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ABSTRACT 

Phosphatic Limestones and Phosphorites outcrop extensively on the northwest 

African continental margin. Off Morocco these are Upper Cretaceous, Eocene 

and Miocene while off the Spanish Sahara they are Lower Pliocene. Cessation 

of Phosphorite formation after the Pliocene may reflect climatic and attendant 

sedimentological changes. The Oligocene appears to have been, over the entire 

region, a period of uplift and erosion which may relate to postulated cess-

ation or slowing of Atlantic seafloor spreading. 

Phosphatic surficial sediments, always found in the vicinity of rock outcrops, 

are concentrated in a shelf edge belt and in patches on the shelf. Phosphate 

is concentrated in sand sized detrital grains of phosphorite and forms, in 

effect, placer..type concentrates. There is no relation between sediment 

phosphate and upweIling of nutrient-rich water. The sands are relict from 

low Pleistocene sealevel stands and are in part buried by a later silt blanket 

prominent at mid shelf depths off LAprocco but absent from the Sahara. Diff-

ering phosphatic facies are defined using multi-element geochemical mapping 

techniques. 

The presence of a widespread Recent authigenic iron-manganese mineral phase 

among relict sands in regions of low organic productivity is disclosed mainly 

using geochemical techniques. Glauconite is locally forming within the 

sediments but much is undoubtedly detrital. Quartz is the only major 

detrital mineral phase. 

The uraniferous character of the phosphatic rocks and sediments permits 

their detection by submersible scintillation counter. 

The economic viability of these deposits is suspect owing to the low grade 

of both rocks (usually 20% P205) and sediments (usually < 57. P205) and 

their concentration mainly at water depths „:2.-300. 
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INTRODUCTION 

Submarine phosphorites were initially found as nodules on the Agulhas Bank 

off the South African coast during the Challenger Expedition of 1873-76 

(Murray and Renard, 1891). They have subsequentally been reported from 

many parts of the globe and are widely regarded as being of considerable 

potential economic interest particularly in regions adjacent to developing 

countries where onshore phosphate deposits are rare (Nero, 1965, 1966; 

McKelvey, 1963, 1967; Tooms, 1967, a and b; U.N. Secretary-General Report, 

1968; Overall 1968, a and b). Despite this encouraging interest very few 

offshore phosphate deposits have been systematically investigated in any 

detail; the particularly well studied examples are those off the Californian 

coast (Dietz, Emery and Shepard, 1942, d'Anglejan 1967) and off South Africa 

(Cayeux, 1932, Parker, 1970). 

Phosphorite is a general term used to describe sedimentary deposits of marine 

origin composed mainly of carbonate-apatite, a calcium phosphate mineral 

which forms authigenically in shallow water marine environments. Usually 

phosphorite pellets or nodules are found in water depths less than 1000m 

on offshore banks, continental shelves and marginal plateaux in regions 

where sedimentation is very slow or negligible. Continental shelf phosphor-

ites are generally pelletal; deeper deposits are nodular or massive. 

Geographically they appear to be most concentrated along the western coasts 

of continents, and lie more or less between the 40th parallels (McKelvey, 

1963, 1967; McKelvey and Chase, 1966; Sheldon, 1964), but it must be 

stressed that the recovery of marine phosphorite and its identification are 

quite accidental and this distribution may be apparent rather than real 

(van Andel, 1965). Of particular interest is the association of known sea-

floor phosphorites with regions of upwelling nutrient rich currents9  espec-

ially noteworthy where upwelling phenomena are associated with current 
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divergence (Kazakov, 1937; Macpherson, 1945; Brongersma-Sanders, 1957; 

McKelvey, 1963). Owing to the prevailing global hydrospheric and atmospheric 

circulation patterns, divergent upwelling occurs mainly on the west coasts 

of landmasses in the middle latitudes where McKelvey (1963) reports the 

most extensive phosphorite deposits and it was widely thought that these 

oceanographic phenomena and authigenic phosphate mineral formation were 

causatively related. Paradoxically, although there is an observed associa-

tion between the occurrences of sea-floor phosphorites and the phenomena 

associated with upwelling currents, most of the phosphorites are not in 

fact geologically young. 

As is well known the western coast of north Africa is a region of active 

divergent upwelling, the intensity of which increases south from Morocco 

towards the Spanish Sahara, and which is attributed to the influence of the 

north-east trade winds (cf. Jones and Folkard, 1968, Defant, 1961). Phosph-

orites were first reported from off the Moroccan coast'near Safi by Murray 

and Chumley (1924) and anticipated on an extensive scale by McKelvey (1963, 

1967; McKelvey and Chase, 1966). However, nothing was known of the nature, 

distribution, age or origin of these deposits, nor, for that matter, if 

they were authigenic deposits more or less in situ or detrital deposits 

derived by erosion of the extensive phosphorite deposits known inland in 

both the Spanish Sahara and Morocco. Bearing in mind the logistics problem 

involved in investigating any further distant deposit it was decided that 

the long term potential economic interest justified a detailed investigation 

of this supposed deposit, and should also contribute knowledge which might 

aid in the exploration and clventual exploitation of other deposits in econ-

omically more favourable locations. 

It was also hoped that, were Recent phosphorites to be found in this environ-

ment, as might be expected from a situation where divergent upwelling of 

highly productive water occurred off moderately arid coasts where Recent 
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detrital sedimentation was expected to be low or negligible, that the 

poorly understood mechanisms of authigenic phosphate mineral formation 

might be studied. 

The geochemistry of present marine phosphorites has rarely been considered 

but in view of the potential use of these rocks in the manufacture of fer-

tilisers and elemental phosphorus, and also because of the feasibility of 

the by-product extraction of vanadium (Krauskopf, 1955), uranium (Barr, 

1955), fluorine (McKelvey, 1967) and the rare-earth elements (Ryabtchikov, 

Senyavin and Skylarenko, 1958) the geochemistry of these samples is of more 

than academic interest. From the petrogenetic viewpoint the possibility 

that the major and minor element geochemistry of phosphorites will reflect 

the milieu from which they formed makes appraisal of the geochemistry of 

phosphorites essential and accordingly it was decided that a reconnaissance 

geochemical survey of the phosphorites should also be undertaken. 

Because, at commencement of the project in October 1967, very little was 

known of the marine geology of the northwest African continental margin, 

this survey could not be confined merely to phosphate distribution but had 

to first establish the regional geology and structure as well as the nature 

of the sediment cover. As a result the present work represents a reconnai-

ssance geological and geochemical survey of the submerged part of the north-

west African continental margin in which special emphasis is placed on the 

nature and distribution of phosphatic rocks and sediment. In principal the 

project objectives are:- 

1) to define the regional sedimentation patterns and establish sediment 

facies distribution using sedimentological and geochemical techniques; 

2) to determine the nature and distribution of phosphatic sediment compon-

ents with particular reference to the possibility that they may presently 

be forming; 
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3) to determine the geological structure of the continental margin and 

define the structural setting of outcropping phosphatic rocks; 

4) to determine the age and petrography of different phosphate-rock facies 

and ascertain their origins; 

5) to investigate the geochemistry of phosphatic rocks with a view to 

establishing the physico-chemical conditions under which they may have 

been deposited; 

6) to assess the economic potential of offshore phosphate deposits and to 

investigate different prospecting methods with a view to speeding up 

the presently laborious exploration techniques of classical oceanography. 

In order to achieve these broad aims, the writer planned a series of reconn-

aissance traverses each some 60 miles long oriented at ninety degrees to 

the coast, and about 100 miles apart along an 800 mile stretch of the north-

west African coast between Rabat, Morocco, in the north, and the northern 

Mauritanian border in the south. Seven traverses were successfully completed 

from R.R.S. John Murray in January and February 1968 (Fig. 1). Dredge 

samples were collected from depths between 28 and 1300m in areas where 

previously obtained continuous seismic reflection profiles indicated prob-

able outcrops of bedrock. In addition, unconsolidated sediment samples were 

collected at intervals along the traverses across the whole width of the 

shelf and parts of the upper continental slope. A total of twenty rock and 

103 sediment samples were obtained from the seven traverses. As reported 

by Tooms and Summerhayes (1968) a number of phosphatic limestones and phos-

phorites were discovered, and were found to be particularly common off south 

central Morocco between Al Jadida and Agadir where they were associated with 

apparently placer type phosphatic sediments. 

In view of these general findings it was decided that the area likely to 
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Location of reconnaissance sampling traverses across the north- 

west African continental margin : 1968 R.R.S.John Murray cruise. 
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yield the most phosphatic material for detailed follow up study was the 

Moroccan coast between Al Jadida (Cap Blanc) and Agadir. Accordingly the 

writer drew up a second cruise plan designed to allow detailed sampling in 

the immediate vicinity of those traverses which had yielded numbers of 

phosphatic samples, and further more closely spaced reconnaissance traverses, 

at about 20 mile intervals, along the entire Moroccan coast between Agadir 

and Rabat between which limits the onshore Cretaco-Tertiary phosphatic 

province is contained. 

Nineteen continuous seismic reflection and sampling traverses were success-

fully completed from R.R.S. John Murray in January and February 1969(Fig.2a). 

Initially the present project was restricted to a study of Saharan traverses(2b) 

and themuthernmost group (numbers 1 - 8) of Moroccan traverses between Safi 

and Agadir. The tlouth Moroccan group of samples containing glauconitic 

sediments and a notably glauconitic facies of phosphorite, differed distinct-

ly from the north Moroccan group studied contemporaneousely by Nutter (1969, 

unpublished D.I.C. thesis, University of London). There are also profound 

differences between the geological structure of the two regions, the south-

ernmost being within the High Atlas zone, the northern being in the realm 

of the stable Moroccan Meseta, which made this division of effort desirable. 

Following completion of the preliminary survey of structure, sediment tex-

ture and sedimentary phosphate distribution off north Morocco by Nutter 

(1969) the present study was expanded to complete the regional petrographic 

survey of phosphatic rocks and the regional geochemical reconnaissance 

mapping of superficial sediment along the entire Moroccan coast. 

The sampling techniques and equipment used being standard, and previously 

described in detail (cf. Nutter, 1969, and for a discussion of the free-fall 

coring technique, Glasby, 1970), they are not described in this work. 

Results of these investigations are presented in two main sections. In 
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section (1) the superficial sediments of the northwest African continental 

margin are examined. The sedimentation history is deduced and the distrib-

ution, character, provenance and dispersal of phosphatic components is dis-

cussed. The facies distribution of non-carbonate (priicipally detrital) 

sediment components is determined using geochemical techniques and the 

distribution of different facies is discussed in relation to the genesis of 

the phosphatic deposits. 

In section (2) the geological structure and development of the northwest 

African continental margin is discussed in relation to the age and distrib-

ution of phosphatic rock samples. The petrographic character and geochemistry 

of these samples is examined to ascertain the environmental conditions under 

which they may have formed. The genesis of marine carbonate-apatite deposits 

is reviewed and, finally, a successful investigation into the potential of 

scintillation counting as a remote sensing prospecting method for subsea 

phosphate deposits is described and the economic potential of the phosphatic 

deposits is discussed. 

Except in the case of certain indicated routine analytical work carried out 

mainly by the technical support staff of the Applied Geochemistry Research 

Group, Imperial College, or by other laboratories, this thesis embodies 

entirely the result of the writerts own research or observation. 
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CHAPTER I  

SEDIMENT TEXTURE AND MINERALOGY 

1.1 	Introduction 

Textural and mineralogical characteristics 	some northwest African shelf 

and slope sediments have been broadly iavestigated in order to establish 

the regional pattern and history of sedimentation in this region. Some 

knowledge of the regional framework of sedimentation is desirable to aid 

in the interpretation of the distribution and origin of the sedimentary 

phosphate discussed in Chapter 2. Moreover, the sediment characteristics 

must be known if the extent and character of the phosphate deposit is to be 

calculated in terms of economic potential. First the distribution of diff-

erent sediment types is assessed, then the mineralogy investigated broadly 

in terms of the regional and intra-sediment distribution of the major mineral 

phases which are biogenic skeletal debris, detrital mineral and rock frag-

ments, and glauconite. Finally, some clues as to the physico-chemical 

conditions of the environment which may be of relevance to authigenic apatite 

formation are obtained from observations of sediment colour, redox potential 

and organic carbon content. This study is concerned with detailed analysis 

of selected samples and general analysis of all samples from the study area. 

All total samples are at present the subject of detailed textural and miner-

alogical studies by Dr. J.D. Milliman of Woods Hole Oceanographic Institution. 

Previously published sediment reconnaissance studies on the shelf off 

Casablanc., by Matthieu (19C8), between Cap Rhir and Cap Juby by Navarro 

(1947), between Cap Juby and Cap Bojador by De Llarena (1950) and between 

Gibralter and Cap Blanc in the Spanish Sahara by McMaster and Lachance (1969) 

have assisted in the interpretation of these new data. Admiralty records 
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are the main source of data for the continental slope. 

In broad outline, mixed carbonate-detrital sands and some muds prevail on 

the Moroccan shelf, carbonate rich sands on the Saharan shelf, and muds 

and bio?enic oozes on the continental slope. 

1.2 	Analytical Methods 

Sampling and analytical methods arc described in detail in Appendix 1 and 

only a brief resume is given below. Samples were collected using Shipek 

grabs, pipe-dredges, piston corers, gravity corers or free-fall coret.c. Dredges 

were used where rugged topography was indicated on echo-sounding traces and, 

with cores, on the continental slope for sampling at depths where grab sam-

ples were likely to wash out during retrieval. Cores were collected only 

from the continental slope. 

Textural analyses of selected samples were effected using standard techniq-

ues in which the distribution of sand sized components (>63j) was deter-

mined at 1 phi intervals into Wentworth grades by dry sieving, while silt 

and clay were determined by a settling tube method. Pebbles and shells 

coarser than 1 cm diameter were not included in these analyses but the very 

coarse sand fraction was enlarged to incorporate granules, small pebbles 

and large shell fragments all of which had to be less than 1 cm across. On 

the basis of their sand, silt and clay contents, these samples were class-

ified as sands, muddy sands or muds (cf. Nutter, 1969, Fig. 3.1) using a 

technique developed by van der Linden (1967). As the boundaries between 

these grades are 70 per cent and 30 per cent sand respectively, this allows 

easy visual correlation with unanalysed samples. In order to obtain a qual-

itative assessment of sediment texture distribution, all other samples were 

classified into these same categories by visual comparison with analysed 

samples. Although it is realised that visual analyses of this nature are 
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not ideal they are here regarded, and have elsewhere been used (cf. Emery 

and Gould, 1958), as adequate for reconnaissance purposes. 

Carbonate analyses were carried out using a titrimetric method on both 

total samples and size fractions of selected samples but not on cores with 

the exception of the uppermost core sample. Visual inspection prior to and 

after acid treatment of the samples showed the dissolved components to be 

mainly biogenic skeletal debris. 

Certain samples of shelf sediments also contain in their coarser fractions, 

a few lithic carbonate fragments derived by erosion of local limestone; 

these too were dissolved in this analysis. Calcium phosphate is also read-

ily soluble in the dilute HCl used and all carbonate values were therefore 

corrected for phosphate. 

Organic carbon was determined titrimetrically using a method based on 

Schollenberger (1927) (AGRG. Tech. Comm. 32) and although results are lower 

than obtained by a combustion method, no correction has been applied since 

the data are internally consistent. According to Trask (1939) the total 

organic matter within the sadiment is expected to be higher than the organic 

carbon by a factor of 1.3 but this conversion has not been applied in this 

study. 

Binocular microscope analyses were made of the mineral component distrib-

ution in different size grades of selected sediments before and after 

dissolution of the carbonate constituents by leaching in 25% vol. acetic 

acid. The clay fractions of selected sediments were subjected to X-ray 

diffraction analyses to establish their mineralogy and separated glauconites 

were similarly examined. 

Cn board ship, immediately after collection, Eh measurements were made on 

cores and surface samples collected during 1933. Some deep sec photographs 
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were also taken during this 1960 reconnaissance cruise. 

1.3 	Sediment Texture: Eorocco  

1.3.a Regional Pattern (Fig.I.3.I.). 

In order better to ascertain the regional framework of sedimentation, results 

obtained in this study on the region south of Safi are discussed throughout 

with data obtained by Nutter (1969) using comparable techniques, from the 

Safi-Rabat region. As Nutter (op cit.) demonstrated, a prominent silt and 

silty sand belt occupies most of the shelf north of Al Jadida but to the 

south it is considerably reduced and represented only by an inner shelf 

silty sand zone which does not extend further south than Safi. Discontinuous 

with this, in the present study area, is a further silt and silty sand belt 

which occupies almost the entire mid and outer shelf between Essaouira and 

Agadir, becoming restricted to the outer shelf between Essaouira and Safi, 

north of which it is not recorded. Patches of sand are recorded from these 

belts in the rugged and rocky shelf regions off Cap Blanc and Cap Sim. 

There are two major sand belts, both relatively narrow, one on the innermost 

shelf adjacent to the coast and another on the outermost shelf and uppermost 

slope. Both zones appear continuous from Rabat to Cap Tafelney. Between 

Cap Blanc and Essaouira, sands also occupy much of the mid shelf area between 

the two silt belts. Although there is no outer shelf sand belt, off Agadir, 

outer shelf and upper slope sediments are coarser t' an those at mid shelf 

depth or deeper on the slope. 

Seaward of the outer shelf and upperslope coarse sand zone, the slope is 

almost everywhere mantled by silt except off Cap Sim where, over a prominent 

ridge, there is a well developed sand and muddy sand salient. 



Fig.I.3.1. 

Distribution of main sediment types off Morocco : data from north of Safi taken from Nutter (1969). 

717 



12 

1.3.b Cores (Fig.2.2.2.a:nd 2.2.3) 

Cores collected from different depths on the continental slope penetrated 

up to about llimetres into predominantly silty sediment. Visual appraisal 

(Fig.2.2.2.) shows there to be no appreciable textural variation in cores 

143,802,303 or C11. Conversely, core 809 shows an abrupt transition from a 

silt at surface to a shelly silty mud in which are molluscan fragments reach-

ing 0.5cm.dia. The remaining cores, although predominantly silt, contain 

sand or silty sand horizons the lower boundaries of which are frequently 

sharp. Graded bedding with upward decrease in grain size is seen within 

these horizons 

Three cores (1049, 1052, 1082) were obtained from the mid shelf silt belt 

off north Morocco and in the twc longest cores (1052 . 1.45 metres; 1082 

1.57 metres) Nutter (op. cit.) observed a facies change from silt at surface 

to coarse shelly silt at the base of the core. Assuming the coarser deposit 

to represent some period during the Holocene transgression (commencing 16-

14000 years before present according to Millman and Emery 1968), then a 

sedimentation rate of about 1 cm./100 years is suggested for the silt belt. 

1.3.c Sediment thickness  

Sediment cover and thickness on the shelf have been estimated from P.D.R. 

and C.R.S.P. records (Chapter 5, this study; and Nutter, 1969). The shelf 

appears tobe arocky, and in places ruggedly rocky platform with only a thin 

veneer of sediment never exceeding 20m. in thickness except off Agadir. 

Between Al Jadida and Cap T,Ifelney sediments appear to be ponded between 

rock ridges on the mid and outer shelf. Locally in the Cap Sim silt belt 

up to 1Gm. of sediment were recorded by P.D.R. although nearshore this 

decreased to 2m. and on the outer shelf was even less. In the northern silt 

belt Nutter P.D.I. records show the accumulation of up to 11m. of sediment. 

As shown by the distribution of rock outcrops and from seismic profiles 



13 

(Chapter 5) the thickness of Recent seiment on the slope off Cap Sim is 

extremely variable, being reduced to a veneer over and in the vicinity of 

the ridge on the slope off Cap Sim. 

1.3.d Algal Mats 

Further information regarding sedimentation rates is given by the incidence 

of algal mats on the inner and mid shelf on either side of the northern silt 

belt near. Al Jadida. These mats, with living surface layers, encrust rock 

outcrops protruding through the thin veneer of sediment' i At these sites, 

sedimentation is virtually non existent. The significance of algal mats, 

which have not previously been reported from this region, is discussed in 

the section on Spanish Saharan sediments. 

1.4 t•incralogy: Morocco 

1.4.a Regional Carbonate Distribution (Fig. 1.4.1) 

Carbonate constituents are distributed in belts subparallel to the continen-

tal margin. Classifying sediments with less than 50% CaCO, as carbonate 

poor, and the rest as carbonate rich, facilitates discussion of the distrib-

ution of this mineral phase. Correlation between carbonate and grain size 

distributions are apparent from comparison of Figs. 1.3.1 and 1.4.1. Both 

continental shelf silt belts coincide more or less exactly with carbonate 

poor zones although the carbonate poor zone associated with the southern 

belt continues among outer shelf sands for some distance beyond the northern 

end of the silt belt. The inner shelf sand belt appears to be moderately 

enriched in carbonate (50-75%) north of Al Jadida and south of Safi, and 

greatly enriched in carbonate (75-100%) between these towns. Mid shelf 

sands between the two silt belts from Essaouira to Al Jadida are carbonate 

rich (75-100%) as are the outer shelf and uppermost slope sands. By contrast, 



Fig.1.4.1. 

Distribution of carbonate in sediments off Morocco : data from north of Safi given by Nutter (1969). 



14 

outer shelf and upper slope sands north of Al Jadida tend to be only moder-

ately enriched in carbonate (50-75%) while south of Essaouira the outer 

shelf and slopesands and muddy sands are dominantly carbonate poor. Silts 

on the continental slope are moderately enriched in carbonate (50-757.) over-

most of the area with the notable exception of a carbonate enriched salient 

off Casablanca and a carbonate poor zone along the uppermost slope off Safi 

and on parts of the upper slope south of Safi. 

In general terms then, shelf and upper slope sands are carbonate rich 

except off Cap Sim, and shelf silts are carbonate poor; slope silts are 

moderately carbonate rich and locally uppermost silts are carbonate poor, 

particularly south of Safi. This regional correlation between carbonate 

content and texture is graphically expressed using the median diameters of 

samples for which accurate textural analyses were availaLle (Fig. 1.4.2). 

Although there is some degree of scatter, carbonate rich sediments are 

coarser than carbonate poor samples. Therefore the supply of carbonate 

material can influence the resultant grain size and the textural character-

istics of the environment may not necessarily reflect the size distribution 

of non carbonate, detrital components. This possibility is examined below. 

1.4.b Size Fraction Analysis 

A series of samples from different sites across the continental shelf and 

slope otECap Sim were chosen to illustrate specific features of the phos-

phate distribution (Chapter 2). Textural analyses of these samples, which 

also represent all sediment zones except the inner shelf sands, are here 

examined to ascertain the granulometric character of these zones. Also 

examined are the data and conclusions presented by Nutter (1969) from the 

north loroccan shelf. Histograms representing grain size distributions in 

samples from traverse 5 are given in Fig. 1.4.3. 
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It is clear (Fig. 1.4.3) that continental shelf and slope silts in the Cap 

Sim area are unimodally distributed: by contrast, shelf and upper slope 

sands and silty sands are usually bimodally and sometimes polymodally dis-

tributed. The same findings were made by Nutter (1969) for sediments from 

the north Moroccan shelf. Even where unimodal, the size distributions of 

silts and sands off north and south Morocco are sufficiently broad as to 

result in poor sorting values (greater than 0.5 determined by Inman's method) 

with very few exceptions (125, 150, 1083, 1085). Evidently, from the degree 

of polymodality and the poor degree of sorting, the majority of samples 

examined here, and by Nutter (1969), are to some extent mixed grain populat-

ions out of equilibrium with the prevailing environmental conditions. In 

particular (cf. also Nutter, 1969) it is clear that these sediments are often 

mixtures of separate sand and silt populations; clay contents are everywhere 

low. A constraint placed on the interpretation at this stage is that the 

median diameter is partly a function of mixing of biogenic skeletal debris 

with detrital elastic mineral grains and rock fragments and the distribution 

of these phases must be examined before the origins of the admixed grain 

populations can be assessed. 

Comparing the median diameters of carbonate and detrital phases in selected 

samples, it is clear that the detrital phase is always finer than the assoc-

iated carbonate (Fig. 1.4.4a). This effect can be mainly due to either (1) 

mixing of fine detrital material with coarser carbonate at different times 

and under different hydrodynamic conditions or (2) the hydraulic equivalence 

effect whereby under the same environmental conditions, coarse but relatively 

light carbonate particles will behave in the same way as finer but denser 

detrital constituents. Examination of the individual frequency distributions 

shows that both factors have been operative to varying degrees in different 

Cap Sim 	samples (Fig. 1.4. 4b)and examination of Nutter's (1969) data 

suggests that the same findings apply to northern Morocco. It is clear that 
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there is a fair degree of correspondence between the distribution of carbon-

ate and detrital phases in each grade and the slight bias of detritals tow-

ards finer sizes suggests the operation of hydraulic equivalence and 

deposition under basically the same depositional conditions. In several 

cases however, despite broad parellelism of sand sized carbonate and detrital 

phases, there has been later admixture of a detrital rich silt component. 

In these cases the overall sediment texture may not be a true reflection of 

the nature of the detrital phase. 

Conparing the median diameter of the total sediment with that of the detrital 

phase it is apparent (Fig. 1.4.5) that although the detrital phase is 

slightly finer there is reasonable correlation between median diameters 

suggesting the textural distribution map does broadly reflect the distribut-

ion of the detrital fraction. As pointed out however, in some samples the 

detrital and carbonate distributions diverge pro foundly. Those samples 

in which there is divergence from carbonate distribution are (a) inshore 

sands 986 and 937 in which the detritals are bimodal silty sands and which 

are sited on the edges of the silty sand belt in which the total sediment 

including the detrital fraction is usually bimodally distributed; (b) 1036 

the detrital components of which are dominantly silt but which is sited among 

the silty sands on the edge of the silt belt; (c) among the offshore sands, 

1008 has the detrital composition of a bimodal silty sand as also have sands 

993 and 926 and all three are sited on the margins of the silty sand belt, 

or in the case of 926, along the projected extension of an outer shelf silty 

sand belt; (d) slope silty sands 126, 154 and 155, the detrital components 

of which are poorly sorted or bimodal sandy silts. 

It should here be noted that several of the offshore sands have a small 

detrital-rich silt mode indicating a minor degree of mixing of silt with 

previously extant detrital sands. From the examination it is clear that the 

general textural classification of shelf sediments does apply to the detrital 
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fraction. Notable exceptions are that in terms of detritals the outer shelf 

southern silt belt may continue north at least as far as Ste 926, and the 

silt zone may be a little wider than mapped and may include seine of the 

adjacent sediments at present classified as silty sands or sands. The pre-

valence of even a small silt mode among the outer shelf sands tends to 

suggest that the entire shelf may be in some small respect covered by parts 

of a silt and clay blanket which reaches its most extensive development in 

the silt belts and begins to die out in the silty sand belts either as a 

function of transport and supply directions or due to current patterns and 

turbulance on the seafloor. 

1.4.c Mineral Component Analysis 

Qualitative binocular microscope examinations were carried out on the sand 

fractions of those samples from the detailed study area which had been tex-

turally analysed. After dissolution of the carbonate phases in 25 per cent 

vol. acetic acid over a two day period, the acid insoluble residues of each 

size fraction of these samples was also microscopically examined. Qualitat-

ive assessments of mineralogy so determined are presented in table 1.4.1. 

Biogenic Remains  

Specimens of the inshore sand belt were not examined in any detail but 

cursory visual inspection shows them to consist mainly of molluscan skeletal 

debris with detrital minerals end no glauconite. In the silt belt (150) 

molluscan remains are absent, probably because conditions arc not suitable 

for benthic filter feeders; major biogenic components are foraminifera and 

sponge spicules. In mid and outer shelf samples end to a lesser extent on 

the upper slope molluscan remains are again abundant particularly in the 

coarser sand grades. The molluscan debris consists chiefly of angular 

abraded weathered and bored shell fragments with a rather aged appearance 

in contrast to the fresh appearance of fragments from shallow water near 
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the shore. 

Foraminifera occur mainly in finer sand grades and in any one grade the ratio 

of foraminifers to molluscan debris increases seaward from the outer shelf 

onto the slope. 

I'iiscellaneous biogenic debris comprise echinoid fragments or sponge spicules 

which are rare constituents of most sand grades on both shelf and slope; 

bryozoa and coral are even more rare. Fishbones and sharks teeth are extrem-

ly rare on the shelf but occur in small amounts in the coarse, medium and 

fine fractions of some, but not all, slope samples. Faecal pellets are rare 

constituents of almost all samples. 

Inorganic Constituents 

Owing to the mode of occurrence of glauconite which is found coating and 

replacing detrital mineral grains or rock fragments on the shelf it is diff-

icult to assess the contribution of detrital elastics to the coarser sand 

grades but it appears considerable. Because of this difficulty the relative 

proportions of glauconite coated fragments and glauconite (table 1.4.1) do 

not accurately reflect the concentration of either in shelf samples where 

glauconite coats or replaces rock or mineral fragments. In the very coarse 

sand grade, rock fragments on the shelf are not infrequently coated with 

glauconite but can be seen to constitute up to 90 per cent of this fraction: 

mudstone and phosphorite fragments are commonest, limestone more rare. On 

the continental slope, phosphorite, mudstene, sandstone and limestone frag-

ments occur in this grade and are infrequently glauconite coated. 

In the coarse and medium grades mudstone is again commonest in shelf samples 

where it is often accompanied by pl,osphorite but in slope samples phosphorite, 

though present, is much less abundant; on the slope phosphorite is again 

accompanied by limestone and sandstone. In the finer grades phosphorites 

and mudstones are not at all abundant although often recognised as minor 
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constituents of shelf and slope samples on examination of acetic acid insol-

uble residues (table 1.4.1). It is important to remember that with increasing 

fineness of grade the recognition of mudstonc and phosphorite grains becomes 

increasingly difficult and they may be lumped together with undifferentiated 

detritals. 

Inner shelf sands were not examined for inorganic constituents, but the mud 

belt was and proved to contain no rock fragments. 

Quartz is the dominant terrigenous detrital mineral phase and, like the rock 

fragments, is frequently subangular in shape. It is a very rare constituent 

of the coarse and medium grades on the slope, where it is usually only rec-

ognised in the acid insoluble residue. In the fine sand grade it is a minor 

component of nearly all shelf and slope sediments. In the very fine grade 

it is abundant in the mud belt, fairly common though never abundant in mid 

and outer shelf sediments where its abundance increases seawards, and common 

in the upper slope sands; in the remaining slope samples it is much less 

abundant although still more common in this grade than in any other grade. 

Miscellaneous detritals include feldspar and unrecognisable accessory minerals 

or rare rock fragments. These tend to be most abundant where quartz is abund-

ant but the ratio of quartz to other detritals is always very high. 

Glauconite occurs coating and replacing mineral grains or rock fragments, as 

black subroundcd grains with syneresis cracks and as the internal casts of 

foraminifers. Its characteristics are discussed later in this chapter. 

Comparable mineralogical analyses of north Moroccan shelf and slope sediments 

by Nutter (1969) and Latthieu (1960) gave results substantially in accord 

with the present data with regard to the presence of weathered molluscan 

debris on the outer shelf and the abundance of quartz among detrital phases. 

Matthieu reports that the quartz is frequently red-stained and may be 
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accompanied by rare hornblende epidoteand magnetite but red stained quartz 

was not observed in the detail study area off Cap Sim. Glauconite is found 

in northern noroccan sediments where it does not exceed 5 per cent of all 

constituents and occurs as rounded or subrounded grains and as foraminiferal 

casts. Mutter also recognised subangular and subrounded grains and granules 

of phosphorite among the detrital mineral constituents. 

The results of these textural and mineraloical investigations are in general 

agreement with the results of a reconnaissance carried out by Ed,- ter and 

Lachance (1969) although, since their sampling lines were no closer than 100 

km. and their sampling density was low, the detail resulting from this present 

study naturally represents a more realistic appraisal of the regional sedi-

mentation characteristics. According to these authors, clays in the northern 

silt belt comprise illite and kaolinite with subsidiary chlorite while the 

southern belt also contains montmorillonite. 

1.4.d Glauconite (table A.2.5.) 

Glauconite occurs in about half the samples from the muddy sand and sand 

belts of the outer shelf and slope, ranging in depth from 87m. (Sta 859) to 

915m. (Sta 030) in surface sediment samples. According to data given by 

Cloud (1955) Ehlman,Hulings and Glover (1963) and Pratt (1963) glauconite 

is rare above 10m, and below 2000m., and commonest in 30 - 700m. (Porrenga 

1967). 

rode of Occurrence  

In examined shelf samples (832, 833, 334, 335, 073, 151, 153) the glauconite 

occurs mainly in the 1 to 2 phi fraction as light green angular to subangular 

grains with a knobbly surface texture and banded or layered agglomeratic 

appearance as if caused by the irregular stacking of small subangular blocks 

of glauconite. 'Broken grains show the glauconite to be both coating 'and 



21 

replacing reddish-brown rock fragments which resemble ferruginous mudstones, 

the original bedding of which appears to have given rise to the layered or 

banded aspect of the replacing mineral. Similarly, the agglomeretic appear-

ance may have resulted from preferential replacement along transverse joint 

and bedding planes. These angular glauconites dominate the coarser sand 

grades but are succeeded in importance in the fine sand grades by the light 

greer internal casts of foraminifera, many with parts of the foraminifer 

test still adhering to or even totally covering the glauconite. Elongate, 

segmented grains have the appearance of being replaced faecal pellets 

although some, with a distinctly curved or arcuate shape are more probably 

foraminifer casts modified by continued growth of glauconite. In the finer 

fractions dark green, rounded or ellipsoidal, botryoidal grains with syner-

esis cracks, a more typical form of glauconite, form a subordinate proportion 

of grains; these may be modified faecal pellet or foraminiferal casts. In 

the very coarse send fraction, pellets or grains are rare, glauconite being 

mainly present as thin coatings on fragments of mucistone, never on phosphor-

ite or limestone fragments. These coatings are not present in all samples 

(for example 833 has uncoated pebbles). Foraminiferal casts may be prle or 

dark green with all gradations in between and are normally mixed with a very 

few cream or pale brown casts; cream and green segments may even coexist 

within the same foraminifer cast. X-ray diffraction analysis demonstrates 

that both green and brown casts are composed of glauconite. 

Pear the shelf edge sand belt glauconite occurs in the 3 to 4 phi fraction 

of sediments examined (336 and 037). Pebble coatings are absent and angular 

coated or replaced rock fragments constitute a far smaller percentage of 

glauconite grains than hitherto. Instead, glauconite is predominantly in 

the form of black, glazed, ellipsoidal and cracked botryoidal grains. In 

the finer fractions dark or light green foraminiferal cants are most abundant 

and are mixed with the familiar modified casts where glauconite accretion 
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has been greatest. Glauconite is also seen to replace some organic skeletal 

material and is found forming in pits in the surface of molluscan shell/ 

debris and in hollows in the centre of bone fragments. Again, admixture 

of small numbers of pale brown and cream casts is apparent. 

Finally, in samples from the continental slope, glauconite occurs entirely 

as black ellipsoidal grains in coarser fractions or as foraminiferal casts 

in finer fractions. Again the transition from casts, through modified casts 

to pellets is evident. Black glauconite also coats pebbles in the very 

coarse sand grade. Casts are generally a lighter green although admixture 

of brown crear or yellow casts is observed. Glauconite is concentrated in 

the 1 phi fraction of sample 882 and 155, and in the 2 to 3 phi fraction of 

sample 154. 

Detrital glauconite is also recognised where fragments of the glauconitic 

phosphorite, common to this region, are observed in coarser sand fractions. 

Lucie smaller amounts of glauconite are found in the sediments from the north 

Moroccan shelf where they were first recorded by Galliher (1935) and later 

studied by Matthieu (1968) and Nutter (1969) who found glauconite foramini-

feral casts in the outer shelf and upper slope sediments off Casablanca, and 

by Bell and Goodell (1967) who report red-brown glauconite pellets from the 

shelf off aabat. On the Spanish Saharan shelf glauconite is recognised as 

foraminiferal casts (de Llarenn, 1950) and is not widely dispersed in this 

environment. Cff Villa Cisneros, glauconite coated rock fragments occur 

near the shelf edge. 

Size Fraction Analyses  

The distribution of glauconite in separated size fractions (Fig. 1.4.6) does 

not follow the distribution of glauconite free components taken to represent 

detrital minerals,suggestingthese two sediment components are unrelated. 

In finer fractions glauconite predominantly occurs as foraminiferal casts 
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Fig.I.4.6. Granulometric distribution of glauconite and non-glauconitic 
detrital fractions in the sand grades of selected south central Moroccan 
sediments : horizontal scale = phi units ; vertical scale = percent. 
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which may or may not still be attached to or concealed by skeletal material. 

In coarser grades these discrete casts are modified by additional growth 

but still preserve their arcuate shape and segmented character in many 

specimens. Growth appears to lead to the development of syneresis cracks 

and the partial breaking up of grains; some specimens are seen to be formed 

by the coalescence of two or more casts which may be modified or unmodified 

by growth. Finally, it is considered possible that continuation of growth 

of either faecal pellets or foraminiferal casts leads to the development of 

the large black ellipsoidal pellets of the coarser fractions of eutershelf 

and slope sediment:. 

On the shelf, glauconitisation of angular mudstone fragments appears to be 

the major source of glauconite in the coarser sand grades. In this case the 

glauconite distribution must at least in part reflect the distribution of 

detrital minerals or rock fragments; foraminiferal casts however still 

predominate in finer fractions. That some glauconite is possibly actively 

forming is evinced by its occurrence as rock fragment coatings in the coars. 

est sands. Interestingly the glauconite coatings are only developed on 

mudstones, never on limestone or phosphorite pebbles, suggesting a definite 

genetic relation. Glauconitisation of rock fragments is a well recognised 

phenomenon (cf. Pantin 1960) as also is glauconitisation of micas, partic-

ularly biotite (Galliher 1935, 1939) which might be expected to be concen-

trated in certain mudatones. 

Radiometric Agp Determinations  

Despite evidence for some possibly Recent glauconite formation, K.Ar dating 

kindly carried out by Dodson and Rex, Geology Department, Leeds University, 

on separated size fractions from samples 155, 833, 332 (Appendix 4  ) show 

that the coarser glauconite grains are not geologically young. 

These subsamples contained very few casts and consisted in the case of 
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continental slope samples 155, 832 mainly of black to very dark green 

botryoidal grains with a distinctly authigenic appearance. Those shelf 

samples from site 333 consisted of rather angular to subanguler knobbly 

grains some of which may be replaced rock fragments (Appendix 1). No 

coated rock fragments were included. The possibility cannot be ignored that 

in the case of the shelf samples some inherited radiogenic argon may be 

present, if indeed these are of replacement origin. This argument does 

not apply to the continental slope samples. 

1.4.6 Organic Content, Colour and Redox Conditions  

There are strong similarities between the distribution of organic carbon 

(Fig. 1.4. 7)and other sediment characteristics such as texture and carbon-

ate content. The C.org  is distributed in belts parallel to the Loroccan 

continental margin and in these belts the C.org  content does not exceed 

1.0 per cent except at isolated sample sites (Ste. 806 = 1.1% C.org; Sta. 

902 = 1.2E% C.org). Those sediments richest in C.org  (-.70.4%) are the shelf 

silt belts and the silts of the continental slope south of Cap Blanc, 

whereas the sediments poor in C.org  (<0.4%) are the inner, mid and outer 

shelf, and, off Cap Sim the upper slope, sand and silty belts. This is a 

generalisation which does not so readily apply to the continental slope north 

of Cap Blanc where both silts and sands are relatively poor in C.org. 

Clearly there is a tendency for increasing fineness to correlate with 

increasing C.org, a relationship widely reported from accent marine sedi-

ments (Trask, 1939). The correlation coefficient between Ed total sediment 

and per cent C.org  is 0.709 which is significant at the 99% confidence level; 

between C.org  and per cent silt there is a correlation of 0.582 and between 

C.org  and per cent clay the correlation is 0.701 but there is no significant 

correlation between per cent C.org  and per cent sand (Pig.I.4.5A ). Trask 

attributes this relationship to the similar sedimentation characteristics 
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of clay and organic particles, both of which may have dimensions commonly 

near the colloidal range. 17owever, in detail, the concentration of organic 

matter here in the finer sediments could reflect (1) river supply of finely 

divided organic matter accompanying silt and clay (2) settling of fine 

organic material of marine origin with the ultimately land derived silt and 

clay under similar hydrodynamic conditions (3) preferential absorption from 

seawater by silt and clay of uniformly 	distributed organic matter (4) the 

more rapid decomposition and dissolution and winnowing from well oxygenated 

and current swept sands of organic material which may be uniformallly supp-

lied to the entire region. The carbon and carbonate distributions are more 

or less antipathetic (Figs. 1.4.1 and 1.4.7 and Fig.I.4.5A): as the car-

bonate reflects biogenic accumulation it is evident that post depositional 

removal of organic material may be occurring from sands rich in organic 

(skeletal) material. Without detailed examination of the nature of the 

nonskeletal organic remains throughout the sediments no decision can be 

made regarding the origin of these observed variations. Nevertheless since 

the carbonate rich sands are so impoverished in organic carbon the winnowing 

hypothesis is preferred as far as being the probable major influence on 

regional C.org  distribution. 

The texture - C.org  relationship holds good over most of the area with the 

notable exception of the slope sediments north of Cap ;'lane as mentioned 

above. Either the rate of sedimentation of organic remains is not constant 

along the slope or there is an increase in post-depositional removal of 

organic material north of the Cape. This area tends to be slightly richer 

than the southern area in carbonates reflecting posslily decreased supply 

of silt and clay and consequentally decreased supply of finely divided 

organic material. At present there is not sufficient evidence on the nature 

and distribution of seabed currents, biological productivity and the prop-

ortions of live-to-dead species in bottom sediments to allow further 



conjecture as to the reasons for the observed increase in carbonate and 

decreases in organic carbon and silt and clay detritus. 

Colour 

A. general visual appraisal (without the aid of a standard colour chart) was 

made of the colour of the stored dried samples from the detailed study area 

south of Safi. In general, shelf sands are pale yellowish-brown or greyish 

white, while muddy sands and muds are pinkish brown and very occasionally 

olive hued. Glauconitic sediments are black or brown speckled and brown 

hued except where glauconite is sufficiently abundant for them to merit the 

description 'black sands'. The sand coloration appears to reflect the hue 

of fresh and/or weathered shell material and tends to be yellowish-grey 

when mixed with larger amounts of quartz, like the sediments off the east 

coast of the U.S.A. (Stanley, 1969). In cores, there is a tendency for 

samples to be pinkish brown at surface and to become pale greenish grey or 

olive at depth, although such transitions were not observed in all cores. 

Where there are sandier (and usually shellier) layers, the colour becomes 

more greyish. From north of Safi, Nutter (1969) reports the presence of 

buff shelly sands and brown fine foraminiferal sands and brown silts. How-

ever, when, quite late in the present study, soluble Fe and Mn determinations 

were effected en sediments from the central Moroccan shelf (cf. Chapter 3) 

some considerably Fe and Mn enriched samples were found in the general 

vicinity of Cap Blanc. Visual investigation of selected Fe-En rich samples 

showed them to contain bright orange to red-brown rock fragments and shell 

remains, all with a very iron-stained appearance. Examination of some of 

the larger shell remains showed that Fe impregnation was not always complete 

right through the shell although this was found to be the case with smaller 

fragments. Within individual shell fragments were observed some dark "twig-

like" structures representing formation of some mineral in internal cavities. 

Leaching in cold dilute acids to remove calcareous material disclosed abund-

ant rich oraivge-brown foram casts in many samples, in addition to dendritic 
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structures probably representing the "twig-like structures from mollusc 

shells. Orange-brown rock fragments and quartz were also left after leach-

ing. 

Leaving the total,and acid leached samples to stand overnight in a 10 per 

cent Na-dithionite solution resulted in complete bleaching of all components 

(including clays and silts from the<G4/:ifraction). These investigations 

suggest that, at least among the low C 	sands between Safi and Al Jadida ors 

there has been extensive Recent accumulation of authigenic iron minerals - 

probably hydrated oxides. The extent of this accumulation is assessed and 

discussed in Chapter 3. 

Dell and Goodell (1967) and Nutter (1909) both reported the presence of 

oxidised glauconites from the north Lbroccan shelf. By contrast with the 

oxide region sands which contain<0.2% Corg, the glauconitic sands of the 

Cap Sim region characteristically contain 0.2 to 0.4% Corg. These variations 

most probably reflect variations in the redox potential of the environment; 

the absence of widespread greenish muds suggests that oxidising conditions 

are widespread. Formation of glauconite in the south attests to the presence 

of locally reducing conditions even if only in micro-environments. 

Redox potential measurements made during the 19E0 reconnaissance cruise 

(table 1.4.3) show surface silts on the lower slope off Cap Blanc to be 

considerably more oxidising than those off Rabat or off Cap Sim (with the 

exception off Cap Sim of sample 155 which is highly oxidising). At depth 

in continental slope cores in each environment redox conditions rapidly 

become less oxidising but, in the cores examined, there was no associated 

colour change; core 143 for example remained both brown and slightly oxid-

ising over its entire length (fig.2.2.2-  ani 1.4.8). 

Among continental shelf sediments, regardless of texture, redox conditions 

which are highly oxidising near the shelf edge become less oxidising as the 
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coast is approached, reaching levels less than 100mv among inner shelf cilts 

off Cap Sim and inner shelf sands off Cap Blanc. 

The Cap Sim glauconitic sediments are clearly oxidising but this need not 

preclude the formation of glauconite in reducing microenvironments (cf. van 

Andel and Postma, 1954; Emery, 1960). The prevalence of strongly oxidising 

conditions in the central shelf region tallies well with the concentration 

there of iron oxide accumulates. 

1.5 	Spanish Sahara 

1.5.1 :regional Sediment Characteristics: 

No samples were collected from the southernmost Moroccan shelf between Agadir 

and Cap Juby but surveys of this area by Navarro (1947) and McUaster and 

Lachance (1969) show shelly sands and calcarenites to increase in prominence 

as detrital sands and silts decrease southward from Agadir. Between Cap Juby 

and Cap Bo jailor previous surveys by Dc Llarena (1950) and McMaster and 

Lachance (1969) show a shell regime to prevail on the shelf; this regime 

extends south to Cap Blanc. Among these sediments, De Llarena finds glaucon-

ite abundant as foraminiferal casts although according to EcEaster and Lachance 

(1969) this mineral never constitutes more than about U4 of the sediments. 

Other mineral phases reported, apart from biogenic debris, are quartz, feld-

spar and zircon. 

The present new reconnaissance data do not substantially change this picture, 

confirming that calcareous biogenic sedimentation exceeds all other over the 

shelf. Nevertheless, carbonate analyses show there to be a regional zonation 

of this component in belts of differing carbonate abundance parallel to the 

coast and the shelf-edge (fig. 1.5.1). Close inshore, carbonate levels are 

less than 90% although infrequently less than 607. Cn the mid and outer 

shelf carbonate levels are unfailingly high, being greater than 90% on the 
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southern part of the shelf and 85 - 95% on the northern part. Only on the 

slope does the rate of detrital sedimentation increase sufficiently to 

result in carbonate levels consistently less than 90% and frequently less 

than 60%. Slope sediments off the southern Saharan coast contain the larg-

est proportion of detrital components. 

Visual analyses supports a classification of slope sediments as muds or 

oozes whereas shelf sediments are all sands, the textures of which may 

differ considerably but which contain very little silt. On the upper con-

tinental slope of the northern Sahara fairly coarse sands are found, similar 

in all respects to adjacent outer shelf sediments. 

All surface sediment samples were visually analysed for glauconite which is 

found to be rare, always occurring as only a minor constituent, usually as 

casts. It is generally more common to the shelf sediments south of Villa 

Cisneros than to those in the north. 

Seismic profiles and P.D.R. traces discussed in Chapter 5 show the northern 

Saharan shelf between Caps Juby and Bojador to be extremely rugged and rocky 

with not much more than a thin veneer of sediment. Further south recent 

sediment cover thickens until, off Cap Blanc, it reaches some 17 to 35m. 

and results in a relatively smooth shelf profile. Presence of rock outcrops 

on the inner shelf suggests that recent sediment cover thins landward. 

Algal stromatolits, laminated structures in which layers of calcareous 

sediments are cemented by films of algae (Logan, 7.ezak & Ginsberg, 1964), 

extensively coat rock outcrops at several sites off Cap Bojador (Ste. 258, 

259, 260, 262, 263). These stromatolites appear to be in situ growths un-

like the spheroidal algal structures (oncolites) found locally in shallow 

water around the Canary Islands (LcEaster and Conover, 1966) although occas-

ionally spheroidal forms are found here and off Cap ;Anne in Morocco. The 



30 

Saharan stromatolites differ slightly from those off Cap Blanc in which algal 

layers are separated by fine laminae of detrital elastic silt. A purplish 

living surface layer is present in most samples. The general absence of 

oncolites from the northwest African shelf suggests that although the envir-

onment is ecologically suitable to algal stromatolite formation, it is not 

physically suited to the extensive formation of detached spheroidal forms 

(oncolites) such as those found elsewhere, the occurrences of most of which 

have been listed by McMaster and Conover (1966) with the exception of a 

recent record from the subtropical continental shelf off northernmost New 

Zealand (Summerhayes, 1969'). 

1.5.2 Size Fraction Analysis  

Because of their anomalously high phosphate contents, four samples from the 

northern Sal-wren outer shelf and upper slope were selected for size fraction 

analysis and although discussed in some detail in Chapter 2, some discussion 

of the results is warranted here. 

Binocular microscope examination was used to establish the relative propor-

tions of different constituents (fig. 1.5.2). The coarse fractions consist 

chiefly of angular and broken but not always abraded molluscan debris, the 

remains of gastropods and some bryozoa. Some of the shell has a fresh appear-

ance but more tends to be subangular, broken, pitted or bored, weathered and 

abraded. In the finer fractions, foraminifera predominate. Miscellaneous 

biogenic debris, never quantitatively important, chiefly consists of fish 

bones, echinoid fragments, algal debris. 

Quartz, always in small amounts forms the major detrital constituent, and 

is concentrated in the fine and very fine sands. In the coarser grades are 

angular to subangular brown to orange rock fragments often with a dark brown 

glazed surface and often containing black glauconite grains. These fragments 



Fig.I.5.2. Results of binocular microscope coarse fraction analysis of 

selected Saharan phosphatic sands, showing percent frequency of occurrence 

of variables in each sand fraction (phi units). 

S=shell, F=foraminifera, D=detrital rock and mineral fragments, g= 

glauconite, solid black area = miscellaneous skeletal debris 
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have all the appearances of being phosphorite or sandy to muddy limestone 

of detrital origin and arc intimately associated with rare broken or abraded 

orange or yellow-brown and often,glazcd-surfaced biogenic skeletal remains 

which have the appearance of reworked fossils. 

Off Cap Bojador, the proportion of brown abraded foram casts and shell frag-

ment is highest on the outer shelf and decreases on the upper slope. Also 

the very fine sand grade of shelf sample 258 contains more quartz and less 

foraminifers than samples from the slope all of which suggests that the 

source of these rock and mineral fragments must be on the outer shelf. 

I'any of the rock fragments arc incorporated into the construction of agglu-

tinated foraminiferal tests. 

Some black, broken and abraded glauconitic foraminiferal casts are observed 

differing considerably from those pale green casts found within or partly 

covered by the remains of recent foraminiferal tests; both types are rare 

and even more rare arc dark green botryoidal pellets. The recent pale green 

glauconites never exceed, and only rarely reach, 2% of the finest sand 

fractions. 

Examination of the acetic acid insoluble residues of different size grades 

from two samples (258 from the Bojaclor shelf, and 277 from the Juby slope) 

throws more light on the nature of detrital and authigenic mineral and rock 

constituents. In both samples, the acid insoluble residues of coarse and 

medium grades contain a considerable amount of mud and very fine grade 

quartz thought derived from the dissolution of muddy and sandy limestone 

fragments noted above. Numbers of pale yellow-brown angular rock fragments 

resembling phosphorite, and similarly coloured or orange-brown foraminiferal 

casts also occur in these size grades. because of their fine sand size the 

latter can only have been derived by dissolution of rock fragments, probably 

limestones containing foraminiferal casts. Rye (1969), has examined a 
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limestone dredged from the lower slope off Cap Bojador (252) and found it 

to be 1:.ecent but to contain numbers of abraded yellowish-brown phosphatised 

Lower Pliocene foraminifera possibly related to these shelly upper slope 

sediments. Solution of carbonate in the fine and very fine sand grades 

produced chiefly quartz and subsidiary feldspar with a few pale green and 

pale brown foraminiferal casts. The ratio of pale green to pale brown casts 

diminishes rapidly as the ratio of foraminifera to detritals decreases and 

it is assumed that most of the brown casts, though not necessarily all, 

were derived, as are those in the coarse fractions, by dissolution of rock 

fragments. The finer grades of slope sample 277 contain mainly pale green 

casts; pale brown casts tend mainly to occur in the coarse and very coarse 

grades where rock fragments are found. Obsidian and pumice fragments were 

obtained from the very coarse fraction of this sample. 

Examination of the coarse fraction of a surface sample (280) from lower 

down the slope shows it to be primarily composed of foraminifera but to 

contain angular rock grains in which foraminifera are cemented by a pale 

yellow mineral; one or two pale yellow foraminifera are also observed. 

The acetic insoluble residue consists mainly of mud with quartz and black, 

shiny, irregular grains of obsidian. Small amounts of a yellow mineral which 

may be sedimentary apatite from the rock grains are also observed. 

1.5.3 Deep Sea Photographs (Fig. 1.5.3) 

Two photographic stations on the continental slope off the Spanish Sahara 

were successful; other stations off Morocco were unsuccessful. 

Sta 253 (315 fms) 

Nuch of the seabed is disturbed by pits and mounds reminiscent of the 

random burrowing actions of some organism. Ripples are locally developed 

and cross-rippling is notable in some of the photographs from this station. 
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Fig.I.5.3. Deep Sea Photographs 

Plate I ; Station 253 ; depth 315 fms 	 1).32b 

a. Field of vision c.5x4 metres. Imprint of camera frame visible,top centre; 

generally flat bottom with minor irregularities suggestive of cross-rippling 

and (?) organically originated pits and mounds; edge of prominent ripple 

field seen, top left; note sparse weed. 

b. Field of vision c.4x3 metres . Note cross rippling, sparse weed, few 

animal tracks, two holothurians (top centre and left centre). 

Plate II ; Station 253 ; depth 315 fms 	 p.32c 

a. Field of vision c.4x3 metres . Note cross rippling, sparse weed, animal 

tracks, rather coarse texture of sediment between ripples. 

b. Enlarged view of the holothurian seen at top centre of Plate 1.b. showing 

well-developed cross-rippling. 

Plate III ; Station 253 ; depth 315 fms 	 p.32d 

a and b . Field of vision c.4x3 metres . The slight irregularities evident 

on these plates suggests more widespread organic activity; small weed-like 

growths are apparent, and rippling is less obvious. 

Plate IV ; Station 236 ; depth 230 fms 	 p.32e 

a and b. Field of view c.4x3 metres . Small weed-like growths are widespread; 

shadows suggest topographic irregularity; sediment texture seems coarse; 

rippling is not developed. 

Plate V ; Station 236 ; depth 230 fms 	 p.32f 

Field of view c.4x3 metres. Small weed-like growths are widespread; shadows 

suggest marked local topographic irregularities; sediment texture seems 

coarse; one holothurian is seen at bottom centre. 
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The incidence of holothurians, although low, indicates the presence of 

sufficient sediment for mud feeders. In part of the area covered by this 

station numerous omall weed-like growths arc observed. In other parts are 

seen sinuous trails representing the tracks of bottom crawling animals. 

The rapid change from rippled to non rippled and burrowed or weed covered 

seabed suggests quite sharp local variations in the velocity andac direction 

of bottom currents. 

Ste 23G (230 fms) 

The degree of irregularity of the seafloor suggests it is rather rocky as 

none of the observed irregularities have the appearance of biogenic origin 

and several of the shadows are sufficiently large to suggest the presence 

of steep slopes or hollows for example around boulder like objects, perhaps 

partly buried and veneered with sediment. Weed, in comparison with the 

previous station, is prolific whereas holothurians and animal tracks are 

not visible suggesting the absence of suitably thick sediment. Rippling is 

not seen which may indicate relatively slaw current velocities. That the 

sedimentation rate must be slow, and that the rocky substrate must be near 

surface is independently suggested by thesreepness of the continental slope 

at this site and the successful dredging of rock from adjacent stations 234 

and 235. 

1.5.4 Redox Condition, Colour and Crganic Content 

Off the Saharan coast the organic carbon distribution appears somewhat more 

complex in that as well as there being a tendency for slope samples (most 

of which are silts and contain detritals in the form of silt and clay) to 

be richer in Cors  than shelf samples (all of which are sands and contain 

Predominantly sand sized calcareous skeletal debris), there is also a south-

ward increase in the organic carbon content of both slope silts and shelf 

sands (fig. 1.5.4). It is clear from fig. 1.5.4 that among shelf samples 



1 	11 I 	1 	i 	i 
8 	10 	12 

70 Corg (x 10) 

2 4 6 14 

0 

LL  

33a 

Fig.I.5.4. Organic carbon levels in Saharan sediments; black squares 

=Cap Blanc traverse, grey squares = Villa Cisneros traverse, others 

are from Cap Juby and Bojador traverses. Upper diagram = continental 

slope; lower diagram = continental shelf. 
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the Can =lane sediments are richest in Cor,, the remainder showing more or 

less normal distribution around 0.18% rorg9  while among slope samples, both -  

the Villa Cisneros and Cap :Jane samples tend to be richer in organic carbon 

than samples further north. These changes parallel an observed change in 

colour and redox potential from brown and oxidising (17,h;›+ 200mv) sediments 

off the northern Sahara to green and only mildly oxidising (Eh<4. 200mv) 

(cf. table 1.4.3 Fig. 1.5.5). The observed colour change most probably 

reflects an increase in abundance of chlorophyll derivatives such as pheo-

phytin (cf. Pantin 1969). Significantly these changes correlate with a 

southward enhancement in upwelling and biological productivity (Jones and 

Folkard, 1960 which also appears to be reflected in the thickness of car-

bonate sediment accumulation on the shelf (Chapter 5). 

Off the Spanish Saharan coast surface shell sand sediments generally have 

the same pale yellowish brown colour as those further north. Off Cap Juby, 

between 33 and 47m. (Ste. 267, 269, 270, 271) red brown stained calcareous 

sands like those between Safi and Al Jadida were dredged from among the 

rock outcrops of this rugged part of the shelf. This staining is typical 

of the iron oxide coatings observed on relict sediments of many of the 

worldls continental shelves (cf. Emery, 1968) and Stanley (1969) suggests 

this is caused by their subaerial exposure during periods of lowered sea- 

level. Cff Cap Blanc the shelf sediments sometimes have a greenish hue. 

All cores from the continental slope off Cap Juby and Cap Bojador are 

reddish brown at surface and greenish grey at depth. Further south cores 

off Villa Cisneros and Cap :lane are greenish over their whole length.(Fig.2.3.2) 

Within all cores (Fig. 1.4.8) there is usually a decrease in Eh below 

surfece but at depth in cores, redox conditions fluctuate mildly such that 

levels are occasionally slightly more than at surface. 

No well defined interrelation exists between organic carbon level and redox 
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potential (Fig. 1.5.5) but it is clear that at moderately oxidising redox 

levels (Eh 	200mv) there is a far greater range in C 	(0.1 - 1.2%) than 
-o 

at highly oxidising redox levels (Eh> + 200rnv; Cor, always < 0.5%). 

1.6 	Sedimentation Mstory 

1.6.1 Morocco  

Present Day Sedimentation 

Progressive seaward decrease in grain size from inshore sand to offshore 

silt belts as -0ave energy and the power of bottom currents decrease with 

increasing water depth most probably reflects deposition of these sediments 

here, as on other continental shelves, under present day conditions (cf. 

Currey, 1964; Shepard 1903; Emery, 1968, and many others). Supporting 

evidence comes from the unimodal distribution and relatively 	 sorting good 0 

in particular of silts from both the southern and northern silt belts, sugg-

esting good adjustment to prevailing hydrodynamic conditions. Glauconite, 

an authigenic mineral normally forming in areas where sedimentation is slow 

or negligible on the continental margins (Cloud, 1955) is not found either 

in the inshore sand belt or in the silt belts although it is found further 

offshore suggesting that sedimentation rates preclude glauconite formation 

at the present in the silt belt. Further, the degree of seabed smoothness 

and the indications of burial of bedrock topography by at least 10 metres 

of sediment only in the silt belts argues for more rapid and therefore prob-

ably more recent sedimentation here than elsewhere on the shelf. Moreover, 

assuming the liolocene rate of deposition of calcareous biogenic skeletal 

debris to be consitOxk at any depth, then the observed variations between 

silt and sand zones most probably reflect recent or present day detrital 

sedimentation conditions. 

As suggested by McMaster and Lachance (1969) the distribution of silt and 
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clay on the Eoroccan shelf most probably relates to present day river supply. 

Several small rivers reach the coast but the most notable are the Sebou near 

Casablanca, the Souss near Agadir, and the Tensift near Safi. The Canary 

Current flows slowly south in the eastern Atlantic but Sverdrup;  Johnson. 

and Fleming (1942) show that Atlantic water moves east through the Strait 

of Gibralter and that the greatest flow is from the south. Furthermore, 

Dcfant (1961) shows tidal currents along this part of Africa to be north-

wardly directed. Nenaster and Lachance (1969) argue that this northwardly 

directed coastal system controls the dispersion of fine particulate matter 

on the shelf. 

The manner in which the southern silt belt pinches out and becomes progress-

ively further removed from the coast northwards suggests a southerly source, 

probably ultimately the Souss debouching at Agadir. The northern silt belt 

commences close inshore near Safi whore the Tensift debouches; as it widens 

northwards there is a simultaneous decrease in grain size suggesting a 

northwardly directed transport system. These interpretations support 

Mtnaster,s suggestions. That the two silt belts have different sources is 

suggested by mineralogical data presented by hcI'iaster and Lachance (1969) 

who show the southern belt to contain montmorillonite in addition to illite, 

kaolinite and chlorite. 

The paucity of detrital constituents in the inshore sand belt may have been 

induced by the drowning, during the Holocene transgression, of river channels, 

and the resultant formation of estuaries in which much sand sized material 

may be trapped or into which sand sized material may even be moving from 

offshore (cf. Poore, 1963; Emery, 1968; Curray, 1964). 

Felict Sediments 

In mid and outer shelf sediments as on most of the shelves of the world 

(Emery, 1968) is seen a reversal of the trend towards decreasing grain size 
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away from the coast. The silty sands and sands are carbonate rich and it 

might be argued that their grain size distributions reflect adjustment to 

present day depositional conditions. Several lines of evidence show that 

this is not the case. 1: Coarse molluscan debris characteristic of some 

shallower water environment arc abundant here and their degree of weathering 

indicates deposition long since; similar outer shelf belts of weathered 

shallow water molluscan debris are recognised for example of the Atlantic 

shelf off the U.S.A.. 	Pilkey and Blackwelder, 1968). 2: Granular 

distribution of carbonate is paralleled by the distribution of sand (although 

often not silt) sized detritals indicating deposition of both under the same 

hydrodynamic conditions. 3: The coarse detrital and biogenic constituents 

clearly cannot have been transported seaward over the silt belt and erosional 

processes on the outer shelf and upper slope are known to be inadequate to 

transport and abrade detrital minerals of sand grade (Sverdrup, Johnson and 

Fleming, 1942; Kuenen, 1950; Shepard, 1963). Therefore these shelf edge 

and outer shelf detrital sand concentrates are considered to reflect wave 

energy processes of some lowered sealevel (cf. Emery, 1968; EcDougall and 

3rodie, 1969; Summerhayes, 1969). Comparison of textures with those of 

shallow water detrital sediments of sand grade shows they were probably 

deposited in similar nearshore high energy environments. 4: The subangular, 

subrounded and sometimes angular character of the detrital components and 

their association with pebbles and granules indicates local derivation by 

erosion of shelf outcrop rather than blanketing by the movement of sediment 

into the area from elsewhere. 5: Foraminifera on the outer shelf are in-

frequently abraded suggesting deposition in water less disturbed than that 

prevalent when the molluscan remains were broken and abraded. 6: That sed-

imentation on the mid and outer shelf where sands have accumulated is slow 

is evinced both by the presence of rugged topography and the abundance there 

of glauconite particularly within foraminiferal tests. 



Indeed the available evidence suggests that the characteristics of mid and 

outer shelf sediments reflect an original depositional environment in water 

shoaler than that at present and subsequent preservation of these sediments 

by some degree of current winnowing which has prevented burial by a silt 

blanket. These sand sized detritals can be classified as relict in agree-

ment with Emeryvs findings that about 70 per cent of worldwide shelf sedi-

ments, particularly those on the outer shelf, arc relict. 

Many sediments, particularly mid and outer shelf sands and silty sands, are 

nolymodaIly distributed and show signs of mixing of recent silts with relict 

sand populations. Mixing most probably occurred during the progressive 

migration of the strand line across older shallow water pebble and coarse 

sand deposits which became reworked and mixed with finer sediments deposited 

in quieter water in the wake of Pleistocene transgressions. In the Gulf of 

Mexico, Currey (19C.,0) and van Andel (1960) find the silt and clay dispersion 

pattern to be independent of sand dispersion, sands being only deposited at 

present close inshore whereas silt and clay derived nearshore or from the 

coast are dispersed on the outer shelf and slope. Currey (1960) also points 

out that the low rate of deposition of fines on the shelf allows time for 

considerable mixing with the original sands both by current action and bio-

turbation resulting in polymodal grain distributions in individual samples. 

The present findings indicate similar depositional mechanisms on the Moroccan 

shelf, 

On the continental slope off Cap Sim arc sands and silty sands which have, 

like the silty sands of the shelf, originated by mixing of later silt with 

coarser detrital sands. The silts are everywhere thought more recent by 

virtue of the stronger currents required to move sand grains. Sands on the 

ridge crest probably derived from erosion of the ridge near sealevel at some 

time in the past; downslope slumping has transported these coarser materials 
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from the shelf and from the ridge crest into deeper water where they are now 

mixed with silts on the ridge flanks. The ridge crest is, at 260m. water 

depth, not much below the lowest Pleistocene sealevel stand and, in view 

of the recognised tectonism of this region, it is quite likely that down-

warping has been the main cause of sinking of the ridge crest. Because of 

the morphology of the ridge, topographically induced current activity hes 

winnowed out fine material which accumulates elsewhere on the surrounding 

slope. 

The localised decrease in detrital silt at the continental shelf edge is a 

commonly recognised phenomenon (Kuenen, 1950; Shepard, 1963, Emery, 1968) 

and most probably reflects the winnowing effects of shelf edge oceanographic 

phenomena such as the turbulence caused by the confinement of landward 

moving tidal currents, and the formation of internal waves at the shelf edge 

(Sverdrup, Johnson and Fleming, 1942; Defent, 1961). it is unlikely to 

reflect a decrease in supply of detrital silt since silts arc abundant on 

either side of the outer shelf sand zone and the sands of this zone frequently 

contain subdominant silt modes reflecting recent supply. Then too, the sand 

zone appears to be consistent with the geomorphology and not with the dis-

tribution of silt belts which tend to be angled across the shelf end would 

be expected to cross the shelf edge at some point. 

Glauconite Crigins 

The finding of abundant oxidised glauconite off Rabat and to a lesser extent 

off Cap Sim (Dell and Goodell, 1`67) and the K.Ar ages of separated Cap Sim 

glauconites suggests that much of this material represents late Tertiary 

deposition, probably in a similar geologic setting to the present one. 

Oxidation is presumed to have occurred during Pleistocene reworking and may 

be continuing. well and Goodell (1967) also assumed that the mineralogical 

differences between the glauconite and the associated clay signified deriv-

ation from a different source. The validity of this assumption is open to 
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question since there are a number of opinions on the formation and parent 

material of glauconite. Galliher (1935) favours biotite; Takahasi (1939) 

some ferro-alumino-silicate gel; Burst (1953) and 1lower (1961) favour 

degraded illite/montmorillonitc; Pantin (1966) points to rock replacement; 

calcareous skeletal replacement is widely recognised and found in some of 

the rock samplesstudied here (Chapter 6); moreover, Porrenga (1967) and 

Seed (1960) in finding no relation between marine glauconites and associated 

clays do not regard this as at all significant with respect to the age of 

glauconites in other environments. 

With regard to the present formation of glauconite (rock coatings and foram 

fillings) a range of redo` potential must be present in the environment to 

allow coexistence of ferric and ferrous iron, both of which arc present 

in glauconite in significant amounts (cf. Burst, 1958) and it must be supp-

osed that this mineral forms in locally reducing microenvironments within 

generally oxidising sediments (cf. Burst, 1958; Hower, 1961; rantin, 1966). 

While there is no abundance of iron minerals in the associated sediments, 

a sufficient concentration of this element exists in continually circulating 

seawater to provide a source for the iron enrichment characteristic of 

glauconite. Ferric oxides in seawater are probably transported mainly as 

adsorbed hydroxide phases on organic colloids (cf. Cooper, 1948) and Pantin 

(1966) has suggested that where the total supply of organic material to the 

sediment is low, bacteria will flourish particularly in suitably protected 

microenvironments such as faecal pellets and foraminiferal tests, whence 

they would scavenge the vagrant iron bearing organic constituents of seawater. 

At the intermediate levels of rcdox potential expected in such an environ-

ment, reduction of ferric iron would occur, then, either by combining directly 

with dissolved potash and silica, or by reacting with detrital aluminous 

illite, or other suitable mineral phases, the glauconite would be formed 

(cf. Pantin, 1966). In view of the local paucity of clay in certain 



41 

glauconite-rich sediments Seed (1964$) concludes that 	'A. theory of 

precipitation from solution in the special environment offered by a calcar-

eous host cannot be ignored.' 

Certainly where glauconite is abundant (Cap Sim) the organic content is 

higher than where oxidised glauconitcs abound. This tends to suggest that 

the oxidation reflects present rather than past conditions such as subaerial 

Pleistocene erosion and oxidation as implied by :ell and Goodell (1967). 

On the basis of this, survey it seems that much of the glauconite is detrital 

but that the present environment off Cap Sim is still suited to glauconite 

formation which in fact may be proceeding. The lighter green colour cf 

casts probably reflects this situation as Ehlman, .rulings and Glover (1963) 

find pale green casts elsewhere to have a more expandable lattice, less K 

and more :12C, and thus to be less mature than dark varieties of this mineral. 

The high redox potential and generally brown colour of Moroccan sediments 

is taken to indicate adsorption of ferric hydroxides which only occasionally 

arc reduced at depth in cores, giving rise to an olive hue (cf. Fantin, 1966s 

Stanley, 1969). Rather than being the result of subaerial exposure (cf. 

Stanley, 1969) the iron oxide formation on the central shelf is taken to be 

a Ilecent marine phenomenon relating to the redox conditions of the environ-

ment. 

1.3.2 Spanish Sahara 

Despite the sparse sampling coverage end lack of detailed examination of 

Spanish Saharan continental margin sediments, certain conclusions can be 

drawn regarding the sedimentation history of this region. 

The abundance of fine sand grade quartz in outer shelf and upper slope 

sediments off Caps Juby and Lojador is interpreted in terms of deposition 
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near some low seelevel stand, since their grain size is typical of shallow 

water sands from high energy environments known at the present time (cf. 

Ecore, 1968; Summerhayes, 1969) and it is difficult to see how they could 

be transported seaward across the rugged shelf at present. In agreement 

with this suggestion, weathered and abraded molluscan fragments and sub-

rounded and subangular rock fragments with characteristics of shallow water 

high energy environments arc also abundant on the mid and outer shelf. That 

the rock fragments are probably local is inferred from the fact that they 

are highly phosphatic whereas other shelf sediments are not (Chapter 2). 

Formation of a dark brown glaze on these detrital rock fragments predates 

coating by recent algae implying, if the glaze is phosphatic, that phosphate 

formation is not here a recent phenomenon. Then, too, the oxide staining 

of north Saharan sediments (shell and detritcis) implies a substantial lapse 

since their deposition. These characters all argue for the relict nature 

of the mid and outer shelf sediments. By contrast, detrital minerals (pre-

dominantly quartz) which form a notable contribution to inner shelf sands 

in an environment where recent sediment movement is likely to be active, 

may be derived by present day ceastal erosion. 

Offshore from Cap Ilene is an inner shelf belt of detrital rich sediments 

which forms the northern extension of an extensive belt of detrital sands 

covering virtually the whole of the shelf off hauritania (VicEaster and 

Lachance, 1969). Why this should not have been obscured by the accumulation 

of more recent biogenic skeletal debris is not clear in view of the acknow-

ledged southward increase in organic productivity unless windborne sand is 

a major contributor. Alternatively, the upwelling productive water at the 

continental margin may be sufficiently depleted in nutrients by the time it 

reaches the inner shelf that it cannot support a large enough organic pop-

ulation to Provide much in the way of recent biogenic skeletal &brig. Jones 

and Folkard (1960) show that nutrient rich upwelling water does not extend 
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right across the shelf. 

0n the continental slope carbonate levels are lowest in the south implying 

that, if organic productivity and therefore carbonate biogenic sedimentation 

is constant, as appears to be the case, the rate of detrital sedimentation 

must be increasing. This correlates with the increased incidence of dust 

storms which are both frequent and westwardly directed off the southern 

Saharan coast (Radczewski, 1939), and is being followed up by J.D. Milliman 

of'floods 'Hole Oceanographic Institution. 

The local presence of glauconite (cf. Cloud, 1955) argues for very slow 

conditions of sedimentation and its preservation within unabraded foramin-

iferal tests (this section, and De Llarena, 1950) implies formation subse-

quent to coy mencemont of the :olocene transgression either now or in the 

not too distant past. 

In the absence of river supply it is argued that there arc four major 

contributions to the non biogenic mineralogy of relict and recent sediments 

in this region; 1. shelf bedrock erosion and the deposition of in situ 

sand sized debris; 2. coastal erosion and longshore transport; 3. vol-

canic dust and ash from the Canaries; 4. windblown sand and dust from the 

Sahara. Whatever the dominant supply it is clear from visual inspection 

of samples that the finer detrital constituents predominate on the slope 

while most of the detritals on the shelf are coarse components; this is 

expected to become apparent in analysis for trace metals (Chapter 3). 
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CHAPTER 2 

THE DISTRIBUTION MODE CF OCCURRENCE AND caIGIN 

CF PHOSPHATE IN SEDIMENTS 

2.1 	Introduction 

In ordertotekthe hypothesis, of which McKelvey is a chief protagonist 

(McKelvey, 1963; 1957; McKelvey and Chase, 1966), that 7.ecent authigenic 

phosphates may be forming on the seafloor off the coast of northwest Africa, 

the distribution and mode of occurrence of phosphate in certain northwest 

African continental shelf and slope sediments is examined in some detail. 

Discovery off i.orocco of a phosphatic 'nodule' reported by Murray and 

Chumley (1924) tended to lend a certain amount of credence to McKelvey's 

concept but other marine geological studies in this region (McMaster and 

Lachance, 1969; De Llarena, 1950; and Navarro, 1947) were concerned 

primarily with faunal and textural characteristics and not in detail with 

mineralogy and there are apparently no other reports of phosphate minerals 

from the sediments off Morocco or the Spanish Sahara. Apart from the poss-

ibilty that authigenic apatite may be found within the ecent sediments, 

previous writers do not seem to have considered that some contribution of 

detrital phosphate minerals may be expected from the extensive onshore 

Cretaco-.Eocene phosphorite deposits. Furthermore the hitherto unsuspected 

outcrop of phosphorites on the seafloor may be considered as another source 

of detrital phosphate minerals at least during the Pleistocene regressions. 

In this chapter the regional, textural and mineralogical controls of phos-

phate distribution arc established and the degree of correlati._n between 

relict and recent sedimentary phosphate with potential phosphate sources 

including rock outcrops and upwelling is investigated. The data obtained 
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from the Iloroccan shelf between 2ssocuira and Agadir during the compilation 

of this report are considered in combination with data obtained by Nutter 

(1969) during a complementary and contemporaneous study of the Loroccan 

shelf and slope sediments north of 17,ssaouira. In a second section of this 

chapter the results of a further study on the distribution of phosphate in 

Spanish Saharan continental margin sediments are examined. 

Analytical techniques used for phosphate determination and employed in this 

study arc described in some detail in Appendix 2. Essentially, colorimetric 

analyses using the vanado-molybdate technique were carried out on total sod. 

invent samples, subsemples taken at 6cm intervals from sediment cores, diff-

erent size fractions of selected surface sediment samples, and on mineralog-

ical separates from further selected samples. 

2,2 	Morocco 

2.2.a Regional Distribution of Phosphate: 

1. In Surface Sedielents 

Phosphate between Essaouira and Agadir is found to be concentrated in a 

narrow outer shelf and upper continental slope zone apparently continuous 

with that delimited by Nutter (1969) between Essaouira and Rabat (Fig. 2.2.1.). 

Phosphate contents on the inner shelf and outer slope in the present study 

area arc mainly less than 0.2% P205, averaging 0.15% P2C5; lowest recorded 

values are about 0.097 1-205. These phosphate levels arc comparable with 

average P205 values quoted by Turekian and Wedepohl (1961) of 0.16%, 0.04%, 

and 0.09% for shales, sandstones and limestones respectively. The shelf 

edge zone of anomalous concentration appears best delimited by the 0.2% P205  

isopleth. For most of its extent between Essaouira and Agadir it is confined 

approximately between water depths of 90 and 500m. although off Cap Tafelney 

the zone bulges seaward and extends further downslopc, possibly as deep as 



Fig.2.2.1. 

Distribution of phosphate (as per cent P
2
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) in sediments off Morocco, and the location of sites at which 

phosphorites or phosphatic limestones were dredged. Sediment phosphate data from north of Safi taken from 

Nutter (1969). 



1250m. although without detailed sampling, definition is impossible. Within 

the phosphate zone arc isolated patches where the phosphate content exceeds 

0.5% P205 and in which values may exceed 1.0% P2;5, but never 2.0% P20c 

south of Essaouira. A discontinuous group of these maxima occurs on the 

outer shelf, and two further maxima are recorded from topographic highs on 

the uppermost slope. ;'utter (1969) showed there to be a pronounced maximum 

on the outer shelf between Safi and Casablanca where phosphate levels were 

found to reach 7.813% of P2'5. In addition, Nutter (1959) demonstrated the 

local existence, between Al Jadida and Safi, of a mid-shelf phosphatic 

sediment zone which was not found by the writer south of Safi. In both 

studies, a discontinuous inshore zone of slight phosphate enrichment was 

also discovered immediately adjacent to the coast. 

In relation to texture (compare Figs. 1.3.1 and 2.2.1) it is evident that 

the phosphatic sediments arc essentially sands although not all sands arc 

phosphatic: an extensive region of non-phosphatic sands for example occupies 

much of the mid-shelf region between Cap Sim and Cap Blanc. The silts arc 

not phosphatic although some of the silty sands, particularly on the outer 

shelf and upper slope may be so. It has been established both in Chapter 1 

for the region south of Essaouira, and by Nutter (1969) for the northern 

region, that the sands arc essentially relict and originated during former 

low stands of the Pleistocene sea, whereas the mid-shelf silts appear to 

represent a sediment blanket relating post probably to the present hydro-

dynamic conditions. The absence of outer shelf and upper slope silt, and 

locally even of mid-shelf silt, is thought to reflect interaction of sedi-

ment dispersal patterns and local incidence of current induced turbulence 

which, particularly at the shelf edge may have prevented settling of fines 

(Chapter 1). That the outer shelf sand belt represents a region of slow or 

ilecent sedimentation implies that conditions may be ideal for 

the formation of authigenic phases such as apatite. As shown in the previous 
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section, this is in fact an environment where authigenic glauconite does 

appear to be forming or has recently formed within the tests of mnikaded 

and thus probably post-Pleistocene foraminifera. Nutter (1959) and Latthieu 

(1968) also find evidence for the formation of glauconite in outer shelf 

and upper slope sediments north of Essaouira. It should be emphasised that 

although apatite and glauconite are often associated•in authigenic deposits, 

this association is not ubiquitous and certainly not genetic (cf. Carozzi, 

1960), and the association of glauconite with phosphate in these Loroccan 

shelf edge deposits may be fortuitous. Besides that thought to be presently 

fcrming,much of the glauconite appears to be detrital and not authigenically 

forming at present. 

Within the outer shelf sands occur angular to subangular sand and pebble 

sized rock fragments of limestone, mudstone and some brown rock with similar 

lithology to adjacent outcropping phosphorite. For instance, in the Essaou-

ira-Agadir section, glauconitic phosphorite fragments are particularly common 

while Nutter (1969) finds a more iron stained brown variety which apparently 

does net contain glauconite. These differences reflect the known differences 

in lithology of outcropping rocks (Chapter 6). 

2. In Sediment Cores 

A series of eight cores were collected from the continental slope immediately 

seaward of the phosphate zone and one from the seaward edse of the phosphate 

zone (core 811). It must be borne in mind that the topmost sample from a 

core may not necessarily represent the sediment - water interface since 

cores are often subject to some degree of surface disturbance and washing 

during recovery. Nevertheless the vertical variations in phosphate content 

observed in these cores do reflect real variations in the original environ-

ment and can be used to ascertain its depositional characteristics. The 

cores group into those showing virtually no variation and containing very 

little phosphate, and those near the phosphate zone containing, at depth, 



substantial amounts of phosphate. 

In core 311 collected from the upper slope within the phosphate zone is a 

decrease in phosphate with depth coincident with a decrease in the abundance 

of glauconite (Fig. 2.2.2). Mud cores 302, 803, 809 and 143 from the slope 

seaward of the phosphate zone show no tendency for systematic changes in 

phosphate with depth (Fig. 2.2.2). An abrupt change at depth in core CO9 

relates apparently to texture, phosphate increasing with increasing coarse-

ness. No textural change was observed with the abrupt increase in phosphate 

at depth in core 802 nor at 130m.depth in core 143 but the possibility exists 

that these changes reflect minor unobserved textural and thus minera1os4cal 

changes. 

The remaining cores contain much more phosphate (Fig. 2.2.3). Cores 843 and 

844 from intermediate depths on the continental slope show phosphate varia-

tions which distincly relate to textural and mineralogical changes. In cora 

043, phosphate increases with depth as the sediment changes from surficial 

sandy mud to a glauconitic sand. Over most of the length of core 344 it isa 

slightly glauconitic mud in which phosphate levels are uniformtj 	low, but, 

below 20cm. depth phosphate increases as the mud becomes increasingly glau-

conitic and reaches maximum values at a glauconitic sand horizon. 

Cores 363 and 379 (Fig. 2.2.3) were collected further north from an embay-

ment separating the phosphatic zone on the outer shelf from that on the 

slope. In core 868 phosphate increases abruptly at depth when the texture 

becomes sandy and the composition glauconitic. Ihosphate in the other core 

879 is highest at sand or sandy mud horizons which are frequently glaucon-

itic, and greatest where angular brown rock granules with the appearance of 

phosphorite arc observed in subsamples. 

The phosphate contents of the mud horizons in all cores do not differ much 



Fig.2.2.2. Sediment characteristics and phosphate levels (70P 0 )in Moroccan cores. 	48a 
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from the worldwide average for shales, which tends to militate against any 

significant degree of Recent apatite formation within the sediments. Sim-

ilarly, the lacl: of any systematic increase in phosphate with depth argues 

against the diagenetic formation ^f apatite from pore fluids within the 

sediment. 

The glauconitic sand horizons exhibit graded bedding indicative of movement 

of these sediments from some relatively high energy depositional environ-

ment into a low energy environment where muds arc the norm. The fact that 

the glauconitic horizons arc phosphatic implies derivation by irregular 

downslope mass movement of sediment from the phosphatic-glauconitic-sandy 

sediment zone of the outer shelf and uppermost slope. 

Similar findings to these, that there was generally no vnriation in phosphate 

content with depth in cores except as betwnen silt and sand layers, the 

latter usually being seen to contain grains or granules of detrital rock  

fragments identified as phosphorite, were obtained by Nutter (19G9) on 

examination of cores from the shelf ant' slope off north horocco. The silt 

cores there, like those from south central horocco, contain levels of phos-

phate not significantly different from worldwide shale averages (e.C. 1C% 

2205).  

2.2.b Intrasediment Phosphate Dispersion  

In order to assess the interrelntion between phosphate and other sediment 

components, sediments off Cap Sim from traverse 5 were subjected to size 

fraction analyses in which the phosphate, carbonate and non-carbonate con-

tents of the very coarse, coarse, medium, fine and very fine sand, silt and 

clay fractions (Wentworth grade) were determined. Owing to the interesting 

results from these analyses, the sand fractions only (for reasons which will 

become apparent later) were analysed from a further series of samples from 

the south central i,oroccan phosphatic sedimept zone. All analyses were 
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performed on glauconite-free material because the glauconitic fraction is, 

as discussed later, a virtually non-phosphatic mixture of both detrital and 

authigenic material. The acid-insoluble non-carbonate phase is taken to 

represent, in the main, the elastic detrital mineral contribution to these 

sediments, and will be referred to as the 'detrital°  phase. 

Nutter (1969) carried out a comparable size fraction investigation of phos-

phate dispersion in sediments from traverses 10,.14, 15, 22, but other than 

making visual comparisons between frequency distribution curves for phos-

phatic and non-phosphatic components did not have time to consider in detail 

the interrelations between these sediment constituents. Accordingly lutters 

data ere reappraised here together with that from south central Lorocco. 

For clarity and convenience, rather than presenting for consideration the 

individual nrain size curves for each sediment sauple, the data arc condensed 

into single diagrams representing individual size fractions of all analysed 

samples. Firstly (Fig. 2.2.4) the concentration of phosphate in each frac- 

tion 	 2  (r 	considered with respect to the total phosphate content of the 

sediment (10. In each of the different sand size fractions there is a 

clear interrelation between T. and_ 2, which increase linearly with respect 

to one another. ry complete contrast there is no such interrelation between 

P1  and F2  within either the silt or the clay fractions, ':ho phosphetc con-

tents of which are more or less constant and always low. 

Significantly the phosphate levels in the silt and clay fractions are 

usually (C.2 per cent F2 
 Cm and of the same order of magnitude as the values 

for poorly phosphatic silts outside the phosphate zone, and for worldwide 

shales (C.16 per cent P205). It has already been established (Chapter 1) 

that the silt and clay fraction probably represents later admixture, during 

the Holocene transgression, of fine material with mainly relict sand. These 

present data imply that the fines probably have some c umon provenance with 
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more or less uniform P2C.; content which is preserved regardless of deposit-

ional environment. It has also bean established in this chapter that phos-

phatic sediments are sands or silty sands and the present date show their 

phosphatic components to be predominantly sand sized: variations in total 

phosphate are evidently caused by variations in the abundance of sand sized 

phosphatic constituents. 

As above, instead of considering the interrelation between detrital and 

Phosphate size fraction histograms in each sample, data for individual size 

fractions of all samples are presented for ease of consideration in single 

diagrams (Fig. 2.2.5). 

The examination of single sample granulometric distribution curves (effect-

ively summarised in Fig. 2.2.5) for phosphate and detrital constituents 

shows (as also pointed out by Putter) a degree of parallelism in dispersion 

which suggests subjection to the same sediment dispersal conditions in the 

depositional environment. Despite the fact that there is a somewhat more 

broad scatter than:for phosphate alone (cf. Fig. 2.2.4) it is clear that 

there is a linear relation between the phosphate/detrital ratio in each 

sand fraction and tee total sediment phosphate. It should be emphasised 

that since the ,detrital,  material represents the phase not dissolved in 

NCI, its abundance should not be influenced by the presence of apatite which 

is soluble in this acid. Again, as for phosphate alone, the phosphate/ 

detrital ratio in silt and clay (Fig. 2.2.5) is more or less constant reg-

ardless of sediment type or the total phosphate content. Those data can 

only be interpreted meaningfully in terms of the previously observed sub- 

parallelism between phosphatic and detrital grain size distributions. They 

imply that, in general terms, where detritals increase so too does phosphate; 

that there is a general linear interrelation implies subjection of these two 

phases of the sediment to similar dispersal mechanisms in the depositional 
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environment. :he fact that thr ratio does not remain constant, as it does 

for silt and clay, suggests the influence of provenance and perhaps also 

sedimentation characteristics such as density sorting etc. 

The constancy of the ratio in silt and clay implies a common detrital source 

regardless of sediment type and not influenced in any notable way by local 

sources of p:osphate in the continental margin. So far these interpretations 

arc in accordance with the textural observations made in the preceeding 

chapter. 

The possibility that the rather broad scatter may reflect authigenic or 

biogenic addition of sediment phosphate cannot be ignored but it must be 

emphasised that the results derive from the ratios of two chemical determin-

ations (for carbonate and phosphate) and that analytical error may account 

for some of the spread. Alternatively the dilution of phosphatic detrital 

sediment by detrital material from some different source and possibly with 

a different phosphate !detrital ratio may be a contributory factor. Then 

again, the total phosphate represents analyses performed on mixtures of the 

apparently detrital phosphate with diluting biogenic carbonate. Gn the 

whole it is considered that either the linear or constant phosphate/detrital 

ratios in this assemblage of ii.oroccnn shelf and slope sediments signifies 

that the majority of the phosphate is detrital in origin. In this respect 

it is worthy of note that (Fig. 2.2.6) the phosphate/detrital ratio decreases 

with sorting; this could well reflect the admixture at different times of 

different sediment masses characterised by different phosphate/detrital 

ratios which may have given rise to the observed scatter. 

As far as increases in the phosphate/detrital ratio are concerned, these 

might indicate proximity to phosphatic sources; but, in that sediment masses 

may be bodily transported away from source, such an assumption would be un-

warranted although the ratio may still be a function of source characteristics. 
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Ca individual traverses (Fig. 2.2.7) the phosphate/detrital ratio in sands 

(represented here by med. sand) fluctuates randomly as apparently it does in 

silt and clay. There is a very slight correspondence between sand fluctua-

tions and those in silt suggesting that some small proportion of silt phos-

phate may derive locally from the came source as the sand phosphate. This 

is not true for clay. Significantly also the bulk data show there to be a 

regional gradient within the silt, which tends to increase in phosphate/ 

detrital ratio seaward (with depth) but this is not true for the clay fraction. 

This may reflect derivation of silt on the slope in some small part by Recent 

winnowing at the shelf edge of rather phosphatic deposits of fine material 

formed during Pleistocene regressions and transgressions. That this does 

not apply to the clay suggests that all the clay is far derived. 1-lowever, 

off Cap Sim there is 	significant parallelism between sand, silt and clay 

fractions of the sediments from the upper slope depression. This is believed 

to be an area of very localised topographically enhanced current winnowing and 

it is not inconceivable that a local supply of clay and silt sized material 

is being contributed by the subsea erosion of soft, fine outcropping sediment 

deposited near former low stands of sealevel. Nineralogical investigations 

(see later) tend to argue against the possibility that the high silt and clay 

phosphate of these samples is due to authigenic additions. Were the regional 

silt pattern caused by accent authigenic additions of phosphate some. corres-

ponding changes in the clay might also be expected: that this is not the 

case tends to argue against Recent authigenic precipitation of phosphate. 

The granulometric characters of the phosphate fraction have been compared, 

using a correlation matrix (?1g.I.4.5A);  with the characters of the detrital 

and carbonate fractions of the sediments. Although there is a strong corr-

elation (r = 0.823) between the median diameters of the phosphate and detrital 

fractions the concentration of phosphate in the sand fractions results in 

a bias of the median diameter of the detrital phase towards the fine side 
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(Fig. 2.2.3). Correlation between the median diameters of the phosp'eate and 

carbonate fractions is slishtly Letter (r = 0.900) reflecting the tendency 

of both phases to be enriched in the sand fractions. both Ca C.:3  and 5235  

correlate positively with per cent sand and negatively with per cent fines 

(Fig.1.4.511) 	In terms of sorting there is also e closer relation between 

phosphate and carbonate sorting then of either with detrital sorting; this 

again reflects the similar distribution of carbonate and phosphate constit-

uents in the sand fraction of the sediment and the addition to the detrital 

phase of a carbonate and phosphate poor silt. D2spite the relation between 

phospate and carbonate sorting and median diameters there is no regional 

or mineralogicel evidence to suggest that the relationship is genetic; the 

interrelation between p'osphate and detrital constituents, however, warrants 

further examination. 

Because the late admixture of relatively non-phosphatic silt and clay with 

sand sized phosphate obscures the original interrelation between send sized 

detrital and phosp!letic constituents, all analyses were recalculated on a 

clay and silt-free basis. The detrital end phosphate fractions are now seen 

to have closely similar median diameters (r = 0.902; Fig.I.4.5A- 	Fig.2.2.9); 

with very few exceptions these fractions are also similarly sorted (r = 0.352; 

Fig. I.4.5A; Big. 2.2.9). Considering the very yell sorted inner and mid 

shelf sediments (sorting values <0.0 for both components - a value chosen 

to allow inclusion of at least one sample from each of the five traverses 

considered) there is a. more or less 1:1 relationship in id values; this 

group includes nearly all traverse (22) samples plus samples 137, 140, 930, 

927, 937, 992, 150. The sole exception to the 1:1 relationship for this 

very well sorted group is sample 1033. All other samples are more poorly 

sorted (>0.65) and show some degree of divergence fror:. a 1:1 relation in 

LA between phosphate and detritals. The sole exception is snmple 991. 



24 

2-0 

01.2 
C 
47,  
O cn 

0.8 

0.4 

0.4 	0.8 	1.2 	1.6 	2.0 	2.4 
sorting detritals 

3 	4 	5 
Md detritals 

Fig.2.2.8. Comparison of granulometric properties of the detrital and phosphatic fractions of Moroccan sediments (phi units). 

Correlation coefficients refer to Fig.I.4.5.A. ; tray.5 =0; tray.IO = A ; tray.14 = ❑  ;tray.15 = U ; tray.22 	. 



0 1 2 	 3 
	

4 
Md detrital 

1 • 2 0.4 0.8 

•2 

0.8 

0-4 

1.6 
detrital 

2 

0 

+ 

r= 0.902 

If  
o e 
/ 

Fig.2.2.9.a. Comparison of granulometric properties of the phosphatic sand and detrital sand fractions of Moroccan 

sediments (left = sorting; right = median diameter; phi units).Correlation coefficients (r) refer to Fig.1.4.5.A. 

Dashed lines in right-hand diagram define an approximate 1:1 ratio (see text). 

Tray.5 =0; tray.10 =+; tray.14 = 0 ; tray.15 = 	; tray.22 = 



r- -0.654 

o 0 
00 0 

0 

0 

I •	 

 

  

0) a 1.6— 

o 

1.2 

0.8 

0.4 

0 

-1 	0 	1 	2 	3 	4 
Md 

Fig.2.2.9.b. Variation in sorting of phosphatic sand fraction with change 

in Md phosphatic sand fraction (phi units). Symbols as in Fig.2.2.9.a. 

54c 



55 

Interestingly, many of the samples with finer phosphate than detrital com-

ponents form a geographic:My related group comprising; most continental 

slope samples (125, 126, 127) and outermost shelf samples (10C3, 133, 134 

922, 923) from north of Safi; in addition are lower slope sample 144 and 

mid-shelf sample 151 from the Cap Sig, region, plus innermost shelf sample 

936 from near Cap Elanc. All samples exhibiting a coarser phosphate than 

detrital median diameter are from ti,e inner and mid-shelf regions between 

Safi and Al Jadida and the mid and outer shelf and uppermost slope regions 

off Cap Sim. 

The similarities in size (Nd) and dispersion (sorting) indicate similar 

adjustment to the depositional environment and imply similar histories of 

transport, deposition and reworking for sand sized detrital and phosphatic 

constituents. Such correspondence would not be expected if the phosphate 

hod other than a detrital origin. 

Since the mean specific gravity of phosphorite pellets from the Lajn, Cal-

ifornia, continental shelf is 2.75 - 2.30 (d 7 Anglejan, 1967) and not much 

different from quartz, it might be expected that in very well sorted sedi-

ments which have experienced considerable degrees of transport and abrasion 

there would be a more or less 1:1 median diameter relationship not unduly 

influenced by density differences between phosphorite grains and quartz. 

This relation is observed here in very well sorted sediments as it is in 

other regions. For example Visse (1953) reports that in onshore pelletal 

phosphorite deposits quartz and phosphorite pellets are of the same size. 

T!:xamination of phosphatic continental shelf sediments off Enja, California 

(d,Anglejan, 1967) and the eastern seaboard of the U.S.A. (Lutenaur and 

Pilkey, 19(7; Pevenr and Pilkey, 19C6) have similarly shown phosphorite 

in the sand fractions to be similarly sized and sorted to associated detrit-

els which are, in the main, quartz, indicating similar histories of trans-

portation and deposition or reworking. These deposits too are detrital and, 
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off the eastern seaboard of the U.S.A. found to be frequently related to 

continental shelf phosphorite outcrops (cf. Lilliman, Pilkey and nackwelder, 

1968; Goodell, 1967; Lutennur and Pilkey, 1956). 

In these other shelf deposits and in pelletal land deposits there is a 

similar cut-off in phosphate below the very fine sand fraction (cf. Visse 

and :icKelvey) which, although it could be Ln original feature of the grain 

population is more likely to reflect the energy of the depositional envir-

onment since associated quartz usually exhibits the same granulometric 

character. 

In that group of samples from the outer shelf and slope displaying a finer 

phosphate diameter than that of associated detritals the possibility that 

this is caused by density sortinh cannot be excluded. But, all these sedi-

ments are relatively poorly sorted (sorting greater than 0.66) compared 

with those in which the median diameter ratio is more or less 1:1. It thus 

seems more likely that along the outermost shelf and slope there has been 

influx of relatively fine phosphate into an area where coarse detritals had 

already been deposited. The reverse is unlikely in view of the relative 

current strengths required. If this is correct it implies that in this zone 

on the outermost shelf off northernmost Lorocco there may be, or has been, 

a greater degree of phosphatic sediment movement than elsewhere which agrees 

with Nutters interpretation of the linear shelf edge phosphate sediment 

zone as resulting from longshore dispersion away from the midshelf source 

during time of lowered sealevel. 

By contrast, where the phosphatic components are coarser than associ-cted 

detritals it 13 assumed that these sediments are a colluvial type placer 

little removed from source. The relative coarseness of phosphate grains may 

reflect (a) the hardness of outcropping phosphorite compared with associated 

lithologies such as mudstone and limestone end/or (b) admixture of locally 
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derived coarse phosphatic sands with later finer quartz sands. That the 

more poorly sorted sediments (sorting )0.66) usually have the coarsest med-

ian diameters (Fig. 2.2.9) supports the contention that they have been 

subjected to greater degreeL of admixtu-fe with materials of different size, 

probably from different sources and possibly having different phosphate-

detrital relationships from the supposed placers. 

2.2.c Intra-sediment  Phosphate Dispersion in Relation to id.neralogz 

With the object ofncertaining in which phases of the sediments the phos-

phate uns concentrated, a series of mineralogical separations and analyses 

were effected. Selected samples warefirat split into respective Wentworth 

sand grades then, using a Franz magnetic separator, into magnetic and non-

magnetic fractions, the former consisting predominantly of glauconite, the 

latter of biogenic skeletal debris and detrital mineral grains. After 

several recyclings through the magnetic separator, more or less pure glau-

conite concentrates were obtained from several different size fractions of 

several different samples. Phosphate levels in these separates proved 

(table 2.2.2) to contain consistently less than 0.22% P205, averaging 0.17% 

P205  similar to the average value for shales (0.l(% P205; Turchian and 

Wedepohl, 1961), strongly suggesting that glauconite, although abundant, 

does not contribute significantly to the observed phosphate levels in these 

samples. 

From the admixtures of the non-magnetic biogenic skeletal debris with detri-

tal minerals, detritals were removed by micropanning, together with glaucon-

itic foraminiferel casts to which shell fragments still adhered, and analyses 

of the resulting biogenic concentrates (table 2.2.2) show that in the finer 

sand fractions the biogenic constituents, which are chiefly foraiainiferai 

tests, contain on average between C.11 and 0.13% P205. Coarse shell and 

coral fragments handpicked from the very coarse sand fraction contain 0.03% 
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P205. Although Nutter (1909) did not carry out any mineral separations on 

north Moroccan shelf samples, his analyses of those very coarse and coarse 

sand fractions in which there were no detrital or authigenic silicate con-

stituents (table 2.2.4) provide comparable data showing the phosphate content 

of the coarse skeletal debris comprising these grades to average 0.09% P205. 

Compared with the average phosphate level for limestenes 

kian and ';;edepohl, 1901) it is clear that while there is no evidence for 

phosphatisation of coarse skeletal debris, despite its normally relict char-

acter and therefore long sojourn on the seafloor, the foraminiferal concen-

trates contain slightly more phosphate than expected. 

Lany of the foraminifers contain clay and others contain glauconite casts 

and, as discussed later, since these other components contain phosphate at 

levels greater than that of the biogenic fraction, the phosphate content of 

the foraminifern must be less than the 0.12% P2C5  average and may not be 

much different from the levels recorded for associated molluscan debris. 

In view of the low phosphate levels of the biogenic and glaucenitic fractions 

all further tests were restricted to the detrital mineral phases. 

From the very coarse fractions of selected sediments, small pebbles and 

granules of rock, selected because of a close lithological resemblance to 

nearby outcropping phosphorite, were found to be highly phosphatic (table 

2.2.2). Grains with similar appearance were commonly dispersed throughout 

the sand fraction es mentioned in Chapter 1. 

Detrital concentrates were obtained by leaching the non-magnetic fractions 

of selected sand size grades from different samples in 25% vol acetic acid; 

this removed skeletal debris and the few calcareous rock fragments present. 

After leaching, the fine (chiefly silt and clay sized) part of the insoluble 

residue was shaken into suspension in water and decanted into 8 scpnrac 

container. The fines derive mainly from the interstices of foraminifera. 
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Using a li'ranz magnetic separator and Cook micropanner, glauconitic foramin-

iferal casts were separated from the detrital mineral grains in the coarse 

(non- decanted) part of the insoluble residue (chiefly sand sized material) 

and subsplits of these mineral phases were retained for chemical and miner-

alogical analyses. 

Considerable concentrations of phosphate were measured in the sand sized 

detrital separates (table 2.2.3), which consisted of detrital elastic min-

eral grains (mainly quartz with subsidiary feldspar), rock frabments and 

rare sharks teeth, fish bones and sponge spicules. The majority of the 

rock fragments were dark brown to orange-brown angular grains lithologically 

resembling locally dredged phosphorite; in particular fragments of the 

common glauconitic phosphorite were often observed in coarser separates. 

By contrast the decanted fine phases do by no means display the degree of 

phosphate enrichment observed in their coarser counterparts (table 2.2.3). 

Visual inspection shows this fine fraction to consist mainly of clay with 

admixed quartz and broken glauconitic foraminiferal casts and X-pray diff-

raction andysis independently supports this mineralogical classification: 

apatite is not found in measurable quantities by X-Eay diffractometry in 

this fraction of the sample. The phosphate levels in the fines (table 2.2.3) 

are in nearly every case slightly lass than those of the unleashed silt and 

clay fractions (table 2.2.2) suggesting that physico-chemical conditions are 

not suitable to the concentration of phosphate within the interstices of 

foraminifera. That the observed levels are slightly lover than the untreated 

silt and clay fractions may obtain due to the admixture in the decanted fines 

of quartz and glauconite although these never reach substantial concentrat-

ions. It is significant that these phosphate levels, which it must be rem-

embered are obtained on the material from the interstices of foraminifera, 

are about twofold higher than the biogenic separates (table 2.2.2). Thus 
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the observed levels of phosphate in the biogenic separates from medium, fine 

and very fine sand fractions are really composite, formed by the biogenic 

and the included clay components, and the average phosphate level of 0.11 

to 0.13 quoted for biogenic debris probably does not indicate phosphatis-

ation of skeletal material. 

Magnetic separates consisting mainly of glauconitic foraminiferal casts 

from the leached residues proved to contain much less phosphate than the 

detrital separates (table 2.2.3). That these glauconite separates contain 

more phosphate than that separated from the unleached samples (table 2.2.2) 

is attributed to the analytical approach; not finding any evidence to 

support an interrelation between glauconites and phosphate less care was 

taken to purify the glauconite and, inevitably, detrital minerals became 

incorporated into the magnetic fraction with glauconitc. The difficulty 

exoerienced in separating glauconite from associated phosphorite particles 

can also be attributed to the fact that local phosphorites are all relative-

ly iron rich and many contain glauconite making any magnetic separation 

difficult. Binocular microscope examinations wore made to ascertain the 

presence of phosphorite in these leached glauconite concentrates and to 

confirm its absence in the unleached glauconite concentrates._ 

Pala brown or cream foraminiferal casts recur quite frequently in the finer 

sand grades. Sufficient of these were separated from sample 802 (table 

2.2.2) to allow chemical analysis which showed them to contain very little 

phosphate. X-1.ay diffraction analysis of brown casts from samples 833, 834, 

337, 873 and 082 showed them to consist essentially of clay minerals and 

glauconite and not to contain any apatite. In view of this the admixture 

of small quantities of these brown casts with the magnetic and non magnetic 

separates of the insoluble residues of these and the other samples is not 

considered to have contributed in any way to the high phosphate levels of 
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these separates. Apatite is only recognised in the diffraction patterns of 

samples in which angular detrital grains resembling phosphorite were recog-

nised under the binocular microscope. 

Phosphatic teeth and bones are always quantitatively unimportant constituents 

of the sediments and cannot give rise to the observed regional and textural 

variation phosphate. 

Nuttem45 (1969) binocular microscope investigations showed that the phospha, 

tic samples from north of Essaouira also contained abundant brown detrital 

fragments identified as phosphorite by analogy with the lithology of local 

outcrops, It is therefore concluded from these data that the main form in 

which phosphatic components occur in offshore Moroccan sediments is as detrj 

tal sand sized grains of locally derived phosphorite. 

2,2.d Relation of Phosphatic Sediment to Phosphatic Bedrock Outcrops • 

Comparing total sediment phosphate with the distribution of dredge hauls in 

which locally derived phosphorite or phosphatic limestone pebbles or bedrock 

fragments were obtained (Fig. 2,2.1 ) it is clear that there is a very close 

relationship between phosphatic rock and phosphatic sediment distribution. 

With the exception of the phosphatic sediments at the extremes of the zone 

and in the nearshore region the phosphatic sediments almost everywhere over-

lie phosphatic rock outcrops. Within the EssnouirawAgadir region, strati-

graphic studies (Chapter 5) show the phosphatic rock to crop out on the shelf 

and uppermost slope from beneath a pronounced unconformity; within this 

region the maximal concentrations of phosphate are found to be restricted 

to those areas where phosphatic rocks outcrop from beneath the unconformity 

(Fig. 2.2,1 and 5.3.4). 

In that the foregoing preliminary examination strongly tends to imply that 

Vie majority of phosphatic constituents cre detrital, the diluting effects 
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of bicgenic carbonate accuculation are removed by recalculating phosphate 

contents on a carbonate free basis and the distribution of phosphate expre-

ssed as a percentage of the detrital (non-carbonate) phase is considered 

(Fig. 2.2.10). Essentially the same zonal arrangement of phosphate obtains 

as for uncorrected phosphate values, there being a continuous well defined 

narrow belt of phosphatic sediment along the shelf edge, a discontinuous 

inshore zone which is particularly rich off Cap Blanc, and a mid-shelf zone 

between Al Jadida and Safi. The mid-shelf phosphate-poor sands between 

Essaouira and Cap Blanc generally contain less than 0.5% '205. Within the 

silt belts of the slope and shelf phosphate is also depleted, usually not 

exceeding 0.2% P205  in the northern silt belt, end 0.5% P205  in the southern 

silt belt. In view of the previous findings that the silts represent accent 

supplies of detrital material possibly derived from some distant provenance 

and are compositionally unrelated to the

. 

 relict sands, it was decided to 

use the 0.5% P
2
C
5 
isopleth to define zoes of phosphate enrichment. The 

fact that non-phosphatic sands and some of the silts contain slightly more 

phosphate than the average for shales (0.167. P2C5)  most probably results 

both from the fact that these present results are expressed on a carbonate 

free basis and reflects the abundance of phosphorites among the provenance 

rocks onshore. 

Again it is clear that the zones of carbonate free sedimentary phosphate 

enrichment relate closely to phosphatic rock outcrops and are not absolutely 

dependent on geomorphic criteria as might be expected were they causatively 

related to oceanographic phenomena such as upwclling. The degree of phos-

phate enrichment off Cap Blanc is quite considerable, frequently in excess 

of 10% P2c5. That this enrichment is greatest where the largest expanse of 

phosphate rock would have been exposed to erosion during Pleistocene regress-

ions again reveals the probable detrital character of the surficial deposits; 

such an association would not be expected to result from phenomena associated 



Fig.2.2.10 

Distribution of carbonate-free phosphate (as P205)  in sediments off Morocco: information for sediments 

north of Safi calculated by the writer from data given by Nutter (1969). 
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with upwellins. 

In view of the granulometric relation between phosphate and detritals, exten-

sion of the phosphatic sediment zone beyond the area of outcrops is taken, 

in agreement with Nutter (1969) to indicate (1) off Cep Blanc, seaward 

transport of phosphatic components at times of lowered sealevel and (2) 

long8hore current dispersion over the entire region, again at times of 

lowered sealevel. 

2.2.c Loroccan Shelf Phosphatic Sediments: Summary and Conclusions 

In spite of the apparent suitability of the Loroccan continental margin as 

a site for the contemporaneous formation of authiscnic marine phosphate 

minerals, the date presented here militate against this hypothesis and mar-

shal in favour of multiple detrital sources related to onshore and offshore 

outcrops of early Tertiary phosphorite deposits common to this region. In 

this respect the Moroccan shelf deposits differ in no way from the phosphatic 

sediments of the Atlantic continental shelf of the U.S.A. This conclusion 

is based on (1) the existence of sand sized phosphorite grains which can 

only have been derived from local outcrop and are particularly common in 

relict sediments from the outer shelf where they occur amorBor immediately 

seaward of phosphorite outcrops; 

(2) linear covariation of phosphatic and detrital components with respect 

to phosphate sources and covariance of their granulometric properties indic-

ative of shared sedimentation histories; 

(3) textural and other evidence for the regional deposition of a phosphate-

poor silt and clay blanket, unrelated in the main to local sources, and the 

consistency of whose phosphate-detrital ratio implies absence of phosphate 

adsorption and, on the contrary, an inherited provenance characteristic; 

(4) the fact that phosphate is not replacing biogenic skeletal debris even 

where it has been exposed for sufficient length of time to allow formation 
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of glauconitc within foraminiferal tests; 

(5) the absence of any notable degree of accumulation of phosphate within 

foraminiferal tests despite the common occurrence in these tests of glaucon-

/to, and indications that this is an environment suitable to authigenic 

mineral formation. 

The sedimentation history of the Moroccan shelf phosphate deposits apparently 

relates to fluctuations in Pleistocene sealevel. In the immediate vicinity 

of outcrop are poorly sorted coarsely phosphatic sands; seaward are finer 

phosphatic sands implying that at least between Safi and Al Jadida, seaward 

transport has occurred from the midshelf source region to the outer shelf 

and has resulted in formation of a 'transported anomaly' not directly over-

lying source rocks. The tremendous dispersion of phosphate between Safi and 

nobat in this shelf edge zone may result, since phosphorite outcrops are not 

widespread over the entire region, from current dispersal in a Pleistocene 

nearshore zone, probably as flutter (l9G9) suggested, by longshore drift. 

Cff southern Morocco, by contrast phosphorite outcrops beneath the outer 

shelf on which phosphatic sand is concentrated aid all examined samples showed 

signs typical of a 'residual' as opposed to a 'transported' anomaly. Some 

degree of dispersion must have operated alongshore in this zone but, because 

of proximity to source, effects of transport are masked. Nevertheless it is 

suggested, since geological evidence presented in Chapter 5 shows the Eocene 

phosphorite outcrops to be restricted to the Cap Sim region and not to extend 

as far south as Agadir, that the phosphatic maximum on the outer shelf off 

Agadir may result from the same longshore drift dispersal as caused the for-

mation of the northern Moroccan anomaly. Since there is but one traverse in 

the vicinity of Agadir and none between that and the Cap Sim phosphatic sedi-

ment zone, the present survey is not adequate to allow further conjecture. 

Some contribution from rivers to the outer shelf during low sealevel stands 
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must also be anticipated in view of the existence of large inland phosphorite 

deposits and of the discontinuous inshore belt of phosphatic maxima. These 

inshore sediments are believed to be river derived because their nearshore 

setting is far removed from known offshore phosphorite outcrop and also 

because the phosphate-detrital ratio in the sand fraction of these sediments 

decreases radically seaward in the ,non-phosphatic° mid shelf sediments 

before increasing again as the mid and outer shelf phosphatic sediment 

zones are approached. Such fluctuation would certainly not be expected as 

a function of sand transport shoreward from the phosphatic zone. Nutter 

(1969) has also demonstrated the existence of a restricted linear mid shelf 

zone, between the outer shelf and the coastal zones, which appears to be 

related to mid shelf phosphorite outcrops and the phosphate dispersal in 

which is thoughtto result from longshore drift during low sealevel stands. 

Preservation of these relict Pleistocene phosphatic sand deposits formed at 

low sealevel stands is thought to be the direct result of the paucity of 

Recent sediment accumulation in these regions. Nevertheless it appears 

that there is everywhere, with the exception of the Cap Sim depression, a 

silt and clay blanket of recent origin, which has become mixed with the 

outer shelf sediments. This blanket is best developed in the inner shelf 

zone but locally, off north Morocco extends well out onto the mid shelf. 

For a variety of reasons the source of thin silt and clay is thought to be 

in the main terrestrial and unrelated to the sand components of the majority 

of shelf and slope sediments. 

2.3 	Spanish Sahara 

2.3.a Distribution of Phosphate in Surface Sediments  

Traverse separation is too great to justify intertraverse interpolation of 

phosphate isopleths and accordingly profiles of phosphate concentration for 
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each traverse are presented individually (Fig. 2.3.1a). In order to assess 

the effects of diluting biogenic carbonate, the uncorrected and carbonate 

free phosphate values are presented. Phosphate distribution is extremely 

irregular, yet considering for a moment only the uncorrected levls, it is 

abundantly clear that the northern two traverse arc relatively phosphate-

rich compared with the southern two. Cff Villa Cisneros for example, phos-

phate levels higher than 0.17% F205  were not encountered. There is along 

this traverse a very clear but gradual seaward increase in phosphate toward 

a maximum at Ste. 234, at which phosphatic limestone bedrock was dredged. 

Although higher than uncorrected P
2C5 levels, the carbonate-free phosphate 

level does not exceed 1.07 P2C
5 and is usually much less than this. Off 

Cap Blanc, with the exception of a phosphate low at Ste. 220, there is by 

contrast with the previous traverse, a general shoreward increase in phos-

phate which averages 0.17% P2C5  and reaches a maximum of about 0.3% F205. 

Again, the carbonate free phosphate is always less than 1.07 :2 5; although 

it does not quite so clearly follow the pattern of total phosphate there is 

clearly no tendency for marked local concentration such as seen off the 

northern coast. Discovery samples collected between these two traverses 

generally contain less than 0.15% F2C,.; an exception is Ste. 6590 where 

0.31% P2C
5 
was recorded (Fig.3 113) 2 -• • 	• 

Phosphate is considerably enriched in the outer shelf and uppermost slope 

sands off Caps Juby and :ojador and moderately enriched in a narrow zone some 

10km. off Cap Juby. Outside the confines of these zones, phosphate levels 

are generally below 0.2% P
2
0
5 
(uncorrected; or below 1.0% P

2
3
5 
on a carbon-

ate-free basis). Eaximal recorded total phosphate levels are 5.2% P205  on 

the uppermost slope off Cap Juby (Ste. 277), and, on the uppermost slope and 

outermost. shelf off Cap Dojador, 4.2% (Sta. 253), 5.4% (Ctn. 255), and 8.3% 

P2C5  (Ste. 256). The average level outside the zones of enrichment is approx-

imately 0.16% P2c5. 
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All samples were analysed except 236,253,261. 
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Size fraction analyses carried out on samples 255, 256, 258 and 277 (Chapter 

1) show them to contain abundant angular lithic fragments of a yellow-brown-

rock together with limestone fragments containing orange-brown internal 

casts of foraminifera. These yellow - to orange-brown fragments and fora-

miniferal casts are the most abundant constituents of the acetic acid insol-

uble residue. From their resistance to acid attack, their external appearance 

and the elevated phosphate content of these samples (reaching 20 - 30% P2C5  

on a carbonate free basis) it is deduced that they arc phosphorites or 

phosphatic limestones. All available evidence (Chapter 1) suggests that 

these coarse sediments are dominantly relict and represent detritus from 

some local outcrop subjected to erosion during some lowered stand of the 

Pleistocene sea. It should be emphasised that whereas Recent unabraded 

unphosphatised foraminifera predominate in the very fine sand fraction, the 

phosphatic casts predominate in the coarser fractions whence they can only 

have been derived by the dissolution of rock fragments. According to Eye 

(pers.comm.) these samples all contain derived phosphatised Lower Pliocene 

foraminiferal retains, here taken to indicate the age of the outcropping 

strata from which they were eroded. 

Between Cap Bojador and Villa Cisneros, shelf samples 6564 to 65C5, collected 

from a.a.s. Discovery by R.H. Belderson of N.I.C., are low in phosphate, 

which averages 0.08% P205. But, just below the shelf edge, sample 6570 con-

tains 0.45% P205 and may represent a southerly extension of the phosphatic 

zone discussed above. Since some slight enrichment was also observed in this 

position off Villa Cisneros, the possibility cannot be excluded that the 

shelf edge and upper slope phosphate zone is continuous from Cap Juby at 

least to Villa Cisneros. 

2.3.b Distribution of Phosphate in Cores 

The series of muddy foraminiferal ooze or calcareous mud cores collected 
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from the Saharan continental slope (Fig. 2.3.2) did not yield any subsamples 

containing more than 0.2% P205  excepting in core 251 where the sediments 

average 0.27, F2C,. Changes from a more muddy surface to a lower ciltier 

deposit, or vice verse, are recognised in three cores (233; 273; 279); 

in each case the phosphate levels in the siltier parts of the core are 

higher than where mud prevails. Gradual increases of phosphate with depth 

in the core are not recognised except in the deeper cores off Cap Juby (231 

and 202). The significance of this gradual change has yet to be established 

since there has not been time within the framework of the project to under-

take detailed textural analyses to complement the chemical data. Fowever, 

it is worth pointing out that all the recorded phosphate levels are not 

more than two-fold different from average shales and the observed variations 

could very easily represent changes in the carbonate-detrital ratio. Since 

higher levels are not noted, there are no sure grounds for suggesting that 

Eecent formation of sedimentary apatites is the cause of the gradual increa-

ses. With regard to the observed textural association in other cores, 

further investigation is warranted. 

2.3.c Discussion of Saharan Data 

The belt of phosphatic sediment on the outer shelf and upper slope off the 

north Saharan coast appears, as does that off Morocco, to be a relict 

detrital placer formed by the erosion of nearby outer shelf exposures of 

phosphatic rock during the Pleistocene. That this belt is not continuous 

southward may be due to burial by enhanced biogenic sedimentation (Chapter 

1) resulting from the increased productivity of southern ascpposed to north-

ern Saharan waters (cf. Jones and Folkard, 1963). Whereas this southward 

upwelling enhancement might be expected to create an environment favourable 

to euthigenic apatite formation, the observed concentrations of phosphate in 

sediments outside the main northern phosphatic zone show no geographical 

variation which might support an interrelation between sediment phosphate 
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and upwelling. There is no evidence to suggest that calcareous skeletal 

materiel is being replaced, and the compatibility of regional phosphate 

levels outside the phosphate zones, end at depth in sediment cores, with 

shale and limestone values argues against any local concentration relating 

to upwelling. This despite the evident slowness of accent sedimentation 

on the Saharan shelf (Chapter 1) cnd the fact that upwclling off the south-

ern Sahnran coast is more intense than elsewhere in the region (cf. Jones 

and Folkard 19GS). Consequently it must be assumed that the present physico-

chemical conditions of this environment do not favour authigenic apatite 

formation. There are however strong grounds for suspecting that authigenic 

apatite did form in the Pliocene along the shelf edge under similar condit-

ions to those prevailing at present and it is suspected that whatever the 

environmental change required to produce apatite formation on a notable 

scale, it is but slight. 

2.4 	General Conclusions 

Although the northwest Africnn continental margin is en environment of 

active upwelling of phosniante-rich water where biological productivity is 

high and the sedimentation rate very low, .ecent formation of authigenic 

phosphate deposits does not appear to be occurring contrary to the general 

predictions of Maelvey and others. There is no evidence for phosphntis-

ntion of carbonate skeletal debris, adsorption of phosphate onto clay or 

silt, or the formation of apatite precipitates either from seawater or 

interstitial water. Instead, as far as present data are concerned, phosphate 

is present in the main as a detrital constituent derived by the erosion of 

continental shelf and nearby land phosphorites. Its dispersion patterns 

are interpreted in terms of formation of mid and outer shelf deposits 

during low senlevel stands of the Pleistocene, during which it was distrib-

uted over the region by current activity and, in particular, by longshore 
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drift. These conclusions substantiate the earlier tentative conclusions of 

the writer, based on 19 CT) shipboard phosphate determinations carried out 

during t110. first reconnaissance cruise (Tooms and Sulmerhayes, 19&'3). 

Accordingly, the hypothesis that in zones of active divergent upwclliri of 

phosphate-rich water off the western, arid coasts of continents in regions 

such as that examined here, conditions are more or less ideal for the Recent 

formation of marine apatite deposits (cf. NcKelvey, 1903, 1967) must be 

regarded as questionable, if not totally without foundation, in relation to 

the present oceanographic milieu. The validity of the upwelling hypothesis 

is further critically examined in Chapters . 
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CHAPTEl'e 3 

REGICNAL SEDIMENTARY GEOCHEMISTLY 

3.1 	Introduction 

Previous studies on the geochemistry of shallowvnter marine sediments have 

established to varying degrees the fundamental control of sediment geochem-

istry by its mineralogy (among others cf. Goldberg and Arrhenius, 195C; 

Hirst, 1962 a z*nd b; Loore, 1963; Hazelhoff-Roelfzema, 1968). Following 

from this has developed the use of multielement geochemical mapping and 

statistical techniques in assessment of the provenance and dispersal of 

modern marine sediments (Moore, 1958; Eumenu and Vanney, 1959; Till, 1970, 

White, 1970). The use of multielement soil and stream sediment geochemical 

mapping and statistical analysis in simulation of mineralogical studies to 

differentiate source bedrock types whose mineralogy differs in significant 

degree is long established (Webb, Nichol and Thornton, 195L-,; Armour-Erowne 

and Nichol, 1970). hultielement geochemical analysis offers a more rapid 

reconnaissance method of estimating sediment mineralogy than do detailed 

mineralogical studies. In this context the U.S.G.S. has recently conunenced 

a large scale regional sediment geochemical reconnaissance of the submerged 

eastern part of the U.S.A. to rapidly detect and evaluate offshore mineral 

reserves (Holmes, 1969). i s the differences between coarse and fine sedi-

ments are usually mineralogical as well es textural, this analytical approach 

may also offer a rapid means of estimating broad sediment textural characters. 

In this chapter the validity of this hypothesis in regard to northwest 

African shelf and slope sediments is investigated. An attempt is made to 

establish the mineralogical dispersion of the non-biogenic phases and to 

assess their relationship to the apparently detrital phosphatic constituents. 

C'y means of single element dispersion studies, interelement correlation 
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assessment and factor analysis, the non-biogenic phases of these sediments 

are classified into different facies from which further understanding may 

be obtained of shelf sedimentation processes in general and the character-

istics of the phosphate deposits in particular. 

3.2 	Analytical Lethods (See Appendix 2 for Details) 

To assess sedimentation patterns from sediment geochemical studies it is 

first necessary to attempt a separation of the mechanically derived (detrital) 

products from biogenic debris, sorbed material and authigenic phases. In 

this study the widespread presence of authigenic and detrital glauconite 

and of an authigcnic iron-oxide phase makes such a clear division impossible. 

It was decided to remove only biogcnic remains and loosely sorbed elements, 

by using a cold 257, vol. acetic acid leach (after Hirst nnd Nicholls, 1953). 

After leaching it was found that this had partly dissolved the iron oxide 

phase (cf. Chester and Hughes, 1957) but not sufficiently to obscure the 

authigenic mineralisation pattern. This approach also neglects the influence 

of lithic fragments of calcareous rocks which occur in some samples; how-

ever, the majority of the sediments are fairly mature and contein only a 

little such material. Contaminants, in the form of ships clinker, were 

recognised in a number of samples but were usually sufficiently coarse to be 

easily sighted and removed. The resultant compositions therefore should be 

fairly representative of the detrital and authigenic mineralogy of these 

sediments. 

The insoluble residues of material collected during the 1963 reconnaissance 

cruise to Eorocco and the Spanish Sahara were analysed by a then available 

Direct Reading Emission Spectrograph (table 3.3.1.a). These samples form 

population subset 1. Apart from colorimetric phosphate analyses9  whiCh 

were carried Out on all samples, this subset was analysed for Al, Ca, Fe, 
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N, Si, Ba, e, Di, Ca, Co, Cu, Cr, Ga, Pb, Mn, Eo, Ni, As, Sc, Sr, Sn, 

Ti, V, Zn, Zr. Because the analytical technique has been found unreliable 

for 2e, El, Cd, Sc, Sn, Mo, Az end Zr (Your-,, 1970, A.G.a.G. Internal aeport) 

and as these usually occurred either in very smell or trace amounts, they 

were not further considered. The following discussions of population subset 

1 are therefore concerned with 19 variables (including phosphate). 

All Moroccan samples collected in 19G9 were analysed, and the 1963 Moroccan 

samples were re-analysed, using an optical emission spectrograph (the direct 

reading instrument not being available) for the following fourteen elements:-

-2,e, Co, Cr, Cu, Ga, Mn, No, Ni, Pb, Sr, Ti, V, Zn and Fe 203  (table 3.3.1.b). 

Values determined by this method do not differ greatly from those determined 

by direct reading emission spectrography (Appendix' 3) and comparisons of 

interpretations reached from the two sets of data are considered valid. The 

Foroccan samples form population subset 2. 

Population subset 3 comprises all those samples for which granulometric 

analyses were available. 

Acetic acid extractable Fe and En determinations were carried out using an 

atomic absorption spectrophotometer (table 3.3.1.b); for the purposes of 

statistical analysis those samples containing measurable Fe and Mn form 

population subset 4. To remove the diluting effects of biogenic debris and 

to facilitate comparison with the detrital phase these results have been 

calculated on a carbonate free basis. 

3.3 	Single Element Dispersion in ::~elation to Mineraloav 

3.3.1 Size Fraction Analysis  

To test the assumption that total sample geochemical analyses can be used to 

estimate mineralogical and therefore also t=tural characteristics, the silt 
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and clay fractions were separated from select_d samples of traverses 5 and 

15 and, after removal of biogenic and loosely sorbed material by weak acetic 

leach, were analysed by direct reading emission spectrcgraphy. An approx-

imation to the composition of the sand fraction is obtained from analyses 

of total sediment samples containing>707. sand: off Cap Sim these are 153 

and 155; off Cap Diane, these are 133, 134 and 137 (table 3.3.1.a). 

As, on each traverse, there is little compositional difference between 

separate silts and clays from adjacent sample sites the mean clay and silt 

compositions were calculated for each traverse (table 3.3.1). Clays are 

found enriched relative to silts in Al, Mg, K, Fe, Cr, Cu, Zn, Pb, Ga, V, 

Ni, silts being enriched relative to clays in Ti, Si, Ca, P205, Dc, Sr, En 

and Co. Ti.elative to silt and clay, sands are enriched in Ca, P205, Fe, Fig, 

Tb, and, in addition, off Cap Sim-K and Cr and off Cap Llanc Ln and Sr. 

These data are taken to indicate concentrations of clays and heavy minerals 

in the silts and clays and concentrations of apatite (Ca, P205), dolomite 

(g), glauconite (Fe, K), and possibly 7c oxides (Fe, Mn, Pb) in the sand 

fractions. The dolomite, glauconite and Fe oxides all exist as integral 

constituents of phosphatic rocks from this region (Chapter 6) but glauconite 

and Fe oxides may also form discrete mineral phases in the sand fraction 

(Chapter 1). These analyses imply that, because of mineralogical controls, 

fine grained sediments will be enriched in the bulk of analysed elements 

except Ca, P205, Fe, Mg, K, Cr and Pb, which would apparently be concentrated 

where sands predominate. Within silty sediments, enhancements in Al, Cu, Zn, 

Ga, V and Ni would proLably signify an increase in clay sized relative to 

silt-sized components. 

Further examination shows that there are regional compositional differences 

between each fraction: with respect to the corresponding Cap Blanc sediments, 

Cap Sim clays arc enriched "57. in Ca, -2205, Sr, 13a, Cu; Cap Sim silts are 
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enriched ;>5% in K, Si, Ni, 5a. Within the sands only Fe, X and Pa are con-

sistently enriched;>5% off Cep Sim. Off Cap nanc, clays arc enriched>5% 

in Nn, Fe, Hi, Cr, Co, V; silts are enriched 5% in Al, I"g, Fe, Ca, V, Co, 

Yln, Sr, Zn and sands in Al, Ti, En, Co, 1Fb, Ga, Ca. The differences between 

the clays are exactly the same when element/A1 ratios are considernfl as when 

total abundances are considered (table 3.3.1). Since this ratio is thought 

to reflect clay mineral provenance (cf. Hirst, 1952 b; Porrenga, 1957 b) 

provenance difference may be indicated for the sediments of the two silt 

belts. The differences between the sands arc not entirely real in that these 

are not sand separates but very sandy samples in which some silt and clay arc 

mixed. Nevertheless, although this may explain the element enrichments in 

Cap Diane samples it does not account for the Fe, K, Da enrichment in the 

glauconitic Cap Sim samples. Accordingly it appears that as well as showing 

relative grain size differences (based on mineralogy) this technique will 

disclose mineralogical differences within samples of similar texture. 

3.3.2 7::istogram Anclzpis: Population Subset 1 

The validity of these findings, as far as a regional survey was concerned, 

was tested first by considering the frequency distributions for individual 

elements in total sediments from population subset 1 (Fig. 3.3.1). Within 

this population are several well defined subsets representing regional diff-

erences between similarly textured samples or local differences between diff-

erently textured samPles. (In the following discussion the term silt is 

used to sisnify a fine grained sediment dominantly composed of silt-sized 

material.) The major elements P205, Al, Ca, Fe, K, L., and Si display tex-

turally induced variations off both morocco and the Sahara. The minor 

elements Ze, Co, Cu, Ga, Pb, En, iii, Sr, Ti are texturally influenced off 

the Saharan coast but off Eorocco only Cu, Ga, Pb, Hi, Sr, and Ti show this 

type of influence clearly. Sands tend consistently to be enriched in P205, 
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Cc, Sr, Fe, hg, Fb and locally Nn and Sr, whereas silts tend consistently to 

be enriched in Al, K, Ge, Cu, Da, Co, Ni, Ti and to a lesser extent Si and 

En. These variations mirror those disclosed by size fraction analysis of 

selected Moroccan samples and imply that apart from quartz, the major sand 

minerals of the northwest African shelf are apatite and dolomite from phos-

phate rocks (Ca, P205, Sr, Eg) in company with iron minerals (Fe, Mn, Pb 

probably represent gleuconite and/or iron oxides). ._respite the existence of 

regional variations in either sands or silts the textural groupings remain 

very distinct. 

aegional differences may signify provenance differences if the constituents 

of any one size fraction in all s Aples have had very sim'ler transportation.. 

al and depositional histories. Accepting this assumption then there are 

provenance differences between north Saharan sands (enriched relative to 

south Saharan sands in Ca, P2C5, Fe, V, Da, Co, En, Sr, Zn) and south 

Saharan sands (enriched in Si and Ti). This supports visual observations 

which show the southern sands tole more quartzose and the northern sands to 

be more phosphatic and often iron-oxide coated (cf. Chapter 1). That 

Ecroccan silts are enriched (relative to Saharan silts) in Al, K, Ms and Si 

but depleted in Cu, Pb, be, Co Cr, Ni and Ti eley also signify a provenance 

difference. Comparing phosphatic and non-glauconitic north Saharan with 

horoccan sands, differences ere seen which may be texturally rather than 

provenance induced. The enrichment of Moroccan (relative to north Saharan) 

sands in Al, K, Ns, En, and Sr is most probably governed by the preferential 

admixture of silt and clay with Moroccan as opposed to Saharan sands (cf. 

Chapter 1). The differences between north and south horoccan sands is taken 

to reflect concentration of gleuconite in the latter and iron oxides in the 

former possibly as a result of authigenic rather than detrital provenance 

influences; this will be investigated in some detail later in this chanter. 

As between north and south Saharan sediments there is a general phosphate 
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decrease southward, among shelf sands, which probably reflects the lesser 

degree of exposure, southward on the shelf of phosphatic source rocks. 

In summary, mineralogically controlled geochemical differences relating to 

ren:ce or sediment type allow division of the sediments into distinct geo-

chemical groups on a regional and textural basis. 

With regard to the absolute abundances of these elements, compared with 

averaFse shales, the S Iharan and horoccen sediments contain similar amounts 

of most elements except Pb, Cr and V which tend to be slightly enriched off 

northwest Africo, probaSely due to local provenance characters. Consider-

ation of the maximum determined values for individual elements suggests that 

no metal deposits of economic interest have been revealed by the reconnri-

ssance. Maximum elemental values (in ppm) are as follows:- Pi:170; Pb:130; 

Co:24; V:700; Cr:450; Bo:500; Ga:20; Cu:300; Sr:1000; Ln:c1000; 

Ti:cl000; Zn:300. 

3.3.3 Single ;dement Distribution in :elation to Sediment Type  off Eorocco 

The degree to which individual element distribution maps may reflect miner-

alogy and texture on a regional basis was tested on horoccan sediments 

using data from population subset 2 together with analyses of soluble Fe and 

1n. To facilitate comparison of elemental and textural distribution, elem-

ental abundances are represented by five or six symbols representing specific 

concentration ranges and giving the maximum features of the areal distrib-

ution: these are superimposed on a base map displaying the main textural 

features of the Voroccan shelf end slope (Fig. 3.3.2). In that the textures 

are those of total sediment whereas the elemental abundances are those of 

the detrital phase, an exact correlation is not expected; but as in Chapter 

1 it was shown that the detrital and total sediment textures closely corres-

pond, this means of assessing the geochemical-textural relation is regarded 

as valid. 



Fig.3.3.2.(I) Distribution of acetic acid soluble Fe (ppm on a carbonate-free basis) in sediments . 



Fig.3.3.2.(2) Distribution of acetic acid soluble Mn (ppm on a carbonate-free basis) in sediments. 



Fig.3.3.2.(3) Distribution of Ba in acetic acid insoluble residues of sediments off Morocco. 

Contours represent outlines of the main sediment zones shown in Fig.I.3.1. 



Fig.3.3.2.(4) Distribution of Co in acetic acid insoluble residues of sediments off Morocco. 

Contours represent outlines of main sediment zones shown in Fig.1.3.I. 



Fig.3.3.2.(5) Distribution of Cr in acetic acid insoluble residues of sediments off Morocco. Contours 

represent outlines of the main sediment zones shown in Fig.I.3.1. 
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Fig.3.3.2.(6) Distribution of Cu in acetic acid insoluble residues of sediments off Morocco. Contours 

represent outlines of the main sediment zones shown in Fig.I.3.1. 
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Fig.3.3.2.(7) Distribution of Ga in acetic acid insoluble residues of sediments off Morocco. Contours 

represent outlines of the main sediment zones shown in Fig. 1.3.1. 
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Fig.3.3.2.(8) Distribution of Mn in acetic acid insoluble residues of sediments off Morocco. Contours 

represent outlines of the main sediment zones shown in Fig.I.3.I. 



Fig.3.3.2.(9) Distribution of Mo in acetic acid insoluble residues of sediments off Morocco. Contours 

represent outlines of the main sediment zones shown in Fig.I.3.1. 
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Fig.3.3.2.(10) Distribution of Ni in acetic acid insoluble residues of sediments off Morocco. Contours 

represent outlines of the main sediment zones shown in Fig.I.3.1. 



Fig.3.3.2.(11) Distribution of Pb in acetic acid insoluble residues of sediments off Morocco. Contours 

represent outlines of the main sediment zones shown in Fig.I.3.1. 



Fig.3.3.2.(12) Distribution of Sr in acetic acid insoluble residues of sediments off Morocco. Contours 

represent outlines of the main sediment zones shown in Fig.1.3.1. 
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Fig.3.3.2.(13) Distribution of Ti in acetic acid insoluble residues of sediments off Morocco. Contours 

represent outlines of the main sediment zones shown in Fig.I.3.I. 
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Fig.3.3.2.(I4) Distribution of V in acetic acid insoluble residues of sediments off Morocco. Contours 

represent outlines of the main sediment zones shown in Fig.I.3.1. 



Fig.3.3.2.(15) Distribution of Zn in acetic acid insoluble residues of sediments off Morocco. Contours 

represent outlines of the main sediment zones shown on Fig.1.3.1. 
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Fig.3.3.2.(16) Distribution of iron as 
Fe203 

in the acetic acid insoluble residues of sediments off 

Contours represent outlines of the main sediment zones shown in Fig.1.3.1. 

Morocco. 
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In accordance with previous findings, certain elements show a clear distrib-

utional relation to texture, but often the patterns are made more complex 

then previous analyses suggested, primarily because of mineralogical vari-

ation in the sand fraction. In general 5a, Cu, Ni, Ti and Zn are enriched 

in silts while 3r, no 1 e2re 3  are enriched in sands (Fig. 3.3.2) cc too is 

P2C5  (Fig. 2.2.10). In the central shelf sands between bssaouira and Al 

Jadids, certain elements (notably Fe, In, 7, Ph, Co) which are depleted 

relative to adjacent silts off Essaouira, become progressively concentrated 

north toward Cap Blanc where they are enriched relative to adjacent silts. 

:t is in these metal rich sediments that most of the detectable No is found. 

Cf these elements, Pb, '; and Co in southern sands are almost everywhere 

depleted relative to southern silts but their relation to northern silts is 

obscured by the central shelf sand maxima. Another element influenced 

strongly by sand mineralogy is Cr which is enriched relative to silts in 

the southern glauconi tic sands. The opposite is true for the northern sedi-

ments. 

The Ga dispersion is unusual in that instead of, as anticipated, being con-

centrated among the fine sediments, it is more or less evenly distributed 

throughout the area in amounts between le - 2Oppm. .Jiven the use of differ-

ent class intervals of 0 - 15 and 15 - 2Cppm did not significantly change 

this picture. This even distribution is thoezht due to the bonding of va 

in feldspars in the sands and within clays in the fine sediments. That some 

of the silts have notably enhanced Ga content is taken to reflect local 

increases in clay content, for instance in the northern part of the northern 

silt belt (this is supported by Nutter's textural analyses, cf. Nutter, 1. 09), 

and among certain slope sediments. The northward Ca increase in northern 

shelf silts is paralleled by Cr but not notably by other elements. Differ-

ences are apparent between the northern and southern slope silts which may 

reflect provenance although without detailed investigations this remains 
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conjectural: northern silts tend to contain more Cr and Co while southern 

silts tend to contain more 	These intra-silt differences do not mask 

the fundamental differences between silts and sends. 

Soluble in is notably concentrated in the mid, inner and outer shelf sands 

north of let. 32 11, but is always very low among southern shelf sediments 

(cf. Figs. 3.3.2. and 1.3.1). Silts are everywhere low in soluble Ln com-

per& with sands. In general the sediments richest in soluble Ln are much 

the poorest in organic carbon (compare Figs. 3.3.2 and 1.4.7). Soluble Fe 

distribution (Fig. 3.3.2) more or less parallels that of soluble Ln on the 

northern shelf. A signal difference in the regional pattern, in comparison 

72ith soluble En, is that a tongue of sands and silty sands rich in soluble 

Fe extends right alon the edge of the southern shelf; on the outer shelf 

off Agadir is the highest recorded soluble Fe level of traverse 1 (45ppm at 

Ste 805) and it can be assumed that this zone is continuous. 

These patterns are attributed to part solution (1) of send sized glauconite, 

which is notably concentrated among southern outer shelf sediments, and (2) 

of iron-manganese oxides known to stair central and northern, but not south-

ern, shelf sands (cf. Chapter 1). That the iron-manganese phase mainly 

occurs in well-oxidised sands very poor in organic carbon, but not in the 

glauconitic and rather more carbonaceous southern shelf sands and silty 

sands, supports the suggestion that its formation is :2,ecent (cf. Chapter 1). 

The metal enrichment in the central shelf sands seems well correlated with 

the supposed secondary ferromanganese concentrations. Cne reason why 

several elements do not clearly show the boundaries of the northern silt 

belt is suggested by the occurrence, among outer shelf sediments, of pres-

ently recognised secondary oxides and (cf. Nutter, 1969; Latthieu, 1968) 

of glauconitc. 
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3.3.4 Summary 

In summary it is clear that single element data alone cannot be used to 

indicate mineralogical and textural features although silts and sands can 

be differentiated into natural groups on the oasis of their total geochemical 

character. Salient points emerging from these analyses are that (1) differ-

ent and geochemically distinct subpopulations appear to represent natural 

mineralogicelly controlled groupings; (2) The principal mineral controls 

appear to be, in sands, apatite, quartz, glauconite and iron manganese 

oxides, and in silts, heavy minerals and clays, in accordance with what is 

known of the sediment mineralogy (cf. Chapter 1); (3) regional geochemical 

mapping techniques can assist in determining the boundaries of mineralogical 

and textural groups. Particular problems emerging from this study are that 

(1) there is information repetition due to geochemical affinities between 

certain elements (2) the degree to which certain mineral phases control 

specific elements cannot be quantified and (3) province boundaries are 

obscured where one or more elements occur in two or more minerals. To 

resolve certain of these problems a statistical analysis of the data was 

undertaken. 

3.4. 	Correlation Coefficient Analysis 

The product-moment coefficient of linear correlation (r) was computed between 

all pairs of variables using the method of Garrett (1967); results are 

presented dicgramatically in the form of a correlation coefficient matrix 

(Figs. 3.4.1.). The prime object is to establish the degree to which the 

elemental data are causally related; i.e. the degree to which they are 

significant mineralogical indicators. 

Limitations in the interpretation of inter-element correlation coefficients 

are (1) the requirement that variables be normally distributed before a 
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correlation coefficient matrix can be established, and (2) the existence 

of associations induced by sample matrix effects or line interferences in 

the roectro.,raphic method. Examination of elemental distributions in 

histogram form showed that moot elements approach normality in distribution 

although they frequently displayed positive skew (table 3.4.1). It was 

found that logtransformation of the data substantially reduced the degree 

of skew (table 3.4.1) and such a transformation was applied in the deriva-

tion of all correlation coefficients. The second problem, concerning in 

effect the validity of the oriFdnal data is assessed in Appendix 3 and 

essentially appears non significant. 

The assumption is made throughout that where elemental abundances exceed 

1000ppm they reflect occurrence of a specific mineral phase (e.g. Ti = rutile; 

En = ferromanganese oxides) but otherwise they arc probably only trace con-

stituents of specific minerals end will tend to follow the major elements 

indicative of these minerals. The sole exception is that, where Al anal- 

yses were not carried out, Ga 	taken to represent this element (with which 

it has very strong geochemical affinities; cf. Goldschmitt, 1954) and hence 

the alumino-silicate minerals (chiefly feldspars and clays). 

3.4.1  Population subset 3 (Fig. 3.4.1) 

This subset comprises the limited number of ioroccan samples for which gran- 

ulometric and geochemical data were simultaneously available. Insufficient 

data prevent the processing of ho in this and other subsets. 

The correlations strongly confirm previous findings regarding control of 

element dispersion by mineralogy and hence texture. Taking r,  P2 C5' 	2 Fe 0, En 

Ga and Ti to represent the major mineral controls, a number of causal rel-

ations are recognised. The correlation of P205  and Sr is taken to be 

causally related to apatite; their correlation with sand confirms the 

findings of Chapter 2 and their correlation with Fe2,3 reflects both the 



recognised concentration of iron minerals in the sand fraction (cf. Chapter 

1) and in phosphate rock (cf. Chapter G). The correlation of Pb and V with 

both the Fc9G3, Cr and sand phase, and with En, Co, may signify a dual con-

trol by an iron rich sand component and a manganese-rich mineral which is 

independent of texture. 

Whereas off Morocco Ga was found to be enhanced in clayey sediments it was 

also seen to be a poor indicator of accepted silt - sand boundaries which 

were rather better defined by other metals (Ti, Cu, Ni, Zr_, La). Despite 

this, the present analysis shows a strong Ga-silt-clay correlation and a 

strong correlation of Ga with these same metals. This suggests that although 

Go dispersion alone cannot be used to define the silt boundaries, a Ga-metal 

association can be so used. 

3.4.2 PoFulation :ubset 2  (Fig. 3.4.1) 

This subset comprises all analyses of the acid insoluble fraction of Moroccan 

sediments. Loth arithmetic and logtransformed data were used for comparison; 

logtnnnsformction reduced skew (table 3.4.1) but the transformation caused 

certain differences in association to arise. On the whole, these differences 

are slight and, as the skewis reduced by transformation, the transformed 

data arc preferred. 

Despite the absence in this subset of the 'mineralogical' variaples sand, 

silt and clay, essentially the same elemental associations emerge as from 

the previous subset. This strongly bears out the suggestion that these 

geochemical groupings are causally related and mineralogically controlled 

by a limited number of phases. Differencestetween the two subsets arc that 

although in subset 3 Ti and Ga are antipathetic to elemental associations 

reflecting the sand fraction (P2C5  and Fe2C3), they are not themselves 

strongly correlated. This may be due to the previously noted concentration 

of Ti in the silt and Ga in the clay fractions. Some control of Co and Cr 



by clays is also suggested by the addition of these elements to the group 

previously found correlated with Ga. En is now found to correlate weakly 

with Y2C5  which may reflect a general regional tendency for authigenic 

manganese-rich mineral phases to form in sands. The further association 

of Mn with Cu, Ni and L'a may be causally related to the characteristics of 

the oxide phase although since these elements have hithertotnea found mainly 

associated as a hydrolysate group, the present Mn association may reflect a 

dual occu-rence of Mn .both,in clays and as. oxides. 

3.4.3 Population Subset 4 (Fig. 2,.4.1) 

This subset comprises all Moroccan samples for which soluble Fe and 

values were available: only the correlations of other elements with these 

two variables are presented for diocussion because correlations between 

the other variables wore the same as those determined in the previous subset. 

The vary strong correlation between soluble Fe and soluble Ma and the prev-

iously recognised insoluble En, Pb, V, Co group bears out the suggestion 

that this represents causal control by a partly soluble ferro-manganese 

mineral phase. The very weak correlation between soluble and insoluble iron 

supports other mineralogical observations (Chapter 1) which show there to 

be two main iron minerals - oxide and glauconite; the latter is a relatively 

insoluble mineral poor in Mn and this has tended to obscure the Fe-in assoc-

iation in previous subsets. The correlation of soluble Fe and Mn with P2C5 

and Sr, as suggested above, may be a function of either shared provenance 

or preferential formation of authigenic oxides in relict sands, many of 

which are phosphatic. 

3.4.4. Population Subset 1  (Fig. 3.4.1) 

This subset represents a mixture of Moroccan and ¶aharan sediments; that 

most of the associations are similar to those for Moroccan samples alone 

signifies a fundamental similarity of mineralogy in these two areas. 
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The correlation of Ca with Sr represents a well established geochemicel 

association (cf. Goldschmitt, 1954); their correlation with r2c, is causal 

and relates to the presence of apatit, The correlation of Pe, V and Pb 

with apatite (and possibly also In - althou‹,h this was not previously 

associated with Fe in other subsets) again most probably reflects the occurr-

ence of iron minerals in the sand fractions where apatite is concentrated. 

Antipathy of this group to Si end Ti is taken to represent provenance iff-

erences resulting in regional groupings of phosphatic sands and quartzose 

sends containing ilmenite or rutile. Al is token to represent the hydroly-

sate fraction as these sediments contain very little feldspar. The correla-

tion of Al with K is thought causal; in illitic clays K is L'it 

interlayer positions. The remaining elements which are correlated with 

Al, with the exception of 	which usually follows K, have ionic radii sim-

ilar to Al and are often contained within the hydrolysate fraction of sedi-

ments (cf. Goldcchmitt, 1954). Correlations with Ga are essentially the 

some es for Al, except that :a is no longer present and there is addition 

of Cu, Ni end Cr all o which have ionic radii similar to Al and occur 

quite commonly in 1-zydrolyseten (GoldschmiLt, 1954). The slight difference 

between the Al associations and the Go associations may be attributed to 

the presence of different clay minerals or to regional provenance differences 

among the same mineral species. The correlation of Fe with K and 1-3a implies 

the existence of an iron-potassium mineral, probably gleuconite. The corr-

elation of Fe with Ca, P9c5, Sr has been explained above. Its correlation 

with En, V, In, Cr, Et, Co may result from the admixture of iron oxides with 

glauconite. Although in previous F.oroccen subsets, in was not correlated 

with the hydrolysate group, this appears to be its main control in subset 

1; 	the substitution of I n for A1' in the hydrolysate fraction is widely 

recognised (Goldschmitt, 1954). Presumbly the presence of large numbers 

of Saharan samples, in which Fe-En oxides are not widely developed, has 
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obscured the presence of a dicc;:cte Fe-En mineral :Lase. The textural 

control of En in Saharan sediments was demonstreted earlier in this chapter. 

Finally, Ti is found to correlate with both the hydrolysate fraction (Ge..A1) 

and Si (representing quartz) reflecting a dual dispersion between silts 

and sands. 

3.4.5 Sumnrx 

Product-moment correlation coefficient analysis confirms that the geochem-

iced assemblage can be described in terms of a limited number of distinct 

associations representing specific mineral controls. The main mineral 

phases and the elemental nesociations to which they give rise are as 

follows:- 

Apatite: Ca, P25, Sr 

Gleuconite: Fe, K, Cr (possibly also Pb and V but these also follow ien) 

Fe-En oxide: Soluble Fe and En; insoluble ivn, Co, Pb, V (and probably Fe) 

'eydrolysetes (clays): Al, K, Gn, Cu, Ni, Zn, (and often, but not always, 

tea, Co, Ti, In, V, Cr). 

Whereas the sands are characterised (where not quartzose) by various com-

binations of apatite, gleuconite, end Fe-En oxide assemblages, the fines 

are represented solely by the hydrolysate assemblne. 

A disadvantage of this form of statistical analysis is that because of 

similar sedimentologicel characteristics, several of the veriablee may be 

correlated with one another and this obscures the real associations; for 

example iron minerals ere mixed with npatite. Furthermore the occurrence 

of elements such es Fe with two different mineral controls mahzes difficult 

the accurate identification of the associations specific to each control; 

the same applies locally to Ti, which may occur in sands or silts, and 

possibly also to Ca which although it generally correlates well with tea 
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fine fraction may occur in different clay minerals with different metal 

associations. A technique is required which can (1) distinguish the 

specific elemental associations related to each control (eg. can separate 

the associations specific to each of the Fe phases); (2) identify the 

different controls existing in each sample and (3) establish quantitatively 

the regional variation in each control by assessing its relative importance 

at each sample site. R-Mode Factor Analysis and the calculation of R-Scores 

provide the means of data reduction allowing such a simultaneous assessment 

of the areal variation of all elements in terms of their main controls, 

provided the associations revealed by the analysis are geochemically mean-

ingful and not just mathematical abstractions. 

3.5. Factor Analysis 

3.5.1 Introduction  

Multivariate statistical analyses of the type known as vector or factor or 

principal components analysis appear to have been first applied to the study 

of marine sediments by Imbrie and Purdy (1962) and Imbrie and Van Andel 

(1964). Sebsequently Cronan (1967) and Glasby (1970) have applied the 

technique, with varying degrees of success, to geochemical analyses of 

manganese nodules. Turekian and Imbrie (1966) and Cronan (1969) applied 

the same technique to geochemical analyses of pelagic sediments; aumeau 

and Vanney (1969) and White (1970) used it to indicate mineralogical controls 

of the geochemistry of shallow water sediments. The technique has been 

widely used in the analysis of stream sediment geochemical data (Garrett, 

1967, Khaleelee, 1969; Armour-Brown and Nichol, 1970). 

3.5.2 Description of Method  

Essentially, Factor Analysis groups the variables (elements) of a sample 

population into associations (factors) on the basis of their degree of 
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intercorrelation; as different minerals arc characterised by distinctive 

element associations these may be found to be represented by specific 

factors. The factors are statistically the most dominant features control-

ling the data variation. In this study they were determined using the 

programme of Garrett (1967); the method is described in some detail by 

Garrett (1967), Khaleelee (1969), Cole and King (1968), among others. 

The first step is the establishment of a correlation coefficient matrix: 

as explained earlier, the dateare first logtransformed to produce statistic-

ally more meaningful correlations. The factors are determined from the 

correlation matrix by constructing axes through clusters in 'NI dimensions 

of the most highly correlated variables. The first axis is placed to account 

for the maximum amount of data variation; each subsequent axis, constructed 

orthogonal to the proceeding axis, and through a second cluster of variables, 

accounts for decreasing amounts of data variance and the axes can thus be 

ranked. The ranking, or amount of variability explained by any one axis, 

is expressed by cigen values, and where these are less than 1.0, factors 

are not considered significant. The amount of correlation of any one vari-

able with any one factor is expressed as the factor loading and loadings 

arc high where correlation coefficients are high. After initial construc-

tion of the axes, the orthogonal axial complex is rotated (Varimax Orthog-

onal Rotation) to maximise the loadings on each factor; this clarifies the 

factors and assists interpretation (cf. Khaleelee, 1969; Armour-Brown and 

Nichol, 1970). Khaleelee (1969) and Armour-Brown and Nichol (1970) have 

suggested that variables with factor loadings -0.300 represent significant 

associations and this significance level is used in the present study. 

A series of different factor models containing 2, 3, 4 etc. factors can be 

generated by this method. The model containing the most meaningful number 

of associations (factors) in terms of the expected geological associations 



88 

is subjectively chosen. The proportion of the data variance which is ex-

plained by the model is known. Finally, having selected a suitable model 

the weighting at any one site of each factor in the chosen model is deter-

mined; the weightings are designated 1:-scores. 

3.5.3. Factor Analysis Results 

An 8 factor model (table 3.5.1), accounting for 91.3% of total sample 

variance, was generated from geochemical and granulometric data from popu-

lation subset 3. Above factor model 5, fragmentation of the associations 

commences and geochemically non meaningful factors which contain only one 

or sometimes two variables with factor loadings 7,?'t0.300 are generated. 

As the factors of model 5 represent characteristically strong associations 

which appear geochemically meaningful, this model is taken as the optimum 

representation of the system. The associations of each of the factors in 

this model persist more or less unchanged throtgh the remaining models; 

this suggests that they represent specific mineral controls. 

The presence of separate P205  sand and Fe203  sand associations suggests 

the occurrence of different sand mineral controls for these constituents. 

Both associations are antipathetic to either clay and silt and/or hydroly-

sate elements known to be concentrated in fine sediments. The association 

of Cu, Ni, Ti, Ga, Zn, Ba, Co, is taken as more or less typical of clay and 

silt (fine sediment) control. The associations of the remaining factors 

appear to represent the main controls of sand phase geochemistry. Uhereas 

the correlation matrix showed P205  and Fe203  to be correlated but did not 

point to the 
Fe203 

- Mn correlation anticipated from the raw data, the 

present analysis tends to confirm the existence of three distinct sand 

mineral phases or controls. The strong Fe, Cr, V, Pb probably represents 

glauconite control; Pb is only weakly loadedin this factor and is not part 

of this association in factor models 7 and 8 so may not be significant. A 
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strong Mn, Fe, Co, V, Pb association is interpreted as due to ferromanganese 

oxide control. Thirdly, a strong Sr, P205 association is taken as indic-

ative of apatite control. That the agglomeration of these three associa-

tions in factor model 2 is antipathetic tc silt is taken to suggest their 

fundamental control by sand phase minerals. The significance of the assoc-

iation of Da with Sr, P2C5,  and the antipathy of Ba to the Mn, Co, V, Pb, 

Fe association, and of Ti to the Sr, P2 C5'  Ba association is not fully '  

understood and may be due to the small sample population used in this 

analysis. 

More or less the same factors and associations emerge on analysis of pop-

ulation subset 2 (table 3.5.2). A 6 factor model explaining 86.3% of total 

sample variance is chosen as representative because (1) in this model P205  

is no longer associated with Fe203, or Ba and (2) the associations of each 

factor are geologically meaningful. Fragmentation of associations in 

factor models 7 and 8 produces some impersistent and meaningless associa-

tions. 

Again, there is clear antipathy between the hydrolysate association repe-

senting clay and silt control (Ga, Cu, Ni, Cr, Co, Zn) and P205  which 

represents sand control. Apatite control is represented by the Sr, P205 

association. Separation of this from the Fe203, Cr, V association, repres-

enting glauconite control, is a subtlety anticipated in the raw data but 

not clearly shown by the correlation analysis. The 1,11, Co, Pb, V, Ni, Cu 

association is taken to represent iron-manganese oxide control: loss of 

Fe203 from this association suggests that there is greater spread in data 

variability in the glauconitic sediments and this obscures the known Mn-Fe 

correlation in oxidate sediments. Independence of the Mn association from 

P
2
0
5' 

although these were found to be correlated, suggests independent 

genesis for apatite and secondary oxides. 
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The two subsidiary factors Ti, Zn (explaining only 10.9% of total sample 

variance) and Ba (explaining 7.8% of total sample variance) are less geo-

chemically meaningful and not fully understood at this stage. 

A closely similar factor analysis result is obtained for population subset 

4 (table 3.5.2) in which soluble Mn and Fe are included. Again, a 6 factor 

model, explaining 85.34 of total sample variance) best explains the data 

in geochemically meaningful terms. The hydrolysate factor is no longer 

found to be specifically antipathetic to P205  and also differs slightly 

from the analysis result of population subset 2 in the addition of V. The 

apatite (Sr, P 
2  05 

 ) association is now distinguished by the addition of 

soluble Fe, which is not surprising in view of the common association 

within the local phosphorites, of apatite and iron minerals. As anticipated 

from single element and correlation analyses the Mn factor (representing 

ferro-manganese oxide control) is diotinguished by the addition of soluble 

Fe and Mn to the Mn, Pb, V, Co, Ni association previously recognised. 

Incorporation of r205 
into this association reflects the common association 

or relict apatite-rich sands with Recent authigenic oxides. The apparently 

glauconite controlled Fe203, Cr, V association is not altered, suggesting, 

as was previously intimated, that glauconite is far less soluble than the 

ferromanganese oxide. 

The same unexplained Ti, Zn and Ba factors are found as in the analysis of 

population subset 2. 

In the analysis of population subset 1 (data from mixed Moroccan and 

Saharan sediments) a 7 factor model explaining 08.7% of total sample vari-

ance seems to provide the most meaningful results (table 3.5.3); in this 

model two separate iron factors are developed. The association of Ca, 

P205, Sr and Mg with Fe and Co, and the antipathy of this association to 

Si and Ti most probably reflects the known regional division into quartz 
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sands and apatite-rich sands in which apatite and dolomite and iron oxides 

occur together in phosphorite grains and may also be associated with later 

authigenic iron oxides. The presence of two iron factors resolves the 

complex correlations noted for this subset and suggests control (1) by 

glauconite (Fe, Cr, Zn, K, V) and (2) by iron oxides (Fe, Pb, V, Ca); 

incorporation of Ca in the latter association probably reflects the assoc-

iation of apatite and iron oxides in Saharan sands in particular. Unlike 

the analyses of other subsets, two hydrolysate factors are developed here; 

one, comprising an association of Ni, Cu, Cr, Pb, Ga, Ti, Zn, V, Co is 

similar to that obtained on analysis of Moroccan samples alone while the 

other has not previously been recognised. Conceivably these two hydrolysate 

associations reflect regional differences in clay mineralogy. The absence 

of Mn from the 'oxide' association, and its strong association with a 

hydrolysate group may reflect (a) the abundance of relatively manganiferous 

Saharan clays (see earlier) or (b) the absence of many oxidate Moroccan 

sediments firm the analysed subset. 

As for Moroccan samples alone, a separate Ba factor is generated but in 

this subset it is found to be strongly associated with K. The association 

is a natural geochemical association (cf. Goldschmitt, 1954) and may repre-

sent feldspars and clays such as illite. 

In most respects there are sufficiently strong similarities between the 

analyses of all four subsets to support the suggestion that basically the 

same minerals control Saharan as control Moroccan sediment composition and 

that the gross mineralogy is relatively simple. 

3.5.4 F - Scores:  

R - Scores are generated for the factors of the selected models of populat-

ion subsets 1 and 2 to quantify the influence of each factor at individual 

sample sites. Proof that the associations of the two subsets are related 
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is obtained by plotting against one another the R-Scores for apparently 

similarly controlled factors in those samples common to both subsets (Fig. 

3.5.1). There is no equivalent for the subset 2 Ti factor in the factors 

from subset 1. Otherwise the associations and factors are extremely reprod-

ucible between these different subsets despite regional differences. This 

facilitates interpretation of the associations from subset 2 for which 

major element analyses were not available. 

Population Subset 1 (table 3.5.4) 

Evaluating the significance of the scores in terms of their relation to 

semples of known mineralogy, it is clear that high R-scares for the apatite 

factor are only found for those sand samples known to be rich in phosphorite 

grains (cf. Chapter 2). The glauconite factor has highest R-scores on 

horoccan glauconitic samples but moderately high E-scores are also often 

found for Saharan shelf sands. Glauconite is acknowledged to be a common 

accessory mineral in Saharan shelf sediments (Navarro, 1947; McMaster and 

Lachance, 1969). Samples from close inshore and on the southernmost Saharan 

shelf (Cap Blanc), which are known to be very highly quartzose and contain 

little glauconite do not have positive glauconite factor scores. The iron-

manganese oxide factor has high scores on the north Saharan shelf, partic-

ularly off Cap Juby in samples which were notably brown stained (267-272 

inclusive). Negative scores for the south Saharan shelf support previous 

findings regarding the absence there of secondary oxides. The hydrolysate 

Al factor scores highly only for those samples designated silts, both off 

Morocco and the Sah ra. By contrast, the hydrolysate Ga factor, which is 

known to correlate with silt and clay unctions of Moroccan sediments (see 

earlier) has far higher scores on Saharan than on Moroccan sediments regard-

less of sediment type. This is thought to signify some fundamental differ-

ence between the regions in the nature of the clay minerals of the fine 

fraction. Finally, the Ba, K factor shows no significant change either 
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with geography or texture, supporting the suggestion that it represents 

the geochemical affinity of Ea for K and does not represent a specific 

mineral phase control. 

Population Subset 2 

Having found a clear relationship between certain factors and certain 

mineral controls and found that the R-Scores on these factors reflect the 

concentration of the control minerals, the regional Pattern of R-Scores 

for each factor is expected to reveal the ::egional distribution of its 

mineral control. Morocco is chosen to test this assumption, since this 

area is relatively densely sampled. 

The distribution of positive 7,a factor scores (Fig. 3.5.2) closely reflects 

the pattern of silt distribution ascertained Elm total inspection (cf. 

Chapter 1). It has already been shown that this factor represents en 

association of elements whose distribution is controlled by silt and clay. 

The pattern suggests a hitherto unrecognised belt of silt exists among the 

outer shelf coarse sands between Safi and Al Jadida. The highest scoring 

samples (>-1.0) on the shelf are from the northern part of the northern 

silt belt where samples are relatively clay-rich (cf. Nutter, 1969). That 

the Ga factor scores arc also high on the slope to north and south of the 

Cap Blanc region suggests a relative offshore increase in clay content. 

Positive phosphate factor scores (Fig. 3.5.2) are restricted to sandy 

sediments (cf. Fig. 1.3.1), as expected, and, in distribution, relate very 

closely to that of carbonate free phosphate (cf. Fig. 2.2.10). The positive 

scoring samples usually do not contain less than 1.070 P
2
0
5 
possibly because 

below this level some other mineral phase or phases have more influence on 

sample geochemistry than apatite. As a result, the phosphate factor score 

pattern is not quite as widely distributed as poorly phosphatic sediments 

are known to be. Certain exceptions to the relation between phosphate 



	

40, 	.. 	
,, rlitiiiii ri11111 411411111 
___ 10kara 

II mit."  

	

10...airr  Axial eigi 0,- 	 111 

	

_ 	 ----- 

mintolum  

Fig.3.5.2.(I) 

The distribution of R-mode factor scores in Moroccan continental margin sediments :Phosphate factor 



............ 

lin!! 

Fig.3.5.2.(2) 

The distribution of R-mode factor scores in Moroccan continental margin sediments; Fe factor 



!!!! 14011140 Ilighijj 	to. 	410. ,0411ireilegies! !!! 
:-11,20e.0111ePg12:., ! 

,11111WHIMMIU111111Plikitio, 	 11  
10".  

31 	 34 

Fig.3.5.2.(3) 

The distribution of R-mode factor scores in Moroccan continental margin sediments: Ga factor 



AegiaRlifiga
11. 	 NIP 

VII III  I I 

111:1111101111111114111 OUP 	 111111 4:1:es OOOOOO O
OO 

Essaouira 

33 

4" 
®t .fa 
ID- -14 

MOROCCO 	Manganese Factor 

Fig.3.5.2.(4) 

The distribution of R-mode factor scores in Moroccan continental margin sediments: Mn factor 



MOROCCO 	Titanium Factor 	 c.,,,.4, 

Fig.3.5.2.(5) 

The distribution of R-mode factor scores in Moroccan continental margin sediments:Ti factor 



Fig.3.5.2.(6) 

The distribution of R-mode factor scores in Moroccan continental margin sediments: Ba factor 



94 

content and phosphate factor scores are found in the inner shelf off Cap 

Blanc where negative scores are sometimes obtained for moderately phosphatic 

sediments. Again, this probably reflects the more profound influence on 

sample geochemistry of some other mineral phase or phases. 

The glauconite factor scores (Fig. 3.5.2) are positive mainly among outer 

shelf and upper slope sands and silty sands with a few exceptions on the 

mid and inner shelf between Safi and Al Jadida. Scores are consistently 

highest among the upperslope outer shelf sands and silty sands off Cap Sim 

in which glauconite is common, sometimes resulting in the formation of 

'black sands,. The presence of this mineral among northern shelf sediments 

was reconised by Natthieu (1963), Nutter (1969) and Bell and Goodell (1967) 

but it was not previously appreciated that it might be, as present data 

suggest, distributed in a well developed shelf edge zone. The relatively 

low scores for northern shelf samples supports previous findings that 

glauconite among these sediments is never a prominent mineral phase. The 

geochemical mapping of glauconitic facies of Recent shelf sediments has 

also been achieved elsewhere (western U.S.A.) by White (1970) using Q-mode 

factor analysis in which samples are grouped according to gross geochemical 

similarities. 

The origin of the Fe, Cr, V, (Zn), K association characterising these glau-

conitic sands is somewhat obscure. K and Fe are normally found to be 

associat:_d in this mineral which is an iron-vtassium alumino-silicate (cf. 

Hower, 1961). The Cr, V and Zn associations with Fe may be due to prefer-

ential sorption of these metals during growth: all are capable of substi-

tuting isomorphically for Fe (cf. Goldschmitt, 1954). The abundance of 

Cr may indicate formation under reducing conditions, this element being 

preferentially concentrated in reduzate sediments (cf. Krauskopf, 1956; 

Goldschmitt, 1954). 
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In terms of detrital mineralogy, those sands outside the influence of the 

glauconite factor are presumed, where not phosphatic, to consist primarily 

of quartz, in support of visual observations to the effect that phosphorite, 

glauconite and quartz are the three main species of sand mineral (cf. 

Chapter 1). 

The Ba factor scores (Fig. 3.5.2) do not bear any marked relation to 

texture (cf. Fig. 1.3.1) although high positive scores are found in parts 

of the southern silt belt which might signify a slight difference in clay 

mineralogy from the northern belt. Negative scores tend to follow positive 

glauconite factor scores probably because the Ba-K relation in detrital 

minerals is rather different from that in glauconites which formed in the 

marine environment. Similarly, the Ti factor scores (Fig. 3.5.2) show 

little relation to texture (cf. Fig. 1.3.1) although they tend to be pos-

itive among silts rather than sands or silty sands. As neither of these 

factors assist in determining the gross mineralogy of the sediments they 

are not further considered. 

Those sediments rich in soluble Mn (Fig. 3.3.2) have positive Mn factor 

scores (Fig. 3.5.2) although the latter are slightly more widely distrib-

uted. In the main, sediments with positive Mn factor scores, are often 

found to be brown stained and are sands or silty sands, and on the outer 

shelf, silts. The main associations from this iron-manganese oxide factor 

are - soluble Fe and En, insoluble Fe, En, Co, Pb, V, Ni, Cu, and Mo. 

These associations, and the concentration of these elements in the oxidate 

phase, are most probably due to the scavenging (sorptive) properties of 

the ferro-manganese oxides (cf. Krauskopf, 1956). Some or all of these 

elements have been found enriched, for example, in marine limonite concre-

tions (Hirst, 1962 b), marine manganese nodules (Cronan, 1967; Glasby, 

1970), lacustrine ferro-manganese concretions (Gorham and Swaine, 1965), 
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and alluvial manganese deposits (Nichol, Horsnail and Webb, 1967). Similar 

factors and associations have often been reported from other sediments. 

Using R-score analysis of stream sediment data Khaleelee (1969) found an 

oxide zone weathering factor comprising Mn, Co, Ni, Fe; he also found, 

in sediments derived from a deep borehole, a En, Mo, Ni, Co, Fe factor 

interpreted as a primary depositional feature. Similar associations thought 

to represent the influence of manganese micronodules, and reported from 

deep sea sediments, are Mn, Ni, Co (Turekian and Imbrie, 1966), and Ni, Mo, 

Mn and Fe, Co, Pb, En (Cronan, 1969). Furthermore, using factor analysis 

on continental shelf sediments off the French coast, Rumeau and Vanney 

(1969) found there to be a strong Fe, V, Cr, P
2  C5 

 , Pb, Mo factor attributed 

to oxidation of relict sediments. 

The oxide and glauconite factors tend to follow one another quite closely 

on the outer shelf north of Safi (Fig. 3.5.2): Nutter (1969) and Bell and 

Goodell (1967) report that glauconite from this region is often oxidised 

whereas as shown here, that from the south in not. The presence of this 

oxide factor is taken to indicate the relict character of the original 

sediment. Extension of oxide mineralisation across the entire width of 

the shelf suggests the hitherto unsuspected conclusion that most of the 

sand fraction of all but the sediments from very close inshore must be 

relict. 

Facies 

Combination of the relevant a-score maps (Fig. 3.5.3) results in maximal 

simplification of the data in terms of geochemical facies representing 

gross sediment mineralogy and hence also texture. In that only the nature 

of the original sediment body is required, the oxide factor is not consid-

ered in the combination; nor, since they do not appear to add to the 

understanding of mineral dispersion, are the minor Ba and Ti, Zn factOrg 

considered. The apatite, glauconite and hydrolysate factor scores are 



ED Clay Factor 	C Glauconite Factor 	Apatite Factor 

Fig.3.5.3. 

Geochemical facies map compiled by combining representative clay, glauconite, and phosphate R-mode 

factor scores from Fig.3.5.2. 
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combined; where none of these factors score positively it is assumed (see 

earlier) that the sediment is quartzose, quartz being the main mineral 

phase not explained by the present analyses. _Five main facies can be 

defined:- (1) phosphatic sands and silty sands; (2) phosphatic-glaucon-

itic sands and silty sands; (3) glauconitic sands and silty sand; (4) 

silts; (5) probable quartzose sands. This geochemically derived facies 

distribution correlates well, as anticipated from the foregoing analyses, 

with the recognised distribution of different textures. The origins of 

the phosphatic sediments and of the textural patterns have already been 

discussed (Chapters 1 and 2) but one or two further points for consideration 

emerge from the facies map. 

The prominence of (probable) quartz sands away from the shelf edge glau-

conitic facies and the regions of probable phosphate rock outcrop suggests 

widespread mineralogical maturity for most mid and inner shelf sediments. 

The dominant geochemical influences on outer shelf and upper slope sedi-

ments are apatite and glauconite. As previously shown, the apatite dis-

persion relates closely to the incidence of phosphorite outcrops (Chapter 

2). This is not true for glauconite although some glauconitic sands are 

associated with glauconitic rocks. Glauconite distribution may be geamor-

phically related because its formation is restricted to certain depth 

limits by bottom water temperature (cf. Porrenga, 1967). Whatever the 

cause, these data suggest that during the past,more or less uniform envir-

onmental conditions prevailed along the shelf edge allowing widespread 

glauconite formation. That conditions are no longer uniform is shown by 

the soluble Mn and Corg  distributions remarked on earlier. A further point 

emerging from the non-ubiquitous association of apatite and glauconite is 

that these deposits are not cogenetic. 
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The newly defined outermost shelf belt of silt between Cap Blanc and Safi 

appears separated from the remaining silt belts and probably represents a 

relict feature of Pleistocene sealevel fluctuations. The seaward change 

from silt to glauconitic silt in the northern and southern shelf silt 

belts shows that most of the outer shelf is a region of virtual non-depos-

ition. 

3.5.5. Summary  

The hypothesis that multielement geochemical data can be used in lieu of 

mineralogical and granulometric analyses to determine broadly the distrib-

ution of detrital and authigenic mineral species, and to delimit facies 

characteristics in Recent unconsolidated seafloor sediments, has been 

tested and proven satisfactorily using R-mode factor analysis and R-scorcs. 

Both correlation and factor matrices produced similar geologically inter-

pretable elemental associations from different population subsets. Corre-

lation matrices and .single element data indicate that more than one control 

may influence the dispersion of certain elements: factor analysis defines 

the responsible factors, resolves subtleties and ambiguities in the original 

and correlation data, and allows the influence of each factor at different 

sites to be assessed. Essentially the distribution of primary sediments 

on the northwest African shelf can be explained in terms of four main 

mineral factors or controls:- apatite accounts for the association Ca, Sr, 

P205; glauconite accounts for the association Fe, Cr, V, K, (Zn); quartz 

accounts for Si (and is usually antipathetic to apatite and glauconite); 

silt and clay are accounted for by a Gallium-metal association (Ga, Ni, Cu, 

Cr, Co, Zn) which correlates further with an Al, K, association fundamental 

to clays. In terms of this last factor there are profound regional differ-

ences between the Saharan and Moroccan fine sediments; probably this is a 

provenance difference. Combinations of these main factors results in 



production of a meaningful facies map. Furthermore the definition and 

delimitation of a hitherto unrecognised secondary iron-manganese oxide 

zone provides new information of value in clarifying shelf history. 
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CHAPTER 4 

SUMMARY OF MAIN CONCLUSIONS, 

AND RECOMMENDATIONS FOR FUTURE RESEARCH: SEDIMENTS  

4.1 	Summary of Main Conclusions 

1. The unconsolidated Pleistocene and Recent sediment cover is normally 

very thin, not exceeding about 10m over most of the shelf, although locally 

reaching about 30m in the Souss Trough and off the Southern Spanish Sahara. 

2. Apart from the innermost shelf where some Recent sand movement may be 

occurring, and parts of the Moroccan mid shelf where a Recent silt blanket 

occurs, shelf sediments are mainly relict sands. 

3. The location of Recent mid shelf silt belts off Morocco, and the 

absence of silt from the Saharan shelf, is mainly a function of climate 

and drainage; topographically enhanced current activity prevents the 

settling of fines at the shelf edge and results in preservation off Morocco 

of a shelf edge sand belt. 

4. Geochemical and probably mineralogical provenance differences exist 

between the fine sediments of the Sahara, north and south Morocco. 

5. Most relict sands are iron-stained except where the organic carbon 

content is relatively high off south central Morocco and thesouthern 

Spanish Sahara. Off south central Morocco the organic detritus is not 

carbonate - associated and therefore is probably river derived whereas off 

the southern Sahara it is associated with extremes of carbonate sedimen-

tation and relates to upwelling; increases in organic content result in 

decreases in redox potential, thus preventing iron oxide formation. 
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6. Relict sands can be either calcareous or detrital, and consist mainly 

of biogenic (mainly molluscan) debris, detrital quartz and phosphorite, 

and detrital and authigenic glauconite. 

7. The Moroccan outer shelf and uppermost slope environment is now and 

appears to have been during the later Tertiary, an ideal environment for 

glauconite formation; apparently Recent 8lauconite coatings on rock frag-

ments and glauconite foram casts are mixed with older pellets and detrital 

grains, all of which are most abundant off south central Morocco possibly 

because of the effects there of topographically induced current winnowing 

of fines over a wide region. 

B. Moroccan phosphatic sediments form three main belts: a. a continuous 

shelf edge belt; b, a restricted mid shelf belt, and c. a discontinuous 

innermost shelf belt. Phosphatic sediments also form a prominent shelf 

edge belt off the northern Spanish Sahara. 

9. The phosphatic and detrital sand fractions appear to have had similar 

transportational and depositional histories. 

10. Phosphatic sand components are subangular elastic fragments of phosphor- 

ite lithologically similar to adjacent outcropping phosphorite. 

11. Phosphatic sands are richest among or near to phosphorite outcrops. 

12. There is no evidence at present for phosphatisation of carbonates, or 

local phosphate precipitation, nor any relation between phosphate abundance 

and upwelling concentration. 

13. The data are consistent with these phosphatic sediments being placers 

formed at or near lowered Pleistocene sealevels, the detritus being derived 

from local outcrops. 
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14. Longshore drift probably contributed extensively to shelf edge disper-

sal of phosphate beyond the outcrop region. 

The main advance represented by this work is that the validity of the 

upwelling theory of phosphorite formation, as applied to northwest Africa, 

must now be regarded with grave suspicion. The project has led to the 

determination of the character, facies, distribution and origin of a large 

but hitherto unrecognised detrital sedimentary phosphate deposit, and to 

an understanding of the nature and origin of northwest African shelf sedi-

ments in general. Furthermore the application of multielement regional 

geochemical and statistical analyses to the mapping of subsea sediments 

has been demonstrated for the first time. 

4.2 	Recommendations for Future Research 

1. The inshore phosphatic sand belt should be studied to determine its 

nature, origin, and economic potential as it represents the most potent-

ially workable of these deposits. 

2. The extensions of the shelf edge phosphatic sand belt north of Rabat 

and south of Agadir should be examined to test further, away from the 

region of phosphorite rock outcrop, the possibility that recently formed 

phosphate minerals may occur off north,:est Africa. 

3. Using vibro-coring and sono-probe techniques, the stratigraphy of the 

phosphatic sands should be assessed in detail to indicate their degree of 

homogeneity and economic potential, and to throw further light on their 

origins. 

4. The regional distribution of different grain size modes should be 

established to ascertain sediment dispersal paths. 



103 

5. Drainage sediment samples should be collected to allow assessment of 

phosphate supply, in solid and dissolved form, by continental runoff. 

6. The petrography of phosphorite grains should be examined in detail to 

establish their relation to potential source rocks. 

7. The possibility of phosphatisation of calcareous skeletal debris with 

time should be examined by studying skeletal debris from selected cores. 

8. The interstitial water of cores should be examined to determine levels 

of dissolved phosphate so that calculations can be made to explain the 

apparent absence of phosphatisation or phosphate precipitation. 

9. The nature, age and origin of local authigenic iron minerals should be 

ascertained to allow more detailed understanding of present environmental 

chemistry in this region. 

10. Side-scan sonar records should be obtained to clarify the presently 

deduced sediment dispersal patterns and to establish the horizontal extent 

of sand bodies of potential economic interest. 
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CHAPTER 5 

GEOLOGY AND STRUCTURE OF THE  

NORTHWEST AFRICAN CONTINENTAL MARGIN 

5.1 	Introduction 

A series of continuous seismic reflection profiles and precision depth 

records were obtained across the continental shelf and slope off the coasts 

of Morocco and the Spanish Sahara from R.R.S. John Murray in January and 

February 1968 and 1969. In principal these were obtained to define the 

shallow geological structure of the northwest African continental margin, 

to aid in the interpretation of its development, and to allow estimation 

of the stratigraphic setting, and horizontal and vertical extent of phos-

phatic rock deposits. Reconnaissance profiles were made at widely spaced 

intervals off the Saharan coast (Fig. 5.1.1) and at closer intervals off 

the Moroccan coast (Fig. 5.1.2) between Agadir and Rabat. 

Additional information was available from profiling surveys (McMaster and 

Lachance, 1968; Dillon, 1969; Rona, 1970) and unpublished side-scan sonar 

records (R.H. Delderson, Nat. Inst. Oceanogr: pers.comm.). Palaeontological 

data have been kindly provided by D. Carter and S. Rye of the Micropalaeon-

tology Section, Geol. Dept., Imperial College, and by Dr. H. Bhat of the 

Societe Nationale des Petroles &Aquitaine, Pau, France. 

In this chapter, all Saharan profiles and profiles 1 - 3 inclusive from 

south Morocco are considered in detail; the north Moroccan profiles have 

been discussed in detail by Nutter (1969). However, in that age determin-

ations were made subsequent to the completion of Nutter's dissertation, 

some further discussion of the geology of the north Moroccan region is also 

given in the following pages. 



Fig.5.1.I. 

Situation of continuous seismic reflection profile lines off the Spanish Sahara; distance markings are 

at 10 km intervals. Dated dredge samples are upper miocene (um), lower miocene (1m), lower pliocene (1p) 

and probably pliocene (?p). Profiles 1,3,4 and 5 respectively represent reconnaissance sampling and 

geophysical traverses D,E,F and G shown in Fig.1; profile 2 was not sampled. 

4. 



Fig.5.I.2. 

Situation of continuous seismic reflection profile lines off Morocco; distance markings are at 10 km 

intervals. Profiles 21,15 and 5 respectively represent 1968 reconnaissance profiles A,B and C shown in 

Fig.!. Profiles I to 8 inclusive are the subject of the present report; remaining profiles have been 

described and discussed by Nutter (1969). 



106 

5.2 	Profiling Operations and Record Interpretation 

Continuous seismic reflection profiling was carried out using a conventional 

E.G. & G. sparker unit, amplifier and recorder, operated in 1968 by Dr. E. 

Bosshard of Imperial College, and in 1969 by Mr. S. Jones of the N.E.R.C. 

Technical Staff. Both spark source and hydrophone array were towed astern 

of the ship at depths of 3 to 6 feet; the spark source, or firing array, 

was generally 50 feet behind the ship, the hydrophone array was a further 

150 feet distant although the separation of these two units was varied with 

sea depth to improve results. 

On the 1968 reconnaissance cruise, a 100 foot hydrophone with 6 active 

elements was used; during the 1969 cruise the hydrophone length was red-

uced to 50 feet, still with 6 active sections. To obtain vertical reflec-

tions in very shallow water of 20 - 40 metres depth, the length of the 

towing cable was reduced and only one active element was used. 

Maximum power output possible on the R.R.S. John Murray was 8000 joules 

although it was found that best results were obtained using 1000 - 1200 

joules in water depths of 10 to 200 metres, 3000 joules in depths of 200 - 

750 metres, and 5000 - 8000 joules beyond that. On profiles taken north 

of Safi, Morocco, in 1969, a power output of 500 joules was used in water 

depths of less than 50 metres. Satisfactory results were obtained at 

cruising speeds of 6 to 7 knots, above which the signal to noise ratio 

decreased to levels at which the quality of the record considerably deter-

iorated. The triggering rate was dependant on the power output. Returning 

energy was filtered at between 80 - 200 cycles per second to remove sea 

and ships noise, and amplified and recorded on 28cm electrosensitive paper 

at a rate integrated with the triggering rate. 

Penetration was obscured by multiples of the seabed reflection in water 
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shoaler than about 100m so records are generally poor across the inner 

continental shelf where penetration averages 50 - 150 milliseconds. By 

contrast, penetration beneath the continental slope reached maximum values 

of 400 - 900 milliseconds. In the interpretation of these data an average 

value of 2km/sec has been assumed for the velocity of sound in sedimentary 

rock (cf. McMaster and Lachance, 1968; Stride et al 1969) and, as pene-

tration is recorded as two-way travel time from source to reflector and 

back, 100 milliseconds corresponds to 100 metres penetration. 

For the sake of clarity, the data are presented as line drawings of recoL-

nisable reflectors representing sediment interfaces. Owing to the length 

of the spark pulse, resolution is normally not less than 30 metres. 

Ships tracks have been adjusted to each other where they intersect, and on 

rare occasions when substantial discrepancies were observed, to the regional 

bathymetry as defined by previous surveys. Geological specimens were coll-

ected by sampling the profiled lines on a reverse course. 

Corrections for the draught of the vessel and Matthews corrections for 

variation of the velocity of sound through seawater were applied to all 

bathymetric data, and all depths were converted to metres. 

Continental Margin Geology and Structure. 

5.3.1 Spanish Sahara (Fig. 5.3.1) 

Echo-sounding and side-scan sonar records show that the northern Saharan 

shelf is extremely rugged and rocky with no sign of terracing and little 

sediment accumulation although below 70m the outer shelf off Cap Juby 

(profile S.1) has a very smooth aspect reflecting sediment accumulation. 

By contrast off Villa Cisneros and Cap Blanc (profiles S.4 and S.5) the 

almost flat southern shelf has a smooth aspect only locally disturbed by 

A 
• a 



Fig.5.3.1. 

Continuous seismic reflection profiles (cf.Fig.5.I.I.) 

from the Spanish Saharan region. 

Horizontal scale in km; vertical scale in units of 100 ms 

two-way travel time. M = upper Miocene dredge haul; P = 

derived lower Pliocene phosphorite fragments in sediments; 

(?P) = outcrop of probable Pliocene phosphatic limestone. 

Heavy lines represent unconformities. 

I 0 7a 



Fig 5.3.1 
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terracing. The average depth to the shelf break is 111m which compares 

favourably with values of about 115m previously noted in this area by 

McMaster and Lachance (1968). The continental slope is usually steepest 

near the shelf edge; canyons are not widely developed according to pres-

ently available data. 

Sidescan sonar records show the regional strike to be subparallel to the 

continental margin and confirm that a much greater degree of rock exposure 

differentiates the northern from the southern shelf area (Belderson, pers. 

comm.). 

Several subsurface phenomena are common to all profiles (Fig. 5.3.1), 

Beneath the shelf, strata are well bedded, only locally slightly folded, 

and dip gently seaward. Their inclination is but slightly greater than 

the present shelf surface and increases gradually toward the shelf edge 

until subparallel with the present surface of the continental slope. Sparker 

and P.D.R. records do not show any flat lying sediment on the shelf except 

beneath the outer shelf off Cap Juby (profile S.1) and it is inferred that 

despite the smoothness of the southern Saharan shelf the thickness of rec-

ently deposited sediment must be less than the 30m resolution of sparker 

records. These data are supported by the observations of McMaster and 

Lachance (1968) who, using a low-powered sparker system with better resol-

ution of shallow subsurface structures, found there to be some 17 - 35m of 

flat lying sediment over much of the southern Saharan shelf while only a 

thin sediment veneer was reported further north. 

Within the slope, structures show progressive increase in deformation south-

ward and are disrupted by an unconformity whose magnitude suggests develop-

ment during the Oligocene, the major local fold period (cf. Querol, 1966; 

Martinis and Visintin, 1966). Outcropping on the shelf above the unconform-

ity are upper Miocene, lower Miocene and lower Pliocene rocks (Figs. 5.3.1 
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and 5.1.1); no lower Pliocene outcrop was dredged but Rye (pers. comm.) 

palaeontologically identified rock fragments of this age in shelf edge and 

upper slope sediments presumably just seaward of or overlying outcrops. 

Derived lower Pliocene foraminifera are also found in Quaternary limestones 

dredged well down the slope off Cap Bojador (Rye, 1969). Phosphatic lime-

stones assumed to be of the same age also outcrop at the shelf edge off 

Villa Cisneros (S.4) but do not contain sufficient biogenic remains for 

dating purposes. Since these last samples are thickly encrusted with 

glauconite they cannot be Recent and since the phosphatic Eocene known on 

land is encountered deep beneath the shelf in boreholes these outcrops are 

most likely to be Pliocene. Thus there appears to be a continuous Pliocene 

phosphatic limestone deposit along the shelf edge off the northern Sahara 

(of. Fig. 5.10). In that the major unconformity is overlain by these 

Miocene and Pliocene strata and, not far north of Cap Juby is underlain by 

Eocene rocks on the outer shelf (Dillon, 1969) its Oligocene age seems 

reasonably confirmed. The major unconformity off Villa Cisneros and Cap 

Blanc is also identified by Rona (1970) who regards it as the buried margin 

of the continental terrace. Although Rona does not make any conjecture as 

to the actual age of th_ buried slope he states that it appears to be of 

erosional origin and is now mantled by a constructional wedge of slope 

sediments. The erosion is here assumed to be Oligocene for reasons outlined 

above. 

Rotational slump structures (cf. Rona, 1969; Stride et al 1969) are seen 

within the slope off Caps Juby and Bojador (profiles Sl, S2, S3) and off 

the latter there are also well developed surficial slumps giving rise to 

hilly topography. Small canyons also cut the Bojador slope where their 

degree of penetration shows that they are geologically relatively young 

(late Tertiary or Quaternary). The contorted attitude of shelf edge sedi-

ments off Villa Cisneros (profile S4) implies shelf edge dumping of sediment 
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in the past, possibly prior to the formation of outcropping Pliocene phos-

phatic limestones. 

Other local unconformities are recognised off Cap Juby where, beneath the 

shelf edge, is a more or less horizontal disconformity relating to the 

present shelf surface and therefore probably Quaternary. Below this is a 

further angular unconformity which may, in view of local geological history, 

be Plio-Quaternary (cf. Querol, 1966). Its outcrop near the apparent out-

crop area of Pliocene phosphatic limestones tends to support this contention. 

A geologically young unconformity is also recognised off Cap Bojador 

(profiles S2 and S3) although since it is best developed at shallow depth 

beneath the uppermost slope where it underlies evident slump structures, 

it may be a plane of decollement. Similar slumping on the steeper upper-

most slopes off the southern Sahara may have contributed to the exposure 

there of pre-Oligocene sediments from beneath the major unconformity (cf. 

Rona, 1970). 

Further structures of interest are, off Cap Juby (profile SI), the presence 

of a steep sided topographic high apparently that named "Shadow Sea-knoll" 

and associated with magnetic anomalies implying a volcanic origin (Dillon, 

1969), and, beneath the upper slope off Cap Bojador (profile S3), an intru-

sive body lacking any pronounced reflecting surface or internal structure 

which may be diapiric similar to other subcircular uplifts thought to be 

salt domes noted locally both offshore and onshore (King, in Querol, 1966, 

p. 39). 

5.3.2 Morocco  

5.3.2.a Surface Characteristics 

Topographic characteristics of the shelf have been established from exam- 

ination of P.D.R. records which are not pl.esented here since the seismic 
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records (Fig. 5.3.3, give a general indication of shelf topography. 

Off Agadir the shelf surface is smooth but between Cap Tafelney and Safi 

it is often rocky with rugged densely reflecting rock outcrops some 10 - 

30 metres in height displaying shoreward facing scarps and protruding through 

less densely reflecting smoother patches interpreted as ponded sediment. 

Putter (1969) shows that the ruggedness decreases northwards until the 

shelf is again smooth north of Al Jadida. 

Sub-bottom reflectors parallel to the seafloor were locally seen on P.D.R. 

records and show sediment accumulation to reach about 14m at mid shelf 

depths off Cap Sim and llm off Casablanca (Nutter 1969). Such reflectors 

were not picked up by the sparker suggesting that the maximum thickness of 

Recent sedimentation on the shelf is less than the 30m resolution of that 

equipment. Independent support is given by McMaster and Lachance (1968) 

who find sediment is only present as a thin veneer over much of the area 

but in patches reaches thicknesses of 17 - 34m. The buried surface follows 

the same pattern (cf. Nutter, 1969) suggesting that the localisation of 

ruggedness is due to the situation of profiles 2 - 8 (inc.) where the Atlas 

I4ountains reach the sea; the absence of major rivers in this Ltlas region 

may be a contributory factor. 

An average shelf edge depth of 150m, calculated from all Moroccan profiles, 

is in substantial agreement with the data of McMaster and Lachance (1963). 

Accordingly a 150m isobath has been added to the bathymetric charts to 

approximately define the shelf edge (cf. Fig.5.I .2). The observed depth 

range is from 135m (profiles 3 and 9) to between 150 and 160m (profiles 

19 - 22 cf. Futter 1969). All traverses display some degree of terracing 

but in the absence of a far more detailed survey conjecture as to the 

number and extent of terraces is not warranted. 
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Fig.5.3.3. 

Continuous seismic reflection profiles (cf.Fig.5.I.2.) 

from the Moroccan region. 

Horizontal scale in km; vertical scale in units of 100 ms 

two-way travel time. Black dots indicate dredged rock samples:.  

p = phosphatic rocks (Eocene and/or Miocene),m = mudstone, 

st = siltstone, s = sandstone, I = limestone, f = flint. 

Soft Cretaceous mudstones = C. Further information regarding 

ages is given in Fig.5.3.5.: heavy lines represent major 

unconformities. 
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The continental slope off Morocco (Fig. 5.1.2) has already been described 

in broad detail by Gougenheim (1959) and Guilcher (1963). Dell developed 

canyons slice into the slope off south central Norocco ere their heads 

often indent the shelf edge. Elsewhere the slope is rather smooth and 

gently sloping, interrupted locally by slight irregularities with only a 

few metres relief except off Cap Sim where large topographic elevations 

interrupt the regular slope surface. A 40km long north trending ridge 

crests in some 260m on the upper slopeoff Cap.Sim. Its elevation increases 

north from a vertical relief of about 130m on profile 4 to 256m on profile 

5, but decreases rapidly further north. It has moderately steep flanks 

usually displaying some minor topographic irregularities, and a slightly 

rounded top in which there is locally a median depression Km deep margined 

by inward facing scarp-like slopes (Fig. 5.3.3). North on the slope 

between Essaouira and Safi is a flat-topped rugged and rocky elevation with 

about 130m relief cresting in 198m and separated from the shelf by a broad 

depression (Figs. 5.1.2 and 5.3.3). 

5.3.2.b Subsurface Characteristics (Fig. 5.3.3) 

Beneath the outer shelf are usually well-bedded strata with moderately 

steep seaward inclination similar to or greater than the present continen-

tal slope, despite local contortions. Landward changes in dip result in 

the occurrence beneath the mid and inner shelf or near horizontal or land-

ward dipping strata, often more contorted than those beneath the outer 

shelf. These two groups of strata may be separated by a slight unconform-

ity (cf. profile 4). Off Agadir, a zone of broad shelf edge folds separates 

slope strata from a gently folded shelf syncline. Truncation of these 

substructures has occurred on all profiles. Off Agadir this has been 

followed by the deposition of some 30m of sediment which has also been 

folded and eroded near the shelf edge. That post-erosional deposition may 

have been widespread is shown by the faulted inlier of younger strata off 
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Cap Sim (profile 5). Faults affecting the erosion surface are also clear 

on profile 3. By contrast, Nutter (1969) has shown that north of the 

present study area, Moroccan shelf strata invariably dip gently seaward 

and are little, if at all, folded or faulted. 

The outershelf strata continue beneath the continental slope where they 

have been quite strongly folded into broad folds and later truncated at a 

prominent erosion surface which outcrops near the shelf edge. This uncon-

formity has itself been broadly folded about approximately the same fold 

axes recognised in the truncated strata beneath. Locally, strata at the 

cores of the major anticlines are more steeply folded than those on the 

flanks suggesting that intrusion may play a part in fold evolution. By 

interpolation between profiles, the axes of the two major folds in the 

major unconformity can be determined and are plotted together with contours 

representing the burial depth of the unconformity in Fig. 5.3.4. Where 

the crests of these folds intercept the seafloor older strata outcrop and 

the folds are manifest as long ridges, the best developed of which is that 

furthest seaward. Unfortunately, profile 7 ends on the upper slope but 

P.D.R. records along the seaward continuation of this line show no signs 

of any topographic high and it is concluded that the anticline is closed 

at both ends, as also it appears is the inner and weaker of the two folds. 

Interpolation between profiles of the outcrop of the unconformity allows 

definition of the region over which older strata outcrop. It appears that 

in the vicinity of the main redge crest are some 50sq. km. of the older 

strata which also outcrops over cost of the continental shelf. 

Bathymetric data suggest that there is no connection between the folds of 

profiles 2 - 6 (inc.) and those of profile 8. The topography of the con-

tinental slope high on profile 8 gives the appearance of being a dome-like 

structure. Finally, off Agadir, shelf strata wedge out landward and onlap 
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a well developed buried erosion surface which approaches the seabed near 

the coast. The thick series of sediments overlying the major unconformity 

beneath the slope, and in some cases the outer shelf, generally dip seaward 

more or less parallel to the present slope surface, thicken seaward, onlap 

the unconformity landward, and are often slightly folded and trui.cated 

at the seafloor. They are absent from the steeper parts of thy_ slope on 

profiles 5, 6 and 3, where the slope is covered by but a thin veneer of 

Recent sediment. On these profiles the slope is notably steeper than to 

the north (cf. Nutter, 1969) or south, implying that tectonic oversteepening 

has caused continued slumping and maintained older strata at surface. 

Toth younger and older stratal groups often display internal contortions 

indicative of slumping. 

5.3.2.c Geology (Figs. 5.3.3 and 5.3.5) (table 5.1 and 5.2) 

Eocene samples, many of them phosphorites, were dredged at several sites 

on the outer shelf and from the outcrops of these same strata at the crest 

of the main slope anticline. From the more contorted inner and mid shelf 

region, Cretaceous samples were obtained in keeping with the fact that 

nearly all coastal outcrops (except Plio-Pleistocene sands) are Cretaceous 

(Fig. 5.3.6). That the Cretaceous samples are dredged from more contorted 

strata than Eocene samples accords with the report of Choubert and Faure-

Muret (1962) that upper Cretaceous folding and regression occurred in 

nearby south central Morocco. 

As discussed in detail in the following chapter, the most common form of 

phosphatic rock to this southern region is a glauconitic conglomerate of 

Miocene age which incorporates Eocene pebbles. This rock has the character-

istics of a basal conglomerate and must have formed after the Oligocene 

onset of Atlas folding reported from this region (Choubert and Faure-Muret, 

1962). It crops out on the seafloor only within the area of outcrop of 

older strata from beneath the major unconformity (Fig. 5.3.4). It is here 
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assumed that the unconformity is Oligocene and that a Miocene basal con-

glomerate was laid down on this unconformity prior to folding and part 

burial by younger sediment. The widespread outcrop of Miocene conglomer-

ate on the outer shelf implies that the present shelf surface is in the 

main an early Tertiary (? Oligocene) erosional feature. 

As the major unconformity off Agadir (5.3.3) rises toward a coast cut into 

Cretaceous strata (Fig. 5.3.6) it is assumed that the unconformity is early 

Tertiary, probably Oligocene. Dillon (1969) recognises the same unconform-

ity in other parts of the Souss Trough off Agadir, but designates it upper 

Eocene, this being the period of regression prior to Oligocene folding; 

Oligocene is preferred in the present account. 

Some comment on the geology north of Safi is warranted by the newly avail-

able palaeontological data (Appendix 4 ) which supplement Nutter's (1969) 

geophysical study. The northern shelf is far less folded and there is but 

incipient development of an unconformity near the shelf edge (Nutter, 1969): 

shoreward of this, Eocene and Cretaceous samples were widely collected 

(Fig. 5.3.5). Many of the Cretaceous specimens have the appearance of 

being transported pebbles and they usually occur as exotics in samples 

composed mainly of phosphorite much of which appears Eocene and very locally 

derived or in situ. The Cretaceous pebbles were possibly derived during 

Quaternary erosion of the nearby coast. As on the southern shelf, there 

are occasional hiocene samples which, from their occurrence on both the 

inner and outer shelf are taken to represent a transgression over an 

Oligocene erosion surface cut into Cretaceous and Eocene strata. Subseq-

uent Pleistocene erosion appears to have removed much of what little 

Miocene and Pliocene sediment accumulated on the shelf. 
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5,4 	Discussion: Continental Margin Development 

Although the present data are limited to the mid and outer shelf and the 

upper continental slope and omit both the inner shelf and continental rise, 

they allow at least a general interpretation of the structure and evolution 

of the northwest African continental margin. On most traverses, despite 

deformation and erosional interludes, the seaward dip of gently inclined 

strata beneath the shelf is seen to increase beneath the outer shelf and 

shelf edge until approximately parallel with the present continental slope 

surface. Further, the thickness of individual strata, particularly observed 

beneath the slope where penetration is greatest, generally increases seaward 

such that the dip of deeper layers becomes progressively less concordant 

with the present seafloor. Individual strata are seen to wedge out land-

ward and to onlap other strata and unconformities in that direction. These 

data suggest development of the continental margin by prograding deposition 

in which upbuilding of the shelf and outbuilding of the slope occurs on a 

subsiding basement, a model proposed for the continental margins of the 

United States by Moore and Currey (1963), Uchupi and Emery (1968) and Rona 

(1969), for Europe by Stride et al (1969) and previously for this region, 

although only on the basis of shelf profiles, by McMaster and Lachance 

(1968). 

5.4.1 Morphology  

The shelf surface is a marine erosion plane whose formation apparently 

commenced in the Oligocene and which has been modified slightly by the 

maximum Cenozoic regressions in the Pleistocene. In some regions, partic-

ularly off north Sahara and between Agadir and Safi, differential erosion 

of moderately steeply dipping and folded strata has given rise to a o_ries 

of scarps and the shelf is quite rugged. Off much of south central Morocco 

the shelf appears to be a rocky platform thinly and patchily covered by 
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Recent sediments which are ponded between rock outcrops. Recent sedimen-

tation off northwest Africa has not been constant and there are greater 

accumulations off the southern Sahara, on the outer shelf off Cap Juby, 

off Agadir and at mid shelf depths off Cap Sim. 

The difference between Moroccan shelf edge depths (150m) and Saharan shelf 

edge depths (1100 has been attributed by McMaster and Lachance (1965) to 

downwarping of the Moroccan shelf in compensation for the marked coastal 

uplift of the ]ter phases of the Atlas orogeny. Moreover, the average 

value of 110m for the Spanish Sahara is rather shallow compared with 

Shepard7 s average worldwide datum of 130m (72 fms), and some degree of 

regional upwarping may be indicated. 

The large south central Moroccan canyons (Fig. 5.1.2) tend to be sited 

where present rivers would outfall during the maximum Pleistocene regress-

ions. It could be assumed that these canyons were cut by dense sediment 

laden water debouching from these rivers when near the shelf edge, a widely 

accepted hypothesis recently reiterated in explanation of the origin of 

other Atlantic canyons by Stride et al (1969) and Il yin and Lisitsyn (196S). 

Although an attractive hypothesis there are grounds for questioning its 

validity when applied to the northwest African coast. While there is an 

abundance of canyons off south central Morocco, such features are absent 

north of latitude 3 	(Gougenheim, 1959) despite the presence of well 

developed fiver systems on the adjacent landmass. 

Perhaps significantly the northern region, with the exception of the Rif 

Mountain Chain, is underlain by the stable Meseta where the level of tecton-

ism is and has been throughout the Tertiary considerably less than off 

south central Moroccovhere the Atlas mountains reach the sea. Conceivably 

the enhanced tectonism and earthquake activity of this southern region, 

epitomised recently by the Agadir earthquake, has been of more significance 
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in canyon genesis than the supposed Pleistocene rivers. In contrast 

Shepard and Dill (1966) note that canyons are as common off unstable and 

mountainous coasts as off stable and lowland coasts. They also cite 

Chamberlains (1964) findings that most of the sudden deepenings reflecting 

sediment movement in Scripps canyon were significantly related to periods 

of large waves following the storm season and not to local earthquake 

activity. 

5.4.2 ;;parish Sahara  

The Mesozoic and Tertiary Aaiun Basin in the western Sahara (Fig. 5.4.1) 

is occupied by a thick series of gently westwardly dipping sediments. A 

greater degree of late Tertiary subsidence occurred in the northernmost 

part of the basin where Miocene strata are preserved onshore; elsewhere 

the Tertiary is represented by Palaeocene and Eocene unconformably over-

lying Cretaceous strata (cf. Querol, 1966; Martinis and Visintin, 1966). 

Subsea data confirm that the northern Aaiun Basin was the locus of depos-

ition of Miocene sediments; they further suggest that Lower Pliocene 

deposition was widespread there and more Recent sediments appear to have 

accumulated on the outer shelf off Cap Juby suggesting subsidence continued 

into the Quaternary. In comparison with the 1000m of Eocene sediments 

found in a borehole near Cap Bojador, the 1000 feet or so of apparently 

post-Oligocene sediments indicates very reduced late Tertiary subsidence. 

That sedimentation in the northern part of the basin was very slow during 

the Pliocene is suggested by the formation then of widespread phosphorite. 

A major unconformity tentatively dated as Oligocene appears fairly deeply 

buried beneath the north Saharan shelf but crops out on the outer south 

Saharan shelf implying a much lesser degree of post Oligocene subsidence 

than in the northern region. 

The configuration of the upper slope off the southern Spanish Sahara is 
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thought to result from tectonic oversteepening of the buried (?)Oligocene 

slope. As later shelf deposits have built out across the (?)Oligocene 

shelf edge, they have become unstable and periodic slumping has caused 

the present shelf edge to migrate shorewards a few kilometres from the 

buried shelf edge (cf. Ron., 1970). The slumped material has accumulated 

on the less steep lower portion of the slope, which has thus been built up. 

The profiles suggest that the shelf is in more or less the same position 

as during the Oligocene. 

Further slight unconformities which may represent known Pliocene and Plei-

stocene fold periods are noted beneath the outer shelf or upper slope off 

the northern Sahara. The widespread nature of the Oligocene unconformity, 

which is also found off Morocco, may reflect the epeirogenic response of 

northwest Africa to the mid-Tertiary slowing of seafloor spreading reported 

for the Atlantic by Le Pichon (1968). 

Downwarping appears to have been a slow and steady process as slump struc-

tures are restricted. Nevertheless the present slope surface almost every-

where truncates very slightly folded strata and its attitude must reflect 

interplay between deposition and erosion. 

Off Cap Bojador a salt diapir like those from the Senegal shelf (cf. Ayeg, 

1966) appears to have been located. In its immediate vicinity slope sedi-

ments are rather more distorted than usual. 

5.4.3 Morocco  

During the Cretaceous and Eocene, three main east-west oriented gulfs are 

thought to have crossed western Morocco from the coast at Agadir (Souss 

Trough), at Essaouira, and between Safi and Al Jadida (Choubert and Faure-

Muret, 1962): it is within these gulfs that the widespread Maestrichtian-

Eocene phosphorites were deposited (cf. Fig. 5.3.6). The concentrations 
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of phosphatic samples on the shelf off Cap Blanc and Cap Sim might suggest 

that these gulfs continued onto the continental margin; differences of 

lithology between the Eocene phosphorites of these two regions (Chapter 6) 

argue for different depositional conditions, which tends to support the 

idea of offshore gulf prolongations. Furthermore, between these two regions 

dredged phosphorites were restricted to the outermost shelf suggesting non 

deposition on the inner and mid shelf off Safi. Dillon's (1969) work 

clearly shows that the Souss Trough did continue across the continental 

margin as far as the shelf edge where it was terminated at a basement high. 

Available data suggest that during the first (Oligocene) Atlas fold period 

(possibly related to Atlantic seafloor spreading) a major unconformity 

developed in the vicinity of the Atlas mountains between Agadir and Safi; 

the unconformity dies away rapidly northward (Nutter, 1969). Oligocene 

tectonism apparently produced a 'proto-slope' approximately on the site of 

the present slope and subsequent Oligo-Miocene erosion gave rise to the 

present shelf in more or less its present form. Later, the proto-slope 

was buried and onlapped landward by sediments except where tectonic over-

steepening and topographically induced current activity prevented this. 

The shelf and upper slope were the sites of limited accumulation of Miocene 

phosphatic sediments which are still preserved in patches on the northern 

shelf and are widespread on the southern outer shelf and upper slope; 

whether or not these accumulated in gulfs is conjectural. That subsidence 

has continued in the Souss Trough more or less until the present is sugg-

ested by profile 1 and by Dillon (1969); elsewhere the main locus of post-

Oligocene sedimentation has been the continental slope-rise complex. 

An approximately E-W trending Palaeozoic block interrupts the coast between 

Cap Rhir and Cap Tafelney (Fig. 5.3.6 and 5.4.2) and it is on the offshore 

extension of this block that the main Moroccan canyons are incised. Further- 
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Atlas structures and,salt domes in south central Morocco, showing 

location of basins between Paleozoic blocks. Shaded area = Palaeozoic; 

black area = Trias. Isopachs represent elevation or depression (in 

metres) of the top of the Jurassic; dashed lines represent synclinal 

axes; major,elongate salt intrusions with Trias cores trend NW near 

Essaouira and E-W at Caps Tafelney and Rhir. Based on Soc.Cherif.des 

Petroles (1966). 
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more against the projected northern margin of this block is terminated a 

well developed NE trending fold on the continental slope (cf. Figs. 5.3.4 

and 5.4.2); from this it is constructed that Atlas structures do locally 

affect the continental margin although in general there is little sign of 

this. The post-Oligocene slope folds are subparallel to and of the same 

size as elongate salt piercement structures found onshore just north of 

the Palaeozoic basement block (cf. Figs. 5.3.4. and 5.4.2). As the off-

shore folds are also closed structures in which the greatest deformation 

is often at the cores, they may similarly be salt controlled. Eovement 

along their axes appears to have continued throughout the later Tertiary, 

possibly up to the present. 

5.4.4 Summary of Conclusions  

1. The continental margin was built up beneath the shelf and out beneath 

the slope by seawardly prograding sedimentation on a subsiding basement. 

2. Seaward thickening of strata shows the zone of greatest sediment accum-

ulation to be the continental slope-rise complex. 

3. Off Morocco Eocene phosphorite deposition appears to have occurred in 

basins or 'gulfs' oriented across the continental margin; only one of 

these, the Souss Trough, continued to subside after the Oligocene. 

4. An Oligocene epeirogenic and orogenic event related to an interruption 

in sea-floor spreading and to the Atlas orogeny, resulted in formation of 

a protd-clope almost on the site of the present slope off northwest Africa. 

5. Subsequent Oligo-I4iocene erosion appearst-= have governed basic shelf 

morphology: the shelf was the site of reduced deposition of Miocene and 

Pliocene sediments probably largely removed by Pleistocene erosion. 

6. Post-Oligocene subsidence and sediment accumulation on the shelf has 



122 

been greatest in the northern Aaiun Basin and the Souss Trough; elsewhere 

gulfs and basins seem to have disappeared. 

7. Continental margin deformation has been greatest on the offshore exten-

sion of the High Atlas Chain. 

8. Salt tectonics have had important local influence on offshore structure. 

9. Recent sedimentation has not .:;reatly influenced shelf morphology. 
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CHAPTER 6  

PETROGRAPHY OF OFFSHORE MOROCCAN PHOSPHATIC ROCKS  

6,1 	Introduction 

To determine their regional characteristics, 53 selected samples of offshore 

Moroccan phosphorites and phosphatic rocks and, for comparitive purposes, 

20 randomly selected limestones were petrographically analysed using a 

total of 130 thin sections* This type of study is not entirely ideal in 

that the predominance in cryptocrystalline states of carbonate apatite 

minerals and their common intimate admixture with finely divided ar3illac-

eous, carbonaceous and ferruginous impurities makes petrographic analysis 

of only general value in mineral identification (cf. McConnell, 1950; 

Carozzi, 1960). In this work the 'basket' - term collophane has been used 

throughout for isotropic or virtually isotropic cryptocrystalline varieties 

of finely divided carbonate apatite while crystalline varieties have all 

been identified as francolite, a form of carbonate apatite acknowledged to 

be of major importance in sedimentary phosphate rocks (cf. McConnell, 1950). 

Chief among the objects of this present study are the establishment of the 

provenance, dispersal, depositional and diagenetic controls of offshore 

phosphate rock formation to allow comparison of the continental margin 

phosphorites with those of the same age known onshore and to aid in under.-

standing continental margin development in general and the origin of the 

offshore phosphorites in particular. A secondary objective is to provide 

geologic data to aid in the interpretation of detailed geochemical studies 

being carried out on these rocks by J. McArthur (PhD thesis, University of 

London, in preparation). 
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Petrographic examinations show there to be three main phosphatic rock types. 

South of Safi glauconitic conglomeratic types predominate; north of Safi 

are pelletal types, and a third type common to both regions comprises 

phosphatic limestones (cf. table 5.1 and Fig. 5.3.5). Conglomeratic 

varieties of the first two types are extremely common and normally contain 

pebbles of the third type. 

Bushinsky (1969) defines as phosphorite rocks containing >18% P205, approx-

imating to 50% apatite. Using this criterion, analysed pelletal samples 

(135, 136, 139) and 'phosphatic limestone' (148) are all phosphorites 

though none contain more than about 25% P205. By contrast, analysed 

glauconitic samples 152 and 154, and ferruginous phosphatic rocks 156 and 

157 proved to contain <18% P205  and are classified as phosphatic limestones 

of different types. 

6.2 	Glauconitic and Pelletal Phosphatic Rocks  

Glauconitic Phosphatic Limestone-Conglomerates (Fig. 6 a,b,c). 

These occur entirely as conglomerates and comprise angular and subangular 

pebbles mainly of various types of limestone phosphatised to various degrees, 

some massive collophane (probably representing completely phosphatised 

limestone), and occasional glauconitic phosphorite, all set in a poorly-

sorted, unevenly-bedded matrix of partially-phosphatised, indurated lime 

mud containing varying amounts of sand-size glauconite, silt-sized quartz, 

foraminifera and amorphous iron oxides, argillaceous material and carbon-

aceous debris. This conglomeratic variety only occurs south of Safi but 

glauconitic phosphorites were also found at two sample sites moderately 

distant from the southern glauconitic conglomerate province. At Sta. 903, 

near Safi, glauconitic phosphorite fills borings into a coarse unphosphat.. 

ised foraminiferal sand containing occasional pebbles of phosphatised 
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limestone. At Sta. 1056, the northernmost phosphatic rock sample dredged 

from the outer shelf near Casablanca, irregularly bedded glauconitic silty 

foraminiferal mud fills all available interstices within a limestone com-

posed essentially of large unphosphatised corals. The faunal remains from 

between the blades of the corals indicate moderately shallow conditions; 

the sediment external to the coral fragments menly contains planktonic 

faunal remains indicative of open sea (?) deeper conditions. The former 

sediment is less muddy than the latter. 

Pelletal Phosphorites (Fig. 6d,e,f). 

The pelletal phosphorites, only found north of Safi, are very often con-

glomeratic although less notably so than the southern glauconitic phosphor-

ites. They are essentially poorly-sorted, unevenly-bedded, partially-

phosphatised, indurated lime muds containing varying amounts of sand sized 

phosphorite pellets, silt sized quartz, foraminifera, amorphous iron oxides, 

argillaceous material and carbonaceous debris. Although pebbles of differ-

ent lithologies are often found, the commonest are varieties of the same 

lithology as the matrix but often more highly phosphatised. In this respect 

these rocks appear more like intraformational conglomerates than do the 

glauconitic variety. 

6.2.a Glauconite:(Fig. 6 a,b,c). 

The glauconite occurs always as sand sized grains, most of which are sub-

rounded to subangular with an abraded appearance. Very few grains are 

lobate or exhibit cracks and the lobate grains usually look worn or partly 

fragmented as though they have been partly dismembered. In several cases 

the grains have been completely oxidised while in others, only marginal 

oxidation has occurred. That this occurred prior to transportation is 

shown by the presence of grains which have subsequently been broken and now 

display incomplete oxidation rims which terminate abruptly at sharp bound-

aries. The sharp outline of most grains again suggests a derived rather 
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than in situ origin although glauconite seen filling the cavities of some 

foraminiferal tests may be post-depositional. It should be emphasised 

that in the main not more than 30 per cent of grains ever show signs of 

oxidation and in some samples this phenomenon was not observed 

In another form glauconite is often found to impregnate the crustal milli-

metre or two of certain pebbles of the conglomerate. A detrital origin is 

excluded for this v riety by virtue of its patchy and irregular character 

among areas of unreplaced host rock. Within the margins of some of these 

pebbles (Fig. 6 b ) is observed glauconitisation of foraminiferal tests; 

the process commences with formation of a thin skin of glauconite on the 

inner and outer walls of the test whence replacement of the test itself 

occurs, followed by glauconitisation of test infillings and subsequently 

outward growth from the now completely glauconitised foraminifera. Similar 

replacement is seen of large platy molluscan and echinoid fragments. Con-

ceivably the presence of minute concentrations of organic matter and pyrite 

- often seen coating the inner and outer walls of foram tests - encourages 

nucleation of glauconite. The difference between this glauconite and that 

of the matrix lies in the diffuse outlines of the former and its patchy 

impregnation of the surrounding pebble matrix. There is as yet no evidence 

to suggest that matrix glauconite grains are other than allochthonous 

except in sample 813 where some glauconitisation of the matrix is apparent. 

That the glauconite is probably local in origin is suggested by the lack 

of uniformity of grain shape, poor sorting, occasional part fragmentation 

of lobate grains, and incorporation of regular glauconite grains into the 

margins of certain pebbles which were evidently not indurated before being 

incorporated into the conglomerate. 
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6.2.b Pellets  

The term pellet is commonly applied to individual grains of sandy phosphatic 

sediments; it is not used here in any genetic sense. The pellets,which 

are generally structureless,occur in a number of different forms varying 

from regular ovoids to irregular subangular or even angular grains; oolitic 

varieties are found but rarely constitute as much as 20 per cent of the 

pellet population (Figs. 6 e,f), 

Usually the pellets are of medium to very fine sand size although in some 

rare cases only coarse silt size particles are present. They most often 

comprise pale brown, turbid, virtually isotropic, optically amorphous or 

crystocrystalline collophane usually containing abundant disseminted 

segregations of impurities such as iron or organic material. Different 

pellets within the same sample usually exhibit differing degrees of tur-

bidity and, while some grains may be rather dark brown, others arc complete-

ly clear pale yellow. Usually, regardless of shape, pellets have a 

marginal rim free of imputities. In most cases this appears to be a 

result of migration of impurities away from the pellet margin: similar 

phenomena have been widely reported elsewhere (cf. Cayeux, 1941; Emigh, 

1958; Carozzi, 1960; d'Anglejan, 1967). The inner margin of the clear 

rim zone is always fuzzy while the contact between grain and matrix is 

almost always, sharp. In those pellets where two or more zones occur the 

term oolite may be applied but, since there are no clear crystal growths 

oriented radically to the nucleus these are more commonly referred to as 

pseudoolites (cf. Salvan, 1952). The concentricity is defined by rather 

indistinct narrow zones of segregations, apparently of organic material 

or iron minerals such as those at the grain centre. It appears to have 

originated by internal mobilisation of impurities during apatite crystall-

isation (cf. Carozzi, 1960; d'Anglejan, 1967). In some instances more 

than one growth period may have occurred and the nuclei's may be composite 
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and include an earlier oolite and parts of its surrounding matrix 

In some instances, oolitic concentricity results from the alternative of 

bands of isotropic cellophane and slightly anisotropic 	francolite - 

a type noted elsewhere (cf. Carozzi, 1960). 

Pellet nucleii, rarely central, are not common. Most often seen (Fig. 6 

e,f ) are silt-sized quartz, calcite, and, less often dolomite rhombohedra; 

foraminiferal nucleii are rather uncommon except in rare instances (Fig. 

6 d 	) where they predominate almost to the exclusion of other material 

(samples 134, 966). The presence, within pellets, of dolomite rhombs and 

of calcite replacement rims around quartz nucleii tends to suggest that 

pellets originated by diagenetic intrasediment growth around nucleation 

centres although probably not, in most cases, within the sediment in which 

they are presently found. However, the majority of the pellets have no 

discrete granular nucleus, consisting for the most part apparently of 

limestone fragments phosphatised to varying degrees; relict foraminifera 

are often seen in these limestone fragments as are abundant microcrystalline 

rhombohedra indicative of local calcite supersaturation during phosphatis-

ation. 

The foraminiferal samples (134 and 966) consist almost entirely of 

unreplaced collophane and glauconite-filled foraminifera, encased in a 

perfectly moulded skin of collophane, and set in a foraminiferal sand 

matrix containing unbroken specimens not associated with collophane (Fig. 

6d 	). Some of the pellets are composite, comprising two or more fora- 

minifera joined by a phosphatised lime mud matrix. In those cases where 

parts of the foraminifera project beyond the attached relict matrix: it is 

evident that the clear collophane skin is not unique to the foraminifera 

but represents the pellet or grain margin and must have therefore developed 
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not while the foraminifera was within its previous fine grained sediment, 

but after it had been fragmented, since the clear rim does not extend all 

the way round that part of the foram still in contact with the relict 

matrix but extends all the way round the rock fragment as a whole. Within 

the pellet the matrix is seen to be penetrated by a network structure seen 

to be continuous with a very narrow incipient rim around that part of the 

foraminifera in contact with matrix. 

6.2.c Quartz and Foraminifera  

Quartz forms by far the most common inorganic detrital elastic mineral 

phase. It tends to be more common in the glauconitic samples. In samples 

813, 833, 865 and 877 the conglomerate matrix comprises a phosphatic, 

glauconitic, calcareous siltstone; a phosphatic, glauconitic silty lime-

stone matrix occurs in samples 152, 154, 883, 396, 898 and 899, but in 

other glauconitic and most pelletal samples silt-sized quartz is a very 

subordinate constituent. Individual grains are very rarely as coarse as 

very fine sand grade and most often occur as subangular silt sized particles. 

Usually their margins are somewhat corroded and display calcitic overgrowths 

indicating post-depositional instability. As for coarser components, these 

silt grains are poorly sorted and often patchily concentrated suggesting 

rather irregular current velocities in the depositional environment. The 

large disparity in size betw,:en quartz and glauconite or pellets suggests 

profound differences in their provenance and transportation histories. 

By far the most abundant organic skeletal remains consist of broken and 

unbroken foraminiferal tests whose abundance varies considerably from sample 

to sample. Among glauconitic rocks foraminifera are abundant in samples 

841, 847, 883, 896, 898, and 899 from the outer shelf and upper slope sea-

ward of relatively poorly or non-foraminiferal samples. In the glauconitic 

samples foraminifera abundance is generally inverse to that of quartz 
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although in some samples neither are abundant and the conglomerate matrix 

comprises glauconite grains suspended in a 'lime-muds. Foraminifera are 

uncommon in the pelletal samples except in rare instances (134, 966); in 

all except these samples they usually occur only in fragments. 

In pelletal samples (except 134, 966) faunal remains are locally completely 

phosphatised. Although neither whole or broken foraminifera are phosphat-

ised in the glauconitic samples, they may contain infillings of collophane 

but more often contain macro or micro crystalline calcite, and sometimes 

glauconite or some oxidised iron mineral and sometimes pyrite. In certain 

instances it appears that collophane is in the process of replacing calcitic 

infillings. Frequently, foraminiferal tests, calcite infillings and locally 

abundant silt-sized calcite grains (probably skeletal fragments) have been 

recrystalised to a microcrystalline calcite mosaic the irregular boundaries 

of which are ragged and irregular indicating sorption by the phosphatic 

matrix. 

6.2.d Matrix 

The matrix is usually turbid, the cloudiness reflecting the degree of 

admixture of finely divided argillaceous, organic and iron materials. 

Normally, under plane polarised light it is a pale yellow brown and under 

crossed nicols is seen to consist essentially of almost isotropic crypto-

crystalline or optically amorphous collophane admixed to varying degrees 

with microcrystalline calcite, sometimes irregular and of different grain 

size, but often in the form of minute rhombohedra. The irregular calcite 

fragments are corroded and display various intermediate stages towards 

phosphatisation; the rhombohedra in this type of rock, according to Carozzi 

(1960), are usually secondary phenomena generated by local oversaturation 

during diagenesis. The degree of phosphatisation is very variable from 

sample to sample and also within individual thin sections (Fig. 6 f). 
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Locally, particularly where the texture is very sandy, later thin rims of 

radially disposed crystalline francolite (anisotropic) have formed around 

pellets, grains of glauconite, quartz and sometimes foraminifera and cal-

cite but not at points where they are in contact (Fig. 6c,e0r. Around 

intergranular spaces these francolite growths take on the appearance of 

marginal geode fillings the interstices are filled with later more or 

less clear collophane. Bushinsky (1935) has described similar occurrences 

from Russian pelletal phosphorite. In patches, later diagenetic calcite 

and sometimes pyrite or haematite hasr?:laced interstitial collophane 

particularly where the textures are more sandy, but this is not common 

and the predominant diagenetic mineral is collophane. 

In general (Fig. 6 e,f)  the pellet phosphorite matrix is less well phosphat-

ised than that in the glauconitic samples. It is also rather more turbid, 

suggesting a greater degree of admixture of finely divided impurities. In 

many cases the pelletal phosphorite matrix is traversed by a well developed 

'networks structure comprising pale yellow clear and colourless collophane 

veinlets separating darker turbid patches of collophane rich in impurities. 

Such structures have been previously reported in phosphatised limestones 

(Bushinsky, 1935) and within phosphate pellets (d'Anglejan, 1967). Devel-

opment of network structures coincides with increasing development of 

matrix phosphatisation. In some instances instead of patches of turbid 

collophane within the 'nets there are discrete foraminifera, calcite, 

dolomite, quartz crystals, or detrital phosphate pellets and oolites. 

In most pelletal samples (except 134, 966) irregular erosional horizons 

separate irregular thin beds whose texture may be that of well-sorted to 

poorly-sorted sand, muddy sand or mud, and not infrequently shows some 

crude greding(Pig.6.e,f).The degree of p#oephatisation 	of these diff-

erent layers is often markedly different and, within any one horizon the 
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degree of phosphatisation increases markedly towards the erosion horizon 

which is also often impregnated with iron oxides. This phosphatisation 

bears no relation to the incidence or character of pellets, zoned examples 

of which are often truncated at erosion surfaces, and between which, where 

close-packed, intergrain contacts are restricted to the outer margins of 

oolites or marginal zones of structureless collophane grains. Within the 

glauconitic samples the matrix is also poorly sorted and within one thin 

section, texture may change from a well-packed, well-sorted sand in which 

there is contact between most grains, to a poorly sorted sandy Ilime-mud' 

comprising sparse sand-sized glauconite grains end, rare quartz silt grains 

and odd foraminifera suspended in a phosphatic lime-mud matrix (Fig. 6 a,b,c). 

Irregular erosion surfaces, often intensely iron oxide stained, separating 

regions of different texture and different degrees of phosphatisation are 

locally identified in the glauconitic samples. Although less common than 

in the pelletal phosphorites the matrix beneath thez-2 horizons often shows 

enhancement of phosph.::,dsation. 

6.2.e Pebbles in Glauconitic Conglomerates  

A variety of lithologies, chiefly of limestones, comprise the pebble 

assemblage of the glauconitic phosphatic rocks. It should be emphasised 

that the degree of phosphatisation of the following varieties is variable 

and both phosphatised and unphosphatised varieties of the same lithology 

can be seen in the same thin section. Then too, the degree of phosphatis-

ation ranges from complete, through partial to marginal, and in some cases, 

none at all. The most common varieties appear to be:- 

(1) Calcareous siltstone: grading to silty limestone; usually unfossil-

iferous or with a very poor fauna; sometimes laminated. 

(2) Foraminiferal limestone: with all grack.tions from foraminiferal sand 

through to foraminifer:11 ooze, each with different amounts of foramin-

ifera and with different amounts of silt sized quartz detritus. 
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(3) Aphanitic limestone: unfossiliferous in the main; composed almost 

entirely of microcrystalline calcite. 

(4) Sandy glauconitic silty foraminiferal phosphatised limestone: appar-

ently of the same lithology as the surrounding matrix but in pebble 

form often with very irregular margins suggesting a lack of induration 

prior to sedimentation; often part oxidised. 

(5) Phosphorite: ferruginous and non-ferruginous varieties which are 

now completely chemogenic but in which traces of original limestones 

are usually observable, and some of which may be dolomitic. 

(6) Composite pebbles: for example pebbles of phosphorite within an 

unphosphatised aphanitic limestone pebble, and phosphatised limestone 

pebble within pebbles of type (4). 

(7) Coarse shell limestones: unphosphatised. Rarer types are quartzite 

(333), and flint (observed in hand specimen but not in thin section). 

The degree of phosphatisation of pebbles is highly variable (Fig. 6 b,c,g) 

in some instances limestones are completely unphosphatised even at their 

margins; others display a narrow or a wide rim where phosphatisation may 

or may not have proceeded to completion with or without accompanying glau-

conitisation or, in some cases oxidation of iron minerals; others have 

patchily phosphatised nucleii whereas a further type may be homogenows12), 

phosphatised, completely or partially, throughout. The main stages in 

phosphatisation appear to involve first, recrystallisation of macrocrystal-

line calcite plates (shell remains or foram infillings) to irregular micro-

crystalline mosaics; followed by corrosion of grain margins, leaving 

eventually a crypto-crystalline collophane matrix studded with varying 

amounts of minute fragments of unreplaced shell remains and, in particular, 

calcite rhombohedra formed due to supersaturation. Large shell and echinoid 

fragments may be replaced before the matrix but the normal progression 

appears to be (1) m,ltrix, (2) calcitic shell fragments - usually present 
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as platy calcite grains, (3) foraminiferal infillings, (4) foraminiferal 

tests. On occasion the foraminiferal infillings and tests may remain 

unreplaced resulting in a mass of collophane studded with round blobs of 

calcite representing foram chambers (Fig. 6 g ). Where replacement of 

calcitic infillings is occurring, the phosphatisation usually proceeds 

most rapidly at the junctLn between test and infilling. 

It is worth emphasising that the degree of phosphatisation of pebbles seems 

totally unrelated to the degree of phosphatisation of the matrix (cf. Fig. 

6c 	) and also that the glauconitisation of pebble margins apparently 

occurred under differing conditions from those governing matrix sediment-

ation since the matrix is never glauconitised although compositionally 

very similar to the enclosed pebbles. Furthermore some pebbles in which 

marginal glauconitisation and phosphatisation have occurred have subsequently 

been broken prior to sedimentation (865). Yet other pebbles have burrows 

filled with phosphatised foraminiferal limestone of completely different 

character to the later matrix of the conglomerate (Fig. 6 g ). Two or 

more periods of phosphatisation are suggested by these data. 

In several samples the irregular shape of glauconitic pebble outlines 

suggests that they were soft during sedimentation; in support, glauconite 

grains are commonly found to be arranged around pebble margins as though 

adhering to the muddy pebbles. 

Iron is a coimuon constituent; several of the limestones are pyritic 

although in these cases an oxidised rim usually intervenes between the 

pebble core and its glauconitised (or non-glauconitised) margin. Yet others 

are richly ferruginous, containing abundant limonite or goethite often 

completely dispersed throughout the sample and imparting to it a dark 

orange red colour but at other times occurring in segregated patches within 

which colloform growth structures are sometimes seen. Not infrequently. 
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these samples appear dolomitic; where they are moderately phosphatic, 

silt-sized rhombs possibly of dolomite, appear suspended in a micro-crystal-

line calcitic matrix. Pyrite is also seen in some samples to coat burrow 

margins. By contrast with the pebbles, pyrite is uncommon in the surround-

ing matrix which, indeed, is characterised by a pale brown colour due 

apparently to finely disseminated iron oxides. 

Very narrow collophane coatings are sometimes observed around pebbles and 

appear to have formed prior to cementation by the present matrix. In one 

case later colloform francolite growths extend apophyses out into the 

matrix indicating that post depositional 'nucleation9  has occurred (sample 

847). 

In rare instances, silt-sized detrital collophane forms an accessory 

mineral in a calcareous siltstone pebble (sample 154) indicating more than 

one period of phosphorite formation. 

Pebbles (2) in Pelletal Phosphorites  

A lesser variety of pebbles is found in the pelletal compared with the 

glauconitic conglomerates. Lost COmMOn are pebbles with very irregular 

margins suggesting that at time of deposition they were but poorly indurated: 

this variety Js of the same basic composition as the matrix although 

usually texturally different from their surroundings. The pebble margins 

do not tend to displas  any accretionary rims but have margins which are 

usually more phosphatic than either the interior of the pebble or the 

surrounding matrix. Within this usually clear collophane margin are frequent 

colloform structures and apophyses may extend from the margin far into the 

centre of the pebbles where they may enclose foraminifera and foreign 

particles (quartz, calcite) or irregular patches of matrix in which a 

greater degree of segregation of impurities has occurred. That this process 

might lead, on disaggregation, to pellet formation, cannot be ignored. 
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Of other pebbles, the most common type is a fine-grained foraminiferal 

limestone which may be moderately to highly phosphatised and may or may 

not have phosphatised margins. Numbers of these pebbles are characterised 

by abundant pyritic foram infillings. Some of them may also contain sparse 

accessory silt sized detrital unzoned cellophane grains, indicating a 

complex history of phosphorite formation. 

Another less common variety of pebbles consists entirely of massive crypto-

crystalline to optically amorphous cellophane studded with well developed 

rhombohedra of dolomite or calcite and probably representing an extreme 

stage in the phosphatisation (say) of originally aphanitic limestones. 

Pebbles of silty limestone are rare, although common to the glauconitic 

province; usually they are unphosphatised except along pebble boundaries. 

As in the glauconitic conglomerates some of the pebbles are burrowed: 

burrows are usually filled with phosphorite which is sometimes layered and 

does not always contain pellets although pelletal varieties are most common. 

Burrow walls are usually highly phosphatised and pyritic, whereas the bored 

rock may be phosphate-free as may be the burrow fill (e.g. sample 1016 where 

a burrow is filled by aphanitic limestone,(Fig. 6 0. 

6.3 	Non-Conglomeratic, Non-Glauconitic and Non-Pelletal Phosphorites 

And Phosphatic Limestones 

These samples fall essentially into two main categories; first, phosphatic 

limestones containing grains of massive, usually unzoned, detrital cello-

phane as an accessory mineral (less than 5%) in pebbly, sandy, or silty 

limestones (875, 903, 923, 924, 931, 933, 950, 954, 932, 1022, 1038); 

second, massive limestones showing varying degrees of matrix phosphatisation 

(819, 855, 148, 156, 157, 136). Lastly there are those few samples contain,' 

ing accessory silt to fine sand sized detrital unzoned cellophane in a 
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partially phosphatised matrix (820, 135, 1016). Several of these samples 

have been bored and had their borings filled with later glauconitic phos-

phorite (903) or pelletal phosphorite (982, 136, 1016) indicating at least 

three periods of phosphate mineralisation. It should be emphasised that 

massive and non-conglomeratic phosphorite from sites 817, 313, 832, 151, 

155, 915, 973, 1035 and 1037 were not petrographically examined, and that 

further petrographic examination of the many calcareous and apparently 

non-phosphatic rock samples might reveal more examples of limestones con-

taining detrital collophane contributions. 

The phosphatisation, where moderate (136, 819, 148, 820, 1016) tends to 

be uniformii, distributed throughout each examined specimen, and not con- 

centrated about specific nucleation centres except in very rare instances. 

For example in sample 148 	irregular collophane rims around 

silt sized quartz grains grade imperceptibly into and are interfingered 

with the surrounding matrix, sometimes even to the extent of joining 

adjacent grains. In other samples there appears to be a gradual increase 

in the degree of phosphatisation of the matrix until a stage is reached 

in which the matrix appears entirely composed of massive collophane through 

which are randomly scattered minute segregations of impurities such as iron, 

clay or organic matter, together with minute calcite rhombohedra (and ? 

dolomite) which apparently originated daring the phosphatisation process. 

Samples 156 and 157 (Fig, 6 h ) comprise bedded phosphatised ferruginous 

limestone in which are layers of moderately well phosphatised 

limestone containing abundant microcrystalline calcite or calcite rhombohedra, 

and round /blobs° representing unreplaced calcite foraminiferal infillings. 

Faunal remains are generally not too common however. TowarCs the surface 

of each layer phosphatisation increases but the gradual nature of the 

change and the preservation throughout of relict foraminifera suggests 
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there was no original difference between the upper and lower parts of any 

one such layer. The bed surface is usually more densely impregnated with 

iron oxide than the remainder of the sample suggesting contemporaneity of 

phosphatisation and oxidation as is the case in the pelletal phosphorites 

and glauconitic phosphatic limestones discussed above. Pebbles of this 

same material occur in nearby conglomerates showing that phosphatisation 

and iron staining are not by any means Recent phenomena. Sample 157 is 

much less well phosphatised than 156; it is the presence of moderately 

abundant large rhombohedra within the dominantly microcrystalline calcite 

matrix of sample 157 that suggests they are dolomitic samples (this is 

borne out by chemical an,lyses - Chapter 7). 

A few samples are very irregularly phosphatised and phosphatisation appears 

to be concentrated in patches within their matrix (855, 135). In these 

instances phosphate mineralisation is more likely to be less immediately 

post depositional than in other samples. Evidence from the thinly bedded 

samples 157 and 157 strongly implies that phosphatisation immediately 

followed deposition and confirmation of this is given by the occurrence of 

lithologicallysimilar pebbles in adjacent conglomerate samples in which the 

degree of pebble phosphatisation shows no relation to the matrix. 

6.4 Dating 

Several soft mudstone samples aid a random selection of indurated limestones 

were selected for dating purposes. Unfortunately many of these proved to 

contain very poor faunas and dating was only possible on a few samples. 

All the phosphatic samples containing moderately abundant faunas were 

examined. Because of the difficulty in making accurate thin section iden-

tifications many samples proved literally undateable but sufficient inform-

ation became available (Appendix 4 ) to allow some of the stratigraphic 
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Fig.6.a. Photomicrograph of matrix of glauconitic phosphatic conglomerate 

883 ( upper diagram = plane polarised light; lower = crossed nicols). 

Glauconite grains (one oxidised - left,bottom ) and unreplaced foraminifera 

with calcite or collophane fill, are clearly recognisable. Matrix comprises 

collophane and micritic calcite and rare, silt-sized quartz. 



Fig.6.b. Photomicrograph of glauconitic phosphatic conglomerate 154 (plane polarised light) :Left diagram. 

Showing contact between unphosphatised silty foraminiferal limestone pebble and muddy sand - textured glauc 

-onitic phosphatic matrix. Glauconite grains have oxidised margins and are suspended in a finely divided 

mixture of collophane, calcite, iron oxide, (?) clay and (?) organic matter; these last three impart the 

dirty, red-brown colour. Within the pebble margin are glauconitised foraminiferal remains. 

Fig.6.c.(Right diagram). Photomicrograph of glauconitic phosphatic conglomerate 152 (crossed nicols). 

Showing contact between glauconitic phosphatic sand matrix and (bottom left) unphosphatised aphanitic lime-

stone pebble and (top right) phosphatised silty limestone pebble in which the degree of phosphatisation 

increases towards the margin. Post-depositional francolite rims have formed around glauconite grains, some 

of which are partially oxidised. 
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Fig.6.d. Photomicrograph of matrix of pelletal foraminiferal phosphatic 

limestone 134 (upper photo = plane polarised light; lower = crossed nicols). 

Pellets are either fragments of phosphatised muddy foraminiferal limestone, 

or are entire or broken foraminifera , and often have a clear collophane 

skin . Foraminifera outside the pellets have a calcite- fill and are set 

in an iron oxide-rich micritic calcite matrix. 
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Fig.6.e. Photomicrograph of pelletal phosphatised limestone 961 (upper 

photo = plane polarised light; lower = crossed nicols). A muddy phosph-

atic pelletal sand (bottom left) is succeeded by a phosphatised lime mud 

which, at an erosional horizon, is intensely iron-oxide stained; this is 

followed (top right) by a second phosphatic pelletal sand. 

Note:- oolitic pellet margins, turbid collophane-rich nucleii, later 

francolite development in sandy areas, incipient network structures in 

muddy areas, lack of replacement of larger calcite fragments, high degree 

of matrix turbidity, 
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Fig.6.f. Photomicrograph of pelletal phosphatised limestone sample 982 

(upper photo = plane polarised light; lower = crossed nicols).Left side 

= top of section. A poorly sorted,turbid, partly phosphatised, sandy 

lime-mud (right) containing sparse quartz, collophane pseudoolites, calcite 

grains and forams is cut by a highly phosphatised, slightly iron-stained 

erosion surface (centre).This is overlain by a poorly sorted muddy sand 

containing phosphorite pellets and pseudoolites with quartz, calcite or 

collophane nucleii. The mud matrix to these grains is not highir  phosph-

atised. Note:- francolite rims, radial (?)shrinkage cracks, and local 

later calcite cement. 
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complexity and history of phosphate mineralisation of the Moroccan contin-

ental margin to be unravelled. Mr. D. Carter very kindly set aside time 

for the palaeontological work involved. 

From selected glauconitic phosphorites the writer was able to separate 

glauconites for K.Ar dating, kindly carried out by Dr. M. Dodson and Ir. D. 

Rex at Leeds (cf. Appendix 4). 

6.4.1 Cretaceous Material  

Soft upper Cretaceous mudstones showing no signs of phosphatisation and 

apparently not containing any detrital collophane are reported from sites 

333, 860 and 362. Indurated, unphosphatised upper Cretaceous foraminiferal 

limestones were found at Sta. 964. At the same site and at Sta. 932, 1022 

and 1033 were dredged pelletal conglomeratic phosphorites containing pebbles 

of upper Cretaceous foraminiferal limestone, moderately phosphatised 

throughout and with narrow highly phosphatised margins. 

6.4.2 Tertiary Samples 

The remainder of the dateable samples proved to contain Tertiary faunas. 

From the southern region, pebbles of probably Eocene (pre-Durdigalian) 

foraminiferal limestone were identified in conglomerate samples from sites 

152 and 154. In each case the pebbles are moderately and uniforml 	phos-

phatised and apparently were so prior to incorporation into the conglomerate. 

The Eocene pebble from site 154 contains accessory silt sized detrital 

collophane. A similar age is obtained for the massive phosphatic foramin-

iferal limestone from site 143 and from the non-conglomeratic bedded phos-

phorite at site 156. 

The glauconitic matrix of the southern samples locally contains abundant 

foraminifera closely resembling Orbuline  universa iVOrbip..9  suggesting their 

formation after the lOrbulina Datum' low in the Miocene (post..Burdigalian). 
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Radiometric age determinations using the K.Ar technique on separated glau-

conites, gave ages for sample 848 of 10.8 t 0.5 m.y. and for two separate 

subsamples from 877, of 11.7 t 0.5 m.y. and 11.0 ± 0.5 m.y. respectively, 

placing these samples in the upper Miocene. 

Within northern province samples the massive patchily phosphatised fora- 

miniferal limestone from site 958, containing both grains and oolites of 

collophane, has a probably Eocene (pre-Burdigalian) fauna. The same fauna 

is recognised in the massive moderately phosphatic limestones from sites 

135, 136, 938 and 1016, all of which except 136 contain some accessory 

detrital collophane although they are not pelletal, and in pebbles of 

similar moderately phosphatic material incorporated into a pelletal con- 

glomerate sample 139. Borings in samples 988, 135 and 1016 have been 

filled with pelletal phosphorite. Examination of many other pelletal 

samples gave no information to suggest that they were later Tertiary in 

age. However, the two pelletal foraminiferal sand samples 134 and 9G6, 

which are very different from all other pelletal samples in having mainly 

pellets formed around foraminiferal nucleii contain, both within the pellets 

and in the surrounding non-phosphatic foraminiferal sand, abundant Crbulina 

Universa D'ORB., and are therefore post lowermost Miocene (post Burdigalian). 

6.5 	Interpretation 

6.5.1 Depositional Environments  

Foraminiferal Limestones (Cretaceous-Eocene) 

The homogeneous character of the fine grained Cretaceous and Eocene fora-

miniferal limestones, which are essentially bioaccumulates containing 

moderately sparse argillaceous and silt sized material, suggests an original 

stable depositional environment of moderate depth remote from sources of 

detrital elastics. The preponderance of silt-sized quartz among detritals 
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tends to imply deposition off a peneplained arid (?) coast where extremes 

of weathering resulted in production of mature quartzose silts. The origin 

of the lime mud comprising the fine grained matrix is obscure but could 

relate to benthonic faunal activity. 

The presence of dolomite in certain phosphorites is thought by Rooney and 

Kerr (1967) and Strakhov (in Bushinsky, 1969, p. 158) to indicate formation 

in confined shallow basins or lagoons. The fine bedding of the dolomitic 

phosphatic limestones 156 and 157 would seem to indicate a moderately 

shallow water environment periodically agitated by currents but whether 

this was lagoonal or not remains to be seen. 

In the phosphatised foraminiferal limestones and in other phosphatic facies, 

pyritic foraminiferal infillings are locally abundant attesting to the 

formation of reducing conditions in microenvironments but not on any large 

scale; allied with this, the absence of dark organic rich limestones or 

black shales in dredge hauls suggests that this was not a region of extreme 

biological productivity. The impregnation of many samples with iron oxide, 

particularly at bedding horizons,suggests that oxidising conditions were 

widespread during the time that these phosphatic limestones formed. 

Pelletal Conglomerates (Probably Eocene) 

On the basis that one of the pelletal phosphorites contains an Eocene 

matrix fauna it is suggested that the majority are of the same age; they 

certainly differ markedly from the two post Eocene pelletal foraminiferal 

sand samples 134 and 966. That they contain pebbles of Eocene foraminiferal 

limestones suggests a shallowing of the environment during the later Eocene. 

The prevalence of lime-mud within the matrix might suggest deposition at 

moderate water depths where wave and current agitation and turbulence was 

low. Equally, since most biogenic skeletal remains are broken, and copro-

lites are moderately common, the mud could be a biodiagenetic product 
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caused by benthic faunal activity. The admixture of pellets and pebbles 

of pelletal phosphorite and the frequent irregular bedding and local eros-

ion surfaces tend to suggest that the deposit is of very shallow water 

origin and that the mud may be a biodiagenetic product. The above mentioned 

characteristics suggest that these deposits accumulated in coastal type 

flats or shallow lagoons in close proximity to a beach or bar whence 

coarser material could be derived. 

The uniformity of size of the pellets, the degree of rounding of some of 

them and the frequent high degree of sorting of sand layers (Fig. 6e,f) 

suggest mechanical derivation from some source more or less within the 

high energy surf zone. Absence of inorganic detrital constituents of the 

same size (usually associated quartz is silt-sized) tends to suggest form-

ation on an offshore bar rather than a beach where longshore transport of 

mature quartz sand might be expected to result in admixture of apatite 

pellets with similarly sized detritals as in fact is found in the onshore 

Eocene deposits (Salvan, 1952, Visse, 1948). Further evidence for relative 

remoteness from land is given by the abundance of argillaceous material and 

the only local silt sized quartz. The formation of apatite pellets is 

considered in detail later in text; suffice it to state here that it 

appears the pellets originate by phosphatisation, disaggregation and mech-

anical re.orking of the phosphatic lime mud within which the pellets are 

now found. The narrow bedding and irregularity of erosional horizons 

suggests that storm waves may, by periodic disaggregation of the lime muds, 

have resulted in mechanical formation of phosphate pellets which, after 

concentration and mechanical sorting in offshore bars were irregularly 

swept seaward or shoreward by current activity and there incorporated into 

A1,1F,y-.se,_1 1:_rant3 ntc,ii_ulating in quiet water. The abundance of iron oxide, 

particularly at erosional horizons tends to suggest formation in a prevail• 

ing oxidising environment. 
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Post-Eocene Pelletal and Glauconitic Phosphatic Sediments 

Post-Eocene sediments are apparently widespread on the outer shelf and 

uppermost slope off Cap Sim but very restricted off Cap Blanc. At this 

northern site two samples (134 and 966) of pelletal foraminiferal sands 

seem to have been deposited in a current swept region moderately far from 

land since they do not contain any quartz or clay, nor are the foraminifera 

abraded as might be expected if deposited in a shallow water high energy 

region. The pellets (Fig. 6 d ) are of phosphate-covered foraminifera 

sometimes attached to an original phosphatic lime mud matrix. Their perfect 

preservation and absence of any widespread signs of abrasion before or 

after phosphate coatingsfOrmed suggests that they were derived by the 

erosion of a soft sediment. The preservation of a foraminiferal sand such 

as this suggests winnowing, or the prevention of settling, of fines, prob-

ably by turbulence at or near an original shelf edge. It is argued that 

winnowing of nearby soft phosphatised foraminiferal ooze provided the coated 

specimens. Their contemporaneity with uncoated specimens is borne out by 

the presence of coated and uncoated specimens of Orbulina. 

To explain the formation of the apparently Miocene glauconitic phosphatic 

conglomerate it is necessary to advocate a large scale change in the tect-

onic and depositional framework off Cap Sim following deposition of the 

Eocene foraminiferal limestones. It must be emphasised that while such a 

Change may also have occurred off Cap Blanc there is at present no evidence 

to support this; the conglomerates there, being intraformational, are of 

a completely different type to that found off Cap Sim. Also stressed is 

the fact that the northern conglomerates only contain small pebbles, comm-

only with irregular margins, while the southern conglomerate resembles a 

breccia and contains a tremendous assortment of angular and subangular 

boulders cobbles and pebbles. It would appear that the combination of 

uplift and erosio: directly offshore from the Atlas mountain belt in south 
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central Morocco gave rise in effect to a basal conglomerate or breccia in 

which phosphatic and non-phosphatic fragmented limestones form the chef 

constituents: the breccia is considered to lie more or less on an Oligor 

cene erosion surface (cf. Chapter 5). 

The pebbles were in many instances exposed, prior to contact with their 

present matrix, to a marine environment in which glauconitisation, phosphat-

isation and in some cases oxidation of their margins occurred. In some 

cases there is evidence that the pebbles were moved after this and prior 

to incorporation into the present matrix. The depositional history of 

this conglomerate is complex, as shown by the incorporation locally of 

pebbles of glauconitic lime mud, compositionally similar to the matrix 

and showing signs of having been rolled while soft, allowing the surface 

accretion of discrete grains of glauconite. The matrix composition is 

irregular, and silty, sandy and muddy patches are often visible within the 

same thin section; sometimes these differing types are clearly separated 

by an oxidised erosional horizon at which phosphatisation is more intense. 

This suggests the irregular operation of different current strengths, 

possibly under the influence of storms. These characteristics argue for 

deposition well out of reach of shallow water turbulence, probably on an 

open shelf under similar conditions to those where the rocks are presently 

found. The rarity with which composite pebbles are found tends to argue 

against any significant reworking after original formation of the breccia. 

The lime mud is siltier nearer to land and becomes more foraminiferal off-

shore, suggesting that there has been no great palaeogeographic change as 

the same change applies to the Recent sediment cover. From its general 

appearance the lime mud would seem to represent a bioaccumulate which local 

benthic faunal activity has rendered very fine grained. As in the case of 

the northern province, the coarser components, in this case glAuconite and 
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silt sized quartz, represent incursions resulting from intermittent current 

activity. The seaward gradation from silty to foraminiferal characteristics, 

and the fact that glauconite is only known to form on open shelves (Galliher 

1935) suggests that these deposits did not form (as the northern deposits 

appear to have done) in a shallow coastal type environment. The character-

istics of the glauconite suggest that it formed in some environment not 

exposed to seawater, probably within some muddy sediment, from which it 

was moved by current activity which, in that it allowed contact with sea-

water, favoured surface oxidation of large numbers of the grains. The 

glauconite, together with silt-sized quartz and lime mud was then deposited, 

or trapped, within the interstices of the breccia. The formation of glau-

conite during the Miocene requires that during much of this period this 

part of the continental margin was moderately stable, shallow, and far 

from land off a coast where supplies of terrigenous detritus were negligible. 

The origin of this sediment is further considered in the following discuss-

ion of phosphate mineralisation. 

6.5.2 Phosphate Mineralisation  

Within those specimens which contain collophane in the matrix, various 

phenomena tend to suggest that post-depositional phosphatisation has occur-

red. The presence of abundant calcite relics in the form of foraminiferal 

tests, and the presence of calcite rhombs ir.dicating precipitation from a 

supersaturated solution within the phosphatised matrix, and the somewhat 

irregular margins of both calcite fragments and matrix impregnation by 

phosphate all argue against direct precipitation of phosphate from seawater. 

The most convincing evidence that phosphatisation took place more or less 

immediately after deposition is given by concentration of phosphate mineral-

isation immediately below bedding or erosional surfaces, where it is often 

associated with oxidation phenomena. It must be concluded that phosphat-

isation was more or less contemporaneous with sedimentation and that the 
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degree of exposure to seawater was critical in determining the degree to 

which phosphatisation occurred. This applies, it must be emphasised, to 

th_ Eocene foraminiferal limestones, the Eocene pelletal sediments and the 

Miocene glauconitic sediments. Rather than being an exclusively intra-

sediment diagenetic process it appears that some diffusion mechanism must 

have operated such that contact with seawater enhanced the degree to which 

phosphate mineralisation occurred. 

When individual pebbles are concerned, the apparent dissimilarity between 

their degree of phosphatisation and that of the matrix and even of their 

own margins suggests that they were phosphatised prior to incorporation 

into the conglomerate matrix. However, those that have intensely phosphatl-; 

margins (which in some cases are also glauconitised or oxidised) were 

evidently in contact with some phosphatising milieu for some considerable 

time. Since the pebbles are very rarely composite as would be expected hed 

their phosphatisation come about via the interstitial solutions of some 

previous matrix as a result of diagenesis, it is concluded that seawater 

was the phosphatising milieu. It may be significant in this context to 

record that accretionary apatite pebble margins are extremely rare and can 

often be attributed to mineralisation within the present confining matrix. 

The seawater hypothesis tends to be particularly well borne out by the 

characteristics of burrow walls which are usually intensely phosphatised 

whether or not the interior of the pebble or the burrow fill exhibit any 

signs of phosphatisation (cf. Figs. 6 g 	). This type of phosphat-

isation is often accompanied by glauconitisation and even pyritisation, 

neither of which phenomena affect the burrow fill. 

Further points arising from the study of phosphatised limestone pebbles 

are that 

(a) their degree of phosphatisation is uniform except at pebble margins; 
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(b) they closely resemble massive non-conglomeratic varieties from the 

same or adjacent sites; 

(c) they occur in association with unphosphatised limestones which can 

occur either as discrete boulders or, within the conglomerate, as 

pebbles with or without phosphatised margins; 

(d) usually the phosphatic lithologies differ petrographically from the 

non-phosphatic varieties except in their degree of rounding and 

abrasion. 

These data tend to stongly suggest that the degree of pebble phosphatis-

ation, except at pebble margins, is not related to post erosional exposure 

on the seafloor but is an original characteristic. On the basis of th'7!se 

considere'ions the case is put forward for the formation on the continental 

margin during upper Cretaceous and Eocene times of moderately phosphatic 

foraminiferal limestones and phosphorites. 

Abundant evidence has been presented to show that whether oolitic or struc-

tureless and whether completely or incompletely phosphatised, many of the 

phosphate pellets appear to have originated by the phosphatisation of 

original lime mud. Further evidence shows that although nucleation is not 

noticed in the present deposits, the erosion of the more phosphatised 

parts of the associated lime mud matrix could well have given rise t7 such 

granular phosphate fragments and thus the pellets could be local in origin, 

That they cannot have been transported over any great distance is attested 

by their relative angularity. Nucleation appears to have been a rare phen-

omenortin that only a few pellets contain quartz, calcite or foraminifera 

as specific nucleii. Fragments of teeth and bone are recognised but are 

not abundant. It is emphasised that the admixture of abundant irregular 

and often rather angular grains argues against the origin of pellets by 

alteration of coprolites, a mechanism proposed for many other pelletal 
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deposits by workers such as Bushinsky (1969) Cayeux (1941) and many others. 

In fact, where coprolites are observed in these sediments there is no diff-

erence in degree of phosphatisation between the coprolites and their sur-

rounding matrix. 

Some evidence pointing towards a possible mechanism of in situ nucleation 

is given by the post-depositional growth of francolite rims preferentially 

around grains in sandier parts of the sediment. Then again, the develop-

ment of network structures within the surrounding groundmass reflects 

diagenetic segregation of clusters of impurities about specific centres; 

the subsequent mechanicalcasaggregation of the sediment might well result 

in fragmentation along the veinlets of the 'net', these being lines of 

potential structural weakness, eventually leading to formation of irregular 

pellets of collophane stuffed with impurities and with a clear collophane 

margin. Moreover, the coalescence of clear zones of network collophane 

around larger fragments such as foraminifera may represent a nucleation 

phenomenon explaining the generation of collophane ovules as primary con-

stituents. A particularly interesting sample in this respect is 134 (Fig. 

6 d ), where stage 1 is represented by the coalescence of network structure 

about foraminifera resulting in formation of a thin, irregular collophane 

rim. In most cases the surrounding matrix has subsequently been removed 

but the forams have remained coated with a thin collophane pellicle which 

in many instances has grown by further accumulation possibly direct from 

seawater since there is no evidence for the incorporation of the pellets 

into a mud from within which further apatite growth could occur prior to 

the eventual deposition of pellets in their present non-phosphatic environ-

ment. Bushinsky (1969) has argued that the accretion of collophane on 

pellets by deposition from seawater is unlikely in view of the agitated 

environments in which the pellets seem to have originated. But in this 

particular case no other mechanism seems so readily to explain the facts. 
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The same mechanism may account for some of the oolites although the poss-

ibility that the pseud000litic concentricity arose by marginal alteratic 

and segregation processes is considered a more likely origin. This mech-

anism definitely seems to account for the development of clear rims in 

angular to subangular grains (as it does for pebbles). In that these zones 

occur regardless of matrix phosphatisation, which can be non existent, this 

phenomenon may have resulted from contact with seawater prior to fixation 

in the present cement. In the majority of instances the matrix is poorly 

phosphatised except at the aforementioned erosional or bedding surfaces. 

The basic characteristics of these pelletal phosphorites conform well with 

those of bedded pelletal phosphorites around the world (cf. Bushinsky, 1969, 

Rooney and Kerr, 1967, Cayeux, 	Slow or negligible sedimentation is 

attested by the relative lack of detrital sediments and the frequent eros-

ional horizons; widespread reworking is signified by the development of 

composite and broken grains and of soft margined pebbles and several growth 

stages within individual oolites; diagenetic phosphate redistribution is 

indicated by network structures and nucleation phenomena, particularly of 

fibro-radial francolite. The phosphatic foraminiferal limestones, ferrug-

inous limestones, and glauconitic conglomerates, are in navy respects very 

similar to Aculhas Bank phosphorites as described by Parker (1970). Here 

again, Cayeux (1934) pointed out that the incorporation of pelagic foramin-

iferal limestones within a glauconitic conglomerate on Agulhas Bank reflected 

uplift and erosion, that the matrix of the conglomerate is a substitution 

product and not a primary precipitate, and that the nodules were not depend-

ant on present day phenomena (Cayeux, 1934, p. 131). 

6.5.3 Comparison with Onshore Moroccan Phosphorites  

The onshore Moroccan phosphorites which are Maestrichtian-Eocene in age and 

have maximal develolment of about 100m, comprise, according to Salvan (1952, 
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1956) and Visse (1948, 1953), mainly well-sorted sands of phosphorite pseudo-

ooliths and similarly sized quartz with a carbonate matrix low in argill-

aceous material and very rarely phosphatic. The uncoated 'exo-quartz' is 

reported to be the same size as associated phosphorite grains and is mod-

erately abundant, its abundance increasing in the vicinity of crystalline 

massifs. Essentially the matrix has the qualities of a lime-mud and there 

is never any phosphate cememt. The pellets of the onshore deposit comprise 

mainly collophane with common calcite and quartz nucleii, the calcite being 

present either in finely divided form or as discrete rhombohedra, much as 

is found among the offshore deposits. Glauconite, similarly to the Cap 

Blanc group, is never present. Principal included faunal phases include 

foraminifera, radiolaria and diatoms. The same fauna exists in the matrix 

although in addition there are in the matrix abundant vertebrate remains. 

Visse and Salvan and Cayeux (1941) agree that the phosphate grains must 

have originated biochemically in a 'pelagic' region where biological prod-

uctivity was very high, and that they were subsequently transported to a 

very shallow depositional area (the zone of accumulation) where they and 

associated sand sized quartz were well mixed and sorted and deposited 

together with soma form of slightly argillaceous but non-phosphatic lime 

mud. They agree that the pseud000lite shapes were not chemically, but 

mechanically induced in the main. 

The discovery, immediately off the coast, of the Eocene phosphatised lime 

muds and associated mainly mechanically formed pellets suggests that here 

may be the origin of the pellets of the onshore deposits. Continual inter-

action of phosphate-rich seawater with shallow water lime muds, and irregular 

disaggregation of the phosphatised product by storm waves or tidal currents, 

followed by mechanical concentration and sorting of pellets on bars and 

shoreward migration caused in particular by tidal currents may well have 

given rise over a long period of time to some of the pelletal phosphorites 
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of Morocco. These muddy pelletal offshore phosphorites represent a shallow 

water facies; the deeper water facies may be represented by the phosphatic 

foraminiferal limestones. That there have not been any pelletal phosphor-

ites found off Cap Sim, but only foraminiferal phosphorites or phosphatic 

limestones may reflect the enhanced erosion caused in this southern region 

by proximity to the Atlas uplift. The significance of the present findings 

with regard to palaeo-oceanography and the origin of phosphorites in general 

is discussed in Chapter S. 
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CHAPTER 7 

GEOCHEMISTRY OF PHOSPHATE-ROCKS 

7.1 	Introduction 

Relatively few detailed studies have been made of the geochemistry of 

marine phosphorites or carbonate-apatites. Krauskopf (1955) and Gulbrandsen 

(1966), among others, have pointed out the marked enrichments in phosphor-

ites of a number of otherwise trace elements. Average values calculated 

by the writer from data given by Swaine (1962) for land phosphorites of 

marine origin, and the averages for the Phosphoria Formation (Gulbrandsen, 

1966) are given in table 7.1.1. Exceptionally high values quoted by Swaine 

for certain elements were discounted in the calculations; usually they had 

been determined by semi-quantitative methods of low accuracy. Comparison 

of all these averages and ranges with crustal abundances are made in Fig. 

7.1.1. Where only the ranges of elemental abundances were given by Swaine, 

the median value of each range is arbitrarily used to give an indication 

of the abundance level. Following Nicholls (1967), element abundance ratios 

between 2:1 and 1:2 (Fig. 7.1.1) are not considered to reflect significant 

enrichment or depletion. In comparison with crustal abundances, average 

trace element values in phosphorites from all over the world (data from 

Swaine) show enrichment in As, I, No, Se, U, Cr, Sr, Sn, Pb, Cd and deplet-

ion in Cu, Ni, Li, Co, Ti, Mn: the elements V, Zn, Rb, B, Be are not sig-

nificantly enriched or depleted. There is good agreement between these 

data and those from the Phosphoria Formation and Culbrandsenis data (1966) 

also show these last phosphorites to be enriched in Ag and Sb and depleted 

in Sc, Ba and Zr relative to crustal abundances (Fig. 7.1.1). Further data 

on rare earth concentrations (table 7.1.1) show that La and Ce in certain 

submarine phosphorites are neither enriched or depleted relative to crustal 
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abundances although La and Y are enriched in the Phosphoria Formation and 

in carbonate-apatites separated from phosphorites while Ce is not signif-

icantly enriched in the latter. In general it seems that the minor element 

assemblage of phosphorites is characterised by an enriched group comprising 

Ag, As, Cd, Cr, I, La, Mo, Pb, Sb, Se, Sn, Sr, U and Y; a depleted group 

comprising Ba, Co, Cu, Li, Mn, Ni, Sc, Ti and Zr, and a 'normal' group 

com!rising B, Be, Ce, Rb, V and Zn. Krauskopf (1955) and Gulbrandsen (1966) 

invoke control principally by the organic fraction for the elements Ag, As, 

Cd, Cr, Mo, Sb, Se, of the enriched group, and Cu, Ni, V and Zn of the non-

enriched groups in the Phosphoria Formation. But,it is here suggested that 

the origins of these variations and abundances will inevitably be complex 

functions of such factors as the availability of elements in seawater, the 

relative rates of detrital and other sedimentation, the lattice character• 

istics of apatite and associated minerals, sorption phenomena, the concen-

trating effects of organisms, and the physio-chemical characteristics of 

the environment. In that the minor element assemblage of authigenic mineral 

deposits may well be a function of the chemistry of the depositional envir-

onment, as is the case in marine manganese nodules (cf. Glasby, 1970), and 

as the origin of the geochemical assemblages typical of phosphorites has 

not been established beyond doubt, it was felt that c study was merited of 

the controls of these assemblages in phosphatic rocks from northwest Africa 

and elsewhere. 

In this chapter a preliminary study is made of the geochemical characteris-

tics and trace element partition in northwest African subsea phosphatic 

rocks in relation to other phosphatic deposits. Trace element partition 

in the Phosphoria Formation is examined using statistical techniques. 

Deductions are made concerning the controls of minor element assemblages 

in phosphatic rocks and the palaeoenvironmental significance of these find-

ings is discussed. 
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7.2 	Analytical Methods 

The analytical methods are described in Appendix 2 .nd the data are presented 

in table 7.3.1 and 7.3.4. Semiquantitative geochemical analyses for Si, Ca, 

Al, Mg, K, Fe, Ba, Co, Cr, Cu, Ga, Mn, Ni, Pb, Sr, Ti, V were effected on 

11 N.W. African subsea phosphatic rocks and 9 limestones together with 

selected offshore phosphorites from New Zealand, California and South Africa, 

and an onshore phosphorite from Morocco, using a Direct Reading Emission 

Spectrograph; wet chemical techniques were used to determine As, Sb, Cors  

and P205, and Hg analyses were carried out using a mercury spectrophotometer. 

The mineralogy of the samples was determined by the writer using X. Ray 

Diffraction and petrographic analyses. Element dispersion in selected 

samples was studied using an electron microprobe. Mass spectrometric 

analysis for a large number of elements was carried out on apatite-rich 

separates from selected samples of subsea phosphate-rock. 

Geochemical analyses from the Phosphoria Formation used in this work are 

derived from Gulbrandsen (1966). 

7.3 	Moroccan Offshore Phosphatic Rocks 

7.3.1 Electron Microprobe Investigation (Fig. 7.3.1) 

Although electron microprobe techniques have been widely used to study 

elemental dispersion in manganese nodules (Burns and Furstenau, 1966; 

Cronan, 1967; Glasby, 1970) they do not appear to have been used in the 

study of phosphorites except contemporaneously with this study, and on 

material supplied by the writer, by students in the Department of Mineral 

Technology, Imperial College (Ashcroft, 1969; Brock, 1967). In the present 

study an attempt was made using this technique to study elemental dispersion 

in certain subsea phosphatic rocks (136, 148 and 152 from Morocco, and D134 

from New Zealand). Electronbeam scanning was carried without success for 



155 

the rare earths, Sr, Ba, V, Zn, Cd, Cr, and Cu, and it must be assumed 

that they are present in amounts less than 1000ppm and do not occur concen-

trated above this level in discrete minerals (Suddaby, pers. comm.). The 

elements Ca, P, Fe and Si were measured in nearly all samples, and Mg, Ti 

and S were measured in selected samples. 

Petrographic examination shows the probed slides to comprise broken and 

unbroken calcitic skeletal debris and detrital quartz set in a fine grained 

matrix of cryptocrystalline apatite and microcrystalline calcite. The 

matrix was occasionally made turbid by the presence of finely divided iron 

minerals (presumed to be oxides), organic matter, and clay. Authigenic 

pyrite was tentatively identified in 136.1 and 152, and glauconite in 152 

and D134. Considerable oxidation of pyrite and glauconite, however, made 

accurate mineral identification often impossible. 

The identification of a strong Fe-S association in 136.1 shows the main 

iron phase in this sample to be pyrite which occurs either as segregations 

in the matrix or as infillings of foraminiferal tests. In sample 148, 

which has a more turbid matrix than 136.1, Fe is widely disseminated and 

not associated with Si; it is associated with Si in certain discrete brown 

segregations and foram infillings. These data suggest the presence of iron 

oxide in the matrix while either iron oxides and opal, or some oxidised 

iron silicate form segregations and infillings. S was not detected in this 

sample. In sample 152, a glauconitic conglomerate, Fe is irregularly dis-

tributed in both pebble and matrix; in the latter iron occurs associated 

with Si, mainly in sand sized fragments optically identified as glauconite. 

Fe is less common in the pebble where it occurs in segregations which are 

not usually Si-associated. These brown and black segregations probably 

represent pyrite or oxidised pyrite: S was not determined on this sample. 

Fe, Si and Mg are all associated in a narrow brown band on the margin of 
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the pebble; the association suggests that the pebble coating was originally 

glauconite, an Fe-Mg-K aluminosilicate, while the colour shows it has been 

subsequently oxidised. Analyses of New Zealand glauconitic phosphorite 

D134 show a similar widespread Fe-Si association attributed to glauconite 

despite the fact that optically much of the slide shows intense oxidation 

and unoxidised glauconite is only locally recognised. Background distrib-

ution of Fe in this sample is much more uniform that that of Si, suggesting 

the presence of finely disseminated non-silicate iron minerals, probably 

oxides. In this sample glauconite both fills foram chambers and replaces 

foram tests. 

In each sample, Si, where not associated with Fe, usually occurs in dis-

crete subhedral grains identified as quartz. The paucity of Si in the 

matrix signifies a general scarcity of fine-grained detrital silicates. 

As conjectured above, the local concentration of Si in foram chambers may 

reflect the formation there of authigenic opal. Differences in silicate 

mineral content between matrix and pebble in sample 152 are well brought 

out by the Si distribution; the matrix is evidently richer in finely 

disseminated Si-rich mineral phases, probably clays. 

In each slide, apart from interruptions occasioned by the presence of non-

calcareous detrital or authigenic phases, Ca is more or less uniformally 

distributed. P is much more irregularly distributed than Ca, being concen-

trated mainly in the spaces between calcareous biogenic skeletal fragments 

and mineral grains. Foraminiferal tests have therefore strongly resisted 

phosphatisation as suggested by optical data (Chapter 6). In sample 152 

both matrix and pebble appear to contain similar amounts of P. However, 

at the pebble margin the depletion in Si and the just noticeable enhance-

ment in P reflect a probably authigenic accretion of apatite subsequent to 

development of the Si, Fe, Mg zone and prior to incorporation into the 
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conglomerate matrix. 

Numbers of small rhombohedral crystals in sample 148 proved to contain 

concentrations of Mg, supporting the suggestion that they are composed of 

dolomite. Mg concentrations were not found in sample 136.1 and D134. A 

search for Ti in all samples revealed in sample D134 a Ti concentration in 

a minute subhedral mineral grain, presumably rutile. 

Using an electron microprobe Ashcroft (1969) also found Fe-Si, Ca-P, and 

Ca-Mg correlations in Moroccan subsea phosphate rock samples 139 and 148 

and, in addition, Fe-S and Fe-Mg correlations in sample 139. In Tasman 

seamount phosphatic rock sample 3D, Brock (1967) found an Fe-Si association 

and in D134 found there to be identifiable siliceous skeletal remains. 

In summary, 

(1) Ca-P associations characterise the matrixald some foram fillings but 

do not occur in recognisable skeletal remains; 

(2) Fe-Si associations are common, reflecting coexistence of pyrite and 

(?) opal, or the presence of Fe-silicates - often glauconite or 

oxidised glauconite. The Fe-Si association would not otherwise have 

been recognised in the more oxidised samples; 

(3) Fe-S associations are less common and reflect the incidence of p,rite, 

chiefly in foram tests; 

(4) Ca, Si, Mg and Ti respectively reflect the incidence of calcite, quartz, 

dolomite and (?) rutile. 

(5) Unfortunately all other minor components searched for were not present 

in measurable quantities so minor element partition between different 

mineral phases could not be established. 

The nature of the Fe and Si distribution tends to suggest that the dark 

.coloured rather formless and extremely fine segregations noted in the matrix 
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Fig.7.3.I. Electron beam scanning photographs of back-scattered electrons 

(BSE) and selected characteristic elemental X radiation from sections of 

phosphorites. 

Sample 1361 (x50) page 157b; showing a pyrite-filled foraminiferal test; 

Sample 148:top = BSE photograph of the area shown on pages 157 d and 157 e. 

note foraminiferal remains, particularly that in centre field. 

lower = Mg radiation from a small rhombohedra (x ? 200).page.I57c 

Sample 148. page I57d. Elemental X radiation in the slide section shown 

on page 157c' 

Sample 148. page 157e. (x100) An enlarged view of the foraminiferal test 

central to the photographs of page I57d 

Sample 152. page I57f. (x15) A view of the contact between pebble (left) 

and matrix in a glauconitic phosphatic conglomerate; the Mg 

radiation(bottom left) is a slightly enlarged view of the pebble 

margin at upper left centre in adjacent photographs. 

Sample 0134 (New Zealand) page 157g. top = BSE photograph representing the 

area shown on page 157h. note foraminiferal remains (x20). 

lower = slightly magnified view of Ti radiation from a small 

angular anhedral mineral grain (x ? 200). 

Sample 0134. page 157h. (x20).Elemental X radiation from section shown in 

Fig. on page I57g. Foraminiferal remains often filled with Fe,Si. 

Sample D134.page 1571. (x20). Elemental X radiation from a partially oxidised 

region near the glauconitised margin of this sample. 



.
 	

• 
.411C • 	

V
  •

 •
 

	

.
 	

• 
. •

 

V
I 

4
  4

r:. 
• 

.1 
IL'  •

 	
:• 



IF 

) 

111 
V

) 
CO 





a) 
r-- 
Lt t—

 

a. 



• 
CL 



•
 



to 
U

 





153 

(Chapter 6) are composed mainly of organic material rather than Fe oxides 

or clays. The more or less complete segregation of Fe from P argues 

against the presence of ferric phosphates, and the lack of any P-S or P-Si 

association tends to militate against any notable substitution of S or Si 

for P in the aatite lattice. The same cannot be said for Mg because 

instrumental interference (Suddaby, pers. comm.) resulted in very poor 

definition for this ,Aement. The clear mineralogical controls established 

by petrographic and electron probe analysis for dispersion of the major 

elements P, Fe, Si, S, Ti and Mg, suggest that these elements can be used 

to represent the major mineralogical controls in the following statistical 

analyses of the raw data. 

7.3.2 Results of Whole Rock Analyses (Table 7.3.1 and Fig. 7.3.2) 

Using Bushinsky's (1969) definition of phosphorites as rocks containing 

>187 P205, approximating to 50% apatite, many of the analysed offshore 

Moroccan phosphate-rocks can only be defined as phosphatic limestone; the 

sample richest in phosphate (139.1) contained only 25.3% P205, a level 

similar to other analysed offshore phosphorites (cf. Fig. 7.3.2) which 

usually contain on average c.29% P205  (Nero, 1965). The phosphatised lime-

stone (146) and pelletal phosphatic rocks (135, 136, 139) are all phosphor-

ites. The glauconitic or ferruginous-dolomitic phosphatic rocks (152, 154, 

156, 157) and the Saharan phosphatised limestone (234), which was partially 

glauconitised, are all classified as phosphatic limestones. 

This mineralogical differentiation is reflected in the geochemistry (Fig. 

7.3.2), the iron-rich rocks being enriched in the mainly lithophile elements 

Si, K, Fe, Mg, Mn, Ti, Ga, Pb and possibly V and Co, whilL,t the phosphorites 

are enriched in P205,  Ca, Corg' Sr' Cu and (?)Hg; the distribution of Ni, 

Ba, Cr, Sb and As is more or less even between the two groups. The Ga 

enrichment most probably reflects Al enrichment and indeed the sample 



159 

richest in Ga was found to contain a detectable amount of Al whereas the 

others did not. These data are interpreted to reflect general enrichment 

of the southern province in authigenic glauconite and dolomite and detrital 

minerals at the expen-.:e of calcite and apatite. Compared with offshore 

N.W. African limestones and sandy limestones the phosphatic suite are 

clearly richer in Ca, P205, Corg' 
 As, Sb and Pb, and tend to be slightly 

-  

richer in Sr, Cu, Cr, V and Ni. Such enrichment may be due to differences 

in detrital or authigenic mineralogy as well as to differences in the rel-

ative apatite and organic contents. 

The compositions of the phosphorites are seen to be similar in many respects 

to those of other offshore phosphorites from the California Borderland, 

Agulhas Bank, and the seas around New Zealand. The Agulhas Bank sample, 

which is a glauconitic phosphorite, shows more affinities with the phosphatic 

limestones than with the phosphorites. Campbell Plateau sample F127 is very 

different from the remainder most probably because it contains disseminated 

Mn oxides. In marked contrast to worldwide averages and those from the 

Phosphoria Formation (cf. tables 7.1.1 and 7.3.1), the N.W. African deposit 

is notably depleted in As, Sb, Cu, Cr, Sr, V, Ba and Ni; it is also, per-

haps significantly, depleted in Corr  Compared with crustal abundances, 

phosphorite sample 148 (taken as typical of the offshore phosphorites) is 

enriched in As, and weakly in Sr, and Pb, whilst Ni, Mn, Ti, Cu, Co, Ba are 

depleted and Sb, Cr and V are neither enriched or depleted (cf. tables 7.1.1 

and 7.3.1). This relative impoverishment of subsea phosphorites in minor 

elements, compared with data from onshore deposits, may result from marked 

differences in the depositional environment of present day onshore and 

present day offshore deposits (see later). 

Finally, in comparison with the offshore Moroccan phosphorites it is clear 

that the one analysed onshore Moroccan phosphorite (Fig. 7.3.2) is slightly 
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enriched in Ca, P205, Cr, Cu, V, Ni, Be, Ga, Pb and slightly depleted in 

C
org

, Fe, As, Mn, Sr although its contents of Si, K, Ti, Co, Hg and Sb are 

similar. The similarities in Si, K and Ti sugge:.t that the rate of detrital 

sedimentation was much the same. These differences would not seem to relate 

to organic carbon differences but may instead reflect differences in the 

depositional environment such as the concentration of minor elements in 

seawater or Eh, pH conditions. Examination of a range of onshore Moroccan 

samples is evidently required to substantiate and understand these variations. 

In an attempt to establish possible mineralogical controls for the geochem-

ical assemblage, statistical analyses were carried out on the raw data. 

7.3.3 Interelement Associations  

The data were subjected to product-moment correlation coefficient analysis 

and R-mode factor analysis, techniques described in Chapter 3. From the 

correlation coefficient matrix (Fig. 7.3.3) derived from a mixed population 

of offshore Moroccan phosphatic rocks and limestones, a number of correlat-

ions emerge which appear geologically meaningful. Strong correlation between 

the lithophile elements Si, K and Ti, and their pronounced antipathy to the 

essential constituents of apatite and calcite (Ca, Sr, P205) reflects the 

interplay of detrital and bio- or chemo- genic sedimentation and bears out 

the petrographic and electron microprobe investigations. Fe and Mn are 

closely correlated with K, which may be due to the presence in some samples 

of glauconite (Fe-K association) and in others of Fe and Mn rich clay. As 

shorn in Chapter 3, Mn is not normally enriched in glauconite, nor associated 

with Fe in glauconitic sediments. The Corg-P205 
correlation supports the 

raw data which showed phosphorites to contain more Corg  than limestones. 

Only Cr and Cu are strongly correlated with Corg  suggesting that the organic 

content has very little influence on the overall geochemical assemblage. 

The origin of the V-Ni-P205  correlation is obscure but may relate to the 
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association, within the present sample population, of glauconite and pyrite 

with phosphatic rocks as opposed to limestones. 

To attempt further resolution of the data into associations with geological 

significance, the data were subjected to R•mode factor analysis. Factor 

model 5, explaining 93.3% of total sample variance provides the most geolog-

ically meaningful associations (table 7.3.2). Essentially the same elemental 

associations emerge as from correlation coefficient analysis. An organ-

chemical association (Ca, Sr, P205, Corg) is opposed to a detrital mineral 

association (Si, Ti, K). A strong organo-metallic association appears to 

be further associated with apatite (Cu, Cr Corg' P205' Sr). Most interest-

ing is the resolution of the Fe, Mn, K correlation into three distinct 

factors. The Fe, P205, Cr, K association very closely resembles the glau-

conite factor derived from sediment studies (Chapter 3). The Co, Mn, Ni, 

V, Ca association closely resembles a manganese-iron oxide factor also 

derived from sediment studies (Chapter 3). Incorporation of Ca into this 

association may reflect the prevalence of oxidised mineral phases among 

limestones rather than phosphatic rocks, as might be expected. Finally, 

the Pb, Sr, K, Mn, Fe association may represent control by some admixed clay 

mineral phase. A separate factor with associations typical of the pyrite 

known to occur in some samples is not apparent probably because pyrite is 

never more than an accessory mineral and does not overtly influence the 

geochemistry. 

Assessing the raw data for As, Sb, Be and Hg (Fig. 7.3.2), which were not 

detected in enough samples to allow statistical analysis, it appears that 

(1) Ba tends to be richest in glauconitic samples there it possibly follows 

K; 

(2) Hg appears to be richest in organic and pyrite rich samples (viz. 139); 

(3) As and Sb are richest in the iron oxide-rich dolomitic phosphatic lime- 
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Fig.7.3.3. Product moment correlation coefficient matrix for Moroccan 

phosphatic rocks and limestones (data from table 7.3.1) 

Significant + correlation = large heavy circle (99% confidence level), 

or small closed circles (95% confidence level); significant - correlation 

= large light circle (99% confidence level), or small open circle (95% 

confidence level). 
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stones 156 and 157 which are poor in pyrite and Corg  and do not contain 

any glauconite. 

These last data support the findings of Stow (1963) and Blissovsky et al 

(1963) that As in phosphorites usually tends to follow iron minerals, part-

icularly oxides. 

Evidently the use of statistical analyses allows a reasonably clear assess-

ment to be made of the origins of geochemical assemblages and, for these 

rocks, shows that admixed authigenic and detrital minerals other than 

apatite and the organic phase provide the main geochemical controls. In 

order to assess the contribution of the apatite phase, an attempt was made 

to separate and analyse carbonate-apatites from selected phosphorites. 

7.3.4 Analysis of Carbonate-Apatite Concentrates  

Reluctance of analysts in the past to attempt separation of carbonate-

apatite from the other constituents with which it is intimately admixed in 

phosphorites has in part contributed to the general lack of precise data 

regarding element partition and controls in these rocks. In this section 

are presented analyses of some carbonate-apatite concentrates from Moroccan 

offshore phosphorites 139 and 148 and, for comparative purposes, from 

Campbell Plateau phosphorite F127. Using a solid-source mass-spectrometer 

the abundances of the following elements were determined (in order of atomic 

number):- 

U2  Th, Pb, Lu, Yb, Tm, Er, Ho, Dy, Tb, Gd, Eu, Sm, Nd, Pr, 

Ce, La, Ba, Cs, I, Sb, In, Cd, Mo, Nb, Zr, Y, Sr, Rb, Br, 

As, Zn, Cu, Ni, Cr, V, 

the technique is described in Appendix 2, and results are presented in 

table 7.3.4. 
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Results 

a. The Rare Earth Elements 

Compared with other data on rare earth abundances in crustal rocks (cf. 

tables 7.1.1 and 7.3.4) the rare earths are not markedly enriched in these 

carbonate-apatites. The rare earth elements (REE) substitute for Ca in the 

apatite lattice where they can reach concentrations between 100 and 1500ppm 

(Hill, Marshall and Jacob, 1932; Robinson, 1948; Altschuler et al, 1967; 

Gulbrandsen, 1966). Studies of the relative abundances of REE in carbonate-

apatites separated from phosphorites by Altschuler et al (1967) show marked 

depletion of Ce (table 7.3.5). The fundamental nature of this depletion is 

attested by the present mass spectrometric analyses from two further phos-

phorite deposits (table 7.3.5). Similar results are obtained on the carbon-

ate-apatite skeletal remains of pelagic fish (Arrhenius and Bonatti, 1965) 

and in phosphorite nodules from the Blake Plateau (Ehrlich 1968). The 

depletion parallels that observed in seawater (Goldberg et al 1963) and may 

thus reflect growth of the carbonate-apatite in the marine environment. 

Slight enrichment in the heavier lanthanons manifest in the present data, 

and noted before by Altschuler et al (1967), again parallels that observed 

in seawater (table 7.3.5). Contrasting data have been produced by Semencv, 

Kholodov and Barinskii (1962), Goldberg et al (1963) and others who find 

that REE abundances in phosphorites parallel crustal abundances and do not 

exhibit the newly observed Ce fractionation (see table 7.3.5). It is sugg-

ested here, and has been suggested also by Altschuler et al (1967), that 

the observed discrepancy between whole rock data and that from separated 

carbonate-apatites results from the presence in the whole rock of some Ce-

bearing phase (? clay). 

Goldberg et al (1963) also showed phosphorites to exhibit slight but 

according to them significant enrichment in Sm and Eu, rare earth elements 
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which according to them have ionic radii nearest to Ca. However, Sinikova, 

Ivanov and Filippov (1963) point out that the ionic radii of the REE have 

yet to be sufficiently precisely determined to allow such arguments to be 

pursued with confidence. 

b. Other Elements 

Of the remaining elements the following are enriched relative to crustal 

abundance (cf. tables 7.1.1 and 7.3.4) in the Moroccan carbonate-apatite 

concentrates:- 

U, I, Sb, Cd, Mo, Br, As, Cu, Cr and In; depleted are Pb, Ba, 

Zr, Rb, Zn, Ni, Th, Cs and Nb; Y is enriched with the REE in sample 

139 and depleted with the REE in 148 (as also is Sr); V behaves in an 

opposite manner and its abundances are not too dissimilar from crustal 

abundances. It may be significant that these groupings are not much diff-

erent from those noted among average phosphorites (see earlier). 

In relation to the whole rock analyses of these Moroccan samples (table 

7.3.4), enrichment of the separated carbonate-apatites in Cr and Cu, which 

are known to be Corg 
 associated, implies that the separation of organic 

matter may have been imperfect. In relation to crustal abundance the I and 

Br enrichments may also be organically induced, these being strongly biophile 

elements (cf. Goldschmitt, 1954); however, as tetrabromethane was used in 

the separatimproceedure (Appendix 2) the possibility of Br contamination 

cannot be ignored. Cf the other enriched elements, most are found enriched 

in organic-rich reduzate sediments (cf. Goldschmitt, 1954) and the possib-

ility of organic contamination must be stressed. Although the present data 

tend to suggest inadequate separation of carbonate-apatite and admixed 

organic material, X-Ray diffraction analyses showed that removal of non-

phosphatic detrital and authigenic minerals was complete. The elemental 

enrichments are therefore attributed to the operation of sorption. processes 

involving apatite and organic material (see later). 
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7.3.5 Summary  

In contrast to worldwide average phosphorites, subsea phosphorites from 

Morocco and elsewhere are not enriched in many trace elements relative to 

crustal abundances. The whole rock assemblage is controlled mainly by non-

phosphatic inorganic mineral phases for most of the following:- Si, K, Fe, 

Mg, Mn, Ti, Ga, Pb, Co, Ni, V, Sb, As, Ba. The apatite phase appears the 

main control only for Ca, P205, the rare earths and Sr, and the organic 

phase the main control only for Cr and Cu (and ? Hg). The possibility 

exists that the concentrations of U, I, Sb, Cd, Mo, Br and As are also 

influenced by organic matter. As for the rare earths and Y, these appear 

present in proportion to their abundance in seawater and are probably con-

trolled by the apatite phase. The present data do not greatly assist in 

resolving the origins of the geochemical assemblages characteristic of 

average phosphorites although they do suggest that by mineral separation 

and statistical analysis some understanding of elemental partition in these 

rocks can be obtained. More detailed work along the lines suggested in 

Chapter 10 is being carried out on phosphorites in the Applied Geochemistry 

Research Group by J. McArthur (PhD thesis, in preparation). 

7.4 	Elemental Controls in the Phosphoria Formation 

To assess the validity of using multivariate statistical techniques in 

resolving the origins of phosphate-rock geochemistry, a product-moment 

correlation coefficient and an R-mode factor analysis were also carried 

out on data presented by Gulbrandsen (1966) from the Phosphoria Formation. 

It is assumed that the major elements represent the main inorganic mineral 

phases and that minor element variations should be mainly interpreted in 

terms of their relation to major elements and organic carbon. Results of 

the correlation coefficient analysis are presented in Fig. 7.4.1 and of the 

Factor Analysis, in table 7.4.1. Organic carbon correlates with a strongly 
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lithophile group of elements (K, Al, Ti, Na, Mg) usually taken to represent 

the hydrolysate fraction (cf. Goldschmitt, 1954). This suggests that Corg  

is mainly clay sorbed or bonded as is found in other sediments (cf. Curtis, 

1966). For this reason the correlation of Corg with Ni, Cr, Zn, Cu, Mo, 

Ag and V cannot be simply interpreted in terms of control mainly by the 

organic phase. Gulbrandsencs (1966) assumption that As and Sb were prin-

cipally controlled by the organic phase is contradicted by the correlation 

coefficient matrix determined from his own data. The correlation of Sb 

with Ti, Cr, Fe, K, No, V, U, Al is not fully understood but suggests a 

part control by the clay phase (by sorption ?) and possibly by pyrite which 

is known to be present in these rocks (Gulbrandsen, 1966) and might be 

expected to give rise to an Fe-Mo correlation (cf. Gad, Catt and Le Riche, 

1969) and possibly an Fe-Sb association (cf. Goldschmitt, 1954). As corr-

elates with Na, Zr and La: Gulbrandsen (1966) has shown that in these 

rocks the Na most probably substitutes for Ca in the apatite lattice; the 

substitution of rare earths (eg. La) for Ca has been discussed earlier; 

Arrhenius (1963) reports substitution of Zr for Ca in marine apatites; As 

substitution in sedimentary apatites is discussed by McConnell (1970). It 

seems probable that this group of elements are correlated by virtue of their 

principal control by apatite lattice characteristics in these rocks. 

As expected, P205, representing carbonate-fluorapatite, correlates with 

Ca and F; Al, representing the hydrolysate fraction, correlates with both 

lithophile and organically controlled elements reflecting, as mentioned 

above, sorption of organic matter by clays; Fe correlates with a hydroly-

sate-detrital group of elements (Al, Si, K, Zr, Ti, Mn) and with Mo and 

Sb which, as suggested above, may reflect local pyrite control. All the 

minor elements except As, La and Sr are correlated with one or more major 

elements (i.e. with major mineral forming phases). But although correlat-

ion coefficient analysis suggests certain elemental partition controls, it 
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does not in this case provide an ideal means for distinguishing specific 

elemental associations related to discrete controls. 

Accordingly, to assess the degree to which these elements are dispersed 

among the separate mineral phases, an R-Node Factor Analysis (of the type 

described in Chapter 3) was carried out on the log-transformed data. Using 

this technique, elements are grouped into factors on the basis of the stat-

istical associations extant between all the variables. The factors produced 

by this analysis appear to be geochemically significant (table 7.4.1). Up 

to and including factor model 7, strong factors which persist through three 

or more models are produced; beyond factor model 7, fragmentation of assoc-

iations commences and impersistent and less geochemically meaningful factors 

are produced. Accordingly factor model 7 is used as an ideal representation 

of the system. It explains 76.4% of the total sample variance. 

The most important factor, accounting for 31J % of total sample variance, 

basically illustrates the antipathy between the detrital aluminosilicate 

and heavy mineral phase represented mainly by the lithophilic group of 

elements Si, Al, K, Ti, Mg, Fe, Zr, and the authigenic phase represented by 

Ca, P205, F (apatite). The association of Ag and Cu with the detrital group 

may be due to some heavy mineral phase or preferential sorption onto a species 

of clay. The strong association of U with the apatite group of elements 

reflects its main location in place of Ca in the apatite lattice (Bowie and 

Atkin, 1956; Ames, 1960; Altschuler et al 1958; Clarke and Altschuler, 

1958). A further'detrital' factor is represented by the association of Al, 

K, Ti, Zr, within which Fe, Mo and Sb are also included. The absence of Si 

from this group is taken to reflect the independance of clays and quartz; 

Gulbrandsen (1966) has interpreted the Al-K association as indicative of 

control by muscovite and illite in these rocks, and he also suggested that 

lack of association of Al-K with Si indicates changes in the supply ratio 
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of detrital quartz/clay and authigenic or biogenic silica. As suggested 

earlier, the joint association of Fe with hydrolysate and reduzate elements 

indicates partition between clays and pyrite; the presence of two 'detrital' 

associations may reflect the local incidence of admixed black shale facies, 

presumed pyritic, as opposed to 'normal' shale admixtures (cf. Gulbrandsen, 

1966; and McKelvey et al, 1959 for discussions of lithologies). 

A metal-Corg  association persists throughout the 9 studied factor models 

with the exception of model 8 where Corg 
 has a factor loading<110.300, the 

presently used significance level. In the remaining models the loading of 

Cori  on this factor is usually low suggesting a relatively weak relation-

ship to associated variables. Common to this factor throughout the 9 fac-

tor models are Zn, Cu, Ag, Cr, V, Ti and less common are Ni, Sr, Mg, U, Na, 

Sb and Ba. Compared with previous work on the influence of the organic 

phase on sediment geochemistry (table 7.4.2) all elemei_ts of the first 

group are commonly associated with organic material except Ti which is an 

'immobile' element always found in the hydrolysate fraction (cf. Goldschmitt, 

1954). Of the second group, Ni, U and Mo are often found associated with 

the organic fraction (table 7.4.1) but Sr, Ba, Mg, Na and Sb are not; of 

this last group there is not even any significant correlation between Corg  

and Sr, U, Ba and Sb. Goldschmitt (1954) shows that Na and Mg are strongly 

clay-sorbed, not organically bonded in marine sediments and Lehr et al 

(1967) point to their common control by the apatite lattice in phosphorites. 

Furthermore, that these two elements form a strong association usually 

separate from Corg  (table 7.4.1) suggests that they are not organically 

controlled. It is suggested that the minor element C 	association 
org 

represents a sorption factor controlled by the availability of suitable 

sorption surfaces (organic and inorganic) and does not represent either an 

organo-metallic association inherited from original organic matter, nor 

the exclusive sorption of associated elements by organic material although 
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undoubtedly the latter process is important. 

The group of intercorrelated elements As, Zr, La, Na form an association 

with Ba which persists through several factor models. As discussed above 

these elements all substitute in the apatite lattice as also dos Ba 

(Arrhenius, Bramlette and Picciotto, 1957) and it is difficult to envisage 

any other main control for this factor. 

A further factor in which Mn is persistently antipathetic to Corg  and Sb 

may be induced by local contrast between oxidised and organic-rich reduzate 

samples. 

Finally a factor is developed in model 7 in which there is antipathy between 

Sr and As; the reasons for this arc not at all clear although it may ref-

lect the interrelation between these two elements within the apatite lattice. 

In summary, a statistical evaluation of the geochemical assemblage of phos-

phorites from the Phosphoria Formation shows that the suggestion of 

Gulbrandsen (1966) that organic control is of primary importance in control-

ling the abundance of Ag, Its, No, Ni, V, Zn, Cr, Cu and Sb is not well 

substantiated. No and Sb correlate best with Fe and are probably pyrite 

controlled. As appears mainly sorbed in apatites. The remaining metals 

show only weak associations and correlations with Corg  and also show weak 

associations with the hydrolysate elements. It is deduced that sorption of 

organic matter onto clay, and of minor elements onto both clay and organic 

matter controls these associations. The conclusion that sorption processes 

are of great importance in governing the geochemistry of other sedimentary 

rocks has been reached previously by Curtis (1966), Nicholls and Loring 

(1962), Krauskopf (1956), and Vine and Tourtelot (1970) among others. Of 

the remaining elements, Ca, P
2
0
5' 

F and U appear mainly apatite-controlled 

and apatite substitution appears to govern the dispersion of much of the 
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La, As, Na, Mg, Ba, Zr and possibly Sr, while detrital mineral phases appear 

to control mainly Si, K, Al, Ti, Zr, Mg, some of the Ag and Cu and part of 

the Fe. 

7.5 	Environmental Significance 

With regard to the average phosphorite assemblage in which Ag, As, Cd, Cr, 

I, La, Mo, Pb, Sb, Se, Sn, Sr, U and Y arc enriched, B, Be, Ce, Rb, V and 

Zn are 'normal,  and Ba, Co, Cu, Li, En, Ni, Sc, Ti and Zr are depleted 

relative to crustal abundances, the foregoing analyses suggest that these 

relative abundances reflect a relative dearth of non-phosphatic detrital 

and authigenic minerals and are considerably influenced by sorption proc-

esses and to a lesser extent by carbonate-apatite characteristics. Van 

Wazer (1958) and Whippo and Eurowchick (1967) quote possible substitutions 

in sedimentary apatites for Ca by Mg, Mn, Na, K, Pb, Sr, Zn, Cd, Fe2+, 

H30 and the Rare Earths; for F by OH, Br and Cl, and for P by As, V, C, 

S and N4. The foregoing analyses do not support significant apatite lattice 

control for more than a fraction of these elements and although these sub-

stitutions may all occur to some degree, this mode of origin is not import-

ant with regard to the overall minor element assemblage. In particular, of 

the enriched group, As, La, Sr, U and Y together with Ba and Zr of the 

depleted group appear strongly apatite controlled. 

The frequent presence, in phosphorites, of non-phosphatic detrital and 

authigenic minerals such as clays, glauconite and pyrite does not appear 

to contribute significantly to the enrichments in average phosphorites or 

those from the Phosphoria Formation although they are important controls 

in Moroccan and other subsea phosphorites. The depletion of average phos- 

phorites in lithophile elements such as Li, Ti, Rb, Zr, is in keeping with 

a relative dearth of detritals but the possibility that No and Sb enrichments 
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are pyrite and not sorption controlled and that As enrichment is preferen-

tially controlled by Fe oxides in many instances must be borne in mind. 

Considering the relative availability of these elements in seawater it is 

strikingly apparent (Fig. 7.5.1 and table 7.5.1) that with few exceptions 

the same group of elements is enriched in seawater as in phosphorites, 

relative to crustal abundance, and those elements relatively depleted in 

phosphorites are similarly depleted in seawater. This suggests that 

sorption of elements from seawater in proportion to their abundance and 

availability there plays a considerable part in moulding the minor element 

characteristics of phosphorites. Some degree of fractionation is to be 

expected in view of the influences of apatite lattice characteristics, Eh, 

jpaconditions, proportions of detrital and authigenic constituents, post 

depositional and weathering changes and so on. 

Influence of Environmental Chemical Parameters 

The presence of intimate admixtures of carbonate-apatite with such minerals 

as pyrite, glauconite, opal and organic matter indicates the prevalence 

during phosphorite formation of at least mildly reducing conditions (cf. 

Krumbein and Carrels, 1952). However, carbonate-apatite formation is pH, 

not Eh, dependAnt and it is believed normally precipitated at about pH 7 

to 7.8 (cf. Kazakov, /937; Ames, 1959; Krumbein and Carrels, 1952; 

Culbrandsen, 1969) therefore only the mineralogy of such elements as are 

Eh, pH controlled can be used to indicated the chemistry of the environ-

ment of deposition. Krauskopf (1967) suggests that only the nature of the 

mineral phases gives a satisfactory empirical measure of the redox potential. 

Goldberg (1965) has stressed that the reduction of U6+  (the common form of 

U- complexes in seawater) to U4+ (the Common form of U in phosphorites) 

requires a negative redox potential of .0.4 to -0.5 volts. Arrhenius (1963) 

implies that the low U content of Pacific seamount phosphorites (which are 
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From Mason (1966) 

Fig.7.5.I. 

Elemental abundances in sea water relative to crustal abundances; 

based on data given in table 7.1.1.: all values for Ag,Be are x100; 

for Cd,Ce are x10; for U are x2; for Ba,Ti are = 10; for Li,Rb are 

= 20; for Se are = 400 :arrows represent direction of enrichment 

for elements highly concentrated in the sea. 

171a 
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often associated with Mn oxide minerals) reflects their formation under 

oxidising conditions. But, Manskaya and Drozdova (1968) show that the 

reduction of U6+  to U4 can be accomplished by formation of organo-metallic 

complexes, regardless of the environmental Eh: this supports the arguments 

of Curtis (1966) that concentrations of U and certain other elements were 

Eh - independent functions related to the sorption of their organ-metallic 

complexes by organic material. Furthermore Cathcart (1968) shows U enrich-

ment in U.S. Atlantic coastal plain phosphorites to reflect the degree of 

exposure of these sediments to seawater, U being particularly high in 

reworked sediments from presumably oxidising shallow water environments. 

Similarly, Altschuler et al (1956) find U in Florida phosphorites to be 

enhanced during weathering and leaching processes. Thus Uranium content 

need not be indicative of Eh conditions in the depositional environment 

but is more probably a function of kinetic rather than thermodynamic 

influences. 

When Krauskopf (1956) suggested that Cr concentrations in reducing condit-

ions were probably functions of the precipitation of insoluble hydroxide, 

the possibility that it might be concentrated by sorption of Cr-organic 

complexes onto organic matter was overlooked. Curtis's (1966) exposition 

of this problem implies that Cr does form organo-metallic complexes which 

may be concentrated in sediments by sorption processes under redox condit-

ions different from those characterising ionic or anionic species of Cr. 

Perhaps more pertinent evidence regarding environmental chemistry comes 

from comparison of elemental characteristics of phosphorites with those 

of manganese nodules which only form in highly oxidising environments. 

The relatively easily oxidised Ce is enriched relative to other rare earths 

in nodules (Goldberg, 1965; Glasby, 1970) whereas it is depleted relative 

to La in carbonate-apatite. Similarly Co is enriched relative to Ni in 
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highly oxidising environments (Goldberg, 1965); such enrichment does not 

characterise carbonate-apatites, which are also generally depleted in Mn 

another element normally concentrated in oxidising environments (cf. 

Gulbrandsen, 1966). Furthermore the enrichment of phosphorites in many 

minor elements requires that some significant concentration process be 

operative. Vine and Tourtelot (1970) and Brongersma-Sanders (1969) argue 

that for similar concentration in black shales, one process may be via the 

concentration and decay of large quantities of organic matter; marine life 

forms such as plankton are notably enriched in minor elements (Goldberg, 

1961). Brooks, Presley and Kaplan (1963) have shown that in the region of 

maximal organic decay, immediately below the sediment water interface, there 

are notable enhancements in the metal contents of interstitial waters of 

marine sediments. Concentrations of organic matter, where ineffectively 

oxidised, may give rise to reducing conditions which would influence element 

dispersion; they would also give rise to metal rich interstitial waters 

and hence, possibly, to the elemental enrichments noted for phosphorites. 

Concerning the Yoroccan and other subsea phosphorites and phosphatic rocks, 

the restriction of pyrite and the local abundance of glauconite and iron 

oxides attest to mildly reducing or slightly oxidising conditions in the 

depositional environment. The relative metal concentrations being far less 

than in average phosphorites tends to suggest that conditions were suffic-

iently oxidising to prevent considerable organic and hence metal accumulat-

ions within the sediments. In this context, geochemical studies provide a 

useful supplement to mineralogical investigation. 

In summary, the minor element assemblage of phosphorites appears influenced 

by the abundance (and hence supply rates) of different minerals, the 

abundance of suitable sorptive surfaces (in particular of organic matter) 

and the rate of supply, availability, and species of elements in solution 
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as well as the chemical characteristics of the environment. The influence 

of this last factor is most difficult to ascertain since the form in which 

the various elements originally occurred in sea- or interstitial water is 

but poorly known. At present it is pubably more valid to say that the 

assemblage is very strongly kinetically controlled but that the rate of 

supply of elements may be indirectly correlated with the Eh, pH character-

istics of the environment through the medium of organic matter and its 

decay. 
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CHAPTER 8  

THE GENESIS OF PHOSPHORITES  

3.1 	Environment of Deposition 

8.1.1 Subsea Phosphorites  

Present day subsea phosphorites (table 3.1 and Fig. 3.1) are generally 

found (1) in depths less than 1000m on continental margins or offshore 

banks in regions where sedimentation is slow or negligible, and (2) they 

appear most concentrated in the middle latitudes along the western and often 

arid coasts of continents, in association with divergent upwelling from 

depths of 100 - 200m of phosphate-rich water which supports a rich organic 

life (cf. McKelvey, 1963, 1967; Brongersma-Sanders, 1957; Kazakov, 1937; 

Sheldon, 1964 a; Strakhov, 1960; NacPhermn, 1945). The association with 

west-coast-continental divergent upwelling is not ubiquitous in that east 

coast phosphorites are widely known (table 8.1 and Fig. 8.1) and the exten-

sive onshore U.S. Atlantic coastal plain Miocene phosphorites, for example, 

are an east coast phenomenon (cf. Cathcart, 1968). The significance of 

the apparent association between upwelling and subsea phosphorites is 

obscure since, paradoxically, although the impression has been given by 

McKelvey (1963) that most of these deposits are Recent, such is not the case 

(table 8.1). In many instances not only are the phosphorites themselves 

ancient but they have subsequently been coated with other authigenic minerals 

such as ferromanganese oxides or glauconite (cf. Murray and Renard, 1891; 

Pratt and Manheim, 1967; Norris, 1964; Summerhayes, 1967, 1969) showing 

that their present environments are not suited to phosphorite formation. 

Recent geochemical studies by Kolodny (1969) and Kolodny and Kaplan (1970) 

of the U234/238 disequilibrium ratios in selected seafloor phosphorites 

from the California Borderland, Baja-California, Agulhas Bank, Chatham Rise, 



Fig.8.I. Distribution of phosphorite in relation to upwelling and associated phenomena 

(modified from Brongersma-Sanders,I957, and McKelvey,I967):- 

	 = upwelling water; 	- known subsea phosphorites; xxxx = recorded plankton 

concentrations ( resulting in red-water), mass mortalities of fish and other creatures, 

or diatom ooze. Sources of geological Information given in table 8.1. 
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Blake Plateau, the Tasmanian coast and a North Tasman guyot top show that 

all are older than 800,000 years, the limit of this radiometric dating 

technique. The North Tasman guyot phosphatic rocks (Menard, 1969) are 

found by the writer to be phosphatised corals presumably formed near sea-

level. Phosphatisation has been followed by manganese mineral encrustation 

as at other sites showing, in agreement with the geochemical data, that the 

phosphatisation is not Recent; the dredging of Miocene and Pliocene fora-

miniferal oozes from nearby guyots (Connolly, 1969) suggests that phosphat-

isation was a Tertiary phenomenon. In addition to these previous studies, 

the present study confirms that there appears to be no interrelation between 

present day upwelling and the age or distribution of phosphorite off north-

west Africa. 

The limited evidence for contemporaneous formation of carbonate-apatite on 

the seafloor in specific areas is given (1) by d'Anglejan (1968), who 

found phosphatisation of Recent faunal remains at depth in one sediment 

core taken off the Californian coast; (2) by Baturin (1970, in press) who 

finds large scale carbonate-apatite formation in the organic rich sediments 

from the southwest African coast; (3) by Goldberg and Parker (1960) who 

found submarine phosphatisation of wood fragments to be occurring in the 

Gulf of Tehuantepec. Although there seems little doubt that phosphorite 

deposition and upwelling phenomena are in some instances closely r,dated 

the restriction of geologically Recent phosphorite formation casts some 

doubt on the significance of the association. 

8.1.2 Marine Phosphorites Now On Land  

That the majority of marine phosphate deposits now on land are believed to 

have formed in moderately high energy shallow water environments is not a 

subject for dispute (cf. Cayeux, 1941; Visse, 1948; Rooney and Kerr, 1967; 

Gibson, 1967). Bushinsky (1966) and Gulbrandsen (1969) further argue that 
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the high content of apatite-bonded SO4  in many phosphorites indicates 

enhanced salinity such as is found in lagoons; the argument that associat-

ions between dolomite and apatite in phosphorites also suggests lagoonal 

formation has been put forward by Rooney and Kerr (1967) and Strakhov (in 

Bushinsky, 1969, p. 158). For various reasons a lagoonal origin has been 

proposed in this study for the Moroccan offshore pelletal phosphorite dep-

osits. By contrast, the glauconitic Moroccan offshore phosphorites appear 

to have formed on an open shelf and the incidence of Recent phosphorite in 

open shelf sediment off S.W. Africa (Baturin, 1970, in press), of Eocene 

lacustrine authigenic carbonate apatite deposits (Love, 1964) and of auth-

igenic carbonate apatite deposits in Nile valley alluvium (Chumakov, 1967) 

militate against any generalisation being drawn regarding the environments 

appropriate to phosphorite formation. 

It is generally -greed that the main requirement is a concentration of plies-

phate such that in a system such as the ocean - near saturated with CaCO3 

and apatite, the formation of apatite results in the solution becoming 

undersaturated with respect to CaCO3  (cf. Gulbrandsen, 1969). The main 

source of phosphorus is thought by some (Kazakov, 1937; McKelvey, 1963, 

1967; MacPherson, 1945 and others) to be coastal upwelling but Bushinsky 

(1964, 1966, 1969) and Pevear (1966, 1967) favour a predominantly estuarine 

type of environment in which phosphorus derives in considerable part from 

continental run-off. 

That there is an association of phosphorite with features indicative of 

high biological productivity is undisputed. Organic matter, although usually 

in amounts less than 27,,,is aubiquitous associate of phosphorite; other 

commonly associated minerals are chert, pyrite and glauconite all of which 

tend to form in regions of high organic productivity where decaying organic 

matter gives rise, even iS only locally, to reducing conditions. The formation 
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of phosphorites on a large scale in reducing environments is not likely in 

that oxidation of organic matter is a prerequisite to the release of phos-

phate; Gulbrandsen (1969) has argued that nearshore downwelling of oxygen-

ated surface water is a prerequisite to the decomposition of seafloor 

accumulations of organic matter and the resultant accumulation of phosphate 

required for phosphorite formation. Other than the fact that most old phos-

phorites are of moderately shallow water origin and may derive their 

phosphate via some means of organic preconcentration there is no conclusive 

evidence in favour of marine upwelling as a dominant control on phosphorite 

formation (cf. Bushinsky, 1969). 

3.1.3 Palaeoenvironmental Changes  

The present northwest African shelf fulfils many of the criteria apparently 

requisite to phosphorite formation and was suitable for phosphorite form-

ation during the upper Cretaceous, Eocene, Miocene and Lower Pliocene. The 

absence of Oligocene phosphorites is a reflection of the tectonism of this 

period but the question naturally arises why should there be none forming 

at present. Quaternary and Recent palaeogeography of the region appears 

very similar to the Mio-Pliocene palaeogeography (cf. Choubert and Marcais, 

1962). Thus it seems unlikely that palaeogeographic changes, invoked else-

where as factors influencing the occurrence of phosphorites (Salvan, 1957) 

and responsible for the different distribution patterns of the widespread 

Eocene and restricted Miocene Moroccan phosphorites, have caused the present 

environment to be unsuitable for phosphorite formation. 

That changes in ocean basin circulation have occurred in the past is sugg- 

ested by the history of the ocean basins; Le Pichon (1968) has shown that 

the Artic Basin must have been closed and the Straits of Gibralter much 

wider during the Eocene than since. As the Atlantic has opened and the 

Mediterranean closed, the oceanic circulation pattern has undoubtedly changed. 
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Such changes in addition to possible oceanic chemical changes related to 

seafloor spreading episodes have been invoked to explain the occurrence of 

widespread Eocene chert in the deep Atlantic (Peterson et al 1970). Although 

there is no such narrow time stratigraphic restriction on Atlantic phos-

phorites, the possibility that the widespread Cretaco-Eocene phosphorites 

around North Africa may have received, indirectly via enhanced ocean prod-

uctivity, some boost in phosphorus from oceanic volcanic sources cannot be 

entirely ruled out. Equally, as Salvan (1957) suggests, the widespread 

nature of these deposits may be more a reflection of locally ideal palaeo-

geographic conditions. 

Associations between periods of phosphorite formation and periods of volcan-

ism have been postulated by Ronov and Korzina (1960), Mansfield (1940), 

Rooney and Kerr (1967) and Gibson (1967). Volcanic activity is undoubtedly 

a source of phosphorus in seawater (cf. Buljan, 1955) but Bushinsky (1966, 

1969) and Cathcart (1963) find there to be no satisfactory direct evidence 

for a genetic relationship between specific phosphate formations and volcan-

ism; Bushinsky (1969) further points out that the local concentration of 

phosphorites at certain periods in the geological record is more probably 

a function of sampling than volcanism. Nevertheless, the possibility that 

volcanically induced oceanic chemical changes do have a long term effect 

particularly on biogenic sedimentary components has been pointed out by 

Nicholls (1965) and would also be expected to be reflected in phosphorite 

accumulations. 

In view of the decrease of apatite solubility with rising temperature (cf. 

Kramer, 1964; Valashko et al, 1963) it has been suggested (Summerhayes, 

1967, 1969; Kolodny and Kaplan, 1970) that apatite precipitation may have 

been more widespread from the warm seas of the Tertiary in which temperatures 

were possibly some 10 degrees higher than at present (cf. Arrhenius, 1963). 
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This might explain the fossil nature of the phosphorite. However, the 

occurrence of present day phosphorite formation on the S.W. African shelf 

shows that other factors may be of equal or greater importance than oceanic 

temperature changes. 

In summary, the fossil nature of most subsea phosphorites is taken to 

indicate widespread environmental changes detrimental to the large scale 

formation of phosphorite at present. Temperature, current, geographic, and 

possibly oceanic chemical changes appear responsible for this state of 

affairs; it is not possible with any confidence to decide which is the 

most important. 

8.2 	Mechanics of Formation 

The considerable controversy concerning the mechanisms of phosphorite 

formation is due to the fact that (1) present day formation on any large 

scale has only just been discovered (Baturin, 1970, in press) and as a 

consequence even the nature of the initially precipitated phase is not 

accurately known although it seems to be a gel, and, partly as a result, 

(2) the absolute degree of saturation of the sea with appropriate calcium 

phosphate species cannot yet be determined (cf. Pytcowicz and Kester, 1967). 

In principal the major theories polarise into those favouring direct inor- 

ganic precipitation or phosphatisation from seawater and those favouring 

a biogenic-diagenetic origin. 

8.2.1 Inorganic Precipitation  

The purely inorganic precipitation thesis derives from two main ol.sLrvations: 

(1) that the majority of phosphorites in the geological record are composed 

dominantly of structureless pellets (or nodules) some of which have an 

accretionary aspect, and (2) because from experimental and theoretical 
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work various investigators have found evidence to suggest the near satur-

ation of seawater with some form of calcium phosphate (cf. Kazakov, 1937; 

Dietz, Emery and Shepard, 1942; Smirnov, Ivnitskaya and Zalavina, 1958; 

Sillen, 1961; 1.rmer, 1964, 1966; McConnell, 1965; Roberson, 1966; 

Pytcowicz and Kester, 1967; Gulbrandsen, 1969). McConnell (1965, 1970) 

and Bushinsky, (1969) criticise much of the Earlier work for, among other 

things, not considering in calculations of the solubility products of cal-

cium phosphate species the true nature of the precipitated phase, and it 

appears that only Kramer (1965) McConnell (1965) and Roberson (1966) infer 

that the bulk of seawater is near saturated with carbonate-apatite, a sit-

uation appropriate for phosphorite formation. That some direct precipit-

ation does occur is evinced by the presence of apatite encrustations on 

other minerals (Altschuler, 1965; d'Anglejan, 1967). Furthermore synthesis 

of carbonate-apatite by precipitation has been carried out (Simpson, 1964; 

Legeros, 1965; Legeros et al, 1968; McConnell, Frajola and Deamer, 1961) 

showing that such a process is feasible in the natural environment. Whether 

it occurs on any notable scale remains to be seen. With regard to the 

structureless pellets, another school of thought argues that they are of 

replacement or mechanical origin and not functions of direct precipitation 

(Cayeux, 1941; Salvan, 1952; Visse, 1948; Bushinsky, 1964, 1966, 1969, 

and others). 

The popularly suggested mechanism for direct inorganic precipitation, 

modelled on Kazakovls (1937) work is that the ascent of phosphate-rich 

water in regions of upwcllingis associated with a decrease in partial press-

ure of CO2 and a consequent pH increase resulting in phosphorite supersat-

uration and precipitation of carbonate-apatite (cf. MacPherson, 1945; 

McKelvey, Swanson and Sheldon, 1953; McKelvey et al, 1959; McKelvey, 1963; 

Kramer, 1964; Roberson, 1966; Gulbrandsen, 1969). Inorganic colloidal 

precipitation of apatites is also favoured by Dietz, Emery and Shepard (1942) 
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and Emery (1960). Below pH of about 7.8, apatite only will precipitate, 

but above this pH, where seawater isEaturated with calcite and apatite, 

both will precipitate unless there is excess phosphate present such that 

apatite precipitation results in the solution becoming unsaturated with 

respect to CaCO3  (cf. Gulbrandsen, 1969). 

The inorganic precipitation thesis relies on inadequate chemical data 

regarding the nature and concentration of dissolved phosphate species and 

the nature of the precipitated phosphate phase. It also relies on an 

interpretation of the origin of structureless pellets which is open to 

question. Furthermore, Bushinsky (1964, 1966, 1969) argues that the 

precipitation of carbonate-apatiteolecessarily as a gel in the first inst-

ance, would prevent its accumulation in the agitated waters which must 

have characterised zones of pellet accumulation. In the present study 

direct precipitation of apatite from seawater was not found to be of the 

least importance as far as the origin of offshore northwest African phos-

phorites was concerned. 

8.2.2 Inorganic Replacement  

Murray and Renard (1891) were among the first to note the pseudomorphing 

of calcareous skeletal material by apatite on the seafloor; subsequent 

reports of phosphatised calcareous material and rocks are widespread 

(d'Anglejan, 1963; Dietz, Emery and Shepard, 1942; Hamilton, 1956; 

Hutchinson, 1950; Summerhayes, 1967, 1969). Phosphatised siliceous skel-

etal remains are also recognised (Carozzi, 1960; Baturin, 1970, in press) 

and Goldberg and Parker (1960) have found phosphatised wood fragments. 

Replacement of coprolites is widely reported (Cayeux, 1941; Bushinsky, 

1964, 1966, 1969). The experimental conversion of calcite to carbonate-

apatite has been achieved by Ames (1959-, and Simpson (1964) among others, and 

it has been .suggested for example by Pevear (1966,1967) 'ghat 	is the 
only 
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suitable mode of origin of phosphorites on a large scale. Certainly in 

the present work the evidence seems weighted in favour of replacement of 

calcareous rocks and sediments as the prime origin of Moroccan offshore 

phosphorite. The question remains as to whether, in the role of concentrat-

ors of phosphate in urine sediments, organisms have a significant role to 

play. 

8.2.3 Role of Organisms  

It is widely known (Rittenberg, Emery and Orr, 1955; Kaplan and Rittec.berg, 

1963; Rochford, 1951; Seshappa, 1953; Brooks, Presley and Kaplan, 1968; 

Bushinsky, 1969) that due to decay and dissolution of trapped organic matter 

the phosphate content of interstitial sediment water is higher than in the 

overlying water by one or more orders of magnitude (Bushinsky, 1966, quotes 

values 50 - 100 times higher than seawater). Undoubtedly such conditions 

are more favourable to the diagenetic formation of authigenic carbonate-

apatite than are those in seawater. Even though the resulting concentration 

of phosphate may still be lower than theoretically required for the precip-

itation of carbonate-apatite, Baturin (1970, in press) proposes that diff-

usion mechanisms within the sediments may establish concentration gradients 

about nucleation centres and thus give rise to carbonate-apatite precipit-

ation and, ultimately, phosphorite formation. 

The aforementioned association of phosphorite with organic matter strongly 

suggests to some that organisms are the main source of phosphorite phosphorus. 

They propose that organic decay and dissolution provides the main means 

whereby phosphate precipitation or phosphatisation of other material can 

be effected (cf. Murray and Renard, 1891; Cayeux, 1941; d,Anglejan, 1967; 

72ushinsky, 1966, 1969; Gulbrandsen, 1969). The present data strongly 

suggest that this may account for the homogenous phosphatisation of many 

offshore Moroccan samples, particularly foraminiferal limestones. But, in 
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those cases where erosion surface, pebble margin or burrow wall phosphat-

isation is concerned it appears to be the degree of exposure to seawater 

which is critical. In these cases the concentration of phosphate immediat-

ely beneath the sediment -water interface implies the operation of a diff-

usion mechanism whereby phosphate is continually supplied from the overlying 

water to the sediment. In spite of the above suggestions regarding organic 

concentration there is no visible evidence to support the influence of 

organic material on this non-uniform process of phosphatisation. In fact 

in coprolites where some organic concentration of phosphate might be 

expected there is no enhancement of phosphate over that observed in the 

generally poorly phosphatised matrix of the samples. 

8.3 	Summary 

The prime requisites for phosphorite formation appear to be shallow water, 

a warm arid climate with slow or negligible detrital sedimentation, a mod-

erately alkaline p1-I (7.0 - 7.8) and in particular an adequate supply of 

phosphate over the amount that can be held in solution (cf. Gulbrandsen, 

1969). Although special environments such as estuaries, lagoons or shallow 

shelves in upwelling regions are invoked as prerequisites by different 

investigators, there seems to be no specifically characteristic site of 

formation. It seems most likely that concentration of phosphate in inter-

stitial sediment water and in overlying seawater by dissolution of organisms 

is a major direct source of phosphorite phosphate. Direct inorganic prec-

ipitation of apatite from seawater does not seem to be of major importance 

but the inorganic phosphatisation of rock and sediment in prolonged contact 

with circulating phosphate-rich seawater may be an important source of phos-

phorites. Diagenetic carbonate-apatite formation may proceed within the 

sediments either by direct precipitation or by phosphatisation of preexis-

ting material; diffusion mechanisms and concentration gradients may play 
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an important part in these processes, and in the migration of phosphate 

from bottom waters into the sediment. 

The rate of decay of sinking organic remains in the sea places a constraint 

on the depths at which maximal sediment phosphate accumulation can occur 

via the medium of organic concentration; optimal depths appear to be 

rather less than 200m. A further constraint is that circulation of oxygen-

ated water must be sufficient to oxidise (decay) much of the dead organic 

material in order to release PC4; • n,:_arshore downwelling has been proposed 

as a suitable mechanism (Gulbrandsen, 1969). 

The formation of pelletal deposits appears a function of mechanical shallow 

water concentration of material derived from some nearby quiet water region 

(lagoon, open shelf etc.) where phosphate is diagenetically accumulating. 

Finally, with regard to the apparent scarcity of present day subsea phos-

phorite formation it appears that minor palaeogeographic, palaeo-oceanographic 

and palaeo-climatic changes since the Tertiary are probably responsible; to 

invoke only temperature changes does not entirely solve the problem and each 

deposit should in fact be considered on its own merits. In the case of the 

northwest African deposits considered in this thesis, combinations of ocean 

current and palaeographic changes account for the difference between earlier 

and later Tertiary, while the Quaternary-Recent global temperature drop may 

significantly have affected phosphorite formation. 
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CHAPTER 9 

MINERAL EXPLORATION AND CALCULATION OF RESERVES  

9.1 	Phosphorite Prospecting Using a Scintillation Counter 

9.1.1 Introduction  

It is generally accepted (cf. Overall, 1968, b; and 'Mining', 1963, an 

annual review published by the Mining Journal, London) that land phosphate 

reserves can satisfy demand at least until the year 2000. It is also 

accepted that at some stage in the future, subsea phosphorites will be 

mined (cf. Mero, 1965; Overall, 1968, a, b; Tooms, 1967, a, b) but the 

discovery and proving of such deposits using traditional oceanographic 

sampling techniques is slow and expensive. The possibility has therefore 

been investigated in this project of detecting such deposits through the 

location of anomalous seafloor radioactivity resulting from the high uran-

ium content of many phosphorites. Phosphorites outcropping on land normally 

contain between 0.005 and 0.02 per cent uranium (McKelvey and Nelson, 1950; 

Davidson and _tkin, 1953; Sheldon, 1959) compared to averages of 0.0004, 

0.00005 and 0.0002 per cent for shales, sandstones and carbonates respect-

ively (Turekian and Wedepohl, 1961). 

The application of radiation measurements to phosphorite prospecting on 

land has included gamma-ray logging in Turkey (Sheldon, 1964 b), North 

Carolina and the Spanish Sahara (Notholt, 1967) and ground and aerial scin-

tillation surveys in Africa (Bollo and Jaquemin, 1963), the U.S.A. (iDxham, 

1954) and Turkey (Sheldon, 1964 b). No attempts appear to have been made 

to apply the same techniques at sea where the use of submersible scintill-

ation counters has largely been restricted to the study of sediment movement 

(Courtois, 1966; Hazelhoff-Roelfzema, 1968; Smith and Parsons, 1967). 
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In this chapter are described the results of an investigation, suggested 

by the writer, into the use of scintillation counters in the detection of 

subsea phosphate deposits off Morocco: a part of this work, covering a 

survey of parts of the seafloor north of Safi, has been described by 

Nutter (1969). 

9.1.2 Detection Equipment  

The instrument used (Fig. 9.1), provided by the Vantage Research Laboratory 

of the United Kingdom Atomic Energy Authority, was a conventional sodium 

iodide scintillation counter housed, together with a high tension supply, 

in a sealed cylindrical container. A conventional N.1.0.-type pinger, 

fixed some six feet above the counter allowed the depth to be monitored as 

the equipment was lowered to the seafloor. Measurements of natural seafloor 

radioactivity were made on the seafloor with the ship hove-to. Electrical 

impulses were relayed to the ship through a one-quarter inch diameter water-

proofed and armoured cable on which the counter was lowered. Radiation 

levels were recorded on a battery operated ratemeter to which a monitor 

dial was attached to allow readings to be made on deck. The counter stab-

ility was checked between stations using a 60Co source. Seafloor counts 

were measured over a period of two minutes before, or more generally, after 

dredge, grab and core stations. 

During the initial reconnaissance cruise on R.R.S. 'John hurray' in 1963, 

radiation measurements were made by Dr. 3.H. Hazelhoff-Roelfzema in the 

ship's laboratory by surrounding the counter with a unit amount of either 

wet, unground sediment or dry rock fragments the size of small pebbles, 

placed in a makeshift container. Subsequently, during the 1969 cruise, a 

thick aluminium casing with three-quarter inch walls capable of withstanding 

pressures at depths down to 1000 metres was provided enabling subsea deter-

mination to be made by the writer and colleagues. 
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In order to identify the radioactive component of the phosphorite, selected 

rock and sediment samples were examined by hr. D.B. Smith at the Wantage 

Research Laboratory using a two-inch diameter sodium iodide crystal and 

100 channel pulse height analyser. The complex spectrum was then compared 

with that of uranium to establish whether this was the pxincipal source of 

radioactivity in the specimen. 

9.1.3 Results: 

9.1.3(a) Laboratory Radiation Determinations 

The initial survey was carried out on samples from the three 1968 reconnai-

ssance traverses between Agadir and Rabat. Both shipboard and laboratory 

radiation measurements on selected rock and sediment samples demonstrated 

that radiation increased with increasing phosphate content (table 9.1: 

Figs. 9.2 and 9.3). The laboratory radiation determinations, made by D.B. 

Smith of U.K.A.E.A. on samples of dry sand sized material, differ by an 

order of magnitude or more from shipboard determinations both because of 

the differing environmental and geometric conditions of measurement, and 

the difference in sample preparation (Smith, pers. comm.). 

Gamma spectrum analyses (undertaken by D.B. Smith of the Wantage Research 

Laboratory, U.K.A.E.A.) of selected samples show that high radiation levels 

are due to uranium and its decay products (Fig. 9.4). This was confirmed 

by the close correlation between the sample spectra and that of a sample of 

pitchblende. The most active sample (136R) is found to contain approximately 

0.06 per cent uranium. Independent confirmation that the samples contain 

substantial amounts of uranium is provided by mass spectrometric analysis of 

carbonate apatites separated from samples 139 and 148 which contain 0.004 

and 0.014 per cent uranium respectively, and only very small amounts of 

thorium (Chapter 7). Samples containing less than 1.0 per cent P205  show 

some background scatter of radiation which is due to low uranium content 
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as shown by a spectrum of sediment sample 155 (Fig. 9.4). The interrelation 

between radiation levels and phosphate content is therefore probably gov-

erned by the increasing abundance of uranium with increased phosphate. 

Considering the sample spread it seems that this effect is not geographic-

ally restricted. 

9.1.3(b) Subsea Data 

During the 1969 follow-up cruise of the R.R.S. 'John Murray,  subsea pros-

pecting was carried out for the first time. With a counter of the type 

employed, the geometric relation between counter and seafloor must vary 

from site to site as the counter will probably sink into mud, be partly 

submerged, or lie on the surface of sand, and may not be wholly in contact 

with rock outcrops. The attenuation of radiation by seawater absorption 

will vary in these three cases. Other variations can be introduced by the 

difference in gmwua activity caused by sediment density changes, the amount 

of material, and thus the radiation emmitted per unit volume being differ-

ent for wet mud, sand and rock. The results presented here are thus semi-

quantitative. 

Seabed radioactivity was generally determined after sampling operations. 

The sediment at all the counting sites contained less than 2.0 per cent 

F205. The radiation levels are more or less normally distributed, being 

counts per sec, and very slightly skewed 

Two radiation determinations are completely 

rest. One is from a dredge site at which 

, and the other is within one mile of a 

However, at eight other sites, in whose 

had been dredged, radiation levels do not 

general background, being scattered between 

anomalous with respect to the 

phosphorite rock was obtained 

recorded phosphorite outcrop. 

general vicinity phosphorites 

differ significantly from the 

9 and 42 counts per second. 

concentrated between 10 and 20 

toward high levels (Fig. 9.5). 
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The complexity of interrelation between radiation level and phosphate con-

tent introduced by the prospecting method used is illustrated by the results 

for three traverses across the continental shelf and upper continental slope 

(Fig. 9.6). In Fig. 9.6b.asome degree of correlation is observed between 

changes in radiation level and changes in sediment phosphate content. 

Similarly in Fig.9.6b.b the general background radiation levels of less 

than 30 counts per sec correlate reasonably well with phosphate. However, 

the very high counts are considerably higher than could have been expected 

from the phosphate content of the sediment at dredge station 848, or even 

the overlapping station 847. It is considered probable that this high 

radiation is due to phosphatic rock outcrops, phosphorite rock having been 

recovered in dredge haul 848. These results do illustrate the difficulties 

of correlating point counts with dredge stations. This lack of correlation 

is even more marked on Fig. 9.6b.c. 

If the radiation counts are compared with locations where rock phosphorites 

were dredged, correlation is essentially non-existent, only the phosphate 

at station 848 being associated with a high radiation count. This surpris-

ingly poor correlation, considering the laboratory results, is almost 

certainly due to the fact that counting was done after the sampling operations. 

At dredge stations the counting was normally carried out .1 to .3m1 from 

the location from which phosphatic rocks were dredged. Even at grab or 

core sites (i.e. sediment, but not rock stations) the radiation measurement 

may be, due to drift, many metres or even hundreds of metres from where the 

sediment was collected. Ideally, detailed counting should have been under-

taken on a reverse traverse across the phosphorites, and it is intended to 

allow time for this operation on a future cruise. The lack of correlation 

between phosphate outcrop and counts does indicate that there are rapid 

changes in lithofacies or that local burial by sediment obscures the occurr-

ence of outcropping phosphorite within distances of as little as 0.1 miles 
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Fig.9.6.9. General research area, showing traverses along which radiation 

determinations were made in 1968 (solid line) and 1969 (dashed line). 

Subscripts a,b, and c refer to traverses shown in Fig.9.6.b.; subscript 

s refers to the traverse shown in Figs.9.7. and 9.8. 
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from the dredged outcrop. In practice it has been demonstrated that this 

is the case (cf. Chapter5 ); the outcropping phosphorites are interbedded 

with limestones and mudstones and patchily overlain by a thin veneer of 

recent sediment which may, or may not, be phosphatic. 

In addition to the above traverses, radiation determinations were made at 

approximately half-mile intervals along a previously sampled traverse on 

which both phosphorite and phosphatic sediment had been obtained (Fig. 9.7). 

This detailed close-spaced point counting survey described by Nutter (1969) 

showed (Fig. 9.8) that a general background radiation level of about 15 

counts per sec corresponded to a background phosphate level of about 0.3 

per cent P205, and that values above this level, although only between 

20 • 4C counts per sec, correlated closely with a zone in which phosphate 

levels rose to 0.5 - 0.8 per cent P205. Two isolated radiation peaks 

occur seaward of the main phosphatic sediment zone and do not appear to 

correlate either with phosphate in the sediment or with the outcrop of 

phosphorite. These peaks may represent nearby restricted outcrops of phos-

phorite protruding through, or just buried, by the thin veneer of recent 

and virtually non phosphatic sediment. Phosphorites were dredged on this 

traverse, but since radiation levels do not exceed 35 counts per sec, it 

seems unlikely that they were detected by the counter which suggests that 

the area of outcrop is not widespread. It should be noted that the count-

ing traverse and sampling traverse do not exactly coincide, although since 

both outcrop strike and the strike of sediment zones are parallel to the 

coast, similar characteristics are to be expected at similar distances 

from the coast on such closely adjacent traverses. 

9.1.3.c Summary 

Although further trials need to be carried out the present reconnaissance 

data show that a submersible scintillation counter can be used to locate 
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subsea deposits of phosphorite and this promises to be the most useful 

method yet used to prospect rapidly for such deposits. Trials show that 

the blanketing of phosphorite outcrops by recent non-phosphatic sediment, 

and the interbedding of phosphorite with relatively non-phosphatic, non-

uraniferous sedimentary rocks, necessitate continuous profiling techniques 

for the best results. Experiment shows, however, that close-spaced point 

counting techniques can be used satisfactorily in areas such as that inves-

tigated where the incidence of rock outcrop militates against use of a 

towed instrument due to the liklihood of sncgging and loss of equipment. 

From the bulk of radiation determinations at randomly selected sites, it 

seems that there is sufficient radiation from rocks and sediments containing 

more than 2.0 per cent P
2
0
5 

to regard this as a threshold in the detection 

of seafloor phosphorites. That deposits with so little phosphate can be 

adequately detected by such a remote sensing method instead of by slow 

conventional methods involving the collection and shipboard chemical anal-

ysis of samples, makes the scintillation counter a prospecting tool of 

considerable interest. Such remote-sensing techniques could be used 

rapidly and effectively to determine the occurrence and distribution of 

phosphate off the coasts of developing countries with agricultural economies 

and no fertiliser resources. However, it should be emphasised that further 

work is required on developing towed counter and counter probes, etc.; such 

work is presently being carried out by the Applied Geochemistry Research 

Group in conjunction with U.K.A.E.A. and N.I.O. 

9.1.4 Morrocan Offshore Phosphate Reserves  

Assuming that (1) phosphate sediments containing > 0.5% P205 
cover an area 

north of Safi of 2500sq.km. (Nutter, 1969) and, south of Safi, of 850sq. 

miles, (2) the average phosphate content of these sediments is 1% P205, 

(3) the average thickness of the deposit is 5m, and (4) that the mean 
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specific gravity of the sediments is about 2.6, then the total reserves of 

the Moroccan shelf sediment deposit are 

(5 x 3300 x 104  x 2.6) 	4.3 x 10
8 

metric tons P205 

The deposit is much smaller than the Phosphoria Formation (1.7 x 1012 metric 

tons according to McKelvey et al, 1953) but of a similar size to the phos-

phatic sand deposit off Baja, California (1.5 x 109  metric tons according 

to d'Anglejan, 1967). 

Estimation of th- bedrock reserves is rather more difficult in the absence 

of stratigraphic control in the form of drill cores and the recovery of so 

few phosphatic-rock samples from such a large area. If it is assumed (1) 

that phosphatic rocks outcrop continuously along the 300 miles of shelf 

from which they were often dredged, (2) that their average outcrop width 

is 10km, (3) that their thickness is that of the onshore deposit - 100m, 

(4) that the average phosphate content is 20% of P205, and (5) that the 

average specific gravity of phosphorite is 2.8, then there are 100 x 300 x 

104 x 2.8 x 20 = 1.7 x 1011 metric tons of P205 buried beneath the shelf. 

This compares favourably with the size of the Phosphoria Formation. 

Despite the magnitude of these subsea deposits their economic potential is 

rated very low for the following reasons: (1) Morocco has very large terr-

estrial phosphorite resources which make that country now, and likely to be 

for a considerable time, one of the worlds chief phosphate exporters; (2) 

substantial untapped reserves of phosphorite exist in the nearby Spanish 

Sahara (Mining Magazine, 1970). Large parts of both deposits are granular 

poorly consolidated surface deposits which are easy to mine and beneficiate. 

The disadvantages of the offshore deposits are (1) their low grade, necess-

itating extensive beneficiation (maximal recorded rock phosphate content is 

about 25% P205, and sediment phosphates do not exceed 3.0% P205); (2) their 

situation mainly in water depths greater than 300 feet, the present limit of 
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hydraulic dredging, and which would make eventual mining costs relatively 

expensive; (3) the fact that the major part of the reserve comprises bed-

rock or associated breccia which would be extremely difficult to mine. It 

seems unlikely under these circumstances that the offshore deposits will 

be competitive with those onshore until such time as onshore mining becomes 

difficult or onshore reserves are worked out. The possibility that the 

locally phosphate-rich inshore sand belt may be an economically viable 

proposition cannot be overlooked; but, at this stage, this deposit is 

only poorly defined by a very few samples and much more detailed investig-

ation is required before any sound suggestions can be made. 
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CHAPTER 10 

SUMMARY OF MAIN CONCLUSIONS, 

AND RECOMMENDATIONS FOR FUTURE RESEARCH: BEDROCK 

10.1 	Summary of Main Conclusions 

1. The northwest African continental margin developed by upbuilding and 

outbuilding on a subsiding basement apparently characterised by the same 

basins and gulfs as recognised onshore. 

2. Subsidence was terminated by Oligocene epeirogenic and tectonic events 

definitely related to the Atlas orogeny and possibly to an interruption in 

Antlantic seafloor spreading; subsidence has only continued on a notable 

scale in the Souss Trough and northern Aaiun Basin. 

3. Reduced Miocene and, locally, Pliocene sediments were deposited on an 

erosional shelf which originated in the Oligocene; the main locus of post-

Oligocene deposition has been the continental slope - rise complex. 

4. Moroccan upper Cretaceous subsea phosphorites are usually phosphatised 

foraminiferal limestones, as are Voroccan Eocene subsea phosphorites from 

the supposed 'gulf' off Essaouira; Eocene pelletal phosphorites from the 

more northerly 'gulf' off Cap Blanc, are presumed to have been deposited in 

much shallower water. 

5. Moroccan Miocene glauconitic phosphatic limestones represent a basal 

conglomerate transgressive onto the Oligocene erosional shelf and formed 

in an open sea environment probably at moderate depths (cf. 100 - 300m). 

G. 	Me incidence of Lower Pliocene subsea phosphorites in the northern 

Aaiun Basin implies a slowing of subsidence and sedimentation at this time. 
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7. The phosphorites and phosphatic limestones appear to have originated 

by the phosphatisation of pre-existing lime-muds. The degree of phosphat-

isation appears to have been critically dependant on the degree of exposure 

of surficial sediments to seawater and it is envisaged that diffusion mech-

anisms allowed some concentration gradient to be set up between bottom water 

and interstitial water such that under suitable conditions concentration of 

phosphate could occur in the surficial sediments. In general all relatively 

coarse calcareous skeletal material (such as foraminifera) have resisted 

phosphatisation. 

8. Phosphate pellets appear to have arisen by the mechanical disaggreg-

ation of phosphatised lime muds, probably by storm waves; through contact 

with seawater they have become more phosphatic than the parent material, 

probably during periods of continued reworking on offshore bars. 

9. Although there is evidence for internal migration of phosphatic fluids 

and the formation of intrasediment apatite segregations, there is no evi-

dence for intrasediment pellet formation. 

10. The parent material for the pellets appears to have formed in a lag-

oonal or mud-flat type of environment subject to occasional wave activity 

and sited far from land; the pellets characterising the onshore Eocene 

pelletal deposits may have originated in this environment. 

11. Both the glauconitic and pelletal deposits appear to have formed in 

oxidising environments. 

12. Widespread environmental changes detrimental to the large scale form-

ation of subsea phosphate deposits have occurred since the Pliocene. 

Temperature, current, geographic and possibly oceanic chemical changes may 

be responsible, but the post-Tertiary temperature decline has probably had 

the greatest effect so far as most subsea deposits are concerned. 
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13, The geochemical assemblages of average phosphorites suggest that they 

were formed from seawater, usually not under strongly oxidising and probably 

under slightly reducing conditions. The role of different minerals in 

controlling different chemical elements can be reasonably determined using 

multivariate statistical analyses. 

14. Becuase of the high uranium content of phosphorites, submersible 

scintillation counters can be used as remote sensing tools to locate subsea 

phosphorite deposits; a threshold value of 27 P205 
is indicated at present. 

15. The economic potential of the northwest African phosphatic rocks and 

sediments is suspect in view of their low grade, the form in which they 

occur, and their situation usually in water depths 300 feet: present 

studies indicate that total reserves may be in the vicinity of 1.7 x 1011  

metric tons P205 in bedrock, and of 4.3 x 10
8 metric tons P205 in sediment. 

The main advances achieved in this study have been the discovery and 

delimitation of widespread Tertiary subsea phosphatic rock deposits off 

northwest Africa, and the determination of their probable modes and envir-

onments of origin particularly in relation to the vast onshore deposits. 

Other notable advances include establishing in more detail than before the 

geological framework of the northwest African continental margin; critical 

examination of the upwelling theory of phosphorite formation as deus ex 

machin. ; the successful testing of a submersible scintillation counter 

for phosphorite prospecting; and the use of multivariate statistical 

techniques to determine probable controls of phosphorite geochemist-2y. 

10.2 	Recommendations for Future Research  

1. Sidescan sonar traverses, seismic profiling, drilling and precision 

dredging should be carried out to more accurately ascertain the geology 

of the Moroccan phosphatic rock deposits; further reconnaissance 
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dredging should be carried out off the northern Sahara to determine 

the extent and nature of the Pliocene phosphorites which apparently 

crop out there. 

2. Trials should be carried out on the use of a towed scintillation 

counter for rapid remote:-sensing phosphorite prospecting. 

3. To determine in detail the geochemical characteristics of carbonate-

apatites, total chemical analyses of this mineral should be attempted 

using electron micro-probe analysis to surmount the difficulties of 

separating apatite from admixed organic and inorganic mineral phases. 

4. Attempts should, nevertheless, be made to isolate the various organic 

and inorganic phases of these rocks to further establish the origin of 

the geochemical assemblage. 

5. The phosphatisation process should be examined at erosion surfaces, 

pebble and burrow martins, and in oolites and pellets by electron micro-

probe analysis to determine the attendant geochemical changes. 

G. Structural carbonate and sulphate substitutions in carbonate-apatite 

should be determined (a) as an aid in identifying coupled substitut-

ions with other minor elements (such as Na-Ca: SO4  - PO4), and (b) 

in order to ascertain possible mineral facies differences between the 

carbonate-apatites of different deposits (such as between Moroccan 

onshore and offshore deposits and between offshore Miocene and Eocene 

deposits). The differences in these two constituents may reflect 

important differences in the temperature or salinity of the original 

depositional environments. Similarly, differences in other geochemical 

characteristics may signify differences in oxidation and reduction 

potential of importance in understanding the origin of the deposits 

both here and elsewhere in the world. 

7. At the same time, attempts should be made to establish the effect of 

weathering in the sea on the geochemical assemblage of subsea phosphor-

ites. 
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8. On the grounds that modern muds cover virtually the entire shelf north 

of Rabat (McMaster and Lachance, 1969), that the shelf between Agadir 

and Cap Juby is cut into Cretaceous strata (cf. Dillon, 1969), and 

that modern and Pleistocene biogenic sediments blanket most of the 

southern Saharan shelf, it is recommended that future geological effort 

be concentrated in the Agadir-Al Jadida region and the Villa Cisneros. 

Cap Juby region as far as phosphorite prospecting is concerned. 
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APPENDIX 1  

SAMPLE PREPARATION AND MINERAL SE1ARATION  

A1.1 	Sample Preparation  

a. Sediments 

After removal of pebbles and coarse shells, surface sediment samples were 

mixed, then coned and quartered to obtain four 50-100gm. subsamples. 

Cores were split horizontally, one half being retained in its plastic 

liner for reference purposes; from the remaining half, 2cm wide subsamples 

were collected at approximately 6cm intervals, care being taken to leave 

untouched the 0.5cm thickness of possibly smeared sediment against the wall 

of the plastic liner. Surface sediment subsamples were dried at 60°C for 

48 hours, ground in a tungsten carbide Tema mill or automatic agate mortar 

and pestle to pass an 80 mesh nylon sieve, and homogenised on a sample 

shaker. Core samples were similarly treated but were hand ground in a 

porcelain mortar and pestle; separated size fractions and mineral concen» 

trates were ground in agate or porcelain mortars. Dr. S.H.U. Bowie gave 

permission to use the I.G.S. Tungsten Carbide Tema, and assistance in its 

operation was given by Mr. J. Elston, I.G.S. To minimise salting between 

samples, grinding equipment was washed with dilute acid and deionised water. 

Subsamples of the ground powders were obtained when required for chemical 

analyses, by using an automatic rotary sample splitter. 

b. Rocks 

Rock samples were broken up with a tungsten carbide hammer and anvil; 

organic and mineral encrustations, and obviously weathered portions, were 

removed, and the remainder ground in an automatic agate mortar (sometimes 

a porcelain mortar) to pass a 125 mesh nylon sieve before homogenising on 

a sample shaker. 
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A1.2 	Granulometric Analysis and Size Fraction Separations 

The sand fraction was separated from fines by wet sieving; a standard 

pipette method was used to determine percent silt (.(4phi,)*8phi) and clay 

(<8Phi), and the dried sand fraction was sieved into fractions at one phi 

intervals representing Wentworth grades. By this method the writer anal-

ysed samples 144, 150, 151, 153, 154, 155 from the detailed study area, 

samples 255, 256, 258 and 277 from the Sahara, and samples 125, 126, 127, 

129, 133, 1340  137, 140 from north Morocco (the data from north Morocco 

have been presented by Nutter, 1969). Median diameters and sorting para-

meters were calculated by the writer, using Inman's method, on all samples 

analysed here and by Nutter (1969) (table 1.4.2). 

To separate silt and clay for chemical analysis a suspension of the<4phi 

fraction was mixed with a peptiser, allowed to stand overnight, stirred 

and then centrifuged at 1500 r.p.m. for 15 minutes. The material in sus-

pension, representing thei!2phi (clay) fraction, was decanted and dried 

out at <100°C. This process was repeated until sufficient material was 

obtained. The remaining material, a silt and clay mixture, was suspended 

in one litre of water in a graduated cylinder and left to stand for 24 

hours; the material in suspension was siphoned off and the proceedure 

repeated until the supernatant liquid remained clear; the remaining mat-

erial was of silt size only. The writer treated in this manner samples 

125*, 126*, 127*, 133*, 134*, 137*, 140*, 144, 150, 151, 153, 154 and 155; 

there was too little clay in samples 153 and 134 to allow an adequate 

amount to be separated for analysis. The writer's P
2
0
5 

analyses of aster-

isked samples have been presented by Nutter (1969). 

	

A1.3 	Mineral Separations: 

a. Sediments 

A Franz magnetic separator and a Cook micropanner were used to separate 
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glauconite from each sand sieve fraction of samples 151, 154, 155, 832, 

833, 834, 836, 837, 873 and 882, using instrumental settings of 0.35 - 0.5 

amps, horizontal inclination of 22°  and vertical settings of 80  - 200  on 

the Franz. Very coarse sand fractions were hand...picked. Further purif• 

ication of the glauconite fractions of sample 155 was Thieved using tetra-

bromethane and acetone (s,g. 2.7). 

A micropanner was used to separate detrital mineral grains, and foramini. 

fera containing glauconite casts, from biogenic skeletal debris in subsamples 

of the non-magnetic fractions of different size grades. Other subsamples 

were treated with 25% vol acetic acid for 24 hours to remove calcareous 

biogenic skeletal remains and rock fragments; the fine part of the 

residues was decanted; the coarser part was treated with Franz and micro-

panner to separate glauconitic material and detrital fragments; quartz 

was separated from other components using a micropanner. 

Subsamples were obtained using an automatic rotary sample splitter. All 

fractions and subsamples were qualitatively examined using a binocular 

microscope to monitor progress, 

Acid insoluble residues of surface sediments were obtained for spectrographic 

analysis by leaching them in excess 25% vol acetic acid for 48 hours; the 

dried insoluble residues were ground to pass an 80 mesh nylon sieve and 

homogenised using an agate mortar and pestle. P. Guise assisted in the 

preparation of the residues. 

b. Rocks 

Fragments of the glauconitic matrix of glauconitic-phosphatic-conglomerates 

848 and 877 were broken down to about 20 mesh size using a jaw crusher; an 

automatic agate mortar and pestle was then used to crush the sample to pass 

an 80 mesh nylon sieve; periodically during this process the fines were 
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washed into suspension and decanted and the coarse residual samples were 

passed, when dried, through the Franz magnetic separator to concentrate 

glauconite grains. Many of the grains were composite and it proved imposs-

ible even using heavy liquids to effect a complete separation from assoc-

iated apatite; nevertheless, the resulting concentrates were at least 95 

per cent pure glauconite. These samples were used for K.Ar analysis. 

A series of powdered whole rock samples selected for apatite separations, 

included Moroccan offshore samples 139, 148 and 154, and New Zealand off-

shore samples Z1037, F127 and D134. Calcite was removed from powdered 

samples using a tri-ammonium citrate leach as described by Silverman et al 

(1952): X-Ray diffraction analyses showed no detectable calcite in the 

residues. Minerals heavier than s.g. 2.9 were separated by centrifuging 

the dried residues in tetrabromethane and were discarded without examination 

(usually this fraction was minute). Minerals lighter than s.g. 2.7 (mainly 

quartz) were effectively separated by centrifuging in a mixture of tetra-

bromethane and acetone. This light mineral fraction was much darker in 

colour than the remaining apatite concentrate and is assumed to also be 

enriched in separatable organic material although this was not checked. 

The apatite concentrate and light mineral fractions were examined by X-Ray 

diffraction. The above s.g. limits were chosen on the basis of d'Anglejan's 

(1967) findings that the s.g. of phosphorite pellets was about 2.8. Unfor-

tunately this happens to be similar to glauconite, which could not be 

separated from samples Z1037, D134 and Morocco 154 by this method. Since 

the samples were at this stage extremely fine grained it also proved imposs-

ible to remove glauconite by magnetic separation and these samples were 

discarded. The apatite concentrates from F127 and Morocco-139 and 148 were 

analysed by mass spectrometry. 
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A1.4 	Iron Staining Investi&ation of Selected Sediments 

Certain samples from that group rich in soluble Fe and Mn were selected for 

investigation and sieved into sand, and silt and clay fractions prior to 

binocular microscope examination. An automatic rotary sample splitter was 

used to obtain subsamples. Sand fraction subsamples were leached for a day 

in excess 25% vol acetic acid to remove Carbonate skeletal material; fine 

residual material resulting from this treatment was decanted from suspension 

and separately collected: both coarse and fine fractions, when dried, were 

examined using a binocular microscope. Unleached and leached coarse and 

fine subsamples were then bleached for a day in a 10 per cent Na•dithionite 

solution to reduce and dissolve Fe and Mn oxides and hydroxides; dried 

residues were examined using a binocular microscope, An interesting feature 

not followed up through lack of time was the discovery, after dithionite 

treatment, that shell, rock and mineral fragments in some samples (904, 906, 

933) were covered with some apparently crystalline colourless mineral giving 

their surfaces a distinctly sugary appearance; conceivably this is a sec-

ondary carbonate or (?) opal. The samples examined were 904, 906, 933, 950, 

961, 962, 963, 972, 973, 974, 985 and 986. In almost every case shell 

material and rock fragments were coated or impregnated with an orange brown 

to dark brown mineral which disappeared after dithionite treatment; simil-

arly coloured dendritic structures and also foram casts disclosed by acetic 

leaching were bleached by dithionite treatment, as were the unleached fine 

fractions of these samples. Further work on the secondary minerals in these 

sediments is recommended. 
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APPENDIX 2  

CHEMICAL ANALYTICAL METHODS  

A2.1 	Instrumental Methods 

a. Optical Spectrography 

The spectrographic method used in the analysis of acetic acid insoluble 

residues of Moroccan sediments was that described by Nichol and Henderson-

Hamilton (Trans.Inst.Mining and Metall. v.74, part 15, pp 955-961, 1965) 

and in current use in the A.G.R.G. for soil and stream sediment analyses. 

The analyst was Mrs. E. Bannerjee; the instrument was a Hilger E742 large 

quartz emissionspectrograph. Prior to analysis, the samples were ignited 

in a furnace at 450°C for 3 hours to oxidise organic matter and eliminate 

combined water. Samples were analysed for Fe203  (representing total Fe), 

Pb, Sn, Ga, Bi, V, Mo, Cu, 2n, Ti, Ag, Ni, Co, Mn, Cr, Ba and Sr. Of these 

elements, Bi was always below the detection limit of 5ppm; Sn was also 

below the 5ppm detection limit in all samples except 1082 (40ppm), 976 (10 

ppm), 819 (5ppm) and 802 (Oppm); and Ag was always below a detection limit 

of 0.2ppm with the exceptions of samples 117 (0.2ppm), 934 (0.2ppm), 847 

(O.6ppm), 819 (0.2ppm), 893 (1.6ppm); therefore these elements were not 

further considered. 

In this method a synthetic rock base standard, approximating to intermediate 

rock composition and containing varying amounts of the different elements, 

is used to determine, by comparison, the composition of the samples. The 

assumption is made that typical soils and stream sediments do not differ 

significantly from average intermediate rocks to warrant matrix corrections 

provided it is accepted that the results are no better than semi-quantitative: 

this philosophy is accepted here with respect to marine sediment samples from 
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which carbonates have been removed. A series of previously analysed control 

soil and stream sediment samples were run with these samples by the analyst. 

Further control is given by the analysis of the international rock stand-

ards G1 and W1 and the writer included also a series of 20 samples analysed 

previously by direct reading emission spectrography for a comparison of 

method (cf. table A2.1). The accuracy and reproducibility of the method 

are described later. 

b. Direct Reading Emission Spectrography 

This spectrographic technique has been in use in the A.G.R.G. since 1963 

and is the subject of A.G.R.G. internal reports by Newman and Foster (1968) 

and Young (1970). Apart from its use in the routine analysis of soil and 

stream sediment material, it has also been used in the A.G.R.G. by Glasby 

(1970) in the analysis of Mn nodules; Mashy has further detailed the 

analytical proceedures and these will thus not be repeated here. 

Analyses of the acetic insoluble residues of sediments from Morocco and the 

Spanish Sahara were carried out on an ARL 29008 uantometer Direct Readout 

Spectrograph by A.G.R.G. technical staff; samples were ignited prior to 

analysis, as for optical spectrography. Again, G1 and 141 N4-re used as 

standards and a series of samples of known composition (known as the Stat-

istical Series) were run as controls. Corrections for analytical drift 

were assessed by the writer by determining for each element in the Stat. 

Series, the ratio of mean daily values (dz) to the mean values for the 

previous month (Mz) (table A2.2). Analyses were carried out on the 11th 

13th and 17th December, 1968 and the previous months averages were deter-

mined for the period 28.10.68 - 25.11.68. On certain days, and for certain 

elements, it was found that the difference between dz and Mz exceeded 30 

per cent; significant analytical drift was assumed to have occurred 

(Foster, pers. comm., ex-chief analyst, A.G.R.G.) and elemental determin-

ations were corrected by the ratio dz/Mz in these cases. The causes of 
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analytical drift and a discussion of this problem is given by Young (1970, 

A.G.R.G. Internal Report). In this method, the instrument is calibrated 

with synthetic rock base standards and it is assumed that the composition 

of the predominantly silicate mineral sediment samples is not sufficiently 

different from the rock base to warrant matrix corrections provided it is 

accepted that the results are semi-quantitative. The accuracy and reprod.. 

ucibility of the method are discussed later. 

This technique was also used to provide semi-quantitative analyses for a 

series of subsea phosphatic rocks to allow a preliminary assessment of 

subsea phosphorite geochemistry. Because of the high Ca content of these 

rocks it was necessary to make a correction for matrix effects due to Ca 

on the contents of Ba, Sr and V. To obtain some idea of the validity of 

these analyses (matrix effects due to large amounts of phosphorus were 

not investigated for example) three samples from the Phosphoria Formation 

were analysed at the same time; these were supplied by R.A. Gulbrandsen 

of the U.S.G.S., who had published previous analyses of these samples 

(Gulbrandsen, 1960. Results are discussed later. 

c. Atomic Absorption Spectrophotometry 

Moroccan sediment samples were leached for 48 hours in 257. vol acetic acid 

and the filtrate was analysed for Fe and Mn by L. Brown and P. Guise using 

a Perkin Elmer 303 Atomic Absorption Spectrophotometer. Because of known 

interference of Ca with certain elements and as the samples contcimed 

amounts of CaCO3  ranging from 10 - 957., approximate corrections for inter-

ference were applied as follows. Solutions of analar grade CaCO3  equivalent 

to sediments containing 307., 507., 70% and 907. CaCO3, were made up in 257. 

vol acetic acid; a range of Mn and Fe standards were made up from these 

solutions and calibration curves were obtained for the different strength 

carbonate solutions (cf. Fig. A2.1). Filtrates were divided into batches 
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to represent sediments containing 15 - 40%, 40 - 60%, 60 - 807. and 80 - 997. 

carbonate, and their Fc and En values were determined from the 30%, 50%, 

70% or 907. standard carbonate curves respectively. The results, although 

not highly accurate, are reasonable quantitative estimates within fairly 

narrow limits (cf. Figs. A2.1a and b). 

Zinc and Mg analyses were carried out by A. Forster on the filtrate from 

a 1N HNO3  warm leach of all rock samples. No corrections were made for 

Ca interference which, in the case of Zn is likely to be considerable. 

However, in that the sample analysed were of fairly constant matrix, 

results are expected to be internally consistent. No duplicates or rep-

licates were analysed. 

d. Mercury Analyses: 

Mercury analyses of selected rock samples were carried out by Dr. _ Pi D 

Bradshaw using a method described by James and Webb (1964, Trans.Inst. 

Mining and Metall. v.73, part 9, pp 633 - 641). Essentially, the Hg 

content of the vapour phase of heated samples is determined by measuring 

the absorption, by the vapour, of ultra-violet light at a specific freq-

uency. 

e. Infra-Red Spectral Analysis 

Dr. R. Chester of the Oceanography Department, Liverpool University, 

obtained infra-red spectra of most of the phosphatic rock samples discussed 

in text. According to Dr. H. Elderfield, Geology Department, Leeds Univ-

ersity, (pers. comm.) the spectra suggest the presence of structural 

carbonate within the apatite lattice. 

f. X- ay Diffraction Analysis 

Samples were ground extremely fine in an agate mortar and then analysed 

on a Phillips Proportional Counter X-Ray Diffractometer with wide angle 
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goniometer, using CuK radiation. By this means, using equipment in the 

Geology Department, University of Manchester, the writer analysed smear-

mounted whole rock and mineral separation samples of 136.1, 139.1, 148, 

154, 156, 235, D134, 21037, F127, TAS 3D, and TAS 41D during preparation 

of purified carbonate-apatite for mass spectrometric analysis. Operating 

conditions were a scan speed of 1°/min, a slit of 10, a ratemeter setting 

of 200c/s and chart speed of 1600 mm/hr. 

Samples of the acetic acid insoluble residues of selected sediment samples 

were analysed, in cavity mounts, by R. Curtis in the Geology Department, 

Imperial College. Operating conditions were: scan speed 2°/min; time 

constant - 1 sec; scale factor - 8 x 1; divergence (4) - 1; slit - 0.1mm. 

Qualitative results determined by the writer from diffraction data are 

presented in table A2.4. 

g. Redox Potential Determinations 

Redox potential measurements were made on board ship, by the writer, on 

selected surface sediment samples and at approximately 1 foot intervals 

down cores immediately after their collection. Measurements were made 

using specially shaped long electrodes supplied by Analytical Measurement 

Limited, in conjunction with a portable battery operated (pocket) meter. 

A mixed solution of M/300 potassium ferrocyanide and M/300 potassium 

ferricyanide, developing an Eh of +183mv was used as a standard, and 

all Eh values were corrected with respect to the standard hydrogen electrode. 

Readings were taken at 0, 2, 5, 10, 15 and 20 minute intervals and it was 

found that, in each case, equilibrium was reached after about 10 minutes, 

so all quoted readings are from 10 minutes after electrode insertion. Core 

measurements were taken by inserting the electrodes through holes drilled 

through the plastic liner; the holes were sealed with plasticene while 

readings were being taken. 
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h. Electron Microprobe Analysis 

Highly polished sections of selected phosphorite samples were prepared 

using techniques similar to those described by Glasby (1970) and, prior 

to analysis, these were coated with a thin film of carbon. Excitation of 

a small area of the sample by an electron beam produced a continuous spec-

trum containing X-Radiation characteristic of each element present in the 

sample. Using a spectrometer and pulse-height analyser, radiation charac-

teristic of chosen elements was selected and the distribution pattern of 

its intensity was reproduced on an oscilloscopescreen and photographed 

using Polaroid Land Film, type 47. Back scattered electron distribution 

was measured in the same way to give a picture of the sample surface; scatt-

ering differs according to surface topography and the atomic numbers of the 

elements present. The areal distribution patterns so measured were achieved 

by electron beam scanning of a small area of the sample surface; scale 

measurements were not always taken but the scale can be assessed from the 

size of recognisable foraminiferal skeletons. Elemental distributions are 

represented on the photographs by a series of white dots, the intensity and 

density of which are functions both of concentration and exposure time; 

their density thus gives only a semi-quantitative picture of the elemental 

distribution. All the instrumental work was carried out by Dr. P. Suddaby, 

Geology Department, Imperial College, using a Cambridge Instruments Geoscan. 

i. Mass Spectrometric Analysis 

Carbonate-apatite separates from samples 139, 148 and FI27 were analysed by 

the writer using the A.E.I. MS 7 mass spectrograph in the Geology Department, 

University of Manchester; the operations were supervised by Dr. G.D. Nicholls, 

whose technical staff and students provided valuable assistance. The tech-

niques used are essentially identical to those described by Nicholls et al, 

1967 (Analytical Chem. v.39, pp 584) and Glasby (1970), so are not described 

here in any detail. The method involves the introduction of Re into the 
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sample as an internal standard, and comparison of the intensity of selected 

element lines with the intensity of the standard Re line. The samples were 

drymixed with an equal amount of rock base containing 21.1ppm atomic Re 

prepared by Glasby (1970). The resultant powder was then mixed with an 

equal weight of Ringsdorf spec-pure graphite, ground for 30 minutes in an 

agate mortar and pestle, and pressed into electrodeS ready for analysis. 

In this work, exposures in the range 0.3 to 1500 x 10-9  coulombs were used, 

enabling elements to be determined to 0.5ppm. Where extrapolation of the 

calibration curve was required to determine the abundance of certain elements, 

the data in tables 7.3.4 and 7.3.5 are starred. Instrumental settings and 

operating conditions were as described by Glasby (1970, table 31, p.440) and 

the R-values used in determining elemental abundances were the same as those 

quoted by Glasby (1970, table 32, p.444). There was not sufficient time for 

more than one analysis per sample, and consequently no precision calculations 

can be made. However, on analysis of dry-mixed manganese nodules, Glasby 

(1970) obtained precision levels of the order of * 25%, and similar figures 

are reported by McArthus (PhD thesis, in preparation, University of London) 

from the analysis of dry-mixed phosphorites. As far as accuracy is concerned 

the present results,agree within reasonable limits, with analyses by McArthur 

of related material from adjacent sample sites, and furthermore the rare-

earth ratios compare favourably with those determined on similar material 

by other workers using other analytical techniques (cf. table 7.=..5). 

A2.2 	Wet Chemical Analytical Techniques: Sediments 

a. Colorimetric Phosphate Analyses 

Colorimetric phosphate analyses were carried out using a method based on 

A.G.R.G. Tech. Conn. 52 (modified from a method by Ward, Lakin and Canney, 

U.S.G.S. Bull. 1152, p 66, 1963). All Moroccan samples from traverses 5, 
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15 and 21 collected during 1968, and the different size fractions of those 

samples from traverses 5 and 15 which had been separated into size grades, 

were analysed by the writer; core samples and total sediment samples 

collected during 1969 from the detailed study area south of Safi were 

analysed by Miss B. Clavering as were Saharan surface samples and mineral 

separations. 

The modified method is briefly described:- 

(1) A 0.1gm sample in a test tube is leached for 1 hour with 2m1 of 4M -003  

on a sand tray; 

(2) when cool the solution is diluted to 10m1 with water, mixed, and ' 

allowed to settle before a 5m1 aliquot of the clear solution is pip-

etted into a test tube calibrated at 5, 7 and 10m1; 

(3) 2m1 of ammonium metavanadate-molybdate solution is added and the 

solution diluted to 10m1 with water, mixed, and allowed to settle for 

30 minutes; 

(4) the colour of the solution is visually compared with a standard series 

to determine its phosphate content. 

Shipboard colorimetric phosphate analyses were carried out .y the writer 

on the 1963 cruise, and by the writer and Nutter on the 1969 cruise, in 

order to monitor sampling progress at sea. A volumetric scoop was used to 

obtain approximately 0.1gm of sediment or crushed rock, which was then 

leached overnight in cold dilute nitric acid and analysed by the above 

technique the following day. Reagents required on board ship were weighed 

out, prior to the cruise, into plastic vials or polythene bags and cn 

adequate supply of deionised water was obtained using a deionising column 

and distilled water supplied for the shipls batteries. Results compare 

favourably with those obtained subsequently in the laboratory (Fig. A2.2) 

thus proving the viability of this method as a field analytical tool. 
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Reproducibility of the method is discussed later. 

b. Carbonate Analyses 

Carbonate analyses were carried out by Miss B. Clavering on all surface 

sediment samples and size fractions, using a method based on that described 

in A.G.R.G. Tech. Comm. 53 for the analysis of soils and stream sediments. 

Certain modifications were made to the proceedure to account for the high 

carbonate content of the marine sediments and a brief description of the 

modified method is given below. 

(1) A 0.1gm sample in a testtube is leached for 1 hour with 10m1 of 0.2N 

1IC1 in a boiling water bath; 

(2) when cold the solution is diluted to 10m1 with water, mixed and 

allowed to settle before a 5m1 aliquot of clear solution is pipetted 

into a 100 - 250m1 conical flask; 

(3) the solution is diluted to 50m1 with water, a few drops of phenolph-

thalein indicator are added, and the excess acid is titrated against 

0.2N NaOH; 

(4) knowing the titre and the blank, the concentration of carbonate can 

then be calculated. 

c. Organic Carbon Analyses 

All surface sediments were analysed for organic carbon by P. Guise, using 

a method devised for soils and stream sediments and described in A.G.R.G. 

Tech. Comm. 32 (based on Schollenberger, 1927, Soil. Sci. v.24, p.65). 

Briefly, samples are oxidised by a mixture of K-dichromate and 132504; 

excess H2SO4 is determined by titration against ferrous ammonium sulphate 

solution and, knowing the titre, organic carbon can be calculated. 

A2.3 Wet Chemical Analytical Techniques: Rock Samples  

Arsenic analyses were carried out on selected rock samples by Mrs M. 

Clemens, using a method described in A.G.R.G. Tech. Comm. 49. Briefly, 
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the method, known as the Gutzeit method, involves the evolution of arsine 

gas which, when adsorbed onto HgC12, gives rise to a colour complex the 

intensity of which is proportional to As content. 

Using a method described in A.G.R.G. Tech. Comm. 17 Mrs. Clemens also 

carried out Antimony analyses on these same samples. The method involves 

the formation of a distinctively coloured organ-metallic complex whose 

intensity is proportional to Sb content. 

Mrs. Clemens also carried out organic carbon analyses on these rock samples, 

using the method described in A.G.R.G. Tech. Comm. 32. 

Volumetric phosphate analyses were carried out by the writer using a 

method devised for phosphate rocks and described in detail by Bennett and 

Hawley (Methods of Analysis of Silicate Rocks, 2nd Ed., 1965, Academic 

Press, London, pp 259 - 260). In brief, the method involves obtaining an 

ammonium molybdate precipitate which is then dissolved in NaOH; the excess 

NaCH is determined by back titration with HNO3 and, knowing the remaining 

reacted Na0H, the P205  content can be calculated. All these analyses were 

carried out in duplicate. 
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APPENDIX ,3 

ANALYTICAL PRECISION AND ACCURACY 

Duplicate and replicate analyses on randomly selected samples were carried 

out by each analytical method to enable precision calculations to be made. 

Usually between one third and one half of any batch of samples were anal-

ysed in duplicate and one in twenty samples in replicate. Calculation of 

precision from duplicate analyses was carried out using a method described 

by Khaleelee (1969):- 

The percentage deviation of each duplicate analysis from the mean of each 

pair of determinations is given by:- 
-1 

= 1 ac 
2  
ativi x. 4. 3L i x.. i x 100 

.- 
-a ..- 

2  
--.-- 

where xi and xii  represent the two determinations. 

The mean percentage deviation for all duplicates is given by:- 

lc) = 2xpi 
N 

where N represents the number of duplicate pairs. 

The standard deviation of the individual percentage deviations (Xpi) about 

the mean percentage deviation (Xp) is given by:- 

03 = Z(x  
2 

Pi 
N - 1 

At the 95 per cent confidence level, if individual percentage deviations 

are normally distributed about the mean, the precision may be estimated 

thus:- 

p = t (gyp t  2o--.) per cent. 

Where five or more replicate determinations were carried out on one sample, 

precision was estimated using the following standard calculation:- 

P (at the 95% confidence level) = t 200 FX2  N.X2  
N - 1 

Xpi 
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where X = each determination; X = the mean of all determinations, and 

N = the number of determinations. 

Where several different precision values were available for different 

batches analysed at different times, a mean precision figure was calculated: 

analytical precisions were as follows for wet chemical analytical methods:- 

(1) colorimetric phosphate: t 117. (mean of several duplicate and replicate 

values; 

(2) volumetric phosphate: t 117. (replicate analyses); 

(3) titrimetric carbonate: ± 57, (mean of several duplicate and replicate 

values); 

(4) atomic absorption: t 13% (duplicates of soluble Fe); - 23% (duplicates 

of soluble Mn); 

(5) As, Sb and Coro: respectively t 33%, t 257, and t 14% (based on dup-

licates). 

There were no duplicate or replicate analyses for Zn or Mg atomic absorption 

analyses, nor for Hg analyses, but other A.G.R.G. workers regularly attain 

precisions of better than - 257, in the analyses of these elements by the 

techniques used here. 

Precisions obtained for spectrographic analyses are quoted in table A2.3. 

Precision for most elements analysed by optical emission spectrography is 

between ± 307. and ± 407, the most notable exceptions being Zn 	65%) and 

Co (t 52%). For most elements analysed by direct reading emission spectro-

graphy mean precision is between t 127 and t  287,, the notable exception 

being Zn (t 52.5%). 

Compared with accepted values or ranges for the international rock standards 

G1 and W1 (table A2.7) the present direct reading emission spectrographic 

analyses of these standards gave results for most elements more or less 

within the limits of analytical error (approx. - 30%). Cobalt values are 
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very slightly low and Pb and Zn high for Wl; in the case of Cl, Ba is 

slightly low, while Ti and V are high. Precisions often notably decrease 

for very low elemental abundances, which may explain the divergence for Ti 

and V in G1 and of Pb in Wl. Glasby (1970) also notes that spectral line 

characteristics for Zn and Pb give rise to bad precisions. In general, it 

seems that this instrumental method is reasonably accurate for semi-quant-

itative work in the rcnge of abundances represented by the presently anal-

ysed sample population. Matrix effects have not been considered but are 

unlikely to be significant for semi-quantitative analyses of the types of 

materials analysed here in which there is not much matrix variation and 

where the matrix approaches average silicate rocks. 

Optical emission spectrographic analyses (table A2.7) of 141 show Sr analyses 

to be slightly low and V analyses to be slightly high (>t 407. deviation); 

Sr is low and V high also for G1 and, in addition, Ba is slightly low and 

Pb slightly high in Gl. The consistancy of the Sr depletion and V enhance-

ment suggests instrumental error; the effects of this on data processing 

should be insignificant since all samples were analysed in one batch and 

under the same instrumental conditions. The G1 data tend further to suggest 

that Pb and Ba analyses may be unreliable at relatively high concentration 

levels but not to sufficient of an extent to materially affect the present 

semi-quantitative analyses. 

Direct reading and optical emission spectrographic results on the same 

acetic acid insoluble residues of sediments (samples 111, 112, 113, 114, 115, 

IIG, 117, 119, 120, 121, 125, 126, 127, 137, 144, 150, 151, 153, 154, 155) 

were compared to ascertain the degree of reproducibility. The mean ratios 

of D.R. determined to optically determined spectrographic abundances for 

each element were:- Pb (0.89), Ga (0.64), V (1.00), Cu (0.87), Zn (0.79), 

Ti 0.97), Ni (0.75), Co (0.54), En (1.11), Cr (0.34), Ba (0.65), Sr (1.33). 
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Clearly, although results in no case diverge by more than t 507., direct 

comparison between the sets of results obtained by the two methods is not 

realistic; the direct reader results are consistently low by about:I57. on 

average. 

To determine the feasibility of using the wetchemical techniques and the 

direct reading emission spectrographic method as set up - for silicate 

rock analyses - to give meaningful semi-quantitative analyses of phosphatic 

whole rocks, three previously analysed Phosphoria Formation phosphorites 

were analysed by this method (table A2.6). Mean abundance ratios (A.G.R.G. 

analyses/U.S.G.S. analyses) showed that Sr, V, Cr, Corg  and As are between 

30 and 50 per cent low and Sb is a little over 507. low, while Fe is between 

30 and 507., high and Mn, Pb, Ca and Zn are more than 50% high. The remaining 

elements are within ± 307. of previously determined values. It is argued 

that as both A.G.R.G. and U.S.G.S. analyses were semi-quantitative, those 

results within ± 50% may be considered to give a reasonable semi-quantitative 

estimate of minor element abundances in these rocks. Ca is but slightly 

over 507. different, and varies consistently with previously determined Ca 

variations (table A2.6) so its use in data processing is acceptable. Mn, 

Pb, and Zn results however are far from reliable and their use in data 

processing should be treated with extreme caution. In summary, the fact 

that the matrix of the chosen rock sample population is fairly constant 

suggests that the results should be internally consistent; the fact that 

most elements are within ± 507. of previously determined values on phosphor-

ite standards suggests that the present analyses give a meaningful estimate 

of phosphatic rock geochemistry. 

Lastly it should be pointed out that, in data processing, where only trace 

amounts (below detection limit) of certain elements were recorded, values 

equivalent to half the quoted detection limit for those elements were used 

to represent trace concentrations. 
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APPENDIX 4  

LITHOLOGICAL AND AGE DATA 

Results of visual and petrographic analyses of rock samples are listed in 

table 5.1. A number of Moroccan samples (mainly phosphatic). were palaeon-

tologically analysed by Mr. D. Carter, Geology Department, Imperial College, 

and a further number (mainly non-phosphatic) were analysed by F. Deres and 

D. Fournie of the Societe Nationale des Pgtroles &Aquitaine, Pau, France 

(their results are quoted by arrangement with Mr. Bhat of S.N.P.A.). In 

most cases the data on which identifications were based was not given in 

any detail. 

Mr. Carter found that pelletal foraminiferal limestones 134 and 966 contain 

Orbulina universe D'ORB and are therefore younger than the 'Orbulina Datum: 

low in the Miocene and may be of Miocene age. Orbulia universe D'ORB., 

was also recognised in the matrix of glauconitic phosphatic conglomerates; 

a Miocene age for these last samples is corroborated by K.Ar dating and it 

is assumed that all glauconitic phosphatic conglomerates are of this same 

age. 

Mr. Carter also dated the following Saharan samples; 257, a fine grained 

sandy limestone, and 259, a fine grained shelly limestone, were found to 

be probably lower Miocene; sample 273, a shelly limestone, was found to 

be probably upper Miocene. 

Mr. S. Rye, Geology Department, Imperial College, found soft Saharan lime-

stone sample 252, and unconsolidated sand samples 256, 258 and 277, to 

contain Recent faunas mixed with a phosphatised, derived lower Pliocene 

fauna characterised by abundant Globorotalia truncatulinoidec. 
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K.Ar Determinations (table 5.2) 

K.Ar'analyses were carried out by Dr. M. Dodson and D. Rex of the Geology 

Department, Leeds University, on whole rock samples 234 and 154, and on 

glauconites separated from certain rock and sediment samples. A concen-

trate of subrounded to subangular black to light green glauconite grains, 

soE.e showing syneresis cracks, was obtained using a magnetic separator and 

heavy liquids, from the 250-125 micron size fraction of continental slope 

sediment sample 155. A concentrate of smooth, black, subrounded and 

cracked glauconite grains was obtained, using a magnetic separator, front 

the 500-250 micron fraction of continental slope sediment sample 882. A 

concentrate of moderately light green angular to subangular 'knobbly' 

grains of glauconite was magnetically obtained from the same size fraction 

of continental shelf sample 833; several of the grains in this sample 

appear to be partly glauconitised rock fragments; these could not be 

separated without considerable difficulty. The method of concentration 

of glauconite from rock samples 848 and 377 has already been described. 

Whole rock sample 234 consisted of a partially glauconitised phosphatic 

limestone; whole rock sample 154 consisted of a glauconitic phosphatic 

conglomerate. 

Table 5.1 Summary of Geological Data Pertaining to Rock Samples 

Column 1 = sample types: p represents pebbles and r represents cobbles, 

boulders and bedrock. Columns 2, 3 and 4 represent rock types: F = flint, 

C = conglomerate, L - limestone, S = sandstone, St = siltstone, N = mud-

stone, Ph = phosphorite, G = glauconitic, Sy = silty, Calc = calcareous, 

Sh = shelly, P = phosphatic, P1 = pelletal. Where a rock is (say) a 

silty limestone, it will be defined thus - Sy,L. Where two rock types 

were dredged at the same site the symbols for each type are separated by 

a semicolon thus:- sandstone and glauconitic, phosphatic, conglomerate are 
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represented by S;G,P,C. 

Column 2 represents phosphatic rocks; column 3 represents other lighologies; 

column 4 represents rock types which proved dateable; column 5 lists pal-

aeontologically determined ages. Ages marked with + were determined by 

Mr. D. Carter; the unmarked ages were determined by M. Deres and M. Fournie. 

Phosphatic rocks examined in thin section by the writer are marked with an 

asterisk. 

Sample 
No. 1 	2 3 4 	5 

313 
815 
817 
818 

G,P,C.* 

Ph 
Ph 

Calc,St 
G,Sh2L. 
Calc,M. 
Sy,L. 

L 
Ni 

?Palaeocene (Landinian) + 
Eocene (Lutetian?) 

319 P,L.* Ni Eocene (Lutetian ?) 
320 P,Calc,S* 
821 L 
823 L;St St Up.Cret.(Turonian-low,Senonian) 
326 Calc,St 
029 L;St St Up.Cret (?) 
338 Sy,L 
831 L;Calc,M N Up.Cret(above Danian) 
332 Ph L 
833 G,P,C.* M Up.Cret.(Turonian) +; Up.Cret. 

(Ceromanian-Santonian) 
834 Sy,L;F;M NI Eocene 
336 L;Sh,St 
337 S 
841 G,P,C.* Calc,St 
347 G,P,C.* 
848 G,P,C.* 
855 P,L.'• L;Calc,M Up.Cret. 
356 Sh,L;M 
859 St 
860 Ni Up.Cret.(Turonian) +; Up.Cret. 

(Santonian-Campanian) 
862 M;Calc,St Up.Cret.(Santonian-Campanian)

+ 

364 M;Calc,St 
865 G,P,C.* 
371 Sh,L L Cretac. 
873 N 
375 G,P,C.* P,Calc,St* 
876 Calc,M;St 
877 G,P,C* C Tertiary 
330 St 
882 Calc,M 
883 G,P,C.* Sy,L 
151 Ph L;M 
152 G,P,C.* L Ph Eocene+  (pebbles) 
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154 r G,P,C.* Ph Eocene 	(pebbles) 
892 r Calc,St 
393 r G,P,C L;M N Palaeocene-Eocene 
894 r M;S 
695 r M 
896 r G,P,C.* St;M N ? Eocene 
898 r G,P,C.* N 
899 r G,P,C.* L 
149 p St 
143 r Ph;G,P,C* Ph Eocene+ ; Tertiary 
157 r Ph;G,P,C* 
902 p St 
904 p S;St;L 
906 r F;S;L 
907 r St;Sy,L 
903 r M 
909 r Sh,L;M;S 
910 r S 
911 p S 
914 r M;I, L Low.Cret.(? Neocomian) 
915 r Ph N 
916 r M;Sy,L 
922 r 121,P,C* S;M S 	? Eocene 
923 r P1,P,L* St,S 
924 r P1,P,L* N;Sh,L Sh,L Low.Cret. (Barremian-Aptian?) 
930 r S 
931 r P1,P,L* L;Sy,M 
932 r L 
933 r Pl,P,L* J;Sh,M N; Up.Cret.(above Danian) 
942 p St 
948 r Calc,N 
949 r Sh,L 
950 r P,L 
952 r Sy,L 
954 r P,L* M 
958 r Pl,P,C* S;L 
959 r P1,P,L* Ph Eocene+  
960 r M 
961 r Pl,P,C* Sh,L Ph Tertiary with Up.Cret.Pebbles 
963 r P1,P,L* 14M L Up.Cretac. ? 
964 r Pl,P,C* S;M Ph Up.Cret.pebbles+; S = Tertiary 
965 r St 
966 g P1,P,C* Calc,M Ph ?Miocene; N = Eocene(Lutetian) 
972 p St 
973 r Ph L 
974 p Sh,L L Eocene (Lutetian) 
976 p M;S 
978 r M;I, 
979 r NI 
980 r M;Sh,M Up.Cret.(above Danian) 
982 r Pl,P,C* L;Sy,L Ph Up.Cret.pebbles+  
985 r S 
987 r M;S 
988 r P1,P,L* M Ph ?Early Tertiary 

 

989 r Pl,P,C* L;St St Up.Cret.- low.Tertiary 
996 r Sy,N 
997 r Ph 
1001 r S 
155 r Ph M;L 
156 r Ph;G,P,C* Ph Eocene+ 
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903 p G,P,C* M;St 
1004 r P1,P,C* L,M Ph Up.Cret.-low.Tertiary+; M = 

Up.Cretac.(above Danian) 
1006 p P1,P,C* 
1014 p Sy,L 
1015 r Calc,M 
1016 p P1,P,C* Sy,L Ph Eocene+; M = Up.Cret. (above 

Danian) 
1017 p Sy,L 
1020 p L 
1022 p P1,P,C* St Ph Up.Cret.(?Sienonian)+  
1028 r S S Tertiary 
1031 p S 
1033 r L 
1035 r Ph L 
1037 p Ph 
1033 r P1,P,C* L Ph Up.Cret.pebbles+  
1040 r L L Up.Cret.(above Danian) 
1055 r L 
1056 r G,Ph' Ph ?Miocene 
1070 p L 
134 r P1,P,L* Ph ?Miocene+  
135 r P1,P,L* Ph Eocene+; Ph = Tertiary 
136 r P1,P,L* L Ph Eocene+ 
139 r P1,P,C* Ph Eocene pebblee; Ph = Tertiary 

Table 5.2 K.Ar Analyses Carried Out by Dodson and Rex, Geology Department, 
Leeds University. 

-6 
The Vol.4°Ar is expressed in rad.scc/g x 10 . 

Sample 	No. 	7.K Vol.40Ar 	%40Ar rad. 	Age m.y. 

Whole Rock 
Whole Rock 
Rock Glauconite 
Rock Glauconite 
Rock Glauconite 
Sod. Glauconite 
Sed. Glauconite 
Sed. Glauconite 

154 
234 
848 
877a 
877b 
155 
833 
882 

2.12 
0.46 
5.04 
4.88 
4.73 
6.88 
3.96 
6.94 

4.33 
4.10 
2.17 
2.14 
2.21 
3.98 
1.68 
3.66 

67.3 
67.1 
33.9 
44.0 
42.1 
55.1 
25.6 
60.9 

49.1 t 3 
210 	+- 10 
10.8 +- 0.5 , 
11.0 + 0.5 z 
11.7 1 0.5 
14.4 4-4:  0.5 
10.6 - 0.5 
13.1 t 0.5 
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APPENDIX 5  

TABLES  

Table 1.4.1 Binocular Microscope examination of different size 
grades. A = Abundant, C = Common, R = Rare. Symbols 
in parentheses represent variables noted only in 
acetic acid insoluble residues. Samples 837,154,155 
and 882 are from the continental slope; the rest are 
from the continental shelf. 

0 

0 
4- 

0 e* 

X: 
0 

M C 
--, 
0 
L Z 	Occi-ramoov 	U) — c.) a) 0 c c L. co 0 0 0 -0 	co -- 0 0 C 0 0 0 0 I- 	. 	t0 to 	C 	000001- 	 • 	a) 0 	C ii) 	0 4- 4- .c u) 	c).  0•  2 — 2 g.rf.4_ —4-  2 o• 2 	0 4- 4- ..c tn 	• • 0 	IJI 6.) N 4- 0 • 0 — 	4- m o ct. 0 .. 	 -I- IA 0 CI- n 	(..1 C.) c — E co +- 	N 0 .0 0. 	m m-0 M— I- m 0 .- m m c L. 1.. 0 0 .c 	P3 2 -E 8 = 4 = =, — as ro c 1- I- 0 0 ..c E 	10 E C 0 -- 0 0 -..- ..0 L I- 0 0 4- ›... 0 0 	0 le .0 L L 0 0 4- >. 0 W 

(Cl 	7 .." (0 ..0 0 .JC .." CO 0 0 0 06 7 0 )-. -- 	= ..- (0 -C 0 AC -- -" 0 0 0 0- 	0 1.- -- 
V) 	2: -.1 VI OL ZE 01 CD CD 'La 0 U- 41 Or 0 off) 0 U. 	X --I Lf) 0- X (j) CD (D LLI 0 U- tr) cr cl CD CD LL. 

Very Coarse Sand 	•  Fine Sand 

150 	 ARCCR 
832 A CRC 	R (R)R C 	A R R 
833 	A 	C R 	 R 	(R)R(R)C R A(M' ) R 
834 	A 	C C 	C 	 (R)R R C 	A(R) R R 
151 CC C.R C 	 (R)R C 	ARRR 
153RRR AC 	 (R)R C 	A 
836 	C 	R A R 	 (R)R C R A(R)R R C 
873 A C 	C 	R C 	A 	 R 

837 	C A R 
154 	RA R RCR 
155 RRRRCRC 
882 	C 	CRRACR 

Coarse Sand 	 Very Fine Sand 

150 	 CCAR 
832 A R A 	 (R)R C 	A(R) 	C 
833 	A 	R R A 	R R R 	 (R)R R 	A(R)R R C 
834 A CCA 	 (R) C 	A RRC 
151 C RR CC 	 (R)RCRARRR 
153 R RCAC 	 (R) C 	A R R 
836 	RARRR 	R R 	 (R)R C 	A CRC 
873 	C 	R 	A R 	R 	(R) 	C 	A(C)C R C 

837 	RA AC 	'R R 	(R)R C 	A CRC 
154 	C A 	C 	C UR1R) (C) 	 (R)R C R A R R R C 
155 	RCCCRAC 	R 	(C) 	 (R)RCRARRC 
882 	RR 	A R 	A 	 (R) 	C 	A(R)R R C 

Medium Sand 

150 
832 A R A 
833 	C 	(R)C 	A 	C R'R 	(R) 
834 	C 	(R)C A C 	C 	R• 	R 
151 	R 	(R)R A 	R R 	 R R 
153 C (R)C A 
836 	(R)C C RCR 	R R 
873 	R 	A R 
837 	RR CR RR 'RR 
154 	CC C R A(R)R RR 
155 BCCR C 	A(RY'sR) .R 
882 	(R) (R)C 	A 	. 	(R) 

8 4- 

N 0 	0 CO 	 0 M 	0 (0 
0)0 	a) 	L. 	 0) CO 	0 	I- 
C C 	— 0 	 0 C = 	^- 0 

..... 	 C M C 0 	 M C M 4..... 
4- Q. 	0 — 4- 	 (I) .0 — —4- —0_ 	0 -- 

CO0 V) 	0 	4- 
0 	

.-- X Q. 	0 0 	
4- (0 0 VI 

	

0 0 .-- 	0 	
...., 	5 	0 
CL 	0 0 

R 	(R) 	A R A R(C)R R 
RRA R A(RER)R A 
R (R)A 	A(R)::',)R A(R) 

(R) (R)A 	A(R)R(R) C 
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Table 1.4.2 Granulometric characteristics of some Moroccan and Saharan 
sediments (phi units). Column 1 = Md total sediment; 2 = Md carbonate 

fraction; 	3 = Md detrital fraction; 	4 = Mc' phosphatic fraction; 

sorting of total sediment; 	6 = sorting of carbonate fraction; 	7 

ing of detrital fraction; 	2 = sorting of phosphate fraction. 

Sample 

5 = 
= sort- 

No. 1 2 3 b 5 6 7 8 

125 4.4 4.35 4.6 4.4 0.32 0.35 0.32 0.27 
126 4.1 4.02 4.5 4.15 1.40 1.40 0.47 0.95 
127 4.3 4.2 4.45 4.10 0.60 0.77 0.32 0.55 
133 2.0 1.95 2.00 2.40 1.10 0.55 1.01 0.85 
134 1.4 1.2 1.90 2.20 2.10 1.40 1.96 1.55 
137 3.0 2.95 3.0 3.10 0.55 0.60 0.45 0.57 
140 3.1 2.98 3.8 3.3 0.90 1.25 0.87 0.35 
144 4.4 4.25 4.62 4.45 0.57 0.82 0.35 0.45 
150 4.6 4.5 4.60 4.62 0.30 0.27 0.31 0.40 
151 2.9 2.9 4.40 1.50 2.40 2.35 2.57 2.35 
153 2.2 2.5 1.10 0.30 1.77 1.00 1.62 1.70 
154 2.85 2.5 4.32 2.12 1.55 1.85 0.72 1.35 
155 3.00 3.9 4.2 2.42 1.55 1.40 1.00 1.45 
922 1.45 1.32 2.10 1.92 1.32 1.22 1.69 1.25 
923 1.10 1.10 1.40 1.68 1.27 1.20 1.55 1.4 
926 1.50 1.30 3.70 1.30 1.15 1.30 1.97 1.55 
927 3.15 2.60 3.42 3.20 0.80 0.35 0.41 0.70 
931 1.35 1.20 2.10 1.20 1.25 1.10 1.95 1.30 
936 4.15 3.90 4.25 4.10 0.80 1.25 0.55 0.80 
937 1.00 0.95 2.75 1.92 1.00 0.75 0.2 0.9 
986 0.50 0.45 0.75 0.70 0.60 0.60 2.35 0.7 
937 -0.10 -0.10 0.00 0.00 0.50 0.45 2.25 0.6 
989 3.10 2.20 4.5 2.05 1.80 1.35 1.07 2.00 
991 3.70 2.55 4.2 3.2 1.50 1.45 1.12 1.55 
992 2.00 1.80 2.35 2.20 1.30 1.40 1.45 0.50 
993 2.40 2.20 2.90 2.90 1.10 1.00 0.95 0.55 
992 2.70 3.00 2.30 1.40 1.30 0.50 
999 0.70 0.70 0.25 0.00 1.15 1.15 1.23 1.25 
1079 2.75 2.50 2.85 2.30 0.62 0.75 0.55 0.40 
1080 2.90 2.70 3.10 2.90 1.0 0.85 1.01 0.65 
1081 4.60 4.40 4.30 4.60 0.5 0.60 0.47 0.60 
1083 4.75 4.60 4.78 4.60 0.35 0.4 0.35 0.35 
1085 4.60 4.40 4.70 4.60 0.45 0.75 0.39 0.55 
1086 4.10 3.40 4.35 4.20 1.10 1.10 0.91 0.60 
1028 2.55 2.30 2.92 3.05 1.30 0.95 1.26 0.35 

255 1.7 
256 1.2 
258 0.5 
257 2.3 
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Table 1.4.3  Redox potential measurements on some surficial sediments; 

all readings are positive. 

Sample 
No. Eh(mv) 

Sample 
No. Eh(mv) 

Sample 
No. Eh(mv) 

110 133 224 365 250 387 

125 399 225 115 251 127 

126 367 226 147 252 367 

127 267 227 277 256 377 

128 <67 228 147 257 425 

133 <67 230 <67 258 407 

134 385 232 137 259 392 

137 202 233 <67 260 419 

140 97 234 365 262 422 

141 97 235 449 263 367 

143 162 237 389 264 297 

144 102 238 389 272 389 

155 383 239 377 273 365 

154 132 240 357 270 430 

153 385 241 402 274 117 

151 197 242 345 275 345 

150 87 244 367 278 122 

221 <67 245 337 279 155 

222 •c67 246 327 281 155 

223 <67 247 384 282 97 

249 500 
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Table 2.2.1 Granulometric characteristics of the phosphatic and detrital 

components of the sand fraction of selected sediments (phi units). 

Column 1 - Md detrital components; 2 = Md phosphatic components; 3 = 

sorting of detritals; 4 = sorting of phosphatic components. Values for 

151, 154 and 155 were calculated on a glauconite-free basis. 

Sample Sample 
No. 1 2 3 4 No. 1 2 _ 3 - 4 

125 2.3 2.7 0.67 0.81 936 3.25 3.08 0.20 0.46 

126 1.85 2.9 1.05 0.9 937 2.65 1.90 0.17 0.92 

127 2.68 3.2 0.93 0.27 986 0.38 0.67 0.45 0.75 

133 1.95 2.4 1.01 0.82 987 -0.2 -0.1 0.6 0.53 

134 1.70 2.2 1.50 1.55 989 2.65 1.6 0.67 1.61 

137 3.00 3.08 0.45 0.57 991 2.45 2.35 0.77 0.84 

140 3.1 3.2 0.42 0.25 992 2.18 2.15 0.66 0.45 

144 2.62 2.95 0.7 0.65 993 2.40 2.15 0.75 0.52 

150 3.22 3.25 0.17 0.18 998 2.58 2.25 1.05 0.90 

151 -0.1 0.1 1.5 1.35 999 0.22 -0,1 1.15 1.25 

153 0.85 0.70 1.6 1.57 1079 2.85 2.80 0.4 0.37 

154 3.05 1.90 1.0 0.87 1080 2.85 2.90 0.5 0.51 

155 2.60 2.18 1.5 1.37 1081 3.12 3.12 0.28 0.27 

922 1.72 1.35 1.20 1.32 1083 3.15 3.15 0.23 0.21 

923 1.30 1.60 1.43 1.30 1085 3.02 3.06 0.37 0.36 

926 1.70 1.00 1.37 1.12 1086 2.97 3.12 0.52 0.37 

927 3.20 3.05 0.21 0.47 1088 2.45 3.02 0.57 0.60 

931 1.90 1.15 1.45 1.26 
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Table 2.2.2 Phosphate contents (per cent P205) of selected mineral 

fractions from different size grades of shelf and slope sediments off 

Cap Sim. 

Sample 
No. 

.-.. 

Separated Biogenic Debris Glauconite 

Pebbles 	Unleached 
and 

Granules Silt Clay 

(0 phi) 

Coral 
and 

Mollusca 
0 phi 

Mainly, 	-k00,' 
Foraminifera 

2 phi 3 phi 4 phi 1 phi 2 phi 3 phi 4 phi 

154 0.08 0.26 0.30 
155 0.08 4.5 0.34 0.45 
832 0.10 0.10 0.15 0.14 13.5 
333 0.17 0.10 0.20 0.14 0.18 0.17 4.5 
334 0.13 0.16 0.19 1.3 
836 0.11 0.16 0.22 1.5 
837 0.13 0.14 0.20 9.0 
873 0.22 3.6 
882 19.1 

Mean 0.08 0.17 0,11 0.13 0.20 0.14 0.16 0.18 7.0 0.30 0.41 

Table 2.2.3 Phosphate contents (per cent P205)  of acetic acid insoluble 

residues of the non-magnetic fractions of selected sediment samples. 

Separated detrital concentrates 	Separated glauconite 

Sample 
No. 

(1) with fines 
removed 

(2) decanted fine 
material 

green 
casts 

brown 
casts 

3 phi 4 phi 2 phi 3 phi 4 phi 3 phi 4 phi 2 phi 

154 10.36 0.13 0.20 0.37 0.97 
155 8.6 2.7 0.29 0.32 0.54 3.15 1.76 
833 2.61 0.56 0.22 0.29 0.45 0.23 
834 0.32 
836 0.39 0.56 
882 3.38 0.17 0.22 0.32 0.27 

Mean 7.2 2.2 0.21 0.28 0.38 1.28 1.00 0.27 



Table 2.2.4  Phosphate content (per cent P205) of purely biogenic 

fractions of north Moroccan sediments (from Nutter, 1969). 

Sample No. Size Fraction Per Cent P205  

125 1 phi 0.03 

927 0 phi 0.08 

1 phi 0.09 

937 0 phi 0.09 

1 phi 0.10 

1088 1 phi 0.14 

243 
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Table 3.3.1 	Elemental abundances in different size fractions of Moroccan 

sediments. 

Element C.Sim: C.Blanc 

(mean clay) 

C.Sim: C.Blanc 

(mean silt) 

% Difference 
clays: silts 

Shale 

ay. 

Ratios to Al 
C.Sim: C.Blanc 
clay 	: clay 

Zn 118 120 75 81 1.7 7.4 95 0.86T.  0.89 
Ti 2226 2182 8371 8502 2.0* 1.5 4600 16.2 16.3 
Sr 52 49 95 108 5.8* 12.0 300 0.38 0.36 
Mn 262 322 356 390 18.6 11.3 850 1.90 2.40 
Ni 49 50 45 40 2.0 11.1* 68 0.36 0.37 
Cr 120 125 87 89 4.0 2.2 90 0.87 0.93 
Co 8.7 9.7 10.3 11.1 10.3 7.2 19 0.063 0.072 
Ba 199 166 252 232 16.6* 7.9* 580 1.45 1.23 
V 160 184 145 178 13.0 18.5 130 1.16 1.37 
Pb 32.6 30.3 21.9 21.9 4.9* 20 0.24 0.23 
Cu 113 94,3 41.2 42.4 16.5* 2.8 45 0.82 0.70 
Ga 19 13.6 14.5 14.1 2.1* 2.8* 19 0.14 0.14 
Si 21.0 20.6 32.8 31.0 1.9* 5.5* 7.3 152E 1529 
Mg 2.13 2.44 1.34 1.84 1.3 27.2 1.5 155 181 
K 3.78 3.67 3.65 3.52 2.9* 3.7* 2.66 275 274 
Fe 4,14 4.39 2.9 3.14 5,7 7.6 4.72 301 328 
Ca 0.79 0.73 0.83 1.05 7.6* 20.9 2.21 57 54 
Al 11.76 13.4 7.54 8.29 2.6* 9.0 8.0 
P205  0.34 0.15 0.3 0.3 55.9* 0.16 24.7 11.1 

Elemental abundances were determined by direct reading emission spectro-

graphy on the acetic insoluble fraction of the sediment; P205 values are 

calculated on a carbonate-free basis. Abundances for minor elements are 

given in ppm; for major elements Si, Al, K, Mg, Ca, Fe, and P205  abund-

ances are given in per cent. Each silt and clay mean was determined from 

five samples, the individual abundance levels in which are given in table 

3.3.la; for Cap Sini the samples used were 144, 150, 151, 154, 155, and 

for Cap Blanc were 125, 126, 127, 137 and 140. The presence of an asterisk 

denotes enrichment off Cap Sim; absence of an asterisk in the same columns 

denotes enrichment off C. Blanc. For convenience the ratios to Al have 

been multiplied by 1000. Average shale abundances have been derived from 

Turekian and Wedepohl, 1961. 



Table 3.3.I.a 	Direct reading emission spectrographic analyses of the acidfnsolublo residuos of some Moroccan and 
Saharan sediments. Ail values are expressed in ppm, except Si, Mg, K, Fe, Ca, Al and P205, which 
are given in per cent. P205  values are expressed on a carbonate-free basis. 

Sample No. Zn Ti Sr Mn N1 Cr 	Co Ba V Pb Cu Ga 	SI Mg K Fe Ca Al P
2
0
5 

11 83 5018 86 316 38 (0 	9 116 172 24 27 2 	26.1 1.9 3.0 3.6 1.6 5.6 1.43 
12 108 4150 83 410 34 46 I 137 269 40 29 3 	22.9 3.1 3.1 8.0 1.4 9.3 1.02 
13 77 4741 74 527 42 36 2 148 318 49 62 5 	23.1 2.5 3.0 7.6 1.2 10.8 0.67 
14 83 4349 64 427 35 (9 9 166 241 38 35 4 	22.5 1.5 3.0 5.5 0.9 11.0 0.47 
15 233 9064 95 345 75 63 4 24 284 37 45 9 	24.7 1.3 3.3 3.0 0.4 15.5 0.18 
16 72 6429 59 291 47 26 1 17 214 27 38 7 	27.6 1.4 3.4 3.4 0.7 10.2 0.16 
,I7 55 6641 42 366 37 03 0 121 (76 22 29 I 	36.8 2.2 2.5 3.0 0.9 5.9 0.17 
19 89 5130 70 666 43 99 3 274 190 28 61 6 	25.0 1.7 3.1 3.6 0.8 12.0 0.20 
20 79 5635 79 272 41 14 9 300 225 22 53 6 	29.5 3.2 3.3 3.8 1.1 11.6 0.24 
21 97 5019 67 447 42 04 2 166 186 29 42 4 	27.2 1.9 2.9 4.0 1.2 8.6 0.59 
25 101 5022 80 563 53 00 3 297 175 30 58 8 	24.4 1.9 3.6 4.1 0.6 11.1 0.11 
26 109 5345 72 766 49 04 6 276 188 24 51 7 	29.4 2.9 3.6 4.3 0.7 12.4 0.26 
27 86 4538 75 349 39 99 0 269 166 17 49 6 	25.1 (.7 3.5 3.7 0.8 12.1 0.33 
29 109 3402 412 507 49 76 9 209 315 55 39 2 	14.2 3.0 3.0 7.4 5.9 9.9 8.50 
33 135 2669 765 339 36 46 2 198 194 54 38 0 	12.5 5.3 2.7 8.0 13.3 7.7 19.00 
34 106 2387 608 388 35 06 0 191 170 48 31 8 	11.7 6.1 2.1 6.5 12.6 8.0 18.80 
35 88 3337 181 762 35 97 2 203 247 48 36 3 	23.9 7.8 2.7 5.2 3.7 10.0 1.60 
37 85 3(62 68 394 21 06 8 163 (70 53 27 I 	21.1 1.8 3.2 8.0 1.2 8.8 0.91 
39 70 1717 113 999 27 63 5 234 261 96 23 7 	16.8 1.7 2.1 9.2 6.9 4.9 0.80 
40 64 4100 151 424 22 86 8 154 154 27 22 9 	21.5 5.7 2.3 3.6 3.6 4.8 4.60 
44 146 5900 78 369 61 112 3 299 198 24 54 19 	29.4 1.8 4.1 5.7 0.7 11.4 0.13 
50 74 5610 61 342 42 100 0 244 187 28 34 16 	28.2 3.7 3.6 3.1 0.7 10.6 0.22 
5( 64 3002 63 154 27 101 	5 151 112 29 27 II 	25.7 1.5 5.0 9.8 1.0 4.8 0.41 
53 66 1625 66 150 20 98 	4 404 99 37 14 8 	20.6 3.0 3.7 15.3 1.1 3.0 1.29 
54 163 3168 79 189 32 (73 	7 169 151 25 29 15 	23.9 1.9 5.1 7.0 1.0 7.6 0.68 
55 175 2310 69 146 31 240 	4 192 202 25 28 II 	24.9 2.7 5.4 9.7 1.1 3.9 1.21 



Table 3.3.I.a 	(Contd.) 

Sample No. 	Zn T1 Sr Mn 	N1 Cr. Co Ba 	V Pb Cu Ga Si 	Mg K Fe Ca Al P2O5 

221 25 3947 75 225 	42 72 5 220 	86 18 33 10 40.6 	0.5 2.3 2.1 0.7 4.9 0.18 
223 25 4735 83 212 	38 138 4 87 	84 21 27 10 38.2 	0.9 2.3 1.8 0.7 3.8 0.23 
224 149 4264 78 198 	62 200 5 43 	236 43 67 13 39.5 	0.9 2.4 5.2 0.8 5.2 0.38 
225 55 5500 92 240 	62 III 5 63 	120 21 53 10 42.2 	1.0 2.0 2.0 0.9 4.5 0.67 
226 25 3136 50 95 	19 36 I 99 	69 15 19 5 41.8 	0.8 0.6 0.8 0.6 1.9 0.64 
227 25 7009 55 86 	40 86 4 34 	92 53 40 9 52.1 	1.2 0.8 1.8 0.5 2.1 0.41 
228 25 2142 41 53 	41 87 3 09 	56 46 34 9 47.3 	1.4 0.8 1.4 0.4 2.2 0.12 
230 25 6474 68 208 	52 108 7 71 	99 46 74 12 36.3 	0.8 2.1 1.9 1.3 3.7 0.77 
234 137 3853 72 46 	80 210 9 35 	130 48 132 17 25.1 	0.8 2.8 7.6 1.1 7.6 0.73 
•2137 175 4905 90 93 	87 298 10 80 	290 65 100 15 28.5 	0.8 2.2 7.7 1.7 7.4 0.25 
238 155 4504 71 66 	92 227 9 40 	173 56 92 14 33.7 	0.9 2.0 5.1 1.3 4.6 0.29 
239 190 4204 92 73 	100 431 8 76 	336 73 112 17 25.6 	0.8 2.1 10.0 1.9 7.6 0.29 
240 101 4416 69 34 	108 295 7 19 	250 65 78 13 42.0 	1.0 1.6 5.3 1.2 4.0 0.13 
241 25 5047 55 21 	62 140 5 37 	157 50 62 10 42.9 	0.8 1.6 2.3 1.1 2.7 0.50 
242 99 4638 76 41 	84 344 8 II 	284 63 112 14 39.9 	3.8 1.7 4.2 1.5 5.1 0.15 
245 92 4506 57 33 	67 291 8 20 	224 60 129 13 47.1 	1.0 1.4 3.9 1.0 4.5 0.14 
246 25 3230 34 62 	33 50 I 95 	38 43 31 7 43.7 	0.6 0.3 0.6 0.4 1.4 0.04 
247 25 2359 57 23 	27 41 I 10 	58 40 21 7 40.9 	0.9 0.1 0.3 0.1 0.6 0.03 249 133 8154 74 497 	78 118 17 348 	186 54 72 17 27.5 	3.8 2.7 3.9 1.0 7.4 0.31 250 140 8255 68 524 	76 121 18 289 	175 57 73 17 28.8 	0.7 2.6 4.0 0.9 7.1 0.33 252 160 5688 69 467 	79 162 24 69 	229 53 61 15 28.8 	0.6 2.9 5.7 1.2 5.8 2.00 255 222 2996 434 185 	66 350 17 36 	238 73 38 8 0.6 	0.9 1.6 12.9 16.8 3.4 1.81 256 112 3076 153 178 	67 241 10 41 	253 67 44 10 3.4 	1.2 1.5 12.3 5.9 4.1 32.00 257 141 3573 105 231 	74 153 10 75 	291 76 66 13 8.8 	0.9 2.2 7.6 3.4 6.6 2.30 258 177 2932 144 175 	59 183 9 48 	271 77 48 II 8.1 	2.1 2.1 9.8 5.8 3.7 24.30 259 174 2545 105 177 	55 161 9 92 	234 79 51 II 8.8 	2.6 1.9 10.3 5.3 3.7 2.20 260 25 1773 109 141 	42 124 6 50 	149 58 30 7 3.0 	5.0 1.4 5.2 10.5 1.8 2.40 262 76 3581 87 170 	53 130 8 96 	185 71 53 II 4.0 	4.6 2.1 4.3 7.3 4.5 0.86 263 68 2961 87 206 	55 223 8 83 	393 108 54 II 6.1 	4.0 1.8 8.8 6.4 4.6 0.25 
264 25 2418 43 88 	40 98 4 98 	178 58 50 8 41.3 1.6 0.9 3.0 2.4 0.8 0.36 



Table 3.3.I.a 	(Contd.) 

Sample No. Zn Ti Sr Mn NI Cr Co Ba 	V Pb Cu Ga SI Mg K Fe Ca Al P205 

266 25 4819 47 155 43 57 6 164 	104 41 29 2 44.6 0.4 2.7 1.9 0.3 4.2 0.14 
267 204 3339 91 177 59 177 6 162 	527 128 54 I 14.6 1.3 1.8 22.3 2.2 5.2 1.45 
268 167 3968 83 193 61 184 8 217 	458 100 277 3 18.8 1.5 2.1 17.2 2.3 6.4 0.92 
269 162 3940 75 200 62 284 9 157 	602 103 66 I 15.4 1.0 1.9 20.7 2.1 4.6 1.07 
270 87 3795 94 346 170 217 11 224 	662 103 85 1 14.1 1.2 1.7 19.5 3.2 5.2 1.92 
271 179 3420 86 256 65 222 I0 75 	556 90 72 I 19.9 1.3 1.7 19.8 3.4 4.3 1.64 
272 144 3220 56 211 61 180 8 62 	321 82 49 3 26.6 1.7 2.0 9.4 2.3 5.1 0.75 

,273 179 3635 77 183 58 191 7 34 	202 75 44 3 20.2 1.0 2.5 11.5 2.1 4.7 0.90 
274 138 3786 47 156 57 171 7 01 	118 55 37 2 25.0 0.6 2.9 8.4 1.1 3.7 1.00 
275 210 3611 54 171 58 144 6 37 	112 51 49 2 26.0 1.0 2.2 5.9 1.6 3.4 1.09 
276 I8J 3556 106 217 63 217 9 76 	317 75 51 4 16.1 1.4 2.2 11.6 3.0 6.2 1.63 
277 278 4255 122 207 65 172 9 78 	206 70 53 4 23.6 1.0 2.5 8.2 3.1 5.1 24.40 
280 114 69 37 64 270 85 127 3 302 	191 56 81 21 24.4 0.8 3.1 4.2 0.7 10.0 0.12 
2E3 130 8413 72 605 108 138 6 287 	214 62 78 19 23.4 0.9 2.9 4.2 0.8 8.8 0.18 
284 177 9055 72 886 109 145 9 268 	210 60 80 20 23.9 0.9 3.1 4.2 0.7 8.7 0.16 
285 115 6068 57 254 81 120 2 265 	171 51 117 9 21.0 0.3 2.8 4.5 0.6 8.5 0.12 

25 silt 62 8800 146 406 40 87 I 273 	152 22 42 4 27.8 1.3 3.6 2.7 1.3 7.9 
25 clay 60 2357 50 331 44 111 9 191 	164 24 96 7 18.5 1.8 3.3 4.1 0.8 13.3 
26 silt 108 9427 122 445 39 88 2 261 	205 16 39 5 34.5 2.5 3.9 3.2 1.0 9.2 
26 clay 107 2137 42 374 50 123 1 179 	184 30 107 9 21.8 2.8 3.6 4.8 0.7 13.8 
27 silt 59 9321 108 423 36 78 0 263 	169 14 36 4 32.3 2.1 3.4 2.8 1.1 9.6 
27 clay 204 2049 62 306 40 120 9 171 	184 20 92 9 19.4 2.7 3.9 4.3 0.8 13.8 
33 silt 144 8746 140 360 63 109 2 210 	200 30 72 5 41.0 2.7 3.2 3.7 1.4 8.3 
34sIlt4clay 136 5629 75 297 57 121 0 211 	191 34 91 9 25.3 1.3 3.8 3.8 0.5 1.2 
37 silt 71 6900 68 323 32 88 0 147 	152 27 44 3 31.9 1.1 3.1 3.5 0.7 6.6 
37 clay III 2061 30 263 68 146 0 134 	219 31 89 20 21.9 2.4 3.8 4.4 0.4 12.8 
40 silt 106 8062 98 352 55 106 3 217 	213 31 53 15 28.7 2.2 3.6 3.5 1.2 8.3 
40 clay 121 2307 59 334 49 125 0 156 	167 50 88 19 21.3 2.6 3.8 4.4 0.9 13.3 

N.) 



Table 3.3.1.a 	(Contd.) 

Sample No. Zn TI Sr Mn NI Cr Co Ba 	V Pb Cu Ga 	Si Mg K Fe Ca Al 

44 silt 104 10,000 106 409 47 89 12 272 66 20 41 15 	35.1 2.0 3.8 2.9 0.9 8.7 
44 clay (55 2720 59 308 57 (27 II 200 75 33 131 22 	22.6 2.0 4.2 4.1 0.6 15.0 
50 silt 61 8147 84 347 44 83 10 214 35 23 40 14 	33.1 0.9 3.4 2.8 0.7 6.4 
50 clay 99 2305 42 260 50 134 9 159 80 45 108 20 	20.0 0.9 3.9 3.9 0.6 13.7 
51 	silt 78 8199 90 351 50 92 II 244 67 27 43 6 	30.8 0.9 3.8 3.2 0.8 7.9 
51 	clay 110 2062 46 239 46 123 7 176 65 31 122 9 	20.0 1.7 3.8 4.0 0.7 13.3 
54 silt 67 7941 82 345 42 91 9 267 23 14 38 4 	31.6 0.8 3.5 2.7 0.7 8.2 
54 clay III 2227 63 235 45 (02 8 269 28 18 108 6 	20.0 1.8 3.5 3.6 (.0 14.4 
55 silt 66 7568 ill 326 44 81 (0 263 31 27 44 4 	33.6 2.1 3.6 3.0 1.0 6.6 
55 clay 116 1817 49 269 50 115 9 191 50 36 96 8 	22.7 4.2 3.4 5.0 1.0 12.5 
53 silt & 

clay 
127 6192 64 337 53 112 10 342 	(69 29 80 18 	29.8 0.6 3.8 4.1 0.4 9.3 

P
2
0
5 



Table 3.3.I.b 	Chemical analyses of Moroccan continental 
methods). Soluble Fe and Mn, and P205  val 
C 	values are not: all other determinat 
corg' and Fe203 values are expressed in pe org 

margin sediments (see text for descriptions of 
ues are expressed on a carbonate free basis but 
ions were made on acid Insoluble residues. P205, 
r cent; all other values are In ppm. 

Semple 
No. 

Fe203 Pb Ga V Cu Zn 	Ti NI Co Mn Cr 	Ba Sr Mo Sol. Mn Sol. Fe Corg P205 

10 9.2 20 30 160 50 200 	5000 60 30 400 200 	300 60 0.3 0.60 
II 11.8 30 20 200 40 200 	5000 60 30 300 200 	200 85 7.2 67.8 0.23 1.43 
12 17.5 50 30 300 40 200 	5000 60 20 300 200 	300 85 11.4 64.4 0.21 1.02 
13 14.0 35 20 300 62 215 	4000 50 20 350 15 	145 35 2 13.2 80.2 0.34 0.67 
14 17.1 35 25 400 40 200 	6000 60 25 500 80 	250 55 8.8 51.7 0.46 0.47 
15 8.9 30 30 250 55 125 	6000 60 25 300 80 	300 50 5.2 40.8 0.67 0.18 
16 8.5 30 33 190 52 150 	5800 66 20 350 45 	275 50 4.9 40.3 0.67 0.16 
17 8.2 20 18 140 40 75 	4250 58 22 380 07 	150 25 4.3 40.9 0.38 0.17 
19 7.7 33 33 210 70 200 	5300 53 27 666 20 	370 63 2 6.6 26.5 0.24 ).20 
20 7.0 21 27 220 57 155 	6000 65 23 255 55 	400 60 7.2 44.7 0.13 0.24 
21 7.0 20 17 115 33 183 	4000 43 15 330 97 	173 37 5 13.9 42.5 0.26 0.59 
25 10.0 30 30 200 50 50 	5000 60 20 500 30 	400 50 2 6.2 22.5 0.30 0.11 26 9.3 30 20 200 40 50 	5000 60 20 300 30 	400 50 3 8.2 22.5 0.30 0.26 
27 7.2 20 30 175 50 200 	5000 57 22 300 20 	375 57 4.0 21.3 0.35 0.33 28 23.5 45 20 400 35 75 	4000 68 28 400 	250 200 350 
29 16.6 62 18 315 45 38 	3500 65 34 452 	209 321 310 14.2 44.9 0.23 8.50 33 9.4 30 30 300 60 60 	6000 85 30 400 	300 400 60 9.3 190.4 0.28 19.00 34 14.5 54 13 170 36 34 	2461 47 19 346 	126 294 457 16.3 98.1 0.23 18.80 35 11.6 53 20 247 41 11 	3440 46 22 680 	115 312 136 21.2 38.2 0.15 1.60 37 14.0 43 19 163 30 75 	3300 40 16 300 	115 175 40 9.8 110.8 0.38 0.91 38 9.0 40 30 300 50 60 	6000 60 30 400 	200 400 60 
39 20.0 108 11 261 26 88 	1770 36 27 220 75 	360 85 29.1 50.4 0.19 0.80 40 8.0 30 13 154 25 81 	2461 47 19 346 	126 294 457 19.7 126.3 0.26 4.60 41 3.4 17 10 50 1 25 	1150 15 2 160 50 	60 150 4.7 34.0 0.10 2.02 



Semple Fe203  Pb Ga V Cu Zn 	Ti Ni Co Mn Cr 	Ba Sr. Mo 	Sol.Mn 	SoI.Fe C
org 

P
2
0
5 No. 

	

43 	9.4 

	

44 	7.6 

	

49 	2.6 

	

50 	8.3 

	

51 	19.8 

	

53 	43.0 

	

54 	13.8 

	

55 	18.0 

	

802 	9.6 

	

803 	8.1 

	

804 	9.2 

	

805 	29.0 

	

806 	9.0 

	

809 	7.6 

	

810 	8.5 

	

81! 	15.7 

	

812 	24.0 

	

813 	29.0 

	

814 	18.5 

	

815 	20.0 

	

817 	19.0 

	

818 	15.9 

	

819 	11.4 

	

820 	8.0 
821 	14.5 

	

E22 	21.0 

	

823 	11.8 

	

824 	9.6 
826 	15.8 
827 	15.2 
829 	14.2  

30 40 200 60 
17 28 170 55 
16 16 60 30 
30 30 177 43 
22 18 130 20 
40 	16 	173 	14 
15 20 140 27 
14 18 210 22 
20 35 200 60 
20 35 45 50 
10 	16 	50 	13 
16 13 00 6 
30 30 60 60 
20 30 60 55 
16 20 00 50 
8 18 07 23 
13 	15 	07 	1 
30 20 300 16 
8 20 85 13 
13 16 85 8 
20 16 100 13 
16 23 93 9 
45 25 165 45 
40 20 130 40 
16 30 130 30 
20 30 130 30 
30 20 300 30 
18 30 180 40 
40 30 300 40 
20 23 130 23 
18 	19 	124 	18  

200 5000 60 30 400 160 400 60 
187 5500 66 24 300 134 400 62 
25 1600 30 13 200 60 160 40 
270 5700 60 18 300 105 330 50 
50 3300 50 11 110 110 230 43 
67 2070 40 8 187 170 600 65 
100 3700 47 14 140 187 195 43 
117 3000 47 9 161 270 200 50 
50 6000 85 20 300 30 550 85 
50 5500 60 16 300 15 400 60 
50 1600 20 5 160 85 (00 30 
25 1300 20 5 85 30 85 20 
100 6000 60 20 300 30 400 50 
75 5500 60 17 300 15 450 50 
50 5000 50 13 200 00 300 40 
50 3500 55 16 115 65 160 30 
25 550 18 3 45 230 25 15 
00 1600 40 3 85 400 100 40 
00 2000 40 5 130 60 130 20 
00 1600 20 3 130 30 130 50 
00 3000 30 10 160 00 200 60 
25 1800 30 12 215 15 250 45 
00 3500 50 23 450 30 1600 40 
60 4000 50 	20 	400 	30 	400 200 
50 5000 50 13 200 30 400 60 
200 5000 50 20 300 60 200 60 
50 5000 60 20 200 200 300 100 
215 5500 55 25 350 150 350 73 
200 5000 50 20 500 200 300 85 
125 4000 50 15 200 107 300 55 
25 4000 40 10 260 118 260 127  

2.2 
1.9 
2.4 
2.4 
0.9 
1.9 
0.9 
1.7 
1.4 
1.2 
0.8 
0.8 
2.9 

1.2 
1.5 
0.9 
0.4 
0.6 
0.7 
3.0 
1.1 

27.7 
12.8 
1.8 
1.7 
5.1 
2.7 

2 	8.7 
1.9 
5.4  

	

19.5 	0.57 	0.13 

	

18.5 	0.45 	0.13 

	

32.3 	0.10 	0.27 

	

23.1 	0.94 	0.22 

	

39.3 	0.63 	0.41 

	

64.8 	0.33 	1.29 

	

28.0 	0.45 	0.68 

	

47.4 	0.38 	1.21 

	

(3.5 	0.80 	0.30 

	

16.6 	0.80 	0.20 

	

21.3 	0.33 	0.39 

	

45.4 	0.41 	0.75 

	

29.8 	1.10 	0.22 
0.77 

	

17.2 	0.66 	0.20 

	

20.6 	0.69 	0.37 

	

31.4 	0.24 	0.76 

	

47.7 	0.32 	0.64 

	

19.8 	0.35 	0.33 

	

41.3 	0.41 	0.88 

	

81.0 	0.40 	0.57 

	

46.7 	0.41 	0.45 

	

136.6 	0.37 	0.75 

	

90.4 	0.45 	1.69 

	

55.9 	0.75 	0.44 

	

55.4 	0.51 	0.28 

	

72.4 	0.22 	0.10 

	

37.2 	0.40 	0.10 

	

73.3 	0.40 	0.48 

	

42.9 	0.58 	0.20 

	

110.8 	0.52 	0.30 



Sample 
No. 

Fe
2
0
3 Pb Ga V Cu Zn T1 N1 Co Mn Cr Ba Sr Mo Sol.Mn Sof.Fe C 

-or9 P205  

830 	10.0 16 20 100 13 25 4000 30 6 160 60 200 40 	8.6 	169.8 0.34 0.30 831 	20.5 	30 25 130 25 	50 5000 45 12 250 145 350 100 	2.9 	73.5 	0.53 0.34 

	

832 23.0 28 16 100 18 100 2200 40 15 130 110 250 43 	0.8 	32.4 0.34 0.82 833 	25.0 18 17 107 13 25 3000 30 9 145 115 900 40 	1.2 	44.8 0.39 0.54 834 	16.8 25 12 73 9 25 1000 25 3 115 107 725 70 	2.2 	51.5 0.42 1.09 

	

835 23.7 18 15 93 6 25 925 23 3 55 250 95 20 	0.9 	62.2 0.24 1.71 

	

836 23.3 23 23 130 25 150 3000 43 13 190 130 233 78 	2.1 	48.0 0.28 0.79 837 	18.1 19 20 (45 21 115 2700 46 17 230 140 163 59 	2.6 	50.1 0.26 2.44 

	

838 25.0 12 16 55 I 50 750 13 3 100 180 40 18 	0.4 	37.6 0.16 0.42 

	

839 10.0 2 13 40 1 25 1000 10 3 60 100 60 16 	0.4 	28.9 0.32 0.37 

	

840 47.0 	1 21 103 8 90 1480 30 9 75 280 78 28 	0.4 	26.4 0.26 0.47 841 	18.8 	18 21 150 20 	25 2600 46 (4 170 160 133 114 	0.5 	14.3 	0.41 0.72 842 	22.3 8 15 73 I 50 400 30 10 30 250 20 20 	 0.18 0.39 843 	16.0 	20 30 200 60 100 5000 100 30 300 160 400 60 	 0.56 844 	7.2 12 25 160 40 100 5500 60 16 250 115 300 45 	 0.48 846 	22.8 40 16 200 40 100 1300 50 16 160 400 50 40 2 	 0.26 1.73 847 	31.0 	30 13 300 20 200 2000 60 30 300 200 130 100 2 	7.7 	37.5 	0.22 7.18 848 	20,0 40 30 400 50 300 6000 60 30 400 300 300 85 	10.5 	53.3 0.26 2.84 851 	
18.0 9 (5 68 2 25 500 18 3 50 230 40 15 	0.3 	25.7 0.28 0.44 852 	
24.0 16 16 85 16 50 1300 40 8 100 200 200 50 	0.9 	43.9 0.34 0.57 853 	
22.2 30 20 110 20 50 2500 35 9 180 150 1150 90 	3.4 	77.9 0.36 0.83 854 	
15.7 (5 18 80 17 25 2300 35 9 215 (43 1450 80 	1.2 	61.8 0.34 0.64 855 	
24.5 30 20 215 25 75 3000 45 13 250 180 500 73 	6.2 	79.6 0.40 1.02 856 	
7.4 30 30 160 40 200 4000 60 30 (00 130 300 50 	1.7 	20.6 0.94 0.18 857 	
10.5 30 30 300 50 50 6000 60 16 300 160 400 85 	1.8 	24.9 0.92 0.18 859 	
11.0 40 40 200 40 200 6000 85 20 500 200 400 60 	2.0 	35.3 0.58 0.32 860 	
33.0 30 16 160 13 100 2000 50 10 300 300 400 60 	1.2 	-=9.8 0.36 0.47 861 	10.1 25 30 165 35 175 5500 60 25 400 160 400 68 	1.1 	27.6 0.86 0.21 tv 862 	
29.5 35 16 85 9 25 2000 30 3 160 145 230 30 	0.9 	38.1 0.54 0.72 ul 863 	
20.5 20 13 50 1 25 400 30 3 60 100 130 20 	 0.22 0.41 864 	
25.0 30 16 85 12 25 1800 30 9 350 130 7500 70 	5.9 	57.8 0.38 0.70 865 	
10.0 23 26 178 36 130 5400 52 22 280 118 340 50 	1.8 	32.4 0.66 0.21 



Sample 
No. 

Fe203  Pb Ga V Cu Zn Ti Ni Co Mn Cr Ba Sr Mo Sol.Mn Sol.Fe Corg P
2
0
5 

8E6 12.5 20 13 100 13 50 2000 30 8 130 130 160 50 2 4.4 134.0 0.22 1.24 

867 20.1 30 16 85 13 90 1800 25 3 160 93 230 55 2 6.5 92.8 0.70 0.66 

8E8 6.9 12 30 165 55 100 5500 73 18 350 108 400 55 0.52 

8E9 7.2 30 35 145 45 115 5500 60 23 350 160 350 40 2.3 36.8 0.98 0.21 
870 7.7 25 30 180 35 100 4000 40 17 300 100 300 45 1.6 31.2 0.50 0.27 

871 14.2 30 20 130 20 50 3000 40 13 300 85 130 50 2.8 62.5 0.40 0.50 
874 6.0 20 30 100 20 100 4000 40 20 200 85 300 40 1.7 26.6 0.96 0.18 
873 35.7 40 17 107 10 25 1650 25 3 115 180 350 35 0.8 46.8 0.50 1.16 
874 30.0 40 13 85 8 50 2000 40 13 160 160 400 40 1.1 34.8 0.09 0.88 
875 33.0 40 20 200 2C 200 3000 60 13 400 300 160 100 1.4 32.0 0.34 1.50 
876 34.0 50 20 300 30 300 4000 85 30 500 200 500 130 4.3 59.9 0.18 0.60 
877 22.2 40 16 160 30 300 3000 60 20 400 130 160 85 11.0 140.5 0.18 2.50 
878 25.0 20 20 145 22 125 2000 35 12 130 200 1300 50 1.2 58.0 0.34 1.24 
879 7.8 20 20 100 40 200 4000 50 16 300 100 500 30 1.8 29.7 0.84 0.26 
882 13.5 5 16 160 16 50 1000 40 10 85 200 130 50 2.2 21.2 0.26 1.90 
885 9.2 30 16 160 20 200 8500 40 16 600 85 300 60 2.5 23.4 0.14 0.27 
8E6 5.0 20 20 93 30 25 3000 40 12 250 60 250 35 0.22 0.43 
887 12.5 85 16 300 20 25 2000 50 30 2000 160 300 85 13 0.09 2.60 
888 7.1 40 16 160 30 50 2000 30 10 200 85 300 85 0.32 0.18 
889 7.9 30 13 160 30 25 2000 30 6 400 85 200 85 0.1.8 0.14 
890 6.7 18 20 100 35 180 4000 45 20 300 73 300 35 1.5 29.1 0.54 0.20 
891 14.0 25 23 73 23 100 3500 35 5 230 60 300 35 1.1 35.2 0.38 0.22 
892 16.8 50 20 300 40 200 4000 50 20 500 130 300 6 10.3 65.3 0.14 0.14 
893 25.8 25 25 130 30 100 3000 50 15 200 115 600 55 2.0 52.0 0.40 0.38 
894 29.0 50 20 200 50 100 3000 50 (6 400 200 1000 200 7.5 127.4 0.30 2.70 
895 55.0 60 16 500 10 100 3000 60 20 500 300 400 200 5.3 41.5 1.90 
896 21.0 40 20 160 30 100 4000 50 13 400 130 300 85 7.0 52.8 0.28 3.70 
897 24.0 50 16 400 13 200 2000 50 20 200 500 130 85 0.24 1.18 	r`%'; 
898 12.0 30 10 200 16 25 1000 40 16 160 100 9000 50 2 12.9 49.6 0.14 11.50 
899 22.2 40 40 400 85 200 6000 85 30 400 160 600 130 2.5 25.3 0.36 1.40 
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SEmple 
No. 

Fe
2
0
3 

Pb Ga V Cu T1 NI Cr Ba Sr Mo SoI.Mn SoI.Fe Corg P
2
0
5 

9L0 6.5 35 30 150 40 175 4500 55 27 1150 100 350 45 2 17.2 23.1 0.42 0.21 
941 7.5 16 25 150 38 75 5000 55 16 280 125 280 72 2.8 47.2 0.12 1.-15 
942 10.7 40 20 300 40 25 3500 50 12 250 200 300 550 6.8 67.8 0.28 10.70 
943 9.3 40 23 180 40 25 3500 45 10 250 180 300 350 2 0.50 4.75 
944 26.7 50 16 500 16 50 4000 60 40 3000 100 2000 (00 13 46.8 82.3 0.16 1.65 
947 9.3 40 30 200 50 200 4000 50 20 400 130 300 60 6 0.22 0.28 
950 40.0 60 16 400 20 50 3000 30 20 600 130 160 40 2 36.7 219.4 0.14 5.83 
951 9.6 30 20 100 20 300 4000 40 20 200 85 160 50 3.9 84.9 0.30 0.36 
952 7.4 30 30 (00 40 200 5000 50 20 300 85 300 50 2.8 47.2 0.48 0.24 
953 19.0 50 18 450 35 150 4000 50 23 450 93 130 55 0.24 0.87 
954 18.5 60 (0 300 10 50 1600 30 20 1600 60 130 60 10 500.0 447.1 0.09 15.30 
956 16.0 40 20 200 40 400 3000 60 30 200 200 300 60 2.8 37.7 0.28 1.14 
957 25.0 35 18 300 25 100 3500 55 20 250 250 250 400 0.21 
958 6.3 20 13 100 16 25 1300 40 13 400 85 160 500 9.1 76.6 0.24 18.80 
959 15.0 40 25 250 50 25 4500 50 13 300 180 350 300 13.8 85.2 0.15 2.10 
961 15.5 73 20 400 35 125 4500 110 45 3500 200 400 105 8 55.2 133.3 0.17 1.43 
961 32.0 60 20 500 20 300 4000 60 30 1300 100 200 30 56.4 189.1 0.15 2.00 
962 36.0 60 30 600 50 300 4000 100 50 1600 300 300 100 106.3 149.7 0.23 2.03 
963 34.0 50 16 300 20 100 5000 50 20 400 130 200 100 3 19.6 87.8 0.23 4.39 
964 22.5 30 20 400 40 200 5000 60 40 400 200 200 100 8.2 82.4 0.29 2.35 
965 21.0 50 20 400 40 100 4000 60 20 400 200 300 60 2 13.8 77.7 0.83 0.66 
966 8.8 30 20 160 40 50 4000 60 30 300 85 300 50 0.43 0.36 
967 4.0 13 16 85 16 50 3000 30 13 130 60 200 40 0.60 0.36 
968 8.2 20 30 100 30 100 4000 50 10 200 100 200 40 4.3 46.6 0.56 0.29 
969 16.5 30 30 300 50 300 6000 85 30 400 300 400 50 2 4.8 63.2 0.70 0.27 
970 15.0 55 30 350 55 200 5500 55 25 850 130 350 50 13 78.8 111.1 0.33 0.50 
971 10.0 50 16 160 30 100 1600 40 20 600 85 160 60 2 0.27 0.28 
972 47.0 160 30 600 60 100 5000 85 40 4000 200 400 85 16 103.3 244.0 0.19 2.33 
973 9.0 30 5 100 5 25 1000 30 30 4000 30 200 85 5 1000.0 1000.0 0.09 (3.30 
674 33.5 100 13 600 10 50 3000 50 60 10,000 60 300 60 148.1 141.1 0.15 3.16 
675 21.0 85 16 400 1:0 130 4000 60 30 4000 130 300 60 13 0.19 0.96 

UI 



Sample 
No. 

Fe
2
0
3 	

Pb Ga V Cu Zn Ti NI Co Mn Cr 	Ba Sr Mo Sol.Mn SoI.Fe Corg P205 

976 7.9 	30 30 250 50 100 5500 60 25 250 145 	350 55 5.5 80.6 0.68 0.31 
977 10.5 	20 30 200 40 100 5000 50 20 300 130 	300 60 5.0 77.3 0.73 0.75 
978 13.5 	30 30 300 40 100 5000 60 30 300 160 	300 100 7.7 135.8 0.43 0.59 
979 12.0 	20 20 300 30 50 4000 50 (0 200 (30 	200 50 10.1 65.9 0.33 0.49 
980 29.0 	45 20 300 30 50 5000 55 25 250 200 	300 100 7.7 (45.7 0.33 1.62 
981 34.0 	85 16 400 30 50 5000 50 16 400 300 	200 200 9.4 110.0 0.31 3.04 
982 19.0 	50 20 600 40 25 4000 60 20 600 300 	200 130 45.5 216.5 0.17 1.95 
985 37.0 	100 (3 400 20 50 3000 50 40 8500 85 	300 40 16 0.09 4.00 
986 65.0 	85 10 500 5 (00 2000 30 40 1600 130 	100 60 13 332.3 290.3 0.09 7.70 
987 3.0 	40 16 400 30 50 5000 50 30 600 160 	160 30 71.4 216.1 0.12 1.40 
988 8.7 	25 30 250 45 250 4500 55 18 230 93 	130 63 8.3 70.6 0.37 3.50 
989 1.0 	30 20 160 30 300 4000 50 16 400 100 	200 60 6.2 94.3 0.40 2.40 
991 7.1 	16 30 160 30 130 5000 50 16 300 160 	300 40 5.6 73.3 0.40 0.40 
992 5.5 	40 18 180 35 50 3000 45 20 300 180 	250 450 9.6 104.6 0.27 15.10 
993 (6.0 	50 18 250 30 75 4000 30 15 300 200 	250 300 8.5 113.2 0.21 7.78 
998 1.6 	40 25 300 50 200 4500 55 30 350 150 	250 200 15.3 126.3 0.31 7.81 999 11.2 	35 15 250 35 25 2800 45 17 400 145 	230 500 27.7 142.7 0.19 19.90 
COO 4.0 	60 20 200 100 50 4000 100 20 300 160 	200 200 2 0.37 2.12 CO2 ►7.0 	60 20 300 40 200 5000 60 20 400 200 	300 400 23.4 (09.2 0.19 7.76 CO3 7.0 	85 30 400 50 200 5000 85 30 400 300 	300 400 28.1 (02.9 0.25 6.70 C05 
C07 

	

23.5 	60 

	

24.0 	85 
13 
(3 

500 
600 

16 
30 

50 
(00 

3000 
5000 

(00 
130 

40 
60 

4000 
3000 

160 	300 
200 	400 

400 
200 

(54.4 
189.5 

(08.8 
172.8 

0.09 
0.17 

5.60 
3.00 

CI6 11.5 	30 30 200 50 100 6000 85 30 300 60 	300 60 0.66 
(17 6.3 	30 20 100 40 200 4000 50 13 300 30 	300 40 0.70 0.17 C18 8.6 	30 30 200 40 130 6000 60 20 400 60 	300 60 5.4 49.3 0.59 0.59 019 13.5 	30 20 200 40 160 5000 50 16 400 60 	300 50 7.7 84.4 0.31 0.76 
U020 
1021 

	

25.5 	85 

	

14.0 	60 
20 
30 

300 
300 

30 160 4000 40 30 600 60 	200 60 2 8.4 58.6 0.35 0.78 N 

17.6 	500 20 300 
30 
40 

100 
300 

4000 
4000 

50 
60 

(6 
18 

1300 
550 

v1022 
60 	300 
80 	400 

60 
55 

2 
2 34.5 

65.9 0.09 
125.93..1  0.091.60 

0.40 

1023 16.6 	45 16 300 35 100 3000 55 25 450 80 	180 350 38.2 0.09 10.00 



Sunp1e 
1\o. 

Fe
2
0
3 

Pb Ga 	V Cu Zn TI NI Co Mn Sr Mo Sol.Mn SoI.Fe C 
org  

P205 
  

C26 14.0 40 30 	300 60 25 5000 60 20 500 160 	300 	200 2 0.09 1.32 
C27 16.0 85 3 	300 40 25 1300 85 30 3000 100 	400 	400 13 0.17 
C28 9.2 160 3 	200 20 50 1600 60 30 500 160 	200 	600 51.8 141.1 0.21 25.70 
C29 13.1 30 6 	200 30 25 1300 50 20 400 200 	200 1600 7.0 140.1 0.38 23.90 
C30 5.5 45 3 	107 25 25 800 35 8 250 60 	180 2500 4.5 60.2 0.33 28.50 
C3I 15.0 93 5 	300 30 25 1650 50 15 350 30 	230 	700 38.4 120.0 0.25 24.30 
032 18.0 40 6 	300 30 25 2000 50 20 400 00 	130 	85 2 52.5 93.9 0.21 9.10 
033 16.2 85 30 	400 40 100 4000 60 30 2000 30 	300 	85 8 157.2 221.4 0.23 5.18 
03' 21.5 40 20 	400 40 200 5000 60 30 500 60 	300 	85 2 17.5 89.9 0.25 2.10 
035 16.3 40 20 	200 40 50 5000 40 16 400 60 	300 	130 22.2 83.8 0.36 6.95 
03t 29.0 50 16 	400 30 50 3000 60 30 600 85 	300 	85 63.6 125.0 0.38 3.93 
037 16.0 40 30 	400 50 50 6000 60 16 500 60 	400 	100 18.0 84.4 0.35 0.58 
03E 12.3 20 20 	300 45 200 4500 60 30 400 65 	250 	50 9.7 75.5 0.50 0.34 
03S 9.0 30 30 	300 50 50 6000 60 20 300 60 	300 	60 4.6 37.1 0.78 0.22 
04C 7.5 20 25 80 40 125 5000 55 20 250 15 	250 	55 17.5 44.1 0.75 0.24 
046 4.5 40 16 85 20 100 4000 40 20 300 00 	300 	40 4.4 36.1 0.32 0.15 
C47 6.8 60 20 60 40 50 5000 60 30 400 00 	200 	40 4.4 36.9 0.25 0.17 
C48 6.2 20 16 OD 30 .50 5000 60 30 300 30 	300 	50 3.7 44.2 0.23 0.17 
C49 6.2 20 20 30 40 100 4000 60 20 200 00 	200 	30 0.31 
C50 5.7 40 20 60 40 160 5000 60 30 400 30 	300 	40 4.4 39.8 0.69 0.17 
C51 6.4 30 20 00 40 200 4000 60 20 300 00 	200 	40 4.9 40.2 0.77 0.17 
C52 9.5 30 20 	200 50 300 6000 60 30 300 60 	300 	40 5.0 38.6 0.82 0.16 
C53 7.8 30 20 	200 50 200 5000 60 20 300 00 	300 	50 11.2 35.4 0.69 0.17 
(54 10.8 40 20 	300 60 200 6000 60 20 600 200 	300 	60 0.8 24.1 0.65 0.43 
C56 16.5 40 20 	300 30 160 4000 50 30 500 160 	300 	200 24.4 70.7 0.23 3.07 
C57 25.0 40 10 	200 5 25 1000 20 5 200 200 	40 	300 2 0.25 6.84 
058 16.2 20 6 	200 2 25 1000 30 13 160 30 	50 	200 2 0.21 5.29 
061 7.5 20 20 	160 50 100 4000 50 16 300 30 	300 	60 0.35 IV 
062 8,2 30 30 	60 60 300 4000 50 20 400 60 	300 	40 3.8 21.2 0.29 0.37 

IV  
°' 

063 7.2 20 16 	160 40 200 6000 50 20 600 30 	130 	40 3.8 36.4 0.21 0.40 
064 8.2 20 16 	130 30 50 4000 50 13 300 00 	130 	40 5.1 25.4 0.27 0.18 
065 5.7 30 25 	30 40 150 4500 55 20 300 30 	230 	40 3.7 35.5 0.42 0.15 



Sample 
No. 

Fe
2
0
3 

Pb Ga V Cu Zn Ti NI Co Mn Cr Ba Sr Mo Sol.Mn Sol.Fe C Corg 
 

P205 
 

066 7.8 35 30 180 45 100 6000 60 20 400 180 300 60 4.5 36.7 0.54 0.14 
067 7.6 30 40 160 40 200 5000 60 20 300 160 300 60 4.6 35.0 0.59 0.16 
068 8.7 30 30 160 30 100 6000 60 16 300 160 300 50 5.1 34.4 0.66 0.16 
069 9.6 40 30 130 40 200 5000 60 20 300 100 300 50 7.0 47.9 0.51 0.25 
070 11.8 50 30 300 40 200 6000 60 20 400 200 300 85 0.51 0.29 
071 11.0 30 16 200 20 50 3000 40 13 300 85 130 30 0.44 0.64 
072 16.7 45 25 300 35 105 4500 55 19 350 215 215 55 2 9.9 47.9 0.30 0.83 
073 8.0 20 13 100 10 15 1600 20 5 200 85 60 40 9.6 62.3 0.28 1.26 
075 18.0 30 20 300 30 100 4000 60 20 200 200 160 85 2 0.29 
077 15.5 30 20 300 40 300 5000 85 40 400 200 200 60 0.27 
07E 14.0 100 20 200 40 50 3000 60 30 600 130 130 85 2 24.3 69.3 0.30 1.72 
07S 11.7 30 16 300 40 100 8500 60 20 850 200 85 85 10.8 61.3 0.26 3.37 
08C 7.4 40 30 200 40 100 5000 60 20 400 160 200 60 5.7 43.0 0.30 0.60 
081 8.7 40 40 200 50 200 6000 60 20 300 200 300 60 4.5 35.0 0.85 0.19 
082 6.6 30 40 100 20 100 6000 60 20 300 100 200 50 4.5 40.1 0.90 0.17 
083 10.2 30 30 200 50 400 5000 60 30 300 160 300 50 4.5 34.6 0.90 0.15 
084 11.5 60 40 300 40 300 6000 60 20 400 300 300 60 5.9 45.5 0.64 0.25 
085 7.0 30 30 200 40 400 5000 60 30 200 130 200 60 4.8 32.5 0.72 0.16 
C86 16.5 50 40 300 50 200 8500 60 20 400 200 300 60 10 6.4 51.1 0.49 0.45 
C87 18.0 50 16 400 20 25 4000 40 20 400 130 100 30 2 0.32 0.77 
C88 24.1 60 20 500 30 200 5000 50 30 400 300 200 60 8 10.5 78.4 0.23 1.50 
C89 9.0 20 30 200 40 200 5000 60 30 300 160 200 50 0.23 
C90 33.0 50 16 400 16 200 1600 40 20 500 400 60 60 0.32 1.46 
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Table 3.4.1 	Statistical analyses of different population subsets; degree 

of skew of sample populations: * denotes significant at 95% confidence 

level; ** denotes significance at 99% confidence level; - denotes pres-

ence of negative skew. All data were logtransformed except that represented 

by column 4. 

Column 1: names of variables. Column 2: population subset (1). Column 

3: population subset (2). Column 4: population subset (2) (untransformed 

data). Column 5: population subset (4). Column 6: population subset (3). 

Column 7: Northwest African phosphatic rocks and limestones population. 

Column 8: variables of the Phosphoria Formation sample population. Column 

9: skew of Phosphoria Formation population. 

1 
	

2 	3 	4 	5 
	

6 	7 

Zn 
Ti 
Sr 
Mn 
Ni 
Cr 
Co 
Ba 

Pb 
Cu 
Ga 
Si 
Mg 
Y. 
Fe 
Ca 
Al 
P20  
Fe203 
Sol.Fe 
Sol.Mn 
% Sand 
% Silt 
% Clay 
Corg 

** Si 
Da 
Zr 
Ti 
bin 
Ni 
Cr 
Zn 
Mg 
Ca 
Fe 
K 
Cu 
Mo 
Ag 
Sr 
V 
P G 25 
Corg 
U  
As 
Sb 
Al 
Na 
La 
F 

 

* * 

 

 

* 

.** 



Table 3.5.1 Trace element associations Indicated by R-mode factor analysis of the tog-transformed data 
from population subset 3 (Moroccan sediments). Variables in parentheses are antipathetic 
to the remainder of the factor association;- factors are designated A, B, C etc. 

..m•m••••• 

Variance and 
Model  

A B E F G 

91.8% : 8 Cu, NI, TI, Ga 
(Sand, Fe) 

Clay, Silt, Ga 
(Sand, P205) 

Cr, Fe203, V 	V, Mn, Co, Pb, 
Fe203 

Sr, PA 
(TI, Oal 

Ba Zn 

•••••••• 

89.34 : 7 Cu, NI, TI, Ga, Co 
(Fe, Sand) 

Clay, Silt, Ga 
(Sand, P205) 

Cr, Fe203, V 	V, Mn, Co, Pb, 
Fe203 

Sr, P205  
(T1) 

Ba, 
Mn 

Zn 

85.2% : 6 Cu, NI, T1, Ga, Ba, 
Co (Fe, Sand) 

Silt, Clay, Ba, Ga 
(P205' Sand) 

Fe203, Cr, V, 	Mn, Co, V, Pb, 
Pb 	Fe203, (Ba) 

Sr, P,On, 
Ba, 	' 
(TI) 

Zn 

80.9% : 5 Cu, Ni, Ti, Ga, Zn, 
Ba, Co (Fe, Sand) 

Clay, Silt, Ba, 
Zn, Ga (Sand, 
P205)  

Cr, Fe203, V, 	Mn, Co, V, Pb, 
Pb 	Fe203  (Ba) 

Sr, P205, 
Be,  
(TI) 

73.9% : 4 Cu, NI, T1, Ga, Zn, 
Co, Ba 	(Fe, ("205, 
Sand) 

Clay, Silt, Zn, 
Ga, Ba 	(Sand, 
P2
0
5
)  

V, 	Mn, Co, Pb, Fe203, Cr, 
P205 

Sr, Ba, 
P205, Cr, Pb 

t5.I4 : 	3 

•••1•16 

Cu, NI, Ti, Ga, Ba, 
Zn, Co (Fe, Sand) 

Silt, Clay, Zn, 
Ga (Sand, P

2
0
5' Sr) 

V, 	Pb, 	Co, 	Mn, 	Fe203, 	Cr, P205  

.54.14: 	2 Ga, Ti, Ni, Cu, 
Silt, Zn, Clay, Ba, 
Co 

(Sand, P205, Fe203, 
Sr) 

V, 	Pb, 	Co, 	Mn, 	Fe203, Cr, 
(Silt) 

P205, Sr 

NI (Pb) 



Table 3.5.2 Trace element associations indicated by R-mode factor analysis of the log-transformed data 
from population subset 2 and factor model 6 from the analysis of population subset 4 
(Moroccan sediment analyses). Elements In parenthesis are antipathetic to the remaining 
elements in the factor associations; factors are designated A, B, C etc. 

Variance and 
Model A 

92.1% 	: 	8 Ga, Cu, 	Ni, Cr (P205) Sr, P205  Ba Mn, Co, 	V, 	Ni, 	Pb, 
Cu. 

Fe203, Cr, V Ti Zn 	Pb 

89.3% 	: 	7 Ga, Cu, Ni, Cr, Co 
(P
2
0
5
) 

Sr, P205  Ba Mn, Co, 	Pb, V, 	Ni, 

Cu 

Fe203, Cr, V Ti, 	Zn Zn, Co 

86.3% 	: 6 Ga, 	Ni, Cu, Cr, 	Co, 

Zn (P
205) 

Sr, P205  Ba Mn, Co, 	Pb, 	V, 	Ni, 

Cu 

Fe203, Cr, V Ti, Zn 

80.6% 	: 	5 Ga, 	Cu, 	Ni, 	Ba, 	Co, 

Zn, Cr (P205, Fe203) 

Sr, P205, 

Ba 

Mn, Co, 	Pb, V, 	NI, 

Cu 

Cr, 	Fe203, V, 
P
2
0
5 

Ti, 	Zn 

73.0% 	: Ga 	(P205, Sr
' Pb' Mn' 

V, Fe203, Co) 

Ni. Cu, Co, Ga, Mn, 

V, Pb, Ba, Zn 

Cr, Fe203, V Ti, Zn 

64.6% : 3  Ga, Cu, Ni, Zn, Co, Cr 

(P
2
0
5
) 

Mn, 	Pb, 	V, Co, 	Sr, 

NI, P205, Cu, 	Ba 

Cr, Fe203, 	V, 
P
205 (Ti. Ba) 

53.6% : 2 Ga, Cu, 	Zn, NI, Co, 	Ba, 

Ti 	(P
2
0
5' Fe203) 

(V, Pb, 	Mn, Co, 	NI, P205, 	Sr, 

Fe203, Cu, Cr) 

85.3% : 6 Ni, Cu, Ga, Co, Cr, Zn, 
V 

Sr, P205,* 

SoI.Fe 

Ba Sol.Mn, Mn, Sol.Fe 

Pb, 	V, Co, Ni,P205 

Fe203, Cr, V Ti, Zn Factor model 6 
from 
subset  

popIVulation 



Table 3.5.3 Trace element associations indicated by R-mode factor analysis of the log-transformed 
data from population subset I (Moroccan and Saharan sediments). Elements given In 
parentheses are antipathetic to the remaining elements In the factor association. 
Factors are designated A, B, C etc. 

Variance and 
Model 

A B C D 	 E 	 F G H 1 

94.1% : 10 Sr, Ca, P205,  Mg, 
Co 

(Si, 	Ti) 
Pb, 	Fe, 	V, Ca, Zn 
(Si, 	Ti) 

Cu, 	NI, 	Cr, 	Ga, 	Ti, 
Pb, V, Zn, Co (Mg) 

Cr, 	Fe, 	K 	Mn, Al, Co, 	K, Ga, 	Ba, K 
Ti, Zn, 	V, 	Ba 

Mg 	P205  
(NI) 

Zn 

92.7% : 9 Sr, P,05, Ca, Mg, 	Fe, 
Co 	(St, 	TI) 

Pb, 	V, 	Fe 	(Si) Cu, 	NI, Cr, Ga, Pb, 
V, TI, Zn, Co 	(Mg) 

Fe, 	Zn, Cr, Mn, Al, Co, K, Ga, 	Ba, 	K 
K, 	V 	(Si) 	Ti, 	Zn, 	V, 	Ba 

Mg 

91.2% : 8 Sr, P205 	Ca, Mg, Fe, 
Zn, 	Co 	(SI, 	TI) 	' 

Pb, 	V, 	Fe 	(Si) Cu, 	Ni, 	Cr, Pb, Ga, 
V, TI, 	Zn, Co 	(Mg) 

Fe, Cr, 	Zn, Al, Mn, Co, Ga, K, 	Ba, K 
K, 	V 	Ti, Zn, V, Ba 

Mg 

88.7% : 7 Sr, Ca, 	P105, Mg, 	Fe, 
Co 	(SI, 	TT) 

Pb, 	V, 	Fe, Ca 
(Si) 

NI, Cu, Cr, Pb, Ga, 
Ti, 	Zn, V, Co 	(Mg) 

Fe, Zn, Cr, Al, Mn, Co, 	K, Ga, 	Ba, 	K 
K, 	V 	Ti, Zn, V, 	Ba 

Mg 

85.7% : 6 Ca, Sr, P 0Mg 	Fe, 
V, Pb, Co

2 5' 	" 

(Si, 	Ti, 	Ga) 

Ni, Cu, 	Pb, Cr, 	V, 
Ga, Zn, Co (Mg) 

Fe, Zn, Cr, Al, Mn, Co, Ga, K, 	Ba, K 
K, 	V 	Ti, Zn, 	V, Ba 

Mg 

88.2% : 5 Ca, P205, Sr, Mg, Fe, 
Pb, 	V 	(SI, 	TI, 	Ga) 

Cr, 	Ni, Cu, 	Pb, 	V, 
Zn, Fe, Ga, Co 

Al, K, Mn, Co, Ga, 	Ba 
Ti, Zn, 	Ba, 	V 	(Pb) 

Mg (Ti, 
NI) 

77.8% : 4 Ca, P203, Sr, 	Mg, 	Fe, 
V, Pb, 	Zn 
(Si, 	TI, 	Ga) 

Ni, Cr, Cu, 	Pb, 	V, 
Zn, Fe, Ga, Co (Mg) 

Al, Mn, K, Co, Ga, 	Ba,Fe 
Ti, Ba, Zn, V 

(Ti) 

72.4% : 3 Ca, P205, Sr, Mg, Fe, 
V, 	Pb 	(Si, 	TI, 	Ga) 

Ni, Cu, Cr, 	Pb, 	V, 
Zn, Fe, Ga, Co (Mg) 

Al, Mn, 	K, Co, Ga, 
Ti, 	Ba, 	Zn, V, 	Fe 

N.3 

.67.8% : 2 Ca, P203, Sr, Fe, Mg, 
V, Pb, 	Zn, Cr, Co 

Ga, 	Co, 	Al, Ni, 	Zn, 	K, 	Cu, TI, Mn, 	V, Cr, 	Fe, 	Ba 

(SI, Ti) 
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Table 3.5.4 List of R-mode factor scores for 7 factor model of population 

subset 1 (see table 3.5.3 for associations of factors A, B, C etc.); the 

following designations have been given to each factor:- A (phosphate), 

B (iron oxide), C (Ga-hydrolysate), D (glauconite), E (Al-hydrolysate), 

F (barium), G (magnesium). Sediment texture, phosphate content and presence 

of glauconite are indicated in table A2.5. 

Sample E A 

0111 .611 -.181 -1.091 -1.275 -.625 -.001 .851 
0112 .930 .042 -1.284 -.429 -.634 -.515 -.724 
0113 1.151 .274 -.464 -.204 -.405 .236 -1.304 
0114 .364 .564 -.923 .644 -.045 -.236 -.631 
0115 1.893 .477 .154 -.781 -3.989 -.518 .386 
0116 1.413 .812 -.747 -.275 -3.707 -.398 -.054 
0117 1.811 1.097 -1.565 -1.059 -1.111 .601 -.446 
0119 1.401 .375 -.191 1.080 .568 .771 -.180 
0120 1.135 .099 -.274 1.591 .230 .340 .294 
0121 .973 .121 -.463 .893 -.083 .272 .120 
0125 1.410 .406 -.009 1.329 .564 .579 -.051 
0126 1.721 .228 -.314 1.355 .331 .574 .022 
0127 1.106 .235 -.580 1.136 .491 -.000 .899 
0129 .822 -2.479 .098 -.034 -.200 .499 .396 
0133 .256 -3.627 -.093 .507 -.317 .490 1.174 
0134 .163 -3.512 -.569 .369 -.213 .999 .734 
0135 1.211 -1,489 -.642 1.908 -.271 1.163 -.890 
0137 .361 .393 -1.728 .521 .341 -.606 -.924 
0139 .066 -.484 -1.710 -.780 1.465 1.211 -2.865 
0140 .578 -1.306 -1.898 -1.965 -.435 .992 .311 
0144 1.360 .476 .098 1.323 .423 -.162 .591 
0150 .911 .906 -.434 .290 .693 .046 .570 
0151 -.282 .793 -1.897 -.589 .556 -1.428 .477 
0153 -1.134 .307 -2.690 .727 2.182 -1.706 -.164 
0154 .273 .170 -1.174 1.238 -.112 -2.075 1.204 
0155 -.576 .195 -1.512 1.342 .230 -2.912 .905 
0221 -.276 .776 -.771 -1.562 1.265 .962 1.646 
0223 -.356 .450 -.760 -1.514 .548 .640 1.796 
0224 -.261 .621 .381 -.542 -.307 -.930 .633 
0225 -.143 -.056 .254 -.783 .186 .853 1.935 
0226 -1.848 .650 -1.957 -.547 .088 1.336 1.295 
0227 -1.121 .593 .333 .311 .051 1.692 .437 
0228 -1.857 .900 -.343 1.113 -.058 .752 .260 
0230 -.263 .192 .628 -1.497 .754 1.636 1.000 
0234 -.210 .171 1.173 .026 -.054 -1.058 1.122 
0237 -.009 .258 1.366 -.526 -.177 -.714 .087 
0238 -.337 .309 1.265 -.557 -.277 -.459 .588 
0239 -.242 .172 1.679 .116 -.307 -1.299 .018 
0240 -.659 .441 1.642 1.364 -.614 -,428 -.017 
0241 -.997 .460 .831 .502 .410 .937 .419 
0242 -.467 .291 1.857 1.464 -.791 -.386 .133 
0245 -.575 .586 1.633 1.535 -.602 -.166 -,062 



Table 3.5.4 (contd.) 

Sample E A 

0246 -2.401 1.341 -.335 .119 -.060 2.025 .303 
0247 -2.775 .981 -.609 .539 -4.357 2.082 -.192 
0249 1.011 .451 .959 -1.293 1.069 .997 .244 
0250 .976 .540 1.017 -1.003 .904 .887 .256 
0252 .603 .182 .780 -1.016 .333 -.156 .548 
0255 -.826 -2.463 .844 -1.378 -.461 -.599 .816 
0256 -.899 -1.686 .440 -.937 .024 -.765 .557 
0257 -.207 -.540 .762 -.061 .303 -.280 -.230 
0253 -.715 .1.578 .309 -.164 -.082 -.840 .309 
0259 -.663 -.933 .156 .552 .258 -.567 -.691 
0260 -1.422 -1.722 -.558 1.533 .446 .960 -1.096 
0262 -.227 -1.074 .152 .377 .103 .802 -1.071 
0263 -.311 -.443 .172 .744 -.156 .311 -2.634 
0264 -1.979 .403 -.017 .984 .158 .938 -1.205 
0266 -.320 1.607 -.528 -.354 1.027 .837 .584 
0267 -.556 .240 -.185 -1.814 -.098 -1.199 -2.123 
0263 -.247 .061 1.260 -.266 .434 -.374 -1.717 
0269 -.439 .408 .188 -1.745 -.114 -1.288 -1.927 
0270 -.219 -.258 1.173 -1.999 .624 .224 -2.097 
0271 -.408 -.063 .397 -.828 .124 -.865 -1.698 
0272 -.291 .432 -.021 -.339 -.037 -.777 -1.365 
0273 -.457 .211 -.059 -.942 -.089 -1.348 -,202 
0274 -.762 .689 -.129 .212 .112 -1.694 .740 
0275 -.760 .170 .211 .779 .226 -1.136 .820 
0276 -.147 -.471 .352 .053 -.089 -1.002 -.513 
0277 -.381 -1.019 .637 -.744 .267 .1.136 1.402 
0280 .856 .731 1.257 1.026 .780 .375 .089 
0283 1.235 .515 1.322 -.427 .655 .974 -.201 
0234 1.525 .542 1.357 -.406 .492 .919 -.145 
0285 .404 1.044 1.430 .479 1.161 .111 .401 

263 



264 

Table 7.1.1 Trace Element abundance data in phosphorites, apatites, sea-

water and the earth's crust (ppm). I Crustal abundances (Mason, 1966); 

II Seawater abundances (Goldberg, 1965); III Phosphoria Formation averages 

(Gulbrandsen, 1966, table 3 p.774); IV Worldwide phosphorite averages 

(calculated from data in Swaine, 1962); V Ranges of worldwide phosphorite 

analyses (given in Swaine, 1962); VI Rare earth determinations on Californ-

ian continental shelf phosphorite nodule (Goldberg et al, 1963); VII Rare 

earth determinations on carbonate apatite separated from Florida phosphorite 

(Altschuler et al, 

I 

1967). 

II III IV V VI VII 

As 0.07 .00004 3 1-50 
As 1.3 .003 40 20.5 .4-183 
B 10.0 4.6 16.0 3-33 
Ba 425.0 .03 100 1-1000 
Be 2.8 .0000006 1-10 
Cd 0.2 .00011 1-10 
Ce 60.0 .000005 102 120 
Co 25.0 .0001 3.3 .6-11.3 
Cr 100.0 .00005 1000 285 7-1600 
Cs 3.0 
Cu 55.0 .003 100 21.7 .6-394 
I 0.5 .06 24.1 .15-280 
In 0.1 
La 30.0 .00001 300 56 150 
Ti 20.0 .17 1-10 
Mn 950.0 .002 30 423.0 0-10000 
No 1.5 .01 30 18.7 1-133 
Nb 20.0 
Ni 75.0 .002 100 12.5 1.9-30 
Pb 13.0 .00003 0-100 
Rb 90.0 .12 0-100 
Sb 0.2 .0005 7 1-10 
Sc 22.0 .00004 10 10-50 3 
Se 0.05 .0004 10 2.7 1-9.8 
Sn 2.0 .0003 10-15 
Sr 375.0 8.0 1000 1900 1800-2000 
Th 7.2 
Ti 4400.0 .001 476 100-3000 
U 1.8 .003 90 190 8-1300 
li- 135.0 .002 300 167 20-500 
Y 33.0 .0003 300 0-50 110 
Zn 70.0 .01 300 90 4-345 
Zr 165.0 30 10-500 



Table 7.3.1 	Elemental abundances in selected subsea phosphatic rocks and limestones and in certain terrestrial phosphorites. 
Si, Mg, Ca, Fe, K, P205 , Corg  expressed in per cent; other values in ppm. 

Sample 
No. 

SI 	Ba Ti Mn Ni Cr Zn Mg Ca Fe K Co Pb Cu Ga Sr V P205 Corg As Sb Hg 

CAL.I 	2.7 	150 	359 76 42 66 25 0.10 38.0 0.78 0.26 7 39 25 2 1075 129 25.0 0.93 19 2 <10 
AGUL.1 	8.1 	84 	1317 104 35 103 '25 0.10 26.0 2.68 1.46 7 34 25 4 918 60 25.0 0.44 10 0.5 80 
US.22 	5.6 	94 	737 132 134 326 1075 0.41 40.0 (.36 0.33 22 123 71 3 414 107 27.0 1.60 20 3 
US.47 	3.9 	125 	908 110 202 871 860 0.06 50.0 2.43 0.37 II 65 71 4 874 77 31.9 2.00 30 2.5 
US.41 	2.6 	82 	667 127 270 1205 3500 0.14 51.0 0.68 0.32 12 76 109 4 624 5360 32.1 2.80 <2.5 4.5 
TAS.30 	.0 	10 	50 313 18 14 35 0.73 36.0 0.04 0.02 8 33 8 tr 809 10 5.3 0.14 <2.5 3 
TAS.41D 	.0 	10 	158 525 40 15 60 0.82 35.0 0.02 0.02 10 31 10 tr 581 23 5.1 0.14 <2.5 2.5 
TAS.43D 	.1 	10 	132 113 16 9 30 1.94 27.0 0.02 0.02 7 27 6 tr 1221 14 0.4 0.10 2.5 
MOR.I 	.4 	73 	216 32 65 343 310 0.18 45.0 0.05 0.07 8 47 46 2 445 400 33.6 0.18 <2.5 2 30 
FI27 	.7 	1840 	.566 3196 477 23 185 0.40 40.0 1.24 0.21 285 179 121 3 895 110 25.3 0.60 2.5 9 <10 
DI34 	.5 	72 	286 116 35 17 40 0.38 39.0 0.47 0.15 12 55 14 tr 831 69 21.9 0.28 <2.5 <0.5 35 
ZI037 	.9 	91 	247 192 22 14 40 0.40 42.0 1.32 0.55 8 41 11 tr 882 77 16.2 0.20 <2.5 <0.5 <10 
20 	3.6 	68 	725 259 18 30 60 0.68 26.0 0.76 0.71 6 142 12 3 714 30 0.4 0.09 <2.5 11.0 15 
35 	2.0 	0 	243 77 36 72 35 0.48 37.0 0.32 0.14 8 40 14 tr 762 211 18.9 0.25 10 2 30 
361 	1.2 	0 	155 45 42 71 70 0.37 35.0 0.10 0.06 8 34 21 tr 832 55 19.8 0.73 <2.5 <0.5 70 
362 	1.3 	0 	249 157 17 14 20 0.70 35.0 0.04 0.09 7 33 7 tr 589 25 0.3 0.10 <2.5 <0.5 <10 
391 	1.3 	0 	211 77 40 107 70 0.48 36.0 0.41 0.11 6 37 21 tr 1067 67 25.3 0.70 10 2 165 
392 	1.4 	0 	153 90 31 62 70 0.45 42.0 0.59 0.09 7 40 19 tr 995 68 24.6 0.52 50 <0.5 180 
48 	1.5 	0 	207 111 29 35 55 0.32 42.0 1.75 0.18 9 44 10 tr 682 161 20.1 0.27 25.0 2 20 
51 	12.6 	167 	837 183 20 90 40 0.83 25.0 0.88 0.50 7 31 31 3 524 77 0.4 0.67 <2.5 1.5 <(0 
52 	5.7 	80 	601 116 27 90 75 2.50 25.0 4.72 1.53 6 50 II 3 771 88 13.6 0.32 2.5 <0.5 (5 
54 	7.3 	63 	893 102 24 128 65 1.63 23.0 5.08 2.29 7 44 13 4 835 96 15.3 0.46 5 2 40 
55 	6.7 	103 	1248 2609 127 38 85 1.90 36.0 3.83 1.01 38 73 18 5 816 173 13.4 0.33 3.7 3 
56 	2.5 	tr 	854 453 79 74 95 2.25 30.0 8.56 0.52 15 63 II 3 739 430 16.6 0.10 89 9 18 
57 	2.0 	tr 	251 604 37 37 105 3.90 32.0 5.52 0.24 13 53 9 tr 672 158 11.1 0.10 125 4.5 10 

227 	21.8 	75 	672 45 17 16 25 0.23 16.0 0.13 0.26 6 25 12 2 625 28 0.3 0.02 <2.5 <0.5 
234 	3.0 	47 	452 115 22 25 20 7.56 32.0 2.21 0.51 7 40 7 2 59) 52 7.9 0.25 5 1.5 30 UI 
252 	3.1 	75 	761 809 53 28 25 0.16 33.0 0.61 0.67 16 36 9 2 9.5 62 0.8 0.09 <2.5 <0.5 90 
257 	5.3 	51 	687 239 19 28 30 0.88 29.0 0.70 0.35 6 31 7 2 474 43 0.8 0.14 <2.5 <0.5 
259 	11.7 	87 	1031 100 17 38 40 1.20 24.0 0.88 0.62 7 31 10 3 339 45 0.4 0.13 <2.5 <0.5 15 
264 	1.7.8 	1455 	1700 93 14 28 80 2.69 15.0 0.45 0.54 7 29 9 3 353 43 0.2 0.08 <2.5 <0.5 <10 

'273 	4.7 	111 	1270 555 25 32 50 3.25 22.0 3.04 0.93 8 31 7 3 61; 77 0.5 0.10 75 <0.5 10 



Table 7.3.2 Trace element associations indicated by R-mode factor analysis of the log-transformed 
subsea Moroccan phosphatic rock and limestone analytical data. Elements given In 
parentheses are antipathetic to the remaining elements In the factor association. 
Factors are designated A, 8, C etc. 

Variance and 
	

A 
Model 

93.3% : 6 	Ca, P205, Sr, Corg, 
	Fe, V, P205, Cr 	Co, Mn, NI, V, 	Pb, Sr, K, Fe, 	Cu, Cr, Corg 	Corg, 

(SI, Ti, K) 
	

K, NI 	Ca 	Mn 	P205, Sr 	(Sr) 

89.6% : 5 
	

Ca, 	 Sr,P205, 	 Corg, 
	Fe, V, P205, Cr, 	Co, NI, Mn, V, 	Pb, Sr, K, Mn, 	Cu, Cr, Cor9, 

(SI, T1, K) 
	

K 
	

Ca 	Fe 	P
2
0
5' 

Sr 

83.9% : 4 	Ca, P205, Sr, Corg, 	Fe, K, V, Pb, 	Co, Mn, NI, V, 	Cr, Cu, Corg,  
Ni (SI, TI, K) 
	

P205' Cr' Mn 
	

Pb, Ca 
	

P
2
0
5' Sr, V, Ni 

76.8% : 3 Ca, Sr, P205  

(Ti, Si, K, Fe) 

Co, Mn, NI, V, Fe, Pb, P205, Sr, Ca Cr, Corg, Cu, 

P 0 	 V, 
(Mn) 

5' Sr," 

(Mn) 

62.9% : 2 
	

Ca, P205, Sr, Corg' 	Fe, Mn, Co, NI, V, K, Pb, TI, P
205 

Cr, NI, Cu, V, 

(Ti, SI, K) 
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Table 7.3.4 Elemental abundances in carbonate-apatites separated from 

subsea Noroccan phosphorites (ppm); * denotes extrapolated value; tr 

denotes trace. 	Analyses by N.S.7. 

Element 139 148 F127 Element 139 148 F127 

U 36.0 146.6 3.0* Y 141.9 9.2 

Th 1.7* tr Sr 1298.2 1754.1 

Pb 3.0* tr Rb 3.4 2.1 

Ba 5.0 3.5 Br 1314.0 1311.2 

Cs 1.3 0.7 As 68.8 50.9 

I 565.3 312.4 Zn 63.0 39.4 

Sb 5.8 3.3 Cu 558.6 356.4 

In 1.2 0.3* Ni 58.4 28.9 

Cd 13.5* 8.1* Cr 289.7 105.0 

No 3.7* 1.8* V 74.6 150.8 

Nb 0.7* 0.5 La 48.4 3.8 42.4 

Zr 4.1 3.1 Ce 25.9 3.5 22.4 
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Table 7.3.5 Relative atomic abundance of lanthanons in marine apatite, 

seawater, phosphorite, and shale (normalised to lanthanum): I Phosphoria 

Formation, U.S.A. (Altschuler et al, 1967); II Moroccan phosphate from 

Khouribga (Altschuler et al, 1967); III Bone Valley Formation, Florida 

(Altschuler et al, 1967); IV Seawater (Goldberg et al, 1963); V Eastern 

Europe and Kazakhstan (Semenov et al, 1962); VI Californian offshore 

nodule (data from Goldberg et al, 1963); VII Composite shale; 	extra- 

polated values. 

148 

Carbonate Apatite Concentrated 
From Phosphorite 

III 

Sea- 
water 

Phosphorite 
Whole Rock Shale 

139 F127 I  II IV V VI VII 

La 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Ce 0.91 0.53 0.54 .54 .64 .81 .44 2.05 1.81 1.94 

Pr 0.18 0.25 0.15 .12 .21 .21 .22 .45 .25 .26 

Nd 0.66* 0.71 0.44 .69 1.39 .47 .74 1.43 .98 .92 

Sm .10 .24 .18 .14 .31 .18 .17 

Eu 0.05 0.06 .03 .04 .03 .04 .04 .04 .05 

Gd 0.05* 0.30 0.84 .14 .27 .10 .18 .33 .24 .14 

Tb 0.04 0.03* .03 .04 .03 .04 .03 .03 

Dy 0.13 0.13 .08 .23 .10 .22 .20 .19 

Ho 0.05 0.02* .03 .07 .03 .06 .04 .05 .03 

Er 0.15 0.03* .07 .18 .14 .17 .12 .14 .09 

Tm 0.02* 0.01* .02 .08 .01 .04 .02 .02 .01 

Yb 0.07 0.05* .07 .17 .05 .14 .13 .10 .07 

Lu 0.01* 0.01* .01 .02 .02 .03 .02 .02 .01 



Table 7.4.1 	Trace element associations indicated by R-mode factor analysts of the log-transformed data from 
the Phosphoria formation (original data from Gulbrandsen, 1966). Elements in parenthesis are 
antipathetic to the remainder of the factor association. Factors are designated A, B, C etc. 

Variance and 
Model 

A B C D 	E F 	 G H 	I 

82.7% : 9 P205, Ca,F,U 

(S1,K,A1,T1,Mg,Zr,Fe,Ag) 

Cr,Cu,N1,Ag,Zn,Corg, 
V,TI,Sr,Mg,U 

Na,Mg,Zn,Ni 	LaCZn,V) 
(Sb) 

Mn(Sb) 	Mo,Fe,Sb,AI, 
K,T!,Zr 

Sr(As,K, 
Mg,A1) 

Ba,Sr, 
V,Zr 

Fe(U, 
Zr,V) 

79.6% : 8 Ca,P205,Fe 

(SI,A1,K,T1,Zr,Mg,Fe Ag, 
Cu) 

V,U,Cu,Zn,Ag,Ba,T1, 

Sb,Cr 

La,As,Na, 
Mg:Na,CuP 	Zr,Ba 
Ag,Ti,Cr 
(La) 

Mn,Ba, 	Ao,Fe,Sb,AI, 
Al(Sb, 

K Ti Zr 
Corg) 

Sr,Cr 

(As) 

Cr(Zr, 

Na) 

76.4% : 7 Ca,F,P205,U 	(Si,A1,K, 

Ti ,Mg, Fe,Zr,Ag,Cu) 

V,U,Cu,Ag,Cr,Ti,Zn, 

Sb,Cor9,Ba 

Ni,Na,Mg,Zn, 	La,As,Ba, 
Cor9,Ag,Cu, 

Zr,Na(Zn) 
As, 	(P205) 

Mn,Ba, 	Ao,Fe,Sb,AI, 
(Sb 

K,T1,Zr 
Corg) 

Sr,Cr 
(As) 

72.6% : 6 P205,Ca,F,U 	(S1,A1, 

K,T1,Mg,Ag,Fe) 

V,Cu,Cr,Ag,Sr,Zn,U, 

Cor9,N1,T1,Ba 

Na,Mg,Nl,Corg  La,As,Ba, 
Zn,As,Ag 	

Zr(Zn) 
(P
2
05) 

Mn,Sr 	Fe,K,A1,Ti,Mo, 
(Sb U , 	, 	

Sb,Zr,S1,Cu 
Corg) 

67.8% : 5  Ca,P205,F,U(K,AI,S1,Fe, 

T1,Mo,Zr,Mg,Cu,Ag) 

Zn,Cu,NI,Ag,Corg,Cr, 

V,Sr,Mg,Na,Ti 	(La) 

Na,Mg(Sb,U, 	As,La,Na, 

V,Mo,P205) 	Zr 

Ba,Ti,Sr 
La ,Zr 

(Corg)  

62.3% : 4 Ca,F,P205,U 	(K,AI,S1, 

Fe,T1,Mo,Zr,Mg,Cu,Ag) 

Zn,Cu,NI,Cor9,Ag,Cr, 

V,Na,Mg,Sr,T1,U 

Na,Mg(Sb,U, 	La,As,Ba, 

V,P205) 	
Zr,Mn 

 
(Corg)  

155.6% : 3 Ca,P205,F,U 	(K,A1,S1 

Fe,T1,Zr,Mo,Mg,Cu,Ag) 

Zn,Corg,NI,Ag,Cu,Cr, 

V,Mg,T1,Sr(La,P205, 
F) 

 
IgT(p6U,V, 

Cu,Ti) 	2 5'  

45.8% : 2 P205,Ca,F,U 	(S1,K,AI, 

Fe,TI,Zr,Mo,Mg,Cu) 

Zn,Coroi,Cu,Ag,N1,V,Cr, 
Ti,Sr,Mg,U,Na,Mo 	(La) 



* 

* * 
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Table 7.4.2  Previously determined correlations of different elements with 

organic carbon in sediments and sedimentary rocks. 

Element 	Zn Cu Ag Cr V Ti Ni Sr Mg U Na Sb Ba Mo 

Degens, Williams and 
Keith (1957) * 

Arrhenius, Bramlette 
and Picciotto (1957) * 

Gad, Catt and Le Riche 
(1969) 

Le Riche (1959) 

Daturin et al (1937) 

Nicholls and Loring 
(1S62) 

Hirst (1962b) 

Tourtelot (1964) 

Curtis (1966) 

Vine and Tourtelot 
(1970) 

* 

Present work: corre- 
lation coefficient 
results. 	* * * * * * * 

Present work: number 
of factor models in 
which each variable 
is carbon - associated 
(max. number of models 
examined = 9) 	9 9 9 9 9 6 5 5 3 2 3 1 
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Table 7.5.1  A comparison between those elements enriched, normal or 

depleted in phosphorites relative to the crust and those elements relatively 

enriched or relatively impoverished in seawater. Data from table 7.1.1 and 

Figs. 7.1.1 and 7.5.1. 

SEAWATER: 
PHOSPHORITE: SEAWATER PHOSPHORITE: RELATIVELY PHOSPHORITE: 
ENRICHED>2:1 	ENRICHED 	DEPLETEDN(2:1 	IMPOVERISHED 	"NORMAL" 

>10,000:1 	 <10,000:1  

Ag 	 Ag 

As 	 As 

Cd 	 Cd 

Cr 

I 	 I 

La 

Mo 	Mo 

Pb 

Sb 	Sb 

Se 	Se 

Sn 	Sn 

Sr 	Sr 

U 	 U 

B 

Zn 

Li 

Rb  

Ba 	Ba 

Co 	Co 	Zn 

Cu 	Cu 	Rb 

Mn 	Mn 

Ni 	Ni 

Sc 	Sc 

Ti 	Ti 

Zr 

Be 	Be 

Ce 	Ce 

Cr 

La 

Pb 

V 	V 

Li 
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Table 3.1 Locations and ages of the principal known subsea phosphorite 

deposits, and sources of information. R = Recent; Q = Quaternary; M = 

Miocene; E = Eocene; T = Tertiary; C = Cretaceous. Northwest African 

subsea phosphorites of Eocene, Miocene and Pliocene ages (possibly with 

some few Cretaceous samples) have been found in the present study. 

Source of information  

Parker (1970); Cayeux (1934; 
Murray and Renard (1891) 

Baturin (1970) 

This Work 

Gevorkcyan and Chugunnyy (1969) 

see McKelvey and Chase (1956 

Siddiquie and Murthy (1966) 

Von der Borch (1970) 

Murray and Renard (1891) 

Kolodny and Kaplan (1970) 

Reed and Hornibrook (1952); 
Norris (1964) 

Summerhayes (1969) 

Dietz, Emery and Shepard (1942) 
Kolodny and Kaplan (1970) 

Pevear and Pilkey (1966); 
Gorsline (1963); Gorsline and 
Milligan (1963); Lutenaur and 
Pilkey (1967) 

Manheim, Pratt and McFarlin (1968); 
Pratt and McFarlin (1965) 

Hamilton (1956) 
Hamilton and Rex (1959) 
Bezrukov et al (1969) 

this work, and Menard (1969) 

see LcKelvey and Chase (1966) 

ditto 

diAnglejan (1967); Kolodny and 
(1970) 

Locality 
	

AB2 

Agulhas Bank 
	

T(? M) 

S.W. Africa 
	

T & R 

Africa 
	

T 

Gulf of Aden 
	

T 

Arabian Coast 

Andaman Islands 

E. Australia 

W. Australia 

Tasmania 	pre-R 

Chatham Rise, N.Z. 

Campbell Plateau, N.Z. 	T 

California Borderland 
	

M Q 
pre-R 

U.S.A. Eastern Shelf 
	

N 

Blake Plateau 

Pacific Seamounts 
	

C 

?pre-P. 

Tasman Seamounts 
	

? up-T 

Japan 

S. America 

Baja, California 	pre-R 

India (low grade mud 
and sand) 	 Seshappa (1953); klurthy, Reddy 

and Varadachari (1968) 
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Table 9.1: 	Radiation and phosphate determinations made during 1968. 

ROCK SAMPLES (L and P differentiate between limestone and phosphorite 

from the same dredge hauls) 

Per Cent 	COUNTS PER SEC 
Sample No. 	P205 	Shipboard 	Laboratory 

Spectral 
Analysis 

120 0.37 16 156 
136 P 19.84 350 15,502 * 
139 L 25 
139 P 25.26 5,942 
148 20.14 230 9,604 
151 0.40 25 178 
152 P 13.56 
156 16.59 240 8,432 s'c 
157 11.16 5,829 
234 7.90 180 6,021 

SEDIMENT SAMPLES 

111 .34 17 
112 .28 16 115 
113 .23 16 
114 .25 17 
116 .16 18 
117 .13 19 
119 .11 20 
120 .12 22 178 
121 .23 23 245 
125 .11 21 
126 .12 239 
129 1.53 339 
133 3.04 32 505 
134 1.80 33 
135 .21 157 
137 .30 161 
151 .34 24 299 
155 .50 223 

Shipboard radiation determinations by B.H. Hazclhoff Roelfzema. 

Phosphate analyses by C.P. Summerhayes. 

Laboratory Radiation analyses by D.B. Smith. 
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Table A2.2 Mean ratios of daily average (di) to monthly average (MZ) of 

all variables from the Statistical Series used as external standards 

during direct reading emission spectrographic analysis of the acid insol- 

uble residues of Moroccan and Saharan sediments. 	denotes those ratios 

used as correction factors for determinations of certain variables made on 

specific days. 

Element 17.12.68 13.12.63 11.12.68 

Zn 0.92 1.00 0.95 

Ti 1.04 1.00 1.68* 

Sr 1.17 1.60* 1.07 

Mn 1.26 0.86 1.27 

Ni 1.09 0.99 0.90 

Cr 1.21 0.82 0.37 

Co 0.97 0.88 0.97 

Ba 1.22 1.05 1.16 

V 1.04 0.98 1.02 

Pb 1.06 1.04 0.99 

Cu 1.01 1.01 0.95 

Ga 1.06 1.03 0.96 

Si 0.95 1.06 1.26 

K 0.93 1.03 1.27 

Fe 1.02 1.00 1.40* 

Ca 0.67* 1.02 

Al 1.06 0.92 1.11 
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Table A2.3 Volumetric Phosphate Determinations (averages of duplicates); 

previous analyses of US 22, 41 and 47 by Gulbrandsen (1966), of D134 and 

F127 (different subsamples) by Summerhayes (1969), and of MOR.I by Fisons 

Laboratories. 

Sample 
No. % P2°5 

a. 

aange 
Sample 
No. 7. 2205 

% 
Range 

Previous 
Analysis 

120 0.37 0.13 259 0.44 0.10 

135 18.84 0.02 264 0.21 0.02 

136.1 19.84 0.04 273 0.56 0.03 

136.2 0.25 0.04 

139.1 25.26 0.06 Z1037 16.19 0.02 

139.2 24.6 0.08 D134 21.85 0.01 23.1 

148 20.14 0.07 F127 25.29 0.05 26.2 

151 0.40 0.02 TAS. 3D 5.28 0.10 

152 13.56 0.00 TAS. 41D 5.09 0.14 

154 15.33 0.03 TAS.43D 0.37 0.06 

155 13.42 0.08 

156 16.59 0.16 US 22 27.01 26,4 

157 11.16 0.05 US 41 32.08 32.4 

227 0.33 0.15 US 47 31.81 31.4 

234 7.90 0.06 MOR. 1 33.57 33.5 

252 0.78 0.14 

257 0.79 0.00- 
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Table A2.4 Qualitative assessment of X-Ray diffraction analyses of acetic 
acid insoluble residues of the non-magnetic fractions of selected sediment 
samples. Batch 1 = coarse fraction (after decantation of suspended fines) 
re-franzed to remove residual glauconite. Batch 2 = decanted fines from 
different size fractions. Batch 3 = magnetic concentrates obtained by the 
re-franzing of coarse fractions from patch 1. Latch 4 = micropanned concen-
trates of brown foram casts obtained by the treatment of magnetic concentra-
tes from Latch 3. Q = Quartz; GI = Glauconite; F = Feldspar; I = Mite; 
Ch = Chlorite; K = Keolinite; A = Carbonate-Apatite. Size fractions are 
given in phi units; asterisks denote mineral recordings. 

Batch 
No. 

1 

Sample 
No. Fraction g 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

G1 

* 
* 

* 

s't 

* 

F 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

I 

* 

* 

* 

Ch X 

* 

* 

* 

A 

* 
* 
l'i• 

* 

* 
* 
* 
* 
* 
* 

154 
154 
155 
155 
333 
833 
336 
882 
882 
832 

2 - 3 
3 - 4 
2 - 3 
3 - 4 
2 - 3 
3 - 4 
2 - 3 
1 - 2 
2 - 3 
3 - 4 

280 3 - 4 * * 
2 

154 0 - 1 •;'; * * * * * 
154 1 - 2 * * * * * 
154 2 - 3 * ..4- * * * 
154 3 - 4 * * * * * * 
155 0-- 1 * * * * 
155 1 - 2 * * * * 
155 2 - 3 * * * * 
155 3 - 4 * * * * * * * 
832 3 - 4 * * * * * 
333 2 - 3 * * * * * * 

833 3 - 4 * * * * * 
334 2 - 3 * * * * 
336 2 - 3 * * * * * 
882 1 - 2 * * * * 
882 2 - 3 •, * * * 
382 3 - 4 * * * * * * 

3 
154 3 - 4 * * * * * 
155 2 . 3 * * * * * 
155 3 - 4 * * * * 
833 2 - 3 * * * * 
834 2 - 3 * * * 
836 2 - 3 * * * * 

4 
833 2 - 3 * * 
833 3 - 4 * * * * 
834 2 - 3 * * * * 
837 2 - 3 * * * * * 
873 3 - 4 * * * * * * 
882 1 - 2 * * * 



Table A.2.5 	Sediment samples from the detailed study area off south central Morocco, and from the Spanish 
Saharan region. 	Column I = per cent Pi05; 	2 = per cent CaCO3(corrected for soluble phosphate); 
3 = metres water depth; 	4 = sediment type (st = silt, ms = silty sand or sandy silt, sd = sand); 
5 = sampling gear (g = shipek grab, d = pipe dredge, c = gravity core); 	6 = notes on the 
presence of glauconite (*). 

Sample 
No. 

1 2 3 4 5 6 Sample 
No. 

I 2 3 4 5 6 

804 
805 
806 
809 
810 
811 
812 
813 
814 
815 
817 

43 
44 
45 
46 
47 
49 
50 
51 
53 
54 
55 
802 
803 

0.11 
0.11 

0.17 
0.18 
0.32 
0.60 
0.34 
0.72 
0.20 
0.16 
0.27 
0.58 
0.19 
0.14 
0.16 
0.24 
0.45 
0.41 
0.25 
0.56 
0.36 

53.9 
61.9 

58.8 
32.8 
28.8 
57.5 
57.6 
43.9 
50.3 
39.0 
41.4 
26.5 
23.2 

45.2 
46.5 
47.5 
47.5 
36.9 
41.4 
45.8 

940 
718-703 
622 
573 
537 
15 
90 

126-121 
132 

414-340 
495-433 
1053 
558 

256-222 
121 
90 
586 

486-469 
399 
260 

234-2(9 
186 
143 
128 

st 
ms 
sd 
sd 
sd 
sd 
st 
ms 
sd 
ms 
ms 
st 
st 
ms 
sd 
st 
st 
st 
ms 
sd 
sd 
sd 
ms 
ms 

c 
d 
g 
g 
g 
9 
g 
d 
g 
d 
d 
c 
c 
d 

g 
g 
c 
d 
c 

g 
d 
g 
c 
d 

* 
* 
* 

* 

* 
* 

* 
* 

* 
* 
* 

* 

818 
819 
820 
821 
822 
823 
824 
825 
826 
827 
829 
830 
831 
832 
833 
834 
835 
836 
837 
838 
839 
840 
841 
842 

0.30 
0.16 
0.38 
0.20 
0.15 
0.10 
0.09 
0.16 
0.22 
0.15 
0.17 
0.15 
0.21 
0.60 
0.35 
0.56 
1.24 
0.31 
0.90 
0.36 
0.29 
0.37 
0.56 
0:35 

43.2 
90.7 
82.3 
70.3 
68.4 
80.1 
73.9 
54.3 
66.7 
50.6 
63.3 
76.8 
56.2 
30.5 
42.6 
53.4 
29.4 
69.5 
66.0 
19.0 
30.3 
28.0 
26.6 
15.4 

115 

90-92 
90-75 

83-85 

264 
294 

320-324 
448 

92 
85 
98 
98 

70 
55 

85 
98 
07 
22 
24 
24 
22 
32 
75 

305 

st 
sd 
ms 
st 
ms 
st 
ms 
sd 
ms 
ms 
ms 
ms 
ms 
ms 
ms 
ms 
sd 
ms 
sd 
sd 
sd 
sd 
ms 
ms 

d 
g 

g 
d 

g 
d 
d 

g 
d 
d 
d 
d 
d 

g 
d 
d 
g 
d 
d 
g 
c 

g 
d 

g 

* 

* 
* 

* 
* 
* 
* 
* 

Y. 



Sample 
No. 

1 2 3 4 5 6 
Sample 
No. 

1 2 3 4 5 6 

843 
844 
846 
847 
848 
849 
850 
851 
852 
853 
854 
855 
856 
857 
859 
8E0 
8E1 
862 
863 
864 
865 
866 
867 
868 
869 
870 
871 
872 
873 
874 
875 
876 
877 

•13 
0.18 
1.13 
1.69 
0.56 

0.41 
0.36 
0.31 
0.26 
0.25 
0.34 
0.16 
0.16 
0.22 
0.31 
0.18 
0.56 
0.31 
0.34 
0.18 
0.32 
0.29 
0.14 
0.18 
0.20 
0.23 
0.15 
0.90 
0.68 
0.86 
0.24 
0.38 

36.9 
77.6 
83.1 

14.4 
22.9 
56.3 
78.3 
71.7 
73.4 
28.2 
28.2 
46.7 
42.0 
28.2 
26.6 
30.9 
60.0 
28.1 
80.6 
66.6 

30.4 
41.4 
69.6 
32.6 
24.6 
26.5 
46.0 
71.8 
88.4 15 

512 
558 
477 

305-309 
294-256 

309 
328 
267 
211 
132 

128-121 
121 
III 

188-313 

79-83 

98 
87 
96 
119 
132 
132 
138 
139 

595 
895 
73 
83 

17 
32 
32 
36 
36 
-138 

st 
st 
sd 
sd 
sd 
sd 
sd 
sd 
sd 
ms 
ms 
ms 
st 
st 
st 
st 
st 
ms 
sd 
ms 
sd 
sd 
sd 
st 
st 
st 
sd 
st 
ms 
ms 
ms 
sd 
sd 

c 
c 
g 
d 
d 
c 
g 
g 
g 
g 
d 
d 
d 
d 
d 
9 
g 

d 
g 
g 
d 
d 
g 
c 
g 
g 
d 
d 
d 
g 
d 
d 
d 

* 

* 
* 
* 
* 

* 
* 

* 

* 
* 
* 

* 

* 
* 

878 
879 
880 
882 
883 
885 
886 
887 
888 
889 
890 
891 
892 
893 
894 
895 
896 
897 
898 
899 

219 
221 
222 
223 
224 
225 
226 
227 
228 
229 
230 

0.86 
0.17 
0.45 
1.13 
0.26 
0.25 
0.13 
0.90 
0.11 
0.10 
0.14 
0.18 
0.11 
0.23 
0.56 
0.68 
0.93 
0.74 
1.46 
0.51 

0.21 
0.13 
0.14 
0.15 
0.12 
0.14 
0.16 
0.21 
0.11 
0.31 
0.30 

33.1 
53.8 

42.4 

25.3 
83.6 
96.8 
89.0 
92.6 
36.1 
36.0 
85.3 
55.6 
82.1 
67.7 
76.9 
40.3 
88.1 
69.2 

35.0 
55.2 
48.3 
60.0 
92.0 
94.0 
89.0 
63.7 
43.2 
71.9 
69.5 

603 
906 

921-912 
753 

888-815 
19 
32 
38 
38 
41 
73 
98 
105 
200 
134 
130 
136 
301 
143 
316 

1600 
1278-1422 

888 
593-511 
219-134 

83 
57 

53-41 
40 
23 
30 

ms 
st 
sd 
ms 
ms 
sd 
sd 
sd 
sd 
sd 
st 
ms 
sd 
ms 
ms 
ms 
ms 
sd 
sd 
st 

st 
sd 
sd 
sd 
sd 
sd 
sd 
sd 
sd 
sd 
ms 

g 
c 
d 
d 
d 

g 
g 
g 
g 
g 
d 
d 
d 
d 
d 
d 
d 

g 
d 
d 

g 
d 
c 
d 
d 
g 

g 
d 

g 
g 
9 

* 
* 



Sample 
No. 

I 2 3 4 5 6 	Samp le  3 4 5 6 

232 0.16 47.7 961 st c 271 0.27 88.9 40 sd g 
233 4.17 58.8 738 st c 272 0.15 92.0 51-60 sd d 
234 0.17 89.0 256-222 sd d 273 0.18 90.0 79 sd d 
235 0.06 94.0 211-132 sd d 274 0.21 88.1 90 sd 9 
237 0.11 92.0 109 sd g 275 0.21 89.0 102 sd 9 
238 0.11 93.0 104 sd d 276 0.27 88.9 105 sd g 
239 0.11 93.0 85-79 sd d 277 5.20 82.0 313-107 sd d 
240 0.10 92.0 60 sd g 278 0.14 63.0 672 ms c 
241 0.12 94.0 60 sd d 279 0,15 59.3 879 st c 
242 0.06 94.0 36 sd g 280 0.11 58.0 959-918 st d 
243 0.07 93.4 32 sd c 281 0.13 51.8 1077 st c 
244 0.07 94.0 30 sd g 282 0.11 1101 st c 
245 0.08 93.0 23 sd g 283 0.13 60.0 1083-1072 st d 
246 0.08 69.7 25 sd g 284 0.12 67.7 1210-974 st c 
247 0.06 61.9 20 sd g 285 0.11 65.8 1300-1053 st c 
249 0.13 84.3 1371-1307 ms d 
250 0.16 76.4 1038-1000 ms d 6561 0.13 91.9 sd 
251 0.22 63.4 1044 ms c 6564 0.07 94.0 sd 
252 0.28 90.8 674-591 sd d 6566 0.07 94.0 sd 
255 5.40 74.1 213 sd g 6567 0.06 94.0 sd 
256 8.30 78.0 141 sd g 6568 0.05 94.0 sd 
257 0.32 89.9 107 sd g 6569 0.05 94.0 sd 
258 4.20 86.0 87-83 sd d 6570 0.45 92.5 sd * 
259 0.31 89.9 85 sd d 6585 0.17 93.9 sd 
260 0.33 89.8 79-72 sd d 6588 0.09 94.0 sd 
262 0.15 92.9 60-47 sd d 6590 0.31 79.7 sd * 
263 0.11 92.0 36-32 sd d 6591 0.10 92.9 sd * 
264 0.13 89.1 28 sd d 6592 0.10 94.0 sd * 
266 0.11 36.8 19 sd g 6621 0.14 94.0 sd * 
267 0.25 88.9 38 sd g 6624 0.12 58.9 sd * 
268 0.20 88.1 41 sd g 6626 0.13 94.0 sd 
269 0.24 86.3 43 sd g 
270 0.32 88.0 47 sd g 
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Table A2.6 Comparison of semi-quantitative analyses carried out by the 

A.G.R.G. and the U.S.G.S. on phosphorites from the Phosphoria Formation. 

Batch 1 	elements determined in A.G.R.G. by direct reading emission spec- 

trography. Batch 2 	elements determined in A.G.R.G. by wet chemical 

methods or atomic absorption. 

US 22 	US 41 
Element 	AGRG 	USGS 	AGRG 	USGS  

US 47 
AGRG 	USGS 

US 22 
AGRG/ 
USGS 

US 41 
AGRG/ 
USGS 

US 47 
AGRG/ 
USGS 

AGRG/ 
USGS 
Mean 

Ratios 
(Batch 1) 

Sro 414 1000 624 1000 374 1000 0.41 0.62 0.87 0.63 

V 103 300 536 1000 73 100 0.36 0.54 0.73 0.56 

Ba 95 100 83 100 125 100 0.95 0.83 1.25 1.01 

Ti 737 960 667 960 908 960 0.77 0.69 0.94 0.80 

Mn 132 100 127 30 110 100 1.32 4.23 1.10 2.22 

Mi 134 100 270 300 202 300 1.34 0.90 0.67 0.97 

Cr 326 1000 1205 3000 871 1000 0.33 0.40 0.87 0.53 

Co 22 30 12 <10 12 <10 0.73 )l.2 >1.2 ? 

Pb 123 30 76 <1.0 65 .<10 4.10 >7.6 >6.5 ? 

Cu 71 100 109 100 71 100 0.71 1.09 0.71 0.84 

Ga 2.7 <10 4.7 <10 4.5 <10 - - - 

Si 5.61 3.6 2.65 3.19 3.93 5.21 0.65 0.33 0.75 0.74 

Ca 40.77 29.7 51.05 32.4 50.52 31..7 1.37 1.58 1.59 1.52 

Fe 1.36 0.77 0.63 0.53 2.43 1.82 1.77 1.23 1.34 1.46 

K. 0.33 0.37 0.32 0.21 0.37 0.30 0.89 1.52 1.23 1.21 
(Batch 2) 

Zn 1075 300 3500 300 860 100 3.58 11.66 3.60 7.94 

Mg 0.41 0.46 0.14 0.16 0.06 0.07 0.89 0.88 0.86 0.83 

42.'-'7; 	,5 27.01 26.4 32.08 32.4 31.81 31.4 1.02 0.99 1.01 1.01 

Corg 1.6 1.4 2.8 5.2 n.d. 2.1 1.14 0.54 - 0.56 

Sb 3 5 4.5 10 2.5 7 0.60 0.45 0.36 0.47 

As 20 30 <2.5 .4:10 30 50 0.67 0.60 0.62 
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Table A2.7 Minor element analyses of international rock standards W.1 and 

G.1. Columns 1 and 5 are analyses of W.1 and G,1 from Fleischer and 

Stevens (Geochim. Cosmochim. Acta v.26, 1962, pp 525-543); columns 2 and 

3 are means of 5 replicate direct reading emission spectrographic analyses 

of W.1; column 6 contains means of 5 replicate analyses of G.1 (same meth-

od); columns 4 and 7 represent duplicate optical emission spectrographic 

analyses of W.1 and G.1. 

Element 
1 

G.C.A. 
2 

11.12.60 
3 

13.12.68 
4 

O.E.S. 
5 

G.C.A. 
6 

11.12.68 
7 

C.E.S. 

Zn 60-35 127.4 144.2 75.0 20-95 tr 75.0 

Ti 6400 5900 6907 8500 1500 2600 1150 

Sr 170-310 155.6 93.5 55 250-389 228 72.5 

Mn 1320 1340.6 974.5 1600 230 226 180 

Ni 80 68.6 96.2 92.5 1-2 tr <5 

Cr 92-165 106.3 129 145 8-32 15 16 

Co 52 28.7 31.9 60.0 2.3 tr <5 

Da 130-225 122.4 116.4 115 1100-1500 532 400 

V 240 256 263 350 16 45.8 23 

Pb 8 o 14 47.8 7.5 49 65.4 72.5 

Cu 80-153 132 164.4 150 10-22 10.6 18.0 

Ga 13.6-22 14.2 17.0 18 14-25 18.8 30 
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Table A2.8 - Precision values at 2 standard deviations (95% confidence 

  

level) determined from 5 replicate direct reading emission spectrographic 

analyses of acid insoluble residues of the total sediment, the silt frac-

tion and the clay fraction of sample 144, and of the unleached international 

rock standards G.1 and W.1; precisions determined from duplicate optical 

emission spectrographic analyses of several sediment samples are also 

presented. 

Element 

144 
Total 
Sed. 

144 

Silt 

144 

Clay 

W.1 

11.12.65 

W.1 

13.12.68 

G.1 

11.12.68 Mean 0.E.S. 

Zn 35.8 61.0 29.3 57.3 79.1 n.d. 52.5 65 

Ti 26.8 1.0 20.3 21.1 25.1 19.0 18.9 33 

Sr 34.9 13.8 36.5 34.5 25.1 18.7 27.3 45 

Mn 12.7 21.7 11.4 29.3 19.0 8.4 17.0 37 

Ni 33.5 12.4 22.3 27.9 17.3 n.d. 22.6 34 

Cr 23.5 6.4 23.3 12.6 16.8 58.9 23.6 43 

Co 29.4 5.4 24.7 16.8 13.5 n.d. 18.0 52 

Ba 12.8 26.5 23.9 28.3 19.8 18.2 21.6 43 

V 26.5 14.9 25.0 16.7 15.2 61.4 26.6 38 

Pb 29.1 23.4 9.0 20.2 8.9 10.4 16.8 33 

Cu 18.1 8.1 3.3 6.8 9.6 90.5 22.8 36 

Ga 12.6 6.1 9.0 13.9 15.6 17.6 12.5 31 

Si 47.6 3.3 7.4 23.3 14.9 29.7 21.0 

Mg 30.8 22.1 49.4 20.1 17.5 n.d. 24.0 

K 15.8 2.6 18.3 15.3 23.4 11.2 14.4 

Fe 9.8 10.8 13.0 28.8 14.3 66.8 24.0 36(Fe203) 

Ca 31.8 26.1 17.9 38.0 9.6 18.9 23.7 

Al 9.2 16.9 13.0 15.9 17.4 17.4 15.0 
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