carboniferous Lime-—
store Series and the top of the underlying Lower Sandstone, so the 1lith-
ology of these formations will be considered in more detail. There is
a considerable variation in both the thickness of the Limestone Series
and its lithology from place to plece, and there is 2 definite relation-
ship between the facies and the char~cter of the ore deposits. In this
chapter the various rock types will bhe described, their distribution in
relation to the development of the Series zs & whole and to the configur-
ation of the "Sandstone Pavement" (i.e. the tovn of the Lower Sandstone)
will be discussed and finally an attempt will he made to reconstruct the

conditions which prevailed during and immediately after sedimentation.

The alteration of the rocxs associated with the deposition of the

oxides of iron and manganese will be deali with in a later chapter.

(i) Rock-types.

The types of country-rock exposed in the outcrops and encountered
in the underground mining operations vary from almost pure dolomite through
sandy or muddy dolomitic limestone, cleys and shales to siltstone and

coarse sandstone.
(2) Dolomite.

In weathered outcrops the dolomite appears typically as a massive
light brown or grey rock. It is very herd and resistant to weathering
and forms,verticai cliff faces, sometimes overhanging softer underlying
rocks. As a result of this resistance to erosion of the dolomite the
Carboniferous Limestone Series is frequently found capping flat-topped

hills, or "mesas", and forming plateau surfaces.

In fresh exposures on the surfasce the dolomite is seen to be white cor
yellow in colour, composed of a mass of individual crystals adhering
strongly together so that the rocx gives a characteristic Y"ring" under
the hammer and breaks througnh the crystals rather than between them,.but
at the same time there are intergranular pore-spaces, more particularly

in the coarser-grained varieties,
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The dolomite frequently contains fossil remains of a more or less
fraghentary nature; locally these make up the buix of the rock. Corale,
brachiopods, crinoids and bryozoa are most commonly found. The palaeon-
tology of the Series has been described by Hall and has been quoted in
Chapter 23 1t need not be further discussed here, but it is significant
to note that most, if not all, of the dolomite was originally a biogenetic

limestone.

In underground workings below the oxidised zone of weathering,
wiiich in the dolomite penetrates to a depth of about twenty metres, this
rock 1s generally grey. “When it 1s powdered and heated the colour
changes to a pale red or pink, which suggests that the colour of the
originsl rock is due to the presence of carbonaceous matter. The change
from grey to pale yellow at the 1limit of surfzce oxidation is a gradual
one; the alteration extends farthest along joints and fracture cracks and

penetrates only gradually to the centre of unbroken blocks of dolomite.

In thin section the rock is seen to be made up of an interlocked
mass of hypautomorphic carbonate crysteals, generaliy of uniform size in
any one specimen. There is, however, a considerable wvariation in grain
size in this dolowite from place to ovlace, up to a maximum of about 1 mm.
The refractive index of the ordinary ray, nO, of the carbonate grains is
in the range 1.679 to 1.685, the greins often having narrow outer zones
of slightly different refringence from that of the cores. These measure-
ments indicate a small ferrodolomite or mangan-ferrodolomite content in the
dolomite, up to 5% on the data of Smythe & Dunham, 1947. Chemical anal-
yses of unaltered (unoxidised) rocks show up to 0.3% :m0 and C.3% equiv-
alent ¥eo0 . (other than pyrite, which makes up about 5% of the rock), but
part of this may occur in detrital minerals which are often present in
small amounts. The yellow varieties of dolowmite contain & small amount
of interstitial limonitic clay, and are usuelly finer grained than the

white dolomite.

{bi Impure dolomitic "limestones".

The rbck described as limestone at the Om Bogma mines is disting-
uished from the dolomite by its softer and more friable nature and b& the
fact that it is generally well bedded, often with thin interbanded sandy

snale. ‘In outcroons the colour varies from pale cream to bright yellow.



Thie rock contains more or less quartz silt or sand and clay,
its hardness varying roughly with the ratio of carbonate to interstitial
matter. The carbonate of the softer varieties can be separated by washing
and is seen to be composed of single automorphic rhombs and little zggreg-
ates of intergrown crystals. The refringence of the carbonate rhombs
shows them to be of & similar composition to those of the hard dolomites,
but calcite is present in some rock-specimens either in xenomorphic grains
or in the clay fraction. Quartz and other detrital minerals are present,
both within and between the cerbonate rhombs, as rounded and angulesr grains,
most commonly of silt gfade. The clay is predominately illite showing an
admixture of iron owide in D.T.A4. The yellow colouring matter is almost
certainly limonite, z2nd it is feirly evenly distributed among meterial of
all size fractions, even permeating some of the carbonate rhombs and rend-
ering them semi-opague. In at least one locality the rock has an oolitic

texture and is strongly limonitic, but this is an exceptionsl case.

In exposures below the zone of surface oxidation the colour of the
"limestone" is grey to black, and is shown by & combustion test to be
principally due to the presence of carbornaceous matter. In thin sections
this is seen in discontinuous belts and strealks perallel to the bedding,
and also along grain boundaries znd as inclusions in the carbonate rhombs.
There are also numerous opaque speciks disseminated within and between the
crystale; these can be recognised in polished section &s pyrite. Chem-
ical analysis indicates between four and five per cent of pyrite in this

type of rock.

Whern soae fragmnments of the roci were shaken for six hours in slightly
ammoniated tap water the solution after settiling gave positive rezctions
to potsssium ferrocvanide =2nd bariwm chloride, indicating slight oxidation
of pyrite to ferric znd sulphate ions, Blanx tests on tap water gave no
immediate reactions, and only weakly positive onee on standing for several
minutes. The oxidation of the carbonaceous matter was zlmost completed
in the clay frection in two weeks at about 350 C. by the zradusl zddition
of 10C volume hydrogen peroxide. Presumabl:; in natural conditions. of
oxidation by percolating meteoric weters the iron is re-precipitated sas
"limonite" while the sulvhate radical i1s carried away in solution; analyses

of local well water ssow that while dissolved iron is virtuslly zbsent the

Sk,
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concentration of sulphates in solution is of the order of 500 to 1,000

narts per million.

When the dark impure dolomites have heen exposed in underground
workings for several weexs long silky fibres of epsomite (ﬁgSO,.?HOO)
4 Ve

develop in »nrofusion, eventually forming a crust up to 5 cms. thick.

(c; Clays and shales.

These rocks are not generally well exposed in the outcrops as they
are .ost easily eroded and tend to be hidden under scree or other detritus
from the harder heds. Close to the surface they are in the oxidised
state and appear mottled in & variety of colours including reds, yellows
end pale greens, or bleached almost white. Surface oxidation, however,

does not normally penetrate more than & few metres into this type of rocks.

The unoxidised clays and shzles sre invariably bvlack, and are ususlly
sof't and soapy to the touct. tedding is usually not well developed.
These argillaceous rocks are typically much disturbed, witn numerous curved
and slickensided partingss; they readil& break up into lumps frowm about 10
to 20 cms. across. Small-scale folds and "ruclks'" can also be seen.
These features zre regarded aé being due to adjustment during consolid-
ation under load, probably accentusted by shocke during later earth move-

mente,

The clay in these rocks is essentially a mixture of illite and
kaolin. more or less quartz silt is present in angulsar grains., Mica
is often present, loczlly in abundance, both dark and white mica being

found.

Resides carbon and smell guantities of fine-greained pyrite the clays
and shales contain traces of copver, often sufiilcient to give an emerald
green colouration to a carbide flame. This is contirmed by the growth
ol efflorescent fibres of chalcanthiite (CuSO,.5HQO) on underground

A P :
exposures here and there.

(d) Siltstone.

" The siltstone is hsrd and compact, becoming zliuost splintery when
dry, and generally shows well-ieveloped bedding. It do=s not form

prominent scarps in the outcrops, nowever, as the processes of weathering

(essentially the removal of carbon and alteration of pyrite; render it



somewhat friable and rather more easily eroded than much of the overlying
Upper Saendstone. In the oxidised zone 1t appears, like the clays, bleached
or mottled in & variety of colours. Again surface oxidation does not

usually extend very far below the outcrops.

In underground exposures the siltstone varies from zlmost pure white
to dark grey or black, according to the amount of carbonaceous matter
present. Generally this black material and pyrite can be seen in the hand
specimen &s ramifying and discontinuous streaks and strings zlong the
bedding. Occasionally 1érger pileces of pyrite are found, up to a centi-
metre or more &Cross. In polished section minute pyrite crystals can be
geen disseminated throughout the rock in sizes down to the limit of visib-
ility. Locally small aggregates of these grains suggest by their form

replacement of fossil fragments.

The rock is predomineately mede up of guartz silt in angular grains,
with larger quartz grains where the rock grades into a fine sandstone.
The matrix contains either illite or xaolin, or both of these. Locally
mica 1s present in considerable propcrtions, but its occurrence is not

typical.

The clay fraction of a micaceous specimen of siltstone gave a D.T.A.
curve similar in some resmpects to thosge of a specimen of bituminous coal.
The resulting furnace bricx after heating to 1050O C. was pale red in
colour. The carbonaceous matter and iron sulphide of another portion of
this clay were oxidised by the gradual addition of 100 volume hydrogen
peroxide at about 350 C. for a perioa of four weeks. At the end of this
time the clay, which had originally appeared dark grey, was &a very pale
yellowish grey, and it became bright orange on heating to 10500 C.

(e) Sandstone.

The rock type described under the previous heading is sometimes
coarse enough to be classed as tine-grained sandstone, especially higher in

the Series, where it closely resembles and merges into the Upper Sandstone,

but there is a distinct type of coarse sandstone which is similar to the

Lower Sandstone. This is composed of well rounded grains of quartz in the
0.2 - 2.0 mm. size range, with smaller angular grains down to 0.C5 um.

Patches of clay minerals mixed with silt occur between the quartz grains,




more or less impregnated with red iron oxides.

In underground exposures the condition of this rock is exactly the
same as in the natural outcrops: no carbonaceous matter or sulphides have

been found in it.

The following are objective descriptions of representative unminer-
alised specimens of the various rock-types found in the Carbvoniferous

Limestone Series at Owm Bogma:

Dolomite.

Sp. No. OB/9. Grey crystalline dolomite.

Collected from: Main South, Lease G, 2% north side of collar
of 2B., 2 m. above the Sandstone Pavement.
(c. 100 m. below surface..

4 dark grey mass of interlocking carbonate crystals, some of which

appear to be fragmentary fossils, forming the bulk of the lower part of

the Limestone Series. In this area the dolomite is somewhat lenticular,

and is associated with shales, which are more or less calcareous and / or

arenaceous.

Under the microscope the rock consists of an interlocked mass of
hypautomorphic carbonate crystals, even grained, #veraging 0.15 mm. or a
little more, with many crystals reaching C.7 or 0.25 mnm. There are also
some larger vlstes which represent dolomitised crinoid ossicles, showing
traces of trabecular tis=sue. Much of the carbonate has n0 1.685, indic-
ating a ferrodolomite or manganierrodolomite —content of up to 5% in the
dolomite. Clear, but nerrow outer zones can be cesn on fragments in
powder. Some detrital quartz, in sherply =ngular grains up to 0.1 mm.
across, 1s scattered through the rock. o culcite or other carbvonate has

been found. There is a 2light tendency towards spherulitic arrangement

in the dolomite,

The dark colour is due to opaque material slong crystal boundaries
and in cleavages. Upaque material (but possibly not the same) also

occurs as tiny disseminated granules within the carbtonate.
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Limestone.

Sp. Ro. 08/19. Yellow sandy limestone.
Collected from: east side of Drive 17 cutting, Lease 1709,
4.5 m. outbye from the portal, 2 m. zbove

the Sandetone Pavement.

The specimen was collected from 2 series oi bedded limestones &nd
sandy shales with bands of intermedizte composition, one of which is
represented by this specimen. The limestone bands are from 5 to 15 cms.

thick, the shale bands are thinner, the whole being pale yellow in colour.

The shales are soft and crumbly, with & nigh proportion of sand grains.

The formation makes up the middle peart of the Limestone Sefies, the
whole Series being of the order of 15 m. thick at this place. The bedded
rocks are resting on & massive pink crystalline dolomite, the Jjunction
being a sharp transgressive solution boundery, with & 2 cm. thickness of
red sandy shale materisal separating the two formations. The beds have

been slightly tilted, but very little broken, by the effects of the solution.

The limestones are overlain conformably by & dolomite similar to

that below them.

In thin section the specimen 1s seen to be a sandy bedded vartially
dolomitized limestone. uartz is scattered through the rock in angular
grains, meinly of silt grade. Cloudy =xenomorphic carbonate, zt lezst
in part calcite, is the most abundant constituent of the rock, but rims
and areas of clear hypzutomorphic dolomite with n0O nezr 1.681 are also
present. The calcite contains yellow pigment (possibly limonite), but

it shows no fossil remeins.

Shale.

Sp. No. OB/4. Contorted black shale,
Collected from: . Drive 31 - 11 S.E., Lease 179, south-east

of the 5 m. fault. (c. 40 m. below surface;.

This specimen was takern from the middle part of the Limestone Series

in an area where the calcareous beds are poorly represented, the full
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thickness of the Series here being about & m. The rock shows no recog-

nisable bedding-planes, but is divided up by numerous irregulsar slip-
surfaces with well-marked slickensiding. In fresn specimens it is soft

and soapy to the touch. The colour is black.

In thin section angular quartz grains can be seen dispersed in a
matrix containing:
.(i} cryptophyllite birefringent clay, probably illitey
(ii) abundant opaque material.
The appearance in section suggests that some of the latter is original
carbonaceous matter, but as the black colour is not dispelled by heating
to redness it cannot be wholly due to this cause. Probably some firne
grained pyrite 1is present;
(iii} tiny mice flakes, visible at high power;
(iv) 1little angular pockets of fibrous and vermicular kaolinite, seldom

over 0,1 mm., long.

Siltstone.

Sp. No. 0B/2. Hard blzck pyritous siltstone.
Collected from: esst side of Drive C South at 20 m. north
from 11 S.&.,, Lease 170, 1.5 m. above the

Sandstone Pavement. (c. 150 m. below surface).

The specimen was collected from. an area where the Limestone Series
is very poorly represented, and entirely non-calcareous; & locality
corresponding with & "high" area with respect to Sandstone Pavement con-
tours. The siltstone passes upwards impefceptibly into the Upper Sand-

stone, so that the true thickness of the Limestone Series is uncertain here.

Bedding is visible, ewmphasised by thin streaks of pyrite. This
~specimen shows two parallel joint plenes, at about 450 to the bedding.
Tiny quartz—grains are visible on & bedding surface. The rock is hard,
brezking to & sharp edge, and is not affected by exposure to the air.
The colour is dark grey.
n
In thin section the rock is seen to be composed predomin%gély of
quartz varying up to 0.1l mm. grain size, but mostly of silt grade, in

sharply angular grains. The only other non-opaque mineral is fibrous



or vermicular kaolin having nZ 1.568, elongation positive. The kaolin
also occurs as finely divided material between the quartz grains. The
matrix i1s black or dull brown material which fails to take any polish in
polished section, and which is thus probably cerbonaceous in nature;

with abundant pyrite in ramifying streaks, having groups of little crystals

with them.

As seen in polished section, minute pyrite crystals are dissemin-
ated throughout the specimen with sizes down to the limit of visibility at
high power {x 400). Locally small aggregates of these grains are seen,
the form of the aggregates suggesting replacement of small fossils.

Larger shell fragments have been replaced by pyfite crystals of about 0.5
mm. size and annular areas of pyrite indicate replacement of crinoid

ossicles. A tew equant grains of pyrite up to 0.5 mwm. are seen.

(ii} Relation of facies to the Sandstone Pavement.

(a) Facies and thickness of the Limestone Series.

In its thickest and most complete developments the Limestone: Series
can be divided into four lithological units: (i) +the Basal Dolomite;
(ii) shaley bedded "limestone"; (iii) +the Upper Dolomite; (iv) bedded
"limestone"; There is often a layer of sandy shale or clay (the "Pavement"
Shale") between the Sandstone Puvement proper and the Basal Dolomite; it

rarely exceeds a metre in thickness and is usually much less than this.

The Basal Dolomite is made up entirely of massive crystalline dol-
omite, reaching @ maximum thickness of 15 metres in Gebel Hukhul, where
the entire Limestone Series exceeds 40 metres. Where the Seriecs as a
whole is less than 15 metres thick, &as in some parts of the Om Bogma
mines, the Basal Dolomite is ubsent altogether or present only &s isolated
lenses of smell extent, sometimes only two or three metres &cross &nd a

metre thick, in a matrix of clay or shale.

The bedded limestone is composed of layers of impure earthy dolom-
itic limestone, sometimes with thin bands of crystalline dolomite, separ-
ated by shales o1 sandy layers. The maeximum thickness (Gebel Wukhul) is

17 metres for the middle part of the Series and 4 metres for the uppermost

Go.
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part. Eeyond the limits of the Basal Dolomite the bedded limestone
versists with reduced thickness until, with fthe continued thinning of the
Limestone Series as a whole, it grades through calcareous shale to clay

or siltstone or until the individusl beds ninch out (see ‘lap III and Sect-
ions . Typically these Lede ot limestone or dolomite do not thin gr=duslly
but terminate rather sbruntly within a metre or iwo, the beds disappesring

in turn from the lowest upwards.

The Upper Dolomite is the most widespread of the calcareous form-
ations. It is more uniform in thickness than the other divisions of the
Series, heing generally of the order of 5 metres thick and rether less

where the non-celcareous faclies &ssumes importance,.

S3iltstone is chaeracteristic oif the noorest developments of the Lime-
stone Series, which may consist entirely oi & few metres of this rock. As
the siltstone often closely resembles the lowest part of the Upper Szndstone,
or merges imperceptibly into it, it 1s sometimes difficult to determine

the exact thickness of the Limestone Series.

Coarce candstorne is only found within the Series where the calcareous
rocks are virtuzlly absent, or at most very restricted. It takes the form
of irregular lenses separated from the Pavement and surrounded by shale or
siltstone. In extreme cases a lens of this "Plosting Sandstone™, as it is
called at the mines, may extend for « hundred metres or more, but generally
these lenses ere orly z few metres in extent. In ereas where the ¥loating
Sandstone occurs the Sandstone Pavement is itseli often very irregular,
with steeo ridges and hummocks projecting 2 metres or wore up into the

shales and siltstone of the Limestone Series.

(b) Distribution; the facies mep.

In addition to the thinning of the Limestone Series from north-west
towards the south-ezst, and its complete disappesrance some 6 kms. beyond
Om Bogma, there are numerous varistions in tnickness, with related changes
in fecies, from place to place in the mining areas. The broad differences
in thickness and Tacies are known from the ocutcrons round the edges of the
hills, while the lithological charzcter of the base of the Series hes been
plotted in detail by careful nrofile-drawing of most of the mine develop-
ment headings, which follow the Séndstone Pavement as closely as is prac-

ticable. It hes thus been possible to construct a map of the mining



areas showing the distribution of facies in the Limestone Series (Map III).

Irregular areas devoid of calcareous rocxs and varyving in extent
from about a hundred soguare metres to something approaching a square
kilometre occur in all parts of the region wapnecd. Yo significant trends
can be seen either in the shape, orientation or distribution of these areas.
There 1is, however, an increase in their size and numbers towards the south-

east as would be expected from the general thinning of the series in this

direction.

(¢c) Configuration ot the Sandstone Pavement.

The practice of taking the Sandstone Pavement as the floor of the
mine workings has revealed that fhis horizon is not &n evenly dipping
surface but locally steepens, flsttens or dips in an unexpected direction,
even where there is no recognisable warping or folding of ihe beds above
or beneath it. The "rolling" of the Pavement has caused some inconven-
ience to the engineers, particulerly in driving primary development headings
that later have to be used as mein tramming roads. Close sunervision has
been necessary throughout such work to ensure that the Paverment is not logt

beneath the soleoof the level durine the advance.

The measurement and recording of accurate reduced levels on the Sand-
stone Pavement has been @ vart of the routine survey onerations from the
earliest stages of developmnent in the mines, and latterly this formed
part of the geologists' work. ¥rom these records it h#s bheen nossible to
compile & stratum contour map for the Sandstone Pavement covering most of

the principal mining zress (tap TII).

From this map it can be seen thet there is a regional dip to the
north-east with local modifications close to faultfs, and that the minor
irreguldrities of the Pavement are superimposed upon this gently dipping
plane. An attempt has been made- to @oply a correction for this dip in
the lower and western sreas of the northern hill or "Lease § Group", a
relatively unfaulted vart of the mines, in order to bring these irregul-
erities into perspective (Maps V & VI . The result shows a number of
low elevations and suzllow devressions with a ditference in levels of the

order of 10 - 12 metres=.

6a.



(d) Relation of facies to the corrected Pavement contours.

A comparison of the facies distribution with these corrected Pave-
ment contours shows a very close agreement between the patterns and can
leave no doubt of a direct connection between the thickness of the Lime-
stone Series and the rise and fall of the Psvement. The deepest parts
of the hollows coincide with the thickest and most complete developments
of the series, while on the rising slopes the basal dolomite disappears

and the highest elevations are characterised by sandy and shaley facies.

in examination of the Pavement contour and facies maps for the
central, or lease 9, hill leads to the same conclusion, and although
information for the east, or Lease 10, hill is less detailed and probably
less accurate the rule can be seen to apply there also. Even in the out-
crops in the steep sides of some of the wadis it 1is possible to see the
rise and fall of the Sandstone Pavement and the accowpanying variations

in thickness and facies.

(iii) Conditions of Sedimentetion.

(a) Varistions in thickness.

It is apparent btoth from the foregoing observations znd from the
appearance of the formation in the field thet the variations in thickness
of the Limestone Series are the direct result of differences in deposition
from place to plzce rather than of subsequent erosion. Ball (1916} and
others have suggested that differences in thickness and more particularly
the local absence of the lower part of the series are primarily due to
later solution by hydrothermal activity from below. While there can be no

doubt that such solution has taken place 1t is clewr from field investig-

ations that it has not been sufficient for this purpose, nor are its visible

effects as marked where the Limestone is now seen to be thinnest azs they
ere in some of the thicker parts of the formeation. These effects will be

more fully described and discussed in a later chnapter.

(b) Formation of the Pavement.

There are virtuslly no flexures in the planed surface of the basement
rocks, or in the overlyilng Lower Seandstone. There 1s theretore no reason

to suppose that the "rolling" in the Sandstone Pavement is the result of

folding, upward doming or subsidence of sitrata. The coarse and false-

6.3.



pedded nature of much of the Lower Sazundstone indicate ranid, but not néc—
esszrily continuous, deposition in a littoral, deltale or terrestrial
environment. The materiazl of the lower part certainly, and probably the
wnole, of this formstion was derived from the basement rocks during the

process of planation.

With the beginning of the deposition of the Limestone Series there
was a definite change, both in the materizl deposited and in the cornditions
of sedimentation. Apart from the Vlow~ting Sandstone, which is small in
amount and never far removed from the Lower Sandstone, the rocks above
the Pavement are all finer grained than those immediately below 1it. In
the Upper 3Sandstone, where current bedding is common and some thin bands
of coarse sandstone occur, no detrital grains exceeding one or at the
most two millimetres in diameter h:ive been seen, while the bulk of the
particles are much finer than this, contrasting with the quartz pebbles
larger than a centimetre which sre frequently found btelow the Pavement.
This in itself suggests thet the higher sediments may hfve been derived
from a pre-existirg sedimentary rock, rather than directly from the cryst-
alline basement, in any case there would appear to have beer a change of
conditions in the provenance of the detritus at the Pavement horizon

suggestive of a time interval.

The local irregularities in the Pavement, in the form of sharp ridges
and hummocks, indicate erosion of a oreviously consolidated rock. There
is thus a strong probability of a hiatus in the succesgsion at this horigzon:
as there 1is no direct foseil evidence of the zge of the Lower Sandsione it
is possible that this formation is much older than has been supposed, and
it may have been muclh thicker before being peneplaned to form & platform
for the later deposition of the fossiliferous strata of known Carboniferous

age.

(c) Lower Carboniferous palaeogeogravhy and sedimentation.

Marine deposits of Carboniferous, or of any other Palaeozoic age,

are unknown to the south of central Sinaiy the area represents the ultimate

limit (excluding the possibility of other marine sediments hsving been
removed by erosion, of the encroachment of the Palaeozoic sea én to the
northern edge of this part of Gondwanalund. The change of facies with

the varying level of the floor of deposition, as represented in the

b4
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*
earliest stages by the Sandstone FPavement, can be used in conjunction with
the cheracteristice of the rocks themselves in deducing the conditions of

sedimentation.

There are no physical barriers vetween the areas of calcareous and
nor—calcareous facies: hence in a normsl msrine environment there would
be oven circulation with uniform physico—-chemicel conditions. The change
in facies cannot be directly related only to the proxiwnity of a source of
detrital material, as some of the siltstone arezs apvear as "islands!
entirely surrounded by limestone deposits. The variations within these
non-calcareous areas, i.e. the increwuse in the proportiorn of the coarser
component with & rise in the floor of deposition, indicate that s=orting
of an evenly distributed sediment rsther than a locally concentrated supply
was the primary factor in facies control, with finer material bheing washed
out from the elevations to be deposited in the deeper water. The tops of
the higher elevations were therefore subjected to an agency which had no
significant effect in the deeper parts of the seay wave action is implied

here,

With the exception of fringing reets, which are not found in the
Carboniferous rocke of Sinai, organic limestones generally increase in
importance in deeper water away from a littoral environment. The distrib-
ution of limestone can thus be directly related fo the wvariations in the
depth of water if the sez as 2 whole is assumed to have been fairly shallow;
that is to say the difference in depth of the order of ten metres (indicated
by the corrected Pavement contours, must have been a sufficient proportion

of the total depth to change the environment.

This line of reasoning leads to the conclusion that the depth of the
sea did not exceed 20 metres anywhere in the Om Bogma hills or the Nahman
Areas. The hyvothesis 1s supnorted by the presence of a fauna character-
istic of shallow and marginal seas, principally composed of brachiopods,

crinoids and corals.

From the remarkably complete planation of the crystalline basement
rocks coupled with the great stability of the whole area throughout
Palaeozoilc times, and probably for a greater period, we must deduce that
the neighbouring land was low lying and as a consequence erosion and trans-

port was slight. This is confirmed by the paucity of coarse detrital
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material in the marine sediments, and the regularity of the lower beds of
the Upper Sandstone when traced berond ithese msrine deposits to the south-

easgst.

During the earlier part of this marine phese the deeper water was
evidently quite clear, with &n abundant fauna whose hard parts gradually
accumulated uniformly on the sea bed. Probably &s the sea advanced some
of these calcareous remains were swept into the inlets @nd shallow basins
closer inshore, becoming more or less broken in the process. Thus a relat-
ively pure limestone was deposited. The shellow water along the shore and
surrounding nurerous off-shore islands was more muddy, giving rise to the
clays and shales which are now found surrounding the dolomite masses and

lenses.

At a later stage transport of detritus from the neighbouring land

increased so that considerably more detritsl material was deposited with

the limestone. At the same time the area of deposition increased, sug-
gesting an overall rise in the relative level of the sea. This period

must have been characterised by a series of slight oscillations to account
for the alternations of muddy or sandy limestone and sandy shale. There
~are signs of slight erosion here and there in these bedded rocks, and occ-—
asionally beds ure seen to bifurcate or coalesce, but the differential
movements which would appear to have caused this must have been very slight,

affecting individual beds only.

The siltstone areas must at this time have been sandbanks or barely
submerged shoals of silt. The carbtonaceous matier suggests a pnlentiful
flora, some of whose remains apparently beceme deposited with the muddy
limestones. The "floating sandstone" (smull irregular patches of coarse
sandstone within the Limestone Series) would appear to be material of the

Lower Sandstone derived from the erosion of rocky islands.

Towards the end of the marine vhase clear wsier conditions again
became almost universal as the rete of deposition decreased once more, and
nearly pure limestone was again being deposited. By this time the deeper
hollows in the Pavement had been filled up and the islands were reduced in
size or submerged, allowing uniform deposition over & wider area than hith-
erto. Finally there was & return to muddy wester conditions for a shérter

period before fine sand (i.e. the Upper Sandstone) spread over the entire
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area supporting a good deal of vegetation, some of which has heen pres--

erved as coal.

Throughout this period of marine deposition the shore-line in this
neighbourhood extended from north-east to south-west, curving a little
towards the south. On the western side of the Gulf of Suez the coast
apparently swung towards the north, as toin marine Lower Carvoniferous
deposits of Wadi Arabah appear to indicate taue proximity of a shore-line
at a slightly more northerly latitude than Om Bogmz. This differerice in
latitude could also be explsined, as Rall (1916) suggesied, by 2 lateral

shnift on the rift faults.

(d) Cornditions for the deposition of iron and mangenese.

Krumbein apd Garrels (19%2) have clessified chemicel sediments in
terms of the »H and Bh of their environments, On thneir data conditions in
the normal marine ownen-circulation epvironment, which is indicated for the
Limestone Series in western Sinai, would be (assuning uniformity) slightly
alkaline (pH in tane range 7.5 - 8.4} and mildly ovidising (Eh in the range

0 - 0.4, with salinity at zbout 3.59. Dissolved iron would vary between
0.02 and 0.002 parts per million and manganese between 0.01 and 0.C0L narts
ver million, both being involved in orgsric nrocesses and therefore.strongly
affected by hiological activity. With a nearby land-mass there is the
possibility of rather higher concentrations of these ions, znd even coll-
oidal matter, being brought into the sez. In these conditions both iron
and manganese could wnrecipitate as the oxides together with cslcite.

{iv) Disagenesis.

(a7 Freservation of carbonaceous matter and nyrite.

From the foregoing intervretsation it @pwpears that the sediments of
the Lower Carboniferous marine rhease were deposited in an epineritic
environment in conditions of open circulation, wnlch implies thst deposits
corsisting nrincipally of calcite end @ragonite organic remains, and includ-
ing also the soft parts of animals and vlunte, were being laid down in
oxidising corditions. A number of diasenetic changes must consequently be
invoked to account for the present state.of the country rocks beyond the

zones of subseoquent oxidation.



Rubey (103C) concluded that the most favourable conditions for the
formetion and preservation of calcium carbonite, orgsnic mstter and nyrite
torether were probvably rather shallow water and & ravid accumulation and
burial of organic matter. Undexr these conditions much orgenic matter
and carbonate would be wreserved by burial and iron sulphide would form
in the ooze - chiefly below its upoer surfece. This is supported by
observations on estuarine muds, where &naerobic conditions often obtain

bereath shallow oxidising waters (Hatcu, Rastall # Black, 1950,

{(b) Redox potential.

The most striking change in conditions as sediments psss from the
settling medium into the diagenetic environuent below the surface of the
sea floor is in the oxidation-reduction »notertial (En}, as described by

Xrumbein and Sloss (1951) and Pettijohn (16571. Zokell (19461 concluded
that sediments containing orgenic matter become reducing through the act-
ivity of anaerobic bacteria. Once created the reducing conditions are
maintained by ferrous iron, divalent manganese, hydrogen sulphide, etc.
£s a general rule both Eh and the reducing capacity decrease: with denth,
pH increasing slightly. Finer sediments, he found, are more strongly

reducing than coarse deposits,

(c) Iron and marnganese.

Reactions involving these metazls are of particular interest in con-

gideration of the sugprested sedimentary origin ot the ore-deposits.

Goldschmidt, (1954;, described two processes affecting manganese in

the transport, and sfter settling, of silts, muds &nd ocozes:

2.

1. gsolution of manganese as the divalent ior in non-oxidising conditions

ir carbonated waters, forming the bicarbonate (ML(HCos)Q}.

2. precipitation of insoluble menganese dioxide (Ln02j in ozidising
conditions.

In the gpresence of decaying organic matter oxidation is limited to surface

layers of oceanic sediments, hence manganese accumulsates in a thin surface

layer in contact with oxidising waters. Selective solution in reducing

conditions also atfects iron, which 1s dissolved as the ferrous bicarbonate
9

(re(HCZO 1, but manganese is preferentially dissolved because manganous

3)2/
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hydroxide (¥n(0H),_.) is a stronger base than terrous hydroxide (Fe(OH)Z)
<

a result of the larpger size of the divalent mangancse ion.

The average manganese content of the igreous rocks is of the order
of 0.09%, while the ratio of manganese to iron is about 0.017. Smaller
values then this in sediments indicate leachini, while larger values show
concentration, of manguncse. Goldscivaidt concludes (ibid):

“Gireen, blue or bladk muds (indicating presence of ferrous iron,
sulphides or humic substances) will suggest lezching of manganese. Red

clays (indicating oxidation to ferric iron) will be indicative of fixation
and reprecipitation of manganese also."

Mason (1951 gives the ionic potentiazls as follows:
f‘m2+ Pe 2+ W é}s- i
2.2 2.4 445 Ta

Ions with'a smaller potential tend to go into solution more readily and

stay in solution longer than those with larger potential.

Krumbein & Garrels (ibid) note the complexities introduced by dia-

genesis. Sediments deposited in oxidising conditions may be radically
changed in the diagenetic environment. Reducing conditions (Bh 4 ©)

would prevent the complete oxidation of carbon and thus black carbonaceous
matter, if preserved by rapid burial, would remain in the rock. Sulphate
ions from organic matter would be reduced to yield HQS which could react

with iron at an Eh of less than -0.25 at pH 8 and eventually form authi-

genic pyrite (FeS In similar conditions manganese would be expected

2)'
to form alabandite (XnS), but probably an even lower Bh is required.
In less strongly reducing conditions (£h -C.1 to Bh ~0.25 at pH 8)

siderite and rhodochrosite would occur, while between ©h O and Bh -C.1

the oxides would be stable in the presence of orgsnic matter.

Thus a2t Om Bogme, where tne unaltered sediments contain pyrite and
carbonaceous matter, manganese would be expected to occur in the fTorm
of rhodochrosite or alabandite. In fact neither of these mwminerals has
been found in western Sinai, These rocks are generally very poor in

manganese, &g shown by the assaysi-

e‘9l
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¢ In
Grey dolomite (0B/69) ©0.03
Dark grey shale (OB/??} 0,013
Flack micaceous siltstone (0B/106) 0.02

In general the carbonaceous country rocks at Om Bogma contain quite
small amounts of manganese in spite of their proximity to large ore dep-
nsitss one specimen of grey dolomite asseved (.03% ¥n and its ratio of

Mn s Pe was 0.012.

(a) Dolomitization.

The conditions for nenecontemporaneous dolomitization are described

by Hatch, Rastall & Black (19501 and seem to heve been fulfilled during

the deposition of the Carvoniferous Limestone of Sinai. These are:
1. shallow water near the shore, between O &nd 50 m. depth.
2 the nresence of carbon dioxide, causing partial solution of the

limestones this would be present in the sez-water enclosed in the
newly deposited sediment, the coarse nature of the shell fragments
allowing some circulation &nd where circulation weas restricted by
interstitiazl mud and carbonsceous matter the tacterial oxidation

of pert of the carbon with ovygen derived from sulnhate~reduction
would mrovide some carborn-dioxide. . (This might lead to the depos-—
ition of small amounts of iron and manganese as carbonate, but would

certainly rot czuse a concentration of these metals:,

3. vorosity of the limestones, #llowing the nercolation of sea-water;
here again finer sediments contair & higher oroportion of connate

water althou~h circudation is restricted.

4. sufiiciently slow subsidence to render the change complete; the
muddy "limestone", whose buriesl would have been more rapld, are less

corpletely dolomitized than the purer dolomite-rock,
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A significent point concerning the availability of magnesium.ﬁuring
diagenesis is the présence of this element in the shales and siltstones
as revealed by the formation of epsomite on the underground exposures.
As this mineral forms more readily on muddy "limestonres" and non-calcareous
rocks than on the dolomites it is unlikely that the magnesium is derived
from the solution of dolomite crystals. It is most probasble that this
element was adsorbed by the clay minerels, or was attached to them by base
exchange from the connzte water soon after deposition. Magnesium is the
second most abundant cation in sea-water a2t present, exceeding the concent-

ration of calecium ilons threefold (Krumbein & Sloss, 1951,.

Hatch, Rastall & Black (ibid) describe how aragonitic shells "such
ae those of gastropods and cephalopods" are altftered before calcitic fossils
"such as crinoids, stout brachiopod shells or rugose corals." | At Tunafuti,
the site of the classical work on modern diagenetic dolomitisation, all the
aragonite was found to have been dissoclved before metasomatic replacement
by dolomite of the calcite began, the firsti-formed crystals apparently
having grown from solution. This seguence of events also agrees with
observations in the Om Bogma arez: the bulk of the dolomite is composed
" of automorphic crystals and the majority of the fossils consist of corals,
crinoids and brachiopods, while lamellibranchs are poorly represented and

gastropods and cephalopods are scarce or absent.

The wvirtual completion of dolomitisation in the area of Lower Carbon-
iferous outcrops, even in country-rocks otherwise unaltered by mineralising
activity, suggests that the dolomite is of diagenetic origin. The form-
ation of automorphic rhombs with carbonaceous and pyrite inclusions in the
caelcareous black shales, and the appearance in thin section of shzle laminae
bending round these rhombs lend support to the view that dolomitisation

took place in the early stages of compaction.

(e? Compaction.

The effects of compaction in reducing the overall volume of the sed-
iments have been stronger in areas of shale and siltstone facies than in
the "limestones" and dolomites, serving to emphasise the differences in
thickness of the Limestone Series. In spite of this, however, the top of

the Series is more regular than the Sandstone Pavement.



(6) THE ORE BODIES. T2,

(i) GCeneral features of the ore deposits.

(a) Size and shape.

/

The larger ore-bodles are tabular in shape, with an average thickness
of about five metres, going up to a maximun of eight metres, Laterally
they extend continuously for more than half a kilometre, sometimes linking
up with smaller Bodies of ore. The floor of these deposits conforms,
more or less, to the Sandstone Pavement; there mey be up to a metre of
"Pavement Shale'" between thew or, at the other extreme, up to itwo metres
or so of the Lower Sandstone may have been almost entirely replaced by ore,
leaving only corroded remnants of the original rock. The roof is always a
red, or occasionally brown, shale, sometimes even and regular but more com-
monly undulating. The laterel terminations are abrupt, but the outlines in
plan are generally irregular with many indentations and apophyses. Because
of their dimensions these large deposits are often referred to as "beds",
but the term can be misleading &s they are not true beds in the stratigraph-

ical sense.

The smaller deposits range in size down to small pockets and, in the
extreme, to nodules. The emall ore-bodies are oftepn lenticulzr in shape,
most commonly with & nearly level floor and a domed roof. Irregular and
more disperse deposits are zlso known, with the ore minerals occurring

intermixed with material of the country-rocks.

The original size of the largest single ore-bodies, those of the Om
Bogma hills, is unknown as they hed been dissected and truncated by erosion
during the formation of the present topography, but each was well in excess
of a million tons before mining bhegan. It is probable thut the total
original deposits in the central ares, within a radius of 2 kis. of the
trigonometrical survey station at Om Hogma, amounted to bhetween ten and
fifteen million tons bvefore they were greatly reduced by erosion. The
amount of the original deposits of the entire exposed ore~field is of course
even more conjectural, but it was possibly of the order of twenty million
tons containing between four and five million tons of manganese metal, the
average tenor being between 20% and 25% lin. These estimates include rock
which would not all necessarily be classed &g "ore" in the tecunical sense

&t any given time, although composed almost entirely of iron and mangenese
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oxides, &8s this status depends on so many outside fectors.

(b, Composition.

Ain analysis (Gill & Ford, 1956} of ore as shipped, thut is to say a
sample of & cargo of ore from many varts of the mine, gave the fellowing

compositions

Mn02 32.76 n 21.46
Mno 0.97

Fego3 51.47 Fe 36.03
PeC nil "Joint metals" 57.49
SiO2 5.80

Al?OB 7.38

Cal 0.78

HgO Q.10

Bal 0.40 eseessess Other then conteained in BaSOd
KQG 0.30

NaQO 0.10

BaSO4 0. 90

P205 0.24

SO3 0.25 veseassen Other than contained in Ea504
Cuo 0.05

PO 0.07

nC,¥i0, Co( traces

As 0.01

co, 0.12
3.25

Coibined )
{
Water )

99.495

The high state of oxidation of the principal metals, indicated by the
above analysis, is & feazture of all the deposrits. Ho compounds of iron

other than the ferric oxides have hecrn recognised within the ore deposits,

and the orly lower oxide of manganese (nausmannite, Mnxol is of very minor
) £
importance. The "joint metal" content is =zlso constant within narrow

limits throughout the bulk of the deposits.

{e} Varietion iy the ores.

The ores suow a very wide varirtion in the ratio of msnganese to iron

over cuite short distances both horigontally end verticeally. Under these
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conditions mining to produce a constant grade of shipping ore (priced on
the units of mangsnese contained) called for constant sampling and a
detailed knowledge of the ore-bodies. With practice it was found vossible
to estimate the ternor in wanganese of ore in situ within arbitrary linits
by comparison with parts préviously sampled and assayed. By this means
detailed plots were produced showing the variation in the ratio of the

two metals, but no recognisable pattern was ever discovered znd it was
never found possible either to deduce a controlling factor or to nredict

'changes in the grade of the ore in undeveloped parts of an ore-body.

There are also variations in the texture and wmineralogy of the ore,
but these are not so sudden as with the metals ratio. These features are

descrived wore fully oelow.

(d) Gengue minerals.

About 85% of a typical dried sample of ore is composed of the oxides
of iron and manganese. With these should be included some combined water,
baria, potash &nd lead, which are respectively essential components of
some of the ore minerals. The bulk of the remainder, including silica
and alumina, sppezrs as traces of the country-rock which have become inter-
mized with the ore. Thus the true gangue minerals form only some iwo or

three per cent of the total.

Ferite. 1s tne most obvious gangue mineral, of wide distribution and
generally present as radizting groups of cosrse tabular crystals, often
lining small wvugs. These crystals are colourlese or (occasionally) pale
vellow, with many faces develovned, particularly for several velues of (h(C1:
and {0Okl). Sometimes this mineral occurs white &nd massive in pileces up
to 10 cire. &#cross, or intimately mixed with the ore minerals and visible
only under the microscope. The barite: usually appears to heve crystallised
later than the ore mirerals, but quite often coarse needles of mvrolusite

can be seen terminating against a well formed crystal of barites.

Calecite ocecurs in the ore on & much more restricted scale. It hes
heen seen in veinlets ascociated with pyrolusite, and sprears to be a late

stare mineral.

Dolomite a2lso avpears to heve crystalliced at & late stage within
the ore. It occurs most commonly a2s a matrix in stalactitic masses of

goethite, sometimes cementing dbrecciated fragments of this mineral.
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Rarely it is found in well developed nyramids in vugs within the ore.

Aregonite has heen recognised under the wicroscope in some cections.

{i1) Tevture of the ores.

The following ore types were recognised in the mining zreas:

1. ‘iived ores Banded ore
Fodulzr ore

"Run of wmine" ore,

2. Segregated ores Rich ore (diovide:
"ageive iror ore (goethite
Ocnre ard reddle

Fed irorn ore (haemestite .

3. "Hard hlue'! ores Feilomelsne tyoe

Hausmannite tyme.

4. fluvial deposite tRloat),

{(a) Banded ore.

Laerge areas of the bigger deposits are compoeed of ore arranged in
alternating iron rich and manganese rich horizontal bands. The bands are
about 1 cm. wide and often show up very clearly in old mine workinecs as
the mangenese rich layers tend to becore encrusted with efflorescent rock-
calt helictites and flowers (cf. Huff, 10407:. Under the microscope the
mangehese layers are seen to be commnosged of more or leses snherical structures
of microecrystallire to finely crystalline pyrolusite with concentric shrink-
age cracks, suggesiting crystallisation from & colloidal predipitate. The
matrix is formed of nore coarsely crystalline vnyrolusite with some assoc-

iated boiryecidal goethite.

T.,e iron rich leyers contain earthy haematite, often with ascociated

fine quartsz wins, giving the ilmpression of the remaing of chale or silt-

stone. Specimen rno. OH/Sl is typical of this type ot ore.
(b) Nodular ore.

Thie is the most commown type of ore in the larger deposits. Mangsan—

ese rich nodules of various sizes from one 1o five or more centimetres
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across, are embedded in a2 matrix of earthy iron ore. The nodules may be
diserete or grouped together in bunches; where they are very numerous they
coalesce to form a very coarse spongy texture, with the interstices filled

by the friable iron oxide.

The nodules themselves are either an intergrown wixture of very
finely granular pyrolusite and haematite enclosing rather coarser crystal-
line pyrolusite or radiating coarse needles of pyrolusite. Hemnant grains
of quartz are often found in the former type of rnodule (es in OB/}A?, indic-

ating replacement of a siliceous host-rock.

The widespread nodular and banded habits of the ore have been made use
of in the past in beneficiation by screening. It was found that by separ-
ating the fine material from broken ore & product {the lumps and rubble
could be obtained which was several per cent richer in manganese than the

original ore as mined.

(¢) "Run of mine" ore.

This type of ore is so-called from its lack of any rezdily identifiable
features, such as are seen in the other types described here. It is essen-
tially an intimate mixture of goethite and pyrolusite in varying vroportions,
these minerals being distinguishable in the hand specimen. It is found in
ore-bodies of all sizes, and generally in places where the field relations
suggest replacement of a dolomite or dolomitic "limestone".

A specimen of this ore (OB/}B) under the microscope shows irregular
areas of powdery and finely crystzlline pyrolusite with occasional poorly
developed concentric structure. These areas are surrounded by crypto-

crystalline goethite with associated coarsely crystalline pyrolusite.

(&) Rich ore (dioxide).

Locally in the large deposits there occur lenticuler and irregular
pockets of an ore very rich in manganese and correspondingly poor in iron.
Wﬁere these were of sufficient size and puriity they were worked separately
for chemiceal grade ore, or "dioxide". This type of ore also occurs in
persistent and intermittent layers extending for a hundred metres or more
in some of the deposits where there has been a good deal of segregation of

the metals, as in the Central and Bast Hills.

This ore consists almost entirely of pyrolusite, ranging from a soft

powdery grey material, very finely crystalline, to a mass of coarse, hard
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metallic grey crystal needles in intergrown radiating aggregates. In

extreme cases the individual needles attain a length of several centimetres.

In polished section (Sp. no. OB/32) the finer verieties zre seen to
be composed of interfering irreguler concentric strucitures with centres of
soft powdery pyrolusite surrounded by radiating rneedlec mzde up of tiny
grains with parallel extinction. (There is a tendency for o« HhOz to occur
in needle-~1like bundles of micro-—-crystals with their c-axes parallel to the
length of the needles, but with the other axes at random, Butler & Thirsk,
1952). These core areas are crossed by fine veinlets of pyrolusite suggest-
ive of filled shrinkage cracks. Awey from the centres the crystals increase
in size, their free ends either protruding into small vugs or embedded in

& matrix of gangue mineral, usually a carbonate.

3

{e} Massive iron ore (goethite;.

Segregations of iron within the thick ore "beds" are generally larger
than those of rich manganese ore. in one form the iron occurs as large
masses of goethite in closely packed stalactitic forms, or in concentric’
layers of radiating fibres. Gangue wminerals are typically present in this

type of ore, as veine and filling interstices.

A section of the stalactitic goethite (OB/ld? showed perfect examples
of colloform radiating structures rimmed by microgranular pyrolusite and
locally brecciated. In the brecciated areas were acicular crystals of
aragonite and nlates of barite, the whole being cet in a matrix of dolomite

which extended as veins across the unbroken vart of the specimen.

knother section (0B/35) showed an irregular spheroidal structure with
many shrinkage cracks. The core areas were usually goethite surrounded

by tinely crystalline and amorphous melerial.

In the mine sphercoids up to 60 cms. in diameter have been seen. Iin
one example alternzting concentric layers of fine—-grained mascive and
radially banded manganece oxide (probably pyrolusite! were surrounded by
a thick layer of masgsive goethite with ill-defined r:cdial banding at its

outer edge terminating in a smooth spheroidal surface.

(f} Ochre and Reddle.

These earthy iron ores are very widespread, forming the matrix of the
nodular ore, and in some localities making up virtually the full thickness

of the ore "bed" for areas of ur to & hundred saquare metres.
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In section a specimen of yellow ochre (OB/}O] showed very thin vein-
lets of gansue bordered by bvands of goethite cutting 2cross & mases of softer
ecryntocryvstalline material, identified ae coethite by x-ray powder nhoto-

graphy.

(g} Red iron ore,(haematite’.

Very fine grained bright red iron ore is typical of the deposits in
a siltstone or =andy facies of the ho=t, This ore occurs in fairly thin
layers, occasionslly reaching & thickness of three metres or more but usually
of the order of one metre or less, Usually gceveral of these layvers occur
one above ths other or a larger body of ore may contain bands and pockets
of included country rock. This iron ore is typically friable, crumbling
into small more or less rectangular fragments a few millimetres in size.
Manzanese msy be nresent but meny of the mine samiules arsayed us to 66%

iron {(Fe) with often less than one per cent manganese (inj.

A polished section (OB/l}) of this ore showed very fine grained
material which was sltiown by an x-ray powder paotograph to te haematite.
A small amount of goethite and wad was found in veinlets, possibly fract-

ures or joints.

(i) “"Hard Blue" ore {Psilomelane type).

There are two varieties of "Hard blue" ores both are very hzrd, not
easily taking a scratch trom & steel unife blade, and zre grey with a slight

metallic blue tinge.

The Psilomelane iype of ore is hoimogeneous in apnearance, although it
containg both iron and mangznese in varying proportions. Over the range
from nearly pure manganese oxide down to a2 manganese to iror ratio of 1 : 3
there is ro detectable difference in fhe hand specimen, but with decreasing
mangsnese content the lustre becomes dull, the ore becomes more brittle
and shows a red streal, grading‘into massive haematite. This ore may be
jointed, tending to break into rectangular fragments. Under the microscope
botryoidal texture arnd colloform or difiusion banding can be seen, znd
while sowe anisotropic granular material can be detected under high magnif-

ication much of the material appears to ne amorphous.

This variety of ore occurs adjacent to the doleritic Om Bogma Dyke,
(OB/ll), and also occasionally in association with & non-calcareous host

(eB/12).
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(i) Heusmannite type.

By contrast this other variety ot Hard Blue ore is granular and crysi-—
alline. It ie typically of high tenor in manganese, often exceeding the
theoretical maximum of 63% for pure pyrolusite, but it is low in Mnog.

This Hard Blue ore strikes fire under the hammer and breaks off in thin
tlakes with an uneven surface and a very sharp edge. 1t is never jointed,
cccurring in irregular =labs snd fairly exziensive "beds" up to a maximun
thickness of about a metre. It is never found in the larger ore deposits,
but occurs away from the main centres of mineralisatior, either alone or
associated with,(but not mixed with), haematitic dlron ore, and often in

a non-calcarsous host. It appears to predominate over all other types of
ore in the outcrops, probebly because it is exiremely resistant to weath-
ering and staerds out prominently while other ores are eroded or buried
beneath scree, but there is a suggestion that the ore becomes hardened by
weathering processes as outcrops of Hard Blue often lead to softer ore

under the surface.

In section (OB/IS) there is no sign of colloform banding in this type
of ore: the predominate mineral 1is hausmannite. In one urderground expos-—
ure (Sp. no. OB/16) hausmannite was found in angular pileces up to about a
centimetre across, altered marginelly to psilomelane and set in a matrix of
calcite associated with pyrolusite. These latter minerals were apparently

introduced after the formation of the hausmannite.
(i) "¥Float".

This is & prospector's term for loose material cerived from a solid
ore body, and it is used here for recent eluvial deposits which are useful
as a guide to ore in situ rather than for their own value as ore. In
western Sinal manganese float, being of high specific gravity, becomes
concentrated near the source in & thin surface layef of hard black pebbles
as the lighter minerals and rock fregments sre washed away. The ore frag-
ments vary in size from about 1 cm. in diameter upwards to nearly 3 metres
acrogs in extreme cases. These latter blocks sometimes become detached
orn steep hillsides as a result of undercutting as tue soflter rocks are
removed in the rorwel course oif erosiorn., varx patches of the smallerx
fragments show up very prominently against the general light sandy back-
ground, and by their aid the presence of ore (or of a previously existing

ore-body) can often be detected from a distance of several miles.
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Significance of the mineralogy.
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(¢ Conditions of devosition.

The minerzls of this suite @nd their modes of occurrence zive some
indication of the conditions of deposition. The presence of hausmannite
appears to sugeest a hicher tewrerasture 2e it 1= the =table ovxide of mangan-

. . ) . . O
ese &t higher temveratures ard can be Tormed by hesting pvrolusite to 1000

in air. Hausmanrite occurs, however, ss veinlets ir dolowmite (to he des-
cribed in Chepter 7) which shows no other thermal effect. It seems likely

therefore that the hausmennite was formed at & lower femperature, =nd that
the manganese owes its lower stste of oxidation to enother cause, such as

& reduced oxygen pressure in the envirowment of Formetion. The hzausmannite
is, in any cesge, of minor importance in the ores and orly of significence

in indicating »urely local conditions at the time of formation.

The most importent factor determining whether the oxides of iron and

manganese shall be formed, and the valency state of these metsls, is the

oxidation-reduction potentisl during their formestion. Oxygen, of course,
is an essertial constituent: the »nresence of vast amounts of the higher

oxides of iromn end mangenese in iteelf indicates that there was an azbundance
of available oxygen &at the time of deposition. The actual mirimum value

of Eh required for the precipitation of these oxides will vary with pii.

At higher wvalues of pH precipitation of these oxides can tzke nlace at a
lower Eh. The presence of dolomite and calcite in the gangue implies
alkaline conditions, at least in the later etage of mineralisation when

wuch of the gangue apoears to have Dbeen introduced. These conditions can
be assessed more accurately by reference to the effects of mineralisation

on the host rocks: this will be discussed in the next chanter.

The colloidal origin indicated bty the minerzl textures implies precip-
itation from, and transport in, &n acueous medium &t low temperature.
Whether the metszls were ac.ually trensported in tue colloidal state can

only be determined after a study of the wider environwuent of the deposits.



Plate XVIII

Thin =ills of dolerite intruded into the Upper Sandstones

Wadi Abu Fatash, 5 kms. south-west of Om Bogma.

The high ridge in the background (to the south-west) is
composed of Cretaceous marls and limestones, beyond the

main eastern boundary fault of the Suez Rift.










Flate 31X

Marginal alteration oi shale with impregnation by manganese owides,
Sp. 08/24 from face of Devt. 2 — 1 rt. at 43 m. inbye, ¢ m. zbove the
Sandstone Pavement and about 40 w. be2low tue surface.

Thin section in ordinary light, x 6.

Bottom left: heavily stained browr silty mudstone.

Black growths: manganese oxirfe.

White ground: xsolin.

lav]
—t
o

c*.
[

>4
>4

$iltstone impregnated by red iron oxides.

~

T lorth, ®. wall at 4 . dirbre, 1 m. zhove the Sandstone

Sp. 0B/26 from
Pavement and 160 m. below surface.
Thin section in ordinary light, x 6.

The opaoue material is principally iron oxides.



Plate XXI

Zargin of the oxidation hazlo in muddy dolomite.

5p. OB/21 from B. side of Drive 194 at 51 m. inbye, 2m. above
the Sandstone Pavewment and about 20 m. below the surface.

Thin section in ordinary light, x 30.

Top right: pale greenish zone, dolemite rhombs in e clay matrix.
Bottom left: dolomite in & matrix of red iron oxide.

({Tuere are numerous holes in the section:.

Plate XXII

Manganese vein in dolomite.

So. OB/EO, location as &zbove.

Thin section in ordinary light, x 15.

harrow veinlet of dense mangenese oxide cutting iron impregnated
dolomite. Corrosion and avsorntion of the czrbonate crystals
can be seen. Fenetration wes assisted by solution and

renlacement.









Plate XXIII

Metasomatism of dolomite. _

Sp. OB/1 from K. side of ain South - 2 K., lm. above the
Sandstone Pavement and about 160 m. below the surface.

Thin section in plane vpolarised light, x 30.

“Ghosts" of fossil remains, replaced metasomatically by ankeritic
dolomite, and showing incipient replacement by manganese oxides.
Note the reticulate pattern produced at the centres of the
organic remains, and the development into an "atoll" (right)

with residual rim and core.

Plate XXIV

Inpregnation ot purer dolomite.

Sp. 08/68, exact location in Om Rogme unknown.

Thin section in plane polarised light, x 30.

The primary invasion of the dolomite by manganese oxides takes
place along the crystal boundaries, and in cleavages. Fene-

tration was more rapid than revlecement.



Plate XXV

Sp. OB/18 from B. ¢ide of Drive 17 cutting, 4 m. outbye
from the portal 2.5 m. above the Sandstone Favement and
2 m. velow the surface.

Thin section in ordinary light, x 6.

-Tiny ramifying veinlets of menganese oxide (right; and
spots of hydrous iron oxides (left) in a nearly pure

anceritic dolomite.

Plate XXVI

Sp. OB/51 from the surface about 75 m. south of the
ventilation shaft on Hill 8 (Lease 180'.

Upper Dolomite in the neighbourhood of a prominent

fracture.

Thin section in ordinary light, x 6.

Fossiiiferous dolomite with ménganese oxides epreading outwards

from & small fracture.










Plate XKAVII

Dp OB/BO, location as for OB/51, but nearer to the
large fracture.

Thin section in ordinary light, x 6.

Impregnation of the rock proceeding along crystal
boundaries, with complete replacement close to a

fracture.

Plate XXVIII

Sp. 0B/49, location as tor 0B/51, adjecent to the
main fracture.
Thin section in ordinary light, x 6.

Replacement well advanced.



Plate XXIX

Lower Sandsténe impregnated with manganese.

Sp. 08/78 from a road cutting between the Rast and North
hills, about ibo m. below the Sandstone Pavement.

Thin section in ordinary light, x 15.

I11 sorted sandstone partially impregnated with manganese
oxides. The boundary of the impregnated area is reguler

and fairly well defined.

Plate XXX

Sp. OB/77, exact location in Om Bogma unknown.
Thin section in ordinary 1light, x 20.

Very ill sorted seandstone (Lower Sandstone) rather
patchily impregnated and replaced by iron and

manganese oxides.









Plate XXXI

Lower Sandstone with incioient manganese replacement.
Sp. OB/76 Lower Sandstone from the southern slope
of Hill 8 (Lease 180).

Thin section in ordinsry light , x 6.

I11 sorted sandstone cemented by mangenese oxides.

Plate XXXII

Same as above, x 30.
Numerous embayments in the ssand greins show
incipient replacement of quartz by the

panganese oxides.




Plote XXXIIT

Halo oxidation in siltstone.

Roof of Devt. 7 main at no. 15 branch to the fault, about

150 m. below the surtface.

Top and bottom of picture: unaltered grey to hlack carb-
onaceous siltstone.

Centre: very irregular patches,alternating bands of bleached

and heavily iron-stained siltstone.

FPlate XXXIV

Carbonaceous clay preserved in a fault plane.

_The Tony Fault exposed in Devt. 2 main, no. 12 branch to fault.

1 - 2 m. #bove the Sandstone Pavement on the upthrow side, 350 mn.

from the outcrop at Pavement level {above Ain Abu Hamata} and

about 170 m. below the surface.

Right: 1light yellowish brown Upper Sandstone.

Left: 1red iron-stained siltstone of the non-calcareous facies

of the Limestone Series.

Centre: the black material is carbonaceous clay dragged into the fault
plane. The white line 1s & bleached zone. '

N

Dark grey (unoxidised; siltstone is seen at the bottom of the picture.

'










Plate XXXV

Roof of Devt. ¢ wmzin, about 150 m. below surface.
Patches of brown iron-steined siltstone surrounded
by bleached boundary zones in unaltered carbonaceous

giltstone.

Flate XXXVI

Well cefined, but extremely irregular, boundary
of the oxidised halo.

MHourad cross—cut, about 70 m. below the surface.
ki

cf. Plate XIX.



Plate XXXVII

Unturned bedding on both sides of a small fault,
Opencut face on the east side of the Central Hills,
showing dolomite and shale beds of the Limestone
Series.

A little ore zrnd residuxl rock are sssociated with

the fault, shown at the bottom of the picture.

Plate XXAVIII

Part of an ore lens, showing roof shale and the
transgressive relations with the overlying beds.
Opencast face on the east side of the Central

Hills.









Plate XXXIX

Upencast face in the Central Hills.

4 tyvical thick "hed" of ore is partly seen near the bottom of
the picture, with its base obscured by detritus. It i= in the
position normally occupied by the massive basal dolomite in
barren areas. The ore is overlain by & shale roof, separating
it from the bedded dolomitic "limestone", which ie unmineralised.
A dome of residual rock (with secondary dolomite rhémbs7 can be
seen, a little left of centre, extending upwzrds from the roof
gshale into the bedded rocks. The darx layer 2%t the top of the
face is the Upper Dolomite, stained purple end partially renlzced
by manganese oxides.

The Om Bogmz Dyke can be seen on the extreme right of the picture.
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(7) HARGINAL ALTERATION OF THE COUHTRY-ROCKS.

tFrom the genetic point of view the ground immediately surrounding
ore bodies is often of more interest and significance than the ore itself.
This is so at Om Bogma where the nature and configuration of the alterations
to the country-rock adjacent to the ore give the strongest clues to the
probable origin of the ore, and their study leads on to the subject of ore

controls, which is to be discussed in the two following chapters.

(i) The "oxidised halo".

The unaltered country-rocks of the Limestone Series at Om Bogma and
their respective weathered states have been described in Chapter 5. The
rocks immediately surrounding the ore-bodies and asscciated with less con-
centrated mineral deposition present a striking contrast in that they are
typically bright red, pink or brown in colour, and only occasionally yellow,
although they are fundamentally the same rock strata. The association of
this predominately red colouration of the host-rocks with the ore is such

that the term "halo" can be used to describe the zone where they occur.

"Marginal mineralisation" would be a misnomer here as generally
speaking the bounderies of the larger ore-bodies in the mining areas are
sharp, with no gradation into barren ground. "larginal ore'" and "sub-ore"
in the commercial sense at Om Bogma have been rock with a comparatively
low mangmnese to iron ratio, ratier than rock with & low total metal content,
and they will not be discussed in this section. Fartially mineralised
ground, with about 30% - 50% iron plus manganese, wae not found in sufficient
quantity to warrant the establishment of more than the most primitive tene-
ficiation procedures. The oxidised hzlo is, however, slightly mineralised,

and it has been closely studied in the search for "leaders" to hidden ore.
(2} Dolomite.

Very comuionly, and virtueally always in the mining ereas, the massive
beds of almost pure ankeritic dolomite are pink or pale purple in colour.

tnalysis showed the menganese content of & pink specimen of this rock to

be 0.3% (¥n.), which is considerably higher than the average for sedimentary
carbonate rocxs in general and ten times the concentration of manganese

found in a specimen of carbonzceous dolomite. 4 series of six analyses
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quoted by Ball (1916, of specimens of the dolomite from widely separated
localities in West Central Sinai indicated, as is suggested by the colour
of the rock, that these relatively high manganese values are the rule

rather than the exception in the massive nearly pure dolomites.

It is a moot point whether the whole mass of the basal dolomite was
originally carbonaceous in character, probably 1t was not as the only grey
carbonaceous dolomites to be found now contain about 20% at least of silica.
aluinina and other impurities. levertneless by enalogy with the other rocik
types at Om Bogmea and in contrasi with the almost pure white basal dolomite
of ereas remote from the ore deposits Ce.g. the upver part of Wadil Baba and
Wadi Ikhfi}, the ovink manganiferous dolomites are assumed to form part of

the "halo" of altered host rocks.

The pink dolomite is typicelly massive, very hard and coarse-grained,
with hypautomorphic crystals zand open intergranular cavities often clearly
visible to the naked eye. On the whole recognisable fossils are infrequent,

but locally they are abundant, standing out well on weathered surfaces.

In meny places, particulsrly close to fractured ground, this type of
rock is traversed by numerous ramifying veinlets of opague oxide iinerals,

most commonly pyrolusite (iin0,_), with some haurmannite (un_ 0, .. In thin
< £

3
section smaller and more widesprezd veinlets and strings of these oxide
minerals can often be seen extending between the dolomite rhombs and along

cleavages and fractures within the individual crystals.

Rerlacement of the dolomite by the metal oxides is generally more

restricted in distribution thaen the impregnation described above. This
solution and renlacement hasg occurred in wwo ways &t Om Bogma, viz. concur-
rently. (metssomatism.; and consecutively, partial replacement by depos-—

ition »f colloidal oxides after the virtually complete removal by solution
of a part of the dolomite. The latter met-od anpears to have operated to
produce the largzest ore bodies, giving rise to some of the structures to

be described in a later section of this chapter.

Bramination of thin sections shows that metssometic revlacement did
not begin in the dolomite until impregnation was well zdvanced. Teuzlly
fogeil remzine, originelly calecite or 2ragonite, haeve heen replaced by

arger and oftern clearer crystals of dolomite than those which make up

1
the bulk of the rock, and fthese h#ve been more suscentible to attack during
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the introduction of iron and manganese. In such & case renlacement began

on & roughly reticulate pattern within the crystal, tending to continue

moet rapidly at the centre so that in the mewt stage the grains may show an
"atoll" of carbonate surrounding an opacue "lagoon'" of oxide mineral. Else-
where in the rock the ramifications of the irveding veinlets have cut off
"iglands" of residual carbonate, surrounded by opaque laterisl. Locally
very fine needles, 0.02 to C.1 wm. in length, srobably of pyrolusite,

radiate from a centre situnted on an intergranulsr boundary into the surroun-
ding crystals. Shorter and more stuipy reddish translucent crystals, up

to 0.01 mm. in length, probably of soethite, can be seen wmore rarely rad-
iating in & similar manner. (These latter can also be seen where iron

oxidé has been replacing secondary ouarts:.

{b) Impure dolomitic limestones.

Within the oxidised helo these rocks &re generally bright red, but
sometimes, awsy from strong mineralisation, as to the south-west of Hill
'D* (map II), some beds are locally yellow. The red colouration is due to
iron oxide disposed betweewn the carbonezte crystals and also along intercry-
stal faces and cleavages. his oxide appears to have replaced the orig-
inal intergranular material, mainly clay. At the limits of the oxidised
halo there is typically & narrow pale green band where the interstitial
clay has no staining matier associated with it. This boundery is generally,
but not alweys, irregular, the alteration having &dvanced with more facil-
ity in some nlaces (e.g. z2long fractures: than in others, but it is not so
erratic in ites disposition a&s in the non-calcarsous rocks, In shellow
underground workings the rock beyond this neérrow bounding zone is often
bright yellow and only slightly ferrugirous, presumnsbly having been oxidised
hy deep weathering at a later date than the oxidation associeted with the
iron and menganese mineralisation. In deeper exvosures the nale green zone
is invariably sandwiched between dark grey to black rock on the one hand
and red to yellow rocx on the other. Where individual beds are traced
across the boundary they can usually be seen to be harder and, in the case

of the more shaley rocks, even less calcareous than the normal country rock.

The impure limestones often contain velnlets of black manganese oxides,
which are thicker and less diffuse than in the purer dolomites. These
manganege oxides corrode and replace the carbonate grains. Apperently the

interstitial matter has obstructed somnewhat the easy passage of the mangan-



ese oxides, but has been no serious barrier to the iron oxides. The ass-
ociation of tne halo with ore mineralisation can best be seen where an
apophysis of the oxidised zone has a vein of black nanganese oxide at its
centre enclosed by a broad irony red arez, waich in furn is surrounded by

a narrower pale green band.

(¢) Clays and shales.

The clays are typically bright red within the halo, but they some-
times appear bright yellow and occasionally with alternate red and yellow
vands resembling Liesegang diftfusion rings. Impregnation with red and
yellow iron oxides is indicated, but the soft plastic clays rarely contain
deposits of manganese oxides. Their other physical properties, notably
plasticity, soapy feel end irregularly orientated slickensided partings

remained unaltered during the colour change.

The boundary of the ozidised halo in the clays and more argillaceous
and micaceous shales is generally marked by a narrow band, ranging from a
few millimetres to a maximum of five centimetres in width, with very sharp
edges. Thie band is very pale green. (&s in the case of the shaley dolom-
ites), and while it rarely contains & few crystals of pyrite, it has no
trace of either the carbonsceous metter of the unzltered country rock or

the iron oxide which characterises the oxidised halo.

The coarser, rather silty shzles suow & winole range of colour in this
oxidised zone from dark red through brown to dull orange and yellow, They
spow varying »nroportions of iron oxide, which when present in excess occurs
as nodules or thin irregular layers. tanganere oxides also occur in this
latter manner; usually the nodules are composed of a wixture of the oxides
of both metals. The nodules range in size from 1 to 1C cms., znd the
laininze vary from a millimetre or two up to over & metre, when the rock,

according Lo cilrcumstances, way heco.e considered ar ore.

Very rarely manganese oxides have been found within the originzl
black shale, but never at a distarnce of more than & centimetre or two from
the zltered red shale. Lore typically & number of iron/manganese nodules,
or vcatches of irony red shale, avnear scattered in the black shale, each

within its o n small halo of bvleached and red roci, (see Plates}O&UnaA¢BX$Q,

£5.




Such patches and nodules would apneer to be interconnected and also joined
to the owidised gzone prover - usually along fractures - but the connection

is not always visible in the section exposed.

The shales are often indurated by their iron content, particularly
when it ie fairly high. The original bedding is preserved, but where
taere are nodules of iron and manganese winerals the laminations are com-
monly disturbed, indicating tihat many of these nodules have grown in situ
displecing the surrounding saales in the process. In other cases, notebly
where there 1s more nuartz sil t

nresent in the shrle, the oxide nodules

t
have apparently replsced the shule metacomatically.

Sturm (1953) in his description of the devosits in Wadi .fenayeh
noted the occurrence of nodular concretione of pyrolusite in clay and
shale which is distorted in such & way as to indicate thet the concretions
had oushed 1t outward and away durines growth. fie illustrates the point
with an excellent photograph, which shows conditions very similar to those

in some of the shzles at Om Rozma.
(a; Siltstone.

The siltstone of the oxidisged hzlo aleso #nuears hrown =nd occasion-

2lly vellow, but usually it is =ithes red or almost pure white, often in

irregular alternating bands =nd natchers, £ typicel associetion is for red,
white and hlrck siltstone respsctively to occur in asscendirg order immed-
iately overlyirg the Sandeteone Pavement or above an ore body. These
colour differences are a symptom of the more erratic distribution of iron
in the siltstones; the white rock consists of cuartz silt in a matrix of
-illite or kaolin, while the red rocik is composed of quartz silt in a red
iron oxide (haematite) matrix. The iron content variles considerably;
often there are bands of haematite with a little goethite and wad in vein-
lets (possibly infilled shrinkage cracks) and irregular patc.ieg, assaying
over 65% #e.  The boundaries of the oxidised halo in the siltstone are
gimilar to those in the closely relited sihules, with projections zlong
iointe #nd bedding lenes leading to nodules end patches of irony silt-

stone =urrounded by the unaltered carbonaceous rock.

xlangarese oxides occur in two waye in the siltstones. In the
hleached and red association, where tiere is generally an 2bundence of

iron, anganese 1is found in pockets of "hard Blue" ore, composed of
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psilomelane (s.1.) often with a2 coarse snongy texture enclosing wad in the
cavities. In the brown siltstone, on the other hand, especially in the
general vicinity of large ore bodies, soft, grey powdery pyrolusite is some-—
times found in nodulear concretions and veinletfs which are typically assoc-
iated with disturbed bedding in the enclosing shale. Concentric and radi-
ating textures are common in these rodular oxides, and the appearance in
section, as exposed in the sides of a development heading, strongly suggest
an upward and outward growth in situ, pushing away the enclosing rock.
Examples of this type of occurrence were recorded in the Fast and North
Hilless in the former case these deposits stretched for over a hundred
metres and locally formed a discontinuous "bed" which was worked for mangan-

ese dioxide ore.

Descriptions and analyses of represzentative specimens follow to show
the differences between the unminerazalised rocks and those within the oxid-

ised halo.

Dolomite.
Sp. io. 0B/18 rink dolomite.

Collected from: East side of Drive 17 cutting, 4 m. out-
oye from the portal, Lease 1793 about
2.5 m. above the Sandstone Pavement, and

2 m. below the surface.

The specimen is part of the basal dolomite, collected within 5 m. of
& small lens of ore. 1t is pink in colour, with individﬁal carbonate
crystals visible to the naked eye. On orne side of the specimen a fragment
of & fossil coral can be seen. Tiny black oxide veinlets are visible on

a cut surface.

In thin section an even grained interlocking mass of hypautomorphic
carbonate crystals in the size range 0.05 wm. to 0.25 wm. can ve seen.
Refractive index (n0) varies up to 1.683, indicating a slightly ankeritic
dolomite. The veinlets of opaque oxides run between and around the dolom-

ite crystals, and are clearly post-dolomite.




Chemical analyses of this specimen end of 2 specimen (No. OB/69) of
unaltered grey dolomite from Incline 1 €, south-west of Hill X. are given

for comparisons:

03/18 0B/69
810, 1.5 11.7
A1203 C.5 .6
Cal 28.9 24.2
KgO 22.2 17.2
KQO 0.4 1.1
ﬁazo trace trace
Iin0 G.4 0.04
F6203 0.9 0.3 (other than con-
tained in pyrite;
Co, 45.9 35.6
H O. .
n20 7 1.5
101.4 99.14
Ratio iin/Te 0.5 0.012

The greater part of these analyses was carried out by the rapid methods

of Schapiro & Brannock. -

Shale.

Sp. No. 0B/22 lottled shale.
Collected from: Roof of Drive 31 at 66 m. inbye, Lease 179;
2.5 m. above the Sandstone Pavement and about

40 m. below the surface.

This specimen was collected within a few metres of a medium-sized ore
body, at the edge of the oxidised halo. The unaltered country rock is
dark grey shale similar to Sp. Lo. OB/4 (collected 50 m. away,. Black
manganese oxide can be seen infiltrating along a Jjoint plane, surrounded

by a comparatively broad (about 1 cm.) purple zone and a narrower bleached
zone. The latter shows broad apophyses and (apparently; detached arees
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containing purple specks.

The grey unaltered part of the specimen became orange yellow on heat-
ing to redness, showing the dark colour to be due to carbenaceous matter.

Chemical analysis showed it to contain 0.013% kn.

In section the shale can be seen to consist of birefringent crypto-
phyllite "illite" with a little guartz silt of about ©.05 mm. grain size.
Black manganese oxide occurs as tiny disseminated granules within the clay

and as more solid masses which appezr to have pushed aside the clay.

Siltstone.
Spp. Hos. OB/106 lack micaceous siltstone.
OB/lO? Pale green silty clay.
0B/108 Red irony siltstone.
Collected from: Roof of Development 2 Main at 430 m.

inbye, about 5 m. zbove the Sandstone

Pavement and 200 m. below the surface.

These three specimens were taken from an area of rather patchy miner-
alisation in a thin development of the Limestone Series,. They were all
collected within a few centimetres of one eznothner, at the edge of the oxid-
ised halo. The black siltstone represents the urnaltered country rock;
the pale green specimen is from the narrow boundary zone, here about 5 cus.
wide, and the bright red rock is from the halo proper. From theilr reda-

tions the two latter rocks are clearly alteration products of the former.

Sp. o. OB/lOé was disintergrated by egiteting in water for 8 hours,

and separated into the following (zvproximate proportions:
Size Proportion Remarks
4 200 mesh 109% Alumost entirely opsque plates, nrobably mica
flakes couated with caerbonaceous matter. Some

flakes of white mica aznd desrk brown mica can’

he seen.

~ 200 mesh 504, Rounded &ndé sub-anzuler ouartez grains, and
some flakes of mica, Abundant opaaue (carb-
nnaceous?  materisl, both free and coating

crystals of other minerasls,
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Sige Proportion Remarks
clay 404, ' Settling velocity less than © cme./hr.

Precdominately 1llite and carbonaceous

miztter.

Sp. Ilo. Oﬁ/lOY shows no ecign of either carbonaceous matter or opaqgue

oxide minersle. Sp. To. OR/108 is hesvily stained with red iron oxide.

Differential Thermal Analyesie. The material was prepared by the Hacaulay

vrocess, s follows:

The specimens were broken into emall lunps and pnlaced in gquart =ilk
bottles two thirds full of tap water. . 880 ammonium hydrovide solutior
wee added as a dispersing sgent and the botiles agitated until the water
remzined turbid on standing for several hours. OB/IO? and OB/108 required
2 mls, of dispercsing agent and six hours agitetion for this, but OB/106

(black siltstore) contained more free electrolyte (vprincipally sulphates)

and reauired & change of water, 5 - 10 mls. of dispersing agent and eight
nours agltation. After standing for 15 houre the clay suspension was

siphoned into a wide glzss dish, &nd the bottles were re-filled and shaken

to yield & further clay susnension.

The ammoniacal solutions were neutralised (to litmus' with acetic
acid, and magnesium chloride was added to precipitate the clay. The
08/107 (pale green silty clay) suspension did not flocculate on the gradual
addition with stirring of much magnesium chloride, followed by gentle heat-

ing, so it was finally separated vy centrifuge.

A portion of the OB/106 clay fraction was further treated separately
to eliminate carbonaceous matter. The suspension was gently warmed (by
placing on a radistor; and 20% (100 volume) hyirogen peroxide was gradually
added with periodic stirring. The reaction was very slow, bubbles being

evolved slowly for 28 days, during which time the colour of the clay

changed from dark grey to very pale yellow. The water turned green,
giving positive reactions tor iron and the sulphate radical - indiceting
oxidation of pyrite. The water containing the other clay suspensions

showed no dissolved iron.

The clay fractions were washed in alcohol (methylated spirit) and

separated by centrifuge four or five times and finslly dried in a2 small
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beaker in & dish of water over a water batnh. Before being placed in the
D.T.A. furnace they were crushed to pass a 100 mesh sieve and Xept in a

c
controlled moisture desiicator.

The following colour changes took place onrn heating these clays to

1050°
Before After
0B/106 unoxidised dark grey pale red
oxidised - very pale yellow- orange
ish grey
0B/107 white pinkish yellow
08/108 dark red bright red

Differential Thermal Analysis showed no apparent difference in the
clay minerals (illite and a little kaolin} of these respective specimens,
(see D.T.A. curves). Chemical determinztion of the manganese content

(4 Mm.) also showed little change across the halo boundary, viz:
08/106 0B/107 0B/108
0.022 0.014 0.012

The significant changes in this country rock during the halo oxidation

were thus:

(1) Complete removal of carbonaceous matter.

“(2) Impregnation with red oxide of iron.

Argillaceous dolomite.

Spp. lios. OB/QO
cB/21

Yellow and red dolomite.

Collected from: FLast wall of Drive 194 at 51 m. inbye, Lease
178, 2m. above the Sandstone Pavement and

about 20 m. below the surface.

A rather coarsely crystalline carbonate rock, pertly yellow and partly
red with & narrow, very pale greenish zone about 1l cm. wide separating

these parts. The red colouration of the rock i1s usually associated with
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veinlets of black manganese oxide.

The rock is made up of automorphic zoned dolomite crystals up to
0.4 mm. across with refractive index nO in the range 1.673 to 1.682.
Fossil crirnoid and shell fragments up to 3 mm. in diemeter are present.
In the yellow part of the rock there are pockets of yellowish brown bire—
fringent material, probably limorite-stained clay, between the carbonate
crystals. There is also a little quartz of silt grade and sdme opague
brown limonite. The pale greenish zone contains & clay mineral with
little or no staining matter and some quartz silt. In the red portion of
the rock the interstitizl clay, and to a lesser extent the carbonate cry-
stals themselves, have been impregnated by red iron oxides. A veinlet

of manganese oxide has altered and corroded the carbonate.

Differential Thermal Analysis. Analyses were made of pieces of each of

the three coloured parts of these specimens, ground to pass a 100 mesh
sieve, and of their respective clay fractions, separated and prepared by
the sazme technique as was used with the siltstones (q.v.). The clay
suspensions were decarbonated by adding a few drops of 1 : 1 hydrochloric
acid and allowing to stand till effervescence ceased and did not recommence

on the addition of more acid - a period of one or two days.

For comparison the clay fraction of a specimen of grey carbonaceous
dolomite (OB/69} was also separated and analysed by this method. As with
the carbonaceous siltstone, this clay did not disperse until & certain
amount of electrolyte (including sulphate ions) had been removed by chang-
ing the water. Oxidation of the carbonaceous matter of this sample took

17 days.

. ) .
The colour changes on heating the clays to 1050 were as follows:

Betore After
OB/69 (oxidised) very pale greyish brown blood red
OB/?O bright yellow brick red
& pale pink reddish brown
OB/21 ' red red

The D.T.A. curves Tor the untreated rock are typical of dolomite in

the cases of the pale green and red parts respectively, while that of the
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yellow portion is more reminiscent of a calcite curve. The curves for the
clay fractione, while more irregular than those for the clay fractions of
the siltstones, show some similar characteristics in that they indicate the
presence of illite with a little kaoliny again this is with the exception
of the sample from the yellow portion, which shows some resemblance to a

calcite curve.

(ii) Contrast with surface ovidation.

The hypothesis has heen put forward in the past that the ores owe
their present oxidised state to alteration by deep wéathering from a prev-
ious reduced condition. It is true that with the deeply dissected topo-
graphy and the semi-arid climate obtaining at Om Bogma complete oxidetion
of a deposit of iron and manganese carbonates might be expected to some

depth, and it is therefore necessary to examine this ouestion in some detail.

(a) Position and evtent of the oxidised halo.

The owidised ha2lo is very widespread; 1t extends in gréﬂter or lesser
thickneess over the wrnole area of the ore denosits. o carbonaceous rock
has ever heen recorded resting directly on the Sandstone Pavement: there
ig alwsys & layer of red rock separating them, &t least half a metre thick
in the clay facies and much more than this in some of the more permeable
rocks. The Lower Sandstone may indeed be a pert of the oxidised halo,
since it is 2lmost invariably stained, often heavily so, with iror oxides,
althousgh the lack of carbonaceous matter in the upper part of the formation
is only 1o be expecfed in thsat type of lithology. Underground exposures
of the higher part of the Limestone Series are much less frequent than
those of its base as the practiice was to keep the mine workings as far as
possible on the Sandstone Pavement. lowever in certain circumstances the

top of the Series weas penetrated, particularly in prospect rises put up

to test for mineralisation in the hizher partis of the thinner developments

of the Beries. 1t was found thet there is also a layer of red iron-stained
rocks at or near the top of the Limestone Series, but the overlying beds at :
or a little above the base of the Upper Sandstone almost invariably contain

& little carhboraceous matter and pyrite with no iron or manganese oxides.

In some places the whole of the Limestone Series was found to be within the

oxidised zone, hut typically a layer within the 3Series - generally the most
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argillaceous part - still retains the dizgenetic carbon and pyrite. Where
the Limestone Series appears to be absent altogether, as in parts of the
Dast Hille, the lowest part of the Upper Sandstone comes within the oxid-
ised zone. The:rrelations of-4hé oxidised zone and its boundaries to 1lith-
ology has been described in the previous section. The influence of struct-
ure, in particular faulte and other fractures is discussed in Chapter 7.

It need only be stressed here that tihe depth of cover bears no relation to
the relative development of the oxidised halo. In a part of Gebel Farsh
el Azraq this zone is as extensive in association with ore deposits beneath
some 200 metres of overlying rocks and more than 500 metres from outcrop,
as 1t is anywhere else in a similar type of country rock. The inclined
heading to the south-west of Hill X showed that the bulk of the lowest 50
metres at least of the Upper Sandstone has not veen subjected to oxidation

even where the underlying Limestone Series has been so affected.

(b) The perched water table.

The disposition of the oxidised halo can only be related to meteoric
agencies by means of upward oxidation beneatn a perched water table, with
the slightly permeable Upper Sandstone forming the aquifer and resting on
the locally impervious Limestone Series, which forms the barrier and in
turn overlies the porous Lower Sandstone, & relatively "dry" (unsaturated)
roCK. Such & water table does exist in the mining areas: workings on
the Sandstone Pavement are inveriably dry, except in places where rainwater
runs in from the surface and is held by a layer of mud on the floor, while
rises put up through a carbonaceous shaley layer in the Limestone Series
often produced a trickle of water, especially under heavy cover or beneath
a surface drzinage channel. There are examples of this latter phenomenon
in both the Hast Hills snd near the middle of Gebel Farsh el Azraq. The
circuleation of air in the Lower Sandestone is further aided by open fissures,
a centimetre or two wide, which are found here and there. During strong
winds there is a rapid movement of air in some of thege openings, as shown
by a fairly stroﬁg drzugnt lrom an Qpening in the floor of a blind-ending
drive, 30 metres inbye.

In the outcrops there is occazsionally a slow drip of water from the

Limestone Series at the head of & steep wadi (as in Wadi Abu Thor, Hap II!

but this is rather exceptional as the weathered rocks of this Series are



elways permeable in a grezter or lesser cegree and consequently the lateral
limits of the perched water table seldowm reach the outcrop. The position
of the lower or main water table near the base of the Lower Sandstone is

more clearly shown by a "spring line" marked by little tufts of vegetation

and an almost continuous line of salt encrustations.

(c; Comparison of the "oxidation fronts."

/

The various depths to which the zone of surface oxidation (deep weath-
ering} normally penetrates in the various rock types were noted in Chapter
5. These are very small (20 metres meximum) when compared with the dis-
tances to which these effects would have to penetrate the Lower Sandstone
to achieve the results o%served in the oxidised halo, when one considers
that tne alteration is undiminished at 800 metres (the greatest distance
reached by mining, from the nesrest outcrop of the Lower Sandstone at that

P

level.

The nature of the bounderies of the two types of oxidation also offers
a contrast. The lower limit of surface oxidation 1is very diffuse, with a
graduat change frow unaltered to weathered rocx over a distance of 20 cms.
Or mMOIre. The limits of the halo oxidation, on the other hand, although
often extremely irregular, are always very sharp with one single clesr
boundary line between the unaltered rock and the narrow bleached transition

zone and another at the edge of the iron-stained rock.

The chemical changes which have affected the original constituents of
the rocks are fundémentally the same in the +wo cases, l.¢. rewovzl of carb-
k3
onaceous matter, presumably by oxidation to carbon dioxide or carbonate,
and complete alteration of all sulpbides, principally pyrite but also in-
cluding chalcopyrite and gelena, with oxication of iron to ferric sesqui-

ent to

=

oxide. The oxidation capacity of toth systems has been suffic

o+

carry these resctions to virtual completion wituiln the zones affected.

.
ne

]
Q,

iffering configuration of the respective fronts however suggests a con-
siderable difference in oxidation intensity. In the zorne of deev weather-
ing tue indefinite boundary indicutes that the rate of advance of the front,
which keens pace, more or less with tue rate of erosior, hezs bern greater
then the rate of chenses with the oxidised halo these conditions were rev-
ersed., Yot orly has there beem a more extensive penetration of the rocks

under creater confining pressure in the latter case, but the chewmical change

hes been (in the geologiczl time—scele'! immediste.
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The most fundamentel difference hetwecr these two zones of owidation
iz in the concentration of the metals, 1lron and mengensese. The weathered
zone rocks contain no visible nanganese oxyides other *than the dendritic
markinses on Joint~facees which are found in rocks of =11 kinds, whether
essociated with oré deposits or not. They @#l=o gernerally contain no more
iron, twypicelly present as "limonite'", then 1s necesgery to colour them
nale or, more rarely, bright yellow. This contraste significantly with
the occurence of these metals in the rockes of the oxidised halo, partic-
ularly when the same stratum 1s trazced from orne zZonrne of oxidation to the

other.

(iiij Solution &nd replacerent ohenomens.

In addition to the above changes of & largely metasomeatic nature there
have been other less widesnrezd zlterations zflecting the physical compos-
ition and attitude of the countiry rocke. These phenomena are more obvious
in the outcrops and opencast workinge than those connected with the halo
oxidation, and conseguently thev hzve been described and interpreted (in a

number of different ways) by previous workers.

(2} Truncated bedding znd collapse structures.

’

In meny places in the mining areas the lower limit of the pedded dol-
omitic "limeestones" can be =seen to be very irregular, cutting across indiv-
idual heds to lesve downward nrojections and dome-like hollows in the under-
side of the formation (see PlateXX® | . The beds above the larger of these
hollows have sagged into basin-like sitructures which gradually die out in
the overlying strats of the Upper Sandsione. Hlsewnere the beds terminate
against an irregular surface of the baszal dolomite witu only & band of
shaley material a few centimetres wide separating the two formations, In
these cases the underside of tie bedded rocks is clearly a solution boundary,

part of the formation having been reroved from helow.

Ir other places the beds have been preserved, but they have hecome
flexed to conform te the configuration of the underlying rocks, which include
tzbuler ore bodies and irregulur patchnes of massive basal dolomite (see
PlateXXxvm) . Here the colution has taken plece in the basal dolomite, and
the inference is drawn that the ore bodies renlaced part of this dolomite

and were thus able to support the szgging bedded "limestones',



(b} Residuz=l Rock.

Where there has been removal by solution of part of the calcareous
veds, particularly in the csse of the snaley limestones, there remains a
soft frialLle mases of sandy and srgillaceous matter with no recogrnisable
vedding or structure. This matericl appears to be the less soluble vart

of the original sediments which remaeins after the solution of the lime and

magnesia, hence the descriptive term "residual rock". This rock is invar-

iably found beneath the bedcded limestores which have been attacked by the
dissolving media, and its thickness (aporoximately, and over small areas)

varies inversely with thet oi the ramaining limestore, i.e. it varies

directly with, but is smaller than, the thickness of bedded limestone which

has disappeared. Residual roclt surrounds many of the larger ore bodies,
but where it overlies them it is separated from them by a "roof", usually
20 - 50 cms. thick, of & harder «nd more compact irony shale. A more
argillaceous and less sandy form of this rock occurs around irregular sol-
ution remnants of purer dolomite, often enclosing small rounded fragments
of the dolomite to form a kind of "solution breccia". This latter phen-
omenon can often be seen at the top of the basal dolomite, and also in

the upper layer of the oxidised halo.

In addition to the solution remnants of the original dolomite there
are also automorphic rhombs of secondary dolomite present (see Section (iv)

(a}, below;.

The residual rock frequently also contains nodules of manganese and
iron oxide minerals, particularly in the vicinity of larger ore bodies.
Commonly these are composed of closely packed radiating needles of pyrol-
usite, but sometimes they appear to be an amorphous mixture of the oxides
of the two metels. The individual nodules vary in size from one to five
centimetres in diameter, sometimes larger, zrd are generally spieroidal.

Frequently they occur grouved together to form botryoldal or reniform

clusters, as in some of the larger ore deposits.

(c) Doming in the shsles.

Fold-structures similar to those described under () sbove, in which

the bedding conforms to the sectional outline of &an ore body, can also be

seen where ore has bheen deposited in the soft plastic clays ard argillaceous

shales. In the latter, however, there dozs not eppear to have been any
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removal by solution of previously underlying rock. The field relations
here suggest that ore bodies up to three metres or more in thickness have
accumulated while squeezing the enclosging rock upwards and outwards, as is

inferred in the case of the smaller nodules.

(iv; Secondary mireralisation.

A rnumber of new minerals, not alwsys directly associated with the ore,
occur in the zone of Lnalo oxidation. These appear to have developed mainly
by re-precipitation of material derived by solution from the original coun-

try rocks.

(a) Dolomite rhombs.

These are almost perfect rhombohedrs, breaking with the character-
istic curved cleavage of dolomite. They range in size from 1 mm. to 15 mm.
on an edge, but in any one place they are all of the szme dimensions. The
crystals normelly show clear centres with nerrow cloudy outer rims, but the
refringence (n0O 1.68C) indicates & pure dolomite composition throughout.

The appearance of zoning msey ve due to the incorporation of foreign matier

in overgrowths.

These rhombs of dolomite occur as senarate individuels and as aggreg-—
ates of intergrown crystals; they msy be sparsely scattered in the residual
rock or closely packed into lenticular masses up to 6 m. » 1 m. or more in

crogs section.

(v) Silicsa.

Secondary silica occurs in a variety of ways in the Limestone Series
or a little above it, and there is some evidence (where it is exposed) of
corrosion and partial replacement of wnart of the underlying Lower Sandstone
in the localities affected. The most commor occurrence is in a thin bed
of medium grained sandstone near the base of the Upper Sandstone formz=tion.
The rock is stained various shades of brown 2nd lornally even hlack: it is
very hard, resembling auartzite, #nd on westiered surfaces it shows the
high polish of typical '"desert varnish'. In *iain section the original

rounded graines of ~uartz can bve geen to be cosated with a thin film of opaque

@

metter, nrobably iron and mangenese owides, and #r outer rim of secondary
quartz in optical continuity with that of the centre. The interstices

heve been filled with minutely cristalline auariz, which 2opears to have



Plate XL

Secondary silice in the Upper Sandstone.

Sp. OB/45 from the base of the Upper
Sandstone on the northern part of the
Central Hills.

Thin section between crossed nicols, x 90.
There is a little secondary growth of quartz
in optical continuity with the sand grains,

“and more in tiny crystals between the grains
Plate XLI

Secondary silica replacing limestone.
Sp. OB/63 from & lovse block, S.W. of
Shaft B, IForth Hills.

Thin section between crossed nicols, x 30.

Irregular crystals of carbonate in a
matrix of micro-crystalline quartsz.

An "atoll"™ of carbonate can be seen on
the right, with its centre reblaced by

quartz.
Plate XLIT

Secondary silica associated with mangsanese.
Sp. OB/64 from Dr. 5, North Hills, 1 m.
above the Sandsione Pavement in a pocket-
lined with pyrolusite, within massive

pink dolomite.

Thin section between crossed nicols, xz 30.
Fibrous quartz associlated with opague

material.










Plete XLITI Plete XLIV
Secondary silica associlated The same, ¥ 30,

with iron.

Sp. OR/46 from the Upper

Dolomite, above Dr. 14, areas.,
North Hills. growing
Thin section in ordinary ates of
light, % 6.

Rlack: goethite.

Greys  nuartz.

Regular lath - and straw

oregates of quartsz
crystals appear within the

goethite.

Plate XLV

The same in plane polarised light, ¥ GO.

A group of radiating fibres, and other

single fibres of goethite can be =een

in the quarte. Goethite appears to
he replacing the quartz.

Hypautomornhic outlines of quartz

occur 2t the boundary of the two

toethite can be seen
into the included aggreg-

quartz.
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srown outwards from the larger grains. In the darker varieties of this
rock there is rather more of the metallic oxides and correspondingly less

secondary guartz.

“licrocrystalline quartz is also found locally as & revlacement of
fossiliferous “dolomits'", the larger fossils being wreserved in the guartz.
In hend-specimen this rock hzrs the avnpesrance of chert, and weathered spec-
lmens show characteristic desert varnicsh. In thin section some remnant
rhombs of carbonate can be seen at the irreguler replacement btoundary

wiiich have been enclosed in microcryrstalline silica and also replaced at

the centre by slightly coarser quartz.

Coarsely crystalline ~uariz sometimes occurs asg a replacement of
dolomite within the oxidised halo, and it is then often partly renlaced in
turr by &n iron oxide, usually goethite. Juartz crystals have been found

up to 5 ¥ 2 cms, in size.

An unusual occurrence of quaritz was found in & bed of massive hasal
dolomite in the llortn FHills. A closely packed mass of spheroids, each some
2 — 3 cms. in diameter and composed of radiating fibrous crystals of quartsz,
was enclosed in a tain layer of pyrolusite needles within the dolomite.

The identity of the quartz was contirmed by x-rays.

(¢) Oypsum and zlunite.

Gyosum (Ca$0,.2R.0) is common as thin bunds of satin spar in many of
1.."_

?
the rocks of the Om Bogme zrsa. It is found in the black carbonaceous
clays and shzles, in the oxidised shaley limestones znd mottled shales of
the westhering &nd halo zones and wlso, as rather thicker and more extencsive
sheets, in the lzrger ore bodies. It also occurs as a hlining” on the

hanging wall of the dyke, where tuig cuts the large ore deposits of the

iorth Hills.

Alunite (KA13(SOA}2(OH}6} is sometimes associated with gypswm in the
shaley limestones, but it occurs more commonly in the siltstones &nd shales
of the oxidised halo where it is found as little rnodules or infilling cracks.
This mineral is pure waite and so finely crystalline that it hus & soapy

feel in spite of its hardness of 3.5 - 4. The meterisal collected gave a

good x-ray nowder pattern and zn excellent D.T.A. curve.

L green mineral sometimes found in small amounts associated with gyp-
sum in shales and siltstones of the halo is believed to be brochanthite

(Cuﬁ{OH)6SOA).



3 - .
(v) Conclusions.
’

The following conclusions are drawn from the foregoing observations
5 S o >

and deductionse:
() Oxidation.

Certain of the rocks of the sedimentary series, notably those in
which the oxides of iron and manganese are now found, and rocks adjacent
to them, have bteen subjected to intense oxidation at some considerable
time after deposition and consolidatiorn. This oxidation was effected by

some means other than meteoric processes.

(b) Changes in composition.

During the oxidation process certain elements, i.e. oxygen, iron and

menganese, were introduced to these rocks in quantity from an outside

loo.

source. Certein other elements, particularly carbon’ and sulphur, and also

calcium and mezgnesium, which were part of the original rocks, were either

removed or redistributed.

(¢) Means of access.

The media effecting these changes gained access to these rocks from

below, by percolating through the Lower Sandstone.

(d) Physico-chemical conditions.

/

The configuration of the argillaceocus rocks containing nodules, eic.,

indicates that pressures were relatively high. Solution and re-precipit-
ation 'of. both silica and dolomite indicate a variable, or fluctuating pH.
Loderately low temperatures preveiled, leaving a total absence of thermal

effects.
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(8) DEPOSITION OF ORE IN RELATION TO LITACLOGY.

Although the deposits of ore are concentrated at the Sandstone Pave-
ment or in the Limestone bSeries, the iron and manganese minerals are not
entirely confined to these limite but are found almost throughout the rock
sequence in the area of the mines. When these deposits and their marginal
agsoclations are examined in reletion to their host-rocks a definite con-
nection can be seen between the nature and megnitude of the mineral deposits
on the one hand and the lithology of the country rocks on the other. This
connection has been studied for its importance from the economic stand-
point as it forms an important aid in prospecting, and it has been inter-
preted in terms of a lithological control of wmineral deposition. It can
be described under two heads: the stratigraphical control, affecting the
vertical distribution of ore minerels throughout the rock sequence, and the
fecies control, affecting the distribution of ore and related phenomena

within the ore-bearing Limestone Series.

(i) Stratigraphical control.

(s) Basementi rocks.

There are no deposiis of ore in the basement rocks in the vicinity of
the Om Bogme mines, but the broken ground of fault zones frequently shows
a little red hzematite staining. This is most noticeable in the granites

in Wadi Semra, Wadi Shellal and in the WMahman Areas.

Vein deposits of haematite and of manganese dioxide ore occur in the
crystalline basement rocks in other parts of centrel Sinail:s these are

described in another cnapter.

(v) Lower Sandstone.

The Lower Sandstone at Om Bogma and in the liahman Areas, which is gen-
erally poor in intergranular clay or other clogging material, is frequently
found to contain patches, pipes znd layers which have been cemented and.part-
iallygrgplaced by the oxides of iron and manganese. These are much more
common towards the top of the formation, where the rock is coarser grained,
but they are also met with in the lower vart of the Sandstone. Weathered
fragments sometimes reveal a concentric layered structure in the impreg-

nations, while joints cemented with metal oxides are quite common.
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In places a thickness of more then a metre at the top of the Lower
Sandstone has been so heavily impregnated with the oxide minerals that it
constitutes ore, the bulk of the quartz of the sandstone having been re-
placed; &ll gradations of this material are found down to stained sand-
storne. Replacements in the Lower Sandstone wmost commonly occur at the

base of large ore bodies, but this is not always the case.

In thin section the areas of renlaced or impregnsted sandstone show
definite sharp edges, discrete ramifying strings and veinlets between the

grains are virtually unknown.

{(c) The Limestone Series as s "host!.

The fact that nearly =211 of the workasble ore is found within the
Limestone Series in itself implies that conditions in this series heve been
more fuvourable to the deposition of the ore minerals than anywhere else in
the remainder of the rock-seauvence. Thies =pperrs to he due to thes presence
of the dolomite, which is the only carbon=te rock throuzhout the rock column

in the zrea of the known ore denosits.

The very widespread invasion of coarsely crystalline dolomites by

avidence of the relztive ezese with

tiny strings of the oxide minerals is
which it is peneirated compared with the other rocke. Tall's (1016)
observations of ite generslly unish menganese content (0.1 - ¢.44) led him
to conclude that this element wes = primary constituent of the rock, but
coupled with the microscopic evidence the sanslyses he nuoted emphasise the
ability of the Limcstone Series to z2bsorb mangsnese &t sowe time after its

formation.

(d) The Limestone Series as a "blanket".

In addition to its carbonate content the Limestone Series locally
contains a much higher provortion of srgillaceocus matter then is found
eleewhere in the rock sequence, and this fuauct has hud a profound effect
on the locelisation of ore devosition. In & number of pnlrces where there
is 2 bed of shale betwesn the Handstone Pevement znd overlying dolomite
there has been heavy impregnetion of the Lower Sandstone immediately below
the Pavement while the Limestone 3eries remeins comparatively uncontaminated.
There sre examples of this on the western side of Hill "¥" and in the lower
part of the Wadi Shellal. Wrhere pockets of ore occur in the massive dol-
omite they are usually found at the top of this formaztion, immediztely

underlying 2 shaley layer.
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In every case observed workable ore bodies hazve been overlain by a
"roof" of shale or argillaceous siltstone, which has apparently been im-
nervious to the colloidal coxides of iron and ménganese, while in many cases
it has allowed the passage of active solvents to overlying calcareous beds,

giving rise to the truncated bedding, residual rock and collapse struct-

e
ures described in the previous chapter, (see Plate XXXIX). The roof

shale has thus acted as a semi-permesble layer, and its presence in this
role gives strong support to the argument that the ores have been introduced
by mezns of ascending solutions. By contrast the presence of "Pavement

shale" beneath the ore although often noted is by no means a general rule.

The most significant indication of the "blanket" effect of certain
strata in the Limestone Series is the fact that the Upper Sandstone above
the largest concentrations of ore generally shows little or no staining by
manganese or iron, while sbove more paichy mineralisation within the Lime-
stone Series the Upper Sandstone is typically comparatively heavily impreg-
nated with these oxides. These phenomenz cannot be related to differences
in the Upper Sandstone, which shows little or no lateral variation, but
they cuan be shown to depend uvon the composition of the Limestone Series,
as described in the next section on facies control of ore deposition.
Examples can be cited in the lorth Hills, where the largest single ore-body
was found under a hill of white to pale brown Upper Sandstone, and in Hill
'D' where rather poor concentrations of ore are found under a hill of black-

stained sandstone.

(e) Upper Sandstone.

In Wadi Buda and generally to the north-west of Wadi Baba where the
Limestone Series is thicker and contains a relatively smaller proportion of
argillaceous matter there are few concentrations of ore within the Series,
while the lowest part of the overlying Upper Sandstone is often heavily
cstained and impregnated with iron and manganese oxides. o examples are
known, however, of complete replacement of any part of the Upper Sandstone

by iron or manganese oxides.

Klsewhere the Upper Sandstone typically shows dark staining confined
to fault planes and vertical joints, and occasionally in a thin bed of
rather cosarser sandstone. By means of this staining fractures can be

traced very easily from the air or from neighbouring higher ground. The
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inference is drawn that because of its finer grain and inter-granular clay
the Upper Sandstone was less susceptible to permeation by the oxides of
iron and manganecse than the other sedimentary formations. In the two
small hills to the east of Gebel Liarahil (map I1) the Limestone Series is
absent, and there is no sign, such as slwaping or brecciation in the Upper
Sandsténe, of a pre-existing carbonate rock formation having been removed
by solution, but the boundary betweer the Lower and Upper Sandstones is
clearly marked by a thickness of about a metre of bluck very heavily im-
pregnated sandstone. Taken with the foregoing evidernce this appears to
reiniorce the view of the Upper Sandstone tending to localise the depos—
ition of the metallic oxides which penetrated the Lower Sandstone from

below.

This localising effect, both in the Upper Sandstone and in the Lime-—
stone Series may be due to the clay matrix acting as a paysical barrier to
colloidal material, or it may be due to chemical action oif their carhbon-

aceous content (see Chapter 11,, or more probably to & combination of these.

(i1} Facies control.

(a, COre distribution in relation to facies.

The lateral varistions in thickness and lithology of the Limestone
Series have been discussed in Chapter 5, illustrated by *an III and ¥igure
1I1. A comparison of Maps III and IV will show that the occurrerce of ore
‘ol workable thickness is quite indenendent of the development of the various

facles types in the Limestone Series as &« whole,

It is only when we examine the ascsociation of ore with the individual
members of the Limestone Series thet we see the effect of the various lith-
ological divisions on the demogition of the iron and manganese oxides. In
the thicker developments of the Series ore is zlmost invariably confined to
the basal dolomite, and where this hes been entirely repleced the ore appears
in the unper dolomite layer, lesving the intervening shaley bedded "lime-
stone" wvirtually unattacked. There 1s 1o record of this "upper bed" ore

oceurring where tnere 1s still soze undiessolved basal delomite.

In thinner narts of the Series where there i1s no basal dolomite ore
may &vpesr in either the bedded facies or the upper dolomite. In the ab-

sence of a calcareous host, and 1n some cases where the lower part of the
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ceries is very asrgilllaceous, the ore wnay be concentrated at the base of a

compact shale,

To the south-esst of 4in Lbu Ham:ta (“ap I1) there are several smell
lenses of coarse sandstone, surrounded by siltstone, which have been part-
ially or zlmost entirely renlsced by ore. In this case the ore-bringsing
medie have evidently more &-8i1ly penetrated the larger pores of the coarser
grained rock and heve been able to attack this host more sirongly than they

have done in the case of the fine:r s=siltstons.

(b} Relations of the ore bodies to their host rocis.

This subject has alrezdy been touched upon in the previous chapter
on marginal phenomenas; it will be further discussed here in terms of

cause and effect.

It eppesrs thaet the active fluids were able to penetrate the dolomite
very readily for considerable distances during the first stages of oxidation
and impregn=ztion, before the later stage of replacement took place. A1l
stages of the metasomatic process can be seen, up to complete replacement
of the dolomite by the metal oxider, sometimes only a small kernel of
dolomite remzining to revesl the neture of the rock which has been replaced.
Generzlly only small nockets of the ore wminersls nave been oroduced in this
way, @5 these conditions result in & tendency to dissemination rather than
concentration of the metals, except where tne original dolomite wze only

moderstely developed.

The process of colloidal degposition of the oxides z#fter the previous
sclution of the carbonate hoet, especislly where & semi-»ermesble “"btlanket"
of roof-shale is involved, hes led to the accumuletion of the largest single
ore bodies in Sinai, for exwmple the lurge tabular dewnosits of the Centrel,
Fast and lorth Hills. Two factors have brousht this about, firstly the
removal of the dolomite or limestone provi-ed the space necessary, or
rather it relieved tue confining pressure which would otherwise tend to
inhibit the cccumulation of large compact solid bodies, &nd secondly the
auto-catalyring effect (Zapffe, 1031) of the deposition of manganese would
lead to 2z concentration of the metal in a single body, and even to the
extension of deposition beyond the limits of the original dolomite bed.

The latter effect azppears to be a reasor for the observed extension of some
of the lerge ore-bodies of the MNorth Hills Jdownwards into the underlying

Lower Sandstone.




=X

Generally depogition of ore after the prior solution of calcareous
rock hes resulted in ore high in joint metals (i.e. & high tenor of iron
plus menganese) and low in silica and other conteminating substances. In
prospecting therefore dolomite and bhedded "limestone" are considered fav-

ourable hosts for large bodies of '"clean"ore.

By contrast the ore deposits associated with a siltstone or sandy
-host rock are usuelly irregulaer in shape ond ofter very "dirty", with
numerous patches and bands of country rock mixed with the ore. An example
of this occurs to the south of ill D in the Lahmen Areas where the total
thickness from Sandstone Pavement to Roof Shale of 9.4 metres compares
favourably with the greatest tunickness of 8 metres found in the large ore-
bodies associated with a carbonate host in the North Hills, but the joint

metal value is only 46.9%, compared with nearly 60% in the Horth Hills.

Where ore has been deposited in softer, more argillaceous, rock the
tenor is again fairly high, but the ore-bodies are usually thin and often
small in lateral extent, as in the southern parts of the East Hills. It
would appear that these finer-greéined rocks could neither be readily pen-
etrated by the ore-bringing media nor eusily dissolved to make room for the

ore, but haw been bodily displaced by the precipitating oxides.

(¢) Influence of host-rocks on ore minerazlogy.

The various tyves of ore and the minerals of which they are composed
have Leen described in another chuapter. During the routine work of re- .
cording the geolowxy of the mines careful note was teken of the character
of the ore in addition to noting the lithology of the host-rocks. The
most striking observation which resulted from this comparison was that
while goethite is gqguite common in the ore of the "limestone" and dolomite
areas, it is rarely seen closely associated with a siliceous (siltstone
or shsle) Lost. Haematlite is virtually the only iron mineral found assoc-
iated with the traces of residual send or silt found in the lerger ore-
bodies or in the shales or siltstones immedistely surrounding them. The
assocliations of the manganese minerals with the nost rocks are not so
definite, but there is a sirong teanderncy for the "hard blue" type of ore,
criefly composed of the psilomelanes {¢.1.; group of minerals, 1o occur more

commor.ly in the silistone and sanale arecs.

These findings agree with the observations of G.A.Thiel (1924) in the
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Cuyuna Range near Lake Superior, wnro found thit soft pyrolusmite was assoc-—
iated with "ochreous limonite" in the low silice, high phosphorus ores, and
thet haematite occurred with "hard crystalline manganite ard massive dark

blue dense psilomelane" in the nigh silica, low vhosphorus ores.

The ratio of manganese to iromn does not appear to ohey any rules in
the limestone areas, where it is usually very variable both laterally and
vertically. Occasionally, as in the Central &nd Sastern Hills, a layer
of almost pure manganese dioxide has been found beneath a tnick layer of
massive goethite, with. sometimes «anodther layer of high grade manganese ore
above the iron. In the "no limestone" &areas, nowever, iron ore often forms
a widespread "halo" aroﬁmd & body richer in menganese. Iron was apparently
able to penetrate the finer graired rocks more easily than was manganese -
possibly the haematite was deposited directly from true solution as it is
finely granular and rarely shows colloform textures. Goethite on the

other hand may have crystallised from colloidal ferric hydroxide.
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(o) RELATION OF TWf ORE TO THE IGLEOUS INTRUSIONS.

The agsociation of meny of the ore-bodies with the Om Bogma Dyke
has led to speculation on & possible causal relationship in their prox-
imlty to one another. It ies thereforc necessary to examine more closely
the relstions of the ore mineralisation with the bésic lgneous intrusions

to confirm or deny & possible genetic connection between them.

(i} . sineralisation associated with the igneous rocks.

The association of dark purple and hlack stains in the country rocks
with adjacent basic igneous rocks has been mentionéd in Chapter 4. ~ These
stainsg are not always obvious, but locally they are very marked. They
ocecur both abo&e and below the dolerite sill at the north-esst corner of
Gebel Farsh el Azraq, where the Upper Sandstone has been altered in contact
with the igneous intrusion. In & thin section (08/95, see Plates XLVI &
XLVII; the altered rock immediately above the s£ill shows closely packed
irregular quartz grains, in parts corroded and recrystallised, with a little
secondary growth on some of the original grains, There has alsgo been cor-
rosion and replacement of the quartz by a translucent derk brown mineral,
almost certainly goethite, which occurs as a veinlet and also spreading
outwards as an impregnation of the sardstore. This niineral shows the
rounded outlines typical of colloidal deposition, especially where it has
apparently grown into a free space. This space has subsequently been filled

by quartz suowing irregular extinction, tending towards a fibrous texture.
o q 63 b >

The recrystallisation appears to have taken place more or less contemp-
oraneously with the introduction of tihe dark mineral. The black staining
of all this hardened sandstone is due to iron and menganese oxides, but the
source of these minersls in this context is doubtful. They may be part of
a mineralisation associated with the intrusive dolerite, as suggested by

Westerveld (1948 for similar minerals in the iesozoic rocks of iorocco.

{ii} The ore deposits and the Ow Bogma Dyke.

\ - . .
(2} The intrusive contacts.

Wherever the dyke traverses ore-bearing ground it cuts cleanly

through the ore deposite and country rock alize with a sharp line of contact
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(see Plates VII1 & XXEIX,. Lo evidence has been seen of a penetration of
the dyke rock by the oxides of iron or manganese, either in the field or
under the iicroscope, but veins of the chilled dolerite varying in width
from two centimetres to nearly helf &« metre have been found extending from
the dyke into hoth the country rock and the ore. £t the edge of an ore-
body, as in the bLorth Hills, the flexed bedding of the overlying shale can
he matched from one side of the dyke to the other, and also the boundary
of the oxidised halo can be seen to corresnond on one side of the dyke to

its position on the other s=ide.

(v) BEffect of the dyke on the ore.

The dyke is typically bordered oy & layer of fibrous gypsum (satin
spar; up to 3 cms. thicik in the lower part of the Limestone Series, and
thie minerel &lso occurs in the numerous joints within the ore &adjacent to
the dyke. The ore in & zone fTrom one to five metres wide on either side
of the dyvke is alwost invariebly in the form of "EFard Blue" ore which is
a nearly homogeneous mass predominantly co posed of the OL geries of man-

sarese dioxides (Chapter &, (ii), (h} 1, the widta of thie zone apparently
being in direct relztflon to the amount of gypsws in the ore. Outside the
dard Hlue zone the ore has the usual nodular or banded texture tynical of

the larger deposits.

The inference 1s drawn that sctive fluids asrociated with the dyke
have attacked the ore, forming & colloidal solutior of iron and manganese
(noseibly as tibe hydroxides) and the associnted gangue, these being re-—
precivitated in situ elmost lmmedietely with tyvical colloform texture.
The manganese hes zppareuntly incorrorated toreign ions (e.e. barium) into
its structure to give +he impure & gioxides, The numerous joints would

ve formed in subsequent shrinkage. to be filled later by zypsun derived from

the overlying pyritous limestones.

L eeries of snecimens of the bedded limestore overlyings a2n ore hody
were collected resovectively in cortzcet with the dyike nnd at distences of
30 and 9C ecms. away from 1it. They show contaminetion and revlacement by
the ore minerals cloee to the dyke, beconing onrogresgrsively weaker awsy from

o

it. The amount of tuls secondary migretior of the ore is very small

indeed cowpared with the size o the ore hody.
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It is clear from the sabove observations thst the ore and its accom-

1

panying oxidation hslo was in place much as it wee found in recent times

-

a1t the time of the intrusion of the dyke. It is therefore assumed that +

pus

there ie wo direct genetic connection between the ore snd the intrusion of
the bhasic magma. The co.ncidernce in position is internreted as being due
to factors which have influerced the distribvution of Loth the ore and the

dolerite. These will be discussed further in the next chapter.

The presence of the dyke is 2r evtremely useful, and conclusive,
guide to the age oi the ore, and in particular the age of its associated
oxidation phenomena. As the dyke outcrops over & distence of at least 18
kms. and does not connect with any surface extrusion of lava it must have

heen intruded well bvefore erosion cut down to its present level, Hence

1o,

nossible oxidation of the ore, and the formation of the associated oxidised

h#lo cannot bhe the result of meteoric activity.



Plate XLVI

Partially recrystailised and mineralised sandstone from the contact
with a dolerite sill.

Sp. 0B/95 from the roof of the sill at the extreme nortu—east
corner of Gebel Farsh el Azraq.

Thin section in plane polarised light, x 15.

Secondary growth of guartz can be seen on the sand grains, locally

embayed and corroded by the ovaque: ¢ mineral,

Plete XIVII

The same, between crossed nicols.

A new growth of quartz can be seen in a cavity in the oxides.









Plate XLVIII

Manganese mineral veining and replacing an igneous dyke.

Spe OB/105 from a fine-grained pink dyke, transversely cut by a
group of closely spaced veins of manganese oxides. Wzdi el
Achdar, about 45 kms. B.S.3. of Om Bogma.

Thin section in plane polarised light, x 40.

The rock is a felsite, with a veinlet, left, filling a joint.
There are signs of corrosion of the felsite by the vein material,
and this has also invaded the rock for some distance away from

the vein.

Plate XLIX

Jlanganese oxide in the basement complex.

$p. OB/101 from the contact of a vein of manganese oxides with
the country rock, Wadi el Akxhdar deposit.

Thin section in ordinery light, x 6.

Black: menganese, and possibly roume iron, oxides.

Light grey: principelly carbonzte grains of the country rock
(& much altered and decomposed gneissic rock}.

Dark greys Tinely granular matrix.

Towards the too of the picture the section has been broken

during preparation.



(10) THE ORE DEPOSITS IN RELATION TC STRUCTURE.

The distribution of ore and sub-economic mineralisation projected

ti,

on to a horizontal wvlane agrees more closely, both in general and in detail,

with the tectonle pattern of the wrea than it does with any lithological
divisions. This aspect of the ore deposits will accordingly be described

in relation to the structural eleuwents.

(i} TDistribution of the ore-deposits.

(2% ®Bxztent of the ore-field.

The western limit of the ore~field is ths largest of the rift faulte
forning the boundary between the centrsl Sinai block &nd the Clysmic areszs.
Beyond this fault the basement rocks s#nd the lowest sediments which else-
where oct as host to the ore minerals zre buried beneath thousands of
metres of younger deposite. Any corncentrations of iron and manganese
ovide minerzls which meay occur there would be of ro ecoromic interest on
account of the difficulty and exwense of location and extraction, hence

any geological sveculstion in this direction ig never likely to e proved.
YA i B L P

To the north the host rociks disapuear beneath a gradually increasing
thickness of younger sediments, and concentrations of minerals in them

would become unworkshle on this account, but apart from this effect there

is & decrease 1in the size and frecruency of workable ore cdeposits towards
the northern limits of the ares in which the host-rocks do outcrop. Only

the higher priced manganese dioxide would repay working anywhere to the
north of Wadi Haba although ferruginous manganese deposits do occur. In
the region of Gebel Wukhul in the north-west, &nd in Wadi Buda, some four

kilometres north-west Gebel Um Rinna, »o concerntrations of ore minerals

of
are xrown to occur &t all, only some cnemical anzlyses quoted by BRall (1915

revealing & probable increasse in the iron and manganese content of the

ey

dolomites.

To the south and eusst small scattered ore-denosits znd occurrences
of ore-minerals have been reported up to and beyond the farthest develop-
ment of the Limestone Series. The sedimentary rocks have been consider-
ably eroded away in this pert of the peninsula, so that the original south-

d

ern and eastern limits of the ore-field can only bve determined with refer-
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ence to the basement rocks.

o

(v} Locus of thicker depositis: axis of the ore-—Tield.

The overall distribution pattern of the ore can only be seen satis-
factorily in respect of the larger deposits of ferruginous manganese ore.
These are aligned in a south-west to north-east direction, from the lower
part of Wadl Shellal, close to the grest rift fault, through the Cm Bogma
hills, the wills flanking Wadi Abu Hamata and Wadi Abu Thor (the ore being
less continuous here), the long hili and the V-sghaped hill flanking Wadi
Lahian to Gebel Um Rinna near to the northern limit of the Limestone outcrop.
This line of outcrops is twenty kilometres long and although it has a max-
imum width of five kilometres, 1if one includes the deposits near Bir Rekeis
to the north-west and those of the head of Wadi Nasib to the south-east, it

is generally much narrower than this.

The axis of the greatest concentrations of ore is thus parallel to

the strike of one set of Jjoints. For most of its length it is also coin-
cident with the Om Bogma dyke. The only noticeable departure from the dyke
ig in the area of Gebel Uwm Rinna. The line of the dyke traverses an out-
crop of basement rocks east of Wadl Zoteir and continues zlong the floor of
Wadi el Sih, which is covered with loose sand. This is some two kilometres
south-east from Gebel Um Rinna. There are, howeven, several other similar
dykes in the neighbourhood, one of which, outcropsoing to the west of Wadi

Um Zerdadb at its junciion with Wadi el Sih, has iron and manganese oxides

associliated with it where it cuts the Limestone Series.

(¢) 4Association of ore with ¥.B. - S.W. fractures.

The primary dependence of ore distribution on the north-east to south-
west structure lines is eamply confirmed by a study of aerial photographs in
the light of knowledge previously gained from the ground. Structure lines,
in the form of joints, faults and dykes, show up very clearly as straight,
or nearly straight, lines which can often be traced intermittemtly or cont-

inuously for long distances across the very rugged topography.

In the Wadi Himeira to the north-east of the northern hill at least
three clearly incised lines can be seen eroded into the granite basement
in a direction roughly parallel to that of the Um Bogma dyke. These joints

are in line with the three most clearly defined belts of ore found in the
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northern hill. T™wo of them are also opposite known ore-bodies in Hill F.

The directional trend of the ore deposits is most strikingly‘exhib—
ited in the long hill and the V-shaped hill between Wadis Nasib and Zobeir.
The ore here occurs in two fairly narrow and nearly parallel belts, 500
metres apart. The more south-easterly one of these coincides with the
line of the Om Bogma dyke, although the dyke does not outcrop continuously
across these hille. The bands can be followed for two kilometres, and

would apparently bhe continuous had they not been dissected by erosion.

{ii) Association of ore with faults.

(2) Major faults.

08t of the larger individuel ore bodies are found to occur in close
association with the major faults described in Chapter 3. The most import-
ant examples of this connection occur along the fault-system which traverses
the ore~field from Wadi Shellal northwuards along Wadi Um Sakran, crossing
the eastern and northern nills, where some of the biggest single ore bodies
are found, thence continuing northward to cross the Wadi Baba near RBir
Rekeis, close to another fairly large ore-body, to peass up Wadi Kharig and
disappear under the loose sand to the north-west of Gebel Hazbar. Another
example can be seen in Wadi lasib, a channel which has been eroded along
part of one of the bigzest faults (thrown 200 metres) in the ore-field.
ot only are the largest ore-bodies along the major axis associated with
these faults, but the only large deposits which occur to either side of
this, associated with parallel frzctures, are found to be adjacent to them

or in their immediate neighbourhood.

{b} Brencning faults.

4s noted in Chapter 3 the major feults may occur as & single plane
of displacement with no sympathetic frecturing of the rocks on either side,
or they may be accoipanied by a broad zone of fractures. In the former
case the rocks #re devoid of ore and the mineralisation and &accompanying
oxidation of the country rocks are comvaratively restricted: in the latter
case there arc freguently moderste or lszrge ore bodies to be found. Evam-
nles of thies are 1o he seen in the west side of that tributasry of Wadi Abu

Hamata which runs northwards from the pass at the head of Wadi Rekeis, on

° 'v\v o
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the eastern face of Hill 'D'. There is 2 big fault running élong the wadi
which &t two places brings the Limestone Series against the basement rocks
with no apparent subsidiary fracturins of the ground; at these wnlaces no
ore was found. Elsewhere along its length this fault throws off & number
of "flyers" into the sediments on the downthrow side, and it is in this

disturbed ground that deposits of ore occur.

The best example of s broad trecture zone is in the northern hill
where a major fault has split into two, each with a throw of 35 -40 metres,
which are separated by a 250 metres wide belt of ground with numerous small
faults with throws varying up to 5 metres. There 1s a very large body of
ore in this sree and to either side of it, where there are also a Tew Sym-—

pathetic faults.

It is in the sirongly fractured ground of broad fault zones that min-
eralisation in the form of staining and impregnation, with partiasl renlace-
ment, is most frequently seen in the Lower Sandstone. Thieg is also true
in some cases where the overlying dolomite is devoid of ore, as on the

western face of Hill 'F', to the north-east of the northern hill of Om Bogma.

(c) Divergence from the faults.

Although there is & definite association of ore with the feaults
there are slso cases of a divergence of ore bodies from the exact line of
faulting. One feature of the big ore body in the northern hill which is
particularly striking is the presence of a number of berren aress assoc—
iated with the smsll faulte thrown in the opvosite sense to the larger ones:
generally the small faults thrown in the same sense as the larger ones have

a greater than average thickness of ore associated with them.

There are some significant evposures in the workirgs along the fault
which extends south-eastwards from Ain Lbu Hamata. This fault throws off
& number of "flyers", and these, rather then the mzin fault, appear to form
the loci of ore deposition. In some of the cross-cuts to the principal
fault the fault plane is seen to be marked by a band of black carbonaceocus
clay gouge some 5 - 10 cms. wide with oxidised rocks, either stained red
with heematite or bleached by the removal of carbon and pyrite, on each side.

It would appear that tﬁe gouge h=zns formed an impervious barrier which
has inhibited the passage of oxidising end mineralising fluids in the fault
plane while the broken and more porous rocks on either side have not been

so protected from these effects.
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(iii) Agreement with the joint pattern.

(a) Shape and orientation of the ore bodies.

These features are best seen in the smaller ore-bodies as the larger
ones are generally bounded, at least in part by the limits of erosion at
the hill sides. The small ore-bodies are often fairly long and narrow,
or irregular with elongate apophyses in a number of directions. These
narrow belts of ore may extend along & fault line, as is the case with the
northern extension of the main ore body in the northern hills, h»ut more
often they do not coincide with any noticeable line of displacement. They
may be apparently independent of faulting, as in the middle of the northern
hills, or they may cut across & series of faults or run parallel to a fault

but separated from it by barren ground, as in the esstern hills.

(b) Correlstion between surfice staining snd hidden ore.

°

In at least two cases in the northern hills joints marked by heavy
dark staining of the adjuzcent rocks can be seen on the surface directly
over an ore-body &nd coinciding with its direction of elongation. B
carefully noting such steined joints and fractures on the surface of the
ground it has been possible to predict the extension of & xnown ore-body,
which hfs subseguently been proved hy mining development. 1t has =lso
been possible to predict the presence of an entirely unerposed ore-tody

which heas since been proved to exist by churn drilling.

in evamination of surface stainirg is not, however, zn infallible
guide to the economic possibilities of zn srea. Of'ten there is little
or no staining in the rocks overlying the largest ore bodies, whilct
investigations below sowe very prominent surfrce stains, assg in Hill ¥ in
the western Nahmen Areas, have revealed either comparatively smell concent-
rstions of ore minerals or only dispersed dewosits inithe Limestone form-
ation. Nevertheless it is true to say thet where there are signs of

o=

mineralisation along =z fracture above the Limestone there are ulso ahundant

gsigns of minerelising sctivity within the rocks of the Limestone Series

where they zre intersected by the same frascture, even though ore may not

he present in commercial quantities.
(c; Isooschytes.

The larger ore-bodies &re tabular rather than lenticular in outline,
tending to terminate abruptly at the edges so that a "hed" of ore up to

four metres thick mey cut out zltogether in & very short horizontal distance.



The lower surface generally conforms more or less to the Sahdstone Pavement,
although there may be up to & metre of intervening Pavement Shale, or a
metre or two of the Lower Sandstone may have been replaced. The upper
surface is mwuch lesg regular, so that there are considereble variations in

the thickness of a large mass of ore.

In the larger ore deposits of the northern hills vertical measure-
ments of the thickness have been made ut intervals of about twenty metres,
the results plotted on the mine plans and isopachytes drawn for 6 metres,

4 metres and about 1 meire (i.e. the commercial '"cut-off"). The resulting
isopachyte plan shows & number of ridges of thick ore, ezch ore either
extending outwards frowm & fault or running along a fault. The directional
trends of those ridges which do not coincide with faults sre sigrificantly
parallel to the strike of the joint systems described in Chapter 3. The
most prominent of these belts of thick ore is parallel to, but not coin-

cident with, the Om Bogma Dyke.

(c) Ore-grade maps.

For commercial purposes the grade of the ore is expressed in terms
of the percentage of manganese metal which it contains, but as the combined
content of manganese and iron is typically constant between 57¢ and 60% the
manganese percentage is in effect an expression of the ratio of manganese
to iron. The observation made by earlier workers that the ore is richer
in manganese adjacent to the faults, although applicable in some cases, is
by no means the rule. The ore is essentially an inhomogeneous mixture of
the higher oxides of iron and manganese with sudden and marked vertical
and lateral variations in the IMn : Fe ratio. In places a layer of iron

ore very low 1in manganese has been found above, or sandwiched hetween,

”6!

manganese ore of chemical grade, while elsewhere the manganese wes relatively

more concentrated at the periphery of &z large ore-body.

{(iv) Interpretation: structural control of ore deposition.

The agreement in distribution between the ore and the effects of
mineralising activity in general on the one hand and the various fractures
orn the other can leave no doubt that the former was dependent upomn the
latter, and this leeads to the conclusion that the metals were actually
introduced by means of the fractures, which acted as channels for their

transporting medium. The wide extent of mineralising activity suggests
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that the metals were derived from & large source area. It seems likely,
however, that they commenced their journey in coumparatively few channels,
spreading out into the increasging number of fractures and fissures wnich

exist nearer to the surface of the earth.

This hypothesis agrees with the following deductions made from a
consideration of the larger deposits of western Sinai. The alignment of
these deposits with the Om Bogma Dyke suggests that the mineralising fluids
hegan their journey by passing through the series of fissures which are now
occupied by the dyke, or others closely relzted to them. As they continued
their passage they began to spread laterally along the larger of the I'.L.W.
to 5.5.5. trending faults, and thence into the smeller faults and joints,
moving more easily through shattered ground end by-passing the "tight"
faul t-planes. On entering the sediments part of the fluids was able to
infiltrate into the rock on either side of the fractures, especislly in the
coarser part of the Lower Sandstones znd in the dolomites, while in some
cases further passage in the fault-planes was prevented by argillaceous

gouge wnich rendered them impervious.
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(11, TVE CRIGIN OF TUS OM BOGHA ORHS.

{ti, Tarlier hypotheses.

A number of hynotheses concerning the origin of these ore deposits
has.. been advanced in tne past, but when these are exemined in the light
of the data presented here a number of them must be rejected immedizately,
wiile some contain features which are still accevtable and others which
are rot.

fa; Sedimentery origin.

.

This hvpothesis was put forward by Barthoux (1923) and later by Evans

(vrivate revort, 192G).

During the depnosition of the Limestone Series and alsc part of the
Tlpper Sandstone the rocks of the basement complex are assumed to have been
exposged to wezthering and erosion in the land-mess lying to the south-east
of Om Bogme. A humid climate 1s supoosed te have supported abundant veget-—
ation the products of whose decay provided the reducing conditions necessary
to dissolve, and meaintazin in solution, iron and menganese from the crystal-
line rocks. On reaching the sea these imetals would be precipitated in the
oxidising environment, either as carbonates or oxides, in the iormer case
to be oxidised by meteoric wsters after the uplift and deep erosion of the

strate in which these devosite are found.

A number of cobjections to this theory can be raised immediately, even

on a casual accuaintance with the ore deposite. These zre, briefly:
(1; Irregularity. vedimentsry denosits found by chemical precipitation

are typically regular or varying graduzlly in thickness, at least
over fairly small areas. Tpe 1ron @nd manganese ores of western
Sinail are intermittent und irregular in thickness, with abrupt latersal

terminations.
(2) Irilomogeneity. Chemical sediments are usuwally uniform in composition
and texture, or showing regular verietion within narrow limits over

small areas,. The deposits under discussion are evtremely variable

@

in composition &s regurds the ratio of manganese to iron, and often

very varlable in tewture over culte small distances.
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(3} Agsociations witn structural elemente. The relations of the ore
deposits to post-depositional fractures of the sedimentary sirata

were recognised by tune earliest workers in the area.

(4) Solutior phenomena. mvidence for the solution of the country rocks
in proximity to ore deposits was also recognised and accepted from

the earliest times.

To account for these apparent inconsistencies the protagonists of
the sedimentary hynothesis have had to propose a numbef'of.post—deposit—
ional changes. Bartooux suggested solution and récrystallisation with
segregation of the iron and manganese, but he did not discuss the means
of solution. mvans postulatgd a strong nortn and south comwpression
which

Meees caused the haerd Carboniferous Limestone to be thrust over and
through the softer underlying manganese ore and the shale and sandstone on
which it rested. This will explein some of the rapid cutiing out of the
cre." ’

The detziled examination of the ground which has been undertaken in recent
vears hag brought no evidence to light showing thrusting on the scale im-

plied here, although there is some evidence of compression (see FPlate XXXVII).

Evans also attempted to explain the intermittent nature of the ore
"heds" by means of velley bulges:

"Where it lies beneath a considerable thickness of superincumhbent
strata, this exeris a ueavy pressure upon it, but in the vicinity of the
vertical sides of a wadi, it has no lateral pressure to supnort it, znd
as it is less resistant than the rocks above and below, it is slowly
squeezed outwards. This will account for the fact that there is often a
fair show of manganese on the surfece of the slopne that is soon lost when
it is followed into the hiil."

This hwvpothesis, mentioned by Groves (1938), was put forward to account for
a statement by tue mining enzineers to tune effect that ore is more abundant

in and near the outcrops than it ig beneath & grest deptih of overburden.

liore extensive underground exploration has shown thet the encineers' belief
was unfounded (see Meps II =« IV, Triere is in fect rno sup.ort for lateral
moveuent of the ore, nor for the contention that it is less resistant than

the rocks a2bove and below.

Hvans dismissed the associaetion of ore with fractures:

"The feaults throw the manganese ag well as the rocks in which it
occurs. This clearly negatives the suggestion which has been made that they
represent the channels by wihich the manganese found its way to the position
in wnich it is now found."
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This argument 1s not conclusive; 1t would be more correct to say that the
ore occurs at a varticulsr horizon regardless of the displacement of this
horizon by faulting.

The stroncest evidence against & syngénetic origin for the ores is

i

to be found in the carborneaceous matier and very low merganese content of

the unaltered host rocks coupled with the preserce and corfiguration of the
oxidised helo associated with tae presert distribution of the oxide ore
minerals. The rocke of the lLimestone Seriee indicate a long, fairly
narrow offshore zone of challow water in which oxidising conditions (®h >>O)

prevailed. There wag alsc 2 nezrby lzrge land mass, probebly containing

exposed igneous rocks, and it ig most likely that bumid clinmatic conditions

(]
orevailed. These are the conditions urder whinch iror and menganese ovide
deposits might be ewxpected to sccumulste ss chemiczal precipitatQS'(see
Chavter 5, (iii), (di). For the depocrition of beds averaging five metres

in thickness there would have to be ranid denosition of the iron snd mangan-
ese with clow . deposition of other materiszl which might contaminate the ore.
The preservation of carbonaceous materisl in the sirata being devosited in
ozxidisgsineg conditions on the other hand requiree repid devosition and burial.

. /

{(Chanter 5, (ivi, {(a)).

The very low manganese content of these rocks containins cerboraceous
natter ie very sirong evidence agsinet the sedimentary origin of the ores.
It ig dinconceivable that under conditions of opnen circulatior a chemical
precipitate could be concentrated or certain parts of the sea bed and &t the
same time be almost absent on adjecent parte. This argument is even more
convincing when it is added that there csan be no correlation between ore

deposition and depnth of water or sedimentary facies variation.

The direct connection between the oxidised halo and the ore minerals
is indisputable, (see Chapter 7, (i & (41}, and Plates XIX - XXII, XXXIII,
XXXV &XXXVIT. There can be no doubt that the formation of the halo was a
post-diagenetic change, and the inference can be made that the ore is an

epipernetic deposit.

(b} Concentrstion of a disperse deposit.

Ball (19165 proposed the view that the ores of Om Bogma are residual
deposits concentrated by the solutior of tne host (the dolomite) of a

disperse deposit. He described the process as follows:



12y,

"Intense faulting during the leatter vart of the iliocene period gave
rise to an up-flow of heated subterrsnean waters in the fault fissures.
these waters acting on the dolomitic limestones, dissolved the carbonates
of lime and magnesia which form the main constituent of the dolomite,
leaving the lese soluble carbtonates of iron and manganese, and the siliceous
impurities, largely unattacked. The carbonates of iron and mangesnese wers
subsequently oxidised, and underwent a process of segregation to form the
ore bodies near the faulte, while the siliceous matter forms the candy
shales which nearly always occur above the ores."

Ball supvorted this contention by quoting a number of analyses of dol-
omite collected from several widely scattered localities, which gave an
average content of 0.24% umn0. He calculated that

"a single square metre of pure manganese ore a metre thick represents
the total possible yield of some thirty square metres of the dolomitic
strata."

Although the deposits are not "pure manganese ore" they average con-
giderably more than a metre in thickness over quite large areas. The
largest ore body in the North Hill had an average thickness of about 5 m.
over an area exceeding 3 hectares, with an average content of 21% iin.

{c. 33%

assuming all the dolomite were dissolved, which is by no means the case.

MnOQ). This would represent the total yield of some 150 hectares,

Clearly this source would be insufficient to supply the quantity of mangan-

ese reguired.

The hypothesis iz even less tenable when we consider the origin of
the manganese in the dolomite. Ball's specimens were of the vink massive
dolomite, which on close examination (see Chapter 7, (i), (&)) shows the
presernce of manganese oxide in tiny veinlets which have inveaeded the rock
after post depositional dolomitisation (see Plates XXIII - XXV,. It

seems more reasonable to suppose that the manganese of both the ore deposits

and the pink dolomites was introduced during the same mineralising activity.

In an attempt to solve these quantity relations ¥enine (193C) sug-
gested that the mangsnese was derived from the igneous rocks of the base-
ment complex, being dissolved by thermal waters rising through fractures.
Assuming the solution removed all the ménganese from & width of half a
metre on either side of a fracture, and allowing & (generous average
manganese content of 0.2% iMn. in the igneous rocks, then to yield the
same 3 hectare ore tody, fed through a 200 m. length of frscture, the
thermal waters would have to traverse & thickness of about 40 kms. of rock.

Taking Goldechmidt's (1954) average of 0.1% un. for the igneous rocks
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this becomes something of the order of an 50 km. depth of origin for the
heated waters. Wnen depthe of this magnitude are envisaged it would

be more reasonable to assume that the manganese was derived from a more
concentrated source, or that it was an integral part of the original thermal

solutions.

(¢c) Oxidation of a protore.

The arguments against the sedimentary deposition of large oxide dep-
osits in the Limestone Series apply &lso to the accuwmulation of large
deposits of rhodochrosite, or even alabandite, under similar conditions.

A sedimentary protore, oxidised at a later date, can therefore be ruled out.
There remains the possibility of & hydrothermal carbonate denosit, oxmidised

on the depression of the water teble consequent on deen erosion in Pleisto-

cene and Recent times. This is one of two zlternative possibilities »put
forward by Schnellmann (private report, 1951 . The objections to this

mode of oxidation have been discussed in Chavter 7, {(ii} &(v), and Chapter
a, (ii), (¢, (a.v.). However such an owxidatior could hzve been effected
there is a very strong objection to the previous existence of a protore in
the complete lack of #ny unoxidised remnants, 1n spite of the preservation
of diagenetic pyrite (which recuires # lower potential thzn rhodochrosite

for its oxidation) in the unaltered country rocks.

(d) Deposition from circulating meteoric waters.

Deposition of the ore from descending solutiong has not been put
forward as & serious hypothesis by any worker in ithis &area. The most
serious difficulty would be to find a suitable source rock able to yield
sufficient ocuantities of nangenese. It is true that the Upper Sandstone
contains some local deposits of manrenzee oxlde cementlirng the sand praine,
but t.is ie rorcentrated mo=t commonly in the fault-plenes, where leaching
would be exvected to be sitrongest if the mangenese were being removed in
solution. By anelogy with the strats exnosed in the scarp of Gebel el

Tih and along the gulf marsins, the rocks formerly overlying the Carbonif-

14

erous heds of Om B

gma were not mangeniferous enough to have provided

i

sufficient material for the formation of the ore deposits.

Apother severe difficulty wonld be the necesrary changes in the
phvsico~-chemiczl conditions. For tha leachins and retention in solution

of the manganese during trarnsoort reducing conditions are necessary, as

[}
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discuseed in Chapter 5, (iv)? (c), while the precipitation of the higher

oxides, (not to mention the[organic meatter of the host rocks, would requir%A@“wa\o$
oxidising conditions. Percolating meteoric waters would not show a sudden

and spontzneous rise in Eh with increesing depth ir this manner, and certain-

ly not so in rocks where sirongly reducing conditions previously vrevailed,

as indicated by the co-existence of pyrite and dolomite.

(e} Mineralisation in asscciation with the isneous intrusions.

The distribution of the largest ore-bodies along the strike of the
Om Bogma Dyke hes led a number of mining engineers to corclude that the
deposgition of the ore and the intrusion of the dyke were intimately connec-
ted. Westerveld (1948) concluded from his work in lorocco that the large
magses of dolerite associated with the .lesozolc rocks of that country were
sills, and that the adjacent margsnese deposits owed their origin to eman-

#tions from the igneous magmaé hefore it solidified.

That this carnnot have been the case with the large ore deposits of
the Om Bogma district: is shown by the fact that the ore was in place before

the intrusion of the dyke (see Chanter o, (ii}}.

(f) Hyvdrothermal deposition of the oxides.

Deposition of the oxides of iron and manganese from ascending hydro-
therm:zl solutions was proposed by Schunellmann as the probable mode of
origin. He suggested a mechanism of metasomatic replacement, the hydro-
thermal solutions gaining access to the Limestone Series by means of the
faults. e pointed out that in many cases solution of the host rock had
zone beyond the limits of the zone of revlacement, leaving an intermedisate
zone of residual shaley material between the ore and country rock (ct.

Chapter 7, (iii)).

The present investigation has confirmed that the ore was deposited
from rising solutions (Chspter &, (i) and hae also shown the importance

of the wvarious structural elements as channels for the introduction of

ore-depositing fluids (Chapter 107.

(ii} Conclusions from present investigation.

(a; recranism of ore formation.

Hrom the discussion of evidence presented in earlier chapters. and in

the first section of this chapter it will nave become apparent that the



mechanism of ore formation in the Om Bogma nangenese deposits which is

veing advanced in this thesis is, briefly, as follows:

During & long period of tectonic quiesence following the pnlanation of
the basement comrlex & seguence of continental deposits, with at least one
thin marine intercalation, followed by mwarine sediments was laid down.

These reached a total thickness approaching 2000 wm. by the end of the Focene
period, by wihich time a phase of tectonic activity had commenced. During
this activity considerable faulting occurred, with the formation of one or
more sets of IL.B. — BS.W. fractures, penetrating to considerable depth but
not characterised by any significant lateral or vertical displacement

(shown by the corresponding levels and facies on either side of it in the
Limestone Series). There was thus no tendency for the fractures to fill

by mutual attrition of the two walls.

“ineralising fluids carrying iron and manganese were able to escape
by this meszns and made their way towards the surface. On reacihing the
lowest marine sedimentary formation, conteining reactive dolomite assoc-
iated with layers of impervious ergillaceous rocks, the bulk ot the iron
and marnganese was deposited as the higher oxides. At the same time cer-
tain constituents of the host rocks in contact with these deposits (organic
matter and pyrite in particular) were rcmoved or altered by strong oxidation.
According to local variations in fecies and the fractures some of the iron
and manganese was deposited before reacuing the Limestone Series, while

some was carriec beyond it into the Upper Sandsione.

After the mineralising nhase of activity basic magma was forced into
one set of these same fractures, solidifying into a dyke of dolerite. On
the evidence of Ball (1016) the dyke is of Miocene age, hence the ore must
have been formed in the lliocene period or earlier. At that time the Lime-
stone Series would have been buried beneath 1500 m. or more of superincumbent

strata.,

The unusual teeiture of this hypothesis is that it requires oxidation
by juvenile fluids. The next step is therefore to attempt to deduce the

nature of those fluids.

(b) Cornditions in the host Trociks.

The conditions obtaining in the host rocks before minerslisation give
the environment ot ore deposition. In particular a consideration ot the

varistions ir these conditions in the vertical seguence may yield important
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information on the reason for precipitetion &t one horizor (i.e. it may

evplain the stratigresphical control of ore Fformetion..

Temperature would be higher than at the surface, but not markedly so.

Little variation would be expected from one rock type to znother.

Fressure. At & depnth of 1500 m. the confining pressure on the rocks
would be fairly high, and would ténd to close such openings as fissures,
joints and other fractures unless these were under tension in competent
strata (e.s. during earth movementsﬁ. ilydrostatic pressure in such onen-
ings as could =till sllow access of ground weter would be of the order of

150 atwmospheres, increasing with depth.

Permeakility would depend on the number and state of the fractures,
and on porosity (tne slzne énd soape of the pores rather than percentage
porosity}. In the basement rocks permeability would be confined to fract-
ures, while the Lower Sandstone, beirg coarse to very coarse grained and
rather poorly cemented, would he virtuzlly permeable throughout. In the
Limestone Series permeability would vary considerably with facies in both
the solid rock end in the fractures (see Chavter &, and Plete XXXIV).
Permeability in the Upper Sandstone would he much lower thsn in the lower
Sendstone because of the generally smaller gsr-in size 2nd the interstitial
clayve. Passage would be virtually confined to the fractures and to a few

coarser grained beds in the solid rock.

pH and Bh in the sediments would depend on the conditions of diagen-
esis. The conditions in the basement rocks would depend principally on

v

the naturz of the ground waters,the rocks themselves would not be expected
to cortain any strongly reactive comvonents which could influence either

p¥ or Hh. The bulk of the Lower Sendstone, with ite ill-sorted coarse-
grained texture, was laid down in conditions of shallow and turbulent
water. In such sitrongly oxidising conditions 1t is unlikely that any org-
anic matter would be vpreserved to give a reducing or acid diagenetic envir-

onment on burial and the consequent exclusion of oxygen.

The diagenetic environment of the Limestone Series h&és been discussed
in Chaoter 5, (iv). On the data of Krumbein & Garrels (1952) the presence
of some calcite (in the impure dolonitic limestones) together with pyrite
indicates a pH of at least 7.8 and an 2o of less than -0.2. The pH of the

Upper Sendstorne at this time 1s less precisely fixed, as calcite is not
k:own to heve been present in that formation bvefore ore-genesis, but the
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Bh must have been 0.2 or 1

@

IS

mn

to hsve allowed the preservation of pyrite.

{c) Conditions of mineralisation.

The colloform teztures z2nd the absence of any sign of thermal effects
in the host rocks indicete no ereat increase in temperature with the rise

of the mineralising fluids.

For the fluids to rise in quéntity, as indicated by the size of the
deposits, they would have to be under & greater pressure than that of the
column of ground water already present in the rocks. On this reasoning
the minimum zbsolute pressure would depend upon the depth of origin, and
although this would fall off with increasing distance from the source one
would still expect pressures of the order of several hundreds of Kilograms
per sqguare centimetre. Fressures of this order of magnitude wmight zccount
for the distortion noted in the clays and shales associated with mineral-

s

isation (Chapter 7, (iii:, (cj).

Another possible explenation for this distortion is the force exerted
by growing crystals (Becker & Day, 1916;. The unmineralised clays and
shales retaein thelr plasticity to the present; in places they have even

yielded to exnlosive charges by compression rather tahan rupture.

pH during the wmineralisation was in the range where both silica and
dolomite are soluble, approximately between 6 and 8. fhe =olution and
re-deposition of both of these substances may have been due to fluctuations
in pH, but it is more likely to have been the result of local wvariations

in the concentration ot the solutions.

The ﬁost striking change which occurred in the physico-chemical con-
ditions with the arrival of the wmineralising fluids was a sherp increase
in Eh. In the Limestone bderies this was from lees than-0.2 to more than
zero (indicated by the removal of carbonaceous matier). Within the =zone
affected by these fluids the oxidising inteénsity was high, as shown by
the sharp line o/ demarcation at the boundary of the altered zorne. The
oxidising capacity of the system was also considerable, being at least
suftficient to oxidise all the previously reduced couponents of the country

rock. .

(a) The nature of the mineralisinz medium.

The colloform textures in the ore indicate & low-temperature aqueous
solution. The conclusions of Duffell (1937, concerning diffusion in
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{iii) TFurther investigrtion,

(&) Hydrothermsl ovidation.

™

The subject of anvirotnermsl ovidation of ma nese minerels wos

investigated by Trengrove (1436),

n

who e~ nerinented on the fThermal rdissoc-

4

iztion of munginese carborate in the shsence of oxygern. He found that

2 . 5 e 1 : LN} 3
there wre no ovidetion below 1707, but come menganese diorxide was hroduced

.. . . Lo - R O N o . o
et hizuer temperstures, neing unsteble z2bove 3C0%, The reaction wos



retarded at high pressures and 1n the presence of carbon dioxide, His
tindings do not @pply to the case under discussion, since there is no
eviderice for & previously existing deposit of menganese in the form of

carbonate, end a high pressure is intferred.

In a short review of the literature Trengrove {(ibid.) noted 2 number
ot deposits, in varying environments, in which there appears to be evid-

ence for the oxidation of manganese well below the water table.

The deductions made in the previous section lezd to the suggestion
thet menganese wzs present in solution in a higher state of oxidation,
and that it was precipitated by reduction rather than by oxidation. The
possibility deserves consideration that & pert of this element was present
as the manganate, or even the vermangenate ion. This at once raises the
question of the formation of such lons at the source of the mineralising
fluids. The existence of such strongly oxidising conditions as would be
required in & natural environment &t considerable depth is contrary to
the general trend of geologiceal thought, and cannot theretore be accepted
without very critical examination and more comprehensive investigation
than has been undertaken in the present work. It has been mentioned
here as the loglcal conclusion to the observations and deductions made
during the examination of the Om Bogma ore deposits. No attempt is being

made at present to explain the formation of the mineralising fluids.

(b} Examination of the permansanate hypothesis.

When considered in more detail it is found that the presence of
permanganate would explain the action of the mineralising medium as shown
by the evidence in the field. In normal laboratory conditions permang-
anate is unstable; it decomposes spontaneously with evolution of gaseous
OXygen. This reaction would be inhibited at high pressures, such as
those inferred during the formation of the Om Bogma ores (Le Chatelier's
Principle).

Permanganate is a strong oxidising agent. It reacts with organic
compounds and carbon, breaking down to the dioxide in the process. Under
certain conditions the manganese oxide is produced in colloidal form (e.gz.

when manganous salts are treated with permanganate - Partington, 1937).

Ferric oxide also forms colloidal solutions in the presence of org-

anic matter. Permanganate oxidises ferrous ions, but would be stable in

128,
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the presence of Tferric lons; these could co-gviet in acid solution. Part
ol" the iron may have been present azs urndissocisted ferric culoride, since

there ie evidence (in efflorescent rock—-salt on evposed ore froes) to sug—

gest tuat chloride ions were introduced with the ore.

A low ov would ezccount for the virtuzl absence of corrosion of silicz
in the grarnitic basement rocks znd tne lower part of the Lower Szndstone.
reutralization of the solutions Ly resction with the carbonete rocks in the
Limestone BSeries could explain this wctivity close beneath the Sandstone

Pavement, and also the re-vrecipitation of the dolomite.

(¢ wyperiment.

A series ol swmall scale exveriments was carried out or a number of

#1ic eacid orepared

rock specimens from Sinal, using a solution of permar

4 solution of silver nitrate snd potessium permangsnate were crystallised

and the silver permeéngzunate vrecinitate wes decomvosed with barium chloride.

The resulting bwarium permanganate was trezted with dilute sulphuric acid

to give a nurple solution of permanganic =zcid.

1. Tre solution was decolourised rapidly by coal (01,72, while pyrite
fro.1 the same speclmen reacted a little more slowly, the decolour-

ation tawing & ninute or two.

[}
.

Hlacikk =iltstone (08/106‘ fecolourised the solution in a few minutes,
givinm an iridescent oily blactk film.

~

e Pieces of crapite (OGRS 0;, black shils (Ca/737, red ssndstone (UH/78}

and grev dolomite (OH/GQ} ware placed in & P00 wl. flesk, rovered
with the scid solutior ~nd placed in a wern dsrx cupboard. The
soilution decolourisec with evolution of orygen 1in & few heours, the

rocxs snpowinsg little charge. siter five months of ilmmersion the

sranlte end randstorne ehowe d &

#ellowiel bhrown steins hut no other

chanoe, The blscik siele Fell to pleces, #nd whitered a2 little on
dryins in #ir. 'The =zre:; dolomiite chureed fo & very vale vellowish
rex #nd eottened at tne surlace. There wae eome locsl brown stain-
Lo, merite and galens in the svnecimern were lerst affected, tin
frviny in #ir the surfsasce necwrre yello with brown patovbes. Ut

Fregicine he esecimern 1t was fornd thet the shanee Lrd nernetrated the

‘Tow browr line at the limit of oviaation.
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{d) Suggestions for further worlk.

These evperimerts in themeselves are far from conclusive, but a more
detailed labhoratoryv investigation, including exnerimente at higher tenp-
eratures and nressures, should yield interesting results. In particular

.

the stability of a solution conteining caleium, magnesiwn end barium with
manganate, permanganate and ferric lons in the presence of sodium and
chlorine ions should he investiwzted at high pressures, moderately high
temneratures and in the absence of light. The effect on thie stability
of gradually reducing the pressure and temperature, and varying the p¥,
and of contazct with silica and silicate minerals, carbonates, carbonaceous

matter and vyrite should also be investigated.

Other manganese deposits should be examined to see if there is sim-
ilar evidence nointing to the hydrothermal oxidation of country-rock in

association with the formation of irorn and manganese oxide ores.
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(12) OTHER DEPCSITS IN AND AROUND SINAI

(i) Vein deposits.

(2) The haematite deposits of Gebeil Abu Nimran.

Gebel Abu Himran (1040 w.; is situated a little to the north-east of
Wadi Feiran, about 25 kms. south-east of Om Bogma. The country is composed

of granitic rocks of the Basement Complex, intruded by closely spaced paral-
lel north-east trending dykes of purple porphyry. On the western flank of
the mountain there are several quartz veins, up to 90 cms. wide, with &
little associated grey haematite snowing traces of green copper stains.
These veins strike approximately east to west. Hear the top of the mount-
ain on its south side there is a narrower vein of similar composgition &nd
strike, and others have been reported around the summit. In the ravine
velow the south face {Wadi Abu ¥imran K several tumbled blocks were seen

with numerous ramifying veins, from one to three centimetres wide, contain-
ing quartz and hazematite in ecqual proportions (by volume,. These latter

velns showed no copper staining.

{v) Wadi Sabra hzematite vein.

\

Blake (1939) reported the occurrence of a vein of "pure huematite',
2 to 12 inches thick, traversing the {iubizn, sandstone to the south of

Petra.

(c} Hanganese veins near Ageba.

Blake (1936} notes:

"HBoth copuer and manganese minerals occur in the porphyry intrusiomns,
and veins of manganese ore in calcite occur traversing the granite near
Agaba where all the Paleeozolic rocks have been eroded and the lubiean Sand-
stone lies directly on the Igneous complex.'

(d} The manganese deposits of Wadi el Akhdar.

The country rock in the %Wadi el Akhdar area is & granitic or gneissic
roclk in an advanced state of decowposition, cut by feleite dyktes striking
a Tew degrees west of north. There ere a few low outlyers of the basal
vart of the Hubian Sandstone 1in the neighbourhood, a region of fairly mature
topography. Tie manganese occurs in & group of narrow veins apparently

emplaced in a fracture zone. There is, however, no sign of lateral dis-
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placement of the dykes, althoush tue veins cut through dykes and country
rock indiscriminately. Individusl veirs reach & maximws width of 80 cms.,
and the total width of the mineralised zone never exceeds 1.5 metres.

There is no visible change in the deposit in the 10 m. depth of the workings.

. e L . .
The strike is 65 (megnetic), znd the total length of outcrop is about 150

metres, The ore 1is very similar to soire of the nigher grade varieties of
Om Bogma ore both in texture and —irneralogy. Pyrolusite apnezrs to be the

predomlnaéi mineral, being found in radisting needles up to 5 mm. long and
s much finer-grained material. Radirting fibrous soethite in the spher-
ulitic meeses ssgsocisted with colloidal deposition is also fournd; locally

it is brecciated and cemented with zengue mineral.

The mangue is 1little or rno more s=hundant thrn in the Om Rogma ores,

and includes s~usrtz and dolomite, #nd mosgsinhly =lso barite and aragonite.

There i1s clear evidence of renlzcenent of the country rock by the
oxides, end the ore wminerale zlso extend zs strings along Joints in the

dyke rock (Prace XLIX,

(e) Origin of the vein deposits.
e 2 L

Tne origin of these wminerals is indicated as being by direct vrecip-
itation of the oxides of mangenese or iron from =zctive media percolating
the rocke a@long fractures, with soire replacement of the country rocks.
Hydrothermal mineralisation is indicated in Gebel Abu Himran, and seems
gquite likely in the other cases too, zlthough only the low temperature

rinerale of mangsnese occour,

(ii) Devosits associrted with mwsrine sediments.

(a1 The deposits of Wadi senzveh.

These deposits have been described by Rleke (1930 and 1936) and more

recertly by Sturm (1953,

Hlake gave the following general section:

"Lower Oretaceous sendestones 245 metres
Red shzles, purnle gst. 5
Carboniferous “heles & sst.with n.ore 10

vunganese sands 10
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Dark or black lst. with

Cambrian Siphonotreta & Obolus 10 meires.

Pright red sst. with

quartz pebbles 30

Igneous-metamorphic complex

(diorite % hypersthene-gabbro)."

The respective zges of these formations have been disputed (Chapter 2.3
Rlake correlated these "Carhoniferous" beds with those of Om Bogmea entirely

on the basis of their contained manganese deposits.

Yore detailed sections are given in the accompanying diagram. These
and Sturm's desqription all emphasise that the manganese occurs as rather
rodular and occasionally irregularly bvedded pyrolusite and opsilomelizne at
or near the top of a series of rather sandy and calcareous shales, overlain
by the higher part of the Nubian Sandstone. Both Ktenas (quoted by Blake,
1936) and Sturm mentior the presence of dolomite with which the manganese
is associated, but Rlake states that he did not see the dolomite. None of
these writers mentions the presence or absence of manganese in the under-
lying dark limestone. The description by Ktenas in particular is reminis-
cent of ore in the Upper Dolomite overlying shaley bedded limestone in parts

of the Om Bogma district.
Sturm noted the following types of emplacement:

(1) Concretions (nodules} of pyrolusite, 1 mm. to 30 cms. across, in clay;

assays showing 289 - 64% lin0,.

(?) Bedded or disseminated manganese oxide in fine-grained sandstone within
= red clay zone, and commonly below clay in ssandstone and siltstone.
In some places there are zlternate manganese rich (4% Mnogj and mangan-
ese poor (1.5% Mnoz} vvarves!" (Zebrz Sandstone), the manganese being concen-

trated in the fine-grained sandy layers at the expense of the silty layers.
(37 Recent placers of manganese rich sand.

(4) Dyke-like structures.

(5) 1Irregular spots in limestone or dolomite.

(6 Small veinlets or crack fillings in layers adjzcent to ore-bearing

strata.
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All of these can be matched with similar occurrences in the Om Bogma
arez, ‘with slight variation in two cases. Zebra Sandstone found near Ain
Abu iamata in the Kshman Arezs was made up of alternate layers of sand
grains respectively iron free and coated with bright red iron oxide. Man-
ganese has not been seen disitributed in straight parallel banding in this
waenner at Om Bogma, but concentric diffusion rings of manganese oxide
cementing sand grains in the Lower Sandstone have been noted there. The
only other difference between the two areas is that "float" ore at Om Bogma
takes the form of fragments from 1 cm. in size upwards: there are no recent

placers of manganese rich sand(Ckap.éu,fy

Analyses quoted by Blake (1936) suow the deposit to contain higher
percentages of Cu0 (1.29%) and BaO (4%, 3.99% and 4.15% respectively for 3

samples), while P205 is less abundant (0.05% ) $han at Om Bogma,

Sturm concluded from the occurrence of the varved and bedded deposits
that the ore had a syngenetic origin, being transported and deposited in
the solid state. He attributes the concretions in clay and shale to
growth in place during compaction of the sediments, while the manganese
veinlets filling Jjoints and cracks are, he postulates, due to circulating

ground water.

From a study of these descriptions and a comparison with the field
evidence at Om Bogma 1t seems most likely that the deposits in these two
areas had a similar origin. The most significant fundamental point
appears to be the fact that in each case these deposits ere associated with
the lowest formation in the rock column that contains celcareous and clay
members, the one to act as host and the other as a barrier to rising sol-
utions. Sturm's ovservation that mangenese commorly occurs in sandstone

or siltstone below clay is important in this latter connection.

(b} The deposits of Wadi Dana.

Blake (1939, gives a very brief descripfion of these deposits. They
underlie 150 m. of purplish sandstore, which is overlain in turn by 300 m.
of red sandstone and another 300 m. of white sandstone capped by Cenomanian
limestone. Blake's detailed section at the manganese occurrence is as

follows:
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metres.,
Hed szndstone
Crits g
Hotryoidal masses of onyrolusite 3¢5
White sandstone and shales 1
Dolomite with psilomelane concretions 4
Pink dolomite with shales 12
Grit 0.5

Red mottled sandstone

An analysis of & specimen from the deposit showed the copper content
(1.80% CuO) to be comparable to that of the deposit at Wadi Menayeh, while
the baria ((.05% BaG) and phosphorus (0.16% P°O5> are lower than in the Om

o~
Bogma ore.
The manganese deposit is associated with pink dolomitic limestone

which "resembles that found abundantly in Wadi Hesa." Blake quotes the

following analysis of a specimen of this rock:

Insol. in HOC1 22.6
Co.. 32.3

z
Cal 24.1
Lgl 13.5
+in0 5.9
] 0.2
H2 2
98.6

The high manganese content is no doubt the reason for the pink colour; the
fact that a similar type of rock is found in Wadi Hess, some 40 kms. 1o
the north, suggests that manganese mineralisation may be as widespread here

2ag it is in western Sinai.

Again there is a general similarity between this deposit of Wadi Dana
aind those of the Om bogma area in the‘position and associations of the
mansanese deposits and in the minerzales of which they are composed. There
is 2 strong possibility, on the eviderce available, that these deposits had

a generally similar origin.
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(iii) Sinai and Jordan as & mencanese province.

From this review of the wider ares the picture emerges of a belt of
mineralisation ewtending from near the Gulf of Suez in the south-west to
beyond the Wadi Araba depression to the north-esst, and possibly farther
in either direction (see Mapn I). There are fundamental poinits of similar-
ity with the ore deposite of jfiorocco, where the meznganese oxides also occur
in veins within the basement rocks and associated with the lowest calcareous
marine deposits in the sedimentary sequence. There is a strong suggestion,
in the map and plen given by Bouladon wnd Jouravsky (1952 - facing p. 727,
that the distribution of the deposits at Imini ies controlled by a fracture
in much the same manner as has been deduced in the case of the Om Bogma

| deposits (Chapter G Tone possibility at once springs to mind of a more
or less continuous line of mangznese deposits stretching from western Sinail
to the Wadi Arebe veneath the Hubian Sandstone (s.s.) and the overlying

| marine Cretaceous beds.

| Whether or not this is so one may regard the wihole of southern Sinai,
the southern part of the kegev and south-east Jordan as a geochemical prov-
ince abnormelly rich in manganese. In addition to the deposits of mangan-
ese ore minerzale discussed here, and the other occurrences noted in Chapter
1, {v:, (8}, there is some evidence to suggest that some of the rocks of the

Bagement Complex contein more than average amounts of this element. The

|
|
\
|
colour of the dark purple vorphyry ("Imperial porphyry'"!, which is a common
dyke rock in parts of Sinai, is probably due to the presence of manganeseWNanﬂ.
Hdore concrete evidence is provided by an analysis of a specimen of pink
granite from Wadi Itim, near Agaba, acuoted by Blake (1936}.' This rock

contained 0.5% 1n0O (0.4% %n) which is rather high for & granite.
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COMPARARLE DZIPOSITS.
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(1)  THE MANGANESS DMPOSITS O LOROCCO.

The quantity and distribution of manganese ore deposits in Morocco,
coupled with their wvaried wmodes of occurrence and association with rocks
of many different ages, justifies the apnlicatior of the term "manganese
wrovince" to the area. The comnrehensive description of Bouladon and
Jouravsky (1952) (on which these notes are based, shows broadly similar

types of deposits and assoclations to those of the Sinai-Jordan region.

(i) General.

(s} Geological background.

The older rocks in :‘orocco consist of partly metamorphosed pre-
Hercynian sediments, with associsted igneous rocks. There =re three Pre-
Cambrian rroups and moset of the Palzazeosnic syetems are also represented.
These form a basement which is elevated and exposed in the Anti Atles and
in smaller arezs in the east and north of the country. The outcrops are
bordered by merirne sediments of .esozoic age. There were two major trans-
gressions, during Lias and Cenomanian times resnectively, the former resch-
ing to the High Atlas snd the latter overlapping it to overstep on to the
pre-Sercynian rocks of the Antl Atlas so thet in both cases the off-shore

deposits near the limits of the transgressions rest on the basement.

(b) [The manganege deposits.

<
;Y

Asg in the Sinai-Jordan erew only the oxide minerals of manganese are

represented.

Both veins and stratified denosits occur. They are classified by

Bouladon and Jouravsky (ibid) on their stratigraphical associations.
{1. Veins.

The veins are mainly in the Pre- Cembriszn III in the Ourzazate region
of the Anti Atlas, but there are also some veins associated with Palaeoszioc
rocks in the Oujda srea, N.HW. Lorocco. They are all narrow and discontin-

uous but of high tenor, execeeding 50% ..

(. Stratified deposits.

These deposgits are much lerger than the veins, but generally of a
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lower ternor. They are found in association withs

Volecanic formations of the Pre-Cambrian I1I of the 4Anti Atlas and

N . s . . .
Upper Viseen of the Ouijda region.
Continentel formations of the Permo~Trias and Cretaceous.

feritic facies of the two major transgressions.

It may be of significance that the several types of deposit tend to
occur in close geographical associstion, e.g. in the Oujds region (an srea
90 x 30kms.) all these types of deposit occur, while the nearest deposgits
outside this area (at Bou Arta) are some 200 kms. distaent, and also show
several types. These denosite will thereiowne he diccuesed here on =z
recional rather then & stretisraphical hesis, with the =mphasis on evidence
suggestive of the mode of origin of the various deposits. Whilst such a
controversial subject as ore-genesis cannot satisfactorily be decided on
a second hand acqualintance with an area certaein significant facts emerge
from the descriptions which should be taken into account when assessing

the various possibilities.

P - . .5 . ) g .
(ii) The Oujda region, I'.H. ,.orocco.

(2) Veins in the basement.

Some narrow veins occur in Gothlandian slates (schistes) at Zekkara,
but the most important ones are those of Bourdine, occurring in a mass of
granodiorite which has been intruded into the Palseozoic slates and sand;
stones. The largest of these, 200 m. long and up to C.5 m. wide, is
accompanied by minerslised frectures in the wall rocks (cf. the deposit of
Wadi el Akhdar, in Sinaii, while one mrrgin #8 often marked by a layer of
ferruginous clay. The velin material is, however, often brecciatec, with

included diorite fragments. The manganese occurs as braunite, el

[

h
alteration to pyrolusite, with & gangue of quartz, dolomite, barite and
caelcite. The red zrgillaceous sandetornes at the base of the overlying
Permo-Trias formations at both ot these olaces are impregnated with

psllomelene.
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(b} Xeds in the volcanic deposits.

~

At Glib en Nam, 35 kme. H.3.E. of Bourdine, there is a thick Tlow of
dacite at the base of the (poer Viséen, overlain by 2 sgeries of friable
tuffs with some intercalated thin lenees of coarse-grained dolomite, and
bands of silicified shale (schistes:. The ore is fine-grained braunite in
8 siliceous cement, resembling banded jasper, It outecrops intermittently
for nearly 1 k¥m., reaching & thickness of over 2 m. and is zssociated with
the tuff and silicified shale. Some cracks in the ore hesve been infilled

with white dolomite.

(¢c; RBeds in the continental facies.

At Nerguechoum, some 35 kms. wW.S.W. from Bourdine, the Eﬁsement is
composed of dacites and granodiorites with indications @znd veins of mangan-
ese., It is overlein by about 20 m. of well cemented sandy conglomerates,
followed by 30 m. of arkosic and argillzceous sandstones containing some
mineralised beds. These are covered by basalts, O - 30 m. thick, the
whole sequence being assigned to the Permo-Trias. The basalts are overlain,
either directly or with a passage of red clay between, by sandy dolomites

succeeded by massive dolomites of Liassic age.

There are two or three mineralised beds, the uppermost and thickest
varying between 0.5 m. and 0.8 1., and being characterised by an intermit-
tent roof of red clay. The manganese occurs as braunite and hausmannite
with pyrolusite and some psilomelane, in the form of friable aggregates or
veinlets in the sandstones. Calcite and barite form the gangue. Locally
the ore grades into bands and nodules of iron oxide. Apart from the pres-
ence of hraunite, and the abundance of barite (5.85% in an assay quoted)
the deposit is very similar to those found in a corvesponding type of

country rock in Sinai (Chapter 7, (i), (d) and Chapter 8, (ii), (b)).

Analagous deposits occur in these Perino-Triassic continental forma-
tions in the area between Oujda and Glib en Liam. In Jebel iahsseur iron
and manganese oxides occur in clays and red sandstones above the baszlts
and 20 m. below the dolomites of the Lias. There are also small amounts
of manganese associated with iron oxide deposits in these continental form-

ations in other parts of lMorocco.
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{d) Beds sssociated with transgressive marine formetions.

/

At Tenourat the basement (dacite) is directly overlain by 50 m. of
basalt, assigned to the Perwo-Trias. Above this basalt are some red and
green clays, 10 m. thick, with some thin dolomitic intercalations and the
lowest mineralised beds at the top. One or two metres of red beds oVerlie
thew, including a conglomerate from which some pebhles of the mineralised
beds have been reported. ilassive white dolomites appear next in the
sequence, containing the upper mineralised bed which occurs at the top of
a passage of red sandstones. The lower beds show considerable lateral
variation; onre or iwo beds may be present, from 0.1 m. to 0.8 w. in thick-
ness. The upper bed is richer and of lenticular appearance, attaining a
maximum thickness of 0.6 n. The manganese occurs as needles of pyrolusite,
generally very fine but occasionally reaching one or two centimetres in
length. White crystalline dolomite occure in fractures and cavities in
the ore. Barite is much less abundant than in the deposits not associated

with a dolomite hoet.

These deposits compare with some ores found associated with a dolom-

ite lost in Sinai, particularly in mineralogy.

(iii) Bastern region (Bou Arfa).

o veins or stratified deposits assoclated with the Palaeozoic rocks
were described by Bouladon and Jouravsky at bou Arfa, but about 70 kms. to
the south, a2t lenabha, there are several veins of manganese in & rhyolite
conglomerate. The Bou Arfe district contains the largest manganece dep-

osits associated with the rocks of the Lias transgression.

he basement is formed by ancient schists with altered intrusive
rocks, end is overlain by a detrital series more than 10C m, thick, made

up of a basal conglomerate, &nd &@rkoses and claye with lenses of dolomitic
P g 7 b

limestore. At the top of tinis series there are =some thin manganiferous
beds, 10 - 30 cms. thick, and some passage beds of impure dolomite with
nodules and bande of pyrolusite. The detrital series is followed by a

4

"dolomitic liwestone episode' whose tnickness veries from 16C m. 2t Lin
Beida (north of Bou Aris: to 30 m. ¢t Jemaraouet, 5 kms. to the W.H. .,

~

50 . at vessli Fallet, 20 kims. west of Ain Feida. The

N

ircreasin- to

following succession 1s given:
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“eds of limectone and dolomite with interbedded marl enclosing

the ore-tody of Aln Feids.

10 . Betrital facies,
10 - 2C rm., MHassive pirk Jdolomitic liinestone with watches of celcite

enclosing the ore wesses of Hanarouet,

Fal

ands of dolomite with ~uertr and mica.

Lower detritsl series.

Thie se~nence ie succeeded with =licht uncornformity by a second detritsl
series, sbout 250 m. t.ick, including oink :lays with gypsum, @rkoses
locally stained with manganese and rcorglomeraites with igneous and meta-

morphic pebbles,

To hoth ezst »nd weest these three series thin out and the limestone
disappears, Thev are overlsin by 2 continuous tormation of limestones and

dolomites attributed to the Doguer.

The tectonics of the region are complex, but the map and sections
given by Bouladon and Jouraveky apnesar to suggest that the manganese dep-

osits zre thicker on the crests of anticlines, dying out onr the limbs.

£t Hamarscouet wineralised beds occur ot the base of the limestone
series, where" beds of dolomite contain 1 cm. bands of manganese oxide.
Workable ore is Found above this in large pockets Fformed by solution slong
frectures in the messive dolomites. These masses of ore mey be up to 15 .
thiclk and 10 w. to 20 m. long, with leteral zpophyses several metres wide
penetrating into cracks in the dolowite. The edges of these nockets,
and of dolomite blocks enclosed in the ore, are lined with red clay.
{These deposits are aznalogous to the pockets of ore surrounded by residual

roek found in the massive pink dolomites of the Om Bogma district; see

Chapter 7, (i}, (&) end (iii), (bj, and “hapter 8, (ii ., (b}, The ore is

«
essentially pyrolusite and psilomelsne with local hausmannite. iron 1is
abundant, crystallised separately from the nanganese. Kernels of onyrolusite

apvear surrounded by rasdiating corcretions of goethite which has been
brecciated znd re—cemented by & lzter deposition of pyrolusite (cf. the tex-
W . N N . ' | - PN Y N
tures shown by goethite in the Um Rogma deposits, Chapter 4, (ii), (ejl.
4%t Adn Beida the deposit is more regular, being associated with the

bedded pert of the limestones. The ore occurs in ribbon-like deposits
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over 200 m. long in the crests of the tolds, The deposits nave 2 lenticular

cross section, averaging 10 1. . width and 1.5 m in thickness, but locally

they attain a thickness of § . They are connected by zones of red miner-
alised clay (cf. residual rock of Om Bogma). The roof and walls are zlso
lined with clay. The iron and menganese do not occur in separate crystals

gs @t Hamarasouet.

At Yen Zireg, about 80 kms. to the south of Bou Arfa, there are indic-

atiorns of manganese in sandstones of (retaceocus age.

(iv) The Ouarzazate and Imini-Tasdremt region.

To the south of Ouarzazate there is an arez, 9Ckms. from east to west
and 50 kms. from north to south, in which there are great numbers of man-
ganese veins in the formations of the FPre-Cambrian 1I11. To the west of
Cuarzazate this area 1is bordered by & line of ore deposits associated with
the rocks of the Cretaceous transgression, stretching frowm Imini in the

east to Tasdremt in the west.

(a) Veins in the basement.

The Pre~Cambrian III of this area is made up of a series of rhyolite
and andesite lavas, and thick conglomerates and agglomerates, sometimes
cemented with dolomite. Locally the volcanic series is terminated by
tuffs and red shales with lenses of dolomite. liogt of the veins occur in

the lavas, and = few in the conglomerstes, which neve & smaller area of

outcrop. There are also rare indications in the granites and sandstones
of the Pre-Cambrian II. The veine are neerly vertical, with variable
strike, the most common trend being to the north-east. Post-~umineralis-

ation fractures are very common.
Two types of vein are recognised:

1. Lenticular, with a dolomite gangue. 4 vein at Taourat is over 200 =u.
long and locally 7 wm. wide, with & proved depth of more than 40 m.;
this is rather larger than the average. Dolomite is abundant, being
partielly replaced by braunite. Uryptomelane and pyrolusite also
occur and hausmannite is found in the dolomite. Iron oxides (haem—

atite and goethite) appear in quantity in some veins. Luartz,

calcite and a little barite slso occur in the gangue.
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2. Narrow and continuous veins, without dolomite. These generally
appear in swarms. They are of variable dimensions but always
narrow, rarely up to 1 or 2 m. in local swellings. Hanganese
occurs mainly as braunite, and sometimes as psilomelane, with a
sparse gangue ol bvarite and occasionally also of qguartz. At the
margins the ore 1ig brecciated, with inclusions of country rock.
The wall rocks are fractured, containing deposits of ore minerals

and gangue in the cracks.

lio veins of manganese minerals outcrop in the Cambrian rocks which
cover a large part of the area, hence tne veins are probably of Pre-Cam-

brian age.

(v) Beds in the volcanic tormations of the Pre—Cambrian III.

The Pre-Cambrizn II1 &t Tiouina begins with a2 200 m. thickness of
rhyolite end andesite lavas, followed by the deitrital series and a series

of red tuffs with the following succession:

Beds of dolomite
Sandstones and conglomerates

. . \
- - - Bese of Georgian (G.Choubert:

200 m. Red tufis, with narrow siliceous wineralised beds at the
base.

20 . Barren conglomerates
Red micaceous tuffs with beds of ore, averaging 0.5 - 1 m.
thick.

Breccia with angular rhyvolite fragments and thinner
intercalations of microbreccia.

200 m. Lavas

The lower mineralised zone outcrops for a distance of 800 m. from
north to south, with 2 dip to the east of zabout 350. The number and
width ot the beds is very wvariable; the maximum number is fourteen and the
greatest individual hed tnickness is 4 . There are numerous small faults.
The ore passes laterally into the red tuffs, which often form the roof of
the ore beds, and also conteins quartz greins and fragments of lava showing
replaceiient phenomsna. Loczlly the ore consists of a rhyolite breccia,
with a cement of dolomite partially replaced by menganese minerals.

Barite 1s present as guangue. The ore shows variable zmounts of silica
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N

(1.75 - 10% $i0,)}, bariz (1.9 - 13% Ba0), votash (trace - 5%} and lead

(0.5 - 29, The principal ore mineral is braunite; psilomelane, crypto-

TN

melane, pyrolusite and coronadite also occur.

At Higouden, 4 kms. north of Tionine, the succession is similar but
there are fewer wminerelised heds and these are situated in the conglom-
erates and the tuffe. The Pre-Cambrisn TIT outcrons again to the east on
the opposite limb of » =vyncline, "nd =2t Offremt, 7 kms. to the east of
Tiouine, there are tour nmineralised beds outcropping over a length of 40C mn.

in a series of rhyolite conglomerates with intercalated red tuffe.

(¢} Beds in the Middle Cretuceous transgressive merine formations.

The Cretaceous bheds in thie regiorn rest uncorformanly on a basement
of Pre-—Cambrian valcznic rocks, Lower Pelaeozoic slates (eschistes) or Permo-
Trisssic sandstones. 4 series of conglomerates, sandstones and red clays,
about 10 m. thick at Imini and thickerning to the north, are succeeded by

about 10 n

. of dolomite of Cenomanian-Turcnisn age, containing the mangan-—
ese devposits.. This is overlain by a thick red sandstone series with inter-—

calations of red gypsiferous clays and some limestones, of Senonian age.

[

In the Imini srea ore deposits outcrop in & narrow, nearly straight,

T

line more then 25 kme. long, striking in &en E.7.4. direction from Tazoult

to Tamdakht. Parther to the east there are indications in the neighbour-
hood of Skoura, (100 kms. ezst of Imini'., The lateral extent of the ore

in a north-south direction is very restricted, the width of the devosits
hardly ewceeding 400 mn. At Bou Tzzoult there ise an apparent duplication
of this narrow line of deposits, but even sgo the total width of the mineral
zone is less than 1000 n. (This remszrkable alignment of the manganese
deposits is much more siriking than that noticed in western Sinai, see
Chapter 10, (i), (b) and (™). The quantity and auslity of the ore at

any place besrs no relation to the nature of the underlying basement.

The principal minsrazlised beds (C1 and Cg) are slways found in the
"passage" from the lower sandstones to the dolomite.. In its lowest beds
(about 1 m. thick) the dolomite contains detrital quartz and occasionally
feldspar and muscovite. The higher beds of dolomite #re white or pink,
generally very pure and only slightly fossiliterous {(ci. the nearly pure
pink dolomites of western Sinai}. Towards or at the top of the dolomites
0 - 40 cms. thick, but sometimes

there is a third mineralised bed (C

oY
)

(9]
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broken up and re-cemented together with detrital dolomite. The=e rocks
have been affected by a series of folds of 20 - 30 m. amplitude, either
with an B.I.8. trend (rnarallel to the elongation of the ore beds} or trend-
ing E.5.8. Enrichment of the mineralised beds does not appear to be a

result of this folding.

The two lower beds are regular with a combined thickness varying up
to 2.5 m. They are always immediaztely overlain by a 10 cw. layer of red
sandy clay (cf. the "roof chale' of the Om Rogma deposits, Chapter 8, (i},
(d4)) with many extensions into the ore suggesting that it is in the nature
of a "residual" from the solution ot the dolomite and its partial replace-—
ment by manganere oxides. The floor, even where it is of dolomite, is
very regular and only occasionally contzins manganese minerals filling
cracks. The northern limit is defiinite § . passing from rich core to
barren dolomite in 20 m. To the south the two beds coalesce and thin out,

passing progressively into sandstone imvregnated with manganese oxides.

The ore is principslly composed of pyrolusite, with veins of psilomel- -
ane associated with coronadite (the & mangenese dioxide containing lead).
The upper parts of the beds are formed almost entirely of concretionary

coronadite. Analysis showed 0.30% PbO in a sample from Bou Tazoult.

To the west of the Imini group of outcrovs the liddle Cretaceous
deposits have been largely removed by erosion, but some remnants hzve been
preserved at Haut Tidili and Tifnout showing a poorer mineralisation in

thicker dolomite.

FParther to the west the beds again outcrop, over a length of 15 kms.,
at Tasdremt and Aufour. At Aufour they occur in a basin, 3 x 6 kms.,
with the mineralisation being strongest at the rim and decreasing towards
the centre. The ore here is remarkable for its tenor in lead, which is
of the order of 6%. 'tie principal bed (from 0.5 to 0.8 m. thick and rich
in lead, is at the top of the dolomite series, cf. the C3 bed at Imini.

There 1s another bed at the base which corresponds to beds T, snd C_.
<

1
The top of the dolomite series locally resembles a breccila, with anguler
fragments of dolomite in a dolomite cement. (This may be analagous to
tue "solution breccia' often seen at Gm DBogma, with secondary dolomite,

see Chapter 7, (iii),.(b) end (iv), (a)j.




1%,

The overlying sandstone series is composed of arkosic sandstones
and conglomerates with rare red clays. The conglomerates contain pebbles
derived from the Cretaceous dolomites, and even from the mineralised bed,
examples of the latter being cited at Tasdremt with two conglomerate heds

situated ahove the principal ore bed.

At Tasdremt the upper psrt of the ore bed is the best mineralised
and contains vugs lined with barite. The top is irregular and immediately
overlain by a roof of sandy material with nodules of manganese oxides and
pieces of impregnated dolomite. The lower part of the bed is often formed
by three [ine bands of mangsanese oxides in yellow dolomite. The dolomite
floor is regular and impregnated with diffuse epigenetic oxides. In the
Aufour bhasin and at Tiranimine some fragments (1 - 5 cms. across' of
concretionary coronadite are found embedded in a reddish sandy cement at the
top of the ore bed. Sometimes the entire hed 1is in the form of a breccies
with very angular fragments. {But for this angularity this deposit would
resemble the nodular and concretionary deposite of ore minerals found near
the houndaries ot the bigger ore bodies in the Om Bogma district, Chapter 7,

(i) ana (iii), (bi).

The ore in this western area is composed essentially of psilomelane

and coronadite, Both the ore a&nd the dolomite with which it is =associated
cortain 5 — 10% detritasl cusrtz and occasionally sowne keolinised feldsnar.

v

(v) Idixel.

Situsted in the Anti Atlas sbout 120 kms. south-west of Tasdremt,
Idixel forms the south-west corner of the loroccan manganese province.

The Pre-Cambrian 111 presents &n unusu=l facies in this ares, the rhyolites
are absent and the seriés is represeﬁted by =chiste, sandetfones snd conelom-
erates with rltered tuffs, Tdikel is at the edge of & basin where the
whole senuence of the Pre-Cambrisn III hardly exceeds 50 m. in thickness.

The following succession is givent

~

Conrlomerates (hase of the Georgian).

20 . White tuffs, altered to =e¢ricite-schists with thin intercal-

ations of sandstones and con~lomerates

7= 5 . Pine red sandstore containing some fragments of volecenic glass,

and enclosing the ore heds and some intercalations of dolomite.
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White tuffs, altered to sericite-schists,

15 - 20 m. Massive breccia of schist and quartzite.
Schists (Pre-Cambrian I1).

The principal ore-bed outcrops intermittently for a distance of 2 kms.
with a width varying between 0.2 m. and 2 m. In the central parf of the
outcrop, where the width is greatest, there is a second bed 0.2 - 0.4 m.
thick above this. Towards the extremities of the outcrop a third bed some-
times appears above the second. At its lateral limits the mineralisation

becoies more diffuse and merges into barren sandstone.

The following data are reported from a recent investigation of a
suite of specimens provided by ifr. Donald Gill. This inftormation is
included by the kind permission of Iergusson Wild & Co. Ltd., through the

good offices of Hr. Gill.

Hear the surface the ore is soft and friable, being comnosed of small
nodules, a few millimetres across, of manganese oxides with tiny rounded
and angular grains of quartz and other minerals, most of them cloudy with
decomposition and all ccated with red ard brown iron oxides. . The richer
ore occurs as larger spongy masses apparently formed hy the leaching of a
soluble component of the rock leaving a porous residue of manganese oxides.
Relow the surfece zone the ore is a hard mass of braunite, ankeritic dolom-
ite, brown mica and barite in varying proportions. A little pyrolusite
is also present. The soft ore seen at the surface is clearly =z residual
deposit, or "manganese hat", resulting from the solution of dolomnite,
and possibly some of the mica, ifrom the hard ore. The soft ore extends
for about 100 m. from the outcrop, measured along the dip, which is about
20° to the east. It can also be seen in small patches at greater deptih,

agssociated with fractures.

kianganese occurs in the hard ore almost entirely as automorphic
braunite, which has been. identiflied in reflected light by its crystal form,
comparatively low reflectivity and very weak anisotropy. The identific-
ation was confirmed by means of an x-ray powdel photograph. In the coarser
parts of the bed, up to 1 mm. in grain-size, ankeritic or manganese bearing

dolomite (refractive index n0O =~ 1.690) can be seen to have partially re-
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placed the braunite, leaving embayed crystzls, "atolls" and residual rims

showing the -automorphic outlines of braunite. This dolomite also occurs
as veinlets in the rock, while larger veins (2 - 3 cms. wide) consist of
surer dolomite (n0 == 1.675). Barite can also be seen in the hand specimen

as greenish crystalline layers (nﬁ == 1.645) on some joint faces.

A specimen from the floor of the ore bed showed a fine-grained lamin-
ated texture. Layers up to 1.5 mm. thick ot granular quartz, dark brown
mica and a little carbonate up to 0.1 mm. grain size are interstratified
with rather intermittent layers of a fine to coarse-grained opague ore
mineral associated with dark mics, barite and a little plagioclase. In
other specimens the coarser ore and gangue mixture cuts across the fine-

grained layered part of the rock, apparently replacing it.

The rock of the ore bed has undergone a number of phases of alter-
ation since original deposition. It is rnot considered possible on the
evidence examined to deduce the precise nature of the original rock. An

epigenetic origin for the manganese can by no means be ruled out.

(vi) Comparison with the Sinai deposits.

(a) Pointe of contrast.

The volcanic formations (tuffs and agglomerates) of the Pre-Cambrian
111 and Upper Viséen of liorocco are not paralleled by any similar depositsv
in Sinai, hence there can be no comparison of the two regions on the

basis of manganese deposits associated with them.

The vein deposits of siorocco are far more numerous than those of
Sinai and Jordan, and here the difference is reflected in the country
rocks with which the veins are associated. tiost of the veins of the
Cuarzazzte region of kiorocco are ifound in lavas, a few occur in conglomer-
ates while there are rare indications in granites and sandstones, the types

of lithology moset widespread in Sinai.

LT

There is another difference in the mineralogy of some of the deposits.
Brzunite isg the predominate mineral in most of the Moroccan veins and also
in the deposits associated with continental formations, but it wes not
recognised in the Wadi el Akhdar and has not been renorted from any other

deposit in Sinai.
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The reported presence of conglomerates above some of the ore beds
of XMorocco containing pebbles derived from the ore is in striking contrast
to the situation in Sinai, where no conglomerates are found directly above

any of the kriown ore occurrences.

(b) Points of similarity.

In both areas there is & generally similar succession of continental
formations, principally sandstones, with intercalations of transgressive
marine beds overlying an ancient basement which in the immediate areas of

the meneanese denosite 2t lezst is comvosed #lmost alw

vs of dgneous or
metamorphic rocks. Taking the reglons as a whole we find that the ore
depoeits are not coniined to one formation, or to rocks of any narticuler
ages: in Sinai and Jordan the ores occur in the basement and associated
with merine trensiyressions of Cambrian {Wadi Dana} and Carboniferous (Om
gma§ #pges, while in orccco they also occur as veins in the bacement and
associated with two merine transgrecs:ions of different ages. In every case
of an ore deposit agsociated with a merine transgression it is zalsgo true
thet the ore occurs in the lowest marine formetion above the basement, and
usually in the lowest {(original) csrbonate rock; it mey be thet the latter
point is of more significance than the former. In neither region, however,
is the ore confined to one particular facies; there zre occurrences in

continental and non-carbonate rocks in both regions.

In specific areas we find, both in Morocco and in Sinai and Jordan,
that where ore depnosits are present zt one horizon there are usually also
indications of mineralisation at otlier levels and in rocks of very different

age in the same genersl area,

There 1s a generel similarity in the mwineralogy of the deposite in the
two provinces, spart from the occurrerce of braunite in iorocco. The man-
ganese 1s alwayé found in the oxide form, and there 1s no evidence whatever
in either case that it was not originally deposited as the oxides. The
agsocliated gangue minerals too are sinilar, namely barite, dolomite, calcite
and quartz. Copper and lead show a slight, and sometimes considerable,

relative concentration in the ore deposits as compared with the sverage

proportions of these elements in the crust.

Replacement phenomena have been noted wherever a dolomite or lime-—
stone host has manganese ore minersals associated with 1t. The general

prevalence of a roof of red shale or clay separadting the ore from the over-—



lying dolomite should also be noted here. The frequent presence of a
pink colour in dolomite close to ore deposits is another common factors

this has been noted at Bou Arfa and Imini, and at Om Bogma and in Wadi Dans=.

There 1s a noticeable association beitweern the distribution of ore
and structural features in some of the :(oroccan deposits, as there is in
Sinai. This 1e most striking in the Bou Arta area, but the shape and
orientation of the Imini deposits is also very suggestive, especially
when taken in conjunction with the strike of numerous wveins of barite in
the Lower Palseozoic slates outcropning tetween Sainte Barbe and Rou
Aggioun. There is also the fact that the subsidiary line of deposits to
the south of Kou Azzar closely follows a fault, (see the map end section

given by Rouladon and Jouravsky (1952), tacing p. T72).

Lastly there is the apparent association between the manganese dep-
osits and the emplacement of basic igneous rocks. Westerveld (1951) has
emphasised the proximity of these deposits in parts of ¥orocco, and has
deduced a genetic connection between them. In western Sinai the assoc-
iation of the larger ore deposits with the Om Bogma dyke appears on the
surface to be coincidental (Chapters 9 and ll,I(i), (e)i, but it wight
possibly have a deeper significance. Blake (1939) noted the presence of
"a small extinct volcano ...... connected with a fault of pronounced struct-

ural features" in the area of the Wadi Dana manganese deposit.

(vii) The origin of the Moroccan manganese deposits.

The theories advanced to explain the genesis of these deposits are
numerous and varied, there veing & tendency for most workers to support e
sedimentary origin for the stratified deposits and to explain discordant
features and replacement phenomena in them by subsequent solution and re-
precipiltation. It is not proposed to discuss the pros znd cons of the
various theories here, or to propose & new hypothesis, but the foregoing
comparison with the deposits of the Sinai and Jordan region will have shown
the close similerity of the deposits as a whole and that between corres-
ponding individual deposits. This suggests that the possibility of =
common mode of origin for deposits of like nature in both of the regions

deserves careful consideration.

In particular the deposits of Imini and Om Bogma, which contained the



bulk of the ore in their respective provinces, are closely comparable

from this point of view. It has @already been noted that the remarkable
alignment of the deposits, which is so suggestive of a structural control
of deposition, is much more precise at Imini than in the Om Eogmg district.
1t & hydrothermal origin were to be proposed for the Imini depoéits this
difference could be readily explained by the difference in the thickness
of the sandstone between the basement and the dolomite host rocks. This
sandstone is only 10 m. thick at Imini as opposed to 120 m. at Om Bogma.
At Imini this lower sandstone locally rests on “"Permo-Trias" basalts

which overlie the basement, but for this zrgument the effect is virtually
the same as if the sandstone were resting directly on the basement. In
the Om FBogma district the hydrothermal solutions are supposed to have been
confined to the fractures in the basement rockes but to have percolated
through the rock on reaching the porous sandstones, spreading outwards and
awzy from the fractures to a greater or lesser degree. By arnalogy the

departure from the structure lines would be muchk less in similzr circum-

stances a2t Imini.
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(2) TH® MANGANESE AND IROF ORKE DEPOSITS OF POSTHASBURG, UFION OF

SOUTH AWRICA.

These deposits outcrop in and around the Gamagara Hills, in northern

Cape Province. The geological succession 1s as follows (Boardman, 1952) ¢
Quartzites
Shales Gameapara Series - Hatsap System

Conglomerates

Erosion and sirong unconformity

320 m. Various Upper Griacuatown beds

1600 im. Andesitic lavas - #iddle Griquatown Transvaal
Thin tillite bed l.ower

660 m. Handed ironstones and jaspers} Griguatown System

13C0 m. Dolomite Series

The erosion of the Transvaal System along a . - S. anticline in the zrea

north of Posimasburg exposed large areas of the Dolomite Series hefore the
deposition of the Gamagara strata. A zone of overthrusting extends north
and south through Postmasburg and zlong the Gamagara Hills., The lowest
thrust fault in particular hae resulted in the formation of thick and var-—
iable breccias where dolomite forms the sole of the thrust. Two distinct
types of breccia are present. The lower of these, known as the "manganese
marker'", is in contact with the dolomite and coneists of a leached and
silicified thrust feault gouge with pockets of high grade and siliceous
marigenese ores. The higher breccia pnase, called the "hHlinkklip breccial
is composed of brecciated Lower Griguatown banded ironstones. Subsurface
solution of the dolomite floor has resulted in the slumping of large masses
of the breccias, tongues of manganese ore descending into the dolomite in
many places. Huge masses of haematite, Torming high grade iron ore also
occur associated with the thrust zone, as replacements of the lenses of
basal conglomerates and the shales of the Gamagera Series, or replacing

the "Blinkklip breccia'. The reserves of these iron ores are estimated

at 1000 million tons (Boardmen, ibid.,.

The ores outcrop in an almost continuous line along the Gamagara
-

Hills from Beeshoek, near Postmasburg, to Sishen, about 60 zms. to the

north. Beyond Sishen the zone of overthrusiing is hidden by superficial
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deposits, but the mineral deposits appear to continue, zs there is another
outerop of iron and mangenese ores at Black Rock, 112 kme. north of Sishen.
To the south of Beeshoek the ground is rather better exposed, but only an
isolated outcrop of iron ore at Koedoeskloof, B8 wme. {rowm Fostmasburg, is
reported. To the west, at Aucempsrust and Kameelhoek the ore zone is
brought up in an anticline within a tectoric window, while to the east,
particularly in the ¥lipfontein or Freccia Hills, there are several eros-

ioral remnants of the sheet-like ore zone.

Tne manganese ore 1is massive and hard, composed essentially of
pyrolusite, manganite and bixbyite, with wad, rhodonite, barite, diaspore,

lithiophorite and opaline silica.

Du Toit (1933 & 1954, interpreted the manganese ores as hypogene
replacements of chert, breccia, conglomerate or shale by waters bringing
up manganese and iron through solution of the supporting dolomite (cf.
Ball's hypothesis on the origin of the Om Bogma ores, Chapter 11, (i), (b)).
The Dolomite Series of the Transvaal System commonly carries small wnropor-
tions of manganeus carbonate, and weathering of the rock in various places
has led to the formation of manganiferous eartn or to the production of

lateritic manganese ores (Du Toit, 1954;.

Boardman (ibid) noted =z tendency for the Gamagara snales to become
impregnated with, or altered to, manganese ore where they are in contact
with dolomite, and to form iron ore bodies where they overlie or iave been
infolded into the banded ironstones. He confirmed the hypothesis of meta-
somatic replacement and enrichment for the origin of the iron ores, but he
could see no sign of an abstraction of iron from the banded ironstones and
so corcluded that iron was introduced from an outside source. He suggested
this might have been derived from iron-bearing rocks in the region (includ-
ing the Dolomite Series! by weathering in the period following the post—
iWateap orogeny. In particular he stressed the intense oxidation which

accompanied the mineralising processes.

This mecharnism is not altogether satisfactory since it appears to
require solution of tne metals at the surface, wihere they were partly in
the torm of carbonate and therefore in the reduced state, followed by
transport underground and eventual deposition in strongly oxidising condit--

ions below a shale Tormation which is supposed to have forimed & '"trap'".
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Strauss (1952) c¢isputed the above interpretation of the structure,

preferring to regard the so-called thrusts as normal faults with post-

humous movement in the reverse direction.

secondarily enriched deovosits formed by the

from originally iron-rich sediments.

Du Toit's hypotnesis of connentration
preferable for both iron 2nd manganese, but
consideration of the enormous quantities of

of these metels may heve tormed ar integral

thermal solutiones.

from & genetic point of view,

with those of

He regarded the ore-bodies as

removal of eilica and alwsina

by hycdrothnermal agernciles 1is

it seems likely from a brief
trnat part at least

ore present

part of the origiwnal hydro-

These devosits would thus become directly compsrable,

Om Bogma.
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