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SYNOPSIS 

The onshore marine phosphorite and aluminium phosphate deposits of Varswater Quarry 
(near Langebaanweg), Bomgat (near Hoedjiespunt), Kreefte Bay and Konstabelkop were 
studied to determine the origin of the various deposits. Langebaanweg is situated 110 km 
north-north west of Cape Town in the southwestern Cape. It is roughly 13 km north-east of 
Saldanha Bay and 21 km south of the mouth of St Helena Bay. The Bomgat exposure is 
situated on the Hoedjiespunt Peninsula at Saldanha Bay. It is approximately 2 km south of 
Saldanha. Konstabelkop is approximately 15 km south-south east of Saldanha, whereas 
Kreefte Bay is approximately 4 km west of Konstabelkop. The main phosphate bearing units 
within the Varswater Quarry include the PeUetai Phosphorite member and the Gravel 
member. Both units are found within the Varswater Formation. 

The Pelletal Phosphorite member is composed of consolidated phosphorite lenses and 
unconsolidated fossiliferous phosphatic sands. Petrographic analysis of the Varswater 
phosphorites reveals that the Pelletal Phosphorite member and the Gravel member are 
composed of predominantly rounded to well rounded ql.Wtz grains, phosphatised shell 
fragments (PSh) and peloidal phosphorite (Pph). Unlike the Pelletal Phosphorite member, the 
Gravel member contains only occasional phosphatised shell fragments. The Pelletal 
Phosphorite member also contains minor amounts of phosphatised echinoid spines and 
occasional partially digested (dissolved) phosphatised foraminifera. The Bomgat 
phosphorites are composed of various well to poorly preserved phosphatised bioclasts 
(bryozoan remains, echinoderm fragments (mostly ossic1es), mollusc shell fragments 
(typically gastropods and bivalves) and occasional benthic foraminifers). The phosphate from 
the Gravel member and Pelletal Phosphorite member was determined to be francolite, 
whereas the mineralogy of the Bomgat phosphorites was determined by XRD to be dahllite. 
The mineralogy of the aluminium phosphate deposits is either crandallite or varsicite. The 
mineralogy is consistent with the weathering of igneous rocks by the leaching of guano by 
meteoric water, resulting in the aluminium phosphates. 

The rare-earth elements (REE) and trace-element abundances of the phosphate and 
phosphorite deposits of the southwestern Cape have been studied in order to characterise the 
various deposits. The rare-earth element and trace-element abundances and distributions for 
the phosphorites and phosphate rocks have been measured by inductively coupled plasma -
mass spectroscopy (ICP-MS) and laser ablation inductively coupled plasma - mass 
spectroscopy (LA-ICP-MS). The REE are normalised to Post-Archaean average Australian 
shale (PAAS). The PAAS-normalised REE distribution patterns of the offshore and onshore 
marine phosphorites show flat, heavy REE (HREE) enriched, relative to light REE (LREE) 
patterns, whereas the distribution patterns of the aluminium phosphate deposits from Kreefte 
Bay are "toothed", . 

The phosphatic components (peloids. biogenic and carbonate fluorapatite (CFA) cement) 
within the Gravel member phosphorite show very similar REE distribution patterns. The 
phosphatic components within the Pelletal Phosphorite member show significantly different 
REE distribution patterns. The CF A cement and the peloids are similar with flat HREE­
enriched patterns. whereas the phosphatised shell fragments show HREE-enriched patterns. It 
is therefore possible to distinguish between the various components within the phosphorite 
and phosphatic sands from the Pelletal Phosphorite member. 

Cerium anomalies were determined for the various phosphorite and phosphate rocks. 
Generally. the phosphorite and phosphate rocks show slightly negative to positive Ce­
anomalies. Ce-anomalies have been applied in numerous studies as a pa.1aeoredox indicator, 
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and, according to the Ce-anomalies found in the phosphorites, it appears that the deposits 
gained their REE under suboxic conditions. 

The chemical variability amongst the various phosphorites was investigated. In terms of the 
trace--elements (including the REEs), the Pelletal Phosphorite member and the Gravel member 
show similar trace-element abundances. This was determined by bi-variant scatterplots (or 
binary plots). The similar trace--element distribution indicates that the Pelletal Phosphorite 
member is indeed an erosional remnant of the underlying Gravel member. 

Further work should be carried out using stable isotopes (e.g. C, 0, S, and Sr) as rare-earth 
elements are not an alternative to isotope studies. Further research should attempt to develop 
the REE and trace--element data set and possibly attempt comparisons of other offshore 
phosphorite deposits (i.e. the concretionary phosphorites from Walvis Bay) with the onshore 
sedimentary phosphate deposits. Future research should also attempt to understand the extent 
of phosphorite alteration, preferably using stable isotopes (C and 0), Additional research 
needs to be done on the aluminium phosphate deposits of the Posberg peninsula, concerning 
major oxides, and trace-elements. 
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bne 

crA 

Collophane 

DablUte 

rnneolite 

ICP-MS 

LA-ICP-MS 

NRF 

PAAS 

Pellet 

Peloid 

GLOSSARY OF TERMS AND ABBREVIATIONS 

Phosphatised bone fragment 

Carbonate fluorapatite 

A term to describe amorphous, anisotropic cryptocrystalline to microcrystalline 
calcium phosphate (CFA) 

A hydroxyl-rich, fluorine-poor apatite 

Francolite is generally defined as a CF A with noticeable amounts of CO2 and 
crucially more than 1% fluorine (McConnell, 1938; McCannen, 1973). 

Inductively coupled plasma mass spectroscopy 

Laser ablation inductively coupled plasma - mass spectroscopy 

Layers or beds of generally structureiess phosphorite 

National Research Foundation 

Post-Archaean average Australian shale 

A non-genetic term to describe well-rounded. ovoid phosphorite grains. The 
grains may contain or lack nuclei. but have no internal layering. The term 
should not be confused with the definition by Folk (1962). Folk (1962) defined 
a 'pellet' as carbonate particles smaller than 2.74phi (O.lSmm). 

(See Pellet.) 

Pbospbatisaoon The process of replacement of carbonate material by apatite or the in-situ 
formation of phosphate/phosphorite. 

Pbosphogenesis The process of authigenic and biological phosphate mineral precipitation 
(Trappe, 2(00). 

Pbosphorite 

Ppborppb 

ppm 

PSborpsb 

SEM 

ucr 

XRD 

A marine sedimentary deposit which contains more than 18% P20 S• 

approximately SOOAl apatite (Bushinsky, 1966; Tankard, 1973; Trappe, 20(0) 

Phosphorite peloids 

parts per million 

Phosphatised shell fragments; bioclasts 

Scanning electron microscopy 

University of Cape Town 

X-ray diffraction 
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contains medium grained quartz grains and the occasional phosphorite pellet. 
Cement B and C are devoid of phosphatic grains, but contains very fine angular 
grains of quartz (photomicrograph taken in plane polarised light). 

XRD profile obtained from the preferred orientation of minerals in the Gravel 
member sample VW43. 

Unconsolidated phosphate-rich sediments overlain by a consolidated quartzose 
phosphorite bed (Jens) at Site VWl6 (Field compass for scale). 
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rounded, however fractured grains are also present (dO magnification). 

SEM photographs of sample VWIA3, (a) showing a well-rounded subspherical 
peloid and (b) close-up image of the smooth rim and extremely fine grained, but 
extremely irregular fractured interior of a broken surface. The surface of the 
grain is distinctively smooth, with occasional micropits. The grain is composed 
predominantly of microscopic anhedral crystals of francolite (CFA). 

SEM photographs of sample VWIA3. showing a (a) phosphatised shell 
fragment (PSh). with distinctive well rounded edges and (b) a close-up image of 
the pitted, fine grained surface with anhedral to subhedral francolite crystals. 

Photomicrograph of a typical medium grained, consolidated Pelletal 
Phosphorite member sampJe showing laths of phosphatised bivalve shell 
fragments (PSh). ovoidal phosphorite peloids (Pph) and abundant fractured 
subrounded to angular quartz grains (Qtz) set within a fine cement of CF A. 
Middleton (2000) described the phosphorites as a medium-grained phosphorite 
packstone (photomicrograph taken in plane polarised light). 

Photomicrographs of typical medium grained, consolidated Pelletal Phosphorite 
member (VW16) showing (a) ovoidal phosphorite peloids (Pph) containing a 
benthic foraminifer and (b) a coarser pbosphorite peloid containing a shell 
fragment (photomicrograph taken in plane polarised light). 

Photomicrographs of the Hoedjiespunt phosphorite (Bl) showing a (a) cross 
section of an echinoid ossicle and (b) a bifurcating bryozoa set within a fine 
grained CPA groundmass (photomicrographs taken in plane polarised light). 

XRD profile of sample B 1 from Bemgat. The identified peaks indicate that the 
sample is dominated by the mineral DahUite (D). 

KR203 is a sample of the weathered, replaced quartz porphyry. The sample 
shows anhedral to subhedra1 parallel twinned phenocrysts of feldspar set within 
a ground mass of anhedral quartz. The aluminium phosphate (orange) is found 
within small cracks. (a) Sample KR203 under plane polarised light (PPL) (b) 
Sample KR203 under cross polarised light (XPL). 

XRD profiles of the aluminium phosphates from Posberg Peninsula, showing 
(a) the XRD profile of sample KR201 and (b) the XRD profile of sample Kol. 
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Figure 7.1. PAAS-normalized REE diagram of the averages ofLA-ICP-MS measurements 7-2 
taken from specific grain types within the Gravel member from the Varswater 
Formation (Site VWOl). 

Figure 7.1. PAAS-normalized REE diagram of the averages ofLA-ICP-MS measurements 7-2 
taken from specific grain types within the Gravel member from the Varswater 
Formation. 

Figure 7.3. PAAS-normalized REE diagram of the averages ofLA-IC-PMS measurements 7-3 
taken from specific CFA cement within the Gravel member from the Varswater 
Formation. 

Figure 7.4. Chondrite-normalized REE diagram of the phosphorite allochems of the Gravel 7-5 
member. The patterns show fairly flat heavy REE patterns with pronounced 
light REB enrichment, relative to chondritic meteorites. The patterns also show 
a significant Eu-anomaly. The Gravel member has a much higher REE 
abundance than PAAS. The shape of the patterns (including the Eu-anomaly) is 
similar to that of P AAS. 

Figure 7.5. P AAS-normalized REE diagram of the averages taken from specific grain types 7-6 
(Pph, PSh, emt) within the Pelletal Phosphorite member from the Varswater 
Formation. 

Figure 7.6. PAAS-normalized REE diagram of phosphatised bone fragments (bne) found 7-7 
within the Pelletal Phosphorite member from the Varswater Formation. VwlA3 
and vw465 are bulk sediment samples run on the ICP-MS. 

Figure 7.7. Chondrite-normalized REE diagram of the phosphorite allochems of the Pelletal 7-9 
phosphorite member. The patterns show fairly flat heavy REE patterns with 
pronounced light REE enrichment, relative to chondritic meteorites. The 
patterns also show a significant Eu-anomaly. The Pelletal Phosphorite member 
phosphorites show much higher abundances of REE than P AAS. The shape of 
the patterns (including the Eu-anomaly) is similar to that ofPAAS; however 
vwl6-psh and vwl6-emt have lower LREE, but higher HREE abundances than 
PAAS. Sample vwl6-psh is particularly HREE enriched compared to the other 
REE patterns. 

Figure 7.8. PAAS-normalized REE diagram of the averages taken from specific grain types 7-10 
within the Bomgat phosphorite. Sample B 1 is a ''whole rock" sample, the 
abundance of REB in Bl is significantly less than for cement and bioclasts. 
This implies enrichment ofREE in some parts of the rock or perhaps dilution of 
the sample by quartz. 

Figure 7.9. Chondrite-normalized REE diagram of the phosphatic components of the 7-11 
Bomgat phosphorites. The patterns show fairly flat heavy REB patterns with 
pronounced light REE enrichment, relative to chondritic meteorites. The 
patterns also show a significant Eu-anomaly. The Bl sample shows 
significantly less REB abundances than PAAS. The shape of the patterns 
(including the Eu-anomaly) is similar to that ofPAAS; however b2-cmt is the 
exception and shows a positive Eu-anomaly. 

Figure 7.10. PAAS-normalized REE diagrams of the (a) aluminium phosphates and (b) 7-12 
average from Kreefte Bay. 
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FiguR7.n. Chondrite-nonnalized REE diagrams of (a) the aluminium phosphates and (b) 7-13 
average of cement from Kreefte Bay. The Kreefte Bay patterns differ from the 
PAAS pattern. The patterns show a positive Eu-anomaly. and an enrichment of 
HREE (between Ho and Lu). 

FiguR 7.12. P AAS-nonnalized REE diagrams of selected offshore phosphorites. 7·14 

FlguR 7.13. Chondrite-nonnalized REE diagram of selected offshore phosphorites. The 7-15 
patterns show fairly flat heavy REB patterns with pronounced light REB 
enrichment, relative to chondritic meteorites. The miliority of the patterns show 
a significant Eu-anomaly except for sample mjmb25d. 

FiguR7.14. Trace-element concentrations in comparison with PAAS for the phosphorite 7-16 
allochems (Pph), bioclasts (PSh) and CFA cement (CMT) from the Gravel 
member, Varswater Fonnation. The graphs show that (a) Sr. (b) U and Yare 
notably enriched, whereas V is depleted relative to PAAS. Pb and Th show 
nonnal abundances. 

FipR7.1§. Relationship between Sr and U for the phosphorite allochems (PPh). bioclasts 7-17 
(PSh) and CFA cement (CMT) from the Gravel member, Varswater Fonnatlon. 

FipR7.16. Relationship between Sr and LulLa for the phosphorite allochems (PPh), 7-17 
bioclasts (PSh) and CF A cement (CMT) from the Gravel member, Varswater 
Fonnation. The horizontal axis shows a logarithmic scale. All values in ppm. 

FipR7.17. Trace-element concentrations in comparison with Post-Archaean average 7-18 
Australian shale (PAAS) for the phosphorite allochems (Pph). bioclasts (PSh) 
and CFA cement (CMT) from the Pelletal Phosphorite member, Varswater 
Fonnation. The graphs show that (a) Sr, (b) U and Y are notably enriched 
relative to PAAS. Pb and Th show nonnal abundances. 

FipR7.18. Relationship between (a) Nb and Sr and (b) Rb and Sr for the phosphorite 7-19 
allochems (PPh) and bioclasts (PSh) from the phosphatic sands from the Pelletal 
Phosphorite member, Varswater Fonnation. All values in ppm. 

FiguR7.19. Relationship between ThIU and Sr for the phosphorite allochems (PPh) bioclasts 7-20 
(PSh) and CFA cement from the consolidated phosphorite from the Pelletal 
Phosphorite member, Varswater Fonnation. All values in ppm. 

FiguR7.20. Relationship between La and Sr for the phosphorite allochems, bioclasts and 7-20 
CFA cement from the Pelletal Phosphorite member, Varswater Fonnation. All 
values in ppm. 

FiguR7.21. Trace-element concentrations in comparison with Post-Archaean average 7·22 
Australian shale (PAAS) for the Bomgat phosphorites and the aluminium 
phosphates from Posberg Peninsula. The graph shows that the aluminium 
phosphates are enriched in Zr. V. Th. Pb and possibly Y. 

FiguR7.22. Trace-element concentrations in comparison with Post-Archaean average 7-23 
Australian shale (PAAS) for the offshore phosphorites. The graph shows that 
the offshore phosphorites are generally enriched in Zr and U. however 3703-1-
cfa is enriched in Zr. V, Th, Pb and Y. 

FiguR 7.ll. Relationship between La vs. Sr for the various phosphorite deposits. The 7-24 
phosphorites compared are from the Varswater Fonnation, Bomgat 
(Hoedjiespunt) and selected offshore phosphorites. The horizontal and vertical 
axes show logarithmic scales. All values in ppm. 

FipR7.24. Relationship between U and Sr for the various phosphorite deposits. The 7-24 
phosphorites compared are from the Varswater Fonnation. Bomgat 
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(Hoedjiespunt) and selected offshore phosphorites. The horizontal axis shows a 
logarithmic scale. All values in ppm. 

Flpn7.lS. Relationship between Pb and Sr for the various phosphorite deposits. The 7-25 
phosphorites compared are from the varswater Formation, Bomgat 
(Hoedjiespunt) and selected offshore phosphorites. The horizontal and vertical 
axes show logarithmic scales. All values in ppm. 

Fipn7.l6. Relationship between ThIU and Sr for the various phosphorite deposits. The 7·25 
phosphorites compared are from the Varswater Formation, Bompt 
(Hoedjiespunt) and selected offshore phosphorites. The horizontal axis shows a 
logarithmic scale. All values in ppm. 

Fipn8.1. Photomicrograph of the Gravel member phosphorite (Sample VW48) showing 8-2 
dissimilar intraclasts and cement (labelled A, B). Intraclast A shows darker 
coloured CF A cement and tightly packed medium quartz grains. Intraclast B 
shows lighter coloured CF A cement with loosely packed medium quartz grains 
(photomicrograph taken in plane polarised light). 

Fipn8.l. (a) Photomacrograph and (b) photomicrograph showing the textural and 8-3 
component similarity between the uncol1SOlidated (Sample VWla3) and 
consolidated phosphorites (VW16) from the Pelletal Phosphorite member, 
Varswater Formation. The photomicro/macrographs show peloidal phosphorite 
(Pph), phosphatised shell fragments (PSh) and quartz (Qtz). 

FlpnU. Sample BI is characterised by an ex1remely fine-grained homogenous, light 84 
brown CFA matrix. The sample shows biogenic grains, (a) gastropod (b) 
bivalve shell fragment (photomicrograph taken in plane polarised light). 

Fipnl.4. Relationship between CelCe'" and EutEu'" for the phosphorites and phosphate 8-7 
rocks. In general the phosphates and phosphorites show negligible to small 
negative and positive Ce-anomaiies, however large positive and negative Eu-
anomalies are noticeable. Anomalies defined relative to P AAS. 

Fipnl.5. Relationship between CelCc* and LuILa for the phosphorite allochems, 8-9 
bioclasts and CF A cement from the Varswater Formation. 

Figure 1.6. PAAS-oormalized REE diagram of the averages of LA-IC-PMS and IC-PMS 8-10 
measurements taken from the Pelletal Phosphorite member (vw16 - 19) and 
Bomgat (81) samples, respectively. The Pelletal Phosphorite member show 
specific grain types. These include peloidal phosphorite (pph), phosphatised 
shell fragments (Psh) and CF A cement (cmt). 

Flpn8.7. Schematic diagram of the phosphorite-upwelling model. The oxygen minimum 8-19 
zone (OMZ) can increase in size resulting in anoxic to suboxic conditions on 
the outer shdf(modified after Birch. 1979; Trappe. 1998). 

FlpnAJ.l. XRD profile obtained from the preferred orientation of minerals in the Gravel A3-1 
member sample VW43. 

FipnAJ.l. XRD profile obtained from the preferred orientation of minerals in Pelletal A3-1 
Phosphorite sample vw 1-1. 72-psh. 

FipreA3.3. XRD profile obtained from the preferred orientation of minerals in Pelletal A3-2 
Phosphorite sample vwl-1.90-ppb. 

FipnAJ.4. XRD profile obtained from the preferred orientation of minerals in Pelletal A3-2 
Phosphorite sample vw23C (reworked lithochems). 

xv 
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FigunAl.5. Selected XRD profiles obtained from the preferred orientation of minerals in the A3-2 
sub-samples. The grain type investigated is phosphorite peloids. 

FigunAl.6. Selected XRD profiles obtained from the preferred orientation of minerals in the A3-3 
sub-samples. The grain type investigated was phosphatised shell fragments 
(PSh). The predominant mineral present is francolite (CF A) (00 calcite was 
documented). Sub sample vw13A-pph is for comparison 

FigunA4.l. Sample VW49 has a pale brown. fine grained matrix. The sample is composed A4-2 
ofpredominandy subrounded to rounded quartz grains. The highly variable 
CFA matrix suggests possible reworking and re-phosphatisation of the sample. 
In general Gravel member samples are composed of different intraclasts. (a) 
Sample VW49under plane polarised light (PPL) (b) Sample VW49 under cross 
polarised light (XPL), note the pseudo-isotropic properties of the carbonate 
fluorapatite. 

FipnA4.1. Sample VW49, (a) showing the poorly sorted nature of the sample, the A4-2 
occurrence of phosphorite peloids (b) and the occasional phosphatised shell 
fragment. Phosphatised shell fragments in Gravel member samples are 
extremely rare (photomicrograph taken in plane polarised light). 

FigunA4.l. Sample VW49, showing a phosphorite peloid (PPh) with an included quartz A4-3 
grain. The peloid is structureless. According to Middleton (2000) benthic 
foraminifera also appear as nuclei for phosphorite peloids; however this may be 
limited to phosphorites from the Pelletal Phosphorite member. 
(photomicrograph taken in plane polarised light). 

FigunA4.4. Sample VW49, showing poorly sorted, bimodal quartz grains with large well A4-3 
rounded and fine sub-angular a fme CFA cement (photomicrograph taken in 
plane polarised light). 

FipnA4-!. Sample VW19 showing well-rounded phosphorite peloids (Pph) and quartz set A4-4 
within a fine cement of CF A (photomicrograph taken in plane polarised light). 

FigunA4.6. Sample VW16 (a) showing a phosphatised shell fragment (PSh) (b) and A4-4 
phosphorite peloids (photomicrograph taken in plane polarised light). 

FigunA ... '. Sample BI is characterised by an extremely fine-grained homogenous, light A4-5 
brown CFA matrix. The sample shows biogenic grains, (a) gastropod (b) 
bivalve shell fragment (photomicrograph taken in plane polarised light). 

FigunA4.!. Sample Mjm3 is a Group A phosphorite and characterised by an extremely fine- AU 
grained homogenous, light brown collophane matrix. The minerals present are 
detrital quartz, mica and feldspar. Pyrite is also present (photomicrograph taken 
in plane polarised light). 

FigunA4.'. Sample 3700-3 can be classified as a Group B phosphorite or a glauco- A4-6 
phosphorite. The sample is characterised by predominantly authigenic 
glauconite (20 - 35%) and detrital quartz (35 - 40%) set within a CFA cement. 
Other mineral phases present are feldspar, calcite and possibly pyrite 
(photomicrograph taken in plane polarised light). 

FigunA4.10. Sample Mjm025(h) can be classified as a Group D phosphorite. The sample A4-7 
contains detrital quartz, minor amounts of glauconite set within a fine pseudo-
isotropic CFA matrix (photomicrograph taken in plane polarised light). 

FigunA4.H. Sample f+ifjm028, Group E phosphorite with detrital quartz and feldspar grains. A4-7 
According to Mulabisana (1998) the type E phosphorites show well defined 
layering (photomicrograph taken in plane polarised light). 
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Figun A4.11. Sample MjmOlO can be classified as a Group F phosphorite. Group F A4-8 
phosphorites are characterised by fine-grained fibrous carbonate fluorapatite, 
and characteristic bone honeycomb texture (photomicrograph taken in plane 
polarised light). 

FipnA4.13. Sample Kol shows a typical pale brown, fine grained matrix. (a) Sample Kot A4-8 
under plane polarised light and (b) Sample Kol under cross polarised light 
(XPL). 

Fipre A4.14. KR203 is a sample of the weathered. replaced quartz porphyry. The sample A4-9 
shows anhedral to subhedral twinned phenocrysts of feldspar set within a 
ground mass of anhedral quartz. (a) Sample KR203 under plane polarised light 
(PPL) (b) Sample KR203 under cross polarised light (XPL). 

FipnA5.1. SEM photographs of Sample VWIA3, showing (a) and (c) an overview ofa AS·2 
smooth, subrounded to rounded phosphorite peloid with some surface pits, (b) a 
close-up image of a prominent cavity within the phosphate grain. and (d) a 
close-up image of the smooth and fine grained surface. The close-up images 
demonstrate that the surface texture and interior of the peloid is composed of 
very fine grained CF A (predominantly subhedral to anhedral francolite 
crystals). 

FlpnAS.l. SEM photographs of a hand-crushed phosphorite peloid from sample AS·3 
VWl@1.20m, showing an (a) overview of the crushed grain well-rounded 
subspherical peloid (pellet) and (b) close-up image of the smooth rim and 
extremely fine grained. but extremely irregular fractured interior. 

FlpnA5.l. SEM photographs of a han<k:mshed phosphorite peloid from sample AS-3 
VWl@I.20m, showing (8) close-up image of the interior of a phosphorite 
peloid and (b) close-up image of a broken surface on 8 peloid. SEM photograph 
(a) shows fine quartz grains set within the very fine grained collophane matrix. 
SEM photograph (b) shows the interior of the peloid, which is composed of 
anhedral to subhedral hexagonal francolite crystals. 

FipnA5.4. SEM photograph of sample VWlA3, showing (8) an overview of an elongate, AS-4 
angular phosphatised shell fragment (PSh), with distinctive wen rounded edges 
and (b) a close-up image of the mlcropitted, fine grained surface texture of the 
grain. Anhedral to subhedral francolite crystals are visible in the top left comer 
of the close-up SEM photograph. 

FipnA5.5. SEM photographs of sample VWIA3, showing (8) an overview of 8 AS-4 
phosphatised shell fragment (PSh) and (b) an overview of a heavily eroded 
phosphatised shell fragment (PSh). The distinctive platy shape of grain (b), 
which characterises phosphatised shell fragments, is however retained although 
the grain has been eroded and the edges rounded. 

FipnAS.6. SEM photographs of sample VW 463, showing (8) an overview of a AS-S 
phosphatised bone fragment (bne) and (b) a close-up image of the cavity within 
the bone fragment. The phosphatised bone fragment is pitted with slightly 
rounded edges, however the general angularity of the grain indicates that it has 
not been reworked or transported significantly. 

FipnAS.7. SEM photographs of sample VW463, showing (8 &; b) close-up images of voids AS-S 
within the phosphatised bone fragment (bne) (from figure AS.4). The close-up 
images show the interior surfaces of one of the numerous cavities found on the 
bone fragment. The surface texture is very itTegular, with globular aggregates. 
The im:gular surface texture is caused by the aggregation of micron-sized 
crystals of francolite. 
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Fipre A5.8. SEM photographs of the phosphorite lens sample VW19, showing (a., b & c) AS-6 
fine to medium grained, well rounded quartz and peloidal phosphorite in a fine 
CF A matrix and (d) a close-up of a quartz grain, showing characteristic 
conchoidal fracturing. 

Fipre AS.'. SEM photographs of the phosphorite bed (lens) sample VW19, showing (a) the AS-7 
extremely fine grained nature of the CF A cement and the occurrence of 
euhedral dolomite mombs, coated with CF A. 

Fipre AS. 10. SEM photograph of the interior of the phosphorite rock sample VWO-3, AS-8 
showing (a & b) an overview of the phosphorite rock sample. The phosphorite 
sample is characterised by being poorly sorted and composed of medium to fine 
grained, rounded to well rounded quartz grains set within a fine CF A cement. 

Fipre AS.ll. SEM photograph of the interior of the phosphorite rock sample VWO-3, AS-8 
showing (a) a well rounded, spherical and pitted quartz grain and. (b) a close-up 
image of a cavity within the phosphorite sample. The cavity consists of 
medium to fme grained, subrounded to well rounded quartz grains set within a 
fine cement of CFA. 

Fipre AS.ll. SEM photograph ofa phosphorite rock sample VW49, shOwing (a) an overview AS-9 
of the surface texture of the rock sample and (b) a close-up image of the surface 
features. The close-up image of the phosphorite reveals medium grained, 
subrounded to well rounded quartz grains set within a fine cement of CF A. The 
quartz grains show conchoidal fracturing. 
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Table Ai.4. Abundances ofPAAS-normalised rare-earth elements for the phosphatic sands Al-S 
and Bomgat phosphorites. All values in ppm (pph == peloidal phosphorite, psh ... 
phosphatised shell fragments and bne=bone fragments). 

Table Al.5. Samples from Langebaanweg and Bomgat (Hoedjiespunt) showing the indices Al-7 
CelCe·. EutEu·, LuILa, ErINd, SmlNd and LREFlHREE (pph == peloidal 
phosphorite, psh = phosphatised shell fragments and bne=bone fragments). 

Table Al.l. Abundances oftrace-elements of varying grain types from phosphorites and A2-1 
phosphate rocks by LA-ICP-MS. All values in ppm. 

TableAl.2. Abundances of rare-eartb elements of varying grain types from phosphorites A2-4 
and phosphate rocks by LA-ICP-MS. All values in ppm. 

TableAl.3. P AAs.-normalised rare-earth elements of of varying grain types from A2-7 
phosphorites and phosphate rocks. All values in ppm. 

TllibleAl.4. Phosphorite and phosphate samples showing the indices CelCe*, EutEu·. A2-10 
LuILa, ErlNd, SmlNd and LREEIHREE. 
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THESIS OVERVIEW 

The usage of isotopic signatures, elemental abundances, and distribution patterns of 
rare-earth elements (REE) and trace-elements bas become crucial in understanding 
marine sedimentary environments. REE have proven to be useful tracers for a variety 
of processes in as widely different disciplines as sedimentology, igneous petrology 
and cosmochemistry. REE have shown to be a remarkably coherent group of 
elements and are considered to be immobile. REE are known to be incorporated in 
phosphorite and phosphate deposits. 

The present study is intended to contribute data concerning the rare-earth element and 
trace-element geochemical nature of the phosphatic deposits in the southwestern 
Cape. In this dissertation, Chapter 1 and 2 present short reviews of pertinent literature 
regarding the mineralogy. global distribution (of phosphate rocks and phosphorites) 
and the geochemistry of rare-earth elements. Chapter 2 also discusses the application 
ofREE in the study of phosphorites and phosphatic rocks. Chapter 3 comprises a brief 
description of the location and a short literature review of the geological setting of the 
phosphorites found in the southwestern Cape. This chapter also addresses the 
questions, which were formulated to maintain the focus of this project. 

A program of sediment and rock collection was undertaken at the Varswater Quarry, 
Bomgat (Hoedjiespunt), Konstabelkop and Kreefte Bay (Kreeftebaai) and this is 
described in Chapter 4. Chapter 5 presents the methods and methodology used. The 
mineralogy and petrography of the samples is presented in Chapter 6. In Chapter 7 
the analysis of the abovementioned samples, with respect to rare-earth elements and 
trace-elements is described and the results are presented in Chapter 8 in such a form 
that illustrates the conclusions drawn regarding the rare-earth element and trace­
element geochemistry of the phosphorites. Chapter 9 presents a short summary of the 
salient deduction arising from this research and recommendations are presented for 
future research. 
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CHAPTERl 
THE MINERALOGY AND GLOBAL DISTRIBUTION OF PHOSPHATE ROCKS 
AND PHOSPHORITES 

This chapter presents a literature review of the mineralogy and global distribution of 
phosphate rocks and phosphorites. It provides the necessary backdrop to the subsequent 
chapters, which deal with various aspects of South African phosphate rock and 
phosphorite deposits. 

1.1 INTRODUCTION 

The element phosphorus is present in minor to trace amounts in most rocks (igneous, 
metamorphic and sedimentary). The quantities, generally expressed as % P20,. range 
from 0.04% in most sandstones to approximately 0.4% in intermediate igneous rocks 
(Cook, 1984). It is only within phosphate rock (and more importantly within 
sedimentary, marine phosphorites) that phosphorus is significantly enriched (>18 wt«J,4 
P20S) to constitute an economic deposit (Dentor. 1980; Kolodny, 1981). 

In the geologic record phosphate rocks and phosphorites are relatively rare, but 
particularly significant as an economic commodity (Figure 1.1). In particular, 
sedimentary phosphorites are known to contribute more than 80% of the world's 
production of phosphate ore and 96% of the world's total resources of phosphatic rock 
(Boggs, 1995). Phosphate rocks are not restricted to any specific geologic age. They 
have been found to occur in rocks ranging in age from Precambrian to Holocene. 

1.2. MINERALOGY OF PHOSPHORITE AND PHOSPHATE DEPOSITS 

Phosphorus occurs in more than 200 minerals, of which the most common occurrences 
are found within varieties of apatite. These varieties include the most common 
phosphate minerals; namely the fluorapatites [CaS(p04)3F], chlorapatites [Cas(p04)3CI] 
and the hydroxyapatites [CaS(P04)30H]. Fluorapatites (or apatites approaching the 
composition of fluorapatite) are generally found within igneous and metamorphic rocks, 
whereas apatites that contain mixtures of the composition of hydroxyapatite and 
chlorapatite are particularly less abundant (McClellan and van Kauwenbergb., 1990). 
According to McConnell (1973) "pure" hydroxyapatite is especially rare. Apatites in 
sedimentary rocks (and phosphorites) are generally carbonate hydroxyl fluorapatite 
(Boggs, 1995) or carbonate fluorapatite (CFA). According to Altschuler (1973) 
carbonate fluorapatite can be represented by the approximate formula: 

Cal(><P04l6-x(C~) x(F, OHh+x. 
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Figure 1.1. Graphical representation of the estimated global abundance of phosphate (metric tons 
of P20 S) and the number of phosphate deposits throughout the Phanerozoic (Cook and 
McElhinny. 1979). 
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Figure 1.2. Global distribution of major phosphorite deposits (Boggs. 1995. modified after Cook, 
1976). 
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1.2.1. FrancoHte 

In general the most abundant variety of CF A in sedimentary rocks is the mineral 
francolite (Caw [(P04)6-x(C03)J F2+x )1. Francolite, in phosphorites and other 
sedimentary rocks is generally accepted to possess a cryptocrystalline to microcrystalline 
texture. It was initially believed that francolite was an amorphous fluorine-bearing 
calcium phosphate material called coUophane2, but on the basis of x-ray diffraction 
(XRD) and optical microscopy the crystallinity and pseudo-isotropic nature of the 
francolite was determined. Further analysis (using x-ray diffraction) showed that the x­
ray diffraction patterns of francolite and fluorapatite were very similar, but that there 
existed distinct differences between the two minerals (McConnell, 1938; McCleUan & 
Kauwenbergh, 1980). For instance Altschuler et al. (1952) noted that the unit-ceU 
dimensions of carbonate apatite were significantly smaller than those reported for 
fluorapatite. Francolite is generally defined as a CF A with noticeable amounts of C02 
and crucially more than 1% fluorine (McConnell, 1973; McConnen, 1938). In some 
cases as McClellan and van Kauwenbergh (1990) pointed out, francolite may contain 
substantially more fluorine (3.77% F) than fluorapatite. McClellan and Van 
Kauwenbergh (1990) also consider possible confusion arising from so-called "fluorine 
deficient apatites" that "contain less than 2 moles of F per unit-cell of fluorapatite". 
Dahllite (a different CFA mineral) is generally considered to be deficient in fluorine. 
According to Nathan (1984), the composition of francolite is essentially heterogeneous. 
In other words francolite (and many other sedimentary apatites) are naturally prone to a 
wide range of chemical substitutions within their structure (Table 1.1). It is believed that 
the substitutions within the structure of these minerals may reflect the geochemical 
setting or environment in which precipitation or subsequent alteration (during diagenesis 
or weathering) took place (Trappe, 1998). These various elements substituted into the 
francolite structure (such as trace-elements, REE or isotopes) can be used in 
understanding of the origin of phosphorites (Figure 1.3). 

Table 1.1. Probable element substitutions in the francolite (apatite) structure. The elements 
highlighted in bold are important substitutions (Nathan, 1984). 

Constituent ion Subititutin ion 
Ca 

1 This is the simplified structural formula for francolite (Trappe, 1998). 
2 The term ·collophane" is still used, but only when the apatite-like phase cannot be positively identified. 
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Figure 1.3. The incorporation of various elements within the francolite structure and their 
application for various paleoenvironmental and dating methods (modified after Trappe, 1998). 

1.2.2. Other minerals found in phosphate rocks 

Although francolite is the dominant mineral in Wlweathered marine phosphorites, other 
foons of CF A and phosphate minerals do exist, especially in weathered phosphorites or 
phosphate rocks (Nathan, 1984). It appears that a large number of other phosphate 
minerals are fonned during the alteration of weathered material (Flicoteaux & Lucas, 
1984) or during late diagenesis (Trappe, 1998). These include typical aluminium 
phosphate minerals (ALPO) such as crandallite [CaAL3(P04h(OH)s'H20], augeHte 
[Al2(P04h(OH3),] wavellite [Al3(P04h(OH)10'SH20] and miHisite 
[(Na,K)CaA4(P04~(OH)6"3H20] or other fonns of CF A such as whitlockite 
(Ca3(p04)2), brushite (CaHP04" 2H20) and the more common hydroxyl-rich, fluorine 
poor variety of CFA, dahllite [CaS(P04,COJ)3(OH,F)]. Dahllite is easily converted to 
francolite through interaction with sediment pore water, during early diagenesis (Abed 
and Fakhouri, 1996). According to Froelich et al. (1983) the dahllite-francoHte 
conversion takes place contemporaneously with direct precipitation of CF A. Other 
phosphate minerals are summarised in Nriagu & Moore (1984) and McConnell (1973). 
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1.3. GLOBAL DISTRIBUTION OF PHOSPHORITE AND PHOSPHATE 
DEPOSITS 

Phosphate deposits can be found in sedimentary, igneous and metamorphic environments. 
Igneous phosphate deposits are geographically widespread. These deposits are nonnally 
associated with alkaline intrusive plutonic rocks (generally nepheline syenites, or 
carbonatites, or alkaline ultrabasic complexes) (Cook, 1984). In general these deposits 
occur within plug-like bodies or as ring complexes. Igneous phosphate deposits are 
generally small and non-commercial; however there are some deposits that have been 
very profitable. In particular the deposit at Khibiny, which is one of the largest igneous 
phosphate deposits found in Russia (Notholt, 1979). In South Africa the most notable 
igneous phosphate deposit is the Palabora deposit (Figure 1.4). The Palabora deposit is 
associated with a carbonatite plug which grades into the main ore zones of magnetite­
olivine-apatite rock and apatite-forstente-magnetite rock (Cook, 1988). According to 
Notholt (1979) a third type of igneous phosphate deposits can be identified. These are 
the fairly common primary apatitic carbonatites. 

wl cf 80° 160° 

Pacific 
Ocean 

Indian 
Ocean 

Figure 1.4. The distribution of apatite-bearing alkalic igneous complexes and related rocks 
(Modified after Notholt, 1979). 

Sedimentary phosphate deposits or phosphorites are by far the most common type of 
phosphate, and have been mined extensively throughout the world. Most notable are the 
extensive phosphate occurrences found within Morocco (North Africa), the United States 
(Florida) and off the coasts of South em Africa and Peru/Chile. 

Guano deposits are another type of sedimentary phosphate deposits. These include cave 
deposits and insular guano (Cook, 1984). Cave deposits are phosphate deposits fonned 
by the accumulation of bat droppings (guano), whereas insular guano deposits are fonned 

1-5 



Univ
ers

ity
of 

 C
ap

e T
ow

n

Chapt" 1: The mineraloKJ and global distribution of phosphate rocks and phosphorite 

either directly or indirectly (chemical weathering) from the accumulation of bird 
droppings (Cook, 1984; Flicoteaux and Lucas, 1984). According to Flicoteaux and Lucas 
(1984) the weathering of limestone due to the leaching of guano (by meteoric water), 
may result in calcium phosphate minerals, such as brushite, whitlockite, and 
hydroxylapatite. Similar weathering of igneous rocks and soils may result in the 
formation of aluminium and iron phosphate minerals (these include minerals from the 
variscite-strengite isomorphous series). 

In general phosphorites and certain phosphate rocks occur mostly at shallow depths on 
the ocean sea floor (near coastlines). Other similar deposits have also been documented 
on oceanic islands, seamounts, atons and plateaus and guyots (Baturin, 1982; Burnett and 
Riggs, 1990; Glenn et al., 1994). Marine phosphorite deposits are generally associated 
with organic-rich siliceous sediments or calcareous sediments hosted within a high­
productivity marine environment (Birch, 1979a; Baturin and Bezrukov, 1979; Baturin, 
2000). The area of high-productivity usually corresponds to the occurrence of zones of 
coastal upwelling (e.g. modem (concretionary) phosphorite occurrences on the Namibian 
continental margin and the Peru/Chile continental margin (Summerhayes et aI., 1973; 
Balson, 1990; Bremner, 1980a; Veeh et. al., 1973; Baker and Burnett, 1988; Glenn and 
Arthur, 1988; Piper et aI., 1988). Intense coastal upwelling on the continental margins of 
Peru/Chile and southwestern Africa are caused by the Chile-Peru and Benguela currents, 
respectively (Price and Calvert, 1978). There are however phosphorite deposits that can 
form in areas of no to little upwelling (e.g. lacustrine) (Swirydczuk et al., 1981). 
Phosphate and phosphorite deposits occur extensively along the continental shelf off the 
west and south coasts of southern Africa (parker and Siesser, 1972; Parker, 1975; Birch, 
1975, 197980 1979b, 1979c) (Figure 1.5). 

In general the phosphate deposits consist of: unlithified apatite-rich clastic sands 
(phosphorite sand) which are composed of characteristic well rounded peloids or pellets, 
consolidated phosphorite rocks and concretionary phosphorite (nodules of phosphorite or 
phosphate) (Birch, 1979a; Bremner and Rogers, 1990). The phosphorite rock assemblage 
includes widespread occurrences of phosphatised limestones, conglomeratic & non­
conglomeratic glauco-phosphorites, and conglomeratic & non-conglomeratic 
phosphorites (parker and Siesser, 1972; Birch, 1979b; Mulabisana, 1998). The South 
African and Namibian phosphorites differ slightly. According to Bremner and Rogers 
(1990) the Namibian phosphorites are mainly of authigenic origin, whereas the South 
African phosphorites are generally more diagenetic. Bremner and Rogers (1990) explain 
that the apatite-rich (phosphorite) sands can be further subdivided into pelletal 
phosphorite and glauconitized pelletal phosphorite. Birch (l979c) first noted the close 
relationship between the two authigenic minerals of glauconite and CF A in certain 
phosphorite pellets from the South African continental shelf The glauconitized pelletal 
phosphorite has a glauconitized outer rim, which led Bremner and Rogers (1990) to 
speculate on the possible origins of the pelletal phosphorite given its mineral assemblage. 
According to Bremner and Rogers (1990) the pelletal phosphorite was formed within a 
subtropical estuarine environment, as intraclasts on intertidal mudflats. The mudflats 
were inundated by phosphate-rich, upwelled, oceanic water. It is envisaged that the 
glauconitized pelletal phosphorite was formed in the upper reaches of the estuary, where 
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river-borne iron (provided by clay minerals) was readily available. The iron from the 
clay minerals is necessary for glauconitization, or the formation of glauconite. 

N 

x ~ROCI( 

o ""~i1 
~"tIIIUCI 

-----o IfOO kill 
1-1 ---'-----'----11 

Figure I.!. Phosphate and phosphorite distribution of the South African and Namibian 
Continental Shelf (modified after Birch, 19798). Note the occurrence of phosphatised limestone 
and phosphatised lime mud found on the outer shelf between Luderitz and Port Elizabeth. 

The Namibian shelf in particular has generated enormous recent scientific interest owing 
to the discovery of contemporary concretionary phosphorite, which is currently forming 
in the extensive postglacial Holocene diatomaceous mudbelt (Bremner, 1980a, 1980b; 
Bremner and Rogers, 1990). The mudbelt is located near Walvis Bay on the inner 
continental shelf of Namibia. Glenn et al. (1994) pointed out that the phosphorites on the 
South African margin can be described as either modem or relict (ancient). In other 
words, the concretionary phosphorites from the Namibian mudbelt may be described as 
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modern, whereas much of the other (consolidated and unconsolidated) phosphorites of 
southwestern Africa are typically relict. 

1.4. SUMMARY 

Phosphate-bearing minerals can be found in igneous, sedimentary and metamorphic rocks 
as varieties of apatite (fluorapatites, chlorapatites and hydroxyapatites). In sedimentary 
rocks the apatites are generally carbonate hydroxyl fluorapatite or carbonate fluorapatite 
(CF A), of which francolite is the most dominant CF A mineral. South African marine 
phosphorites are generally found in upwelling margins, which are characterised by high­
productivity. The high productivity usually corresponds to the occurrence of zones of 
coastal upwelling (e.g. high productivity upwelling systems induced on the Southern 
African continental margin and the Peru/Chile continental margin by the Benguela and 
Chile-Peru currents, respectively). 

Phosphorite occurrences on the southwestern coast of southern Africa include; 
widespread occurrences of relict phosphatised limestones, conglomeratic & non­
conglomeratic glauco-phosphorites and phosphorites and widespread occurrences of 
phosphorite sands (pelletal phosphorite and mixed pelletal glauco-phosphorite sands). 
Other phosphorite deposits include modem (contemporary) concretionary (nodular) 
phosphorite on the Namibian continental shelf. The concretionary phosphorite deposits 
are currently forming in the Holocene diatomaceous ooze. located near Walvis Bay. 
The following chapter lists a short literature review regarding the geochemistry and 
application of rare-earth elements (REE) in phosphorite research. 
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CHAPTER 1 
RARE-EARTH ELEMENT GEOCHEMISTRY OF PHOSPHORITES 

This chapter presents a short literature review regarding the geochemistry of rare­
earth elements (REE) in the sedimentary environment and the uses of REE towards 
understanding the depositional and diagenetic history of phosphorites and phosphatic 
rocks. This chapter describes the use and significance of rare-earth element 
geochemistry to the study of authigenic phosphorites and phosphate-bearing 
sediments. 

2.t.INTRODUCTION 

Rare-earth elements include aU the elements in the scandium group and all the 
lanthanides. The REE can be divided into the light REE (LREE) (lanthanum, cerium, 
praseodymium, neodymium, samarium and europium) and the heavy REE (HREE) 
(gadolinium. terbium, dysprosium, holmium, erbium, thulium, ytterbium and 
lutetium). Promethium does not occur in nature due to its radioactive instability. 

In terms of their chemical properties the REE are very similar. However it is possible 
to distinguish between different elements on the basis of a progressive reduction in 
size of each element from lanthanum through to lutetium (the lanthanide contraction). 
Therefore due to the small, but systematic changes in chemical properties, the REE 
have been used successfully as tracers in unravelling the fundamental processes that 
govern REE cycling in the oceans (Elderfield and Greaves, 1982). For instance the 
HREE are predicted to be more resistant to removal from the oceans by scavenging of 
particulate matter. Apart from the progressive size reduction, two elements in 
partiCUlar; cerium (Ce) and europium (Eu) can be distinguished on the basis that they 
exhibit multiple oxidation states. 

The possible oxidation of Ce (Ill) to Ce (N) and the possible reduction of Eu (Ill) to 
Eu (ll) (compared with the remaining 12 strictly trivalent elements of the REE) lead 
to measurable distribution anomalies of Ce and Eu. The resulting Ce (IV) in oceans 
tends to be easily scavenged, and subsequently seawater is typically depleted in terms 
of Ce (relative to neighbouring La and Pr). However in certain authigenic deposits, 
such as phosphorites and manganese nodules the Ce content is often enriched (De 
Baar et 01., 1985a; De Baar et aI., 1985b; Nath et 01., 1994; Kasten et 01., 1998). 
According to Wood (1990), Sm and Vb can occur as divalent species, but only under 
extreme reducing conditions. In the oceans, the reduction of Eu does not normally 
take place, however a notable Eu enrichment has been documented in hydrothermal 
fluids venting at the mid-oceanic ridges. 

2.2. THE RARE-EARTH ELEMENT (REE) CYCLE 

Rivers are generally considered by many authors to be a major input of REE into the 
oceans (Rasmussen et 01., 1998; Piper. 1974). Other possible inputs include locally 
significant contributions from atmospheric dust (aeolian) and hydrothermal vents 
(Piper et 01 •• 1975; Elderfield and Greaves, 1982; Bertram and Elderfield, 1993). The 
major input and outputs are illustrated in Figure 2.1. 
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Figure 1.1. Schematic diagram depicting the major input and outputs ofREE in the ocean 
cycle (modified from Rasmussen et al., I 998). 

REE are derived from the weathering of continental rocks and the implication ofREE 
fractionation during subaerial weathering has been discussed briefly by Ronov et aI. 
(1967) and Aubert et aI. (200 1). According to Piper (1974) fluvial REE signatures 
show no pronounced fractionation of Ce (relative to the other REE). The study of 
Elderfield et aI. (1990) shows a significant enrichment of HREE between La and Gd 
and either an enrichment or depletion of HREE between Gd and Lu in river water. 
However it has been shown that not all rivers show this pattern. Some rivers show 
shale-like patterns (of average shale), or hat patterns whereas others show LREE 
enriched patterns (piper. 1974). 

The REE transported by the river can either be found incorporated in suspended 
particulate matter or colloidal matter, or possibly in a dissolved state (Martin et 01., 
1976; Hoyle et aI., 1984; Elderfield et 01., 1990). However, a large proportion of 
riverborne REE are removed in estuarine or deltaic environments (Martin et 01., 1976; 
Goldstein and Jacobsen, 1988; Elderfield et 01., 1990). The removal of REE 
(typically LREE) results in an enrichment of LREE relative to HREE in the 
sediments, with no or little depletion or enrichment in any particular REB (Martin et 
aI., 1976). However. according to Leleyter et 01. (1999), REEs can undergo 
fractionation during river transport. Moreover, the REE do not behave as a coherent 
group but are preferentially linked to other matter. According to Leleyter et al. (1999) 
MREE are mainly bound to carbonate and organic matter, whereas LREE (except Ce) 
are mainly linked to organic matter. HREE and Ce are mainly associated with iron 
oxides. The major removal mechanisms of REE from river water have been identified 
as either salt-induced coagulation of riverine Fe-organic colloids or coprecipitation 
with iron hydroxides (Shoikovitz, 1978). In the open ocean, the remaining dissolved 
REE are primarily removed by a process of adsorptive scavenging, whereby REEs are 
bound onto suspended particle surfaces. The particle surfaces are covered by thin 
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coatings of organic or hydrous FeIMn oxides (Palmer, 1985; Sholkovitz et al., 1994). 
REEs are also known to be incorporated through biological uptake into calcareous 
and opaline shells, tests or skeletons, but this process is generally viewed as being 
fairly insignificant given that REE concentrations of tests and shells are generally low 
(palmer, 1985). The following figure serves as a conceptual model for understanding 
the processes by which trace-elements can bind to particle surfaces (Figure 2.2). 

Coatings 
(organic Ot' oxide) 

Ce(lIJ) -Ce(IV) 

nCOl-rrlrr jU -nCol-=~s 

Oceanic Removal 
via Particle Settling 

Fipre 1.1. Schematic model ofREE fractionation between particles and seawater. Main 
features include (1) the systematic variation in the relative affinity of trivalent REEs for 
complexation to solution carbonates and binding particles, (2) the enhanced formation of 
particulate Ce due to oxidation of Ce (III) to Ce (IV), and presence of surface active coatings 
on detrital particles. These features lead to fractionation ofREE between seawater and 
particles and to fractionation via the settling of large particles (Sholkovitz et al .• 1994). 

The removal of REE from the ocean leads to fractionation of the REE between 
particles and seawater. Numerous authors noted that seawater is typically depleted in 
Ce (resulting in a negative Ce-anomaly) and enriched in HREE (relative to LREE) 
(Figure 2.3). whereas in the detrital fraction the Ce is enriched (resulting in a positive 
Ce-anomaly) and the LREE are enriched (relative to the HREE). According to 
Moffett (1990) the negative Ce-anomaly found in seawater is dependent on microbial 
oxidation, followed by preferential scavenging of Ce (IV). 
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Figun 1.3. Negative Ce-anomalies in filtered sea water at selected depths in the Pacific 
Ocean (De Baar et al., 1985a). 

De Baar et a1. (1985b) noted elevated Gd and decreased Th concentrations in 
seawater, which defines Gd/fb anomalies. According to De Baar et al. (1985b) the 
Gd anomaly and the overall trend of HREE enrichment in sea water support the idea 
of scavenging of REE from sea water as an important removal mechanism. 
According to Murphy et al. (1984) the adsorbed REE can be re-released during the 
oxidation of particles (biogenic) at the sediment-water interface or during settling 
through deeper water. It becomes apparent that estuaries (or deltaic environments) 
can playa significant role in the removal and release of dissolved REE to the ocean. 
The process outlined above is believed to be responsible for the notable fractionation 
of REE in estuaries, and the implication exists that estuaries can modify the relative 
abundances of dissolved REE reaching the ocean (Shoikovitz and Szymczak, 2000). 
REE are ultimately removed from the ocean by the burial of REE-coated particles, 
particularly FeIMn-oxides; clay minerals; REE substituted biogenic phosphates and 
REE-bearing authigenic minerals, particularly authigenic apatites (piper, 1974; 
Dypvik and Brunfelt, 1979). 

2.3. THE APPUCATION OF RARE-EARm ELEMENT GEOCHEMISTRY 
TO PHOSPHORITES 

One of the goals in sedimentary research is to find different methods to determine the 
depositional environment of sediments. In terms of marine sedimentary rocks 
(including phosphorites), it has been shown that petrographic and physical approaches 
alone cannot specify the depositional environment or illustrate the paleoenvironment. 
It is, however, possible to deduce the depositional environment, weathering processes 
and source rock geochemistry using geochemical tracers (in combination with more 
traditional methods such as facies analysis, petrography etc). The best geochemical 
tracers are typically those that are least affected by weathering processes (in other 
words fairly'immobile1. Various studies have shown that REE can be employed as 
geochemical tracers. Altschuler (1980) employed REE to understand the depositional 
environments of phosphorites. It is also possible, on the basis of REE behaviour to 
determine sea water circulation patterns, timing of diagenesis, hydrothermal flux 
rates, sediment sources and redox state of the ocean and marine sediments 
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(Rassmussen et oJ., 1998). Piper (1974) documented that the residence times ofREE 
are significantly shorter than the mixing time of the oceans. It becomes apparent that 
REE in phosphorites (and other authigenic minerals and rocks) can be utilised as 
geochemical or oceanographic tracers (piper. 1974; Nath et aI., 2000). According to 
Elderfield and Greaves (1982) REE can be used to assess the origins and depositional 
environments of modern sediments. It was identified that on the basis of the REE 
chemistry, it is possible to constrain the sources of REE (piper, 1974; Ronov et oJ., 
1967; Dypvik and Brunfelt, 1979; Elderfield and Greaves, 1982). The ability ofREE 
to fractionate between various marine phases, the use of Ce (and Eu) to identify redox 
conditions and the fact that some of the REE are weakly radioactive (143Nd and 
147Sm) have meant that REE can be used readily in constraining sources and 
depositional environments. Understanding the palaeoredox is crucial to 
understanding the authigenesis of marine carbonate fluorapatite (e.g. francolite) in 
phosphorites. It is generally perceived that apatite authigenesis or phosphogenesis 
occurs from anoxic pore waters (in the case of francolite) or suboxic conditions at 
shallow burial depths particularly in sediment below areas of intense upwelling 
(biological productivity) (Bremner, 19808; McArthur and Walsh, 1984; McArthur, 
1985; Rao et al., 2002). However, according to Ruttenberg and Berner (1993), 
authigenic apatite formation is not restricted to environments of active upwelling. 
Apatite can also precipitate in non-upwelling areas. However due to the influx of 
terrigenous detritus, apatite occurrences may be severely diluted (Ruttenberg and 
Berner, 1993). Other forms of francolite precipitation exist either by replacement of 
in situ carbonates or precipitation of francolite in phosphorus-rich bacterial cells 
(parker and Siesser, 1972; McArthur and Walsh, 1984). 

The behaviour of Ce has been documented to be controlled by its oxidation and 
reduction chemistry. Ce, unlike the other REE, except for Eu which can be reduced 
to Eu (ll) can be altered under oxic conditions from Ce (llI) to Ce (IV) by oxidation 
(Elderfield and Greaves, 1982). Due to the oxidation of Ce (possibly in oxygenated 
mid ocean waters) and the greater solubility of Ce (llI), Ce is effectively removed 
from sea water, resulting in a negative Ce-anomaly. Fleischer and Altschuler (1969) 
documented that marine phosphorites can show a marked depletion in terms of Ceo 
Therefore, marine phosphorites can exhibit pronounced negative Ce-anomalies, very 
similar to "sea water patterns" (McArthur and Walsh, 1984). Toyoda and Tokonami 
(1990) after investigating the REE distribution in phosphatised fish debris (biogenic 
phosphate), reported similar negative Ce-anomalies. The negative Ce-anomaly found 
in some phosphorites probably indicates that the phosphorites gained their REEs 
under oxic conditions. In general, phosphorites that obtained their REE under anoxic 
conditions should not show a negative anomaly and may possibly show a positive Ce­
anomaly. De Baar et al. (1988) concluded that the Ce-anomaly in various marine 
sediments can be applied to global ocean stratification and in understanding redox 
processes on a global scale, however Wright et al. (1987) and Shields & Stille (2001) 
propose that Ce-anomalies should rather be applied to understanding local changes in 
oxygen availability or oxic-anoxic conditions. In any case, the measurement of Ce­
anomalies (with Th, U) provides a diagnostic trace-element indicator for 
differentiating between oxic-anoxic depositional environments and possibly a 
valuable tool to extrapolate palaeoredox conditions (Liu et oJ., 1988; De Baar et al., 
1988; Wright et aI., 1987). Phosphorites and phosphate rocks allow for a range of 
possibilities of substitution and therefore enable the incorporation of various trace­
elements. In general the majority of trace-elements replace Ca + in the apatite 
structure. However, as Jarvis et al. (1994) documented, trace-elements are not only 
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located in the lattice but can be absorbed to the crystal surface or related to organic 
matter in phosphate particles. 

2.4. REE PATTERNS IN PHOSPHORITES 

When the abundances of REE in sedimentary rocks are plotted, it is common to 
normalize the data to a shale standard. The shale normalization not only helps to 
eliminate the Oddo-Harldns effect (distinctive saw-toothed pattern). but also helps to 
visualize fractionation. V mous studies employ different shale normalization. for 
instance Wright et aI. (1987) normalized their data to the North American Shale 
Composite Standard (NASC). whereas others like Rassmussen et al. (1998) normalize 
their data to the Post-Archaean Australian Sedimentary rocks (P AAS). Studies that 
involve the fractionation between different water bodies may normalize to North 
Pacific Deep Water (NPDW). It has been documented that the choice of shale 
normalization can influence interpretation; therefore caution must be paid to the type 
of shale standard and how anomalies (for instance the small anomalies in Gd and Tb) 
are interpreted. De Baar et aI. (1985b) when investigating Gd and Tb anomalies in 
seawater used an arithmetic mean composite of North American. European and 
Russian Platform shales. 

Numerous studies have utilised REE distribution patterns. for instance the studies of 
McArthur and Walsh (1984) on the REE geochemistry of phosphorites; Wright et al. 
(1987) on the REE geochemistry of conodonts; Granjean-Lecuyer et al. (1993) on 
REE in biogenic apatites; Watkins et aI. (1995) on the sediments on the Namibian and 
South African continental shelves; Ilyin (1998) on the REE geochemistry of Russian 
(Vendian - Early Cambrian) phosphorites; Ogihara (1999) on the phosphorites from 
the Miocene Funankawa Formation (Japan); Lecuyer et al. (1998) on the REE 
contents of phosphatised brachiopods, Rao et aI. (2000) on the Pleistocene 
phosphorites from the continental slope off India and Baturin (2000) on the 
phosphorite grains of the Namibian Shelf. From these studies it becomes apparent 
that different phosphorites (biogenic or authigenic) can possess distinctive pattern 
types. Below is a summary of the most common REE patterns found in phosphorites. 

2.4.1. "Sbale" patterns 

"Shale" patterns are generally flat and resemble average-shale distributions (Figure 
2.4). According to McArthur and Walsh (1984), the presence of "shale" patterns 
suggests that the REE were probably derived by diagenetic remobilisation of clastic 
debris. However the lack of a Ce-anomaly could indicate that the phosphorites 
inherited their REE in suboxic to anoxic conditions, in association with bottom or 
pore waters (Watkins et aI .• 1995). The lack of a considerable negative Ce-anomaly is 
clearly visible from Table 2.1., given the range of CelCe* values between 1.06 and 
0.88. The data set also shows high europium anomaly (EulEu*) values. Sample 
N3903 shows an enrichment ofEu relative to the neighbouring REE. 
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Figure 1.4. "Shale" type shale-normalized REE distribution patterns in phosphorites (from 
McArthur and Walsh, 1984). Locations of samples are shown in Table 2.1. 

Table 1.1. Table showing summary of major REE ratios, most notably the Ce/Ce* anomaly 
and the LulLa ratio for the data from McArthur and Walsh (1984). Ce-anomaly (Ce/Ce*) 
calculated using the formula Ce/Ce*= 2 Ce/Ceshalesi (LalL8shales + PrlPrshales). Eu-anomaly 
(EulEu*) calculated using the formula EulEu* = 2 EulEUsbaIesi (SmlSmshales + GdlGdmwes). 

s. .. LocalIty CeICe* EllIE.'" LREEJIIREE (IAIILa}!! (ErlNd}!! {SmlNd}!! IUE 

N3903 Offshore, 1.06 0.90 0.62 0.95 1.06 1.08 72.55 
Namibian 

margin 

SAlV3(A)I79 Onshore, 0.94 0.82 0.31 3.32 2.64 1.54 5.14 
South Africa.. 

VarsWlll:er 
Quany 

SAJ310 Offshore, 0.88 0.79 0.77 0.82 1.01 1.19 2.62 
South Africa.. 
Agulhas Bank 

PD-18-30-(BI) Offshore, 0.93 0.86 0.73 0.84 1.04 1.09 2.44 
Peruvian 
Margin 

2.4.2 "Seawater" patterns 

The following features generally identify "Seawater" patterns: HREE enrichment 
relative to LREE. a typical convex-upward shape and negative Ce-anomaly (Figure 
2.5.). The negative Ce-anomaly is also expressed by Ce/Ce· (Table 2.2.). For the data 
set Ce/Ce* values range between 0.23 and 0.41. The HREE enrichment relative to 
the LREE is also expressed by the very low LREElHREE ratio. Values are calculated 
and reported as 0.23 - 0.59. HREE enrichment is also expressed by the LalLu ratio. 
unsurprisingly the values calculated are fairly high, ranging between 1.59 and 1.85, 
with an anomalous 0.23 reported for sample Z26. Altschuler (1980) reported similar 
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patterns for phosphorites from Morocco. "Seawater" patterns have been used as 
evidence to suggest a marine authigenic origin of phosphorites. 

I 
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Fipre 2.5. "Sea water" type shale-normalized REE distribution patterns in phosphorites 
(Shields and Stille, 2001). Locations of samples are shown in Table 2.2. 

Table 1.2. Table showing summary of major REE ratios. most notably the Ce/Ce'" anomaly 
and the LulLa ratio for the data from Shields and Stille (2001). Ce-anomaly (CelCe"') 
calculated using the fonnula Ce/Ce"'= 2 CelCeshalesi (LalLlshales + PrlPrshales). Eu-anomaly 
(ButEu·) calculated using the fonnula EutEu· == 2 EutEUsbalesi (Sm/Smmmes + GdlGdmalesl. 

SutpIe l.AIaIIty Ce/Ce" E'IIIII.IIII" Ul.EEIHRU: (l.IIILa)ll (E.-lNd)ll (SmINd)ll 

Mil Cambrian Phosphorites 0.39 1.03 0.28 1.59 1.87 1.21 
from the Maidiping 
Section, OIJllll" Chengdu, 
China. 

M13 Maidiping Section, _ 0.30 1.01 0.24 1.85 2.31 1.25 
Chengdu, China 

M20 Maidiping Section, nlJllll" 0.23 1.01 0.23 1.75 2.56 1.20 
Chengdu, China. 

Z26 Cambrian Phosphoriles 0.41 0.54 0.59 0.23 1.19 1.24 
from the Meishueun 
Section, Kunyang Mine, 

2.4.3 MREE-eorlebed patterns ("Hat" patterns) 

MREE-enriched patterns or "Hat" shaped ( concave) distributions are very distinctive, 
given that the MREE (middle REE) are enriched relative to the other REE (Figure 
2.6). The data set also shows negative Ce-anomalies (fable 2.3). 
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Figure 2.6. MREB-enricbed patterns or "Hat" type (concave) shale-nonnali~ REB 
distributions in Famennian conodonts (Granjean-Ucuyer et ai., 1993). The samples were 
taken from the Frasnian-Famennian section near Coumiac in the Montagne Noire area. 
southern France. 

Table 1.3. Table showing summary of major REB ratios, most notably the CelCe* anomaly 
and the LuILa ratio for the data from Oranjean-Ucuyer et ai. (1993). Ce-anomaly (CelCe*) 
calculated using the formula Ce/Ce*= 2 Ce/CeshaleJ {LaILasfwes + PrlPrshalesl. Bu-anomaly 
(EulEu*) calculated using the formula EulEu* = 2 EulEUsbaleJ (SmlSmshales + GdIGdsbaJ.es). 

Suaple CeJCe* EIIIIE.* LREEIHRIE (UILa)! (ErlNd)! (SlIIIINd)! WE 

CoullGbI 0.41 1.06 0.36 N/A 0.90 2.43 24.43 
CoullGb2 0.40 1.17 0.33 NlA 0.73 1.95 23.13 
CoullGbJ 0.49 U6 0.34 NlA 0.96 2.84 25.24 
CoullOc::I 0.47 1.23 0.32 N/A 1.06 2.50 17.31 
Coull0c::2 0.40 1.18 0.33 NlA 0.96 2.95 18.69 
Coull0c::3 0.43 1.20 0.32 N/A 1.01 2.73 18.03 

M;REE-enriched patterns are very anomalous in sedimentary phosphates; however a 
few phosphates readily yield such patterns. Hoyle et al. (1984) believed that the 
distinctive pattern is probably caused by the gaining of the REE signature from 
precipitates fonned in estuarine or deltaic environments. Stanley and Byrne (1990) 
argued that MREE are preferentially removed from water and made available to the 
phosphate by green algae, whereas Kidder and Eddy-DUck (1994) suggested that both 
algae and bacteria may be responsible for the removal of MREE and thus the 
fonnation ofMREE-enriched patterns. Elderfield et aI. (1990) believed that another 
possible mechanism to remove MREE from water is through the uptake of MREE in 
organic rich and/or oxy-hydroxide grain coatings. It seems that the most important 
means of removing MREE from water is the uptake ofMREE by phosphate minerals. 
Byrne et al. (1996) reported that coprecipitation of phosphate and REE compounds 
preferentially removed MREE from solutions. According to Kidder et al. (2003) 
phosphate selectively incorporates MREE. thus leaving pore waters depleted in 
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MREE. According to Hannigan and Sholkovitz (2001). the MREE enrichment found 
in certain river water can be explained by preferential dissolution of phosphatic 
minerals during weathering, which results in extensive REB fractionation between 
river sediment and water. 

However, most researchers agree that the MREE-enriched patterns are mostly 
observed for skeletal or biogenic apatites and conodonts (Wright et al. 1987; 
Granjean-Ucuyer et aI., 1993). According to Shields and Stille (2001), MREE­
enriched patterns can be explained by the fact that skeletal grains are more likely to be 
altered and less likely to retain their primary seawater REE distribution patterns. 
Interestingly. MREE enrichments have also been noted for certain river waters. 
According to Struesson (1995) MREE-enriched patterns are not only restricted to 
biogenic phosphate fabrics but can occur in non-skeletal phosphate material, for 
instance the oolitic phosphorite from the Middle Ordovician in Estonia. In general it 
appears that MREE-enriched patterns represent differential accumulation of MREE 
during phosphate lithification. 

2.5. SUMMARY 

The REE form a very coherent group, although Ce and Eu may develop significant 
anomalies. These anomalies are primarily due to changes in their oxidation states. 
The literature provides numerous studies, ranging from the REE geochemical cycle to 
examples of how REE can be applied to the study of phosphorites and phosphorite 
formation. In summary, REE can be applied to phosphorite research in the following 
ways: 
• REE can be used as oceanographic or geochemical tracers; 

• REE can be used to assess the origin and depositional environments of modem 
sediments; and 

• REE can be used to indicate palaeoredox conditions using Ce-anomalies. 

The shale-normalised distribution patterns of REE in phosphorites can be used to 
distinguish between different types of phosphorites (biogenic or diagenetic). It is also 
possible to use the patterns to reflect the source and mechanism ofREE incorporation. 
However given the occurrence of untypical REE patterns in much of the literature. 
caution should be taken in using REE. REB can suffer from possible chemical 
overprint, and thus the use of REE may be severely restricted. The following chapter 
describes the study area and the aims of this study. 
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CHAPTER 3 
DESCRIPTION OF THE STUDY AREA and AIMS OF THE STUDY 

This chapter includes a brief description of the location and geological setting of the 
phosphorites found in the southwestern Cape. It also addresses the relevant questions, 
which were fonnulated to maintain the focus of this project. 

3.1. INTRODUCTION 

The first phosphorites recovered :from modern seas were sampled from South Africa's 
Agulhas Bank by the 1873 - 1876 Challenger Expedition (Murray and Renard, 1891). 
Following this discovery, similar phosphatic deposits have been found in many areas 
(e.g. Peru, Chile, Australia, California, Florida, New Zealand and north-west Africa). 
Modern offshore deposits including the sporadic deposits on the west coast of South 
Africa have become the basis for comparison with similar deposits found onshore 
(Figure 3.1). One of the onshore sites, located near Langebaanweg has been 
intensively studied for at least 40 years by researchers at the South African Museum. 
It is regarded as one of the most fossiliferous sites in the southwestern Cape. and 
since 1958, when the occurrences of vertebrate fossils were first documented, 
intensive palaeontological studies were undertaken within the quarry (Singer and 
Hooijer, 1958; Hendey, 1981a). Other sites near Saldanha are also extremely rich in 
tenns of archaeological and palaeontological material. These internationally 
recognised sites include the middle Pleistocene archaeological site near Hopetield, 
where the cranium of the Saldanha Man (an archaic Homo sapiens) was found, and 
Kraal Bay, within Langebaan Lagoon, where Upper Pleistocene fossil human 
footprints were discovered (Singer and Wymer, 1968; Roberts and Berger, 1997). 

Langebaanweg is not the only site that features marine phosphatic sediments or 
phosphorites. There exist numerous sites around the southwestern Cape where similar 
deposits crop out such as the Bomgat phosphorites near Hoedjiespunt (Figure 3.2). 
Another interesting type of phosphate deposit, that is indirectly related to the 
phosphorites, found at Langebaanweg and Hoedjiespunt are the aluminium 
phosphates. These deposits have been described in some detail by Du Toit (1917), 
Tankard (19748) and Visser & Schoch (1973) and are normally found on the granite 
hills north and south of Saldanha Bay (Tankard, 1974a). 

Despite the palaeontological and geological importance of these sites very little has 
been published on the geology of the phosphatic deposits and especially on the 
geochemical nature of these deposits. The present study is intended to contribute data 
concerning the rare-earth element (REE) and trace-element geochemical nature of the 
phosphatic deposits in the southwestern Cape. 

3.2. LOCATION 

The sites researched are as follows, Varswat:er Quarry (near Langebaanweg), Bomgat 
(near Hoedjiespunt), Kreefte Bay (Kreeftebaai) and Konstabelkop (Constable Hill). 
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Figure 3.1. Map of the southwestern Cape (South Africa) showing the location of Varswater 
Quarry (1) near Langebaanweg and Bomgat (2), near Saldanha (modified after Dingle, Lord 
and Hemley. 1979). 

Langebaanweg is situated 110 kin north-north west of Cape Town in the southwestern 
Cape. It is roughly 13 kin north-east of Saldanha Bay and 21 krn south of the mouth 
of the Great Berg River at St Helena Bay (Hendey. 1981a). The Bomgat exposure is 
situated on the Hoedjiespunt Peninsula at Saldanha Bay. It is approximately 2 krn 
south of Saldanha. The two sites containing the aluminium phosphate deposits, 
Konstabelkop and Kreefte Bay are located in the Posberg Reserve (on the Posberg 
Peninsula) (Figure 3.2). Konstabelkop is approximately 15 kin south-south east of 
Saldanha, whereas Kreefte Bay is approximately 4 kin west ofKonstabelkop. 

3-2 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter J: Delcription of the S tIIq, Ana and Ailll! of the Stllq, 

~ SALDANHA BAY 

I) Kilometers 5 
I I I I 

33-lIS 1'-E 

Figure :5.1. Distribution map for the aluminium phosphate deposits and Bomgat (Modified 
after Tankard. 1974a). 

3.3. GEOLOGY 

3.3.1 General coastal geology of the southwestern Cape. 

The general geology of the west coast in the vicinity of Saldanha Bay consists of 
deeply weathered Precambrian Mabnesbury Group Shales, Cape Granite suite rocks 
and an unconformably overlying package of Cenozoic sediments. Figure 3.3 provides 
a map showing the distribution of Cenozoic (Neogene and Paleogene) and Cretaceous 
sediments in relation to the Table Mountain Group, Cape Granite Suite and the 
Malmesbury Group Shales on the southwestern Cape coastal platform. 

The Cenozoic sediment package consists of the Sandveld Group, which extends from 
Cape Hangklip (in the south east) to the Vredenburg Peninsula (in the west) (Johnson. 
1994). According to Rogers (1980) it is possible to correlate the stratigraphic entities 
between the Vredenburg Peninsula and Cape Deseada (near Elands Bay, in the north) 
with the deposits of the Sandveld Group. The Sandveld Group can be subdivided into 
the following formations: Elandsfontyn, Saldanha, Varswater, Velddrif: Langebaan, 
Springfontyn and Witzand (Rogers, 1980; Tankard, 1975; Tankard, 1974b; Hendey, 
1981 b; Hendey and Dingle, 1983). These deposits represent a variety of sedimentary 
environments, including shallow marine. back-barrier. estuarine. fluvial and aeolian 
(pether et al., 2000). 
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The Elandsfontyn Formation WaS first recognized by Rogers (1980). It is not exposed 
subaerially. but has been defined on the basis of borehole and core data. The facies 
associations predominantly consist of upward fining sequences of angular to fine 
quartzose sands v.ithout phosphate or carbonate grains and indicate sedimentation 
within a meandering river system (Rogers, 1980, 1982). The Elandsfontyn Fonnation 
has beeo dated using pollen and spore assemblages and on the basis of;ts foraminiferal 
assemblage (Coelzee and Rogers, 1982, Dale and McMill!lR 1999) 

o 
u 

Figure 3.3. DistnootiO!l map for ~ Cenozoic and Cretac(:()U, ><:dnnt:lIIS of ~ 5Oll1hwestertl 
Cape ~oa,tal platfonn (MOOifu:d after Rogers, 1 ~80) 

According 10 Coetzee and Rogers (1982) the Elandsfontyn Fonnation is assigned an 
early Miocene age, whereas Dale and McMillan (1999) ascribe a mid C"retaceous age 
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to the deposit. Overlying the Elandsfuntyn Formation is the phosphate-rich Varswater 
Formution (Hendey, 1974). The Varswater Fonnation is especially well preserved in 
the Varswater Quarry, near Langebaanweg and generally the deposit is unconformably 
overlain by the Quaternary Springfontyn, Vekldrifand T.angebaan Formations (Rogers, 
\980). The Springfi)fltyn and Langebaan Fonnations are primarily aeolian deposits, 
whereas the Velddrif" Formution is generally considered to be a littoral deposit 
(foreshore environment), composing of coarse-b'Tllined shelly sands and shell-coquina 
(cold water fauna). The Vekldrif Fonnation is overlain by the Langebaan Formation 
(Tankard, 1976; Rogers, 1980). The Saldanha Formation and the Varswater 
Formation contain the key onshore phosphate occurrences, pan)cularly from the 
phosphorites at Bomgat and Langebaanweg. 

3.3.2 The Var.iwll.tcr ForIlllltion: The geology ofVar.iw~"'·r QmU"ry 

"The phosphate deposits at the Varswater Quarry are well exposed due mainly to a 
period of commercial phosphate mining, which commenced in 1943 (Hendey, 19R 1 a) 
and ceased in 1995. The mine is currently being managed as the west Coast Fossil 
Park, under the South African Museum. Owing to the discovery of Cenozoic fossil 
remain.~ within the mine area, the site has been very well researched; however the 
stratigraphy at the Varswater Quarry remains controversial. Changes to the 
nomenclature of the subdIvisions have caused confusion.. although the lithostr<ltiw..Iphy 
recognir..ed in various studies has remained unchanged (Rogers, 1980). The 
stratigraphy of the mine has heen described by various authors (Hendey, \ 973. 1974. 
1976, 1980; Tankard 1974a., 1974b, 1975; Smith. 1971; Dingle et al., 1979; Rogers, 
1980 and Middleton.. 2000). TIle exposed geologic succession at Langebaanweg can 
be subdivided into the phosphate-bearing Varswater Formation and the Langebaan 
Formation The Langebaan Formation (or C-aJcareous Sand member or Anyskop 
member aeolianites) overlies the Varswater Formation (Hendey, 1981a; Dale and 
McMillan. 1999). A south-easterly panoramic view showing the stratigraphic 
relationship between the Varswater Formation and the Langebaan Formation at the 
Varswater Quarry (West Coast Fossil Park) is shown in Figure 3.4. 

~'jgurc 3.4. Sooth-ca,t~"1"ly panoramic vi~w aoross the MUle I'Joor area (modil"led aft ... 
MIddleton, 2()()11). 

The Varswater Formation is informally divided into three main units; the basal Gravel 
member (or Konin:;:s Vlei member), Quartzose Sand member and Pelletal Phosphorite 
member (or Muishonds Fonlein member) (Roherts, petS. comm. 2000; Rogers, 1980; 
Hendey. 1981a; Hendey and Oingle, 1983) (Figure 3.5). Some authors prefer to 
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The Quartzose Sand member and the Pelletal Phosphorite member unconformably 
overlie the Gravel member. owing to a possible late Miocene hiatus between the 
overlying sediments and the Gravel member (pether et aI .• 2000). The Quartzose 
Sand member is a moderately sorted, fine to coarse grained quartzose sand that 
generally lacks phosphate grains (Rogers, 1980). According to Hendey and Deacon 
(1977). the Quartzose Sand member is derived from a variety of depositional 
environments, including fluvial. estuarine. floodplain, marsh, tidal mud flat and pond. 
Hendey (1981a) proposed that the unit was deposited by the proto-Berg river during 
an early period of the early Pliocene transgression. 

The Quartzose Sand member is highly fossiliferous and contains abundant 
invertebrate and vertebrate fossils. These include tortoises (Chersina sp.), 
rhinoceroses (Ceratotherium praecos). seals (Homiphoca capensis). giraffids 
(Sivatherium) and pigs (Nyanzachoerus cf. pattersom) (Hendey. 1981a). Kensley 
(1977) also noted that the invertebrate fossils suggested deposition under calm 
conditions within an estuarine area. This supports Tankard's (1975) view that the 
Quartzose Sand member contains a fluvial and estuarine facies. In terms of its 
micropalaeontological assemblage. the Quartzose Sand member appears to have a 
complete absence of foraminifera (Dale and McMillan. 1999). Dale and McMillan 
(1999) ascribe the lack of foraminifera to decalcification processes by 
meteoric/groundwater leaching. The Quartzose Sand member appears to be partially 
contemporaneous with the Pelletal Phosphorite member with indications that the unit 
passes laterally and vertically into the latter (pether et al .• 2000; Middleton, 2000). 

Tankard (1974a) proposed that the Pelletal Phosphorite member is derived by erosion 
from the Miocene basal bed (or Gravel member). The Pelletal Phosphorite member 
consists of moderately sorted, fine to medium grained phosphatic-quartzose sand and 
-1 to 0.5 m thick lenses or "phosphate rock layers" of cemented Pelletal Phosphorite 
(Tankard, 1974a; Rogers, 1980; Middleton, 2000) (Figure 3.6). The locally highly 
fossiliferous Pelletal Phosphorite member was once commercially exploited. Smith 
(1971) and Middleton (2000) documented the different grain types within the Pelletal 
phosphorite member and, most notably. the occurrence of phosphatised shell 
fragments and pelletal (peloidal) phosphorite. Tankard (1974a). Dingle et aI. (1979) 
and Middleton (2000) maintain that the phosphorite lenses were formed due to in situ 
lithification or precipitation of the pelletal phosphorite. 

Hendey (1981a, 1981b) assigned an Early Pliocene age to the Pelletal Phosphorite 
member on the basis of the vertebrate fossil assemblage. indicating that the unit might 
have been deposited during the Early Pliocene transgression. Pickford (1997 quoted 
in Dale and McMillan. 1999). however maintains that the vertebrate fossils are in fact 
Miocene in age. based on a revision of the East African vertebrate stratigraphy. Dale 
and McMillan (1999) assigned an early Pleistocene age (possibly Waalian to earliest 
Menapian) to the deposit on the basis of the microfossil assemblage which contains 
distinctive Uvigerina sp. and Discorbis "algoaensis ".. Strontium isotope ratios 
(87 SrrSr) of the phosphorite peloids indicate an Early Pleistocene age 
(Franscerscbini, 2003). Notwithstanding the dating controversy, the fossil assemblage 
does however indicate that by approximately 5 Ma, cold-seawater conditions already 
existed on the west coast. The different dates can be ascribed to possible reworking 
of the Early Pliocene fossils during the Pleistocene (Middleton, 2000). 

3-7 
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Chapter J: Ducription of the Shit!Y Ana and Aiml of the Shitfy 

include the overlying uppennost Calcareous Sand member or Anyskop member 
aeolianites as a unit within the Varswater Fonnation (Hendey. 1981; Dale and 
McMillan, 1999). The decision is largely based on the presence of marine benthic 
foraminifera and the occasional phosphorite pellet/peloid (or phosphatised grain) 
within the unit; however the general palaeontology (i.e. the presence of the pulmonate 
dune gastropod. Trigonephrus globulus). lithology and sedimentary structures are 
identical to the aeolian Langebaan Fonnation. 

III. 

Hencley 
North .. 1981,1982) 

II •• II II •• II •••• II II II • II II ••• II II ••• II II II •• II 

• II II II •• II II II II • II II II • III II II • II. II • II II • II • II II •• 

• II II II •• II • II •• II II II II III II II II II •• II •• II •• II • III II •....•...................•....•. 

L.D l'Iill:8ft11 
L.D "111:1111 - EII!IIy Phlilll'ill 

• II II II II II • II II • II • II I E1mdIf"-P~ MWII. liac ... 
:::::::: ::::: .'"'" .• -•• .,.-."""" • .,-•• --• .,....= •• '""..---."...=-.: •• ,-"..-,,"'!. •• 
• • II •• II • II II. II ... II • II. II II II II • II II II • II • II • II • 

II. II II II II ••• II II •• II II • II. II II II • II •• II • II II • II • 

Ui/eDI Lapo ................ 'c._S ............. 
QIIIM ~!I ... .......... 

PJIII - .... ta1~ ......... 

GM - Gm.1 .......... 

Dale mel :McMiU1IIl 
(1999) 

Fipre 3.5. The lithostratigraphy of the Cenozoic deposits in the vicinity of Langebaanweg 
(modified after Hendey, 1982). 

The basal Gravel member accounts for the lowest unit within the Varswater 
Fonnation. It consists of unconsolidated, wen rounded to subrounded phosphatic 
cobbles, pebbles and silty sand, as well as up to 1 m thick consolidated lenses 
comprised of older. eroded clasts of phosphorite (Tankard, 1975; Dingle et aI. 1979; 
Rogers, 1980; Middleton, 2000). The basal Gravel member and Pelletal Phosphorite 
member are the principal phosphate-bearing units. The presence of a marine 
invertebrate fossil assemblage indicates the marine origin of the unit (Kensley, 1971). 
Other fossils are also present; including shark teeth, molluscs and the teeth of the late 
Miocene horse H;pparionprimigeni'Um (Hendey, 19811, 1981b; Dingle et aI., 1979; 
Hendey and Dingle. 1983). The vertebrate and invertebrate fossil assemblage is 
indicative of wann water conditions, which are believed to be typical sea conditions 
during the Miocene (Hen dey, 1981b). In contrast, the marine fauna (seal and 
molluscs) of the Quartzose Sand member and the Pelletal Phosphorite member 
indicates cold-water conditions (Hendey. 1981b). Therefore, the Gravel member is 
proposed to have been deposited during the Miocene transgression and eroded during 
a +30 m stillstand of the late Miocene regression (Hendey, 1981 a, 1981 b). 

3-6 
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Figur~ 3.1i. 0,5 to 1m thick phosphorite lenses underlaln and o,erla,n b~ unconsolidated 
Pelletal Phosphorite member sediments, The outcrop is found within the Mille Floor area and 
east of the \Vcstcm High Wall 

3.3.3. Th~ geolo;::}" ofBomgat (Hoedjiespunt) 

The stratotype for the Saldanha Fonnation proposed by Tankard (\975) is found 
within the Bomgat in the J loedjiespunt Peninsula (Figure 3 7). It is described as the 
rx"cun'ence of thin layers of resinous crypto..,rystalline and reworked mierosphorite 
(shell-rich apatite) that rests on the Saldanha quartz porphyry (Tankard, 1975) 
Tankard (1975) also de!lCribes shell fragments, bryozoa and foraminifera set within a 
collophane (dahllite)lmicrite groundmass, The thin «1m) phosphorite lenses (beds) 
nonconlonnably overlie tho 600 Ma Hoedjiespunt granite and are overlain itself by 
calcarenites and aeolianites from the Velddrir Formation and Langebaan Fonnation. 
The phosphorite that characterises the llomgal deposit can be divided into (al a thinly 
bedded ambel'-coloured basal layer and (b) a layer of reworked phosphorite. round in 
assrx"iation with granite boulders and cobbles, 
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FiIU'" 3.7. Detailed section of the Sildanha fonnatlon stratotype 1I11loedjiespunl Saldanha 
(Tankard, 1975). 

Tankard (1975) proposed that the deposit~ underl)'ing the YaTSWater I'onnation, 
should be incorporated into the Saldanha Formation, however, Dingle el al. (1979) 
believed that it is not possible to correlate the stratotype of llle Saldanha Formation 
with any ofthc horizons within Langebaanweg. 

3.3.4. The geology oflhe de~lts at KODstabelkop and Kn;e1te BMY 

The aluminium phosphate dC(XIsits of the quartz porphyry hills Dear Saldanha and the 
Posbcrg Peninsula have generally been overlooked and are understudied. The 
deposits have heen briefly documented by Du Toit (1917), Visser & Schoch (1973) 
and Tankard (l974b). The aluminium phosphate deposits at KonSiabclkop and 
Krcefte Bay arc rc;irictcd to the slopes of the quartz porphyry hills oflhe Saldanha 
Quartz POlJ>hyry. In general the outcrops are poor, and occur ~poradically about the 
qua.rtz pClIphyry hills (Visser & Schoch, 1973), According to Visser and Schoch 
(1973) the phosphate depo~its owe ~ir exi~tmlce to the pho~phatisation of weathered 
bedrock (grit:, rubble and sand) mixed with guano. II is proposed that organic, 
phosphate-rich solutions percolated from guano deposits into the underlying and 
surrounding sediments and granitic bedrock. whereafter the material beeame 
phosphatised (Visser & Schoch. 1973). 

3.4. ADtS AND OBJECTIVES 

The objectives of this study Were to review the peninent literlllUfe on the geochemical 
behaviour of rare-earth clements and trace-elcments (U, Th etc) in phosphoriles. and 
to conduct an inve~tigatiOll into the rare-earth clement geochemistry of the phosphate­
bearing ~.diments of the Varswater Fonnation (exposed within the Varswater Quarry, 
near Langebaanweg). the phosphati~ed limestone~ from the Saldanha Formation 
(exposed within [he Bomgat cave, near Hocdjiespunt). and the aluminium phosphate 
deposits found on t11c Poslx:rg Peninsula . 

. 1_9 
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The ,pecific aims of this study were as follow~: 

• Document the Jl"trography and ,1ratigraphy of the phosphorite deposits at 
Longcbclanwcl\, Romll"-l and the deposits on the Posberg Peninsula. 

Detennine the goochernisoy of the different pholiphorite grain types, using rare-earth 
clements and lrace·clemcnl, and propose possible depo,itional environme!ll>; and 
diogenetic hi,tories. 

3.5. LIMITATIONS AND CONSTRAINTS 

The major limitations and con'traints of this stud)' are: 

• Owing to extensive mining at Langebaanweg and Konstahelkop, most of the 
primary structures and sediments that would have improved our understanding of 
the geology have been mined out (Middleton, 2000). 

• The mining at Langebaanweg has also inLTeased the risk of contamination 
between the different lithologies (Middleton, 2000). 

• The outcrops of the aluminium phosphates on the Posberg Peninsula are 
extremely sporadic and access to most of the aluminium phosphate sites was 
restricted, therem sampling of the other 'known' aluminium phosphates sites (at 
Vlaeberg, Lyfserhoek, Baviaansberg and Malgaskop) was not possible. 

The following chapter presents a brief discussion on the localities investigated, (he 
sampling techniques used and the sampling convention utilised. 
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CHAPTER 4 
SAMPLING LOCALITIES AND STRATEGY 

This chapter includes a brief description on the sampling technique. used, the localities 
investigated and the sampling convention utilised. 

4.1 SAMPLING RATIONALE AND NAMING CONVENTION 

Sample names are derived from the abbreviations of the site name and each sample is 
as.~igned a sample number. An example is V\V46. In this example V\V refers to the 
sampling site from which the sample was collected, Le. VW = Varswater Quarry. The 
last two numbers ditferentiate between sample. from the same type taken at different 
kx:ations in the same site, for example v\v46 and v\v12. Selected samples were al<n 
collected from various expo.ed mine/quan)' faces. These sample. can be identified by 
the "@" .ymha!. For example, V\Vl@1.79m indicates tbatthe sample is from the 
Varswater Quarry, at Site I, and taken from a height of !.79m (above the base of the 
outcrop). For the purpose of this research only samples with appreciable amounts of 
pho.phorite were further analysod. Additional offshore samples (i.e. Mjm samples 
Mulabi<aIla (1998)) were also analysed and are used for comparison to the onshore 
sample •. 

4.2 SEDJMENTIROCK SAMPLES 

A total of 71 sediment and 23 rock samples were obtained during January 2000 and 
October 2002. The sediment samples were acquired from selected e)(posed faces, 
which were fm;t ckaned using a trench <hovel to obtain an lDlcOlltaminated sample. 
Appro)(imately 1 kg of sediment sample WJI; collected u.~ing a trench shovel, stored in a 
plastic sampling bag and iabelled. Sodiment colours were documented according to the 
Munsell soil colour charts. Rock .amples were talen using a geological hammer, with 
care taken to ensure that the samples were unweathered. This i. particularly important 
for samples taken from Kons(abelkop and Kreefte Bay. 'Jbc, samples were also labelled 
and stored in plastic sampling bags. 

4.3 SAMPLING LOCALITIES 

Samples were collected principally from the varswater Q.larry near Langebaanweg. 
Other sample localities include Somgal, Kreefte Bay and Konslahelkop. 

4.3.1 Varswalu Quarry 

Phosphorite rocks and phosphatic sands are well exposed on cut face. within the mine 
area. This can be attributed to the period of commercial phosphate mining of the quany 
before 1995. Mining has also increased the risk of contamination of [he underlying 
phosphate rich sediments of the Varswater Formation by the overlying calcareous sand 
of th~ Langebaan Formation (Calcareous Sand manber) (Middleton, 20(0). Several 
sampling points were identified within the mine area (Figure 4.1). 
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ripn 4.1. Map ,howing a general oveIYiew of the "Ifuce geology ofV:mwater Quarr)', near 
L<mgebaltnweg ..00 !he distribution of .. mpling sit"". 

The exposed sections within the mine an: not always ideal, given lack of primary 
sedimentary structures and ambiguous contacts. 1be mine area does offer good sections 
such as VWIIBirdHide near the southern margin of the Dam, within the Spoil Dump 
IIIc (Figure 4.1). The Bird Hide section exhibits variations within the Pelletal 
Phosphorite member (Middleton, 20(0). The Bird Hide section has been subdivided 
into 4 layers, on the basis of the presence or absence of primary sedimentary strocturcs 
and colour differences (Figure 4.2). 
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Fi2Urt ~.l. Sttatiilfl4lhic oolumn for samples from the Rird Hide (Site VW1) Var<watcr 
Quarry, Long"""""-weg (modified after Middleton, 2000). 

Layer A represents the lowermost unit, which is a 1.79 m thick, massive 
unconsolidated, reddi,h ydlow (5YR 6/6) phosphatic sand. [.ayer H is 3 rn thick and in 
the lowermost 0.20 m has horizomallamina.lions (Figure 4.3). Overlying the laminated 
unit is the laterally persistent and distinctive 0.3 m thick, dark red coloured unit. 
Overlying La)'t.-'T B is a 2.30 m thick massive pale yellow \0 white phosphatic sand. The 
Bird Hide section is capped by Layer D, a 10 m thick layer thai exhibits a mottled 
surface texture (yellow (JOYR 8/8) sediments with frequent dark red (lOYR 3/8) 
patches). 
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Figure -1'.3. Laminated pOO.'phatic quartzose sand "ithin the Pelletal PhOisphontc member at the 
Bml Hide sectIOn (VWI) (G.;ologlcal hammer for ,ealc)_ 

At site VW46 in the Historic Fill site on the oorth side of the mine. there is a 0 4 m to 
0.6 m thick consolidated phosphorite bed associated with highly fossiliferous medium 
grained iron-stained white (iOYR 811) to pale yellow sediments (Figure 4.4.). The 
sediments contain phosphatised bone fragments (predominantly Siva/here, a short-neck 
giraffid) (J lendey. 1982) 

(,j (bj 

t-igun -1' .... SOOle features of=p!mg Site VW46_ (a) Phosphamw Sivarhere jaw bone. (b) 
Siva/here bone fragments ,,,thin the southern limb of the excavation 

Figure 4.5 provides a schematic diagram indicating the location of samples relative to the 
phosphorite b<:d Figure 4_6 indicates the general outcrop of the phosphorite bed and the 
relative positions at which samples were taken_ For the purpo,e of thi, research the 
phosphorite bed will be referred to as VWI6_ 
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4.3.2 Bomgat (near Hoedji~'pUDt) 

The Bomgat cave, situated on the Hoedjiespunt Peninsula, provides an excellent 
opportunity to study and sample the ~djiespunt phosphorites. Samples collected 
from the Bomgat cave were taken from the basal phosphorite layer and a few rounded 
pebbles from the overlying reworked phosphorite (Figure. 4.7). 

c ..... 

V.loIrift F ... uti ... 

,-

Fleure 4.7. Stratiiraphic section of the sediments . nd rocks exposed at the Bomgat Cave OIl the 
Hoedjiespun\ Peninsula. Saldana Bay (Modified afierTankard, 1976). 

4.3.3 Krufte Bay and Konstabelkop 

The aluminium phosphate deposits found on the Quartz Porphyry hills of the posberg 
Peninsula are poorly preserved and eXlremely rare (Visser and Schoch, 1973)(Figure 
3.2). In many places the deposits are portly 10 entirely covered by a thick layer of black 
organic-nch soil. The layer of soil also supports a very dense growth of vegetalion 
which, in addition to the black soil layer, covers the phosphate deposits. The phosphate 
from Kred'te Bay was difficult to sample given the dense nndergrowth and the layer of 
black soil: however in .<itu samples were obtained from a few well exposed outcrops. 
The phosphale from KonSlabelkop was easier 10 sample, because the Konslabelkop 
deposit was once mined and as a result adC<:[ua\e outcrop exists. According 10 Vis'ler 
and Schoch (1973), the reason why the deposit was mined was because of two, well­
developed joint systems within the Quart:l Porphyry that controlled the distribution of 
the deposit. The samples from Konslabelkop and Kreefte Bay are given Ihe sample 
labels Ko and KR, respectively. Kreefte Bay samples were taken from two adjacent 
hills near Kreefte Bay with samples from hill 1 designated KRIOx and samples from 
the second hill designated KRlOx. 
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Chap1tr4: Sampling StraRl!} and Rationale 

Table 4.1. List of samples taken from Konstabelkop (Ko) and K.reefte Bay (Kr). The asterisks 
(*) indicates sample analysed. 

Sam(!le Locality Deseri(!tiOD 
K.R201* KreefteBay Weathered, yellowish brown, brittle 

aluminium phosphate (in situ) 

KR202 .Kreefte Bay Weathered, brittle greyish aluminium 
phosphate (not in situ) 

KR203 KreefteBay Replaced quartz porphyry 

KR103 KreefteBay Not in situ greyish consolidated phosphate 

KR207* KreefteBay Replaced quartz porphyry 

Kot Konstabelkop Weathered, yellowish brown aluminium 
phosphate 

Ko2 Konstabelkop Replaced quartz porphyry 

Ko3 Konstabelkop Replaced quartz porphyry 

4-7 
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CHAPTER 5 
METHODOLOGY AND ANALYTICAL 

The following chapter includes a brief discussion on the methodology and analytical 
techniques used. It presents the necessary background to the subsequent chapters which 
deal with the results, discussion and conclusions of the study. 

5.1. INTRODUCTION 

The primary objectives and aims of the study, as outlined in Chapter 3, are to document 
the petrography, mineralogy and rare-earth and trace-element geochemistry of the various 
phosphorite and phosphate deposits in the vicinity of Saldanha Bay. In order to 
accomplish this task, several analytical techniques were used. The techniques used 
included: 
.. optical microscopy (binocular and polarised microscopes), 
.. photomicroscopy, 
.. scanning electron microscopy (SEM). 
.. X-ray diffraction (XRD), 
.. Inductively Coupled Plasma - Mass Spectroscopy (ICP-MS) and 
.. Laser ablation Inductively Coupled Plasma - Mass Spectroscopy (LA-ICP-MS). 
All of the analytical facilities were used at the University of Cape Town (VCT). The 
relationship between the various techniques and the methodology used are described in 
Figures 5.1 a and b. 

5.2. METHODS 

The following section discusses the various techniques used and briefly discusses the 
principles behind the methods. Results are shown in the Appendices. 

5.2.1. X- ray diffraction (.XR.D) 

In order to determine the mineralogy, samples were analyzed using the XRD (X-ray 
diffraction) facility, within the Department of Geological Sciences at UCT . 

Sample preparation 

F or the purpose of this research, phosphatic sand sub-samples were separated into several 
main groups based on the different grain types, such as phosphatised shell fragments 
(PSh), phosphorite pellets/peloids (Pph) and phosphatised bone fragments (Bne). The 
procedure for separating the different grain types required a binocular microscope, a thin­
tipped paintbrush and sample holders. Identified grains were picked using the wetted tip 
of the paintbrush, and separated into labelled sample holders. Care was taken to ensure 
that only the relevant grains were picked and stored in their respective labelled sample 
holders. A typical label would show the sampling locality and grain type (e.g. 
vwl@1.90m PPh). 

5-1 
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Chapllr 5: Methodology and AnalYtical Ttchniqll6s. 

In the XRD lab the different grain types were crushed using a hand-held, agate mortar 
and pestle and placed on a zero-background quartz slide. The zero-background quartz 
slide is nonnaUy used to reduce the amorphous overprint/pattern that can result from 
using very small amounts of a sample on a conventional glass slide (Figure 5.2). 
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Figure 5.2. Diffractogram A was obtained from the analysis of a sample using a conventional 
glass slide. The diffractogram shows an amorphous overprint, which makes interpretation 
difficult. Diffiactogram B was obtained using the 2«O-background quartz slide. The sample 
used in both analyses is the same. The peaks identified are of the carbonate fluorapatite mineral 
(CF A) francolite. 

Rock samples were prepared for XRD by first being crushed and milled into a powder 
fonn. Using a hand-held press, the powder was pressed into a XRD sample holder. A 
Philips PW1050/80 X-ray Diffractometer was used to determine the mineralogy of the 
sub-samples and to test for the presence of calcite. A copper target X-ray tube (eu KD) 
was used at a current of 20 rnA and a voltage setting of 40 kV. The zero-background 
quartz slide (or XRD sample holder) was inserted into the diffractometer sample chamber 
and scanned over a theta range of 15 - 50 degrees (in some cases the sample was scanned 
over a theta range of 5 - 80 degrees). The resultant di:ffi'actograms were analysed using 
the Philips X-ray diffiaction software, supplied with the X-ray diffractometer to identify 

5-3 
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Chapter 5: Methodology and AnalYtical Technique!. 

the main minerals in the samples and sub-samples. Minerals were identified using 
search-match routines. The search-match routines, although easy to use, can result in 
erroneous identification. Therefore, when necessary, a search manual was used. 
Afterwards the files were exported to Windows Excel 2000. Results are shown in 
Appendix A3. 

5.2.1. ScanBing electron mierosoope (SEM) 

In order to document the surface textures and features of specific phosphorite grain-types 
(PSh, Pph, and Bne) and selected phosphorite/phosphate rock samples, the UCT Electron 
Microscope Unit's scanning electron microscope (SEM) facility housed within the R.W. 
James Building (departments of Physics, Astronomy and Oceanography) was used. 

Sample preparation 

The sample or specimen is glued to a sample holder or "post". Given that samples 
examined by the SEM must be able to endure the strong electric currents produced by the 
electron beam,. the samples must first be coated with a thin layer of conductive material 
of gold or carbon. The gold acts as a conductor thus preventing any charge build up at the 
point of analysis. After the initial preparation the sample is placed in the SEM vacuum 
chamber and the electron gun is switched on. The high-resolution images are obtained 
from the emission of secondary electrons. Results are shown in Appendix A5. 

5.2.3. Photomierolmaeroscopy 

Phosphorite and phosphate rock thin sections were examined and photographed using the 
photomicroscope facility housed within the Department of Geological Sciences. Selected 
sediment samples were photographed using the photomacroscope facility housed within 
the Department of Archaeology (DCn. Results are given in Chapter 6 and Appendix 
A4. 

5.2.4. Inductively Coupled Plasma - Mass Speetroseopy (ICP-MS) 

Samples were analysed using the Perkin Elmer/Sciex Elan 6000 inductively coupled 
plasma mass spectrometer housed within the Department of Geological Sciences. 

Sample Preparation 

In order to analyse samples using inductively coupled plasma mass spectrometry (ICP­
MS) the samples must be in solution (Table 5.1). Given the sensitivity of the ICP-MS 
method, great care was taken to ensure that contamination did not occur during 
preparation or analysis. 

5-4 
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Chapter 5: Methodology and AnalYtical Techniques. 

Table 5.1. Table showing the procedure used for bulk-rock preparation for ICP-MS analysis. The 
following procedure is listed on the UCT ICP-MS Short course website at 
http://www.uct.ac.za/depts/geolscilicpmslprooedrs/bulkrock.html 

1. Samples were weighed into clean, Sml Savillex beakers, using the microbalance (a Mettler Toledo 
AG24S balance) in the IC-PMS preparation lab (on the first floor of the Department of Geologica1 
Sciences). Appro:ximately SO mg were needed. Sample weights were recorded on a weighing sheet and 
the beakers labelled and closed. 

2. In the wet chemistry lab on the 3rd floor of the Department ofGoologica1 Sciences, 4ml ofa HFIHN~ 
solution was added using a 1-10 mI pipette to each sample. 

l. The beakers (with their lids closed tightly) were placed on clean aluminium trays on the hotplates. The 
samples were left for approximately 48 hours to be digested at a temperature of S()..60°C. 

4. Once dried the samples were taken off the hotplates and using the 100-1000 microliter pipette, 2 mI of 
concentrated 2-bottled HN~ was added to each sample. 

S. The beakers (with their lids closed tightly) were placed on the hotplates until the samples were 
completely dissolved. 

6. Once dissolved the beakers were removed from the hotplates and allowed to cool. The beakers, once 
cooled were returned to the hotplates (with their lids removed) and allowed to evaporate to complete 
dryness at a temperature of -75°C. 

7. Steps 5 and 6 were repeated. ' 

8. The beakers were taken off the hotplates and allowed to cool down. 

9. In the 1st floor preparation lab, 4 mI of internal standard stock solution was added using a 1-10 mI 
pipette to each sample beaker. The samples were allowed to dissolve. 

10. The dissolved samples were than quantitatively transferred on the microbalance using a labeled and 
dried SO mI centrifuge tube. 

11. The sample beakers were washed with the 2 mI internal standard stock solution and droplets on the 
beaker walls were transferred to the centrifuge tubes on the microbalance. 

U. In order to create II. WOO-fold dilution of the original solid sample. dissolved samples were made up to 
SO mg using the internal standard stock solution. 4 drops of concentrated HF were added to each sample. 

13. The samples were prepared and ready to be run on the IC·PMS. 

In principle, samples in the ICP-MS are aspirated in an argon (Ar) stream through high­
energy radio frequency coils to form a plasma. The ions within the plasma are analysed, 
with a quadrupole mass spectrometer. Within the mass spectrometer the ions are sorted 
according to mass and detected using a scanning electron multiplier. The results are then 
displayed on the computer monitor. The results were exported to Windows Excel 2000 
and StatSoft's StatistiC8 6 for further statistical analysis and will be discussed in Chapter 
7. Results are shown in the Appendix AI. 

5-5 
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Chapter 5: Methodolo/!/ and AnalYtical Techniqlles. 

5.1.5. Lauer ablation Induetively Coupled Plasma - Mus Spectroscopy (LA-ICP·MS) 

The Elan 6000 inductively coupled plasma mass spectrometer can be connected to the 
laser ablation setup/extension. The laser ablation setup consists of a Cetac ISX-200 laser 
ablation module that uses a frequence-quadrupled Nd-Y AG laser. The laser is connected 
to a high-resolution colour video camera, colour monitor and 54 mm sample chamber. 
Petrographic thin-sections were analysed using the laser ablation setup that can be 
connected to the Elan 6000. 

Sample Preparation 

Polished thin sections ("thick sections") were cut from rock samples. The polished thin 
sections were first viewed under a polarising light microscope where specific grain types 
(pSh, PPh), textures, cement etc. were identified. The identified areas were marked or 
encircled using a colour or black marker, with care being taken to ensure that the 
grainlcement to be ablated would not be contaminated with ink. The markings also 
served as a means to navigate, given that the sample chamber is mounted on a stage. The 
stage allows the sample to be moved relative to the laser (useful for focussing and 
positioning). Once the sample was placed into the sample chamber, the ablation process 
was observed using the colour monitor, which showed a direct video stream captured 
from the video camera. A pulsed laser beam is used to ablate the surface of the sample 
and the resultant material is transported into the Ar plasma of the ICP-MS. The results 
were exported to Windows Excel 2000 and StatSoft's Statistica 6 for further statistical 
analysis (Chapter 1). Results are shown in Appendix A2. 

5.3. DISCUSSION OF MEmODOLOGY 

Given the existence of two different primary sample types (consolidated and 
unconsolidated) two different methodologies were created The output of the 
methodologies was the same, but the methods were different. For instance, consolidated 
samples were cut and crushed prior to analyses whereas unconsolidated samples were 
first split, and using a binocular microscope selected grain-types were picked and then 
crushed (using a hand-held mortar). The crushed samples (consolidated and 
unconsolidated) were then analysed using XRD. In addition to mineralogy, XRD scans 
allowed the detection of minerals other than CF A such as calcite. Determining whether 
calcite was present was crucial for the unconsolidated phosphatic samples from the 
Varswater Formation because analyses of these samples was predominantly grain specific 
and carbonate contamination from the overlying calcareous Langebaan Formation into 
the sediment samples from the Varswater Formation was a possibility. Samples that 
contained calcite were first treated with acetic acid. Calcite-free and "treated" samples 
were completely digested for ICP-MS analysis. Consolidated or rock samples were 
either analysed using LA-ICP-MS (to analyse individual grain types) or ICP·MS (for 
bulk rock rare earth element composition). Therefore, it is possible to compare the LA­
ICP-MS data from the rock samples and the ICP-MS data from the sediment samples. 

5-6 



Univ
ers

ity
 of

 C
ap

e T
ow

n

CHAPTER 6 
TIrE PETROGRAPHY AND MINIi:RALOGY OF PHOSPHORITES AND 
PHOSPHATIC ROCKS "'ROM TI£E STUDIED LOCALITIES 

This chapter presents the mineralogy WId petrography or the phosphorites and phosphate 
rocks from the srudied localities. The petrography of the samples was detennined using 
binocular, scanning electron and petrographic microscopes. X-ray diffraction patterns 
(XRD) were used to de1ennine mineralogy and to complement the petrography. 

6.1. PETROGRAPHY AND MINERALOGV OF THE VARSWATER 
FORMATION, LANGEBAANWEG 

6.1.1. The ha..,,1 (: ra,'cI member 

Gravel mem""'r samples are \Xlle Ixown (10 YR 8/3) to yellowish brown (10 YR 5/4), but 
weathered surfaces are dark grey (2,5 YR 4/0). Gravel member clasts are generally well 
10 sub rounded and pebble to cobble sized (Figure 6.1). Evidence for periodic reworking 
and re-pbosphatisalion includes the presence of notably different phosphatic intraclasts 
and phosphatic cement within the sample. The intraclasts range between rounded 10 
angular. Samples are generally composed of predominantly (&0"10) subrounded 10 
rounded quartz grains (Qtz) and occasional phosphorite peloids (Pph) «15%). Platy 
phosphatised shell fragments (PSh) are also present but rare «1 0/0). The phosphorite 
peloids are generally structureless: however they can contain quartz grain nuclei (Figure 
6.2). 

~lgurr 6.1. An outcrop of (he basal Gravel member, ;;;;;;;'~"~;;;;;;d ~;;;;;;; and pebble-size 
phosphorite from the Varswater Quan).. L""gcbaanwcg. Hcld of view is towards the 
,omhwest. A 0.30 rn g""logicai hammer is for scalc. 
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Fi~ure ~.2. I ' ~~;;r~~~~~~§~~l~:;::;'i;~;;;':;: 
quart.L particles and quart.<. grain .• cem~ted 
taken in p\anc-poIariS"d lightl· 

The quartz grains arc bimodal. There is a population of coarre, well to sub rounded 
quartz grains (<2.0 phi) and a population of fine (>3 phi) angular quartz grains (Figure 
6.3). The different grain types (Pph, PSh, Qtz etc) arc sct within a cement of 
\.-T)'plocrystal1inc carbonate fluorapatite (CFA). The CFA cement is bro\\·u to light 
brovm under plane-polarised light and pscudoisotropic under cross polarised light. 

(oj 
Figure 6.3. SEM ph()(ograph of the inleri", of a Gravel 1 sample 
(VW4J), showing (a) an OWTV;CW and (\I) an enlargement I spherical and pined 
4uartL ~rain. The phosphorite sample (a & h) i .• clmi1!cteri",d by being poorly S<Jrted and 
comp<,-",d of medium to fine grained, rounded to well round~d quartz grains ",I within a fme 
CFA cement. Peloids arc not present The .cale \,...- fur (al reads 100 microns and for (h) 20 
m;croo.,. 

The Gravel memher samples range between medium-grained quar(w~e phosphatic 
jJlIckstones and wackestoncs. The Gravel member specimens are comprised of dil1'efeut 
intraclasts that ~uggest numerous cpisodes of phosphatismion and subsequent reworking 
(Figure 6.4.). 
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Mmm -~'ig" rc 6.4. Photomicrograph of the Gravel o, em~r pho,poorite (Sample VW422) ,howin!!: 

di,,;mi"'-r erA cement (lailelled A, I:L C). Cement A is d.rker in colour. and cOIll.ins Oledium 
gral/led quartz gmins md the occasion.1 phosphorile pellef. Cement rI and Care <kv(lid of 
pho,phatic grain., but con(ains very tine angnl"-f grain. of 4uartz (photomicrograph laken in 
planc-polari,cd light). 
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figure 6.5. XRD prol1lc obtained from th e preferred orientation of mineral . in the (;ravel ","mher 
sample VW43. 

Quartz and francolite (CFA) are !he two major minerals identified from a typical Gl'J.\'eJ 
member XRD diffractogram (XRD profile) (Figure 0,5), 

" 
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6.1.2. The Pellclal Phosphorite member 

The Pelletal Phosphorite member is composed of unconsolidated-phosphatk sands and 
o~ca~iona1 lenses of consolidated quartwse phosphorites. 1be consolidated quartzose 
phosphorites are generally overlain and underlain by "n~onsolidated-pho~phate-rich 

sands (Figure 6.6). The poosphorite lenses are light yellowish brown (2.5Y 614) to light 
bro",nish grey (2.5Y 612) in colour and the mean size of the grains is medium sand. 

Figur. 6.6. Unconsolidated phospha~-rich sediment> o~~rlain by " cons<!lid"l~d <[U"rlLOS~ 

pho'phorite bOO (Ie",) at Site V W 16 (field oompass for scale). 

Unconsolidated phosphatic sediment ~mples of the Pelletal Phosphorite member are 
moderately sorted to moderately ",ell sorted, fine to mcdirun sands, and range in colour 
from dark red (IOYR 318) to pale yellow (5Y 8/3), but in general can be described as pink 
(7.5YR 8/4). The major components of these sediments are quartz b'Tains (QI:I:), peloidal 
phosphorite (Pph). phosphatised ~he11 fragments (PSh) and occasionally phosphatised 
echinoid spines (P&h) (Figure 6.7). Occasional calcareous grains and opaque heavy 
minerals are also present. The quartz grains appear in a variety of different fonns, 
ranging from well rounded and polished to angular and frosted. 

The peloidal phosphorite (PPh) grains are general1y medium sands, ovoid in shape. 
becoming more rounded with de~real>ing grain size. which is 0pjXJsite to the trend seen 
for the quam: grains. Coarse peloidal phosphorite «2.0 phi) arc less rounded, 
occasionally pitted and exhibit a variety of diO'erent forms, i.e. prolate grains and oblate 
grains (Figure 6.8). The peloidal phosphorite grains are generally reddish brovm in 
colour. opaque, and have polished surfaces. The amber to red coloured phosphatised 
shell fragments (PSh) arc generally translucent and platy in ~hape, ""ith rounded rims 
(Figure 6.9). The morphology and surface texture of the phosphatised ~hel1 fragments 
reflects the original shell morphology. Another biogenic component within the samples 
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is phusphatised echinoid spines (PEclI). In terms of the proportion of com]xments. the 
peloidal phu~rhurite and quartz gr-.. in~ are very abundant. whereas the phosphatised sbell 
fragments are subordinate. O~casionally pho~phatised and parlially dissolved benthic 
foraminifera (typically Elphidium sp.) are present. although extremely rare. Similar tu 
the Gravel member samples.. the very fine quartz grains are generally much more angular 
than the medium quartt gr3ins. The mcdiwn quartz grains are generally well rounded to 
rounded. In general these well-rounded gmins are fractured. indicating that thcy havc 
been reworkcd prior!O deposition. 

l~ig~'~"~'~"~'~~~f~~~i~g~~~f C;;;;;;;"ol~""d sediment trom the 
Pelletal Phosphorite ~howj!1g runber-coloured phoophali...:l bivalve shell 

and quartz. The phosphatised shell fragment:; haw 
. 1 • The quartz grains ate j!.enerally wdl rounded to 

. however liaclurro grain~ are abo present (x 10 magnifICation). 

The consolidated phosphorite len~e~ (beJs) cun~i~t of fine to medium sand witb medium 
tu fine, rounded tn angular quartz grains (Qtz) (50·70"10), uvoidal phu~phorite pelnids (or 
peloid~) (Pph) (20-300/0), pl3ty phnspbatised bivalve fragmenls (PSh) (15 - 20"10) and 
tr .. ce amounts nf opaque beavy minerals (Op) set ",ithin a <:rypt<J<.T)"stalline cement of 
CFA (Figure 6.10). Occa~iOllally. minor amounls uf rounded to subwunded feldspar 
g, .. ins, phosphorite peloid.~ containing benthic foraminifer .. and lithi<: fragments 3re also 
present. The quartz gr:Jins are bimodal, with angular very ftne to line sand size (-O.lmm) 
quartz g, .. ins and wunded coarse to very eoarse sand quartz grain;> (-{l.5mm). 

In thin se<.iion, the pho~phorite peloids, phosphatised sbell fragments (PSh) and cement 
are pseudo-isotropic. but under plane-polarised light they are generally yellowish bro\',ll 
10 brown in colour. The phusphurite peJoids are strueturdess, but can contain 
disseminated silt-size angular quart~. grains. According to Middleton (2000) one 
phosphorile peloid contained a benthic iOnllninife, .. (possibly Ammonia sp. or Elphidillm 
sp.), whereas another contained a very cuarse particle uf what appears to be a shell 
fragment (l'ib'Ure 6.11). Tbi~ giv..-s th~ irnpres~i{)n that the phospborite peloids ha,'e 
nudei. 

6-5 
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eMpie" 6: 1M pa"ograpl:y and m;nera0g)' o/pOOphnrittJ aM pIxqillrerocks from the ,rudiedloc,,!it1es. 

,b, 

Figure 6.8. SEM photograpru ufsample VWIA3. Ca) ~howing a welJ-rounckd sllbs~rical 
peloid and (b) close-up imag~ of the smooth rim and ~xlr~mely fine grai""d. but extremely 
irregular fractured int<:rior of a broken ~urface. The surfa"" of the grain is di~ti!!Ctively smooth. 
with occasional micropil~. The grain is comJlO"~d pl"<'dominantly of microscopic anhedral 
crystals offrancolite (eFA). 
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ONprn-6: The p<1mgraph), and m;neraiog;! ofph05p!xJri~ and phophate rocks/rom rhc,rndid localities. 

r::,!,\:"~,:,,':"~";',~'::'~M;!~~~~'2;~":';' ~~~',i:,~;~;~,,3hoWing (a) a pho'phati,ed shell fragment (PSh). . I II a close-up image oflhe pitted. Ii"" grained 

'" 
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member sample. 
peloids (Pph) and 
cement of CF A. 
packstone 

Phosphorite 
1 I. I fragment> (PSb). m·oidal pbosphorite 

to angular quart7, grains (Qtz) set witbin a fine 
the phosphorites as a medium-grained phosphorite 

n in plane-polarised light). 

FiRU~ 6.11. PholOmicrographs of typical medium grained, consolidated Pelletal Pbosphorite 
meml>er (VWI6) showing (a) ovoidal phosphorite peloids (Pph) containing a l>enthic foraminifer 
and (b) a coarser phosphorite peloid containing a shell fragment (photomicrograp/1taken in plane­
polarised light). 

Some of the samples show a distinctivc light-coloured pellicle surrounding the peloidal 
phosphorite and occasionally the quartz grains. Typically, within the ferruginous 
phoscrctes, the quartz grains are rimmed by a brownish coloured material that could be 
an iron oxidc. This rim is isotropic. The packing o[the phosphorites is grain-supported, 
although some samples are matrix-supported. Therefore, packstones are more common 
than wackestones. 
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6.2. PETROGRAPHY AND MINERALOGY OF rllOSPIIORITE FROM THE 
SALDANHA FORMATION, BOMGAT, HOEDJIESPUNT PENINSULA 

The Bomgat phosphorites are made up or variou.~ well to poorly preserved phosphatised 
bioclasts (allochems). TIle bioclasls arc set within a very flne grained phosphatised 
micrite/eFA groundmass. It is possible to identify some of the biodasls present. These 
include well preserved bryowan fragments. echinoid fragments (mostly ossides), 
mollusc shell fragmeni~ (typically gastropods and bivalves) and occasional benthic 
foraminifers (Figure 6.12 a and b). 

n gure 6.12. Photomicrograpl1s of the Iloedjiespunt pho'l'horite (Bl) showing a (a) cross section 
of an echinoid ossicle and (b) a bifurcating bryo700 set "ithin a fine grained erA groundlIlllSS 
(photomicrographs taken in plane-polarised light). 

6·9 
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FiR"'. 6.13 .. XRD profile of sample BI from Bomgat. The identified peaks indicate that the 
sample is oominated by the mineral Oahllile (D). 

XRD analysis of phosphorite from the Bomgat, Hoedjiespwlt Peninsula indicates that it is 
predominantly composed of the mineral dahllite, a fluorine-poor caroonate apatite 
(Figure 6.13). It also appear, that there is no detectable day or carbonate minerals, 
indicating that all of the biogenic carbonate has been phosphatised. According to 

Tankard (1973), some of the Bomgal phosphorites arc partia!iy phosphatised and retain 
some of the precursor carbonate. 

6.3. PETROGRAPHY AND MINERALOGY OF THE ALUMINIUM 
PHOSPHATE FROM THE FOSBERG PENINSULA. 

The aluminium phosphates from the Posberg Peninsula are a diverse group of 
phosphates. The deposits are found in association with the quartz porphyry (Cape 
Granite Suite) of the Posberg Peninsula and in the immediate vicinity of Saldanha. The 
quartz porphyry consists ofK-feldspar, plagioclase fe1oi~par, quartz, biotite and accessory 
grains ofrircon and hornblende. The aluminium phosphate is discernible as a weathered 
brown, hard phosphatic crus! on the quartz porphyry (as found at Konstabelkop and 
Kreeftel>ay) or as an uncon.~olidated, friable, brown, phosphatic, weathered soil 
(Krecftebay). In general altered feldspar grains are oommonly pm1iall)' phosphatised. 
The phosphate is generally found within cracks or fractures. 
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Figure 6.14. KR203 is a sample oflhe weathered. replaced quartz porphyry. The sample shows 
an~dl"l!l to subhedral parallel twinned phenocrysts of feldspar set within a groundma.<;.~ of 
anhedral quartz. The aluminium phosphate (orange) is found wilhin small cracks. (a) Sample 
KR203 under plane-polarised light (PPL) (b) Sample KR203 undcrcross polarised li;\ht (XPL). 

The following diffraclOgrams were obtained from the analysis of typical aluminium 
phosphate from Krcefte Bay and Konstabelkop. XRD analysis of the aluminium 
phosphates from the Posbcrg Peninsula indicates that the phosphate mineral from Kreefte 
Bay is varsieite, wherea~ the aluminium phosphate of the Konstabelkop sampk~ i~ 

crandallite (Figure 6.15). 

6-1\ 
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Figure 6.15. XRD profiles of the aluminium phosphates from Vosberg Peninsula, showing (a) the 
XRD profile of sample KR201 and (b) the XRD profile of sample KoJ. The identifiw [l"aks 
indicate the following mineral" Var - Varsicite, era z Crandallite and Qtz ~ quartz. 
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CHAPTER 7 
RARE·EARTH AND TRACE-ELEMEN_T_G_EO_<:HE_'_fi_STR_Y __ _ 

7.1. ANAL ¥TICAL RESULTS 

This chapter presents the results obtained from the inductively coupled plasma - mass 
spectroscopy (ICP-MS) and laser ablation inductively coupled plasma - mass 
spectroscopy (LA-ICP-MS). The method of processing of the results is explained. All 
REE concentrations are reported in ppm (parts per million). Ce-anomalies are calculated 
as Ce/Ce·- 2 eelee_,,! (LaJLaw. .. + NdlNd,h .... ). Europium anomalies are calculated 
as EwEll" = 2 EuJEuw..J (3m/Sm.haI" + GdlGd,ho[ .. ). EulEu· values Jess than 0.95 
indicate depletion, whereas valucs greater than 1.05 indicate an enrichment relative to the 
neighbouring REE. In both formulae, XlX,hoI< (X~ Ce, La, Nd, Eu, etc.) are ratios to 
average shale (i.e. PAAS). Results (raw and normalised) obtained by ICP-MS are 
presented in Appendix AI. whereas reslJits obtained by LA-ICP-MS are presented in 
Appendix A2. The REE values of similar grain types from the same sample are averaged 
for plotting (usually 2 to 4 analyses). REE data are nonnalised to the Post-Archaean 
average Australian shale (PAAS) (Table 7.1). In some cases, samples were nonnalized 
to hoth ?AAS and chondritic meteorites. The REE distributions were plotted using 
Microsoft Excel 2000fXP. Statistical analysis and scatterplotslbinary plots were obtained 
using Statsoft's Statistica 6. 

Tabl~ 7.1. The Post-Archaean average Australian shale (PAAS) and chondritic meteorites were 
used to normalize the raw data (Taylor and McLe!U1an, 1985). 

L. 0 ft ~d ~ ~ Gd Tb nr I~ Er ~ Yb L. Y 
PAAS 3U 1'16 U Jl.9 1.6 LI 4.1 0,1 4,1 2,9 O,~ 2,1 0,4 22 

CI><Jo~iIe 0.37 0."" il14 0.11 0.23 0.119 ill] 0.00 0.11 0.0l 0.15 0.04 0.21 OJ"' 1.1 

7.2. RARE-EARTH ELEMENT GEOCHEMISTRY 

7.2.1. Gravel member, Varswater Fonnation 

The salient features of the REE patterns of the Gravel member are the heavy REE 
(HREE) enrichment and the fairly flat middle and heavy REE patterns (the patterns are 
flat from europium to lutetium). This type ofREE pattern is widely shov;n by the peloidal 
phosphorite fraction (Pph) (Figure 7.1). 1bere is some variation amongst the phosdast 
allochems (PPh), especially peloids from sample gm-03 (the average of the REE 
distribution taken from these grains is gm-03-pph). The result is a steep pattern, with 
pronounced HREE enrichment and high REE abundances relative to PAAS. 
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Fig.", 7.1. PAAS-llormalized REt::: diagram of the averages ofLA-ICP-MS measurement> taken 
from specific grain type, within !he Gravel member ltom the Varswarer fonnatjon (Site VWOI). 

Biogenic aUochems (phosphatised sheU fragmenb) Me T'Me in the Gravel member. The 
REE pattern is similar, but the REE content is lower than ussociatcd peloidal phosphorite 
grains from the same sample (Figure 7.2). 
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1---- gn1J2-ppfl- ---+--- Qn1J2-psh-

~1gurc 7.2. PAAS·oonnali7.ed RilE diagram of the average' ofLA-ICP-MS mea.mements taken 
from specifIC grailllypes within the Gravel member from the Varnwater Fonnation. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chipt<r .7: &m-wth <I""ml and tra,,-,Iem.nt !l'<1xmi;tf), 

10.00 ,----------------------------______ -, 

1'·00 ::.:: .. ~ 
010 L-_________________________________ ~ 

u. Co A- "" Sm I'IJ Gd lb Dr »0 5- Tm Vb lu 

Fig"" 7.3. PAAS·normalized REE diagram of the avera!;"" ofLA_IC·PMS memuremenls taken 
from spocific CFA cement wilhin the Gravel member from lhe Varswater Formation, 

The REE pul\erns of the CF A cement (cmt) are different from the peloidal and biogenic 
Grovel mcrnber comJXnent~. The REE pal\em~ are generally l1at and show slight LREE 
enrichment relative to IIREE in several cement =ples (gmOI-cmt. gm02-cmt and 
vw02-cmt) (Figure 7.3). VwOl-cmt shows a slight HREE enrichment relative to LREE. 
The REE content of the cement is generally less than that of the phosphorite ~loidal 
graill.'l. Variations in the RFE patterns!!fe best expressed using the Lulta, LRFFJffREE 
and ErlNd ratios. For inst:an:e. the LuiLa and tREE/HREE ratios show the amount of 
fractionation between the LREE and the HREE. whereas EriNd ratios provide a measure 
of the fractionation within the MREE. The LuiLa ratios calculated for the VariOlL~ grain 
types from the Gravel member w:e highly variable with a mean of 1,64 for peloids and a 
value of 0.98 for the abluted CF A cement (Toole 7,2). 

Tabl< 7.1. A .ummal)' of LulLa valu"" lor the Gravel member samples. The table shows median. 
mean, standard deviation. minimum and maximum values_ 

G .. ;"T)l" · ".,.,n ",'On S,."d"d "inimun M .. i_un, d,.;_ 
e;. '" ,M •. U 0,02 i .lI 

'" "'A U NiA N/A NlA 

C<meLl, (CMT) ,. 
-- .- ~.9~ 0.72 o. 2.17 

Peloids have a mean value of 0.53 for LREFJHRFE. whereas the CFA cement has a 
mean value of 0.70 (Table 7.3). The LuiLa and LRFEffiREE ratios for the phosphatised 
shell grain are 1.2 and 0.42. resf'e\.-'1ive1y. The LuII.a and LREElHREE ratios for the 
Gravel member peloids and shell fi-agntent imply significant HREL enrichment re1ati\e 
to the LREE. The CFA cement (on a\erage) tends to show a slight LREE enrichment 
relutive to the lIRE£. 

7-3 
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T.bl~ 7.3. A summary of LREEfHRE.E valu~s for Ihe Gravel member smnples. Th~ table sho"" 
median. mean. standard deviation. minimum and maximum values. 

GrsloTypt ll,dl .. 

Com"'" 

lito. 

0.42 
~.70 

MI.h .... 

" O.JI 

.\1 .. 10 ... ," 

" 133 

In teTTTlS of the ErlNd ratios, a mean of 1.51 with a standard deviation of 0.82 was 
calculated for Gravel member peloids (Table 7.4). IIov.-cver, some grains do show 
anomalously high valutls (such as sample gm03-pph- ",ilh an average ErlNd value of 
5.98) (Table 7.5). In terms ofETlNd values, the Gravel member peloids and phosphatised 
shell fragment are slightly enriched in heavy MREE as compared to the lighter MREE. 
The CFA cement shows a slight light MREE enrichment relative to the heavier MREE 
with a mean EriNd of 0.91. 

T8ble 7.4. A ,ummary of EriNd values for the Gravel member samples, The table show" median, 
mean, standard dcviatioo, minimum and maximum values. 

G .. i.-.-ypt 
-

Cement '" 0,9 1 
NiA 
O, \ f 

Ni~ 

0,20 

M.<ill ... 

"" 2,2& 

Tabl. 7.~. Averaged SIlJJ]ples ,howing the indices Ce!Ce", EulEu·, LuILa, ErlNd, SmlNd and 
LREElHREE. 

... ."g .. C<IC,* EoIE, ' (LoiLo)o ([n'Nd)o (S-.'>l~). LRHAlR.;[ 

vwOl_pph_ 0,9" 0,)7 \.67 1.61 
" "' "\0Q2-pp/l- 1.0 1 "" 0; " 0.12 1.21 

grn<ll_pph_ 0.9 l 0.91 2,7l 2.12 '" ~ .27 

~2-pph- 0.9i 1.\4 1.61 I.Jf UI '.' 
gm(l3-pph- 0.19 0.13 ". l .91 , 

" 
im{l4.-Pph- '" l.Ul " 2,0) 1.l9 U.25 

l!m(l2-pf-h- 1.01 1.21 U LJi '" 0.42 

vwOl-cmt_ ,.% , .• " '" U D.l I 

,w02-cml_ 1. ~ 1 0,61 ~ .43 ~.l\ U,91 o. 
gmCll-cmt_ 0.97 0.74 " D.79 L OI 0 .• 7 

~)-<-'llIt- 1.24 1.17 1.2\ '" 0,47 

gn';;!3-ctllt- 1.11 1.63 1.17 '" 0 .• 2 

gm(l4-cmt_ 0.24 " "" U.51 \.14 0,)2 

The Ce- and Eu-anomalies vary with grain type (Table 7.6 and Tabltl 7.7). Ce/Ce* values 
[0< m, peloids =g' betwtlen 0.85 md 1.08, wh<l1"eas m, EulEu· valU<ls show , 
substantial range ootwtlen 0.01 '"'" 1.72. TIre C}A cemOO1 h., similar Ce/Ctl* ~d 
EwTIu* values 10 the peloids. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

TMble 7.6. A ,ummary ofCeJCe* value. for the Gravel member samples. The l~bk , hQ"S rned i ~". 
mean, standard deviation. minimum and m.xirnum val""._ 

Cement 0.93 0,16 0,26 

Tablt 7.7. A ,ummary ofEu/Eu· values for (he Gr.vel member sample" The (abl~ .how, median. 
tn~all, .tandard deviation. minimnm and maximum v<1llKs. 

G.-.J. 1)'pt M tdlo. ltou S1o.d .. d \-1; ....... ~b.;m ... 1It,;o,;" 

1000 , 

00 

". o. o. "" = '" Ul " Cement 0 .• ,. 0.93 

~-. 
~.~ .... . -

o.m 1.1< .. W. 
0; '" 

• • • .---, 

."" ... ..... ........... - .. - .. ---- . -- --•. -.- . 
~ --
i 
J! 10 

___ ~WI 01-ppI>- ••. • ... grr!ll_ppI>- __________ g nill'-pp/>-

__ gn1')4-ppI>- _________ grr02-psl>- __ vwO l_rot· 

Fi2U. t 7.4. Chondri1e---nonnalized REE diagram ofthe phosphorite allochems (lft~ Gravel 
member_ '['he patlems >how Jairly flat hCIIVY REE pa~m. with prollOulICed ligb1 REE 
enrichment, relative to chondritic meteorites. The pallems also show a significant Eu-anomaly. 
The Gravel member has. much higher REE abundance 1han PAAS_ fhe shape of/he pallem. 
(i»eluding 1he Eu-anomaly) i, ,imilar (0 that ofPAAS, 

In terms or a ehnndritc-nonnalized RIlE diagram, the REE uaLa or lhe Gravel member 
resemble that of PAAS (Figure 7.4). The abwlutc abundances are slightly high~r as in 
the case of vwOl -pph, gm04-pph and gm02-pph; ho",~ver gm03-pph shows a different 
pattern. with HREE enrichment relative to chondritic meteorites. 
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7.2.2. Pelletal Phosphorite member, Varswater Formation 

The REI:<: patterns for the Pelletal Phosphorite member are generally nat with a slight 
convex-upwards shape (Figure 7.5). The REE distributions for the grain types are 
generally uniform amongst the peloids (Pph) and the cement (emt). The LREE are 
depleted relative to the .M.REE and HREE. REE abundances tend to be lower in the 
Pelletal Phosphorite member than the Gravel member. The peloids and eem~nt also show 
fairly nat middl~ and heavy REE patterns, similar to the Gravel member patterns. The 
phosphatised shell fragments (PSh) and phosphatised bone fragments (hne) have similar 
REb patterns to phosphorite peloids and cement, but the I.RFF. depletion i~ accentlillled 
(Figure 7.6). The REE patterns for the shell fragments and phosphatised bone fragments 
show an inclined fiat shape, with pronounced HREE enrichment. relative to the LREE . 

L 

• . . . -----.. ... .. ... .... .. .. :; .. , .. .... . . . ' 

O. 10 l-~~~ 

• • • 
• • .. •• • • • 

. • . "'" 16-pph· ___ IIW 1i--ppt1· 

• • ; ; . .; • • . • • • . .•. . .. 
• • • • • 

~~':'~=<.~~~. ~ .. "." ..... 1 ,_;;;;C· ~~c­
figur~ 7.5. P AAS-oormalized REF. diagram of the aven.g~s taken from specific grain types (Pph. 
PSh, cmt) within the Pelletal Phosphorite member from the Varswater Formation. 

In terms of the LuILa ratios, the peloids show a range of values between 1.15 and 2.92, 
with a median and mean of 1.7 and 1.76 (standard deviation of 0.45), respectively (Table 
7.9). The values reported for the cement is very similar with a range of values between 1 
and 2.75. 3.Ild a median and mean of 1.68 and 1.67 (standard deviation of 0.52), 
respectively. The bone fragments and shell fragments show slightly higher LulLa values. 
lbe hone fragments show a mean of 18.02 (standard deviation of 10.18). whereas the 
shell fragments show a range of Lu/La values between 1.7 and 30.77. with a median and 
mean of2.13 and 5.27 (standard deviatk'n of 9.60) respectively. 
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10_00 

./;;~;:;··;··2 • '00 ~ 
IV 

J ' , 
i ,'---t~ 

0_10 ~ 

""' " ~ " ~ ~ '0 CO '" '" ~ " '" ~ '0 
------. ",,1 '&'3(b<.J<) , , , Jo- •• vw"61·bne -t, - . vw465·bne 
__ ""466"",,, -. ____ \IW-'I61 (WII<) 

Figure 7.6. PAAS·nomlalized REE diagram of phosphatised bone fragments (hne) tound within 
the Pelletal Phosphorite m~mberfrom the Var.;water F[mn"tion, VwIA3 and vw465 ;m, bulk 
sffiiment samples run on the lCP-MS, 

To.bl. 7.S. Pelletal Phosphorit~ member averagoo sampl,," .h()wing th" indice. Ce/Ce*. EuiEu*. 
Lulb, EriNd, SIllINd and LREElHREE. 

~"""'"" c.lro' blt',.- (lolL.)o (t:rl"ld). (SlOIINd)o lllEl:.1lRU 

\'Wlf>-j>p/l. U.97 '" 1.02 1.61 L.36 ~_J4 

\'W19·wn· '" 1.56 IAI U5 ~-'9 

YWt(~po;h. 0.93 ,. 4.63 '" '" "' w.-J6-cmL- "" LOJ U4 1,~:1 U U36 

,·,.,19-<,"t- 0.93 0.% 1,71 I.M 1.1 0.31 

Table 7,9. A summary ofLu/La value. tor the Pelletal Phosphorite member sampl"', Th" table 
.hows median. mean, .landard deviation, minimum IlIld max.imum values_ 

,· _·,t __ . • _ 
.~.~~ .. 

Gnoi. T,p< M,dl,. _\1 ... S ... oJ .. ~ 
MI.i.~ .. lII.xi.~ .. <\0,-;._ 

'''" 1.10 1.16 0.4, 1.15 ,~ 

l'SIl 1,1 J J.!1 OW " ]0.11 

", II.~ 1!.O2 mls " ]1.49 ,- 'M 1.67 OH co l, )~ 

The LREE/HREE values are also similar between th" peloid~ and the cement. The 
LREEfIIREE ratio for the peloids nmges between 0,29 and 0,5, with a median and mean 
of 0.38 (standard deviation is 0.06) whereas the LREFJHREE ratjo for the cement ranges 
between 0.29 and 0.53, with a medillll and mean of 0_41 and 0.40 (standard deviation of 
0,07), respe.:tively (Table 7.10). The i>hell fragments show a LREF.iHREE ratio of 
betwC<.>t1 0.05 and 0.73. The medillll and mean are 0.34 and 0.36 (standard deviation 
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0.19), respectively. The bone fragments show a mean of 0.11 (standard deviation of 
0.04). 

Table 7.10. A summary ofLREElHREE val ues for the Pelletal Phosphorite member ~mples. The 
table show' median, mean, standard deviation, minimum and maximum values. 

G ... i. TJi'< M,di,n ". , SIl.d.nI Mi.i ..... M .. i ..... .... i.1iN 

"" G.JS H~ , .• ,N "' ~. ~.J' 0,]. 0.19 o.m G.1) 

'" 0.1 0 G.II 'M G.G7 G.! l 
Cemen' 0,41 0.40 G.G1 '" ~.l .1 

The similarity in terms of till: MREE distribution of the peloids and cement are shown by 
till: ErlNd ratio (Table 7.11.). The bone fragments show much higher values than the 
other grain types. The LREElHREE, ErlNd and LuiLa values support the similarity 
between the cements and peloids. 

Table 7.11. A ,ummary ofErlNd values fm the Pelletal Phosph(rite member samples. The IIIble 
shows medi!lJl, me!lJl, standard deviation, minimum and mllXimum values. 

lim. Type \-10lIl •• M ... 
S ... d • .-d 

MI ...... :1-\,,1",.", 
dt ... ~ .. 

"" 1.19 LIS 0.26 '" 1.92 

l'Sil HI 2 .93 3,~ G.)) B .l l 

", '" ';.19 '" ' " S.11 
c_ 1.47 1.42 ,. , .• 1,17 

'The values reported for the CdCc~ ratio are similar amongst the peloids, shell fragments, 
bone fragments and the cements (Table 7.12). In general the Ce/Cc· values for peloids 
range between 0.84 and 1.05, whereas the values for the cement range between 0.84 and 
1.0. The shell fragments show a range in CelCe· values between 0.87 and 1.02. The 
bone fragments show a range of values between 1.03 and 1.16. 1be boa:: fragments 
appear to have a slight positive Ce-anomaly. 

Table 7.12. A summary ofCdCe~ values for the Pelletal Plx"phorite member ,amples. The table 
'!how, median. mean, standard deviation, minimum and milXimum values. 

Mtdl .. 

1,0l 

0" 
,. 
0.93 

)IInlm . .. 

1.03 ,. 1.1 6 

'" 

The EulEu· are similar for the CFA cement, shell fragments and peloids (Figure 7.13). 
Typical EulEu~ values range between 0.92 and 1.53 for cement and between 0.9 and 1.13 
for peloids, with means of 1.07 and 0.99, respectively. EulEu· values for the shell 
fragments show a similar range. The shell fragments show a mean of 1.03 and a range in 
values between 0.86 and 1.26. The bone fragments show a mean of L11 (standard 
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deviation 0.12). In terms of the EulEu and Cc/Ce indices, there cxist significant 
coherence and similarity in the pelletal phosphorite member data, amongst peloids, 
cement, bone and shell fragments. The bone fragments (and some shell fragments) 
possess appreciably ditlerent REE siwYItures from the other grain types. 

TMble 7.13. A .ummary ofEU/Eu· value. for the Pelletal Phosphorite member sample •. The table 
shows median, mean. 'tandard deviation. minimum and mrodmum value'_ 

" 
I--RIuO.S - • ...,6--W't- __ ... ,~ _""!)'po~-~ ... l!)'ont- ·· . .. . . "" ,~-

Figure i.i. Chondrite-normali7ed REE diagram of the phosphorite allochems oft"" Pelletal 
phosphorite member. The pattems show liI;rly flat heavy REE patterns with pronounced light 
REE enrichment, relative to chondri\ie meteorites. The patterns also .how a 'ignificant Eu­
anomaly. The Pelletal Phosphorite member phosphorite • .now much higher abundances ofREE 
than PAAS. The shape of the patterns (including the Eu-anomaly) i. ,imilar to that ofPAAS, 
howcvcrvwI6-p,h and vwl6---cmt have lower LREE, but higher HREE abundances than PAAS. 
Sample vwl6-psh is particularly IIREE enriched compared to the other REE pattern •. 

In terms of achondrite-normalized REE diagram, the REE data of the PeHetal 
Phospborite member resemble that ofPAAS (Figure 7.7). The absolute abundances are 
slightly higher, as in the case of vw16-pph. v\v19-pph and vw19-cmt. Vwl6-psh and 
Vwl6-<.:ml show much lower LREE abtmdances than PAAS, but in terms of the HRl£ 
the abundances for these averaged samples are higher. 

7-9 
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7.2.3. Pbo.pborite depo.it at Bomgat (Hol.'djie.pDllt) 

The REE patlems Df the Bomgat phosphorites are flat, with slight HREE enrichment 
relativ~ to LREE (figure 7.8). Ce-anomalie~ are not e~ident. However, a negative Ce­
anomaly can he a~~igned to the~e samples a~ the Ce/Ce+ ratio ranges between 0.71 and 
0.95 (Table 7.14). The HREE enrichment is also expressed by the LuiLa and 
LREElHREE ratios. Tbe LuILa and LREElHREE values range between 1.02 and 3.18 
and 0.28 and 0.65_ respectively. HI, b3-emt and b3-bio have roughly the same REF: 
pattern, whereas b2-cmt and bl-cmt are distinctly different. For ~xample, B2-emt shows 
a positive Eu-anomaly, whereas the otber samples show a lack of or slightly negative Eu­
anumalies. 

10.00 •. 

- . ..----------------._-- - .. ~-.--•• ".---' 

i· ..• --bl_em_ ----0-- ti£-cm· - - _0 -: b:km- -----t-- b~bi<>- __ Bil 

Bgum 7.8. PAAS-uorm~lized REE di~gram of the averag<'s tak~n from spe~iflC grain types within 
the Bomgat phosphorite. Sample HI i~ a "whole rocl." ",mple, the abundance ofREE in III is 
significantly ~s~ than for cemenl and bioclasb. Thh implies enrichment of REE in some part. of 
the rock or pcrhap, dilntion ofthc sample by qnartl. 

Table 7.1-t. Sampl~s from Ilomgal (lJoedji~"punt) showing the indices CeICe*, EuIF'u·, LulL ... 
Er/Nd. SmlNd and LREE/I-IREE. 

s. .. pk c<w .. ' . ~. ,~ . (£r!!<d)o (SaINd)o 1,f{n:lHf{'T 

~1-<.tll'·1 O,IJ "" 1.03 ~.11 ,~ O.~j 

0,-",,,,·2 O.~4 Ll1 1.11 fl."! l.2J 0 .•. 1 

~1-<.tll,-3 0,11 fl.9~ ,00 '-~3 US ON 

bl~'" ~.9' L11 "M ~.7! ,.w O.6l 
bl_",",·j,r. 0.'9 L7l ),00 1.21 I.., 0.2~ 

bl-<.tllt-l,fa ~,9J 2.1 J 1.1 i '" 1.48 0.31 

b2-.cMl_3,f. 0." 1.3, 'W 1,43 1M fl.J' 

b3-<,",·1 "" o,n 1,02 '.00 O.~O ~ .• ] 
"3..",,-2 0.' I O.4? l.Il 1.11 l.U 0.44 

03-""",-1 O.IJ ~.n '" UJ 1,4~ on 
b3-bi<>-J 0.16 fl __ I' "" 1.19 OW ~.12 
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T""" It " ""'WI 
S ... ,... C~c:.· F.oIF..' (1.011 .... (I;./f\~" (~""'M)o LRl:MIKE[ 

bH.;"-J ". O.J<J G.43 LG2 0.% 0.61 

",-IDO 0,)) "" U3 ,.U 1.11 0.]4 

Hi (hoIk) 0,9.' O.~ I ' 00 '" 1.21 0.34 --,,,. __ .----

1000 • .•. .-_. ---~------, 

FIgu .... 7.9. Chondrite-norrnalized REt diagram of (he phosphatic c()ffip"neJJts of ilie Bomgal 
phosphorites, The patterns show fairly flat heavy REI' patterns with pronounccd light REE 
enrichment, rdaliv~ to chondritic mel..,..il~'. The patterns also show a significant Eu-anomaly. 
rhe B1 sampl~ siIoW8 significan!ly less REE abundances than PAAS. The shape of the patterns 
(inc1udin~thc Eu-anomaly) is similar to that ofPAAS; however b2-cml is the exception and 
show, a JXIsilive Eu-anomaly. 

In telllls of a ehondrite-nonna1i?.ed REE diagram, t~ REE data or the Bomgat 
(Tloedjiespunt) phosphorite resemhle that of PAAS (Figure 7.9). The ahsolute 
ahundanees are slightly higher a8 in the case or vw16_pph, vwl9-pph and vw19-emt. 81, 
bl-cmt and b2-cmt show much lower tREE abundances than PAAS. B2-emt also sho"",:> 
a positive Eu-anomaly. 

7.2.4. Alnminium phosl'bllte deposits nt Krt'efte Bay (Kuefteblllli) 

The REE patterns of (he Kredte Bay aluminium phosphates show a significant HIU£ 
enrichmcrrt relativc to LREE. am a notable positive Eu-anomaly (figure 7.10). Ibe 
prominent positivc Eu-anomaly is also expressed by the EuiEu· ratio. Eu/Eu~ values for 
(he Krecfte Bay samples range between I.J6 and 1.81 (Table 7.15). The REE diagrams 
indicate that the samples show prominerrt HREE enrichment from Ho to Lu (Figure 7.11 
(a)). Tk LuiLa and LREFJHREE ratios also reflect HREE enrichment. Typical values 
range from 1.55 to 5,85 for the Lu/La ratio. whereas the LREEIHREE MOws a range or 
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values fwm 0.21 to 0.41. MREE enrichment is expressed by the EriNd ratio. with a 
range in values between 1.22 and 2.51. Unlike the flat REE rattcrns of the Vars\\'llter 
formation and Bomgat phosphorites. the Kreeft~ Hay RLE patterns are exceptionally 
jagged. 

10.00 

0,00 1---__________ _ 
--~.---

L. Ce f\" 

, 
__ kt~em:-l ----D-- .r204--0.,.-2 ... • .. - "'204--__ 3 ----D-- !<r2Q4.crrt--4 - - . G· .. kr2OI_cm:· , 

(aj 

10.00 

0,00 '--___ -_--___ ___ --__ ~ 

_+-, kr204--mt· 
-

(b) 
Figu," 7.10. PAAS-normaliz.ed REE diagmms of the (aj aluminium phosphate~ and (b) average 
from Krecfk Ba). 

T HhI. 7.1 S. Samples from K,,,,,fte l:Ja} showing the indice, CclCc·. EulE"*, LulL\, ErINd, 
SmiNd and 1.RFE/HREE. 

s._[>1< CdC," £,.I:x' (L • .'b)I ("'I~~I' (S"""~)a LKnmK'''' 
l,204--o,',"L _I ," 1.81 m l.~l I.'" , f).3' 

trlO4-cmt·2 'M , -, , '.1' Bl U' f).21 
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'" 1.51 
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I.lJ 

k i '00 . 

~ .. , 
'" i L\ 

• .. 
00 

, 
, L ___ . 

" ~ " rn ~ • ~ Th ~ 

__ FlO. ... S - - -0- - - kr2Ool-cOl-

_ kr2()4.errt-2 -.-,- kr~CIll-3 
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~--

~) 

(SooINd). 

I.J~ 

1.61 

~ . .12 

~-., 
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~ " ," '" " 
__ bWoI-errt-1 

__ kr~errt-l 
..• 

Figurr 7.11. Chondritc-normalizcd REE diagl'ams of (a) the aluminium phosr>hate. and (b) 
~vcmg:e of ~ment from Kreefte Ba}. I'be Kreefte Bay patterns differ from the PAAS pattern. 
The pa1lcms show ~ positive Eu-anomaly and an el11'ichment ofllRFE (between j 10 and Lu). 
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The chondritc-normalizcd REE diagrams ofthc Krcdl:c Bay phosphates do not resemble 
PAAS (Figure 7.11). 'Ibe absolute abundances of the REF. are slightly higher than ror 
PAAS. The patterns show a po~itive Eu-anomaly, and an enrichment or HREE (between 
Ho anu Lu), 

7.2.5. Selected offshore pho<p horite .a"'pl£<! 

The REE patterns of the offshore phosphorite samples show considemble variability. 
nonetheles~ the REF. paUerns are generally nat with some HREE enrichment relative to 
the LREE (Figure. 7.12). The REE content varies by an ordcT of magnitude. 

100.00 

10. 00 

0.10 .. ~ .. 

==~f_ .. 7:.~::~::...~nyY02~loj 
'-----~~=.--... -.- -- J 

Fig"re 7.". PAAS-nonn~lilCd REE di~grams ofsdcclCd off,hore pho,phori!es. 

In teml~ 01· (he Ce-anomaly there exis!~ a range in values; however the results arc 
consistent per sample {Table, 7.l6}. REE abundances arc similar 10 PAAS except ror 2 
lypes where REE abundances are greater than PAAS. 

T~bl. 7.16. Offshore <;amples showing the indices CC/Ce·, Eu/Eu·, LulLs, ErINd, SmlNd and 
LREEJHREE. 

Mi>e, C, IC,' E.IEo' (LoIL.}o (Erl'!~). (SlJIINd)a, LRUIHRI:E 
J7OJ-I_d"_1 O.~3 " ," en u 0.':1 

3703·1..:f,·3 O,~) U3 'O' f).~7 1.27 0.,8 

3703·j-d;,·' 00 0.12 <% " L" U,!6 

l71)(1_l-d~_1 '" l.D7 0.'<1 , , D.¥9 ~.Ol 

3700-3-cta·2 0,9, 0,12 O.~2 0.76 1.16 '" 3700-3·cf"·3 O.~I Un " ,M '-01 fLo1 

mjmm5gtd_of~_1 0,71 1.03 'W ),)2 1.2~ '.ll 

rnjm(l2S pd-.f>-2 o.n 0% l.6J '" '-l~ U.!l 

rnjn0J25~d-cf.-J G.7R 0% 1.77 2.)1 1.12 '" rnjm025~-cta.4 "" 1,U! ,.w 'M 1.1~ "" mjm(l25!:l'-cf"-1 G.&I "M 1.41 W 1.12 0 __ \2 

mJmh2.~""nlt.l f).~J UJ 1.2, 1.<14 LO~ G.ll 
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Figu~ 7.13. Chondrite--tlormalized REf diagram of selected offshore phosphorites. The pattern. 
show fairly flat ~avy REf patterns with pronounced light REE enrich""'nt, relative 10 chondritic 
meteorite,. The majority ofthe patterns show a 'ignifocant ~galive Eu-anomaly except tilr 
sample mjmb25d. 

In terms of a chondrite-nonnaJi~.cd REF. diagrams the REE data of the offshore 
phosphorites resembles that of PAAS (Figure 7.13). The ahsolute ahlllldances of the 
REE arc slightly higher than for PAAS; however the REE abundances for 3700-3-cfa are 
marginally less than PAAS. 

7.3 TRACE-ELEMENT COMPOSITION 

7.3.1. Gravel member (Va!"Swater Fonnatiollj 

Trace-element data for the phosphorites. phesphate sands and phosphate rocks are given 
in appendices Al and A2. This section discusses the chemical variahility amongst Gravel 
member components. The Gravel member is enriched in terms of strontium (Figure. 
7.14). This is not surprising considering that phosphorites arc known to contain the 
highest contents of strontium of all rock types. Sr is gelll..-'1"ally occepted to substitute for 
calcium in the apatite mineral lattice. The Sr content in the Gravol member ranges 
betwecn 808 ppm and 5524 ppml. Another element that phosphorites are known to be 
distinctly enriched in is uranium, U is believed to be incorporated primarily during the 

1 Acrordiug to Gulb"nd= (1 %{i) ",,-e~.g< pho,pho~",,, from th~ I'hospbow FObll. tio<J CO!lmru 1000 Pf"D 
Sf 
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initial phase of phosphorite fonnation; therefore the U was most likely complexed 10 
organic matter (pre-phosphorite Ibnnation) and incorporated into the apatite lattice. The 
plots Ibr the components (Pph, PSh and cmt) of the Gravel member show similar scatter, 
however no clear trend is presenl. There is a positive correlation between Sr and U 
(Figure 7.15). Plots of the RlOlO elements and Sr are roughly the same. A plotorLulLa 
vs. Sr shows a slight dilTerence belween the eFA cement and the peloids (Figure 7.16). 
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1l'lVDPbDThI!!lU . V 

(b) 
rlgur. 7.14. Traee--element concenlmlioos in comparison with PAAS for the phosphorite 
allockms (Ppb), bioclasts (PSb) and eFA cem~n( (CMT) from the Gravel ""'mber. Varswater 
Formation. Tk graphs ,how that (a) Sr, (b) U and Y are notably enriched. wherea, V i., depleted 
rdative to I'AAS. Pb and Th show oormal abundances. 
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" Figure 7.U. Relatl<lnshlp between Sr and U forthc phOSphorite oJkx.:hcm. (Pph), blOClasls (PSh) 
and eFA cement (CMT) from the Gravel member, Vtll'"w~ter Formation. 

• • • • • • • • • • • • .' • 
• . .. 'r· t • . • • • - - om - - - -, .. ~ 1 • 

o· • • • • • • • • , .. '> , . . . • -. • • - - .. 
~ 

• =,,--. . 
Figure 7.16. Relauonslup betwoe>n Sr and Lull. for the phosphonw allochems (Pph), blOC!!sl • 
(PSh) and CFA cement (CMT) from the Gravel member, Varswater Formatioo. The horizontal 
ax;' 5hows a logarithmic scale. All values in ppm. 

On the basis ofthc trace-elements, the Gravel member components (Pph, PSh and eMT) 
are remarkably homogenous. The seaner plots show no clear distinction between the 
various components. 
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7.3.2. Pelletal Phosphorite- meml>er (Varswate-r r ormation) 

This o;cction discusses the trace-element composition of Pelletal Phosphorite member 
components. Similar to the Gravel member. the Pelletal Phosphorite member is enriched 
in strontium and uranirnn (Figure: 7.17). Sr values range between 800 ppm and 3000 ppm. 
The trace-element scanerplots are distinct for the different components of the Pelletal 
Phoi>-phorite member. The relationships between Nb. Rb and Sr. show distinct grain­
specific clusters (Figure 7.18). The peloids appear to be enriched in terms ofNb and Rb. 
relative to the biocla~l~ (phosphatised shell fragments). 

o 

"'" 
,." 
'" 
" e 
" 0 

0 

" 
" 
;11 

" Th 

'b) 
Figu,"" 7.t7. Trace-dement concentrations in comparison with Post-Archaean average 
Australian ,hale (PAAS) for lhe phosphorite allochems (Pph), bioclasts (PSh) and e FA cement 
(eMTl from lhe Pelletal Phosphorite meml>er. Varswater Formation. The graphs show lhal (a) 
Sr. (b) U and Y arc notably enriched relative to PAAS. Pb ftnd Th show normal ftbulldanres. 
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Figure 7.18. Relationship between (a) Nb and Sr and (b) Rb and Sr for the phosphorite allochems 
(Pph) and bioclasts (PSh) from the phosphatic sands from the Pelletal Phosphorite member, 
Varswater Formation. AU values in ppm. 

The scatterplot of Sr and ThIU indicates that, although there is some overlap, the various 
components show dissimilar scatter (Figure 1.19). This is also true for the scatterplot of 
La vs. Sr (Figure 1.20). The phosphatised shen fragments (PSh) appear to have a fairly 
constant La content with increasing Sr. The components of the Pelletal Phosphorite 
member show some heterogeneity in terms of their trace-elements abundances. The 
scatterplots are successful in distinguishing between the various components, most 
notably between the peloids and the phosphatised shell fragments. The CF A cement and 
peloidal phosphorite grains show the greatest amount of variability and scatter. The 
phosphatised shell fragments appear to show more compact and defined clusters. The 
clusters however are not very distinct, as they show significant overlap. 
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Figure 1.19. Relationship between ThIU and Sr for the phosphorite allochems (Pph) bioclasts 
(PSh) and CF A cement from the consolidated phosphorite from the Pelletal Phosphorite member, 
Varswater Formation. All values in ppm . 
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Figure 1.10. Relationship between La and Sr for the phosphorite allochems. bioclasts and CF A 
cement from the Pelletal Phosphorite member, Varswater Formation. AU values in ppm. 
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Chapter 7: Rare-earlh element and trace-element l!,chemistry 

7.3.3 Bomgat phosphorites, aluminium phosphates aDd the offshore phosphorites. 

The Bomgat and offshore phosphorites are enriched in strontium and uranium (fable 
7.17). The Sr values for the offshore phosphorites reach 6000 ppm. U values for the 
offshore phosphorites reach 300 ppm. Sr values for the Bomgat phosphorites and 
aluminium phosphates range between 800 ppm and 4000 ppm, whereas U values range 
between 8 - 60 ppm and 35 - 150 ppm, respectively. In contrast to the Bomgat and offshore 
phosphorites, the aluminium phosphates are also enriched in Zr, Pb, Th, V and Rb (Figure 
7.21). The offshore phosphorites show significant enrichment in one of the samples for Zr 
V. Th. Pb and Y (Figure 7.22), however the offshore phosphorites are enriched in Zr with normal 
abundances shown for Rb and V. 

Table 7.17. Trace-element abundances of the Bomgat phosphorites. aluminium phosphates and 
offshore phosphorites. Post-Archaean average Australian shale (P AAS) is included for 
comparison. AU values reported in ppm. 

1.BOMGAT1HOEDJlESPUNT 

Sample Sr Y Ph Th U V Rb Zr 

Biogenic grains 

B1-ant-l 3250 16.2 31.4 7.41 58.9 31.8 154 381 

B1-ant-2 3958 14.0 17.8 5.63 13.8 34.4 97.1 303 

Bl-cmt-3 3502 14.4 22.5 6.81 11.5 23.9 101 337 

B1-cmt-4 5943 19.7 29.9 8.72 11.1 28.7 154 455 

B2-cmt-lcfa 7278 21.2 29.8 9.22 7.4 26.4 148 444 

B2-cmt-2ct"a 2176 8.73 11.1 3.26 lOA 24.4 49.6 227 

B2-cmt-k&. 3936 9.09 20.1 3.69 8.27 26.1 65.8 187 

B3-cmt-1 2170 66.3 6.77 1.77 68.3 29.8 12.2 62.5 

B3-cmt-2 2600 29.7 4.96 0.72 25.3 19.4 6.21 26.5 

B3-ant-3 889 23.0 25.7 9.63 26.6 7.64 184 462 

B3-cmt-4 2731 320 24.1 16.8 35.8 23.8 5.85 82.1 

Biogenic graiM 

B3-bio-l 2517 3.85 7.8 0.91 20.0 50.7 14.7 53.5 

B3-bio-2 2450 3.44 4.96 0.77 15.0 37.0 11.7 40.3 

B3-bio-3 2853 30.9 12.3 1.97 45.3 63.2 31.1 99.5 

B3-bio-5 1642 15 11.3 1.82 11.0 93.3 16.4 47.7 

B3-bi0-6 2274 528 12.5 4.86 93.9 40.9 16.1 74.9 

2. AUMINWM PHOSPHATES 

Sample Sr Y Ph Th U V Rb Zr 

Ju204..cmt-1 724 96.6 2235 907 129 1196 348 1456 

kt204-cmt-2 911 82.6 2689 1671 145 1231 302 2287 

Ju204..cmt-3 2436 94.3 803 595 71.9 377 304 1331 

kt204-cmt-4 2268 66.2 292 173 35.3 117 324 933 

3. OFFSHORE PHOSPHOIU'I'ESlPHOSPHATES 

y Ph TIl u v Rb Zr 

3703-1-cfa-l 25792 2624 906 229 11742 7630 7739 
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Figu~ 7.21. Trace-element concentrations in comparison with PMt-Archaean average 
Auslnllian shale (PAAS) for the Bomgat pho,phorites and the aluminium phosphates from 
Posberg Peninsula. The graph ,hows lhailhc aluminium poosphates are enriched in Zr. V. Til. PI:> 
andpossil:>ly Y. 
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Figure 7.22. Trace·clemcnt concentrations in comparison with Post·Archaean average 
Australian shale (P AAS) lOr die offshore phosphorites. The graph shows thlll the offsho", 
phosphorites are generally enriched in Zr and U. however 3703-I-.cfa is enriched in Zr, V. Th. Ph 
,",V 

1.4. CHEMICAL VARIABILITY AMONG THE PHOSPHORITE DEPOSITS 

The trace-element abundances of tbe various phosphorite deposits are compared in the 
following figures. The relationship betwccn La and Sr shmvs similar clusters among the 
Varswater Fonnation phosphorite grain lypeS (Figure 7.23). The abundances of La is 
similar for both the Gravel member and Ihe Pelletal PhosplKlrite member. however the 
Gravel member shmvs higher concentrations of Sr. The relationship is comparable to thc:: 
clusters for the Varswater Formation shown by Sr and U (Figure 7.24). There is some 
overlap between Ph and Sr .. however the Gravel mcmber bas higher abundances of Pb 
compared to the Penetal Phospborite member (Figure 7.25). The Bomgat phosphorites 
smw similar Sr. Pb, U and La relationships. with La, lJ, Pb and Sr values similar to the 
Varswater Formation phospmrites. In tenns of the ThJIJ and Sr relationship. the Bomgat 
phosphorites show different trends to the Varswater Fonnation (Figure 7.26). In general. 
the individual tight clusters shov.TI by the Varswater Fonnation and the Bomgal 
pmsphorites show that the phosphorite grain types are generally homogenous. The 
scatter between the Gravel member and the Pelletal Phosphorite member is similar; and 
the minute dillerences can be ascribed to the presence of phosphatised shell fragments. 
The lack of coherence amongst the offshore phosphorites indicates that tbe group is 
geochemical1y heterogeneous. 
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Figure 1.23. Relationship between La vs. Sr for the various phosphorite depo,its. The 
phmpoorites compared Me from the V.nwater Formation, Bomgat (H~djicspunt) and selected 
offshore phosphorites. The hori7.ontal and vertical lIxes show logarithmic scales. All values in 
ppm. 
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Hgu .... 7.24. RelatIOnshIp between U and Sr forthe vanou. phosphonle depoSIts. The 
phosphorites comp1Ued arc from the V;m;walcr Formation, Bomgat (Hoedjicspunt) and select~d 
offshore phosphorites. The horizontal axis sho"'"S a logarithmic scale. All values in ppm. 
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poosphDrite, cDffiparcd are from the V","swale!" Formalion, Bomgat (H<xdjiespunl) and selected 
off.hore phosphorilC •. The horizontal and vertieal a~es show logarithmic scab. All value. in 
ppm. 
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FOgure 7.2fi. Relationship between ThflJ and Sr fur the various phosphorite deposits. The 
phosphorites compared are from the Ymwater Fonnation, Bomgat (Hoedjiespunt) and seleClod 
offshore phosphorites. The horizontal axis shows a logarithmic seale. All value. in ppm. 
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CHAPTERS 
DISC(;SSION 
==~----------------

TIlls chapt~r discusses the results of this study_ A short summary uflhe conclusions from 
this research as well as future research directions are given in Chapter 9. 

8.1 INTRODUCTIOK 

The objective of this study, as outlined in Chapter 3 was to detenninc and document the 
rare-earth and trace-element geochemistry uflhe phosphorites and phosphate rocks from 
selected sites around the southwestern Cape. The specific aims of the study are: 

to docum<nt the jX1rOgrap/l)' ond Slrn.ligraphy of phosphorite depo,ilS ~t Langeboanwcg, Bomgat Md 
Po,beql Peninsula, and 

to <\e!ennine the rare~ and trace-dement geochemi,try of the different pho'phllrite gno.in typ<., 
and propose p"s;ible depoo;itionol enviroornenlll and diage""{ic him,r;e, for the ph""ph",it. dor->' its. 

This chapter will interpret the results and attempt to answer the questions posed in 
Chapter 3. An attempt will be made to provide models for the fonnation of the 
phosphorites and phosphates at the various localities. 

8.1. PHOSPHORITI: TEXTURES 

8.2.1 Varswater Fonnation 

'lbe Gravel member accounts for the lowest unit within the Varswater Formation. It 
consists of unconsolidated, well rounded to subrounded phosphatic cobbles, pebbles and 
silty sand, in addition to thin consolidated lenses comprised of older, eroded clasts of 
phosphorite (Tankard, 1975; Dingle e/ al. 1979; Rogers, 1980; Middleton, 20Cl0). 
Individual phosphorite pebbles or cobbles contain rounded to angular phosphatic 
intraclasts set within a fine CFA cement. The intraclasts are composed of predominantly 
subrounded to rounded quartz grains (Qtz) and occasional phosphorite peloids (Pph). The 
modal proportions of the components are dependent on the intraclasts, with proportions 
varying considerably. In general the intraclasts contain at least 8oo,.. quartz and 15 - 20"/0 
ovoidal phosphorite peloids. Platy phosphatised shell fragments (PSh) are also present 
but rare «1%). The different intraclasts are apparent on the basis of varying CFA 
cements and proportions of phosphatic constituents (Figure 8.1). The presence of the 
varioU'< CFA c~ments amI intraclasts indicates thatlh~ Gravel membIT has b~rn reworked 
extensively, and provides evidence of reworking and multiple episodes of 
phosphatisation. 
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nFigu~ 8.1. PhO(orniungraph of the Gravel mernberphosphO'"rte (Sample V\\,48) showmg 
dissiImlar IntradoslS and cemenl (labelled A. B). Intraclast A shows darker-coloured CFA 
cement and t'llhtl~ p1lCked medrum quartz gl1lins. Intraclast B show slighter -coloured CFA 
cement with loosely packed medium quartz grains (photonncrograph taken in plane-polarised 
light). 

The f>elletal f>hosphorne member consisl:'i of unconsolidated phosphatic sands and 
occasional beds of consolidated quam:ose phosphorite. The consolidated quartzo_,e 
phosphorites are generally overlam and underlain by unconsolidated-phosphate-rich 
slInd, Th~ con,olidat",d phusphorilt: bt:ds w~r'" rorru",d by prec'p,tatIOn of authIgenic 
apatIte within the pore spaces of the phosphate-nch se(hmcnts (Dingle el aI., 1979; 
Tankard, 1974a) 'I he conwlidated phoophorites and the unconsolidated phosphatic sands 
are texturally similar; however the grains of the consolidated phosphorites arc cemented 
by ('FA (Figure 82). The Pelletal Phosphorite member phosphorite:<; are texturally 
different from the underlymg Gnl'.-cl member phosphoritcs. For mstance the Pelldal 
Phosphorite member contains considerable phosphatised shell fragments (l>8h) (15-
20%) and pelOIds (PPh) (20 -30%) Unlike the Gravel member the Pelletal Phosphorite 
member docs not contam characteristic phosphatIC intr..clasts, comprised of older, eroded 
clasts of phosphorite 

The presence of well-rounded, sand-sized peloidal phosphorite grains, m association WIth 
fractured but rounded quartz grams suggests multiplerewo.-king and eFA precipitation in 
the Gravel and Pelletal Phosphonte members_ The ongin of the peloidal grams is 
unclear. The pelOIdal grams may represent phosphatised faecal pellets. rounded 
phosphatised pore fillings (or rip-up clasts) or phosphatc--coatcd quam: grains_ According 
to Tankard (197411) the Pelletal Phosphonte member is deTlved from the Miocene basal 
bed and the Gravcl member, through continual reworking within a high-energy 
envlronment. The prcsenee of lam mated sand layers within the Pelletal Phosphorite 
member docs support deposition and reworking in a high-energy upper-flowenvironment 
(Middleton, 2000) One possibility IS that phosphorite peloids form as mtraclasts On 
eroded intertidal mudflal:'i (Bremner and Rogers. 1990; M'ddleton, 2000). The smaller 
Int",clasts arc subsequently modIfied through accretion resultmg in pseudo-oohtic 
textures and the larger int"'clasts arc rounded through erOSIOn, resulting in completely 
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unstructured peloids (Bremner and Rogers, 1990), The Varswater Formation peloids are 
essentially unstructured A significant number of peloids do contain silt-size particles and 
even biogenic particles such as foraminifera or shell fragments, which may indi~ate that a 
number of tile peloids may have been phosphatised faecal pellets. 

(b) 
Figure 8.2, (aj Photomacrograph and (bj photomicrograph showing the textural and component 
.imilarity betw""n the unconsolidated (Sample VW 1 a3 j and con,olidated phosphorites (VW 16) 
from the Pelletal Phosphorite "",mber, Varswater Fonnation. The photomicro'macrographs show 
peloidal phosphorite (I'ph j, phosphati,,," shell frogments (PSh j and quartz (Qtz). 

The presence of phosphatised bivalve shell fragmetlls (PSh), echinoid spines (PEch) and 
the occfl.'lional benthic foraminifera (Elphidium sp.) indicate that the Pelletal Phosphori'" 
member is marine. Middleton (2000) pointed out thaI the phosphorite beds are genoerally 
associated with yellow imn-stainoed sediments. The imn-stained sediments indicate that 
the sediments were later subaerially exposed, whereas the presence of burrows within the 
consolidated phosphorite beds indicates relatively shallow, well-<:>xygenated waters 
during deposition. 

In summary the Ora"...,l member is a much older deposit than the Pelletal Phosphorite 
member and it is clear from petrographic evidetl<;e that the Ora"...,] member shows a more 
complex history ofphosphatisation and reworking than the Pellelal Phosphorite member. 
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8.2.2. Bomgat phosphorites (Hoedjiespuntj 

(.j (bj 
Fillure 8.3. Sample BllS charneterued ~ an extremely fine-grained homogenous, light bro.,n 
CfA malri~ The sample shows biogenIc grams, (a) gastropod (b) bi, ahe shell fragment 
(photomicrogrtlph talcn III plane-polansed light). 

The Bomgat phosphorites mclude weH-preserved bryoOloa, echinoid ossicles, mollusc 
shell fragments and occasIOnal benthIc foraminifera (figure 8.3) The phosphatised 
b]oclasts and in partlCular the presence of abundant bryozoa. mdicate that the carbonate 
precursor was deposited III a shallow-marine environment. ""thin the photlC zone. The 
bloclasts are "'ell preserved and show httle evidence of re-deposition or erosIon The 
relative abundance of the phosphatised m]cnte/CFA cement and the nature of the 
bioclasts Indicate that the carbonate precursor was depoSIted III a lo",-energy 
environment 

The timing ofphosphogenesi. is not known, but would have been between deposition of 
the phosphaused limestone and depositIon of the overlying units The presence or the 
phosphate Indicates that the deposll1onal environment must have been rich In organic 
matter, although the depos]t current!} has only minor amounts of organiC material based 
on the petrography. The Bomgat phosphonte depos]t]s different m a number of respects 
F,rstly_ the apatite mineral is dahllite rather than CFA (fi'ancohte), the phosphorne ]s 
hIghly reSinous In texture and has clearly replaced a caruonate-rich precursor sediment 

8.2.3. Offshore phosphorites 

Mulabisana (1998) examined the petrography of selected offshore phosphorites and 
classifIed the phosphorites according to six groups (Table 8 1 j. The phosphorites arc 
typically fine-graIned to medium-grained, composed of predominantly quartz. glauconite, 
CFA and authigemc pyrite. These phosphorite samples were rccoveH:d from the shelf On 
the Orange River Prodelta, but phosphorite samples ITom the commental margin off Cape 
Columbine are SImilar in texture and age (M]ocene) (Compton el al., 2002). The offshore 
phosphorite textures are fur more variable than and are d]stinctly dlfrerent fi-om the 
onshore phosphontes In addition to quartz, the offshore phosphorites commonly contam 
glauconite and pyrite (Compton el at. , 2002) They are typically tan to orange to brown or 
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grey in colour and often have polished black exterior surfaces, but are never as resinous 
in texture as the onshore samples. Although transparent amber-coloured CF A-replaced 
shell fragments are observed in places. The offshore phosphorites are often internal casts 
of bivalves or gastropods and contain more evidence of marine bioclastic material. The 
offshore phosphorite is commonly concentrated in reworked, condensed gravel to sandy 
deposits and lack pure resinous CF A cements. 

Table 8.1. Classification of phosphorite samples of the western continental shelf of South Africa 
based on texture and mineralogy (modified after Muiabisana, 1998). The samples analysed in this 
study are indicated. 

Brief DesCription Group Phosphorites offshore phosphorite 
(Mulabisana, samples analysed 

1998) 
Extremely fine, no A Phosphorite (Watkins et 

glauconite aJ.,1995) 

Contains glauconite, B Glauco-phosphorites 3700-3 
coarser quartz grains (Birch, 1975; 1979b, 3703-1 

Pmer, 1975) 
Glauconite in semi circular C Conglomeratic 

sttuctures phosphorites 
(Bremner, 1980a) 

Clastic, shell moulds D - Mjmb25d 

Layered, contains more E -
organic matter 

Bone material F Fish debris 
(Phosphatised bone 

material e.g. fish etc.) 

8.3. REE CONTENT OF PHOSPHORITES 

According to McArthur and Walsh (1984), Recent phosphorites have low REE 
concentrations. Piper et al. (1988), while documenting phosphorites (Recent) from the 
continental shelf of Peru showed similar low REE concentrations. The concentrations 
were especially low within the biogenic fraction (fish debris). Watkins et al. (1995) 
concluded that "francolite characteristically forms with extremely low REE content". The 
REE concentrations for the South African onshore and offshore phosphorites discussed in 
this study have similar low REE concentrations (Table 8.2). 

8-5 
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Table 8.1. Rare-earth element composition (in ppm) of offshore and onshore phosphorites and 
phosphate samples from Peru, Namibia and South Africa. The data are from Piper et aI. (1988), 
Watkins et al. (1995) and this study. 

Sample Number Locality Description 
Ge-l 1. Offshore. Peruvian continental shelf Glauconite 
BX-2 (8-10) 2. Offshore. Peruvian continental shelf Apatite pellets 
BX-2(18-20) 3. Offshore, Peruvian continental shelf Apatite pellets 
Fish Debris 4. Offshore, Peruvian continental shelf Fish debris 
Phosl 5. Offshore. Namibian continental shelf Phosphatised glauconitic sediment 
Phos2 6. Offshore. Namibian continental shelf Pbosphatised glauconitic sediment 
Yn-I 7. Offshore, Namibian continental shelf Phospborite 
Yn-2 8. Onshore, Bomgat sea cave, South Africa Phospborite 
YIl-3 9. Onshore, Varswater Formation, South Africa Phosphorite 
A-13393 10. Offshore, Agulhas Bank, South Africa Phosphorite 
VWIA3 (Bulk) 11. Onshore. Varswater Formation, South Africa Phosphate-ricb sediments 
Bl 12. Onshore. Bomgat. South Africa Phosphorite 

Piper et aI.(I981) Watkins et aI., (1m) This study 
Sample I. 2. 3. 4. 5. 6. 7. 8. 9. 10. II. 12. No. 

La S.l 3S 44 4.8 67.3 67.5 44.3 0.51 27.5 44.7 20.6 1.01 

Ce 7.7 41 52 9.1 162 145 96.1 0.97 60.6 93.8 45.5 2.09 

Pr 2 7.8 10 1.2 19.1 16.4 Il.l 0.13 7.23 10.4 5 0.25 

Nd 4.9 34 43 3.8 77.8 70.2 45.3 0.51 28.8 43.6 21.9 1.07 

Sm 1.1 8.1 11 1.7 18.5 16.4 10.2 0.11 6.76 9.47 4.46 0.22 

Eu 0.23 2.2 2.8 0.18 4.12 3.8 2.07 0.03 1.28 l.92 0.95 0.04 

ad 3.4 10.4 14 7 19.3 17.7 10.5 OJ 7.03 9.4 4.97 0.22 

Tb . · . · 2.8 253 1.52 0.02 1.03 1.31 0.7 0.03 

Dy - · - · 15.8 14.6 9.57 0.1 6.44 7.66 4.44 0.19 

Ho 0.24 2.6 3.2 0.15 - - - - - . 0.93 0.05 

Er 1 8.4 10 0.8 7.46 6.88 5.55 0.06 3.83 4.06 2.77 0.15 

Tm - · - · . . . . . - 0.37 0.02 

Yb 0.82 8.4 10 1.1 5.38 4.54 4.77 0.06 3.38 2.83 2.4 0.16 

Lu 0.14 1.4 1.7 0.11 - - . . . . 0.37 0.03 

PEE 26.63 159.3 201.7 29.94 399.56 365.55 240.98 2.6 153.88 229.15 115.36 5.53 

8.4. CE-ANOMALY AS A P ALAEOREDOX INDICATOR 

The majority of the phosphorites show flat, "shale" REE patterns, including the offshore 
phosphorites. Flat REE patterns indicate that the phosphorites incorporated their REEs 
under non-oxidising conditions (Watkins et al. 1995). According to McArthur and Walsh 
(1984) flat patterns can be interpreted to reflect significant detrital influence. However, 
Cruse et aI. (2000) suggest that the flat patterns are produced from non-phosphate phases 
that form during diagenesis of organic-rich muds. The non-phosphate phases are 
generally fonned after phosphogenesis. As the shape of the REE pattern is not always a 
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reliable palaeoredox indicator, Ce-anomalies were determined. The Ce-anomalies 
determined for the various phosphorite deposits are similar and rarely pronounced. The 
typical range of values is between 0.14 and 1.06. The Ce-anomaly documented for the 
various deposits are generally slightly negative to negligible with strong negative Ce­
anomalies shown only by some of the offshore phosphorites. McArthur and Walsh 
(1984) and Kidder et al. (2003) attribute negative Ce-anomalies to the oxidizing effect of 
seawater or oxygenated water. Marine minerals directly precipitated from seawater have 
negative Ce anomalies reflecting that of seawater (refer to figure in literature review 
chapter). Significant exposure of the phosphate to oxygenated water is believed to occur 
during early diagenetic winnowing of phosphate concretions in unconsolidated organic­
rich muds (Kidder and Eddy-Dilek, 1994; Cruse et al., 2000). 

The phosphorites and phosphate rocks show significant dissimilarity in terms of their Eu­
anomalies. The Gravel member and the offshore phosphorites show a wide range of Eu­
anomalies from strongly negative to strongly positive (0.01-4.83) and from strongly 
negative to slightly positive (0.1-1.53), respectively. 

aD CII/CII*< 1 (NIlIIIfiw c..-aly) 
6.0 E_/E..,> 1 (Pew .... E.-aly) 

puQ4-cmt-l 

4.0 

2.0 

~ 1rs004-cmt-4 CI CI mim\ll25 ckmt-4 

~O.8r---------------~~~'~~~O~_~_Cl--Cl--------------4 

0.6 

0.4 

CI n. YI1II2e-l.'79-pph 

CII/CII*> 1 (p"-- CII·_alyt 
E1II/E-.e< 1 (N1l11Ifiw E.~ 

0.0 0.2 0.4 0.8 0.8 1.0 1.2 1.4 1.6 1.a 2.0 

~ 

Figure 8.4. Relationship between CelCe'" and EulEu'" for the phosphorites and phosphate rocks. 
In general the phosphates and phosphorites show negligible to small negative and positive Ce­
anomalies, however large positive and negative Eu-anomalies are noticeable. Anomalies defined 
relative to P AAS. 

The Pelletal Phosphorite member and the Bomgat phosphorites show more conservative 
ranges, with EulEu'" values between 0.86 and 2.06 and 0.4 to 2.13, respectively (Figure 
8.4). According to Ogihara (1999) and Kidder et al. (2003), positive Eu-anomalies 
indicate extreme reducing conditions, whereas negative Eu-anomalies, as reported by 
Elderfield and Sholkovitz (1981) for the reducing sediments of Buzzard's Bay 
Massachusetts, indicate much lower levels of reduction. Kidder et al. (2003) propose that 
within a closed reducing system the decay of organic matter would quickly use up 
available oxygen and therefore favour the reduction of Eu3+ to Eu2+, resulting in positive 
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Eu-anomalies. The presence of glauconite and pyrite within the offshore phosphorites 
indicate reducing environments. or at least reducing micro-environments, within a 
general oxidising, low sedimentation environment (Birch, 1975; Parker, 1975; Deer et al., 
1992; Mulabisana, 1998). Authigenic glauconite and pyrite are not present in the onshore 
phosphorites. The lack of pyrite and glauconite in the onshore phosphorites may be 
related to oxidation during reworking. This appears to be plausible for the Varswater 
Formation; however the explanation is not sufficient for the Bomgat phosphorites. 
According to Compton et al. (2002), the occurrence and inclusion of Fe-rich diagenetic 
minerals (glauconite, pyrite and siderite) indicate formation of these minerals 
penecontemporaneously with the phosphorite in Fe-rich terrigenous muds. Petrographic 
evidence suggests that the Bomgat deposit (predominantly carbonate bioclasts) was 
deposited in a low-energy environment, and subsequently phosphatised, however the lack 
of terrigenous material offers a more likely explanation for the lack of glauconite and 
pyrite in the Bomgat phosphorites. In other words a lack of Fe limited the formation of 
glauconite and pyrite. The presence of burrows within the consolidated phosphorite 
lenses indicates that the deposit was well oxygenated. According to Kidder et al. (2003) 
biogenic oxygenation through bioturbation can import or alter Ce-anomalies. However, 
burrows were not observed in the Gravel member which also has slightly negative Ce­
anomalies. A possible explanation may lie in REE mobilisation during diagenesis. The 
Bomgat phosphorites show relatively small negative Ce-anomalies, however there is a 
possibility that the Bomgat phosphorites inherited some REB from the carbonate 
precursor. In any case, less negative to positive Ce-anomalies are generally considered to 
represent suboxic conditions (Table 8.3.). 

Other uses for the Ce/Ce* ratio also became apparent, when used in conjunction with 
another REE index, the LulLa ratio. The relationship between Ce/Ce* and LulLa shows a 
means for distinguishing between biogenic clasts and the phosphorite allochems (Figure 
8.5). Biogenic clasts including the phosphatised shell fragments and bone fragments 
have relatively high LulLa values. The dissimilarity is probably also a result of the 
mineralogy of the biogenic clasts being converted from dahllite to francolite. The 
conversion of dahllite to francolite is probably due to replacement rather than 
dissolution/precipitation, because of the conservation of biogenic sheillbone 
microstructures. 

8-8 
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Figure 8.5. Relationship between Ce/Ce* and LuILa for the phosphorite allochems. bioclasts and 
CF A cement from the Varswater Fonnation. 

Table 8.3. A summary of the behaviour ofCe (Ce-anomaly) under different redox conditions and 
within different media. 

MEDIUM OXIC SUBOXIC ANOXIC 
Seawater Ce less readily dissolved in seawater: During suboxic conditions Ce within 

therefore Ce is depleted in oxic sea sediments is mobilized resu1tins in Ce 
water. being released in to the water column 

(De Bur et al., 1985, 1985b, 1988). 

NEGATIVE CE-ANOMAL Y LESS NEGATIVE to POSITIVE CE- POSITIVE CE-ANOMAL Y ANOMALY 
Sediments Oxic sedimcmts are enhanced with During anoxic cooditioos, sediments 

respect to Ce. Fe-oxide-rich oxic are typically depleted with respect to 
sediments are enriched with Ce Ce. 
(Thomsoo etal. 1994). 

POSITIVE CE-ANOMAL Y NEGATIVE CE·ANOMAL Y 

Orpnisms responsible for extracting PhospbatesJphosphorita from 

Phosphate phosphate from oxic seawater show predominmtly anoxic watcn are 

& 
negative ce lIIIlOIIl8ly (Wright et Ill., typically enriched in Ce (Wright et al., 

Phosphorite 
1987). 1987; Oraruljean-Ucuyer et aI., 

1993). 

NEGATIVEC&ANOMALY LESS NEGATIVE to POSITIVE CE - POSITIVE C&ANOMAL Y 
ANOMALY 
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8.5. REE: PATTERNS 0," PHOSPHO RITE: 
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Fig" re 8.6. PAAS_nonnali;oo REE di.gram of the aventges of LA-IC-PMS and [C_PMS 
measurements taken from the Pelletll Phosphorite member (,"",16 - 19) and Bomgat (Bl) 
somples, respectivciy Thc Pcllctal Phosphorite member sOOw specific gramtypcs. Thco;C include 
peloidal phosphorite (pph), phosphatIsed shell fragments (psh) ond CFA ccm.nt (cmt) 

The majonty of the onshore phosphorites show "shale" type REE patterns with no to 
small Ce-anomalies, but the patterns do show fractionation between LREE and HREE 
(FIgure 8 6). The sample. arc HREE ermehed, relative to LREE in contrast to typical 
river-borne delntal scdimJ:1l:ts, v.tllcb are generally LRf£ ennchcd. Thc enrichment of 
LREE in detrital sedIments is due 10 the removal of REE from the river water column 
(Martin el aI., 1976). According to Leleyteret al. (1999), LREE (except Ce) are removed 
from the water column by being bound to organic malter, whereas MREE are mainly 
bound 10 carbonate and organic matter. HREE and Ce are believed 10 be mam ly 
associated WIth Fe-oxides (Leleyterel al., 1999). However other studies have shown that 
LREE can be associated wuh Fe-oxIdes (e.g .. Koeppenkastrop and DeCarlo, 1993) 
Elderfield et al. (1990) recognlzed MREE enrlchmcnts in a variety of natural waters, 
including lake WlIters. groundwaters and nver waters. The enrichment of.MREE in nver 
waler can be explamcd by preferential dlssolutlOn of phosphatic minerals during 
weathering (Hanmgan and Sholkovltz, 2001). However, aecordmg to Johannesson et al. 
(1996) MREE enrichment is controlled by solid-liquid exchange reaction. or di .. olutlon 
of surface coatings and/or secondary phases or sulfate complexation m natuml acidic 
water. Pronounced MREE enrichments are commonly found in skeletal or biogenic 
apalltes and conodonts (Wnght el al 1987; Grandjean-Lecuyer el al , 1993). MREE are 
preferentially removed from the water column by coprecipitation ofphosphale and REE 
compounds or by uptake from organic~ncb oxy-hydroxidc gram coatings (Elderfield d 
aI., 1990; Byrne et aI., 1996). 

The weathering of sotls can result in REE remobilisation. According to Compton et al. 
(in press) the behaviour ofREE dunng wcatbering IS affected by hydrology, precipitation 
and chmate regIme For example 10 temperate climates HREE arc readily removed from 
the weathered soil profile (Aubert et al. 2(0 1), whereas in arid 10 semi-and climates the 
removal ofHREE is greatly dIminished. Compton el al. (in press) shows tbat HREE are 
more moblle than LRf£ In carbonate-free sods and sediments. In the open ocean, the 
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removal of REE leads to fractionation of the REE between particles (detrital :fraction) and 
seawater. The detrital fraction is enriched in terms ofCe and LREE, whereas seawater is 
enriched in HREE. HREE are known to be associated with carbonate ions. The 
enrichment of HREE and depletion in Ce .results in typical "sea water patterns". These 
patterns are typically convex-upward, HREE enriched and show pronounced negative 
Ce-anomalies. The phosphorites from Varswater Formation, in particular the peloids 
(Pph) and CFA cement show mid-to-HREE enrichment relative to LREE. The 
phosphatised shell fragments (PSh) also show HREE enrichment however the patterns 
are generally inclined, with pronounced HREE enrichment. The Bomgat phosphorites 
show similar flat HREE enriched patterns to the Varswater peloids and CF A cement. 
However the Bomgat phosphorites do not show the distinctive MREE-HREE enrichment. 
The Bomgat REE patterns are similar to some of the offshore phosphorites, however the 
offshore REE patterns are variable. None of the phosphorites (onshore and offshore) 
show pronounced negative Ce-anomalies. Phosphorites are formed at shallow depths on 
the ocean sea floor (near coastlines) due to the precipitation of CFA in phosphorus 
supersaturated interstitial fluids within sediments or diatomaceous muds (Bremner, 
1980a). Phosphorites should therefore contain the REE signature of seawater, however 
diagenetic remobilization of associated clastic debris, may be responsible for the shale 
patterns. However, the REE patterns for the Varswater Formation with the MREE-HREE 
enrichment relative to LREE are consistent with precipitation in seawater or groundwater. 

8.6. TRACE-ELEMENT GEOCHEMISTRY OF PHOSPHORITES 

Geochemical investigations of marine phosphorites have shown that phosphorite deposits 
are enriched with a wide range of elements (trace-elements) relative to average 
sedimentary rocks (Lucas et 01., 1990; Soudry et 01., 2002). Phosphorites are also known 
to be notably depleted (or show normal abundances) in other trace-elements (Table 8.4). 
From the literature it appears that Ag, Cd, Cr, Sr, U and Y are most likely to be enriched 
within phosphorites. According to Thomson et 01. (1984), Sr and U are present in high 
concentrations in phosphates of all ages. Other elements that can have significant 
enrichment include Zn, Cu, V and Pb, whereas the elements Zr, B and Ba are likely to be 
depleted. The ability of phosphorites to incorporate trace-elements by substitution is 
believed to be due to the nature of the apatite lattice (Soudry et 01., 2002). However, 
according to Jarvis et ale (1994), the elements may not necessarily occur in the lattice, but 
be absorbed to crystal surfaces, organic matter, or other constituents of phosphorite. 
Lucas et al. (1990) provide a model that explains the enrichment of trace-elements in 
phosphorites by 

.. adsorption onto particle surfaces, 

.. coprecipitation into distinct minor mineral phases, 

.. association with organic matter and 

.. substitution for major elements in the mineral lattice . 
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Table 8.4. Concentration oftrace-elements (ppm) of "Average Marine Phosphorite" (Altschuler, 
1980), "Modal abundances in Phosphorite" (Gulbrandsen, 1966), "Average Shale"l (Turekian 
and Wedepohl. 1961) and PAAS (Taylor and Mclennan. 1985). 

Phosphorites Shale 
Element Altschuler (1980) Gulbrandsen (1966) Average Shalel PAAS 

Ag 2 3 0.07 
As 23 40 13 
B 16 100 100 
Ba 350 100 580 650 
Be 2.6 3 
Cd 18 0.3 
Co 7 19 23 
Cr 125 1000 90 110 
Cu 75 100 45 SO 
Ga 4 19 20 
Hg 0.06 0.4 
La 147 300 40 38 
Li 5 66 75 

Mo 9 30 2.6 1.0 
Ni 53 100 68 55 
Ph SO 20 20 
Sc 11 10 13 16 
Se 4.6 10 0.6 
Sn 3 6 4.0 
Sr 750 1000 300 200 
U 120 90 3.7 3.1 
V 100 300 130 150 
Y 260 300 26 27 

Yb 14 10 26 2.8 
Zn 195 300 95 85 
Zr 70 30 160 210 
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Table 8.5. Comparison of the trace-element abundances of the phosphorites and phosphates from 
this study with the Post-Archaean average Australian shale (PAAS) (Taylor and McLennan, 
1985). AU values reported in ppm. 

1. GRAVEL MEMBER, LANGEBAANWEG 

Sample Sr Y 

PAAS 2110 27 

vwOl-pph-l 

vwOl-pph-2 

vw01-pph-3 

vw02-pph-l 

vw02-pph-2 

vw02-pph-3 

gmOl-pph-1 

gm01-pph-2 

gm01-pph-3 

gm02-pph-1 

gm02-pph-2 

gm02-pph-3 

gm02-pph-4 

gm03-pph-2 

gm03-pph-3 

gm04-pph-1 

gm04-pph-2 

gm04-pph-3 

gm02-psh-1 

vwOl-cmt-1 

vwOl-cmt-2 

vwOl-cmt-3 

vw02-cmt-l 

vw02-cmt-2 

vw02-cmt-3 

gm01-cmt-1 

gmOl-cmt-2 

gm01-cmt-3 

gmOl-cmt-4 

gmOl-cmt-5 

gmOl-cmt-6-darkrim 

gmOl-cmt-7-darkrim 

gm02-cmt-1 

gm02-cmr-2 

gm02-cmr-3 

gm03-cmt-4 

gm03-cmt-5 

1476 

1950 

1985 

1955 

1299 

1860 

3492 

2657 

2122 

3338 

2672 

2619 

478 

3344 

1719 

2382 

1735 

2145 

3311 

1866 

1884 

2023 

2282 

943 

1638 

2278 

3073 

2244 

1375 

866 

809 

1046 

2098 

3432 

3148 

4386 

5525 

41.6 

56.7 

65.6 

29.0 

18.5 

22.0 

753 

106 

152 

127 

91.5 

39.2 

36.1 

167 

274 

48.4 

360 

229 

33.7 

116 

524 

50.6 

33.0 

19.8 

23 

31.6 

33.5 

206 

321 

15.4 

38.6 

39.7 

26.7 

33.8 

34.7 

86.8 

112 

Pb TIt 

20 14.6 

Peloidal grains 

43.9 14.2 

21.6 8. 72 

322 10.7 

50.7 13.8 

21.5 6.95 

325 9.95 

20.2 87.6 

18.1 129 

18.3 

21.0 

16.2 

13.9 

50.6 

31.5 

16.5 

8.89 

4.37 

11 

17.9 

13.7 

13.8 

4.06 

17.4 

29.1 

19.2 

6.43 

27.7 

33.4 

Biogenic grains 

16.9 8.61 

CFAcement 

44.2 19.8 

321 122 

34.2 13.2 

31.5 11.2 

28.1 9.27 

27.4 9.37 

22.9 11 

22.5 11.2 

20.6 18.3 

36.6 

15.8 

76.6 

51.2 

27.4 

11.0 

15.4 

29.3 

323 

8-13 

14.6 

6.30 

19.3 

16.5 

9.38 

9.44 

10.3 

15.6 

15.9 

u 

9.82 

14.5 

21 

8.52 

6.02 

5.68 

31.0 

39.0 

23.9 

27.6 

19.4 

19.4 

8.61 

424 

71.5 

19.7 

22.5 

128 

10.2 

30.4 

14.3 

126 

77.0 

5.41 

10.0 

5.48 

7.0 

24.3 

5.30 

3.80 

13.8 

122 

11.8 

8.11 

10.8 

37.5 

51.4 

v 
159 

128 

78.6 

55.9 

34.0 

63.7 

33.6 

68.5 

623 

68.9 

61.9 

168 

99.8 

44.9 

37.8 

30.1 

59.5 

44.1 

69.5 

64.6 

50.5 

106 

43.8 

624 

34.9 

55.3 

58.1 

428 

31.8 

3.03 

49.2 

33.7 

14.5 

60.5 

46.9 

54.5 

53.1 

56.6 

Rb 

1(iO 

239 

126 

181 

238 

113 

171 

49.5 

50.7 

90.0 

71.9 

58.7 

48.4 

327 

190 

88.4 

30.2 

6.65 

48.4 

67.1 

215 

184 

208 

161 

152 

138 

112 

119 

68.2 

224 

94.1 

376 

356 

147 

60.68 

68.89 

203 

191 

Zr 

210 

769 

384 

505 

636 

282 

446 

218 

157 

247 

174 

251 

133 

855 

502 

268 

96.1 

55.5 

189 

173 

662 

592 

652 

426 

417 

371 

314 

325 

212 

621 

258 

908 

772 

348 

169 

199 

537 

497 
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Itble 8.S cgptjnyg. 
Sample Sr Y Ph Th U V Rb Zr 

gm03-cmt-6 3059 67.6 40.3 223 24.0 45.1 254 697 

gm04-cmt-l 1596 35.9 161 15.8 80.9 396 210 274 

gm04-cmt-2 1686 32.4 17.8 10.1 3.83 77.2 63.5 181 

gm04-cmt-3 1361 35.8 25.5 11.3 5.03 58.4 107.7 349 

gm02-cmt-7 243 949 2.5 20.6 217 1051 822 

1. PELLETAL PHOSPHORITE MEMBER, LANGEBAANWEG 

Sample Sr Y Pb Th U V Rb Zr 

Peloidol grams 

vw16a-pph-1 2324 37.4 36.2 7.36 21.4 

vwl6a-pph-2 1966 20.8 11.7 2.34 26.6 

vwl6a-pph-3 1884 25.8 30.2 6.08 34.6 

vwl6a-pph-4 2335 60.7 221 6.2 33.9 

vwl6a-pph-5 2180 95.2 38.3 14.1 24.2 

vwl6a-pph-6 2097 %.4 41.4 9.75 42.6 

vw16a-pph-7 1831 36.4 30.3 9.83 15.8 

vwl6a-pph-8 4679 328 33.1 38.8 71.1 

vwI9b-pph-l 2426 23.4 23.5 3.17 29.3 

vw19a-pph-l 1226 200 41.8 27.5 19.7 

vw19a-pph-2 2180 236 31.9 17.4 39.9 

vw19a-pph-3 2348 66.9 23.9 3.92 39.8 

vwl9a-pph-4 1808 156 13.4 10.3 43.1 

vw16b-pph-1 2112 152 26.5 10.6 29.7 

vw16b-pph-2 2141 93.3 23.8 5.49 26.3 

Biogenic grams 

vwl6a-psh-1 2123 78.3 35.8 3.41 32.8 

vwl6a-psh-2 2242 17.7 16.6 2.55 28.3 

vwl6a-psh-3 1248 56.1 14.2 3.28 39.4 

vw16a-psh-4 1381 72.1 15.6 3.79 46.6 

vw16a-psh-5 1544 9.91 17.2 4.42 54.3 

vw16a-psh-6 1762 13.0 24.2 7.72 28.7 

vw16b-psh-l 2248 34.3 17.6 3.43 30.4 

vw16b-psh-2 2249 19.5 19.6 2.94 21.3 

vw16b-psh-3 3509 315 13.0 3.57 53.9 

CFAcemmi 

vwl6a-cmt-l 773 10.3 17 5.34 2.68 

vw16a-cmt-2 1263 80.1 20.6 7.6 23.4 

vwl6a-cmt-3 1671 63.1 36.7 7.32 23.3 

vwl6a-cmt-4 932 8.5 10.7 3.48 5.78 

vw19b-cmt-l 2009 367 27.4 21.2 18.3 

vw19b-cmt-2 664 5.5 6.45 1.68 1.65 

vw19b-cmt-3 2076 104 30.2 5.62 53.3 

vwl9a-cmt-l 2318 53.9 10.4 1.69 59.4 

vwl9a-cmt-2 2269 41.2 18.4 2.98 52.0 

vw19a-cmt-3 1575 60.1 21.0 8.01 21.0 

vwl9a-cmt-4 780 5.29 3.15 1.74 2.34 

vw19a-cmt-5 546 8 4.01 299 254 
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T,,* 8.S sootin!!!i§. 

vw16b-81 

vw16b-82 

vwl9b-test 

1873 

2523 

1160 

3. BOMGAT. HOEDlIESPUNT 

bl-cmt-1 

bl-cmt-2 

bl-cmt-3 

bl-cmt-4 

b2-cmt-lda 

b2-cmt-2cfa 

b2-cmt-3cCa 

b3-cmt-l 

b3-cmt-2 

b3-cmt-3 

b3-cmt-4 

b3-bi<>-l 

b3-bi<>-2 

b3-bi<>-3 

b3-bi<>-5 

3250 

3958 

3502 

5943 

7278 

2176 

3936 

2170 

2600 

889 

2731 

2517 

24SO 

2853 

1642 

4. ALUMINIUM PHOSPHATES 

Sample 

kr204-cmt-l 

kr204-cmt-2 

kr204-cmt-3 

kr204-cmt-4 

81' 

724 

911 

2436 

2268 

72.1 

169 

30.7 

y 

16.2 

14.0 

14.4 

19.7 

21.2 

8.73 

9.09 

66.3 

29.7 

23 

320 

3.85 

3.44 

30.9 

15 

y 

96.6 

82.6 

94.3 

66.2 

s. OFFSHORE PHOSPHORITESIPHOSPHA TES 

Sample 
3703-1-cCa-3 

3703-1-<:fa-4 

3700-3-cCa-l 

3700-3-cCa-2 

3700-3-cCa-3 

mjm025gtd-cfa..l 

mjm025gtd-cfa-2 

mjm025gtd-cfa..3 

mjm.025gtd-cfa..4 

mjm025gN-da-1 

rnjm025gN-da-2 

Sr 

5612 

3943 

1819 

1922 

1671 

6572 

6060 

7956 

6640 

1441 

432 

y 

215 

94.4 

28.3 

25.0 

23.2 

1488 

1079 

1494 

1526 

184.7 

49.8 

10.2 

7.69 

32.1 

Ph 

31.4 

17.8 

22.5 

29.9 

29.8 

11.1 

20.1 

6.77 

4.96 

25.7 

24.1 

Misc. 

7.91 

3.44 

35.5 

Th 

7.41 

5.63 

6.81 

8.72 

9.22 

3.26 

3.69 

1.77 

0.72 

9.63 

16.8 

Biogenic grams 

7.8 0.91 

4.96 0.77 

12.3 1.97 

11.3 t.82 

Pb 

2235 

2689 

803 

292 

Ph 

146 

37.2 

36.7 

29.6 

31.0 

111 

41.9 

43.1 

47.5 

40.1 

74.7 

8-15 

Th 

907 

1671 

595 

173 

Th 

82.2 

18.7 

11.0 

10.3 

10.6 

17.6 

16.5 

18.6 

15.7 

13.5 

27.5 

60.3 

49.1 

9.24 

u 

58.9 

13.8 

11.5 

11.1 

7.35 

10.4 

8.3 

68.3 

25.3 

26.6 

35.8 

20 

15 

45.3 

11 

u 
129 

145 

71.9 

35.3 

u 
18.0 

42.8 

310 

175 

169 

212 

262 

281 

264 

26.1 

7.77 

v 

31.8 

34.4 

23.9 

28.7 

26.4 

24.4 

26.1 

29.8 

19.4 

7.64 

23.8 

SO.7 

37 

63.2 

93.3 

v 
1196 

1231 

377 

117 

v 
1003 

198 

56.8 

SO.9 

SO.7 

171 

168 

207 

141 

82.2 

14.7 

Rb 

154 

97.1 

101 

154 

148 

49.6 

65.8 

12.2 

6.21 

184 

5.85 

14.7 

11.7 

31.1 

16.4 

Rb 

348 

302 

304 

324 

Rb 

736 

186 

192 

186 

197 

208 

203 

192 

182 

214 

438 

381 

303 

337 

455 

444 

227 

187 

62.5 

26.5 

462 

82.1 

53.5 

40.3 

99.5 

47.7 

1456 

2287 

1331 

933 

841 

325 

469 

436 

457 

870 

813 

1332 

827 

628 

1335 
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Table 8.S S9!Jtjnue!. 

mj~25gN-da-3 494 57.1 72.9 '}f,,7 21.1 26.6 442 1297 

mjmb25d-cmt-l 431 31.9 45.0 15.8 37.0 33.4 321 775 

mjmb25d-cmt-2 527 33.0 37.9 15.3 62.5 26.2 299 730 

mjmb25d-cmt-3 516 31.2 41.5 14.9 82.2 29.5 305 742 

mjmb25d-cmt-4 473 31.7 66.4 16.1 70.4 30.6 332 764 

Compared to shale (P AAS and "Average Shale") the onshore and offshore phosphorite 
samples from this study are markedly enriched in Sr, U, Zr, Rb and Y. In contrast, the 
aluminium phosphate deposits from the Posberg Peninsula are notably enriched in Zr, Pb, 
Th, V and Rb (Table. 8.5). The Gravel member and Bomgat phosphorite components are 
notably enriched with Sr, and reach values of more than 3000 ppm. High Sr values are 
also found in the Pelletal Phosphorite member; however the Sr abundances are generally 
lower, with values for the Pelletal Phosphorite member reaching 2000 ppm, with some 
grains as high as 3000 to 4000 ppm. Sr is generally found to be enriched within 
phosphorites, with Sr accepted to substitute for calcium in the apatite mineral lattice 
(Altschuler, 1980; Price and Calvert, 1918). According to Price and Calvert (1918) Ba, 
Ce, 4 Mo, Ni, U, Y, Zn and Zr are aU able to substitute for Ca in the apatite lattice. 

U is also notably enriched in the phosphorites from this study. The U content for the 
onshore phosphorites (Varswater Formation and Bomgat) are not as high as values found 
in the offshore phosphorites. The offshore phosphorites have U values that reach 280 
ppm. The offshore phosphorite values are comparable with the values obtained by Veeh 
et al. (1913) and Thomson et al. (1984) for marine phosphorites from the Namibian shelf 
(Table. 8.1). However, the onshore and offshore phosphorites of this study show higher 
Th values than those from the Namibian shelf (Veeh et al. 1913; Thomson et al. 1984). 
The abundances of the trace-elements are comparable to the phosphorite averages given 
by Altschuler (1980) and Gulbrandsen (1966) (Table 8.6). 

Table 8.6. U and Th contents (ppm) in marine phosphorites and sediments from the Namibian 
shelf. 

Study A: Veehetal. (1913) 
Locality of samples: NamibilllD Shelf 
Sample U(ppm) Tb(ppm) Ullb 

SetilMml 

em l7S (0-10 em) 10.2 1.1 9.21 

em 115 (10-15 em) 2S.S 2.4 10.63 

em 1118 (0-10 em) 13.1 2.0 6.85 

em 1118 (10-1S em) 2l.8 1.3 16.11 

em 1198 (0-10 em) IS.1 

em 1198 (10 -1S em) 29.6 1.4 2U4 

em 189 8 (0-10 em) 38.1 2.2 11.S9 

em 189 8 (10-15 em) 54.6 8.1 6.14 

phtnplwritesIPho8phates 

em 162 (surfac:e) 120 18 6.61 

em I1SP (40-50 em) 158 3 52.61 

em 11SP (90-100 em) Il1 111 
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Table 8.6 continues. 
Sample U(ppm) Th(ppm) UtTh 

CIR I 86A/1 UA (20-30 em) 78.6 78.60 

CIR 175P (30-40 em) 139 22 6.32 

Study B: Thomson et oJ. (19114)-
Loc:ality of samples: Namibian Shelf 
Sample (brief description) U(ppm) Th (ppm) UtTh 

3424 (mabie concretion) 18.3:0.4 0.38:0.05 48:6 

3429 (pelletal pOOsphoriU:) 130:2 25.5:2: 1.1 5.l±0.2 

3903 (glllUconitized pelletal phosphorite) 95.l±2.6 20.UO.5 4.7:012 

5798C (?ooprolite/concretioo) 107:2 0.96:0.06 1ll±7 

57980 (phosphatised fisb scales) 333: 12 1.00: 0.17 333:58 

5799 (Iitbificd concretion) 75.8:2.2 0.52:0.12 146:34 

5799B (ooprolite) 8l.8:2.0 1.5: 0.4 55= 15 

5799D (Iitbificd coocretion) 411.6: 1.4 0.32=0.10 152:2:48 

5800 (litbified concretion) 57.6: 1.6 0.33:0.05 175:27 

SSO! (litbificd concretion) 60.7: 1:4 2.6:0.3 23:3 

SSOJA (coprolite) 34.5:1:0.9 0.65=0.06 53:1:5 

-Institute ofOccanogmphlc Rc:searoh (1.0.8) sample set reported. 

The Gravel member is remarkably homogenous in terms of its trace-element 
geochemistry. The Gravel member components (Pph, PSh and CMn analysed had 
similar trace-element contents. The homogeneity can be explained by the fact that the 
Gravel member has been reworked and re-phosphatise~ therefore the re-phosphatisation 
of the Gravel member may have bad a homogenizing effect on the trace-element 
abundances. In contrast to the Gravel member, the Pelletal Phosphorite member shows 
some heterogeneity in terms of its trace-elements abundances. Differences in trace­
element content make it possible to distinguish various grain types, most notably the 
peloids and the phosphatised shell fragments. According to the trace-element abundances 
of the various phosphorite deposits, the Gravel member and the Pelletal Phosphorite 
member are similar. The trace-element abundances of the Pelletal Phosphorite member 
peloids are similar to the Gravel member peloids and Gravel member CF A cement. 
Notable differences can be ascribed to the presence of the geochemically distinct 
phosphatised shell fragments in the Pelletal Phosphorite member. This similarity 
indicates that the peloids from the Pelletal Phosphorite member are likely to be derived 
from the Gravel member in accordance with Tankard (1974a). Peloids from the Pelletal 
Phosphorite member may have been derived from the erosion of the underlying Gravel 
member. 

The Bomgat phosphorites show similar trace-element abundances to the Varswater 
Formation phosphorites. The similarity can be interpreted to indicate similar 
environments of phosphatisation. The offshore phosphorites are a heterogeneous group 
and unrelated to the onshore phosphorites in terms of their mineralogy and trace-element 
geochemistry, however they are typical of other offshore phosphorites analysed in 
previous studies. 
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8.7. ORIGIN OF THE PHOSPHORITE 

In order to Wlderstand the geochemical nature of the phosphorites, an attempt must be 
made to Wlderstand conceptual models of phosphogenesis (Figure.8.7). The upwelling of 
nutrient-rich deep ocean water onto continental shelves is widely cited as the prerequisite 
to the formation of phosphorite deposits (Birch, 1979a, 1979b, 1980; Bremner, 1980a; 
Balson, 1990). The upwelling replenishes the nutrient (and phosphorus) supply in the 
surface waters and results in enhanced productivity and ultimately phosphogenesis. 
Phosphorus accumulated in phytoplankton is deposited on the sea floor upon death of the 
phytoplankton. Bacterial degradation of relatively fresh organic matter buried on the 
shelf results in the release of the organic phosphorus as phosphate ion. Elevated 
phosphate ion concentrations in the interstitial fluids within the pore spaces of marine 
sediments. diatomaceous muds or organic-rich muds can then lead to supersaturation and 
precipitation of CF A (Bremner, 1980a). Precipitation of CF A can occur as a pore-filling 
cement or by replacement of precursor biogenic carbonate (bioclasts). According to 
Garrison and Kastner (1990), the CF A precipitate will gradually form CF A-cemented 
phosphorite nodules and ultimately transform the sediment into a hard, lithified 
phosphorite rock. CF A is generally considered to be the stable form of apatite in 
seawater (Nathan and Sass, 1981). 

According to Trappe (1998) the steps towards phosphogenesis can be summarised as 
follows; 

• The supply of phosphorus and degradation of organic matter (High bio­
productivity). This stage occurs dominantly in suboxic to occasionally oxic to 
anoxic environments. 

• Removal of phosphorus from biologic recycling. 
• Concentration of phosphorus in porewater or sediment/water interface. This stage 

is characterised by dominantly suboxic to anoxic conditions. 
• And the formation and precipitation of solid-phase phosphate, possible 

phosphatisation (or impregnation) of carbonate rocks and phosphatisation of bone. 

Marine phosphorites are generally associated with glauconite, dolomite and pyrite (Glenn 
and Arthur, 1988). The minerals are believed to form within the same diagenetic 
environment as the phosphorite. The presence of pyrite indicates formation during the 
late stages of organic matter degradation or early diagenesis, Wlder anoxic conditions 
(Trappe, 1998; Compton et al., 2002). Pyrite is generally precipitated within the 
microbial sulphate-reduction zone, whereas glauconite is formed relatively early by the 
partial reduction of ferric iron (Glenn and Arthur, 1988; Compton et al., 2002). Therefore 
the occurrence of pyrite (and glauconite) indicates the development of oxygen-deficient 
micro-environments. The occurrence and inclusion of Fe-rich diagenetic minerals 
(glauconite, pyrite and siderite) indicate formation of these minerals 
penecontemporaneously with the phosphorite in Fe-rich terrigenous muds (Compton et 
al., 2002). 
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ZONE OF 
PHOSPHOGENESIS 

shdf(rn:xliflcd 

Extensive reworking of the Pelletal Phosphorite member resulted in the removal of pyrite 
(and notIceable organic matter) by oxidation, Owing to e"tensive reworlung the original 
sediment composition Or depositional envlronmcnt of the phosphate se(lIment are 
uncertam, The deposIt is no longer associated W1th the host sedIment but has been 
reworked into younger sediments. This assumption holds true for the Gravel member as 
wdl The Gravel member shows eyidence of episodIC sediment-reworking and 
subsequent re-phosphatisation According to Glenn and Arthur (1 988), penod,c erosion, 
b1oturhation and winnOW1ng of orgamC-Tlch sediments may in fact promote peloidal grain 
concentration and nodule growth Glenn and Arthur (1988) argue that below Certam 
sediment depths, excessive carbonate ion concentrations and dimmished reactive Fe and 
sulfate concentratIOn> can favour the precipitation of dolomite instead of CFA durmg 
dlagene5i" 

A reworking/re-phosphansation model IS envIsIOned for the ph05phorite, from the 
Varswater Formal1on. The exact nature of the early diageneSIS IS not known, howeverthe 
assumption is made that the process is similar to that outlined by Trappe (1998). On the 
basi, of the Ce-anomalies, the pho,phontes were formed m suooxic to anO)(1C condJlions 
This IS consistent with trad,tlOnal views on phosphogenesis, however due to the lack of 
~tablc isotope (C, Sr, 0, and S) data the hytJothesis cannot be tested, The components 
(pelOIds, cement etc.) of the Gravel member and the peloids from the Pelletal Phosphonte 
member are sImIlar in terms of th~lr trace-el~ment and rare-earth element geochemistry 
The phosphatised shell fragments and bone fragments from the Pelletal Phosphorite 
member are geoch~m,cally diff~rent and may represent other phosphatisation events, 
unrelated to the phosphahsation event that created the Gravel member The difference 
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may also be related to a different geochemical signature that has been imparted by the 
precursor shell and bone material onto the phosphatised bioclast. 

In contrast to the Varswater Formation phosphorites, the Bomgat phosphorites show little 
evidence of re-deposition or erosion. The relative abundance of the phosphatised 
micritelCF A cement and the nature of the bioclasts indicate that the carbonate precursor 
was deposited in a low-energy depositional environment. The precursor carbonate was 
subsequently replaced by CF A. Similar to the Varswater Formation the original organic­
rich sediments that hosted or facilitated the phosphatisation have been removed. The 
aluminium phosphate deposits are very different from the marine phosphorites (onshore 
and offshore). The deposits on the Posberg peninsula are believed to be leached guano 
deposits. 

8.8 DIAGENETIC ALTERATION OF TIlE PHOSPHORITE DEPOSITS 

The offshore phosphorite samples contain glauconite and pyrite. Many of the glauconite 
grains are rounded and may have been reworked prior to cementation by CF A. The pyrite 
occurs distributed in the CF A cement. The onshore phosphorites do not contain pyrite or 
glauconite. The absence of glauconite and pyrite from the onshore phosphorites may 
indicate that it was not present originally or that the glauconite and pyrite have since been 
removed by alteration of the phosphorite. Alteration most likely included subaerial to 
supergene weathering of the phosphorites, as the area was subaerially exposed over much 
of the Tertiary during lowering of sea level as wen as tectonic uplift. Francolite is known 
to be vulnerable to chemical alteration during weathering, diagenesis and metamorphism 
(Flicateaux and Lucas, 1984; McArthur, 1985; McArthur et al., 1987; McArthur and 
Herczeg, 1990). Francolite is generally protected by associated carbonates which 
increases its field of stability and buffers it from corrosive acidic pore waters (Nathan and 
Sass, 1981). According to Van Kauwenbergh et al. (1990) the removal of carbonates by 
dissolution results in the alteration of highly carbonate substituted francolites to low 
carbonate varieties. In other words the weathering of francolite results in the loss of 
carbonate and possibly F from the structure and the mineral evolves to a fluorapatite. 
McArthur and Herczeg (1990) provide isotopic evidence that the phosphorite from the 
Varswater Quarry may have been altered by meteoric diagenesis. Extreme chemical 
alteration of marine CF A may result in the formation of aluminium phosphates (parron 
and Nahon, 1980). These aluminium phosphates include the following minerals: 
augelite, beraunite, C8C0Xenite, cranda1lite, goyazite, Ca-millisite, turquoise, varsicite, 
vivianite, wardite and waveUite (Nriagu and Moore, 1984). According to DiU (2001) the 
alteration of CFA to aluminium phosphate is expressed by a depletion in Sr, Ca, Na and 
F. During intensive weathering (when the lithology is depleted in Ca) meteoric waters 
become more acidic which results in various APS (aluminium-phosphare-sulphate) 
minerals being formed (DiU, 2001). According to Nriagu (1976) crandallite and wavellite 
forms under low phosphate concentrations whereas montgomeryite form under higher 
concentrations. However the amount of amorphous Al(OH)3 available in the weathering 
system determines the type of APS mineral (Dill, 2001). 

Aluminium phosphates are also found in association with guano deposits. Bird guano is 
generally composed of urine and faecal matter. Both are generally phosphate-rich and 
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related to the metabolic cycle of the bird and the phosphate content of the food supply 
(Ayliife et ai., 1992). Guano deposits are formed either directly or indirectly from the 
accumulation of bird droppings (Cook, 1984; FHcoteaux and Lucas, 1984). The leaching 
of guano deposits by meteoric waters results in chemical weathering of most rocks 
(igneous, sedimentary etc.). In particular the leaching and weathering of limestone may 
result in calcium phosphate minerals. such as brushite, whitlockite, and hydroxylapatite 
(FHcoteaux and Lucas, 1984). Similar weathering of igneous rocks and soils may result in 
the formation of aluminium and iron phosphate minerals (e.g. varsicite). The mineralogy 
of the Posberg Peninsula aluminium phosphates is generally crandallite (calcium 
aluminium phosphate) and varsicite. The crandallite appears within the phosphatic soils 
from Kreeftebay, whereas varsicite appears readily in the Konstabelkop and Kreeftebay 
weathered quartz porphyry samples. Crandallite may have been formed within the 
phosphatic soils due to the weathering ofCFA (within the soils) by meteoric waters. The 
occurrence of varsicite in the weathered phosphate crusts from the Konstabelkop and 
Kreeftebay quartz porphyry is consistent with the leaching of guano by meteoric water 
and subsequent chemical weathering of the quartz porphyry. 
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CHAPTER 9 
CONCLUSIONS AND RECOMMENDATIONS 

9.1 CONCLUSIONS 

The preceding chapters outlined the mineralogy, rare-earth and trace-element 
geochemistry of the phosphorites and phosphate rocks from selected sites around the 
southwestern cape. The following is a summary of the main conclusions drawn in the 
preceding chapters. 

9.1.1 Mineralogy 

The phosphorites from Varswater Quarry are shown to have a mineralogy of primarily 
quartz and francolite (CFA), whereas the phosphorite from Bomgat is composed of 
predominantly dahllite. Occasional calcite is also present. The offshore phosphorites are 
composed of predominantly glauconite, francolite (CFA) and quartz with occasional 
pyrite. The mineralogy for the various phosphorites is consistent with the literature on 
marine phosphorites. The aluminium phosphate deposits show a vastly different 
mineralogy to the marine phosphorites (onshore and offshore). The mineralogy of the 
aluminium phosphates is determined to be either crandallite or varsicite. The mineralogy 
is consistent with the weathering of igneous rocks and CF A by the leaching of guano by 
meteoric water, resulting in the aluminium phosphates. 

9.1.2. Geochemistry 

The P AAS-normalised REE patterns of the offshore and onshore marine phosphorites 
show generally flat heavy REE (HREE) enriched, relative to light REE (LREE) patterns, 
with no to slight Ce-anomalies. The various deposits are distinguishable on the basis of 
their REE patterns. For example the phosphorites from Varswater Formation show mid­
to-HREE enrichment relative to LREE. The Bomgat phosphorites and offshore 
phosphorites show similar flat HREE enriched patterns, however the Bomgat 
phosphorites do not show the distinctive MREE-HREE enrichment The offshore 
phosphorites show variable patterns. None of the phosphorites (onshore and offshore) 
show pronounced negative Ce-anomalies, however Eu-anomalies are found on some of 
the offshore phosphorites. The REE patterns of the aluminium phosphate deposits from 
Kreefte Bay are "toothed" and reflect the aluminium phosphates dissimilar chemical 
composition. The REE patterns for the Gravel member components (peloids, cement and 
biogenic) are generally similar, however the REE patterns for the Pelletal Phosphorite 
member components are different It is possible to distinguish between peloids and 
phosphatised shell fragments (and phosphatised bone) of the Pelletal Phosphorite member 
using the REE patterns. The REE patterns for the shell fragments and phosphatised bone 
fragments show an inclined flat shape, with pronounced HREE enrichment, relative to the 
LREE. The phosphatised shell fragments and bone fragments also show slightly higher 
LalLu ratios. The REE patterns for the Gravel member peloids and cement are similar to 
the Pelletal Phosphorite member peloids and cement, however the REE abundances for 
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the Gravel member are generally higher than the Pelletal Phosphorite member. Ce­
anomalies (CelCe"'), detennined for the various phosphorite and phosphate rocks show 
that the phosphorite and phosphate rocks have slightly negative to positive Ce-anomalies, 
therefore implying that the deposits gained their REE under suboxic oxygenation. The 
MREE-HREE enrichment found within the Varswater Formation is consistent with 
precipitation in seawater or groundwater. 

The phosphorites are enriched in Sr, U, a, Rb and Y, whereas the aluminium phosphate 
deposits are notably enriched in a, Pb, Th., V and Rh. In terms of the trace-elements it is 
possible to make a geochemical distinction between the peloids and the phosphatised 
shell fragments of the Pelletal Phosphorite member. 

9.1.3. General 

The Gravel member phosphorite shows evidence of subsequent reworking and re­
phosphatisation. On the basis of the geochemical and petrographic investigation 
phosphatisation occurred in a marine setting, however post-phosphogenesis groundwater­
induced phosphatisation or alteration cannot be excluded. The consolidated phosphorites 
and the unconsolidated phosphate-rich sands are texturally similar, however the 
consolidated phosphorite grains are cemented by CF A. The lithification of the 
consolidated phosphorites occurred due to the precipitation of authigenic apatite within 
the pore spaces of the phosphate-rich sediments (Dingle et al., 1979; Tankard, 1974a), 
however whether the setting was marine is debatable. An alternative hypothesis would be 
CFA precipitation between the grains (peloids, quartz and phosphatised shell fragments) 
from P-rich groundwater. The consolidated phosphorite is texturally very different from 
the marine offshore phosphorites. The geochemical similarity between the Gravel 
member peloids, cement and the Pelletal Phosphorite member peloids indicates that the 
peloids from the Pelletal Phosphorite member are in fact erosional remnants from the 
Gravel member. In contrast to the Varswater Formation phosphorites the Bomgat 
phosphorites show little evidence of re-deposition or erosion. The relative abundance of 
the phosphatised micritelCF A cement and the nature of the bioclasts indicate that the 
carbonate precursor was deposited in a low-energy depositional environment. The 
precursor carbonate was subsequently replaced by CF A. 

9.2. RECOMMENDATIONS 

A number of problems remain unresolved, including the following: 

.. The exact setting of phosphatisation of the onshore phosphorites is unclear 
(marine or groundwater?) 

.. The extent of onshore phosphorite alteration by weathering (meteoric and 
groundwater?) 
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Chapter 9: Conclusions and "&coml'llendations 

Further work should be carried out using stable isotopes (e.g. C, 0, S, and Sr). Carbon 
and sulphur isotopes can be used to determine (or differentiate) the phosphogenesis 
among oxic, suboxic or anoxic (sulphate-reducing) environments. In this regard rare­
earth elements should by no means be seen as an alternative to isotope studies. The 
dating of the deposits (using 87Sr~6Sr) is possible. however due to unanticipated technical 
difficulties (instrument failure), isotope and age determination using Sr-isotopes were 
unfortunately not attempted in this study. Further research should expand the REE and 
trace-element data set and possibly attempt comparisons of other offshore phosphorite 
deposits (i.e. the concretionary phosphorites from Walvis Bay) with onshore sedimentary 
phosphate deposits. The extent of phosphorite alteration needs to be addressed; preferably 
using stable isotopes (C and 0). Additional research needs to be done on the aluminium 
phosphate deposits of the Posberg peninsula, concerning major oxides, and trace­
elements. 
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AI. Inductively Coupled Plasma - Mass Spectroscopy (lCP-MS) 

Table AI.I. Abundances of trace elements in the Varswater Fonnation phosphatic sands and Bomgat phosphorite (Bl). All values in ppm (pph = 
peloidal phosphorite, psh = phosphatised shell fragments and bne=bone fragments). 

Sample 

vwlA3 (bulk) 

vwIA3-pph­

vwIA3-psh­

vwl-O.2-pph­

vwl-O.2-psh­

vwl-1.3I-pph 

vwl-1.3I-psh 

vwl-I.72-pph 

vw I-I. 72-psh 

vwl-l.90-ppb­

vw-I-I.90-psh­

vwl-2.65-pph­

vwl-2.65-psh­

vwl-3.22-pph 

vwl-3.22-psh 

vw2a-O.5-pph­

vw2a-O.5-psh 

vw2e-I.79-pph 

vw2e-l.79-psh 

vw2e-2.8o.pph 

vw2e-2.8o.psh 

vw36a2-O.98-pph 

vw36a2-O.98-psh 

VW13A-pph 

VW23C-pph 

vw461-bne 

vw465-bne 

vw466-bne 

vw461 (bulk) 

81 

Sr 

958 

2190 

2110 

2870 

2067 

2270 

2532 

2892 

2151 

1892 

2051 

1950 

2077 

2227 

2132 

1870 

1991 

1589 

1395 

2520 

1876 

1624 

2765 

1453 

1059 

552 

1006 
789 

379 

9080 

y 

37.1 

34.4 

37.8 

42.8 

37.6 

44.2 

45.3 

39.8 

65.3 

36.8 

64.3 

56.7 
41.9 

62.8 

77.3 

42.8 

65.3 

40.1 

45.5 

53.9 

56.4 
34 

56.3 
43.8 

127 

44.6 

150 

56.6 

27.6 

1.47 

Pb 

14.7 

23.5 

33.9 

19.7 

34 

25.9 

22.3 

22.1 

29.3 

19.1 

22.3 

21.6 

29.5 

20.8 

36.7 

17.7 

27.3 

36.5 
19.4 

19.7 

24.4 

38.1 
45.5 

22.4 
26.3 

6.4 

16.2 

11.3 

4.6 

1.8 

Th 

4.1 

5.9 

1.8 

4.4 

1.9 

4.7 

2.2 

7.6 

2.6 

6.6 

1.9 

6.7 

2.2 
6.1 

3.4 
4.4 

3.9 

4.5 
2.7 

3.4 

3.5 

7.8 

3.5 

4.7 

8.0 

I 
6.8 

5.6 

0.9 

0.4 

u 
18.5 

54 

28.1 

54.5 

34 

23 

33.4 

57.1 

32.5 

54.1 

31.5 

44.4 

33.3 

47.5 

33.6 

53.5 

37.5 

41.8 

27.5 

61.7 

37.8 

58 

45.6 

33.3 

12.8 

80.3 

71.1 
65.1 

56.5 

15.9 

Al-l 

v 
19.7 

43 

38.4 

44 

33.7 

34 

46 

57 

42.4 

47 

32.4 

38.6 

30.6 

38.1 

38.2 

42 

42.4 

42.3 

30.5 

42.8 

39.9 

60.9 

53.5 

53.1 

52.7 

83.1 

41.9 

51.3 

59.4 

26.9 

Rb 

43.8 

2U2 

4.99 

23.4 

3.19 

27.6 

5.89 

24.2 

2.93 

23.2 

0.93 

22.8 

3.l9 

22.5 

6.78 

23.4 

4.93 

20.8 

3.4 

23.6 

4.37 

21.9 

6.7 

22.2 

14.7 

2.7 

12.7 

6.3 

4.3 
2.7 

Zr 

20.1 

50.5 

29 

60.9 

28.3 

62.2 

33.6 

50.8 

22.3 

51.8 

15.3 

51.3 

34.6 

50.2 

28.6 

70.9 

12.3 

69.1 

9.78 

58.2 

12.3 

65.8 

38.8 

55.7 

65.5 

34.1 
47.1 

27.1 

26.4 

54.5 

Ta 

0.1 

0.3 

0.5 

0.4 

0.3 

0.3 

0.6 

0.3 

0.3 

0.2 

0.2 

0.3 

0.6 

0.3 

0.2 

0.4 

0.3 

0.4 

0.2 

0.3 

0.3 

0.3 

0.7 

0.6 

0.2 

0.4 

0.1 

0.3 

0.1 

0.1 

Sc 

2.9 

3.1 

2.5 

4.6 

2.4 

4.9 

3.1 

4.4 

4.1 

4 

3.1 

4.2 

4.6 

6.1 

5.4 

4.8 

3.2 

4.9 

2.6 

4.5 

3.3 

4.7 

3.4 
4.2 

5.5 

4.5 

9.8 

9.6 

3.4 
0.3 
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Table A 1.1. continues. 

Sample Cr Co Ni Cu Hf Nb Cs Sa 

vwlA3 (bulk) 75.7 1.5 7.0 5.9 0.5 1.9 1.2 169 

vwlA3-pph- 120 16 22.1 30.9 1.2 2.6 1.3 78 

vwIA3-psh- 82.6 8.5 20.6 23.9 0.5 0.7 0.7 79.3 

vwl-0.2-ppb- 133 16.8 15.2 24.2 1.5 2.5 1.8 115 

vwl-0.2-psh- 86.5 9.1 9.3 24.7 0.6 0.8 0.5 75 

vwl-l.3l-pph 87.5 16.9 19.4 24 1.3 2.8 1.9 90.3 

vwl-1.31-psh 87.6 U.S 11.5 24.5 0.6 0.7 0.1 78.3 

vwl-I.12-pph 143 13.9 18.1 24 1.5 3.7 1.5 102 

vwl-I.12-psh 83.9 11.3 12.9 14.3 0.2 0.6 0.6 68.6 

vwl-l.90-pph- 153 14 16.1 14 1.2 2.8 1.6 99.1 
vw-I-1. 9O-psh- 87.9 12.3 11.9 11.3 0.2 0.5 0.1 58.1 

vw 1-2.65-pph- 124 13.8 17.4 24 0.3 1.9 0.4 144 

vw 1-2.65-psh- 81.6 7.45 12.8 19.4 0.6 0.8 0.3 18.2 

vwl-3.22-pph 136 4.81 12.2 14.6 I.l 2.6 1.6 III 

vwl-3.22-psh 90.4 16.9 14.5 24.5 0.4 I 0.6 123 

vw2a-O.5-pph- 143 11.8 15.2 20.2 l.5 2.6 l.5 135 

vw2a-O.5-psh 88.9 13.3 12.9 11.3 0.4 0.3 0.2 68.9 

vw2e-1.79-pph 214 5.2 10.4 74 1.5 2.1 1.4 180 

vw2e-1.19-psh 78.4 9.3 9.2 12.3 0.2 0.3 0.1 69.5 

vw2e-2.80-pph 149 9.6 14.5 20.5 1.2 2.3 1.8 liS 

vw2e-2.80-psh 98.4 11.6 12.6 15.6 0.3 0.4 0.2 89.4 

vw36a2-O.98-pph 164 399 22.1 30.9 1.5 4 1.1 86.2 

vw36a2-O.98-psh 112.4 1l.4 21.8 32.6 0.1 0.9 0.1 104.5 

VW13A-pph 129 10.5 21.4 11.8 1.2 3.2 1.5 105 

VW23C-pph 62 14.1 15.2 18.6 1.3 2 0.8 108 

vw46l-bne 52.5 176 12.9 20.9 0.6 0.7 0.2 63.3 

vw465-bne 102 18.4 23.1 21 0.7 0.4 116 

vw466-bne 62.8 19.4 23.5 27 1 0.1 0.4 116 

vw461 (bulle) 30.4 3.5 1.4 10.8 0.5 1.3 0.2 46.1 

BI 35.7 U 9.72 48.7 1.1 0.2 110 

Al-2 
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Table AI.2. Samples from Langebaanweg and Bomgat (Hoedjiespunt) showing the indices La/Th, ThIU, La!Yb, LalSc, ThlSc, CulCr, NifCo and 
V fCr (pph = peloidal phosphorite, psh = phosphatised shell fragments and bne=bone fragments). 

Sample 

vwlA3 (bulk) 

vwlA3-pph­

vwlA3-psh­

vwl-O.2-pph­

vwl-O.2-psh­

vwl-1.31-pph 

vwl-1.31-psh 

vwl-1.72-pph 

vw I-I. 72-psh 

vw 1·1. 9O-ppb­

vw-I-1. 9O-psh­

vwl-2.6S-pph­

vwl-2.6S-psh­

vwl-3.22-pph 

vwl-3.22-psh 

vw2a-O.S-pph­

vw2a-O.S-psh 

vw2e-1.79-pph 

vw2e-l.79-psh 

vw2e-2.80-pph 

vw2e-2.80-psh 

vw36a2-O.98-pph 

vw36a2-O.98-psh 

VW13A-pph 

VW23C-pph 

vw46l-bne 

vw465-bne 

vw466-bne 

vw461 (bulk) 

Laffh 

5.06 

2.86 

8.88 

5.75 

13.21 

6.77 

8.97 

3.54 

10.23 

4.16 

13.62 

3.90 

8.49 

5.30 

10 

5.77 

6.29 

5.34 

6.33 

7.12 

6.71 

3.12 

6.26 

4.42 

5.03 

3.66 

2.42 

2.72 

3.85 

ThIU 

0.22 

0.11 

0.07 

0.08 

0.06 

0.21 

0.07 

0.13 

0.08 

0.12 

0.06 

0.15 

0.07 

0.13 

0.10 

0.08 

0.11 

0.11 

0.10 

0.06 

0.09 

0.14 

0.08 

0.14 

0.63 

0.01 

0.10 

0.09 

0.02 

8.58 

6.79 

7.17 

9.44 

10.37 

11.39 

7.12 

9.89 

7.49 

11.33 

7.25 

4.79 

7.67 

7.98 

7.06 

9.14 

6.54 

8.96 

6.55 

6.98 

6.95 

10.52 

6.85 

7.24 

5.14 

0.68 

l.48 

1.26 

1.08 

6.98 

5.42 

6.57 

5.42 

10.37 

6.49 

6.42 

6.05 

6.34 

6.17 

8.52 

6.17 

4.15 

5.28 

6.43 

5.22 

7.65 

4.86 

6.67 

5.42 

7.08 

5.13 

6.55 

5.06 

7.40 

0.82 

1.68 

1.60 

1.12 

Al-3 

LalSr 

0.02 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.02 

0.01 

0.01 

0.02 

0.01 

0.01 

0.01 

0.02 

0.01 

0.01 

0.04 

0.01 

0.02 

0.02 

0.01 

Th/Sc 

1.38 

1.89 

0.74 

0.94 

0.79 

0.96 

0.72 

1.71 

0.62 

1.63 

0.63 

1.58 

0.49 

1.00 

0.64 

0.90 

1.22 

0.91 

1.05 

0.76 

LOS 

1.64 

1.05 

1.14 

1.47 

0.23 

0.69 

0.59 

0.29 

Cuter 

0.08 

0.26 

0.29 

0.18 

0.29 

0.27 

0.28 

0.17 

0.17 

0.09 

0.13 

0.19 

0.24 

0.11 

0.27 

0.14 

0.19 

0.27 

0.16 

0.14 

0.16 

0.19 

0.29 

0.14 

0.30 

0.40 

0.26 

0.43 

0.36 

NilCo 

4.69 

1.38 

2.44 

0.90 

1.03 

US 

1.00 

1.30 

1.14 

1.15 

0.97 

1.25 

1.72 

2.51 

0.86 

1.29 

0.97 

13.36 

0.99 

1.50 

1.08 

0.06 

2.42 

2.04 

1.08 

0.07 

1.29 

1.21 

2.09 

VICr 

0.26 

0.36 

0.46 

0.33 

0.39 

0.39 

0.53 

0.40 

0.51 

0.31 

0.37 

0.31 

0.38 

0.28 

0.42 

0.29 

0.48 

0.15 

0.39 

0.29 

0.41 

0.37 

0.48 
0.41 
0.85 

1.58 

0.41 
0.82 

1.95 
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Table AU. continues. 

Sample La!Th ThIU LaIYb LalSr Cu/Cr NilCo VlCr 

Bl 2.53 0.03 6.31 3.48 0.00 1.38 1.36 5.17 0.75 

Table AI.3. Abundances of rare-earth elements in the Varswater Formation phosphatic sands and Bomgat Phosphorite (BI). PAAS is included for 
comparison. All values given in ppm (pph = peloidal phosphorite, psh = phosphatised shell fragments and bne=bone fragments). 

Sample 

PAAS 
vwlA3 (bulk) 

vwlA3-pph­

vwlA3-psh­

vwl-O.2-pph­

vwl-0.2-psh­

vwl-1.3I-pph 

vwl-1.31-psh 

vw 1-1. 72-pph 

vwl-I.72-psh 

vwl-1.90-pph­

vw-I-1. 9O-psh­

vwl-2.65-ppb­

vwl-2.65-psb­

vwl-3.22-pph 

vwl-3.22-psh 

vw2a-{).5-ppb­

vw2a-O.5-psh 

vw2e-1. 79-pph 

vw2e-1. 79-psh 

vw2e-2.80-pph 

vw2e-2.80-psh 

vw36a2-O.98-pph 

vw36a2-0.98-psh 

VWl3A-pph 

La 

38.2 

20.6 

16.9 

16.7 

25.3 

25.1 

32.3 

20.0 

26.8 

26.5 

27.3 

27.1 

26.1 

19.1 

32.3 

34.9 

25.4 

25.1 

24.1 

17.6 

24.7 

23.5 

24.4 

22.3 

21.0 

Ce 

79.6 

45.5 

34.8 

33.3 

63.7 

56.4 

68.5 

39.5 

56.6 

50.3 

57.2 

49.3 

48.3 

38.5 

76.3 

56.7 

53.7 

51.1 

62.3 

35.6 

51.1 

44.9 

52.2 

44.1 

46.6 

Pr 

8.8 

5.0 

3.9 

3.6 

6.8 

5.5 

7.4 

4.3 

6.3 

5.6 

6.1 

5.4 

5.2 

4.1 

8.7 

6.4 

5.8 

4.3 

5.5 

3.0 

5.5 

3.8 

5.7 

4.8 

5.1 

Nd 

33.9 

21.9 

16.4 

16.1 

24.0 

22.0 

31.4 

20.2 

25.4 

25.3 

26.0 

24.1 

21.4 

18.5 

38.5 

21.6 

25.0 

24.5 

23.5 

11.1 

24.9 

21.7 

23.8 

22.6 

23.2 

Sm 
5.6 

4.5 

4.5 

3.2 

5.1 

4.9 

6.0 

4.0 

5.2 

4.1 

5.1 

4.9 

4.2 

3.8 

8.2 

6.2 

5.0 

4.8 

4.8 

3.3 

5.0 

4.2 

4.6 

4.6 

4.8 

Eu 

1.1 

1.0 

0.9 

0.7 

1.0 

1.0 

1.0 

0.8 

0.8 

1.1 

0.9 

1.0 

0.9 

0.8 

1.5 

1.3 

1.0 

l.l 

1.0 

0.1 

1.1 

0.9 

0.8 

0.9 

1.0 

Al-4 

Gd 

4.1 

5.0 

5.0 

4.0 

5.8 

4.3 

6.5 

4.8 

5.6 

6.3 

5.4 

6.2 

4.0 

4.8 

9.0 

6.1 

5.7 

6.3 

5.5 

4.4 

6.2 

5.6 

5.0 

5.2 

5.1 

10 

0.8 

0.1 

0.1 

0.6 

0.8 

0.1 

0.8 

0.7 

0.8 

0.8 

0.1 

0.9 

0.1 

0.7 

1.3 

1.1 

0.8 

0.9 

0.8 

0.7 

0.9 

0.8 

0.7 

0.7 

0.8 

Dy 

4.1 

4.4 

4.5 

3.7 

5.0 

3.9 

5.5 

4.5 

4.9 

5.8 

4.5 

5.8 

6.4 

4.3 

1.9 

6.5 

5.0 

5.9 

4.9 

4.2 

5.7 

5.3 

4.2 

5.0 

5.3 

Ho 

1.0 

0.9 

0.8 

0.9 

1.1 

0.8 

1.1 

1.0 

0.9 

1.5 

0.9 

1.3 

1.3 

0.9 

1.6 

J.8 

I.l 

1.4 

1.0 

1.0 

1.3 

1.3 

0.9 

1.2 

1.1 

Er 

2.9 

2.8 

3.0 

2.6 

4.2 

2.7 

3.2 

3.1 

2.8 

4.1 

2.8 

4.2 

4.3 

2.9 

4.8 

4.7 

3.2 

4.3 

3.1 

3.2 

3.9 

4.0 

2.6 

3.8 

3.4 

Tm 
0.4 

0.4 

0.4 

0.4 

0.5 

0.4 

0.5 

0.5 

0.4 

0.7 

0.4 

0.6 

0.6 

0.4 

0.6 

0.7 

0.4 

0.7 

0.4 

0.5 

0.5 

0.6 

0.4 

0.4 

0.5 

Vb 

2.8 

2.4 

2.5 

2.3 

2.1 

2.4 

2.8 

2.8 

2.1 

3.5 

2.4 

3.7 

5.5 

2.5 

4.1 

4.9 

2.8 

3.8 

2.7 

2.7 

3.5 

3.4 

2.3 

3.3 

2.9 

Lu 

0.4 

0.4 

0.5 

0.4 

0.4 

0.4 

0.5 

0.5 

0.4 

0.1 

0.4 

0.6 

0.8 

0.4 

0.6 

0.1 

0.4 

0.1 

0.4 

0.5 

0.6 

0.6 

0.4 

0.5 

0.5 
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Table AU. continues. 

Sample 

VW23C-pph 

vw461-bne 

vw465-bne 

vw466-bne 

vw461 (bulk) 

HI 

40.5 

3.7 

16.4 

15.3 

3.8 

1.0 

Ce 

100.0 

9.6 

48.1 

48.3 

8.7 

2.1 

Pr 

12.4 

1.2 

6.6 

5.7 

1.0 

0.3 

Nd 

58.3 

6.3 

36.3 

26.4 

4.4 

1.1 

Sm 

12.8 

1.9 

10.3 

11.6 

1.2 

0.2 

Eu 

2.7 

0.7 

2.6 

3.6 

0.4 

0.0 

Gd 

15.3 

3.4 

IS.! 

17.2 

2.0 

0.2 

Tb 

2.2 

0.6 

2.2 

3.1 

0.4 

0.0 

Dy 

14.1 

4.6 

15.5 

19.3 

2.9 

0.2 

He 

3.1 

1.2 

3.7 

4.7 

0.7 

0.0 

Er 

9.3 

4.4 

11.9 

12.3 

2.8 

0.2 

Tm 

1.3 

0.7 

1.7 

1.7 

0.5 

0.0 

Yb 

7.9 

5.5 

11.1 

12.1 

3.5 

0.2 

Lu 

1.2 

1.2 

1.8 

1.5 

0.8 

0.0 

Table Al.4. Abundances ofPAAS-normalised rare-earth elements for the phosphatic sands and Bomgat phosphorites. All values in ppm (pph = 
peloidal phosphorite, psh = phosphatised shell fragments and bne=bone fragments). 

Sample 

vwlA3 (bulk) 

vwlA3-pph­

vwIA3-psh­

vwl-O.2-pph­

vwl-O.2-psh­

vwl-1.31-pph 

vwl-1.31-psh 

vwl-l.72-pph 

vwl-l.72-psh 

vwl-1.90-pph­

vw-l-1. 9O-psh­

vwl-2.65-pph­

vwl-2.65-psh­

vwl-3.22-pph 

vwl-3.22-psh 

vw2a-O.5-pph­

vw2a-O.5-psh 

vw2e-l.79-pph 

vw2e-1.79-psh 

vw2e-2.8O-pph 

La 

0.54 

0.44 

0.44 

0.66 

0.66 

0.85 

0.52 

0.70 

0.69 

0.71 

0.71 

0.68 

0.50 

0.85 

0.91 

0.66 

0.66 

0.63 

0.46 

0.65 

Ce 

0.57 

0.44 

0.42 

0.80 

0.71 

0.86 

0.50 

0.71 

0.63 

0.72 

0.62 

0.61 

0.48 

0.96 

0.71 

0.67 

0.64 

0.78 

0.45 

0.64 

Pr 

0.57 

0.44 

0.41 

0.77 

0.62 

0.84 

0.49 

0.72 

0.63 

0.70 

0.62 

0.59 

0.47 

0.99 

0.73 

0.66 

0.49 

0.62 

0.34 

0.63 

Nd 

0.65 

0.48 

0.47 

0.71 

0.65 

0.93 

0.60 

0.75 

0.75 

0.77 

0.71 

0.63 

0.55 

1.14 

0.82 

0.74 

0.72 

0.69 

0.51 

0.73 

Sm 

0.80 

0.80 

0.57 

0.91 

0.87 

1.08 

0.72 

0.93 

0.83 

0.91 

0.88 

0.75 

0.68 

1.46 

1.11 

0.90 

0.86 

0.86 

0.59 

0.90 

Eu 

0.86 

0.78 

0.62 

0.94 

0.92 

0.95 

0.75 

0.69 

1.02 

0.78 

0.93 

0.82 

0.75 

1.34 

1.17 

0.92 

0.96 

0.88 

0.67 

0.96 

Al-5 

ad 

1.06 

1.07 

0.86 

1.23 

0.92 

1.37 

1.03 

1.19 

1.35 

1.14 

1.33 

0.85 

1.01 

1.92 

1.42 

1.21 

1.35 

1.17 

0.94 

1.31 

Tb 

0.88 

0.83 

0.70 

0.99 

0.83 

1.04 

0.84 

1.04 
0.95 

0.91 

1.08 

0.90 

0.81 

1.58 

1.41 

0.98 

1.11 

0.96 

0.84 

1.08 

Dy 

0.94 

0.95 

0.80 

1.06 

0.83 

1.16 

0.95 

1.03 

1.23 

0.95 

1.24 

1.36 

0.91 

1.67 

1.39 

1.06 

1.26 

1.05 

0.89 

120 

He 

0.93 

0.75 

0.87 

1.07 

0.78 

1.13 

1.03 

0.85 

1.54 

0.94 

1.34 

1.30 

0.94 

1.62 

1.75 

1.06 

1.43 

1.04 

1.04 

1.28 

Er 

0.96 

1.04 
0.90 

1.44 

0.92 

1.11 

1.08 

0.95 

1.43 

0.96 

1.46 

1.49 

1.00 

1.65 

1.62 

1.09 

1.50 

1.08 

1.10 

1.36 

Tm 

0.93 

1.10 

0.90 

1.20 

0.93 

1.33 

US 

0.90 

1.70 

0.93 

1.45 

1.48 

0.95 

1.58 

1.83 

1.05 

1.70 

1.03 

1.13 

1.33 

Yb 

0.86 

0.89 

0.83 

0.96 

0.86 

1.01 

1.00 

0.97 

1.26 

0.86 

1.34 

1.95 

0.89 

1.45 

1.76 

0.99 

1.37 

0.96 

0.96 

1.26 

Lu 

0.93 

1.13 

0.93 

1.00 

0.98 

1.18 

1.13 

0.98 

1.63 

0.95 

1.48 

2.10 

1.00 

1.50 

1.83 

1.08 

1.73 

1.00 

1.21 

1.43 
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Table AlA. continues. 

Sample La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu 

vw2e-2.80-psh 0.62 0.56 0043 0.64 0.75 0.85 1.19 1.06 1.13 1.31 1.39 1.43 1.21 1.53 

vw36a2-O.98-pph 0.64 0.66 0.65 0.70 0.83 0.69 1.05 0.85 0.89 0.87 0.89 0.88 0.83 0.90 

vw36a2-O.98-psh 0.58 0.56 0.54 0.67 0.82 0.80 l.ll 0.84 1.07 1.17 1.31 1.05 1.16 1.13 

VW13A-pph 0.55 0.59 0.58 0.68 0.86 0.94 1.21 1.01 1.12 1.13 1.17 1.13 1.04 1.13 

VW23C-pph 1.06 1.26 1.41 1.72 2.29 2.46 3.26 2.75 3.00 3.06 3.21 3.15 2.81 2.98 

vw46l-bne 0.10 0.12 0.14 0.18 0.34 0.63 0.71 0.75 0.98 1.17 1.51 1.78 1.95 3.08 

vw46S-hne 0.43 0.60 0.75 1.07 1.84 2.35 3.21 2.78 3.30 3.69 4.10 4.20 3.96 4.60 

vw466-hne 0.40 0.61 0.64 0.78 2.08 3.26 3.66 3.90 4.10 4.69 4.26 4.20 4.32 3.85 

vw461 (bulk) 0.10 0.11 O.ll 0.13 0.21 0.37 0043 0.46 0.61 0.73 0.95 1.13 1.26 2.03 

81 0.Q3 0.03 0.03 0.03 0.04 0.04 0.05 0.04 0.04 0.05 0.05 0.06 0.06 0.08 

Al-6 
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Table A1.S. Samples from Langebaanweg and Bomgat (HoedjiespWlt) showing the indices 
Ce/Ce*, EulEu*, LulLa, ErlNd, SmlNd and LREEIHREE (pph = peloidal phosphorite, psh = 
phosphatised shell fragments and bne=bone fragments). 

Sample CelCet Eu/Eu'" (LulLa)n (ErlNd)n (Sm/Nd)n LREEIHREE 

vwlA3 (bulk) 1.03 0.93 1.72 1.48 1.23 0.37 

vwIA3-pph- 0.99 0,83 2.54 2,15 1.66 0.31 

vwIA3-psh- 0,99 0,87 2.12 1.90 1.21 0,31 

vwl-0.2-pph- 1.12 0,87 1.51 2.03 1.29 0.39 

vwl-0.2-psh- 1.11 1.02 1.48 1.42 1.35 0.44 

vwl-1.31-pph 1.02 0.77 1.39 1.20 1.16 0.44 

vwl-l.3l-psh 0.97 0.86 2.15 1.81 1.20 0.32 

vwl-I.72-pph 1.00 0.65 1.39 1.27 1.23 0.44 

vwl-I.72-psh 0.95 0.93 2.34 1.91 1.12 0,29 

vwl-l.90-pph- 1.02 0.76 1.33 1.25 1.18 0.45 

vw-I-1.9O-psh- 0.93 0.84 2.08 2.06 1.24 0.30 

vwl-2.65-pph- 0.95 1.02 3.07 2.37 1.19 0.27 

vwl-2.65-psh- 1.00 0.88 2.00 1.83 1.24 0.32 

vwl-3.22-pph 1.05 0,79 1.77 1.45 1.29 0.38 

vwl-3.22-psh 0.87 0.93 2.00 1.98 1.36 0.30 

vw2a-0.5-pph- 1.02 0.87 1.62 1.48 1.22 0.38 

vw2a-0.5-psh 1.12 0.87 2.63 2.07 1.19 0.27 

vw2e-1.79-pph 1.25 0,87 1.59 1.56 1.23 0.39 

vw2e-1. 79-psh 1.11 0.88 2.63 2.18 1.17 0.27 

vw2e-2.80-pph 1.01 0.87 2.20 1.85 1.22 0.32 

vw2e-2.80-psh 1.08 0.88 2.48 2.17 1.17 0.27 

vw36a2-0.98-pph 1.02 0.74 1.41 1.27 1.18 0.44 

vw36a2-0.98-psh 1.00 0.83 1.94 1.96 1.23 0.33 

VWI3A-pph 1.03 0.90 2.05 1.71 1.26 0.33 

VW23C-pph 1.02 0.89 2.81 1.86 1.33 0.29 

vw461-bne 1.03 1.19 31.49 8.17 1.82 0.Q7 

vw46S-bne 1.03 0.93 10.71 3.83 1.72 0.15 

vw466-bne 1.16 1.14 9.61 5.46 2.67 0.12 

vw461 (bulk) 1.03 1.16 20.30 7.29 1.65 0.08 

81 0.96 0.84 3.03 1.64 1.24 0.34 

Al-7 
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Al. Laser ablation Inductively Coupled Plasma - Mass Spectroscopy (LA-ICP-MS) 

Table Al.1. Abundance oftrace elements of varying grain types from phosphorites and 
phosphate rocks by LA-ICP-MS. All values in ppm. 

1. GRAVEL MEMBER, LANGEBAANWEG 

Sample 

vwOl·pph·l 

vw01-pph-2 

vwOl-pph.3 

vw02-pph-1 

vw02·pph-2 

vw02-pph-3 

gmOl-pph-l 

gmOl-pph-2 

gmOl-pph-3 

gm02-pph-l 

gm02-pph-2 

gm02-pph-3 

gm02-pph-4 

gmOJ..pph-2 

gmOJ..pph-3 

gm04-pph-l 

gm04-pph-2 

gm04-pph-3 

gm02-psh-l 

vwOl-cmt-l 

vwOl-cmt-2 

vwOl-cmt-3 

vw02-cmt-l 

vw02-cmt-2 

vw02-cmt-3 

gmOl-cmt-l 

gmOl-cmt-2 

gm01-cmt-3 

gmOl-cmt-4 

gmOl-cmt-5 
gmOl-cmt-6-
darkrim 
gmOl-cmt-7-
darkrim 
gm02-cmt-l 

gm02-cmt-2 

gm02-cmt-3 

gm03-cmt-4 

gm03-cmt-5 

Sf 

1476 

1950 

1985 

1955 

1299 

1860 

3492 

2657 

2122 

3338 

2672 

2619 

478 

3344 

1719 

2382 

1735 

2145 

3311 

1866 

1884 

2023 

2282 

943 

1638 

2278 

3073 

2244 

1375 

866 

809 

1046 

2098 

3432 

3148 

4386 

5525 

y 

41.6 

56.7 

65.6 

29.0 

18.5 

22.0 

753 

106 

152 

127 

91.5 

39.2 

36.1 

167 

274 

4B.4 

360 

229 

33.7 

116 

52.4 

50.6 

33.0 

19.B 

23.0 

31.6 

33.5 

206 

32.1 

15.4 

38.6 

39.7 

26.7 

33.S 

34.7 

86.S 

112 

Pb 

43.9 

21.6 

32.2 

50.7 

21.5 

32.5 

20.2 

18.1 

18.3 

21.0 

16.2 

13.9 

50.6 

31.5 

16.5 

8.9 

4.4 

11.0 

16.9 

44.2 

32.1 

34.2 

31.5 

28.1 

27.4 

22.9 

22.5 

20.6 

36.6 

15.8 

76.6 

51.2 

27.4 

11.0 

15.4 

29.3 

32.3 

Th 

Peloidal grains 

14.2 

8.7 

10.7 

13.8 

7.0 

10.0 

87.6 

12.9 

17.9 

13.7 

13.8 

4.1 

17.4 

29.1 

19.2 

6.4 

27.7 

33.4 
Biogenic grains 

8.6 

CFA cement 

19.8 

12.2 

13.2 

11.2 

9.3 

9.4 

11.0 

11.2 

18.3 

14.6 

6.3 

19.3 

16.5 

9.4 

9.4 

10.3 

15.6 

15.9 

A2-1 

u 

9.8 

14.5 

21.0 

8.5 

6.0 

5.7 

31.0 

39.0 

23.9 

27.6 

19.4 

19.4 
8.6 

42.4 

71.5 

19.7 

22.5 

12.8 

10.2 

30.4 

14.3 

12.6 

77.0 

5.4 

10.0 

5.5 

7.0 

24.3 

5.3 

3.8 

13.8 

12.2 

11.8 

8.1 

10.8 

37.5 

51.4 

v 

128 

78.6 

55.9 

34.0 

63.7 

33.6 

68.5 

62.3 

68.9 

61.9 

168 

99.8 

44.9 

37.S 

30.1 

59.5 

44.1 

69.5 

64.6 

50.5 

106 
43.8 

62.4 

34.9 

55.3 

58.1 

42.S 

31.8 

3.0 

49.2 

33.7 

14.5 

60.5 

46.9 

54.5 

53.1 

56.6 

Rb 

239 

126 

181 

238 

113 

171 

49.5 

50.7 

90.0 

71.9 

58.7 

48.4 

327 

190 

8B.4 

30.2 

6.7 

48.4 

67.1 

215 

184 

208 

161 

152 

138 
112 

119 

68.2 

224 

94.1 

376 

356 

147 

60.7 

68.9 

203 

191 

Zr 

769 

384 

505 

636 

282 

446 

218 

157 

247 

174 

251 

133 

855 

502 

268 

96.1 

55.5 

189 

173 

662 

592 

652 

426 

417 

371 

314 

325 

212 

621 

258 

908 

772 

348 

169 

199 

537 

497 
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Table A2.1. continues. 

Sample Sf Y Pb Th U V Rb Zr 

gm03-cmt-6 3059 67.6 40.3 22.3 24.0 45.1 254 697 

gmO+cmt-l 1596 35.9 161 15.8 SO.9 396 210 274 

gmO+cmt-2 1686 32.4 17.8 10.1 3.8 77.2 63.5 181 

gmO+cmt-3 1361 35.8 25.5 11.3 5.0 58.4 108 349 

gm02-cmt-7 243 949 2.5 20.6 217 1051 82.2 

1. PELLETAL PHOSPHORITE MEMBER, LANGEBAANWEG 

Sample Sr Y Pb Th U V Rb Zr 

Peloidal grains 

vwl6a-pph-l 2324 37.4 36.2 7.4 21.4 

vw16a-pph-2 1966 20.8 11.7 2.3 26.6 

vwl6a-pph-3 1884 25.8 30.2 6.1 34.6 

vwl6a-pph-4 2335 60.7 22.1 6.2 33.9 

vwI6a-pph-5 2180 95.2 38.3 14.1 24.2 

vwl6a-pph-6 2097 96.4 41.4 9.8 42.6 

vwI6a-pph-7 1831 36.4 30.3 9.8 15.8 

vwI6a-pph-8 4679 328 33.1 38.8 71.1 

vwI9b-pph-l 2426 23,4 23.5 3.2 29.3 

vwI9a-pph-l 1226 200 41.8 27.5 19.7 

vwI9a-pph-2 2180 236 31.9 17.4 39.9 

vwI9a-pph-3 2348 66.9 23.9 3.9 39.8 

vwI9a-pph-4 1808 156 13.4 10.3 43.1 

vw16b-pph-l 2112 152 26.5 10.6 29.7 

vw16b-pph-2 2141 93.3 23.8 5.5 26.3 

Biogenic grains 

vw16a-psh-l 2123 78.3 35.8 3.4 32.8 

vwI6a-psh-2 2242 17.7 16.6 2.6 28.3 

vwI6a-psh-3 1248 56.1 14.2 3.3 39.4 

vwI6a-psh-4 1381 72.1 15.6 3.8 46.6 

vwI6a-psh-5 1544 9.9 17.2 4.4 54.3 

vw16a-psh-6 1762 13.0 24.2 7.7 28.7 

vwI6b-psh-l 2248 34.3 17.6 3.4 3M 

vwI6b-psh-2 2249 19.5 19.6 2.9 21.3 

vwI6b-psh-3 3509 315 13.0 3.6 53.9 
CFAcement 

vwI6a-cmt-l 773 10.3 17.0 5.3 2.7 

vwl6a-cmt-2 1263 80.1 20.6 7.6 23.4 

vwI6a-cmt-3 1671 63.1 36.7 7.3 23.3 

vw16a-<:mt-4 932 S.5 10.7 3.5 5.S 

vw19b-cmt-l 2009 367 27.4 21.2 18.3 

vwI9b-cmt-2 6M 5.5 6.5 1.7 1.7 

vwI9b-cmt-3 2076 104 30.2 5.6 53.3 

vw19a-cmt-l 2318 53.9 1M 1.7 59.4 

vw19a-cmt-2 2269 41.2 18.4 3.0 52.0 

vwI9a-cmt-3 1575 60.1 21.0 8.0 21.0 

vw19a-cmt-4 780 5.3 3.2 1.7 2.3 

vwI9a-<:mt-5 546 8.0 4.0 3.0 2.5 

A2-2 
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Table Al.1. continues. 

Sample 

vwl6b-Sl 

vw16b-S2 

Sr 

1873 

2523 

3. BOMGAT, HOEDJIESPUNT 

Sample 

bl-cmt-l 

bl-cmt-2 

bl-cmt-3 

bl-<:mt-4 

b2-cmt-lda 

b2-cmt-2da 

b2-cmt-3da 

b3-cmt-l 

b3-cmt-2 

b3-cmt-3 

b3-cmt-4 

Sr 

3250 

3958 

3502 

5943 

7278 

2176 

3936 

2170 

2600 

8119 

2731 

b3-bio-l 2517 

b3-bio-2 2450 

b3-bio-3 2853 

b3-bio-5 1642 

b3-bi0-6 2274 

Sample Sr 

kr204-cmt-l 724 

kr204-cmt-2 911 

kr204-cmt-3 2436 

kr204-cmt-4 2268 

3703-1-da-3 5612 

3703-1-da-4 3943 

3700-3-da-l 1819 

3700-3-da-2 1922 

3700-3-da-3 1671 

mjm025guk:fa-l 6572 

mjm025guk:fa-2 6060 

mjm025guk:fa-3 7956 

mjm025guk:fa-4 6640 

mjm025gN-cia-l 1441 

mjm025gN-da-2 432 

y 

72.1 

169 

y 

16.2 

14.0 

14.4 

19.7 

21.2 

8.7 

9.1 

66.3 

29.7 

23.0 

320 

3.9 

3.4 

30.9 

15.0 

528 

y 

96.6 

112.6 

94.3 

66.2 

215 

94,4 

28.3 

25.0 

23.2 

1488 

1079 

1494 

1526 

185 

49.8 

Pb 

10.2 

7.7 

Pb 

31.4 

17.8 

22.5 

29.9 

29.8 

11.1 

20.1 

6.8 

5.0 

25.7 

24.1 

7.8 

5.0 

12.3 

11.3 

12.5 

Pb 

2235 

2689 

803 

292 

146 

37.2 

36.7 

29.6 

31.0 

111 

41.9 

43.1 

47.5 

40.1 

74.7 

Th 
MISc. 

7.9 

3.4 

Th 

Biogenic grains 

7.4 

5.6 

6.8 

8.7 

9.2 

3.3 

3.7 

1.8 

0.7 

9.6 

16.8 
Biogenic grains 

0.9 

0.& 

2.0 

1.8 

4.9 

Th 

907 

1671 

595 

173 

82.2 

18.7 

11.0 

10.3 

10.6 

17.6 

16.5 

18.6 

15.7 

13.5 

27.5 

A2-3 

u 

60.3 

49.1 

u 

58.9 

13.8 

11.5 

11.1 

7.4 

lQ.4 

8.3 

6&.3 

25.3 

26.6 

35.8 

20.0 

15.0 

45.3 

11.0 

93.9 

u 
129 

145 

71.9 

35.3 

18.0 

42.8 

310 

175 

169 

212 

262 

281 

264 

26.1 

7.8 

v 

v 

31.8 

34,4 

23.9 

28.7 

26.4 

24,4 

26.1 

29.8 

19.4 

7.6 

23.8 

50.7 

37.0 

63.2 

93.3 

40.9 

v 
1196 

1231 

377 

117 

1003 

198 

56.& 

50.9 

50.7 

171 

168 

207 

141 

82.2 

14.7 

Rb 

Rb 

154 

97.1 

101 

154 

148 

49.6 

65.8 

12.2 

6.2 

184 

5.9 

14.7 

11.7 

31.1 

16.4 

16.1 

Rb 

348 

302 

304 

324 

736 

186 

192 

186 

197 

208 

203 

192 

182 

214 

438 

Zr 

Zr 

381 

303 

337 

455 

#4 

227 

187 

62.5 

26.5 

462.1 

82.1 

53.5 

40.3 

99.5 

47.7 

74.9 

Zr 

1456 

2287 

1331 

933 

841 

325 

469 

436 

457 

870 

813 

1332 

827 

628 

1335 
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Table Al.1. continues. 

Sample Sr 

mjm025gN-cfa-3 494 

mjmb25d-cmt-l 431 

mjmh25d-cmt-2 527 

mjmb25d-cmt-3 516 

mimb25d-cmt-4 473 

y 

57.1 

31.9 

33.0 

31.2 

31.7 

Ph 

72.9 

45.0 

37.9 

41.5 

66.4 

Th 

26.7 

15.8 

15.3 

14.9 

16.1 

u 
21.1 

37.0 

62.5 

82.2 

70.4 

v 
26.6 

33.4 

26.2 

29.5 

30.6 

Rb 

442 

321 

299 

305 

332 

Zr 

1297 

775 

730 

742 

764 

Table Al.l. Abundance of rare-earth elements in varying grain types from phosphorites and 
phosphate rocks by LA-ICP-MS. All values in ppm. 

1. GRAVEL MEMBER, LANGEBAANWEG 

Sample La Ce Pr Nd Sm Eu ad Tb 

PAAS 

vwOl-pph-l 

vwOl-pph-2 

vwOl-pph-3 

vw02-pph-l 

vw02-pph-2 

vw02-pph·3 

gm01-pph-1 

gmOl·pph·2 

gmOl·pph-3 

gm02-pph.l 

gm02-pph-2 

gm02-pph.3 

gm02-pph-4 

gm03.pph.l 

gm03-pph-2 

gm03-pph-3 

gm04-pph-l 

gm04-pph-2 

gm04-pph-3 

gm02-psh-l 

vwOl-cmt-l 

vwOl-cmt-2 

vwOl-cmt-3 

vw02-cmt-l 

vw02-cmt-2 

vw02-cmt-3 

gmOl-cmt-l 

gmOl-cmt-2 

gmOl-cmt-3 

gmOl-cmt-4 

gmOl-cmt-5 

38.2 

46.9 

26.1 

47.7 

47.0 

24.1 

35.7 

170 

66.0 

99.S 

70.& 

53.5 

26.6 

54.6 

207 

81.7 

37.2 

28.7 

195.1 

65.3 

79.6 8.8 33.9 5.6 1.1 4.7 0.8 

Peloidal grains 

85.7 8.85 35.1 6.87 0.99 5.46 0.70 

48.3 5.19 20.5 420 0.92 4.04 0.72 

77.8 7.85 33.6 6.61 0.73 5.03 0.90 

87.2 8.76 36.6 4.29 0.40 3.33 0.08 

48.9 4.45 20.8 3.66 0.39 1.93 0.25 

68.6 6.89 30.5 4.02 0.Q1 2.51 0.16 

401 53.1 267 75.2 17.3 84.4 14.3 

122 13.9 62.3 13.2 2.70 13.1 1.85 

187 21.3 95.6 19.5 3.70 18.3 2.57 

156 18.8 86.0 19.1 4.32 19.0 2.73 

107 12.3 54.7 12.3 2.62 12.2 1.92 

42.6 4.69 21.4 4.42 0.86 4.06 0.67 

108 10.00 44.5 8.86 2.60 5.48 1.08 

648 121 646 225 43.5 291 83.6 

184 20.8 109 24 5.70 25.8 3.58 

98.8 13.7 78.4 26.5 6.82 31.6 5.15 

49.0 5.65 24.5 5.43 0.95 5.66 0.79 

396 44.9 202 44.9 9.27 46.5 6.96 

137 16.6 75.9 21.0 4.70 23.4 4.02 

Biogenic grains 

28.42 57.56 6.04 26.84 5.14 1.34 5.15 0.69 

46.1 

37.1 

39.1 

37.0 

29.9 

2&.7 

34.3 

36.6 

129 

48.0 

21.5 

92.0 

67.0 

74.7 

72.7 

57.4 

56.8 

65.8 

69.6 

236 

88.5 

38.8 

10.1 43.3 

7.21 30.3 

8.12 33.4 

7.46 31.1 

5.7 26.1 

5.75 23.3 

6.65 28.4 

7.35 26.7 

27.5 121 

9.27 37.2 

4.26 16.9 

CFA cement 

10.9 1.63 8.61 2.04 

6.02 1.57 5.24 1.04 

6.08 1.7 6.21 0.74 

5.3 0.93 3.73 0.42 

3.73 0.28 2.57 0.13 

3.64 0.21 2.77 0.3 

5.07 0.35 3.15 0.34 

4.07 0.8 4.13 0.53 

25.2 5.08 26.1 3.65 

4.56 0.02 3.82 0.05 

1.71 0.07 0.21 0.8 

A2-4 

4.7 

6.20 

6.40 

6.14 

2.54 

2.36 

2.49 

91.3 

11.7 

17.4 

17.5 

11.8 

3.98 

5.00 

667 

21.5 

33.1 

4.53 

44.7 

27.4 

5.03 

13 

5.91 

5.32 

3.63 

1.83 

1.9 

2.65 

3.57 

24.& 

2.37 

1.lIl 

Ho 

1.54 

1.31 

1.39 

0.50 

0.31 

0.22 

20.3 

2.49 

3.77 

3.43 

2.45 

0.92 

1.35 

135 
4.60 

7.28 

1.09 

9.72 

6.07 

1.09 

3.23 

1.4 

1.44 

0.57 

0.29 

0.36 

0.67 

0.55 

5.06 

0.2 

0.14 

Er 

2.9 

4.64 

4.33 

4.20 

1.14 

0.113 

0.28 

56.S 

6.59 

9.91 

9.53 

7.19 

2.77 

3.28 

386 

13.8 

21.0 

3.51 

27.1 

18.5 

2.97 

8.39 

4.95 

4.14 

1.42 

0.74 

0.4 

1.56 

2.12 

14.8 

1.05 

0.32 

Tm 
0.4 

0.58 

0.60 

0.47 

0.44 

0.01 

0.13 

7.57 

0.89 

1.29 

1.23 

0.97 

0.36 

0.82 

60.89 

1.67 

2.114 

0.45 

3.66 

2.35 

0.41 

1.66 

0.72 

0.64 

0.09 

0.23 

0.16 

0.07 

0.06 

1.76 

0.37 

0.09 

Yb 

2.8 

3.48 

5.46 

4.92 

1.27 

1.12 

0.65 

53.5 

6.59 

10.52 

7.98 

6.59 

2.70 

4,46 

424 

12 

19.7 

3.43 

24.0 

18.6 

2.5 

10.78 

5.09 

4.18 

2.64 

1.35 

0.73 

2.29 

1.69 

12.6 

1.68 

0.99 

Lu 

0.4 

0.57 

0.85 

0.70 

0.27 

0.06 

0.01 

7.48 

0.117 

1.32 

1.21 

1.02 

0.38 

0.94 

42.6 

1.58 

3.16 

0.51 

3.51 

2.53 

0.36 

1.39 

0.82 

0.61 

0.22 

0.1 

0.11 

0.09 

0.12 

1.72 

0.21 

0.07 
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continues. 

Sample La Ce Pc Nd Sm Eu Cd Tb 

gmOl-cm.t-6-darkrim 59.8 118 11.7 44.8 4.99 0.79 2.91 0,41 

gmOl-cmt-7-darkrim 56.9 116 11.7 42.6 7.14 0.7 5.02 0.43 

gm02-cm.t-1 32.0 62.2 6.07 26.3 5.33 1.22 3.94 0.72 

gm02-cmt-2 27.4 53.2 5.55 26.9 5.48 1.36 5.69 0.73 

gm02-cm.t-3 34,8 70.1 7.6 32.2 5.7 1.63 5.39 0.78 

gm03-cm.t-4 61.1 119 14.0 81.4 15.3 3.26 15.9 1.95 

gmOkmt-5 64.7 157 17.8 97.6 21.4 5.47 18.1 2.68 

gm03-cm.t-6 62.4 130 14.1 70.9 14.4 3.33 13.0 1.95 

gmO+cmt-l 158 97.1 131 179 32.3 19.8 7.89 3.11 

gmO+cmt-2 27.5 53.2 5.93 25.5 5.74 1.03 4.28 0.65 

gmO+cmt-3 33.2 62.1 7.25 30.8 6.22 5.56 0.89 

gm02-cm.t-7 31.7 184 1.24 181 12.84 2.89 0.23 

2. PELLETAL PHOSPHORITE MEMBER, LANGEBAANWEG 

Sample La Ce Pc Nd Sm Eu Cd Tb 

vw16a-pph-l 

vw16a-pph.2 

vwl6a-pph-3 

vwl6a.pph-4 

vwl6a-pph-5 

vwl6a-pph-6 

vw16a-pph-7 

vwl6a-pph.8 

vw19b-pph-l 

vwI9a·pph.l 

vw19a-pph-2 

vw19a-pph-3 

vw19a-pph-4 

vwl6b-pph-l 

vw16b-pph-2 

vw16a-psh-l 

vw16a-psh-2 

vw16a-psh-3 

vwI6a·psh-4 

vwl6a-psh-5 

vwl6a-psh-6 

vw16b-psh-l 

vw16b-psh-2 

vwl6b-psh-3 

vw16a-cmt-l 

vwl6a-cmt-2 

vw16a-cm.t·3 

vw16a-cm.t-4 

vw19b-cmt-l 

34.4 

12.6 

22.4 

33.1 

75.1 

51.8 

37.7 

104 

17.0 

135 

137 

43.S 

81.0 

74.1 

40.3 

35.9 

11.7 

21.7 

26.7 

13.2 

23.7 

19.7 

13.8 

15.7 

16.2 

35.2 

41.7 

11.57 

171 

Peloidlll grains 

61.7 7 28.0 5.51 1.14 4.47 0.91 

23.5 2.37 11.2 2.45 0.54 2.17 0.38 

38.6 4.22 16.4 3.23 0.67 3.07 0.48 

66.1 7.43 32.2 7.17 1.42 7.04 1.14 

130 14.6 64.1 13.3 3.06 14.1 2.02 

104 11.6 48.5 10.4 2.13 10.8 1.69 

73.3 8.27 31.6 6.3 1.24 4,87 0.78 

280 35.1 156.2 38.8 9.48 38.9 7.11 

27.2 3.23 12.4 2.84 0.55 2.52 0.38 

297 32.9 145 31.5 6.26 29.8 4.51 

290 31.4 142 33.5 6.28 31.6 4.96 

78.0 8.27 37.0 7.56 1.73 7.9 1.11 

156 17.2 76.3 16.9 3.45 17.3 2.59 

142 16.0 71.2 16.2 3.45 17.3 2.68 

78.0 8.79 41.3 9.06 1.98 9.93 1.54 

Biogenic grains 

57.7 6.21 27.6 6.11 1.19 6.61 1.04 

23.8 2,48 9.8 2.62 0.52 2.01 0.31 

41.5 4.97 25.2 5,49 1.36 6.36 0.97 

54.0 6.85 32.S 7.36 1.59 8.27 1.22 

24.6 2.5 11.4 2.24 0.46 1.27 0.25 

45.7 4.75 20 3.9 0.72 2.36 0.47 

33.5 3.78 16.5 3.62 0.78 3.18 0.5 

22.2 2.49 10.3 1.99 0.42 1.76 0.32 

33.8 4.09 22.9 8.69 2.7 19.4 3 

CFAcemenl 

30.1 

68.7 

78.1 

22.4 

336 

3.09 11.7 2.41 0.62 

8.37 39.3 9.26 1.89 

8.51 34.7 7.07 1.64 

2.57 9.47 1.76 0.5 

38.5 174 39.1 7.91 

A2-5 

2.31 0.31 

9.77 1.39 

7.29 1.21 

1.29 0.29 

40.4 6.45 

Dr 
2.33 

3.18 

4.11 

5.11 

4.26 

11.3 

12.5 

11 

7.7 

4.67 

5.42 

2.7 

3.87 

2.41 

3.01 

7.06 

12.4 

10.3 

5.28 

42.6 

2.32 

26.4 

29.4 

6.67 

16.9 

15.7 

9.7 

6.53 

2.35 

5.72 

7.71 

1.47 

2.05 

3.23 

2 

23.9 

2.14 

9.17 

7.58 

1.45 

39.5 

He 

0.13 

0.62 

0.94 

1.06 

1.04 

2.8 

3.41 

2,41 

1.89 

0.99 

1.13 

15.47 

He 

0.97 

0,48 

0.76 

1.45 

2.52 

2.48 

1.03 

8.91 

0.51 

5.42 

6.41 

1.55 

3.79 

3.76 

2.35 

1.65 

0.45 

1.4 

1.86 

0.28 

0.37 

0.84 

0.47 

7.43 

0.4 

2.13 

1.53 

0.23 

9.01 

Er 

0.81 

2.39 

2.19 

2.43 

2.89 

7.52 

8.49 

6.48 

7.57 

2.26 

2.86 

Er 

2.85 

1.66 

2.22 

4.5 

7.64 

7.31 

2.95 

24.5 

1.96 

15.2 

17.2 

4.4 

10.3 

10.5 

6.8 

4.99 

1.52 

4.22 

5.51 

1.16 

1.31 

2.49 

1.25 

26.2 

1.23 

6.28 

4.69 

0.65 

2-4.2 

Tm 
0.85 

o 
0.44 

0.38 

0.34 

0.78 

1.32 

0.86 

1.6 

0.31 

0.52 

Tm 

0.52 

0.2 

0.48 

0.64 

1.06 

0.9 

0.5 

3.22 

0.23 

2.04 

2.37 

0.61 

1.47 

1.51 

0.92 

0.73 

0.23 

0.64 

0.81 

0.15 

0.12 

0.38 

0.19 

4.06 

0.14 

0.83 

0.68 

0.12 

3.43 

Yb 

1.25 

2.3 

2.71 

2.17 

2.44 

6.37 

7.63 

7.56 

5.09 

2.44 

2.6 

15.5 

Yb 

2.4 

1A3 

1.99 

4.3 

7.79 

6.57 

3.33 

22.4 

1.73 

14.1 

15.9 

3.9 

10.2 

10.5 

6.56 

4.84 

1.44 

4.04 

5.42 

0.61 

1.32 

2.37 

1.47 

28.8 

0.85 

6.73 

4.72 

0.78 

21.7 

Lu 

0.18 

0.02 

0.42 

0.36 

0.38 

1.1 

0.96 

1.16 

1 

0.24 

0.31 

Lu 

0.43 

0.24 

0.4 

0.66 

1.2 

1.08 

0.46 

3.19 

0.27 

2.03 

2.31 

0.65 

1.48 

1.65 

0.96 

0.83 

0.25 

0.67 

0.95 

0.22 

0.16 

0.44 

0.25 

5.07 

0.17 

1.01 

0.69 

0.13 

3.43 
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Table A2.2. continues. 

Sample 

vw19b-cmt-2 

vw19b-cmt-3 

vw19a-ant-l 

vw19a-ant-2 

vw19a-<:mt-3 

vw19a-ant-4 

vw19a-<:mt-5 

vw16h-S1 

vw16h-S2 

vw19h-test 

La 

6.53 

59.9 

28.5 

28.0 

40.1 

5.28 

7.8 

32.1 

10.4 

32.3 

3. BOMGAT, HOEDJIESPUNT 

Ce Pc Nd Sm Eu Gd Tb 

12.1 1.23 4.86 1.03 0.22 0.67 0.16 

97.6 10.8 49.4 10.2 2.38 11.3 1.7 

43. 8 5 24 4.89 1.07 5.88 0.78 

49.7 5.5 25.2 5.01 1.08 5.35 0.8 

80.3 8.56 37.5 7.56 1.62 7.29 1.09 

10.5 1.24 4.9 0.94 0.18 0.76 0.15 

15.41 1.93 7.35 1.4 0.34 1.6 0.25 

Misc. 

70.5 8.81 40.2 9.31 2.13 9.26 1.4 

26.6 5.05 23.6 7.51 2.28 12.7 2.19 

65.5 6.54 25.2 5.76 2.19 4.28 0.69 

Sample La Ce Pr Nd Sm Eu Gd Tb 

b1-ant-l 

bl-ant-2 

b1-ant-3 

bl-ant-4 

b2-ant-lcfa 

b2-ant-2cfa 

b2-ant-3cfa 

b3-ant-1 

bl-ant-2 

b3-ant-3 

b3-<:mt-4 

b3-bierl 

b3-bier2 

b3-bier) 

b3-bier5 

b3-bi0-6 

32.0 

18.1 

22.1 

28.9 

29.5 

9.59 

13.0 

48.5 

12.1 

30.7 

123 

3.45 

2.88 

15.3 

10.1 

281 

4. ALIMINIUM PHOSPHATES 

Sample La 

kr204-ant-l 122 

kr204-ant-2 56.8 

kr204-ant-3 80.1 

kr204-cmt-4 74.9 

CFAcement 

49.8 4.47 22.4 6 1.08 

35.1 3.55 15.6 3.16 0.71 

39.0 4.58 18.1 4.12 0.88 

54.1 5.58 22.9 4.52 0.93 

52.8 5.66 24.7 5.9 2.24 

18.3 2.04 8.17 2 0.81 

23.6 2.77 11.1 2.66 0.73 

49.0 4.25 18.1 2.39 0.43 

17.9 2.13 10.8 2.11 0.23 

60.4 6.06 22.5 2.52 

255 32.2 151 34.97 7.21 

3.41 0.77 

279 0.4 

4.23 0.73 

3.29 0.51 

6.17 1.1 

1.59 0.31 

2.42 

3.06 

2.18 

2.24 

37.4 

0.4 

0.41 

0.24 

5.74 

Biogenic gra/1I8 

5.71 0.53 2.4 0.34-

4.71 0.47 1.63 

23.6 2.69 12.8 1.89 0.28 2.51 0.25 

17.5 1.81 7.66 1.21 0.14 1.36 0.15 

396 46.17 212 41.4 8.96 48.3 7.15 

Ce 

257 

120 

183 

Pr 

30.2 

14.5 

23.8 

Nd 

102 

47.5 

76.7 

Sm 

20.7 

11.6 

21.6 

Eu 

6.85 

4.67 

6.51 

Gd 

14.9 

13.1 

15.1 

Tb 

2.82 

2.58 

3.91 

143 25.7 62.3 16.6 4.25 12.9 2.46 

S. OFFSHORE PHOSPHORITESIPHOSPHATES 

Sample La Ce Pc Nd Sm Eu Gd Tb 

3703-1.cfa-3 227.7 389 44.9 155 32.4 7.81 23.5 3.4 

3703-1.cfa-4 47.8 83.7 9.53 37.1 8.92 1.86 14.5 2.29 

37QO.3.cfa-l 40.1 69.6 7.2 30 4.41 0.89 3.43 0.63 

37QO.3.cfa-2 36.7 66.2 7 28.0 5.35 0.77 4.64 0.58 

A2-6 

0.97 

10.4 

5.05 

4,45 

7.12 

0.88 

1.3 

9.27 

16.0 

4.82 

Dy 

3.06 

1.83 

5.3 

3.06 

4.35 

1.71 

2.18 

3.53 

2.03 

2 

36.6 

0.34 

2.03 

1.33 

48.1 

Dy 

22.1 

14.3 

24.5 

14.8 

Dy 

24.6 

14.4 

3.48 

3.97 

Ho 

0.17 

2.64 

1.18 

1.03 

1.56 

0.13 

0.23 

1.96 

4.44 

1.01 

Ho 

0.6 

0.49 

1.04 

0.59 

1.12 

0.41 

0.46 

0.94 

0.44 

0.19 

8.2 

0.47 

0.22 

11.3 

Ho 

2.86 

2.41 

3.85 

2.66 

Ho 

5.42 

3.13 

0.94 

0.69 

Er 

0.6 

6.55 

3.57 

2.75 

4.77 

0.51 

0.76 

5.48 

12.0 

3.35 

Er 

1.47 

1.31 

2.84 

1.52 

2.55 

0.86 

1.36 

3.09 

1.31 

23.65 

1.3 

0.67 

31.3 

Er 

10.6 

10.2 

10.8 

8.39 

Er 

12.9 

6.47 

2.06 

1.83 

Tm 

0.1 

0.89 

0.49 

0.38 

0.54 

0.04 

0.11 

0.75 

1.66 

0.76 

Tm 

0.3 

0.39 

0.53 

0.09 

0.82 

0.17 

0.29 

0.36 

0.1 

3.29 

0.07 

0.03 

4.19 

Tm 

3.11 

1.82 

1.97 

1.17 

Tm 

2.14 

0.88 

0.17 

0.18 

Yb 
0.62 

5.n 
3.54 

2.7 

4.26 

0.46 

0.7 

5.24 

12.4 

5.56 

Yb 

3.32 

1.84 

2.53 

2.28 

U7 
1.42 

1.71 

3.48 

1.22 

1.23 

23.6 

0.08 

0.11 

0.93 

0.63 

29.2 

Yb 
20.6 

17.0 

14.0 

10.3 

Yb 
12.9 

6.82 

3 

2.7 

Lu 

0.07 

1 

0.53 

0.38 

0.73 

0.13 

0.15 

0.76 

2.07 

1.12 

Lu 

0.35 

0.21 

0.69 

0.2 

0.94 

0.32 

0.31 

0.52 

0.14 

3.65 

0.15 

0.05 

4.5 

Lu 

3.67 

3.48 

2.09 

1.22 

Lu 

1.45 

0.98 

0.24 

0.35 
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Table M.2. continues. 

Sample 

3700-3-cfa-3 

mjm025gtd-cfa-l 

mjm025gtd-cfa-2 

mjm025gtd-cfa-3 

mjm025gtd..cfa-4 

mjm025gN-cfa-1 

mjm025gN-cfa-2 

mjm025gN-cfa-3 

mjmb25d-cmt-l 

mjmb25d-cmt-2 

mjmb25d-cmt-3 

mimb25d-cmt ..... 

La 

36.7 

704 

646 

846 

762 

106 

84.9 

92.6 

53.9 

52.1 

51.6 

52.1 

Ce Pr 

66.6 7.1 

946 91.7 

836 80.5 

1134 111 

1158 119 

159 14.9 

158 15.7 

177 22.2 

98.8 9.13 

96.8 8.72 

105 9.53 

120 9.04 

Nd Sm Eu Gd Tb 

29.8 5.02 0.95 3.75 0.5 

407 84.1 25.4 140 22.2 

348 68.4 18.4 106 16.0 

487 90.4 25.3 149 22.9 

530 109 29.9 158 26.0 

66.0 12.2 2.09 15.9 2.45 

69.4 8.04 5.13 0.09 

63.5 9.27 0.1 0.97 0.52 

40.9 7.11 1.98 5.08 0.82 

36.9 6.08 1.57 5.29 0.66 

39.7 7.88 1.84 4.94 0.95 

39.3 6.89 1.94 6.76 1.05 

Dy 

4.35 

158 

111 

158 

177 

17.3 

3.3 

5.82 

4.8 

5.88 

5.63 

5.64 

Ho 

0.8 

40.9 

27.5 

37.9 

42.2 

4.5 

1.17 

0.99 

1.13 

1.08 

1.28 

1.06 

Er 

2.14 

115 

7& 

113 

120 

12.9 

0.4 

0.31 

3.64 

3.43 

2.82 

3.35 

Tm 
0.27 

16.3 

10.6 

15.2 

16.0 

1.54 

0.7 

0.74 

0.54 

0.61 

Yb 
2.27 

103 

75 

105 

107 

11.& 

4.04 

5.& 

3.27 

3.31 

4.28 

3.23 

Table Al.3. PAAS-normalised rare-earth element ratios of varying grain type from phosphorites 
and phosphate rocks. 

1. GRAVEL MEMBER, LANGEBAANWEG 

Sample 

vwOl-pph-l 

vwOl-pph-2 

vw01-pph-3 

vw02-pph-l 

vw02-pph-2 

vw02-pph-3 

gmOl-pph-l 

gmOl-pph-2 

gmOl-pph-3 

gm02-pph-1 

gm02-pph-2 

gm02-pph-3 

gm02-pph-'l 

gm03-pph-1 

gm03-pph-2 

gm03-pph-3 

gmo+pph-l 

gmo+pph-2 

gmo+pph-3 

gm02-psh-l 

vwOl-cmt-l 

vwOl-cmt-2 

vwOl-cmt-3 

vw02-cmt-l 

La Ce Pr Nd Sm Eu Gd Tb Dr He Er Tm 
Peloidal grains 

1.23 1.08 1.01 1.03 1.23 0.90 1.16 0.88 1.32 1.54 1.60 1.44 

0.68 0.61 0.59 0.60 0.75 0.84 0.86 0.90 1.36 1.31 1.49 1.49 

1.25 0.98 0.89 

1.23 1.1 0 1.00 

0.63 0.61 0.51 

0.93 0.86 0.78 

4.44 5.04 6.03 

1.73 1.54 1.58 

2.61 2.34 2.42 

1.85 1.96 2.13 

1.40 1.35 1.39 

0.70 0.53 0.53 

1.43 1.36 1.14 

5.41 8.14 13.7 

2.14 2.31 237 

0.97 1.24 1.56 

0.75 0.62 0.64 

5.11 4.97 5.10 

1.71 1.72 1.89 

0.99 1.18 0.66 1.07 1.13 1.31 

1.08 0.77 0.36 0.71 0.10 0.54 

0.61 0.65 0.36 0.41 0.31 0.50 

0.90 0.72 0.01 0.53 0.20 0.53 

7.88 13.4 15.7 18 17.9 19.4 

1.84 2.35 2.46 2.78 2.31 2.49 

2.82 3.49 3.36 3.89 3.21 3.70 

2.54 3.41 3.93 4.05 3,41 3.71 

1.61 2.20 2.38 2.60 2.40 2.52 

0.63 0.79 0.78 0.&6 0.84 0.85 

1.31 1.58 2.37 1.17 1.35 1.06 

19.1 40.2 39.5 61.9 105 142 

3.22 4.29 5.18 5.49 4.47 4.58 

2.31 4.72 6.20 6.73 6.44 7.05 

0.72 0.97 0.&6 1.20 0.99 0.96 

5.96 8.02 8.43 9.90 8.70 9.51 

2.24 3.74 4.27 4.97 5.02 5.83 

Biogenic grains 

1.39 

0.50 

0.31 

0.22 

20.3 

2.49 

3.77 

3.43 

2.45 

0.92 

1.35 

135 

4.60 

7.28 

1.09 

9.72 

6.07 

1,45 

0.39 

0.29 

0.10 

19.5 

2.27 

3,42 

3.29 

2,48 

0.95 

1.13 

133 

4.74 

7.23 

1.21 

9.34 

6.38 

1.18 

1.11 

0.02 

0.33 

1&.9 

2.22 

3.23 

3.07 

2.43 

0.&9 

2.05 

152 

4.17 

7.10 

1.14 

9.14 

5.88 

Yb 

1.24 

1.95 

1.76 

0.45 

0040 

0.23 

19.1 

2.35 

3.76 

2.85 

2.35 

0.96 

1.59 

151 

4.29 

7.04 

1.22 

8.56 

6.63 

0.74 0.72 0.69 0.79 0.92 1.22 1.10 0.86 1.07 1.09 1.03 1.03 0.89 

CFA cement 

1.21 1.16 1.15 1.28 1.95 1.48 1.83 2.55 2.76 3.23 2.89 4.15 

0.97 0.84 0.82 0.89 1.07 1.43 1.12 1.30 1.26 1.40 1.71 1.80 

1.02 0.94 0.92 0.99 1.09 1.55 1.32 0.92 1.13 1.44 1.43 1.60 

0.97 0.91 0.85 0.92 0.95 0.85 0.79 0.53 0.77 0.57 0.49 0.22 

A2-7 

3.85 

1.82 

1.71 

0.94 

Lu 

0.35 

15.4 

11.0 

15.7 

15.9 

1.61 

0.72 

0.6 

0.5 

0.65 

Lu 

1.43 

2.11 

1.74 

0.67 

0.14 

0.02 

1&.7 

2.19 

3.29 

3.02 

2.55 

0.95 

2.34 

107 

3.95 

7.90 

1.28 

8.78 

6.33 

0.90 

3.46 

2.04 

1.53 

0.56 
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Table Al.3. continues. 

Sample 

vw02-cmt-2 

vw02-cmt-3 

gmOl-cmt-1 

gm01-cmt-2 

gmOl-cmt-3 

gm01-cmt .... 

gm01-cmt-5 

gmOl-cmt-6-cbrkrim 

gmOl-cmt.7-darkrim 

gm02-cmt-l 

gm02-cmt-2 

gm02-cmt-3 

gm03-cmt .... 

gm03-cmt-5 

gm03-cmt-6 

gmO+cmt-l 

gmO+cmt-2 

gmO+cmt-3 

gm02-cmt-7 

La Ce Pr 

0.78 0.72 0.65 

0.75 0.71 0.65 

0.90 0.83 0.76 

0.96 0.87 0.84 

3.38 2.96 3.13 

1.26 1.11 1.05 

0.56 0,49 Q.48 

1.57 1.48 1.32 

1.49 1.46 1.32 

0.84 0.78 0.69 

0.72 0.67 0.63 

0.91 0.88 0.86 

1.60 1,49 1.59 

1.69 1.97 2.03 

1.63 1.64 1.61 

4.15 1.22 14.84 

0.72 0.67 0.67 

0.87 0.78 0.82 

0.83 2.31 0.14 

Nd Sm 

0.77 0.67 

0.69 0.65 

0.84 0.91 

0.79 0.73 

3.56 4.51 

1.10 0.81 

0.50 0.31 

1.32 0.89 

1.26 1.28 

0.77 0.95 

0.79 0.98 

0.95 1.02 

2.40 2.73 

2.88 3.81 

2.09 2.57 

5.28 5.77 

0.75 1.03 

0.91 1.11 

5.33 2.29 

Eu 

0.25 

0.19 

0,31 

0.73 

4.62 

0.02 

0.06 

0.72 

0.64 

1.11 

1.24 

1.48 

2.97 

4.97 

3.02 

18 

0.93 

0.91 

Gd Tb Dy 

0.55 0.16 0.39 

0.59 0.37 0.40 

0.67 0.43 0.56 

0.88 0.66 0.76 

5.55 4.56 5.28 

0.81 0.06 0.50 

O.OS 0.99 0.25 

0.62 0.51 0.50 

1.07 0.53 0.68 

0.84 0.90 0.87 

1.21 0.92 1.09 

1.15 0.97 0.91 

3.39 2.44 2.41 

3.85 3.35 2.66 

2.78 2.44 2.33 

1.68 3.89 1.64 

0.91 0.81 0.99 

1.18 1.11 1.15 

0.61 0.29 0.57 

Ho 

0.29 

0.36 

0.67 

0.55 

5.06 

0.20 

0.14 

0.13 

0.62 

0.94 

1.06 

1.04 

2.80 

3,41 

2.41 

1.89 

0.99 

1.13 

15.47 

2. PELLETAL PHOSPHORITE MEMBER, LANGEBAANWEG 

Sample La Ce Pr Nd Sm Eu Gd Tb Dr Ho 

vwl6a-pph.l 

vwl6a·pph-2 

vw16a-pph.3 

vw16a.pph .... 

vwl6a-pph-5 

vw16a·pph-6 

vw16a·pph.7 

vw16a.pph.8 

vw19b-pph-l 

vw19a·pph.l 

vw19a.pph-2 

vw19a.pph-3 

vw19a·pph .... 

vw16b-pph-l 

vwl6b-pph-2 

vw16a·psh-l 

vw16a-psh-2 

vw16a·psh-3 

vwl6a.psh .... 

vwl6a-psh-5 

vw16a·psh-6 

vwl6b-psh-l 

vwl6b-psh-2 

vw16b-psh-3 

Peloidal grains 

0.90 0.78 0.80 0.83 0.98 1.04 0.95 1.14 0.82 0.97 

0.33 0.30 0.27 0.33 0.44 0.49 0.46 0.47 0.51 0.48 

0.59 0.48 0.48 0.48 0.58 0.61 0.65 0.60 0.64 0.76 

0.87 0.83 0.84 0.95 1.28 1.29 1.50 1.43 1.50 1.45 

1.97 1.63 1.66 1.89 2.37 2.78 3.00 2.53 2.64 2.52 

1.35 1.31 1.32 1.43 1.85 1.94 2.29 2.11 2.18 2,48 

0.99 0.92 0.94 0.93 1.12 1.13 1.04 0.98 1.12 1.03 

2.73 3.51 3.99 4.61 6.93 8.61 8.28 8.88 9.05 8.91 

0.44 0.34 0.37 0.37 0.51 0.50 0.54 Q.48 0.49 0.51 

3.53 3.73 3.74 4.29 5.63 5.69 6.35 5.64 5.61 5.42 

3.58 3.64 3.56 4.19 5.98 5.71 6.72 6.21 6.25 6.41 

1.15 0.98 0.94 1.09 1.35 1.57 1.68 1.39 1.42 1.55 

2.12 1.96 1.96 2.25 3.01 3.13 3.69 3.23 3.60 3.79 

1.94 1.79 1.82 2.10 2.89 3.14 3.69 3.35 3.34 3.76 

1.06 0.98 1.00 1.22 1.62 1.80 2.11 1.93 2.06 2.35 
Biogenic grains 

0.94 0.73 0.71 0.81 1.09 1.08 

0.31 0.30 0.28 0.29 0.47 0.47 

0.57 0.52 0.57 0.74 0.98 1.23 

0.70 0.68 0.78 0.97 1.32 1.44 

0.35 0.31 0.28 0.34 0.40 0.42 

0.62 0.57 0.54 0.59 0.70 0.65 

0.52 0.42 0.43 0.49 0.65 0.71 

0.36 0.28 0.28 0.30 0.36 0.38 

0.41 0.42 0.46 0.68 1.55 2.46 

A2-8 

1.41 1.30 1.39 

0.43 0.38 0.50 

1.35 1.21 1.22 

1.76 1.53 1.64 

0.27 0.31 0.31 

0.50 0.59 0.44 

0.68 0.62 0.69 

0.37 0.40 0.43 

4.13 3.75 5.08 

1.65 

0.45 

1.40 

1.86 

0.28 

0.37 

0.84 

0.47 

7.43 

0.26 

0.14 

0.54 

0.73 

5.09 

0.36 

0.11 

0.28 

0.83 

0.75 

0.84 

1.00 

2.59 

2.93 

2.23 

2.61 

0.78 

0.99 

0.98 

0.57 

0.77 

1.55 

2.63 

2.52 

1.02 

8.45 

0.68 

5.24 

5.93 

1.52 

3.54 

3.60 

2.35 

1.72 

0.52 

1.46 

1.90 

0.40 

0.45 

0.86 

0.43 

9.02 

Tm 

0.59 

0.40 

0.18 

0.14 

4.39 

0.94 

0.22 

2.12 

0.01 

1.09 

0.96 

0.85 

1.94 

3.30 

2.16 

3.99 

0.78 

1.30 

Tm 

1.30 

0.50 

1.21 

1.59 

2.66 

2.26 

1.25 

8.04 

0.58 

5.09 

5.92 

1.53 

3.68 

3.78 

2.29 

1.84 

0.57 

1.59 

2.02 

0.38 

0.30 

0.94 

0.48 

10.1 

Yb 

0.48 

0.26 

0.82 

0.60 

4.51 

0.60 

0.35 

0.44 

0.82 

0.97 

0.78 

0.87 

2.28 

2.72 

2.70 

1.82 

0.87 

0.93 

5.55 

Yb 

0.86 

0.51 

0.71 

1.54 

2.78 

2.35 

1.19 

7.99 

0.62 

5.03 

5.68 

1.39 

3.63 

3.76 

2.34 

1.73 

0.51 

1.44 

1.94 

0.22 

0.47 

0.85 

0.52 

10.3 

Lu 

0.24 

0.28 

0.23 

0.29 

4.30 

0.53 

0.18 

0.45 

0.05 

1.06 

0.89 

0.94 

2.76 

2.40 

2.89 

2.51 

0.61 

0.78 

Lu 

1.09 

0.60 

1.00 

1.64 

2.99 

2.69 

1.14 

7.97 

0.68 

5.08 

5.77 

1.63 

3.71 

4.11 

2.40 

2.08 

0.64 

1.67 

2.38 

0.54 

0.39 

1.10 

0.62 

12.7 
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Table A2.3. continues. 

Sample 

vw16a-cmt-l 

vw16a-cmt-2 

vwl6a-cmt-3 

vw16a-cmt-4 

vw19l:H:mt-l 

vw191:H:mt-2 

vw191:H:mt-3 

vw19a-cmt-l 

vw19a-cmt-2 

vw19a-cmt·3 

vw19a-cmt-4 

vw19a-cmt-5 

vw16b-Sl 

vw16b-S2 

vw19b-test 

La Pr Nd Sm Eu Gd Tb Dr Ho Er Tm Yb 

CFAcement 

0.'13 0.38 0.35 0.34 0,43 0.56 0.49 0.38 0.46 0.40 0.42 0.35 0.30 

0.92 0.86 0.95 1.16 1.65 1.72 2.08 1.74 1.95 2.13 2.17 2.09 2.40 

1.09 0.98 0.97 1.02 1.26 1.49 1.55 1.51 1.61 1.53 1.62 1.70 1.69 

0.30 0.28 0.29 0.28 0.31 0.45 0.27 0.37 0.31 0.23 0.22 0.30 0.28 

4.'19 4.22 4.38 5.13 6.97 7.19 8.60 8.06 8.40 9.01 8.34 8.56 7.76 

0.17 0.15 0.14 0.14 0.18 0.20 0.14 0.20 0.21 0.17 0.21 0.26 0.22 

1.57 1.23 1.23 1.46 1.82 2.16 2.39 2.12 2.21 2.64 2.26 2.23 2.04 

0.75 0.55 0.57 0.71 0.87 0.98 1.25 0.98 1.07 1.18 1.23 1.22 1.26 

0.73 0.62 0.62 0.74 0.89 0.98 1.14 0.99 0.95 1.03 0.95 0.94 0.96 

1.05 1.01 0.97 1.10 1.35 1.48 1.55 1.37 1.51 1.56 1.65 1.35 1.52 

0.14 0.13 0.14 0.14 0.17 0.16 0.16 0.19 0.19 0.13 0.18 0.11 0.17 

0.20 0.19 0.22 0.22 0.25 0.31 0.34 0.31 0.28 0.23 0.26 0.27 0.25 

MISC. 

0.84 0.89 1.00 1.18 1.66 1.94 1.97 1.75 1.97 1.96 1.89 1.87 

0.27 0.33 0.57 0.70 1.34 2.07 2.70 2.74 3.40 4.44 4.13 4.15 

0.84 0.82 0.74 0.74 1.03 1.99 0.91 0.87 1.02 1.01 1.16 1.89 

1.87 

4.42 

1.99 

3. BOMGAT, HOEDJIESPUNT 

Sample La Pr Nd Sm Eu Gd Tb Dr 

bl-cmt-l 

bl-cmt-2 

bl-cmt·3 

bl-cmt-4 

b2-cmt·lcfa 

b2-cmt-2cfa 

b2-cmt-3cfa 

b3-cmt·l 

b3-cmt-2 

bl-cmt-3 

b3-cmt-4 

CFAcement 

0.84 0.63 0.51 0.66 1.07 0.99 0.73 0.97 0.65 

0.47 0.44 0.40 0.46 0.56 0.65 0.59 0.51 0.39 

0.58 0.49 0.52 0.53 0.74 0.80 0.90 0.91 1.13 

0.76 0.68 0.63 0.68 0.81 0.85 0.70 0.64 0.65 

0.77 0.66 0.64 0.73 1.05 2.03 1.31 1.37 0.93 

0.25 0.23 0.23 0.24 0.36 0.74 0.34 0.39 0.36 

0.34 0.30 0.31 0.33 0.48 0.67 0.52 0.50 0.46 

1.27 0.62 0.48 0.53 0.43 0.39 0.65 0.52 0.75 

0.32 0.22 0.24 0.32 0.38 0.21 0.46 0.30 0.43 

0.80 0.76 0.69 0.66 0.'15 0.48 0.43 

3.22 3.20 3.65 4.45 6.24 6.56 7.96 7.17 7.78 
Biogenic grains 

0.09 0.07 0.06 0.07 0.06 0.07 

0.08 0.06 0.05 0.05 

Ho 

0.60 

0.49 

1.04 

0.59 

1.12 

0.41 

0.46 

0.94 

0.44 

0.19 

8.20 

Er 

0.51 

0.45 

0.98 

0.53 

0.88 

0.30 

0.47 

1.06 

0.45 

8.16 

Tm 

0.74 

0.98 

1.31 

0.24 

2.04 

0.43 

0.73 

0.91 

0.25 

8.22 

Yb 

1.18 

0.66 

0.90 

0.81 

1.74 

0.51 

0.61 

1.24 

0,43 

0.44 

8.43 

0.03 

0.04 

b3-bio-l 

b3-bio-2 

b3-bio-3 

b3-bio-5 

b3-bi0-6 

0.40 0.30 0.31 0.38 0.34 0.25 0.53 0.31 0.43 0.47 0.45 0.17 0.33 

0.26 0.22 0.21 0.23 0.22 0.13 0.29 0.19 0.28 0.22 0.23 0.07 0.22 

7.34 4.97 5.25 6.25 7.39 8.14 10.3 8.93 10.2 11.3 10.8 10.48 10.4 

... ALUMINIUM PHOSPHATES 

Sampk La Pr Nd Sm 

kr204-cmt-l 

kr204-cmt-2 

kr204-cmt-3 

kr204-cmt-4 

3.20 3.23 3.44 3.00 3.70 

1.49 1.50 1.65 1.40 2.07 

2.10 2.30 2.70 2.26 3.85 

1.% 1.80 2.92 1.84 2.96 

A2-9 

Eu Gd Tb Dr 
6.23 3.18 3.52 4.70 

4.24 2.78 3.23 3.03 

5.92 3.21 4.88 5.21 

3.86 2.74 3.07 3.15 

Ho 

2.86 

2.41 

3.85 

2.66 

Er 

3.66 

3.51 

3.73 

2.89 

Tm 

7.79 

4.54 

4.92 

2.92 

Yb 

7.35 

6.05 

4.99 

3.68 

Lu 

0.43 

2.54 

1.74 

0.34 

8.58 

0.17 

2.50 

1.33 

0.96 

1.83 

0.32 

0.38 

1.89 

5.18 

2.81 

Lu 

0.86 

0.53 

1.74 

0.50 

2.35 

0.80 

0.78 

1.29 

0.36 

9.13 

0.38 

0.11 

11.3 

Lu 

9.18 

8.70 

5.23 

3.04 
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Table A2.3. continues. 
5. OFFSHORE PHOSPHORITESfPHOSPHATES 

Sample La Ce Pc Nd Sm Eu Gd Tb Dr Ho Er Tm 
3703-1-c.fa-3 5.96 4.88 5.10 4.57 5.79 7.10 4.99 4.25 5.24 5.42 

3.13 

0.94 

0.69 

0.80 

40.9 

27.5 

37.9 

42.2 

4.45 

1.17 

0.99 

1.13 

1.08 

1.28 

1.06 

4.43 

2.23 

5.35 

2.19 3703-1..cfa-4 1.25 1.05 1.08 1.10 1.59 1.69 3.08 2.B7 3.06 

3700-3..cfa-1 

3700-3..cfa-2 

3700-3..cfa-3 

mjm025gtd..cfa-1 

mjm025gtd..cfa-2 

mjm025gtd..cfa-) 

mjm025gtd..cfa-4 

mjm025gN..cfa-l 

mjm025gN..cfa-2 

mjm025gN..cfa·) 

mjmb25d-cmt-l 

mjmb25d-cmt-2 

mjmb25d-cmt-3 

mjmb25d-cmt-4 

1.05 0.87 0.82 

0.96 0.83 0.80 

0.96 0.84 0.81 

18,4 11.9 10,4 

16.9 10.5 9.1 

22.1 14.2 12.6 

20.0 l·M 13.5 

2.n 2.00 1.69 

2.22 1.98 1.79 

2,42 2.22 2.52 

1.41 1.24 1.04 

1.36 1.22 0.99 

1.35 1.32 1.08 

1.36 1.51 1.03 

0.89 0.79 

0.83 0.95 

0.88 0.90 

12.0 15.0 

10.3 12.2 

14.4 16.1 

15.6 19.5 

1.95 2.18 

2.05 1.44 

1.87 1.65 

1.21 1.27 

1.09 1.09 

1.17 1,.41 

1.16 1.23 

0.81 0.73 0.79 0.74 0.71 0.44 

0.70 0.99 0.73 0.84 0.63 0.44 

0.86 0.80 0.63 0.93 0.74 0.67 

23.1 29.9 27.8 33.7 39.B 40.7 

16.7 22.7 20.0 23.5 26.9 26.5 

23.0 31.8 2B.6 33.6 39.0 38.1 

27.2 33.6 32.5 37.7 41.3 39.9 

1. 90 3.37 3.06 3.69 4.46 3.B4 

1.09 0.11 0.70 0.14 

0.10 0.21 0.65 1.24 0.11 

1.80 1.08 1.03 1.02 1.25 1.75 

1,.43 1.13 0.B3 1.25 1.18 1.84 

1.68 1.05 1.19 1.20 0.97 1.35 

1.76 1.44 1.32 1.20 1.16 1.52 

Table Al.4. Phosphorite and phosphate samples showing the indices Ce/Ce*. EulEu*, LulLa, 
ErfNd, SmlNd and LREEIHREE. 

1. GRAVEL MEMBER, LANGEBAANWEG 

Sample 

vwOl-pph-1 

vwOl-pph-2 

vwOl-pph-3 

vw02-pph.l 

vw02-pph-2 

vw02-pph-3 

gmOI-pph.I 

gmOI-pph-2 

gmOI-pph-3 

gm02-pph-l 

gm02-pph-2 

gm02-pph-3 

gm02-pph-4 

gm03-pph-1 

gm03-pph-2 

gm03-pph-3 

gm04-pph-1 

gm04-pph-2 

gm04-pph-3 

gm02-psh-1 

CelCc'" 

0.96 

0.95 

0.91 

0.98 

1.08 

0.96 

0.93 

0.93 

0.98 

0.96 

0.87 

1.06 

0.85 

1.03 

0.98 

0.88 

0.97 

0.96 

1.01 

EulEu'" (Lu/La)n (ErlNd)n 

Peloidal grains 

0.76 1.16 1.55 

1.04 3.09 2.47 

0~9 1,4 1,46 

0.49 0.54 0.36 

0.67 0.22 0.47 

0.01 0.02 0.11 

4.21 2.47 

0.96 1.26 1.24 

0.91 1.26 1.21 

1.05 1.63 1.3 

0.99 1.83 1.54 

0.95 1.37 1.52 

1.72 1.64 0.86 

0.77 19.69 6.99 

1.06 1.85 1.47 

1.08 8.11 3.13 

0.79 1.7 1.67 

0.94 1.72 1.57 

0.98 3.7 2.85 

Biogenic grains 

1.21 1.2 1.29 

A2-10 

(Sm/Nd)n LREEIHREE 

1.19 0.48 

1.24 0.26 

1.19 0.45 

0.71 1.07 

1.06 1.1 

0.8 1.93 

1.71 0.22 

1.28 0.42 

1.24 0.43 

1.34 0.39 

1.36 0.36 

1.25 0.4 

1.21 0.47 

2.11 0.08 

1.33 0.35 

2.04 0.17 

1.34 0.37 

1.35 0.36 

1.67 0.22 

1.16 0.42 

Yb 

4.61 

2.43 

1.07 

0.96 

0.81 

36.9 

26.7 

)7.6 

38.2 

4.20 

1.44 

2.07 

1.17 

1.18 

1.53 

1.15 

Lu 

3.62 

2.45 

0.59 

0.89 

0.87 

38.6 

27.6 

39.1 

39.7 

4.03 

UO 
1,.49 

1.24 

1.62 
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Table AlA. continues. 

Sample CelCe* 

vwOl-cmt-1 

vwOl-cmt-2 

vwOl-cmt-3 

vw02-cmt-1 

vw02-cmt-2 

vw02-cmt-3 

gmOI-cmt-l 

gmOl-cmt-2 

gmOl-cmt-3 

gmOI-cmt-4 

gmOI-cmt-5 

gmO l-cmt-6-darkrim 

gmOl-cmt-7-darkrim 

gm02-cmt-1 

gm02-cmt-2 

gm02-cmt-3 

gm03-cmt-4 

gm03-cmt-5 

gm03-cmt-6 

gm04-cmt-1 

gm04-cmt-2 

0.98 

0.94 

0.96 

1.01 

1.01 

1.02 

I 

0.97 

0.91 

0.96 

0.93 

1.02 

1.04 

1.02 

0.99 

0.99 

0.93 

1.06 

1.01 

0.13 

0.96 

0.92 

EuIEu* 

0.78 

1.3 

1.29 

0.97 

0.42 

0.3 

0.4 

0.91 

0.92 

0.02 

0.37 

0.95 

0.55 

1.24 

1.13 

1.36 

0.97 

1.3 

1.13 

4.83 

0.96 

0.79 

(LulLa)n 

CFA cement 

2.87 

2.1 

1.5 
0.58 

0.31 

0.37 

0.26 

0.31 

1.27 

0.42 

0.32 

0.29 

0.04 

1.26 

1.25 

1.04 

1.73 

1.42 

1.77 

0.61 

0.85 

0.9 

(ErlNd)n 

2.26 

1.91 

1.45 

0.53 

0.33 

0.2 

0.64 

0.93 

1.43 

0.33 

0.22 

0.21 

0.66 

0.97 

1.06 

1.05 

1.08 

1.02 

1.07 

0.49 

1.04 

1.09 

1. PELLETAL PHOSPHORITE MEMBER, LANGEBAANWEG 

vwI6a-pph-1 

vwI6a-pph-2 

vwl6a-pph-3 

vwI6a-pph-4 

vwI6a-pph-5 

vwI6a-pph-6 

vwI6a-pph-7 

vwI6a-pph-8 

vwI9b-pph-1 

vwI9a-pph-1 

vwI9a-pph-2 

vwI9a-pph-3 

vwI9a-pph-4 

vw16b-pph-1 

vwI6b-pph-2 

vwI6a-psh-1 

vwI6a-psh-2 

vwI6a-psh-3 

vwI6a-psh-4 

vwI6a-psh-5 

CelCe'" EulEu· (ErlNd)n 

0.91 

0.99 

0.91 

0.97 

0.9 

0.98 

0.96 

1.05 

0.84 

1.03 

1.02 

0.94 

0.96 

0.95 

0.95 

0.88 

1.02 

0.92 

0.92 

0.98 

1.07 1.21 

1.09 1.82 

1.7 

0.93 1.9 

1.04 1.52 

0.93 1.99 

1.04 1.15 

1.13 2.92 

0.95 1.54 

0.95 1.44 

0.9 1.61 

1.04 1.42 

0.93 1.75 

0.95 2.12 

0.97 2.27 

Biogenic grains 

0.87 2.21 

1.05 2.08 

1.06 2.94 

0.94 3.4 

1.26 1.57 

A2-11 

1.19 

1.73 

1.59 

1.63 

1.39 

1.76 

1.09 

1.83 

1.85 

1.22 

1.41 

1.39 

1.57 

1.72 

1.92 

2.11 

1.81 

1.96 

1.96 

1.19 

(Sm/Nd)n LREElHREE 

1.52 

1.2 

1.1 

1.03 

0.86 

0.95 

1.08 

0.92 

1.27 

0.74 

0.61 

0.67 

1.01 

1.23 

1.23 

1.07 

1.14 

1.32 

1.23 

1.09 

1.36 

1.22 

0.26 

0.33 

0.39 

0.8 

1.12 

1.16 

0.96 

0.78 

0.4 

1.33 

0.99 

1.14 

1.3 

0.47 

0.42 

0.5 

0.42 

0.42 

0.42 

0.82 

0.5 

0.47 

(Sm/Nd)n LREEIHREE 

1.19 

1.32 

1.2 

1.35 

1.25 

1.29 

1.21 

1.5 

1.39 

1.31 

1.43 

1.24 

1.34 

1.37 

1.33 

1.34 

1.62 

1.32 

1.36 

1.19 

0.47 

0.36 

0.38 

0.35 

0.39 

0.35 

0.5 

0.29 

0.4 

0.43 

0.38 

0.4 

0.35 

0.32 

0.3 

0.3 

0.37 

0.27 

0.27 

0.54 
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Table MA. continues. 

Sample CelCc* EulEu* (LulLa)n (ErlNd)n (SmlNd)n LREElHREE 

vwI6a-psh-6 0.99 1.09 0.63 0.77 1.18 0.73 

vwI6b-psh-1 0.89 1.07 2.13 1.76 1.33 0.34 

vwI6b-psh-2 0.87 1.04 1.7 1.43 1.17 0.39 

vwI6b-psh-3 0.97 0.86 30.77 13.35 2.3 0.05 

CFA cement 

vwl6a-cmt-1 0.98 1.22 1.23 1.25 0.51 

vwl6a-cmt-2 0.92 0.92 2.75 1.87 1.43 0.29 

vwl6a-cmt-3 0.95 1.06 1.59 1.58 1.23 0.37 

vwI6a-cmt-4 0.94 1.53 1.11 0.8 1.13 0.53 

vwI9b-cmt-1 0.95 0.92 1.91 1.62 1.36 0.34 

vwI9b-cmt-2 0.98 1.2 1.02 1.44 1.28 0.44 

vw19b-cmt-3 0.88 1.02 1.6 1.55 1.25 0.36 

vwI9a-cmt-l 0.84 0.92 1.79 1.74 1.23 0.33 

vwI9a-cmt-2 0.92 0.96 1.31 1.27 1.2 0.41 

vwI9a-cmt-3 I 1.02 1.75 1.49 1.22 0.4 

vwI9a-cmt-4 0.94 0.98 2.29 1.21 1.16 0.46 

vwI9a-cmt-5 0.91 1.04 1.87 1.2 1.16 0.41 

MISc. 

vw16b-SI 0.96 1.07 2.26 1.59 1.4 0.33 

vw16b-S2 0.79 1.03 18.99 5.93 1.92 0.1 

vwl9b-test 1.04 2.06 3.33 1.55 1.38 0.31 

3. BOMGAT, HOEDJIESPUNT 

Sample CelCe'" EulEu· (LulLa)n (ErlNd)n (Sm/Nd)n LREElHREE 

cement 

bl-cmt-I 0.93 1.1 1.03 0.77 1.62 0.51 

bl-emt-2 1.12 1.11 0.98 1.23 0.45 

bl-cmt-3 0.89 0.98 3 1.83 1.38 0.29 

bl-cmt-4 0.98 1.12 0.66 0.78 1.2 0.65 

b2-cmt-lefa 0.94 1.72 3.04 1.21 1.45 0.28 

b2-cmt-2efa 0.95 2.13 3.18 1.23 1.48 0.31 

b2-emt-3efs 0.9 1.35 2.3 1.43 1.45 0.34 

b3-cmt-1 0.7 0.72 1.02 2 0.8 0.43 

b3-cmt-2 0.8 0.49 1.12 1.42 1.18 0.44 

b3-cmt-4 0.93 0.92 2.83 1.83 1.4 0.29 

Biogenic grains 

b3-bio-3 0.84 0.57 0.94 1.19 0.9 0.52 

b3-bio-5 0.93 0.5 0.43 1.02 0.96 0.65 

b3-bio-6 0.79 0.92 1.53 1.72 1.18 0.34 

4. ALUMINIUM PHOSPHATES 

Sample CelCe* EulEu· (LulLa)n (ErlNd)n (SmlNd)n LREEIHREE 

kr204-cmt-1 0.97 1.81 2.87 1.22 1.23 0.34 

kr204-cmt-2 0.96 1.75 5.85 2.51 1.47 0.21 

kr204-cmt-3 0.96 1.68 2.49 1.65 1.7 0.32 

kr204-cmt.-4 0.74 1.36 1.55 1.57 1.61 0.41 

A2-12 
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Table AlA. continues. 

5. OFFSHORE PHOSPHORITESIPHOSPHATES 

Sample CelCe· EulEu· (LuILa)n (ErlNd)n (SmlNd)n LREElHREE 

3703-J-cfa-J 0.98 0.94 1.38 1.23 1.2 0.43 

3703-I-cfa-3 0.88 1.32 0.61 0.97 1.27 0.58 

3703-I-cfa-4 0.9 0.73 1.96 2.04 1.45 0.26 

3700-3-cfa-1 0.93 1.06 0.56 0.8 0.89 0.65 

3700-3-cfa-2 0.95 0.73 0.92 0.76 1.16 0.64 

3700-3-cfa-3 0.95 1.02 0.9 0.84 1.02 0.62 

mjm025gtd-cfa-1 0.82 1.03 2.09 3.32 1.25 0.22 

mjm025gtd-cfa-2 0.81 0.96 1.63 2.62 1.19 0.27 

mjm025gtd-cfa-3 0.82 0.96 1.77 2.71 1.12 0.26 

mjm025gtd-cfu-4 0.87 1.02 1.99 2.64 1.25 0.25 

mjm025gN-cfa-1 0.9 0.68 1.45 2.29 1.12 0.32 

mjm025gN-cfa-2 0.99 0 0 0.07 0.7 2.04 

mjm025gN-cfa-3 0.9 0.1 0 0.06 0.88 2 

mjmb25d-cmt-l 1.01 1.53 1.27 1.04 1.05 0.51 

mjmb25d-cmt-2 1.03 1.29 1.09 1.09 I 0.5 

mjmb25d-cmt-3 1.08 1.36 0.92 0.83 1.2 0.55 

mjmb25d-cmt-4 1.26 1.32 1.19 1.06 0.51 

A2-13 
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AJ. x- ray diffraction 

The following section contains selected XRD profiles obtained from the analysis of the 
phosphate rocks, phosphorites and phosphatic sands. The major peaks have been 
identified and labelled in the figures. 
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Figure Al.l. XRD profile obtained from the preferred orientation of minerals in the Gravel 
member sample VW43. 

The diffractograms indicate that the samples contain predominantly quartz and francolite 
(CF A). Feldspar is also present but as a minor component. No attempt was made to 
determine the clay mineral assemblage. The most likely provenance of the quartz in the 
sediments is the underlying Elandsfontyn Formation and Table Mountain Group 
sandstones (TMS). 
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Figure Al.l. XRD profile obtained from the preferred orientation of minerals in Pelletal 
Phosphorite sample vwl-l. 72-psh. 
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A4. Pbotomicroscopy 

?hosphorite and phosphate rock thin scctioll5 were examined and photographed using the 

photomicroscope Jacilit)' housed within the Department of Geological Sciences. Scle<:ted 

sediment samples were photographed using the ph01omacroscopc facility housed ",ithin 

the Department of Archaeology. 

A4.1. Results 

The follo\\>ing pages contain the photominographs of various pho~phori'" samples. The 

photomicmgraph~ document the mineralogy and the texture ofthc various components of 

the phosphorite rock samples. The phosphorite rock samples inclwk samples taken from 

the basal Gravel memher and Pelletal Phosphorite member at Langebaanweg. Other 

pho~phoritc samples include the Bomgat (IIoedjiespunt) phosphrnite, Konstahelkop and 

Kreefte Ba)· samples and off~hore phosphorites. 
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A4.2 Varswater Quarry (Langcbaanneg) 

A.4.2.1 The Basal Gravel Mcmhn 
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FiguIT A4.1. Sample VW49 has a pale brown. tine grained matrix. The sample is composed of 
predominantly subrounded to ffil1J1ded qunrtz grains. The highly variabk CF A matrix suggests 
possihle reworking and re-pho.phatisation of the sample. In general Gravel member samples are 
composed of different intracla5U. (a) Sample VW49 under platlC_polarised light (1'I'L) (b) 
Sample VW 49 under eross polarised ligh! (XPI.), note the pseudo-i."tropic properties oftbc 
carbonate fluorapatite. 

Figure A4.2. Sample VW49. (a) showing the poorly sorted nature [)fthe sample. the occurrence 
of phosphorite peloid. (b) ftIld the occasional phosphatised sbellli"agmcnL Pho,p~ati"ed shell 
fragments in Gravel member samples are extremely rare (photomicrograph taken in plane­
polarised light). 
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FiguIT A4.3. Sample VW49. showing a phosphorite peloid (Pph) with an inchldcd quartz grain. 
The peloid is structliI'Clcs~. According to Middleton (2000) benthic foraminifera also appear as 
nuclei for phosphorite peloid,: however this may l>e limited to phosphorites from the Pellewl 
Phosphorite member. (photomicrograph taken in plane-polarised light). 
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A.4.2.2 The relletal Phu~phoritc \lembcr 

(al 

Figure A4.5 Sample VW19 sbo,",ing: W:~~::::~:f~:"::'~:::':~~:';ii~,!:,';::~!' and quartl. 8et 
within a fine cement ofCfA (phrnomicmgraph taken i light). 

Figure A4.6 Sample VWl6(a) 8howing a phosphat;=! shell fragment (I'Sh) (b) and pho_'phonte 
peloids (pbolomicrograph laken in plane-polari_,~d light). 
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A4.3 Bomgat (Hol-djicspunt) 

Figure A4.7. Sarnpl~ B 1 is charactcri,oo by an ~Xlrt:mcly tin~"grai ned hom()gen()l1S. light br()wn 
CFA mattix. D\~ sample sh()ws biogcnic grains, (a) gastropod (b) bivalv~ shell fragm~nt 
(ph()tomicrograph takcn in pjaJl~"polarised light). 

A4A Phosphorite- nodules from offshort' South Africa 

}"jgurc A4.8. Sampl~ Mjm3 is a Group A phosphoritc and characteris~d by an ex(remel} fin~· 
grain~d homogcoou". light brown oolkJphan~ matrix. Dlc min~'!"a1s prc",,-,ni are dt:lrital quartl, 
mica and fddspar. Pyrite is also present (ph()t()micrograph taken in plan .... polari",d lighl). 
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fi~urc A4.9. Sample J700· 3 can be classitled as a Group B phosphorite or a glauco-phosphorite. 
The sample is characterised by predomin""tly authigenic glauconite (20 - 35%) ""d detrital 
quartz (J5 - 40"/ .) set within a eFA cement Other mineral phases pres.ent are feldspar. calcite 
and po"ibly pyrite (photomicrograph taken in plane-polarised light). 

F;~~~;~~~;.~::i~: Mjm025(h) can be cbssifio:! as a Group n phosphorite. The sample 
c I detrital qUart7, minor amounts of glauconite set within a fine p,eudo-i",tropic C"F A 
matrix (phol<lmicrograph taken in plane-polarised light)_ 
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Figure A4.11. Sample Mjm028, Group E phosphorite with dclrit.al quartz and feldspar g.rains. 
According to Mulabi,ana (1998) the type E phosphorite. show wcll def.neci layering 
(photomicro!¥aph taken in plane-polarised light)_ 

Figure A4.12. Samp,," Mjrn010 can be classilied as a Group F phosphorite_ Group F 
phosphorites are characterised by fine-grained fibrou, carbonate fluorapatite. and characteristic 
bone honeycomh texture (photomicrogrnph taken in planc_polari'cd light). 
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A.4.S Aluminium phosphate (Kreefle Bay and Konstabelkop) 

figu"" A4.13. Sample Kol shows a typical pale brown, ]]l I 
IInder plane-poiari""d light and (b) Sample Kolllnder cros. polarised light 
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AS. Scanning electron microscope (SEl\n 

In order to docwnentthe surface textures and features of specific phosphorite grain-types 
(PSh. Pph. and bllt') and selected phosphorite mck samples, the LeT Electron 
Microscope Unit's SFM (scanning eketrun microscOlX) facility housed within the R.W. 
Jatn('s Building was used. 

AS.I. Sample p .. epandion 

Thc sample or specimcn is glued to a sample holder or "pose and coated with a thin lay~r 
of conductive material (typically gold or carbon). The gold acts as a conductor thus 
preventing any charge hllild up at the point of analysis. After the initial preparation the 
sample is placed in th~ SFM vacUWTI chamber and the e1e"iron gun is s"itch~d on. The 
high-resolution morphological images are obtain~d from th~ ~mission of s~condary 
c1eetron~. 

AS.2. Results 

Th~ following pages eonlain the scanning electron microscope (SEM) photographs of 
variOllS phosphorit~ 'mlTIples. The SFM ph!l\ographs docllm~nt exterior surface te~tures 
as well as interior textures of various phosphorite rock samples and individoal 
phosphorite grains. "Jbe phosphorite rock samples include samples taken from the Basal 
Gravel memhcr and Pelletal Phosphorite memhcr. Phosphorite grain types inclllde 
phosphatis~d shell Iragm~nts, phosphatised bone fragments and phosphorite peloids 
(lXllcts). 
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AS.3. SEM Photographs 

AS.3.1 . SEM photographs of peloidal and biogenic phos[lhorite grains from the 
Pelletal Phos[lhorite Member. 

Figure AS.1. SEM photow,pll of "''''ple VWl ..... \ ,h"wjng (~) and (0) ~n """.vic",,- of ~ .mooth, 
sul>rollntkd to rout)ded phosphon,~ I"'lnid WIth <ome <urf:toe pit<, (b) ~ d(,"e-up image- of a 
prominenl C. vil), within lhe pho,phate grain, , t)d (d) , d""e_up 'mage of toc ""oorh ~nd fine 
gtai[led >utfac,,:Th<- ck""-llp iln"W" rkmon,m,,~ that ,he ,urfoce te",me and mterim "f ,he pd"id 
i, compo.ed of v~r)-' fine grillIOO CFA (ptt<lornin",ul), , ubhedral to at)hedro i f""mhte Cl'pul<). 

AS-J 
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nFigure AS.2. SE,"[ photDgraf>h' of a ru.nd·cr",hed pho'phorit" pdrnd from ,ample v\Xit@1.2Om, 
.huwing (a) an <weIView of a crmkd wdl-wumkd ,uoopherical peloid .nd (b) a closc~up imag.- of 
the >1nO<Jth rim and ""!temd)' fine gWncd, oot c:dlTIncly irregular fr~cllllccl interior. 

Figure AS.3. SB."\J photographs of ~ ktnd-cru,kd phu.phuritc pclood from ''''''pic VWl@1.2O<n, 
.hnwing (.) a clooe-up of the intetto< of. poo>phorite pdoid ""d (b) ~ cio>~~up:im2gc of a fuctured 
.u.rf.cc on a pchid SEM photngrnph (~) <how. fine qu:trtZ grain, . et witl:un the "cry fin~ p od 
CPA mattix_ SEM photograph (1)) .hm< ... th~ inttllOt nf th~ peloid, which;' compo,ed of "----th~al 
to _mbhroraJ ~xag""'-'ll fUncnli,,, cty<tab. 
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nFigure A5.4. SEM photog"ph. of .. tnpk 'VW1A3, ,howtng (a) "" oven iN' of an "conga{'" 
.nguhttphoophati • ..d 'hdl~" (PSh), with di.tinctive well rounded eUgc' and (b) a clo,e-up 
im2ge of the micrup;:l{..d, fin~ gmned ,urf*"" t={m. of the gnin. Anheclal to mbh. <lr:ol ("nculi'e 
cry.t".\, ore vi,ibl. in the top le(t cumer of th~ close-up SEM photOW'lph. 

Figure AS.5. SEM photograph' ofumple W'IA3, .howing (a) .n ov='i~ of" phosphati,ed 
,hell fr.gnlent (PSh) and (b) "0 ",·.mew of a he,vil)' eroded pho;pb.ati,cd sh~ll fnlgmen{ (PSh). The 
di,tinctiVt" phty 'hap<" of gmn (b), which ChUKteri ... pho'ph.tt.ed >hell frogm~nt>,i< how~.u 
<euined oIthough th~ grain h .. been eroded and the edges rounded. 
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fragmetll 

_, ,how"'g (a) 
ca'~tywi,htn th~ bo-I. 

Figure A5,7, SEI\[ photogr.ph, of ;ample VW+63, showing (~& b) dme-llp ;'''"g<'s ,within the 
phosphti .. d bone fragment (bne) (from figure A5.4). The ckJ",-~up io:>:.ges:;how the interior surfac .. of one 
of th~ ourn"",,,,,, cavitie, found on the bone fragment. The >lldace texlure i, ¥ery irreguLor, ",ith glot..,)o.r 
"M"'g'''''. . j"h~ iru:gcl:u ,urlKC texture;' cll"ed by the aggreb",tion of nUClon-,ued cry<lab ofJr-.ncoote. 
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Figure AS.S. SJ:!}.! photograph, of the phosphori!~ I<n, ,amp'" VWI9, ,bowing (a, b & c) fine to medium 
graiI=L wen rounded quat'" and pdoid.1 phm;phorite in 1 fine CPA !n1t!:iI and (d). close-up of. quart:. p, 
showing ch=tctm..cic conchoidal fracturing. 
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nFigure A5.9. SEM phologntphs of ,he phosphorite bed O.lls) ,..mple VW"19, ' huwing (.) the 
HTfom ol), fino grain<d natur< "f th< Cl' A c<mmt aru.I !Ix: oct:urtcnIT of C~lhcdt:l.l dolomitt: rhom!>., 
cOliled with CF .... 
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A5.3.2. SEM Photographs of surface ICXlUres on phosphorite~ from the Basal Gravel 
Memher, LllIIgcbaanweg. 

Figure A5.1 O. inte"or of the pho'Ph(><irc rock umple \'\"\!O-3. "howine 
(. & b).n o'-e!v;ew '>.Inple. The phu'phu";l< '~lllpl." marocremee! by 
king poorly ,urted ",,<1 oompa..d of ",.,.-l;nm to fine grained. rounded to well r .... mded <]u..rtz .';'",j", 

,., wid,i" • fine CPA cement. 

Figure ;5:·':'~:':·:~::~i::.:~~~::;~,:~~~~~:~~:r::!.~:':· ~,::;'l:::'::' ~:': :,~~~: ,howing 
(.) a well • c",,-up; c.lI.vitywithin the 
phospbOfile - -, II lo .ubmuod.d to well r",mdee! 
'lnar{' groin' set wi{hln , fine cement of CP.>c. 
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