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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 Pelletal 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 quartz 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 ossicles), 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-ecarth 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 CFA 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 palaeoredox indicator,



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 REESs), 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, O, 8, and Sr) as rare-earth
elements are not an alternative to isotope studies. Further research should attempt to develop
the REE and trace-clement 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 O). 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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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, flucrine-poor apatite

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

Inductively coupled plasma mass spectroscopy

Laser ablation inductively coupled plasma — mass spectroscopy

Layers or beds of generally structureless 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 (0.15mm).

(See Pellet.)

A sedimentary deposit which contains less than 18% P,Os apatite.

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

The process of authigenic and biological phosphate mineral precipitation
(Trappe, 2000).

A marine sedimentary deposit which contains more than 18% PO,
approximately 50% apatite (Bushinsky, 1966; Tankard, 1973; Trappe, 2000)

Phosphorite peloids

parts per million

Phosphatised shell fragments; bioclasts
Scanning electron microscopy
University of Cape Town

X-ray diffraction
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Saldanha (Tankard, 1975).
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V'Wdé4 (Middleton, 2000).
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Diffractogram A was obtained from the analysis of a sample using a
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which makes interpretation difficult. Diffractogram B was obtained using the
zero-background slide. The sample used in both analyses is the same. The
peaks identified are of the carbonate fluorapatite mineral (CFA) francolite.

An outcrop of the basal Gravel member, showing rounded cobbles and pebble-
size phosphorite from the Varswater Quarry, Langebaanweg,. The field of view
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Photomicrograph of vw(1, showing a phosphorite peloid (Pph) containing silt-
sized quartz particles. A 0.1 mm bar is for scale (photomicrograph taken in
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SEM photograph of the interior of a Gravel member phosphorite rock sample
{(VW43), showing (a) an overview and (b) an enlargement of a well rounded,
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characterised by being poorly sorted and composed of medium to fine grained,
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dissimilar CFA cement (Iabelled A, B, C). Cement A is darker in colour, and
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 (lens) at Site VW16 (Field compass for scale).

Photomacrograph of a typical medium grained, unconsolidated sediment from
the Pelletal Phosphorite member (Site VW 1) showing amber-coloured
phosphatised bivalve shell fragments (PSh), phosphorite peloids (Pph) and
quartz. The phosphatised shell fragments have well rounded edgesand a
distinctive platy shape. The quartz grains are generally well rounded to sub
rounded, however fractured grains are also present (x10 magnification).

SEM photographs of sample VW1A3, (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
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SEM photographs of sample VW1A3, showing a (a) phosphatised shell
fragment (PSh), with distinctive well rounded edges and (b) a close-up image of
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Photomicrograph of a typical medium grained, consolidated Pelletal
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Middleton (2000) described the phosphorites as a medium-grained phosphorite
packstone (photomicrograph taken in plane polarised light).
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member (VW16) showing (a) ovoidal phosphorite peloids (Pph) containing a
benthic foraminifer and (b) a coarser phosphorite peloid containing s shell
fragment (photomicrograph taken in plane polarised light).

Photomicrographs of the Hoedjiespunt phosphorite (B1) showing a (8) cross
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XRD profiles of the aluminium phosphates from Posberg Peninsula, showing
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PAAS-normalized REE diagram of the averages of LA-ICP-MS measurements
taken from specific grain types within the Gravel member from the Varswater
Formation (Site VWO01).

PAAS-normalized REE diagram of the averages of LA-ICP-MS measurements
taken from specific grain types within the Gravel member from the Varswater
Formation.

PAAS-normalized REE diagram of the averages of LA-IC-PMS measurements
taken from specific CFA cement within the Gravel member from the Varswater
Formation.

Chondrite-normalized REE diagram of the phosphorite allochems of the Gravel
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 Gravel member has a much higher REE
abundance than PAAS. The shape of the patterns (including the Eu-anomaly) is
similar to that of PAAS,

PAAS-normalized REE diagram of the averages taken from specific grain types
(Pph, PSh, cmt) within the Pelletal Phosphorite member from the Varswater
Formation,

PAAS-normalized REE diagram of phosphatised bone fragments (bne) found
within the Pelletal Phosphorite member from the Varswater Formation. Vw1A3
and vw465 are bulk sediment samples run on the ICP-MS.

Chondrite-normalized REE diagram of the phosphorite allochems of the Pelletal
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 PAAS. The shape of
the patterns (including the Eu-anomaly) is similar to that of PAAS; however
vw16-psh and vwl6-cmt have lower LREE, but higher HREE abundances than
PAAS. Sample vw16-psh is particularly HREE enriched compared to the other
REE patterns.

PAAS-normalized REE diagram of the averages taken from specific grain types
within the Bomgat phosphorite. Sample B1 is a “whole rock™ sample, the
abundance of REE in B1 is significantly less than for cement and bioclasts.
This implies enrichment of REE in some parts of the rock or perhaps dilution of
the sample by quartz.

Chondrite-normalized REE diagram of the phosphatic components of the
Bomgat phosphorites. The patterns show fairly flat heavy REE pattems with
pronounced light REE enrichment, relative to chondritic meteorites. The
patterns also show a significant Eu-anomaly. The B1 sample shows
significantly less REE abundances than PAAS. The shape of the patterns
(including the Eu-anomaly) is similar to that of PAAS; however b2-cmt is the
exception and shows a positive Eu-anomaly.

PAAS-normalized REE diagrams of the () aluminium phosphates and (b)
average from Kreefie Bay.
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Chondrite-normalized REE diagrams of (a) the aluminium phosphates and (b)
average of cement from Kreefie Bay. The Kreefie Bay patterns differ from the
PAAS pattern. The patterns show a positive Eu-anomaly, and an enrichment of
HREE (between Ho and Lu).

PAAS-normalized REE diagrams of selected offshore phosphorites.

Chondrite-normalized REE diagram of selected offshore phosphorites. The
patterns show fairly flat heavy REE patterns with pronounced light REE
enrichment, relative to chondritic meteorites. The majority of the patterns show
a significant Eu-anomaly except for sampie mjmb25d.

Trace-element concentrations in comparison with PAAS for the phosphorite
allochems (Pph), bioclasts (PSh) and CFA cement (CMT) from the Gravel
member, Varswater Formation. The graphs show that (a) Sr, (b)) Uand Y are
notably enriched, whereas V is depleted relative to PAAS. Pb and Th show
normal abundances.

Relationship between Sr and U for the phosphorite allochems (Pph), bioclasts
{PSh) and CFA cement (CMT) from the Gravel member, Varswater Formation,

Relationship between Sr and Lu/La for the phosphorite allochems (Pph),
bioclasts (PSh) and CFA cement (CMT) from the Gravel member, Varswater
Formation. The horizontal axis shows a logarithmic scale. All values in ppm.

Trace-clement concentrations in comparison with Post-Archaesn average
Australion shale (PAAS) for the phosphorite allochems (Pph), bioclasts (PSh)
and CFA cement (CMT) from the Pelletal Phosphorite member, Varswater
Formation. The graphs show that (a) Sr, (b) U and Y are notably enriched
relative to PAAS. Pb and Th show normal abundances.

Relationship between (a) Nb and Sr and (b) Rb and Sr for the phosphorite
aliochems (Pph) and bioclasts (PSh) from the phosphatic sands from the Pelletal
Phosphorite member, Varswater Formation. All values in ppm.

Relationship between Th/U and Sr for the phosphorite allochems (Pph) bioclasts
(PSh) and CFA cement from the consolidated phosphorite from the Pelietal
Phosphorite member, Varswater Formation. All values in ppm.

Relationship between La and Sr for the phosphorite allochems, bioclasts and
CFA cement from the Pelletal Phosphorite member, Varswater Formation. All
values in ppm.

Trace-element concentrations in comparison with Post-Archaean average
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.

Trace-element concentrations in comparison with Post-Archaean average
Australian shale (PAAS) for the offshore phosphorites. The graph shows that
the offshore phosphorites are generally enriched in Zr and U, however 3703-1-
cfais enrichedinZr, V, Th, Pband Y.

Relationship between La vs. Sr for the various phosphorite deposits. The
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.

Relationship between U and Sr for the various phosphorite deposits. The
phosphorites compared are from the Varswater Formation, Bomgat
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Figare 7.28.

Figure 7.26.

Figure 8.1.

Figure 8.2.

Figure 8.3.

Figure 8.4.

Figure 8.5,

Figure 8.6.

Figure 8.7,

Figure A3.1.

Figure A3.2.

Figure A3.3.

Figure A34.

(Hoedjiespunt) and selected offshore phosphorites. The horizontal axis shows a
logarithmic scale. All values in ppm.

Relationship between Pb and Sr for the various phosphorite deposits. The
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.

Relationship between Th/U and Sr for the various phosphorite deposits. The
phosphorites compared are from the Varswater Formation, Bomgat
(Hoedjiespunt) and selected offshore phosphorites. The horizontal axis shows a
logarithmic scale. All values in ppm.

Photomicrograph of the Gravel member phosphorite (Sample VW48) showing
dissimilar intraclasts and cement (labelled A, B). Intraclast A shows darker
coloured CFA cement and tightly packed medium quartz grains. Intraclast B
shows lighter coloured CFA cement with loosely packed medium quartz grains
{photomicrograph teken in plane polarised light).

(a) Photomacrograph and (b) photomicrograph showing the textural and
component similarity between the unconsolidated (Sample VW1a3) and
consolidated phosphorites (VW 16) from the Pelletal Phosphorite member,
Varswater Formation. The photomicro/macrographs show peloidal phosphorite
{Pph), phosphatised shell fragments (PSh) and quartz (Qtz).

Sample B1 is characterised by an extremely fine-grained homogenous, light
brown CFA matrix. The sample shows biogenic grains, (a) gastropod (b)
bivalve shell fragment (photomicrograph taken in plane polarised light).

Relationship between Ce/Ce* and Ew/Eu* for the phosphorites and phosphate
rocks. In general the phosphates and phosphorites show negligible to small
negstive and positive Ce-anomalies, however large positive and negative Eu-
anomalies are noticeable. Anomalies defined relative to PAAS.

Relationship between Ce/Ce® and Lu/La for the phosphorite allochems,
bioclasts and CFA cement from the Varswater Formation.

PAAS-normalized REE diagram of the averages of LA-IC-PMS and IC-PMS
measurements taken from the Pelletal Phosphorite member (vw16 ~ 19) and
Bomgat (B1) samples, respectively. The Pelletal Phosphorite member show

specific grain types. These include peloidal phosphorite (pph), phosphatised

shell fragments (psh) and CFA cement (cmt).

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

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

XRD profile obtained from the preferred orientation of minerals in Pelletal
Phosphorite sample vw1-1.72-psh.

XRD profile obtained from the preferred orientation of minerals in Pelletal
Phosphorite sample vwi-1.90-pph.

XRD profile obtained from the preferred orientation of minerals in Pelletal
Phosphorite sample vw23C (reworked lithochems).
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Figure A3S. Selected XRD profiles obtained from the preferred orientation of minerals inthe A3-2
sub-samples. The grain type investigated is phosphorite peloids.

Figure A3.6. 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 (CFA) (no calcite was
documented). Sub sample vwl3A-pph is for comparison

Figure Ad.1. Sample VW49 has a pale brown, fine grained matrix. The sample is composed ~ A4-2
of predominantly 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 VW49 under plane polarised light (PPL) (b) Sample VW49 under cross
polarised light (3{PL), note the pseudo-isotropic properties of the carbonate
fluorapatite.

Figure Ad.2. 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).

Figure A4.3. Sample VW49, showing a phosphorite peloid (Pph) with an included quartz Ad4-3
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).

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

Figure A48, = Sample VW19 showing well-rounded phosphorite peloids (Pph) and quartz set ~ A4-4
within a fine cement of CFA (photomicrograph taken in plane polarised light).

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

Figare A44.7. Sample B1 is characterised by an extremely fine-grained homogenous, light Ad-5
brown CFA matrix. The sample shows biogenic grains, (a) gastropod (b)
bivalve shell fragment (photomicrograph taken in plane polarised light).

Figure A4.8, Sample Mjm3 is a Group A phosphorite and characterised by an extremely fine- A4-6
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).

Figure A4.9. Sample 3700-3 can be classified as a Group B phosphorite or a glauco- Ad-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).

Figure A4.10.  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).

Figure A4.11.  Sample Mjm028, 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).



Figure A4.12.  Sample Mjm010 can be classified as a Group F phosphorite. Group F Ad-§
phosphorites are characterised by fine-grained fibrous carbonate fluorapatite,
and characteristic bone honeycomb texture (photomicrograph taken in plane
polarised light).

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

Figure A4.14. KR203 is a sample of the weathered, replaced quartz porphyry. The sample Ad9
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).

Figure AS.1. SEM photographs of Semple VW1A3, showing (a) and (¢) an overview of a AS5-2
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 CFA (predominantly subhedral to anhedral francolite
crystals).

Figure AS.2. SEM photographs of a hand-crushed phosphorite peloid from sample AS5-3
VW1@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.

Figure AS.3. SEM photographs of a hand-crushed phosphorite peloid from sample AS5-3
VWI1@1.20m, showing (a) close-up image of the interior of a phosphorite
peloid and (b) close-up image of a broken surface on a 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.

Figure A%4. SEM photograph of sample VW1A3, showing (8) an overview of an elongate, AS-4
angular phosphatised shell fragment (PSh), with distinctive well rounded edges
and (b) a close-up image of the micropitted, fine grained surface texture of the
grain. Anhedral to subhedral francolite crystals are visible in the top left corner
of the close-up SEM photograph.

Figure AS.S8. SEM photographs of sample VW1A3, showing (a) an overview of a A4
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.

Figure AS.6. SEM photographs of sample VW463, showing (a) an overview of a AS-5
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.

Figure AS.7. SEM photographs of sample VW463, showing (a & b) close-up images of voids  A5-3
within the phosphatised bone fragment (bne) (from figure A5.4). The close-up
images show the interior surfaces of one of the numerous cavities found on the
bone fragment. The surface texture is very irregular, with globular aggregates.
The irregular surface texture is caused by the aggregation of micron-sized
crystals of francolite,



Figure AS.8.

Figure AS.9,

Figure AS.10.

Figure A5.11,

Figare AS.12.

SEM photographs of the phosphorite lens sample YW 19, showing (a, b& ¢)
fine to medium grained, well rounded quartz and peloidal phosphorite in a fine
CFA matrix and (d) a close-up of a quartz grain, showing characteristic
conchoidal fracturing.

SEM photographs of the phosphorite bed (lens) sample VW19, showing (a) the
extremely fine grained nature of the CFA cement and the occurrence of
euhedral dolomite rhombs, coated with CFA.

SEM photograph of the interior of the phosphorite rock sample VW0-3,
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 quariz grains set within a fine CFA cement.

SEM photograph of the interior of the phosphorite rock sample VW0-3,
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 fine grained, subrounded to well rounded quartz grains set within a
fine cement of CFA.

SEM photograph of a phosphorite rock sample VW49, showing (a) an overview
of the surface texture of the rock sample and (b) a close-up image of the surface
features. The closg-up image of the phosphorite reveals medium grained,
subrounded to well rounded quartz grains set within a fine cement of CFA. The
quartz grains show conchoidal fracturing,
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THESIS OVERVIEW

The usage of isotopic signatures, elemental abundances, and distribution patterns of
rare-earth elements (REE) and trace-elements has 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
of REE 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.



CHAPTER 1
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 % P,0s, 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%
P»0s) to constitute an economic deposit (Bentor, 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(PO4)sF], chlorapatites [Cas(PO4);Cl]
and the hydroxyapatites [Cas(PO4);OH]. 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 Kauwenbergh, 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:

CalO(P O4)6-x(C03) x(F H OH)2+X'

1.1
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Figure 1.1. Graphical representation of the estimated global abundance of phosphate (metric tons

of P,0Os) 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. Francolite

In general the most abundant variety of CFA in sedimentary rocks is the mineral

francolite (Cayg [(PO4)ex(CO3)] Faux )'. Francolite, in phosphorites and other
sedimentary rocks is generally accepted to possess a cryptocrystalline to microcrystalline
texture. It was initially believed that francohte was an amorphous fluorine-bearing
calcium phosphate material called collophane?, 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; McClellan &
Kauwenbergh, 1980). For instance Altschuler er al. (1952) noted that the unit-cell
dimensions of carbonate apatite were significantly smaller than those reported for
fluorapatite. Francolite is generally defined as a CFA with noticeable amounts of CO,
and crucially more than 1% fluorine (McConnell, 1973; McConnell, 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”.
Dahillite (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-eclements, 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 Snbsﬁtuﬁng ion

Ca“ Na',K', Ag
M§’ Sr’* Ba?*, Cd** Mn**, Zn**
Bi*', Sc3+, Y3+, REE*
u4*
PO ~ COyY, SOF, CrO>
CO,, F*, OH*, AsO>, VO>
SiO+
F OH, CI', Br
02-

Thns is the simplified structural formula for francolite (Trappe, 1998).
2 The term “coliophane” 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 palecenvironmental and dating methods (modified after Trappe, 1998).

1.2.2. Other minerals found in phosphate rocks

Although francolite is the dominant mineral in unweathered marine phosphorites, other
forms of CFA 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 formed 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(PO4)2(OH)sH20], augelite
[AL(PO4)(OHs),] wavellite [AL(PO4)(OH)9 5H,0] and millisite
[(Na,K)CaAlg(PO4)s(OH)s3H20] or other forms of CFA such as whitlockite
(Ca3(P0O4)2), brushite (CaHPO4 2H0) and the more common hydroxyl-rich, fluorine
poor variety of CFA, dahllite [Cas(PO4,CO3)3(OH,F)]. Dabhllite 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-francolite
conversion takes place contemporaneously with direct precipitation of CFA. 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 normally
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-forsterite-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.
80° 0 80° 160°
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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 Southern 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 formed
by the accumulation of bat droppings (guano), whereas insular guano deposits are formed
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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, atolls 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. modern (concretionary) phosphorite occurrences on the Namibian
continental margin and the Peru/Chile continental margin (Summerhayes et al., 1973;
Balson, 1990; Bremner, 1980a; Veeh et. al., 1973; Baker and Burnett, 1988; Glenn and
Arthur, 1988; Piper ef al., 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, 1979a, 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 (1979¢) first noted the close
relationship between the two authigenic minerals of glauconite and CFA 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.

t L i T

Kunsne River

1 2 % %°

Figure 1.8. Phosphate and phosphorite distribution of the South African and Namibian
Continental Shelf (modified after Birch, 1979a). 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 modern 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
(CFA), of which francolite is the most dominant CFA 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 modern (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.



CHAPTER 2
RARE-EARTH ELEMENT GEOCHEMISTRY OF PHOSPHORITES

This chapter presents a short literature review regarding the geochemistry of rare-
carth 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.

2.1. INTRODUCTION

Rare-earth elements include all 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 (IIl) to Ce (IV) and the possible reduction of Eu (III) to
Eu (II) (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 al., 1985a; De Baar ez al,, 1985b; Nath et al,, 1994; Kasten et al., 1998).
According to Wood (1990), Sm and Yb 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 ef al., 1998; Piper, 1974). Other possible inputs include locally
significant contributions from atmospheric dust (aeolian) and hydrothermal vents
(Piper et al., 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 2.1. Schematic diagram depicting the major input and outputs of REE in the ocean
cycle (modified from Rasmussen ef a/.,1998).

REE are derived from the weathering of continental rocks and the implication of REE
fractionation during subaerial weathering has been discussed briefly by Ronov et al.
(1967) and Aubert er al. (2001). According to Piper (1974) fluvial REE signatures
show no pronounced fractionation of Ce (relative to the other REE). The study of
Elderfield et al. (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 al.,
1976; Hoyle et al., 1984; Elderfield et al., 1990). However, a large proportion of
riverborne REE are removed in estuarine or deltaic environments (Martin et al., 1976;
Goldstein and Jacobsen, 1988; Elderfield er al., 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 REE (Martin et
al., 1976). However, according to Leleyter et al. (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 (Sholkovitz, 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 Fe/Mn 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).
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Figure 2.2. Schematic model of REE 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 (II) to Ce (IV), and presence of surface active coatings
on detrital particles. These features lead to fractionation of REE 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
MofTett (1990) the negative Ce-anomaly found in seawater is dependent on microbial
oxidation, followed by preferential scavenging of Ce (IV).
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Figure 2.3. Negative Ce-anomalies in filtered sea water at selected depths in the Pacific
Ocean (De Baar ef al., 1985a).

De Baar et al. (1985b) noted elevated Gd and decreased Tb concentrations in
seawater, which defines Gd/Tb anomalies. According to De Baar er 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 play a 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 (Sholkovitz and Szymczak, 2000).
REE are ultimately removed from the ocean by the burial of REE-coated particles,
particularly Fe/Mn-oxides; clay minerals; REE substituted biogenic phosphates and
REE-bearing authigenic minerals, particularly authigenic apatites (Piper, 1974;
Dypvik and Brunfelt, 1979).

2.3. THE APPLICATION OF RARE-EARTH 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 'immobile’). 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 al., 1998). Piper (1974) documented that the residence times of REE
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 al., 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 al.,
1967; Dypvik and Brunfelt, 1979; Elderfield and Greaves, 1982). The ability of REE
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 (**Nd and
'47Sm) 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, 1980a; 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 (II) can be altered under oxic conditions from Ce (II) 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 (IIl), 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 Ce.
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 palacoredox conditions (Liu er al., 1988; De Baar et al.,
1988; Wright et al., 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-Harkins effect (distinctive saw-toothed pattern), but also helps to
visualize fractionation. Various studies employ different shale normalization, for
instance Wright er al. (1987) normalized their data to the North American Shale
Composite Standard (NASC), whereas others like Rassmussen ez al. (1998) normalize
their data to the Post-Archacan Australian Sedimentary rocks (PAAS). 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 al. (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-Lécuyer et al. (1993) on
REE in biogenic apatites; Watkins ez al. (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); Lécuyer er al. (1998) on the REE
contents of phosphatised brachiopods, Rao et al. (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. “Shale” 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 er al., 1995). The lack of a considerable negative Ce-anomaly is
clearly visible from Table 2.1., given the range of Ce/Ce* values between 1.06 and
0.88. The data set also shows high europium anomaly (EwEu*) values. Sample
N3903 shows an enrichment of Eu relative to the neighbouring REE.
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Figure 2.4. "Shale® type shale-normalized REE distribution patterns in phosphorites (from
McArthur and Walsh, 1984). Locations of samples are shown in Table 2.1.

Table 2.1. Table showing summary of major REE ratios, most notably the Ce/Ce* anomaly
and the Lu/La ratio for the data from McArthur and Walsh (1984). Ce-anomaly (Ce/Ce*)

calculated using the formula Ce/Ce*= 2 Ce/Ceghgles/ (1.8/L85hgles + PI/Prahgles). Eu-anomaly
(EwEu*) calculated using the formula Ew/Eu® = 2 Ew/Eug e/ (S1V/8mgpgtes + Gd/Gdgpgtes).

Samphe Locality CelCe” Ew/Eg* LREE/MHREE (lwlisl (ErNdm (SavNdm ZREE

N3903 Offshore, 1.06 0.90 0.62 095 1.06 1.08 72.55
Namibian
margin

SAIV3IAYTY Onshore, 0.94 0.82 0.31 33 2.64 1.54 5.14
South Africa,
Varswater
Quarry

SA/310 Offshore, 0.88 0.79 0.77 0.82 1.01 1.19 262
South Africa,
Agulhas Bank

PD-18-30-(B1) Offshore, 0.93 0.86 0.73 0.84 1.04 1.09 244
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 LREE/HREE ratio. Values are calculated
and reported as 0.23 — 0.59. HREE enrichment is also expressed by the La/Lu 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.
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Figure 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 2.2. Table showing summary of major REE ratios, most notably the Ce/Ce* anomaly
and the Lu/La ratio for the data from Shields and Stilie (2001). Ce-anomaly (Ce/Ce*)

calculated using the formula Ce/Ce*= 2 Ce/Cegpgles/ (La/Laghales + Pr/Prshales). Eu-anomaly
(EwEu*) calculated using the formula EwEu* = 2 EwEughgies/ (Sm/Smighgies + Gd/Gdghates)-

Sample  Locality Ce/Ce*  Ewkw* LREEMREE (Lulajn (ErNdm  (Sm/Ndm

EREE

M1 Cambrian Phosphorites 0.39 1.03 0.28 1.59 1.87 1.21
from the Maidiping
Section, near Chengdu,
China.

Mi13 Maidiping Section, near  0.30 1.07 0.24 1.85 2.31 1.25
Chengdu, China

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

226 Cambrisn Phosphorites 041 0.54 0.59 0.23 1.19 1.24
from the Meishucun
Section, Kunyang Mine,
China,

19.78

3518

4861

40.42

2.4.3 MREE-enriched 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 (Table 2.3).



Chapter 2: Rare-carth eloment Geochemistry of Phosphorites

SaplePAAS

0.1 ¢ 4 y + . + — ;
La Ce Nd Sm Eu Gd Dy B ¥b

g COu31GbY gr— Cou31Gb2 ~ti~ Coud 1Gb3
i Cou31Ge1 —— CoudiGe2 —o— CouldiGel

Figure 2.6. MREE-enriched patterns or "Hat" type (concave) shale-normalized REE
distributions in Famennian conodonts (Granjean-Lécuyer ef al., 1993). The samples were
taken from the Frasnian-Famennian section near Coumiac in the Montagne Noire area,
southern France.

Table 2.3. Table showing summary of major REE ratios, most notably the Ce/Ce* anomaly
and the Lu/La ratio for the data from Granjean-Lécuyer e al. (1993). Ce-anomaly (Ce/Ce*)

calculated using the formula Ce/Ce*= 2 Ce/Cegngles/ (La/Laghales + Pr/Prghales). Fu-anomaly
(EwEu*) calculated using the formula EwEu® = 2 EwEughges/ (Sm/Smighgtes + Gd/Gdgpates)-

Sample Ce/Ce* EwEa* LREEHREE (laflale (ErNdm (SewvNdm SREE

Cou31Gbl 0.41 1.06 0.36 N/A 0.90 243 2443
Cou3lGb2 0.40 117 0.33 N/A 0.73 1.95 23.13
Cou31Gb3 0.49 1.16 0.34 N/A 096 2.84 2524
Cou31Gel 047 1.23 032 WA 1.06 2.50 17.31
Cou31Ge2 0.40 1.18 0.33 N/A 0.96 2.95 18.69
Cou31Ge3 043 1.20 0.32 N/A 1.01 273 18.03

MREE-enriched patterns are very anomalous in sedimentary phosphates; however a
few phosphates readily yield such patterns. Hoyle er al. (1984) believed that the
distinctive pattern is probably caused by the gaining of the REE signature from
precipitates formed 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-Dilek (1994) suggested that both
algae and bacteria may be responsible for the removal of MREE and thus the
formation of MREE-enriched patterns. Elderfield er al. (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 of MREE 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 REE 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-Lécuyer et al., 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 geochernical tracers;

* REE can be used to assess the origin and depositional environments of modemn
sediments; and

* REE can be used to indicate palasoredox 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 of REE incorporation.
However given the occurrence of untypical REE patterns in much of the literature,
caution should be taken in using REE. REE 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 formulated 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
terms of archaeological and palacontological material. These internationally
recognised sites include the middle Pleistocene archaeological site near Hopefield,
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 (1974a) and Visser & Schoch (1973) and are normally found on the granite
hills north and south of Saldanha Bay (Tankard, 1974a).

Despite the palacontological 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, Varswater 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 afier Dingle, Lord
and Hendey, 1979).

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 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 km
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 km south-south east of
Saldanha, whereas Kreefie Bay is approximately 4 km west of Konstabelkop.
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Figure 3.2. Distribution map for the aluminium phosphate deposits and Bomgat (Modified
after Tankard, 1974a).

3.3. GEOLOGY

3.3.1 General coastal geclogy of the southwestern Cape,

The general geology of the west coast in the vicinity of Saldanha Bay consists of
deeply weathered Precambrian Malmesbury 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,
1981b; 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). 1t 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 without phosphate or carbonate grains and indicate sedimentation
within a meandering river system (Rogers. 1980, 1982). The Elandsfontyn Formation
has been daled using pollen and spore assemblages and on the basis of its foraminiferal
assemblage {Coetzee and Rogers, 1982 Dale and McMillan, 1999).

Carmbo dedmeanty
Cencarir depacaniras [* 10m)
HMemyiptre [ Crffshare|

[ ] Pasogens i0ffsberc)

<

Saldarha &7

A R
Saldanta Bay - A0

Figure 3.3. Distribution map for the Cenozoic and Cretaccous scdiments of the soutimvestern
Cape coastal platform (Modificd after Rogers, 1980).

According lo Ceetzee and Rogers (1982) the Elandsfontyn Formation is assigned an
early Miocens age, whereas Dale and McMillan (1999) ascribe a mid Cretaceous age
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to the deposit. Overlymg the Elandsfontyn Formation is the phosphate-rich Varswater
Formation (Hendey, 1974). The Varswater Formation is especially well preserved in
the Varswater Quarry, near Langebaanweg and generally the deposit is unconformably
overlain by the Quaternary Springfontyn, Velddrif and T.angebaan Formations (Rogers,
1980). The Springfoniyn and T.angebaan Formations are primarily aeolian deposits,
whereas the Velddrf Formation is generally considered ito be a littoral deposit
{foreshore environment). composing of coarse-grained shelly sands and shell-coquina
(cold water fauna). The Velddrif Formation is overlain by the Langebaan Formation
{Tankard, 1976; Rogers, 1980). The Saldanha Formation and the Varswater
Formation contain the key onshore phosphate occurrences, particularly from the
phosphorites at Bomgat and Langebaanweg.

3.3.2 The Varswater Formation: The geology of Varswater Quarry

The phosphate deposits at the Varswater Quarry are well exposed due mainly to a
period of commercial phosphate mining, which commenced in 1943 (Hendey, 1981a)
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
remains within the mine area, the site has been very well researched; however the -
strafigraphy at the Varswater Quarry remains controversial. Changes to the
nomenclature of the subdivisions have cansed confusion, although the lithostratigraphy
recogmized in various studies has remamed unchanged (Rogers, 1980). The
stratigraphy of the mine has been described by various authors (Hendey, 1973, 1974,
1976, 1980; Tankard 1974a, 1974b, 1975; Smith, 1971; Dingle et al., 1979; Rogers,
1980 and Middleton, 2000). The expesad geolegic succession at Langebaanweg can
be subdivided into the phosphate-bearing Varswater Formation and the Langebaan
Formation. The Langebaan Fermation (or Calcareous Sand member or Anvskop
member aeolianites) overlies the Varswater Formation (Hendey, 1981a; Dale and
McMillan, 1999). A south-easterly panoramic view showing the stratigraphic
relahionship between the Varswater Formation and the Langebaan Formation at the
Varswater Quarry (West Coast Fossil Park) is shown in Figure 3.4.

Figure 3.4. South-¢asterly panoramic view across the Mine Floor area (modified after
Middleton, 2000},

The Varswater Formation is informally divided into three main units; the basal Gravel
member {(or Konines Viei member), Quartzose Sand member and Pelletal Phosphorite
member {or Muishonds Fontein member) (Roberts, pers. comm. 2000; Rogers, 1980;
Hendey, 1981a; Hendey and Dingle, 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 e al., 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. pattersoni) (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 al. (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

(svsr/“ Sr) of the phosphorite peloids indicate an Early Pleistocene age
(Franscerschini, 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).
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include the overlying uppermost Calcareous Sand member or Anyskop member
aeolianites as a unmit within the Varswater Formation (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 palacontology (i.e. the presence of the pulmonate
dune gastropod, Trigonephrus globulus), lithology and sedimentary structures are
identical to the aeolian Langebaan Formation.

DATES
Hendey Dale and McMillan
1981,1982) (1999)
Lute Plincone
Lite Miscens - Ewly Pliocens Late Pliocene
Ewly Phishcme
Midde-Lute Miccone
m
Hiddes Miccone Midds Cratacasus
EFUEFFELNENFNREWEFREGN VAN NSNS
\\,':’\\\ ,/\\\‘ P t-\ '--
~ N IS Cape Granite Suite
LEGEND
LB/CSM — Lungebsms Fermation/Cslearacw Sund bismber
Gl - Semd Momb
PR = Pollotsl Phwsphovite hlembey
Ghi = Grovel Member

Figure 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
Formation. It consists of unconsolidated, well 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 al. 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, 1977).
Other fossils are also present; including shark teeth, molluscs and the teeth of the late
Miocene horse Hipparion primigenium (Hendey, 1981a, 1981b; Dingle et al, 1979;
Hendey and Dingle, 1983). The vertebrate and invertebrate fossil assemblage is
indicative of warm water conditions, which are believed to be typical sea conditions
during the Miocene (Hendey, 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, 1981a, 1981b).
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Basal Gravel ife

Figure 3.6. .5 to |m thick phosphonte fenses underlain and overlain by unconsolidated
Peligtal Phosphoriie member sediments, The onterop is found within the Mme Floor area and
east of the Westorn High Wall

3.3.3. The geology of Bomgat {Hoedjiespunt)

The stratotype for the Saldanha Formation proposed by Tankard (1975) 1s found
within the Bomgat in the Hoedjiespunt Penimsula (Figure 3.7). it 18 described as the
aceurrence of thin layers of resinous cryptocrystalline and reworked microsphorite
(shell-rich apatite) that resis on the Saldanha quartz porphyry {Tankard, 1975)
Tankard {1975} also describes shell fragments, bryvozoa and foraminifera set within a
collophane (dahllite)/micrite groundmass. The thin (<1m) phosphorite lenses (beds)
nonconlprmably overlie the 600 Ma Hoedjiespunt granite and are overlain itself by
calcarenites and accliamites from the Velddril Formation and Langebaan Yormation.
‘The phosphorite that characterises the Bomgat deposit can be divided into (a) 4 thinly
bedded amber—coloured basal layver and (b) a laver of reworked phosphonte, found in
assaiation with granne boulders and cobbles,
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Figure 3.7. Detailed section of the Saldanha Formation stratotype at Hoedjiespunt. Saldanha
{Tankard, 1973},

Tankard (1975) proposed that the deposits underlving the Varswater Formation.
should be mcorporated into the Saldanha Formation, however, Dingle ef ¢f. (1979)
believed that it is not possible to correlate the stratotype of the Saldanha Formation
wilh any of the horizons within Langebaanweg.

3.3.4. The geology of the deposits at Konstabelkop and Kreefte Bay

The aluminium phosphate deposits of the quartz porphyry hills near Saldanha and the
Posberp Peninsula have generally been overlooked and are understudied.  The
deposits have been briefly documented by Du Toit (1917), Visser & Schoch (1973)
and Tankard (1974b). The alominium phosphate deposits at Konstabelkop and
Kreefte Bay are restricted to the slopes of the quartz porphvry hills of the Saldanha
Quartz Porphyry. In general the outcrops are poor, and occur sporadically about the
quartz porphyry hills (Visser & Schoch, 1973). According to Visser and Schoch
{(1973) the phosphate deposits owe their existence to the phosphatisation of weathered
bedrock (grit, rubble and sand) mixed with guano. N is proposed that organic,
phosphate-rich solutions percolated from guano deposits into the underdying and
surrounding  sediments and pranitic bedrock, whereafier the material became
phosphatised (Visser & Schoch, 1973).

3.4. AIMS AND OBJECTIVES

The objectives of this study were to review the pertinent literature on the geochamical
behaviour of rare-carth elements and trace-elements (U, Th etc) in phosphorites, and
to conduct an investigation into the rare-earth element peochemistry of the phosphate-
bearing sediments of the Varswater Formation (exposed within the Varswater Quarry,
near [angebaanweg), the phosphatised limestones from the Saldanha Formation
(cxposed within the Bomgat cave, near Hoedjiespunt), and the aluminium phosphate
deposits found on the Posberg Peninsula.
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The specific aims of this study were as follows:

Document the petrography and stratipraphy of the phosphorite deposits at
Langebaanwep, Bomgat and the deposits on the Posberg Peninsula.

Determine the geochemistry of the different phosphorite grain types, using rare-earth
clements and ttace-clements and propose possible depositional environments and
diagenetic histories,

3.5, LIMITATIONS AND CONSTRAINTS

The major limitations and constraints of this study are:

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

The mining at Langebaanweg has also increased the risk of comtamination
between the different lithologies (Middleton, 2008).

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

The following chapter presents a briet discussion on the localities investigated, the
sampling techniques wsed and the sampling convention utilised.
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CHAPTER 4
SAMPLING LOCALITIES AND STRATEGY

This chapter includes a brief description on the sampling techniques 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
assigned a sample number. An example is VWd6. In this example VW refers to the
sampling site from which the sample was collected, i.e. VW = Varswater Quarry. The
last twao numbers ditferentiate between samples from the same type laken at different
locations n the same site, lor example VW46 and VW12, Selected samples were also
collected from various exposed mine/quarry faces. These samples can be identified by
the “@" symbol. For example, VWi@1.7%m indicates that the sample is from the
Varswater Quarry, at Site |, and taken from a height of 1.79m {above the base of the
outcrap). For the purpose of this research only samples with appreciable amounts of
phosphorite were further analysed. Additional offshore samples (i.e. Mjm samples
Mulabisana (1998)) were also analysed and are used for comparison to the onshore
samples.

4.2 SEMMMENT/ROCK 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 exposed faces,
which were first cleaned using a trench shovel to obtain an uncontaminated sample.
Appraximately 1 kg of sediment sample was ¢ollected using a iench shovel, stored in a
plastic sampling bag and labelled. Sediment colours were documented according to the
Munsell soil colour charts. Rock samples were taken using a geological hammer, with
care taken to ensure that the samples were unweathered. This is particularly important
fur samples taken from Konstabelkop and Kreefte Bay. The samples were also labelled
and stored in plastic sampling bags.

4.3 SAMPLING LOCALITIES

Samples were collected principally from the Varswater Quarry near Langebaanweg.
Other sample localities include Bomgal, Kreefte Bay and Kemstabelkop,

4.3.1 Varswater (Juarry

Phosphorite rocks and phosphatic sands are well exposed on cut faces within the mine
area. This can be attributed to the period of commercial phosphate mining of the quarry
before 1995, Mining has also increased the risk of contamination of the underlying
phosphate rich sediments of the Varswater Formation by the overlying calcareous sand
of the Langebaan Formation {Calcareous Sand member) {Middleton. 2000). Several
sampling points were identified within the mine area (Figure 4.1).
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Figure 4.1. Map showing a general overview of the surface geology of Varswater Quarry, near
Lanpebaanweg and the distribution of sampling sites.

The expesed sections within the tning are not always ideal, given lack of primary
sedimentary siructures and ambipuous comacts. The mine area does offer pood sections
sich as VWI1/BirdHide near the southern margin of the Dam, within the Spoil Dump
Iic (Figure 4.1). The Rird Hide section exhibits variations within the Pelletal
Phosphorite metmber (Middleton, 2000). The Bird Hide section has been subdivided
into 4 layers, on the basis of the presence or absence of pritnary sedimentary structures
and colour differences (Figure 4.2).

42



Chapter #: Sampiing Strategy and Bationalk

Layers | m . _Gamples Descrigtion of Lithnlagies
2 “W“““‘f' ——-{ el iron rith phasphate (7) sands
B —
e yesllke 10 wihie pihosginaic sands,
i Hide N covered by while talcis preciHsion
il
VW1@4.30m ]
4
YW183.79m massive, pale yelow io pink phoaphatc
s, coverad by whais calchs preciphaion
WHZ322m
YW1 E3.11m
B 3 @
WE2.80m
YWi@2.45m oesnct dark: red dayer of phosphatc sands
paraietlaminaed reddish yeiiow (5YF 6K}
2 W1 21.90m 2y ek alearet
YWAE1.72m .
YWIg13m
1
A YW1 E0.79m
Massiie, reddih yelw (3R B8}
phosphate sants
Vi1 @0.20m
i

Figure 4.2. Strarigraphic column for samples from the Bird Hide (Site VW1) Varswarey
Quarry, Langebaanwey {modified aftet Middletom, 2000).

Layer A represemts the lowermost umit, which is & 1.79 m thick, massive
unconsolidated, reddish vellow (5YR 6/6) phosphatic sand. [aver B is 3 m thick and in
the lowermost 0.20 m has honzontal laminations (Figure 4.3). Overlying the laminated
unit is the laterally persistent and distinctive .3 m thick, dark red coloured unit.
Overlying Layver B is a 2.30 m thick massive pale vellow to white phosphatic sand. The
Bird Hide section is capped by Layer D, a [0 m thick layer that exhibits a mottled
surface texture {vellow {I0YR 8/8) sediments with frequent dark red (10YR 3/8)
patches).
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Figure 4.3, Laminated phosphatic quartzose sand within the Pellctal Phosphorite member at the
Bird Hide sectron VW 1) {Gueological hammer for scale).

At site VW46 in the Histonc Fill site on the north side of the mine, there is a 0.4 m 1o
0.6 m thick conselidated phosphonte bed associated with highly fossililferous medium
grained iron-stained white {10YR 8/1) to pale yellow sediments (Figure 44.). The
sediments contain phosphatised bone fragments (predominantly Sivathere, a short-neck
giraffid) {1lendey, 1982).

(a) {b.)

Figure 4.4. Some features of sampling Site VW46, (a) Phosphatised Sivaifiere jaw bone. (b)
Stvarhere bone fragments within the southern limb of the excavation.

Figure 4.5 provides a schematic diagram indicating the location ol samples relative 1o the
phosphorite bed Figure 4.6 indicates the general outcrop of the phosphorite bed and the
relative positions at which samples were taken TFor the purpose of this research the
phosphorite bed will be referred to as VW16



Chapter 4; Sawnpling Strategy and Rationale

Schematic plan viewof the
Excavation site on the 13th
February 2000

R W

! WG] . Sl Limb

e

o T DR (0] AL
AHT

-
Castan L ma W
B A2m B A AGD

N

& gt

Y AT

takern Lmb

- -

4. 250

=i B TRl RS T L Lo F T

! ; AT BT VB T

Figure 4.5 Schemahe plan view of the excavation at Site VW46 (Middleton. 2000}

Schematic Diagram (Flan Yiew)

Fie WWHY

Mzt Dirgwen to Scale

shewiing the relationship between o
sltes VMG, VWG and VW44 Pul -
’
Shte Vi M m

Excavation Sie ~

15 am pling site VIRLG | LY

b
by

Fipure 4.6, Schemafic Tagram showing fhe spalial relafion among Siles V16,V
VW44 (Middleton, 2000,

W16 and



Chaprer 4: Sampling Yirazeey and Rationale

4.3.2 Bomgat (near Hoedjiespunt)

The Bomgat cave, situated on the Hoedjiespunt Peninsula, provides an excellent
opportunity to study and sample the Hoedjiespumt 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),

Calcrete

Lampebaan Formatien

e

Veldrifi Formatian

Phespharite {rewarked)

% Basal Phespherite Layer

. Hee djiespumt Granive (bedrock)

Figure 4.7, Stratigraphic section of the sediments and rocks exposed at the Bomgat Cave on the
Hoedjiespunt Peninsula, Saldana Bay (Madified after Tankard, 1976).

4.3.3 Kreefte Bay and Konstabelkop

The aluminium phosphate deposits [ound on the Quartz Porphyry hills of the Posberg
Peninsula are poorly preserved and extremely rare (Visser and Schoch, 1973 ) Figure
3.2). In many places the deposits are partly to entirely covered by a thick layer of black
orgamc-rich sgil. The layer of soil also supports a very dense growth of vegetation
which, in addition to the black soil layer, covers the phosphate deposits. The phosphate
from Kreefte Bay was difficult 1o sample given the dense undergrowth and the layer of
black soil; however in situ samples were obtained from a few well exposed ouicrops.
The phosphate from Konstabelkop was easier to sample, because the Konstabelkop
deposit was once mined and as a result adequate outcrop exists. According to Visser
and Schoch (1973). the reason why the deposit was mined was because of two, well-
developed joint systems within the Quartz Porphyry that controlled the distribution of
the deposit. The samples from Konstabelkop and Kreefte Bay are given the sample
labels Ko and KR, respectively. Kreefte Bay samples were taken from two adjacent
hills near Kreefte Bay with samples from hill 1 designated KR10x and samples from
the second hill designated KR20x.
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Table 4.1. List of samples taken from Konstabelkop (Ko) and Kreefie Bay (Kr). The asterisks
(*) indicates sample analysed.

Sample Locality Description

KR201* Kreefte Bay Weathered, yellowish brown, brittle
aluminium phosphate (in situ)

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

KR203 Kreefte Bay Replaced guartz porphyry

KR103 Kreefte Bay Not in situ greyish consolidated phosphate

KR207% Kreefte Bay : Replaced quartz porphyry

Kol Konstabelkop Weathered, yellowish brown aluminium
phosphate

Ko2 Konstabelkop Replaced quartz porphyry

Ko3 Konstabelkop Replaced quartz porphyry
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CHAPTERSS
METHODOLOGY AND ANALYTICAL TECHNIQUES

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 (UCT). The
relationship between the various techniques and the methodology used are described in
Figures 5.1 aand 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 (XRD)

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

For 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).
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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 normally 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. Diffractogram B was obtained using the zero-background quartz slide. The sample
used in both analyses is the same. The peaks identified are of the carbonate fluorapatite mineral
(CFA) francolite.

Rock samples were prepared for XRD by first being crushed and milled into a powder
form. 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 (Cu Kp)

was used at a current of 20 mA 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 diffractograms were analysed using
the Philips X-ray diffraction software, supplied with the X-ray diffractometer to identify
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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.

5.2.2. Scanning electron microscope (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 AS.

5.2.3. Photomicro/macrescopy

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 (UCT). Results are given in Chapter 6 and Appendix
A4.

5.2.4. Inductively Coupled Plasma — Mass Spectroscopy (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. '
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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:/fwww.uct.ac.za/depts/geolsci/icpms/procedrs/bulkrock. html

1. Samples were weighed into clean, Sml Savillex beakers, using the microbalance (a Mettler Toledo
AG245 balance) in the IC-PMS preparation lab (on the first floor of the Department of Geological
Sciences). Approximately 50 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 3™ floor of the Department of Geological Sciences, 4ml of a HF/HNO,
solution was added using a 1-10 ml pipette to each sample.

3. 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 50-60°C.

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

8. 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 st floor preparation lab, 4 ml of internal standard stock solution was added using a 1-10 ml
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 50 mi centrifuge tube.

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

12. In order to create a 1000-fold dilution of the original solid sample, dissolved samples were made up to
50 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 Statistica 6 for further statistical analysis and will be discussed in Chapter
7. Results are shown in the Appendix Al.
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5.2.5. Laser ablation Inductively Coupled Plasma — Mass 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 1SX-200 laser
ablation module that uses a frequence-quadrupled Nd-YAG 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
grain/cement 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 7). Results are shown in Appendix A2.

5.3. DISCUSSION OF METHODOLOGY

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 CFA 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.
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CHAPTER 6
THE PETROGRAPHY AND MINERALOGY OF PHOSPHORITES AND

PHOSPHATIC ROCKS FROM THE STUDIED LOCALITIES

This chapter presents the mineralogy and petrography of the phosphonies and phosphate
rocks from the studied localities. The petrography of the samples was determined using
binocular, scanning electron and petrographic microsecopes. X-ray diffraction patterns
{XED) were used to determine mineralogy and to complement the petrography.

6.1. PETROGRAPHY AND MINERALOGY OF THE VARSWATER
FORMATION, LANGEBAANWEG

6.1.1, The hasal Gravel member

Gravel member samples are pale brown (10 YR §/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
1o sub rounded and pebble to cobble sized (Tigure 6.1). Evidence for periodic reworking
and re-phosphatisaiion includes the presence of notably different phosphatic intraclasts
and phosphatic cement within the sample. The intraclasts range belween rounded io
angular. Samples are generally composed of predominantly (80%) subrounded ilo
rounded guartz grains (Qtz) and occasional phosphorite peloids (Pph} (<15%). Platy
phosphatised shell fragments (PSh) are also present but rare (<1%). The phosphorite
peloids are generally structureless: however they can contain quartz grain nuclei (Figure
6.2).

Figure 6.1. An outerop of the basal Gravel member, showing rounded cobbles and pebble-size
phosphorite from the Varswater Quarry. Langcbasnweg. The field of view is towards the
somrthwest. A 0.30 m geological hammer is for scale,
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Figure 6.2. Photomicrograph of VW01 showing a phosphorite petoid (Ppi) containing silt-sized
quarle particles and quartz grains cemented by CFA. A 0.1 mm bar is for scale (photomcropraph
taken 1n plane-polarised light).

The quartz graing arc bimedal. There is a population of coarse, well to sub rounded
quartz grains (<2.0 phi) and a population of finc {=3 phi} angular quarte grains {Figure
6.3). The different grain types (Pph. PSh, Qtz ctc) are set within a cement of
cryplocrysialline carbonatc fluorapatite {CFA).  The CFA cementl 1s brown io light
brown under plane-polansed light and pseudoisotropic under cross polarised light.

I\'

(@) {b)
Fizure 6.3, SEM photograph of the interivr of a Gravel member phosphorite rock sample
(VY W43), showing (a} an overview and (b) an enlargement of 2 well-rounded, sphencal and pitted
quartz grain. The phosphorite sample (a & b) is characterised by being poorly sarted and
composed of medium to fine gramed, rounded to well rounded quartz grains set within a fine
CFA cemment. Peloids are not present. The scale bar for (1) reads 100 microns and for (b) 20
11iCrons.

The Gravel member samples range between medium-grained quarlzose phosphatic
packstones and wackestoncs. The Gravel member specimens are comprised of dillerent
intraclasts that suggest numerous cpisodes of phosphatization and subsequent reworking

(Figure 6.4.}.
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Figure 6.5. XRD profile obtained from the preferred orientation of mincrals in the Geave] member
sample VW43,

(uartz and francolite {CFA) are the two major minerals identified from a typical Gravel
member XRD diffractogram (XRD profile) (Figure 6.5).
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6.1.2. The Pelletal Phosphorite member

‘The Pelletal Phosphorite member is compoesed of unconsolidated-phosphatic sands and
occasional lenses of consolidated quartzose phosphorites. The consolidated quartzose
phosphorites are generally overlain and underlain by unconsolidated-phosphate-rich
sands {Figure 6.6). The phosphorite lenses are light yellowish brown (2.5Y 6/4) to light
browmsh grey (2.5Y 6/2) in colour and the mean size of the grains is medium sand.

Figure 6.6. Unconsolidated phosphate-rich sediments overlain by a consolidaled quartzosc
phosphorite bed (lens) at Site VW16 (field compass for scale).

Unconsolidated phosphatic sediment samples of the Pelletal Phosphorite member are
moderately sorted to moderately well soried, fine to medium sands, and range in colour
from dark red (10YR 3/8) 1o pale yellow (5Y 8/3), but in general can be described as pink
(7.5YR §/4). The major components of these sediments are quartz grains (Qtz), peloidal
phosphorite (Pph), phosphatised shell fragments (PSh) and occasionally phosphatised
echinoid spines (PEch) (Figure 6.7). Occasional calcareous gramms and opaque heavy
minerals are also present.  The guariz grains appear in a variety of different fonmns,
ranging from well rounded and polished to angular and frosted.

The peloidal phosphorite (Pph) grains are generally medium sands, ovoid in shape.
becoming morc rounded with decreasing grain size. which is opposite to the trend seen
for the quartz grains. Coarse peloidal phosphorite (<2.0 phi) arc less rounded,
ocecasionally pitted and exhibit a variely of different forms, i.c. prolate grains and oblate
graing (Figure 6.8). The peloidal phosphorite grains are generally reddish brown in
colour, opague, and bave polished surfaces. The amber to red coloured phosphatised
shell fragments (PSh) are pencrally translucent and platy in shape, with rounded rims
(Figure 6.9). The morphology and surface texture of the phosphatised shell fragments
reflects the original shell morphology. Another biogenic component within the samples
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15 phosphatised echinoid spincs (PEch).  In terms of the proportion ef components, the
peloidal phosphonite and quarlz gramns are very abundant, whereas the phosphatised shell
fragments are subordinate. Oceasionally phosphatised snd pariially dissolved benthic
foraminifera (typically Elphidium sp.} are present, although extremely rare. Similar to
the Gravel member samples, the very finc quart graing are generally much more angular
than the medium quarts grains. The medium quartz grains are generally well rounded to
rounded. In general these well-rounded grans are fractured, indicating that they have
been reworked prior to deposition.

Figure 6,7. Photomacrograph of a typical medium grained, unconsolidaied sediment from the
Pelletal Phosphorite member (Sitc VW) showing amber-coloured phoaphatised bivalve shell
[ragmenis (PSh). phosphorite peloids (Pph) and quartz.  The phosphatised shell fragments have
well rounded edges and a distinctive platy shape. The quartz grains are generally well rounded to
sub rounded, however fraclured graing are also present (x 10 magnification).

The consolidated phosphorite lenses (beds) consist of fine (o medium sand with medium
to fine, rounded to angular quartz grains {Qnz) {50-70%), ovoidal phosphorite peloids (or
peloids) (Pph) (20-30%). platy phosphatised bivalve fragments (PSh) (15 - 20%) and
trace amounts of opaque heavy minerals (Op) set within a cryptocrystattine cement of
CFA (Figure 6.10), Occasionally, minor amounts of rounded to subrounded feldspar
grains, phosphorite peloids containing benthic foraminifera and lithic fragments are also
present. The guarl grains are bimodal, with angular very fine to {ine sand size (—0.1mm)
guartz graing and rounded coarse to very coarse sand guartz grains (~0.5mm ).

In thin section, the phosphorile peloids. phosphatised shell fragments {PSh} and cement
are pseudo-isetropic, but under plane-polarised light they are generally yvellowish brown
to brown in celour. The phosphorite peloids are structurcless, but can contain
disseminated silt-size angular quarts grains. According to Middleton (2000) one
phosphorite peloid contained a benthic foramimtera (possibly dmmonia sp. or Elphidium
sp.), whereas another contained a very coarse particte of what appears to be a shell
fragment {Figure 6.11). This gives the impression that the phosphorite peleids have
nuclei.
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() il

(b}

Figure 6.8. SEM photographs ol sample VW1 A3, (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 distinetively smooth,

with occasional micropits. The grain is composed predominantly ot microscopic anhedral
crystals of francolite (CFA).
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2A0} i

(b
TFigure 6.%. SEM photogruphs of sample VW I A3, showing (a) a phosphatised shell frapment
{PSh), with distinctive well rounded edges and (b} a close-up image of the pitted, fine grained
surface with anhedral to subhedral lrancolite crvstals.
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Figure 6.10. Photomicrograph of a typical medium grained, consolidated Pelletal Phosphorite
member sample showing laths of phosphatised bivalve shell fragments (PSh), ovaidal phespherite
peloids (Pph) and abundant fractured subreunded to angular quartz grains {(Q12) set within a fine
cemeni of CFA. Middleton (2000) described the phosphontes as a medium-grained phosphorite
packstone (photomicrograph taken in plane-polarised light).

(a) (b)

Figure 6.11. Photomicrographs of typical medium grained., consolidated Pelletal Phosphorite
member (Y W16) showing (a) ovoidal phosphonte peloids (Pph} containing a benthic foraminifer
and (b) a coarser phosphorite peloid containing a shell fragment (photomicrograph taken in plane-
polarised light).

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

The Bomgat phosphorites are made up ol various well to poorly preserved phosphatised
bioclasts (allochems). The bioclasts ure set within a very fine grained phosphatised
micrite/CFA proundmass. 1t is possible to identify some of the bioclasts present. These
include well preserved bryozoan frapments, echinoid fragments (mostly ossicles),
moluse shell frapgments (typically gastropods and bivalves) and oceasional benthic
foraminifers (Figure 6.12 a and b).

(b)
Figare 6.12. Photomicrographs of the Hoedjiespunt phosphorite (B1) showing a {a) cross section
of an echinoid ossicle and {b) a bilurcaling bryozoa set within a fine grained CFA groundmass
{photomicrographs taken in plane-polarised light).
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Figure 6.13.. XRD profile of sample Bl from Bomgat. The identified peaks indicate that the

sample 15 dominated by the mineral Dahllite (D).

XRID analysis of phosphorite from the Bomgat, Hoediiespunt Peninsula indicates that it is
predominantly composed of the mineral dahllite, a fluorine-poor carbonate apatite
(Figure 6.13). It also appears thal there is no dewctable clay or carbonate minerals,
indicating that all of the biogenic carbonate has been phosphatised. According to
Tankard (1973}, some of the Bomgal phosphorites are partially phosphatised and retain
some of the precursor carbonate.

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

The aluminium phosphates from the Posberg Peninsula are a diverse group of
phosphates. The deposits are found in association with the guartz porphyry (Cape
Granite Suite) of the Posberg Peninsula and in the immediate vicinity of Saldanha. The
quartz porphyry consists of K-feldspar, plagioclase feldspar, quartz, biotite and accessory
grains of zircon and hornblende. The aluminium phosphate is discernibie as a weathered
brown, hard phosphatic crust on the quartz porphyry (as found at Konostabelkop and
Kreeftebay) or as an unconsolidated, friable, brown, phosphatic, weathered soil
{Kreeftebay). In general altered feldspar grains are commonly partially phosphatised.
The phosphate is generally found within cracks or fractures.
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Figure 6.14. KR203 15 a sample of the weathered. replaced quartz porphyry. The sample shows
anhedral to subhedral parallel twinned phenocrysts of feldspar set within a groundmass of
anhedral quartz. The aluminium phosphate {orange) 1s found within small cracks. (a) Sample
KR203 under plane-polarised light {(PPL.} (b} Sample KR203 under ¢ross polarised light (XPL).

The following diffractograms were obtained from the analysis of typical atumimum
phosphate from Kreefie Bay and Konstabelkop. XRD analysis of the aluminium
phosphates from the Posberg Peninsula indicates that the phosphate mineral from Kreefte
Bay is varsicitc, whergas the aluminium phosphate of the Konstabelkop samples is
crandallite (Figure 6.15).
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Figure 6.15, XRD profiles of the aluminium phosphates from Posberg Peninsula, showing (a) the
XRD prefile of sample KR201 and (b) the XRD profile of sample Kol. The identified peaks
indicate the following minerals: Var = Varsicite, Cra = Crandallite and Qtz = quartz.



CHAPTER 7
RARE-EARTH AND TRACE-ELEMENT GEOCHEMISTRY

T.1L ANALYTICAL RESULTS

This chapter presents the resulis obtained from the inductively coupled plasma — mass
spectroscopy (ICP-MS) and laser ablation inductively coupled plasma — mass
spectroscopy (LA-ICP-MR). The methed 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 Ce/Cegnaes’ (La'Lashaes + Nd/Ndshaes). Europium anomalies are calculated
as Ew/Eu* = 2 Euw/BEugae (Sm/SMnge: + Gd/iGdague). FwEu* values less than 0.95
indicate depletion, whereas values greater than 1.05 indicate an enrichment relative to the
neighbouring REE. In both formulae, X/X .. (X= Ce, La, Nd, Eu, etc.) are ratios to
average shale (ie. PAAS). Results (raw and normalised) obtained by ICP-MS are
presented in Appendix Al, whereas results obtained by LA-ICP-MS are presented in
Appendix A2. The REE values of similar grain types from the same sample are averaped
for plotting {(usually 2 to 4 anaiyses). REE data are nonmalised to the Post-Archaean
average Australian shale (PAAS) (Table 7.1). [n some cases, samples were normalized
to both PAAS and chondritic meteorites. The REE distributions were plotted using
Microsoft Excel 2000/XP. Statistical analysis and scatterplots/binary plots were obtained
using Statsoft’s Statistica 6.

Table 7.1. The Post-Archaean average Australian shale (PAAS)Y and chondritic meteorites were
used to normalize the raw data (Taylor and McLennan, 1985).

La Ce Fr MNd Sm Eu Cd Tb Dy Ha Er Tra Yb Lu

PaAS 2 ME A 139 56 1.1 47 03 17 1 A 0.4 1% .4
Chondrite 037 03 414 071 023 00 O3 e 038 L 025 0.04 25 .04

2
X1

7.2, RARE-EARTH ELEMENT GEOCHEMISTRY
7.2.1. Gravel member, Varswater Formation

The salient features of the REE patterns of the Gravel member are the heavy REE
{HREE) enrichment and the {airly flat middle and heavy REE patterns {the patterns are
flat from gurepium 1o Jutetium). This type of REE pattern is widely shown by the peloidal
phosphorite fraction (Pph) (Figure 7.1). There is some variation amongst the phosclast
allochems (Pph}, especially peloids from sample gm-03 (the average of the REE
distribution taken from these prains is gm-03-pph). The result is a steep pattern, with
prongunced HREE enrichment and high REE abundances relative to PAAS,
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Figure 7,1. PAAS-normalized REE diagram of the averages of LA-ICP-MS measurements laken
from specific grain types within the Gravel member trom the Varswater Fopmgtion (Site VW),

Biogenic allochems (phosphatised shell fragments) are rare 1n the Gravel member, The
REE pattern is similar, but the REL content is lower than associated peloidal phospherile
graing from the same sample {(Figure 7.2).
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Figure 7.2. PAAS-normalized REL diagram of the averages of LA-ICP-MS measurements taken
from specific grain types within the Gravel member {fom the Varswater Formation.
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Figure 7.3. PAAS-normalized REE diagram of the averages of LA-1C-PMS measurements taken
from specific CFA cement within the Gravel member from the Varswater Formation,

The REE patierns of the CFA cement (cmt) are different from the peloidal and biogenic
Gravel member components. The REE pallerns are generally [Tat and show slight LREE
enrichment relative to IIREE in several cement samples (zmO1-cmt, gmO2-cmt and
vw(2-cmt) (Figure 7.3). ¥YwOl-cmt shows a slight HREE enrichment relative to LREE.
The REE content of the cement is generally tess than that of the phosphorite pcloidal
grains. Variations in the REE patterns are best expressed using the Lu/La, LREEHREE
and Er/Nd ratios. For instance. the Lu'La and LREEHREE ratios show the amount of
fractionation between the LREE and the HREE. whereas Er/INd ratios provide a measurs
of the fractionation within the MREE. The Lu/La ratios caleulated for the various grain
types from the Gravel member are highly variable with a mean of 1,64 for peloids and a
value of (.98 for the ablated CFA ¢ement (Table 7.2).

Table 7.2. A summary of Lu/La values for the Gravel member samples. The table shows median,
mean, standard deviation, minimom and maximum values.

Gzrain Typr Median Muean 3:::;1:;: M imimiu e MMuximum
Pty 104 1.64 1,86 .02 g1
F5h A 1.2 MiA Mih [T
Cement {CMT) . 072 .04 287

Pcloids have a mean value of .53 for LREE/HREE, whereas the CFA cement has a
mean value of (.70 {Table 7.3). The Luw/T.a and LREE/MHREE ratios for the phosphatiscd
shell grain are 1.2 and 0.42. respectively. The Lwl.a and LREE/HREE ratios for the
Gravel member peleoids and shell fragment imply significant HREL enrichment relative
to the LREE. The CFA cement {on average) tonds to show a slight LREE enrichment
relative to the IIREE.
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Table 7.3. A summary of LREE/HREE values for the (Giravel member samples. The table shows
median, tean, standard deviation, minimum and maximum values,

Standard

Grain Type Median Mean detinting Moo Maximum
Fph 40 53 .43 mi? 1.93
F5h NIA 042 MiA MiA MiA

Cement 1.5 70 26 nis 1.33%

In terms of the Er/Nd ratios, a3 mean of 1.51 with a standard deviation of (.82 was
calculated for Gravel member peloids (Table 7.4). However, some grains do show
anomalously high values {such as sample gm03-pph- with an average Fr/Nd value of
5.98) (Table 7.5). In terms of Er/Nd 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 Er/Nd of 0.91.

Table 7.4. A summary of Er™d values for the Gravel member samples, The table shows median,
mean, standard deviation, minimum and maximum values.

Grain Type Median Mean ﬁ:';:;:: Minimum Maximmm
Pph 150 1.51 0.E2 oLt .13
Fsh Mia 1.29 MiA i Wia

Cement 1 nal 54 .20 .26

Table 7.8 Averaged samples showing the indices Ce/Ce*, Euw/Eu*, Lu/La, ErNdG, Sm/Nd and
LREE/HREE.

Averages Celler EwEn* {Lu/L2}n {ErMNd)n {Sm™Mdin LEEEHREE
vwi 1-pph= 194 077 1.67 1.61 i 4
vil2-pph- 1. 03 03 04 0.R2 127
gm0 1-pph- 095 0104 275 212 1.54 0.27
eml)2-pph- 098 L14 1.65 1.34 1.3 {4
gl 3-pph- 0.9 0.2 13.89 5.9% 2 0l
omid-pph- {199 (R 14 207 154 125
amii2-psh- Lol 121 12 1.8 116 (142
Y p—— 0.9 1.0 22 192 1.3 0.31
et L B&1 43 51 s 008
pmll-cm- 087 074 0.6 0.79 1ol 067
emZ-cmni- 1 124 .17 1.21 117 047
2rd-cont- L 1.15 163 AT L4 0142

_ pmid-cmt- 0.24 34 068 it.5% 1.14 .72

The Ce- and Ev-anomalies vary with grain type {Table 7.6 and Table 7.7). Ce/Ce* values
for the peloids range between (.85 and 1.08, whereas the FwEu* values show a
substantial range between 0.01 and 1.72. The CFA cement has similar Ce/Ce* and
EwEu* values 1o the peloids,
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Tabke 7.6. A summary of CefCe® values for the Gravel momber samples. The table shows median,
mean, standard deviation, minimem and maximum values.

Grain Type Mgdian Vean bd:fl::::: Minimum Maximum
Pph .96 0.96 0.03 085 1,008
I'sh MiA 1411 MNiA MNiA MNiA

Cerment .53 (D0 (16 026 | i1t

Table 7.7. A summary of Eu/Eu* values for the Gravel member samples, The table shows median,
triean, standard deviation, mininmm and maximum valucs,

Grain Type Median Mean E;‘::::;: Minimum hiaximu m
I'ph (.95 [k v 034 0401 1.72
P5h MNiA L.21 i MiA MNia

Cement 6,96 104 0.93 03 4.83
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Figure 7.4. Chondrite-normalized REE diagram of the phosphoriie allochems of the Giravel
member. [he patierns show [airly flat heavy REE patterns with pronounced light REE
corichment, 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
fincluding the Eu-anomaly} is similar to that of PAAS,

In terms of a chondrite-normalized REE diagram, the REE dala of the Gravel member
rescmble that of PAAS (Figure 7.4). The abselute abundances are slightly higher as in
the case of vwO1-pph, gmO4-pph and gm02-pph; however gm03-pph shows a different
pattern. with HREE enrichment relative to chondritic meteorites.
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7.2.2. Pelietal Phosphorite member, Varswater Formation

The REE patterns for the Pelietal Phosphorite member are generally {lal with a shight
convex-upwards shape (Figure 7.5} The REE distributions for the grain types are
generally uniform amongsi the peloids (Pph) and the cement {cmt). The LREE are
depleted relative to the MREE and HREE. REE abundances tend to be lower in the
Pelletal Phosphorite member than the Gravel member. The peloids and cement also show
fairly Mal middle and heavy REE patterns, similar to the Gravel member patterns. The
phosphatised shell fragments (PSh) and phosphatised bone fragments (bne) have similar
REE patterns to phosphorite peloids and cement, but the LREE depletion iy accenluated
{Figure 7.6). The REE patterns for the shell fragments and phosphatised bone fragmenis
show an inclined {lat shape, with proncunced HREE enrichment, relative to the LREE,
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s
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la Ce P Nd Sm Fu Gd Th Dy Ho & Tm Yb Lu
% - vw 15-pph- — & vw 15-pph- — & W 16-pah-

—a— v 15-crmt- - - - - - v 15-ocmi-

Figure 7.5. PAAS-normalized REE diagram of the averages taken from specific grain types (Pph,
PSh, cmt) within the Pelletal Phosphorite member from the Varswater Formation.

[n terms of the Lu/La 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 0.43), respectively (Table
7.9). The values reported for the cement is very similar with a range of values between 1
and 2.75, and a median and mean of 1.68 and 1.67 (standard deviation of 0.52},
respectively. 1'he bone fragments and shell lragments show slightly higher Lu/La values.
The bene 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 of 2.13 and 5.27 (standard deviation of 9.60) respectively.
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Figure 7.6. PAAS-normalized REE diagram of phosphatised bone fragments (bne) found within
the Pelletal Phosphorite member from the Varswater Formation. Vwl A3 and vw463 are bulk
sediment samples run on the ICP-MS,

Table 7.8. Pelletal Phosphorite member averaged samples showing the indices Ce/Ce®*, Eu/Ev®,
Lu/La, ExNd, Sm/Nd and LREE/HREE.

Averages CeiCe FuEn*  (Lu/Laja (Erm™Ndm (SwNdpa [ REE/HREE
vl b-pph- 1.57 (R anz 157 136 134
vl Y-pph- I 1104 146 145 L35 139
vl Gepshe 093 0.96 4.63 284 144 0.3
v LBl 0.94 1.05 1.84 .53 13 036
vl oot 0.93 096 1,77 {3 13 035

Table 7.9. A summary of Lu/La values for the Pelletal Phosphorite member samples. The table
shows median, mean, standard deviation, minimutn and maximum valoes.

Minimawn Maximum

standsrd

Grain Type Median Mean Deviation
Pph 170 178 ods 115 292
1S 2,13 3.27 960 1.7 30.77
Bne 15.50 18.02 14018 %6 31.49
Coment 168 .67 0.52 Ly 2.75

The LREE/MREE values are alse similar between the peloids and the cement. The
LREEMREE ratio for the peloids ranges belween (.29 and (.5, with a median and mean
of (.38 (standard deviation is 0.06) whereas the LREF/HREEF ratio for the cement ranges
between 0.29 and 0.53, with a median and mean of 0.41 and 0.40 (standard devialion ol
0.07), respectively {Table 7.10). The shell frugmenis show a LREE/HREE ratio ol
between 0.05 and 0.73. The median and mean are 0.34 and 0.36 {standard deviation
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{.19), respectively. The bone fragments show a mean of (.11 (standard deviation of
0.04).

Table 7.10. A summary of LREE/HREE values for the Pelletal Phosphotite member samples. The
table shows median, mean, standard deviation, minimum and maximum values,

Grain Type Median Mesn E:T:;:ﬂ Migimam Mazximuom
Pph 038 38 0.06 029 15 T
P5h LKE 03 .19 005 173
line LR [ 11 thikd 0407 15

Cement .4 (.40 .07 829 (.53

The similarity in terms of the MREE distribution of the peloids and cement are shown by
the Er/Nd ratio (Table 7.11.). The bone fragments show much higher values than the
other grain types. The LREE/HREE, Er/Nd and LuwTa values support the similarity
between the cements and peloids.

Table 7.11. A summary of E1/Nd values for the Pelletal Phosphorite member samples, The table
shows median, mean, standard deviation, mininnim and maximum values.

Standard

Grain Type Median Mesn deviatiod Ml nlnwm Maximum
Pph 159 1.55 .26 (R 102
Ph 141 i E) 037 13.35
Bne 6k 419 1.4 343 .17

Cement 147 142 20 1.8 1.87

The values reported for the Ce/Ce* ratio are similar amongst the peloids, shell fragments,
hone fragments and the cements (Table 7.12). In general the Ce/Ce* 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 Ce/Ce* values between 0.87 and 1.02. The
bone fragments show & range of values between 1.03 and 1.16. The bone fragments
appear to have a slight positive Ce-antomaly.

Table 7.12. A summary of Ce/Ce* values for the Pelletal Phosphorite member samples. The table
shows median. mean, standard deviation, minmom and maximum valoes.

Standard

Grue Type Medlan Mean Aot Minlmus Maimum
Pph .96 (R 105 h34 1.05
P5h 192 Tk 1,05 87 1412
e 1.03 106 .07 143 L1a

Comemt .94 0.3 .04 084 1.4

The Ew/Eu* are similar for the CFA cement, shell fragments and peloids (Figure 7.13).
Typical Ew'En* values range between (.92 and 1.53 for cement and between 0.9 and 1.13
for peloids, with means of 1.07 and 0.99, respectively. EwEn* values for the shell
fragments show a similar range, The shell fragments show a mean of 1.03 and a range in
values between .86 and 1.26. The bone fragments show a mean of 1.11 (standard
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deviation 0.12). In terms of the Eu/Eu and Cc/Ce indices, there exist significant
cohcrenee and similarity in the pelletal phosphoritc member data, amongst peloids,
cement, bone and shell fragments. The bone fragments (and some shell fragments)
possess appreciably ditferent RLE signatures from the other grain types.

Tabie 7.13, A summary of Euw/Eu® values for the Pelletal Phosphorite member samples. The table
shows median, mean, standard deviation, minimum and maxtmum values.

Standard

_Gru]n Tyvpe Median Mran Aesiation Migimurm Maximnm
Pph 0497 ag 0.7 4 1.13
PSh 1.05 T4 0,12 {186 1.26
Bne 1.15 (NN 012 093 1.1%
Cemend 1.02 107 018 0,92 .53
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Figure 7.7. Chondrite-normalized REE diagram of the phosphorite allochems of the Pelletal
phosphorite member. The patterns show fairly flat heavy REE patterns with pronounced light
REE enrichment, relative to chondritic meteorites. ‘The pattemns also show a significant Eu-
anomaly. The Pelletal Phosphorite member phosphaorites show much higher abundances of REE
than PAAS. The shape of the patterns {including the Eu-anomaly} is similar to that of PAAS;
however vwl6-psh and vwi6-cmt have lower LREE, but higher HREE abundances than PAAS.
Sample vwi6-psh is particularly HHREE enriched compaicd to the other REE patterns.

In terms of a chondritc-normalized REE diagram, the RLE data of the Pelictal
Pliosphorite member rescmble that of PAAS (Figure 7.7). The absolute abundances are
slightly higher, as in the case of vwl6-pph, vw19-pph and vw1%-cmt. Vwl6-psh and
VwlG-cmt show much lower LREE abundances than PAAS, but in terms of the HREE
the abundangces for these averaged samples are higher,
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7.2.3. Phosphoritc deposit at Bomgat {Hoedjiespunt)

The REE patiems of the Bomgat phosphorites are flat, with slight HREE enrichment
relative to LRELE (Figure 7.8). Ce-anomalies are not evident. However, a negative Ce-
anomaly can be assigned 1o these samples as the Ce/Ce* ratio ranges between 0.71 and
0.95 (Table 7.14) The HREE enrichment is also expressed by the Lwla and
LRELE/HREE ratios. The Lwla and LREE/HREE values range between 1.02 and 3.18
and (.28 and 0.63, respectively. BRI, b3-cmt and b3-bio have roughly the same REE
patiern, whereas b2-cmt and bl-cmt are distinetly different. For example, B2-cmt shows
a positive Eu-anomaly, whereas the other samples show a lack of or slightly negative Lu-
anomalies,

1000 5 = oroe omo ©m e e

(1) 13 . . .
La e Fr [k »| Sm Eu Gd i ] Cxy Hix Er Tm Y Lu

|- me-- bl-omi- ——5— b2.c ---0-- - b3cmt- —&— b3-hio- —=—B1 |

Figare 7.8. PAAS-normalized REE diagram of the averages taken from specific grain types within
the Bomgat phosphoriie. Sample B1 isa “whole rock” sample, the abundance of REE in B1 is
significantly less than for cement and bioclasts. This implies corichment of REE in some parts of
the rock or perhaps dilution of the sampie by quartz.

Table 7.14, Samples from Bomgat {Hoedjiespunt) showing the indices Ce/Co®. Eu/Fo*, Tu/La,
Ex/Md. Sm/Nd and LREE/HREE.

e ColCer Ewluo*  (Luwlajn  (EWNdin  (SmNdjn  LREKHREE
" plcmtl .83 110 1.03 077 16z usl
bl-cmt-2 0.94 112 111 0.8 123 0.45
blactnte3 088 .98 300 .43 133 029
Bi-cimt-d (.95 112 0.66 0.78 120 065
b2-crateL e 0.89 172 1.0 121 145 028
b2-cmt-Sofa 0,93 213 318 123 1.48 031
I 0.89 1.35 230 P43 143 .34
b3-cratel 0.68 072 102 200 0.80 043
B2 0.71 0.49 112 142 118 0.4
b3-crited 0.83 0.92 183 83 .40 0.29
b3-bio-3 0.76 .57 b4 .19 0.90 0.52
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o T4 eombinges,

Sample {efCet Eu/Fut* (duflajn {Er™Ndin (Sm/Ndie LEEEHREE
b3-bio-3 [t 150 43 |02 0.9 (.65
hi-bic-6 (.73 (h52 153 §.72 1.18 .34
i (halk) EQ"“ . 81 3o 1648 12 034
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Flgure 7.9. Chondrite-normalized REE diagram of the phosphatic components of the Bomgat
phosphorites. The patterns show fairly fat heavy REE patterns with pronounced light REE
enrichment, relative to chondritic meteorites. ‘The patterns also show a significant En-anomaly.
The B! sample shows signilicantly less REE abundances that PAAS. The shape ol the pattems
{including the Cu-anomaly) is simiiar to that of PAAS. however b2-omt is the exception and
shows a positive Eu-anomaly.

In terms of a chondrite-normalized REE diagram, the REE data ol the Bomgat
{Tloedjiespunt) phosphoriie resemble that of PAAS (Figure 7.9}  The absolute
abundances are slightly higher as  the case ol vwl6-pph, vw19-pph and vw19-cmt. B,
bl-cmt and b2-cmt show much lower LREE abundances than PAAS. B2-cmt ulso shows
a pusitive Eu-anomaly.

T.2.4. Alominium phosphate deposits at Kreefte Bay (Kreeftehaai)

The REL patterns of the Kreefte Bay aluminium phosphates show a significant HRERE
enrichment relative to LRELE. and a notable positive Fu-anomaly (Figure 7.10). The
prominent positive Fu-anomaly is also cxpressed by the Lu/Llu® ratio, Lw'Hu* values for
the Krecftc Bay samples range between 1.36 and 1.81 (Table 7.15). The REE diagrams
indicate that the samples show prominent HREE enrichment from Ho to Lu (Figure 7.1)
{a)}. The Lu/la and LREE/HREE ratios also reflect HREE enrichment, Typical values
range from 1.55 to 5.85 for the Lu/La ratio, whereas the LREE/HREL shows a range of

T-11
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values from 0.21 to 0.41. MREEE enrichment is expressed by the Er/Nd ratio. with a
range in values between 1.22 and 2.51. Unlike the flat RIZE paiterns of the Varswater
Formation and Bomgat phosphorites, the Kreefte Bay RUE patterns are cxceptionally
Jagged.
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o kr20d-omi] — B kr2Ddomi-2 - - m- - - kr204-cmt-3 — 8 kr20decnid -- 8- - - kr2Dd-cm- |

(a}
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SarmplePRAS
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ta Q= P MNd Sm B G T By H E Tm ¥b Lu
4 hr204-crit- i
(b}
Figure 7.10. PAAS-normalized REE diagrams of the (a) alumimum phosphaics and (b} average
from Kreelis Bay.

Tuhle 7.15. Samples from Kreefte Bay showing the indices Co/Ce®*, EWEu?®, Lu/La, Er/Nd,
SN and L REE/HRET.

S.am ple CefCe* EuEn* iLn'lajm (Er/Ndn (ST LEFEHHEEY
20l - B 1.0 L&l 87 122 e 134
fr2idecmt-2 144 1.7% AHF Py 147 2l

712
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I'able 7.15. conomnes,

Sample Cerle® EwEa* {Lu/Layn (ExNdmn {SmMd LRF.IJ’][RfE .
kerd14-cmt-3 |45 1.64 244 1435 1.7 .32
beriM-cni—4 (.05 |35 |.35 1.57 154 141
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| o PAAS - - kr204-cm- — = kr20d-crt-1
—— R cm-2 Coom - fr2d-cn-3 —a— krd0d-cri-4
(a)
10400
I-..._‘_____'_‘._-‘‘-\-\-\-L
b 10b
= /’,_.—I-—'—.
&
&
e
5
T
1 ; W . .

La Ce Pr Nd Sm R G & 0 He B Tm Yh Lu

o PAAS —8—kr204-crt- |

(b)
Figure 7.11. Chondritc-normatized REL diagrams of {a} the alumirium phosphates and (b)
average of cement from Kreefte Bay. The Kreefte Bay patterns differ from the PAAS pattern.
The palicrns show & positive Eu-anomaly and an enrichment of HREE {between FHo and Lu).
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The chondrite-normalized REE diagrams of the Kreefte Bay phosphates do not resemble
PAAS (Figure 7.11). 'The absolute abundances of the REF are slightly higher than lor
PAAS. The patterns show a positive Eu-anomaly, and an ennichment of HREE (between
Ho and Lu),

7.2.5. Selected offshore phosphorite samples
ihe REE patterns of the offshore phosphorite samples show considerable variability.,

nonetheless the REE pallerns are generally Mlal with some HREE enrichment relative to
the LREE (Figure 7.12}. The REE content varies by an order of magnitude.

10.00

QR b et i -

by © A N Sm B G ™ W H B Tm Yo Lu

k- 3700-1ecfa e 3700-3-cfa-  ——e—— nym025gt0-cla-
—a— yrEagh-cfa- - - -#- - - mynb25d-cmt-

Figure 7.12. PAAS-normalized REE diagrams of sclocted offshore phosphoriles.

In terms of the Ce-anomaly there exisis a range in values; however the results are
consistent per sample {Table, 7.16). REL abundances arc similar 1o PAAS excepi lor 2
types where REL atnundances are greater than PAAS.

Table 7.16, Ottshore samples showing the indices Co/Ce®, En/Eu®, Lu/La, Er/MNd, Sm/Nd and
LREE/HREE.

Mise, Ce/Ce* EwEa*  (LwLan (E/Ndin  {Sm/Ndin  LREE/MREE
3703 bcla] 003 0.4 133 123 12 3
I3t =cfa-3 0493 1.33 06t a7 127 058
3703 | -chad 69 (.72 | 96 2.4 i.45 0,26
FAM-3-ctn-1 (LR IRIF 055 AR {50 {.A%
3700-3-cfa-2 193 0,72 0.2 0.76 116 06t
AT00-Feit-3 0.0 LAt 0.0 {184 1.2 1162

] mHZSgu‘I-cﬁl- | 0,74 1.03 204 ERH 1.2s .2
mirml2 5pnl-cfa-2 07T {105 1.63 162 111 0.27
mytrall2 Slid-cfa-3 .78 (.08 1.77 271 142 Q22
Ym0 Sptd-cta-4 .82 142 149 244 b2s 0325
mmimi? Sebe-la-1 {185 68 145 oy 1.2 .32
mimh2 Sd-cnt-¥ Y3 1.53 137 1k 1.05 031
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Table 715 g

Mfine. CelCe*  En/Eu* {dwLam {(ErfNdla  {Sm/Ndin LREE/HREE
mymb2 3d-¢mi-2 [+ %5 129 1.¥ 14 1 13
mjm$h2 5d-cmt-3 IR L7 (o2 43 1.} 0,53

mjmb23d-cimt-4 1.2 .32 IRk 1 |16 .51

10000 i
1000

100 1

FampleChondrites
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Lz Ce P MW Sm B Gd Th Dy Ho B Tm ¥ Lu

|t . P k- AT0Fteofa-  —a— 3700-3-¢fa-
—i o D 2Sgtd-cfa- —s—— mmdZagN-cfa- - - - 8- - - b 25d-crmt-

Figure 7.13, Chondrite-normalized REE diagram of selected offshore phosphonites. The patrerns
show fairly flat heavy REE patterns with prontounced light REE enrichment, relative to chondritic
meteorites. The majority of the paiterns show a significant negative Ev-anomaly except tor
sample mjmb254d.

In terms of a chondrite-normalized REE diagrams the RELE data of the offshore
phosphorites resembles that of PAAS (Figure 7.13). The absolute abundances 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-ELEMENTY COMPOSITION

7.3.1. Gravel member (Varswater Formation)

Trace-clement data for the phosphorites, phosphate 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 lerms of strontium (Figure,
7.14). This is not surprising considering that phesphorites are known t© contain the
highest contents of strontium of all rock tvpes. Sr is generally accepted to substitute for
calciwm in the apatite mineral lattice. The Sr content in the Gravel member ranges
between 808 ppm and 5524 ppm'. Another element that phosphorites are known to be
distinetly enriched in is uranium, U is believed to be incorporated primanly during the

: Aceording to Gulbrandsen (1766) “average phosphorite” from the Phosphoria Formation contains 1008 ppm
St

7-13
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initial phase of phosphorite formation; therefore the U was most likely complexed o
organic matter (pre-phosphorite lormation) and incorporated into the apatite lattice. The
plots for the components {Pph, PSh and cmt) of the Gravel member show similar scatter,
however no clear trend is present. There is a positive corrclation between Sr and U
(Figure 7.15). Plots of the REE clements and Sr are roughly the same. A plot ol Lu/La
vs. 8r shows 3 slight difference between the CFA cement and the peloids (Figure 7.16).
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BYDPEThEUEY
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Figure 7.14. Trace-clement concentralions in companison with PAAS for the phosphorite
allochems (Pph), bioclasts (PSh) and CTA cement {(CMT) from the Gravel member, Varswater
Formation. The graphs show that (2} Sr, (b) U and Y are notably enriched, whereas V is depleted
relative to PAAS, Pb and Th show normal abundances.
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Figure 7.18. Relationship between Sr and U for the phosphorite allochems (Pph), bioclasts (PSh)
and CFA cement (CMT) fram the Gravel member, Varswater Formation.
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Figure 7.16. Relatior?éhip between Sr and Lw/La for the phosphorite allochems {Pph), bioclasts
(P5h) and CFA cement (CMT) from the Gravel member, Varswater Formation. The horizontal
axis shows a logarithmic scale. All values in ppm.

On the basis of the race-elements, the Gravel member components (Pph, PSh and CMT)
are remarkably homogenous. The scatter plots show no ¢lear distinction between the
various components.
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7.3.2. Pelletal Phosphorite member (Varswater Formation)

This section discusses the (race-clement composition of Pelletal Phosphorite member
components. Similar to the Gravel member, the Pelletal Phosphorite member is enriched
in strontium and uranium (Figure 7.17). Sr values range between 800 ppm and 3000 ppm.
The tracc-element scatterplots are distinet for the different components of the Pelletal
Phosphorite member. The relationships between Nb, Rb and Sr, show distinet grain-
specific clusters (Figure 7.18). The peloids appear to be enriched in terms of Nb and Rb,
relative to the bioclasts (phosphatised shell fragments).
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Figure 7.17. Tracc-clement concentrations in comparison with Post-Archaean average
Australian shale (FPAAS) for the phosphorite allochems (Pph), bioclasts (PSh) and CFA cement
{CMT) from the Pelletal Phosphorite member, Varswater Formation. The graphs show that (a)
St (b) U and Y are notably enriched relative to PAAS. Pb and Th show normal abundances.
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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. All values in ppm.

The scatterplot of Sr and Th/U indicates that, although there is some overlap, the various
components show dissimilar scatter (Figure 7.19). This is also true for the scatterplot of
La vs. Sr (Figure 7.20). The phosphatised shell 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 CFA 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 7.19. Relationship between Th/U and Sr for the phosphorite allochems (Pph) bioclasts
(PSh) and CFA cement from the consolidated phosphorite from the Pelletal Phosphorite member,
Varswater Formation. All values in ppm.
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Figure 7.20. Relationship between La and Sr for the phosphorite allochems, bioclasts and CFA
cement from the Pelletal Phosphorite member, Varswater Formation. All values in ppm.
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7.3.3 Bomgat phosphorites, aluminium phosphates and the offshore phosphorites.

The Bomgat and offshore phosphorites are enriched in strontium and uranium (Table

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 (PAAS) is included for

comparison. All values reported in ppm.

1. BOMGAT, HOEDJIESPUNT

Sample Sr Y Pb Th U v Rb Zr
Biogenic grains
Bl-cmi-1 3250 16.2 31.4 741 589 318 154 381
Bl-emt-2 3958 140 178 5.63 13.8 34.4 97.1 303
Bl-cot-3 3502 14.4 225 6.81 115 239 101 337
Bi-cmt-4 5943 19.7 29.9 8.72 11.1 28.7 154 455
BZ-cmt-1cfa 7278 212 28 9.22 74 2.4 148 444
B2-cmt-2cfa 2176 873 11.1 3.26 10.4 244 49.6 227
BZ-cme-3cfa 3936 9.09 201 3.69 8.27 26.1 65.8 187
B3-emt-1 2170 66.3 6.77 1.7 68.3 298 122 625
B3-cmt-2 2600 29.7 4.96 0.72 25.3 194 6.21 26.5
B3-emt-3 889 23.0 287 9.63 26.6 7.64 184 462
B3-cmt-4 2731 320 241 16.8 358 23.8 5.85 821
Biogenic grains
B3-bio-1 2517 3.85 7.8 091 200 50.7 14.7 53.5
B3-bio-2 2450 3.44 4.96 0.77 15.0 310 11.7 40.3
B3-bio-3 2853 309 12.3 197 453 63.2 31.1 9295
B3-bio-§ 1642 15 11.3 1.82 110 93.3 16.4 47.7
B3-bio-6 2274 528 125 4.86 93.9 40.9 16.1 749
2. ALIMINIUM PHOSPHATES
Sample Sr Y Pb Th U v Rb Zs
ke204-cmt-1 724 96.6 2235 907 129 1196 348 1456
ke204-cmt-2 911 826 2689 1671 145 1231 302 2287
ke204-cont-3 2436 94.3 803 595 719 m 304 1331
ke204-comt-4 2268 66.2 292 173 35.3 117 324 933
3. OFFSHORE PHOSPHORITES/PHOSPHATES
Sample St Y Pb Th U \4 Rb Zs
3703-1-cfa-1 25792 2624 2296 906 229 11742 7630 7739
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Table T17. concinucs.
Sample S Y Pl Th 1] v Rl Zr
3HE-1-cfa-3 5612 215 1446 K2 18 1003 ™ B41
3T05-1-cfa-4 3 044 1Tz 157 424 19 | Bty 35
AT Schu-1 1810 283 .7 110 k1 50,8 192 469
370032 1922 54 206 1.2 175 H09 156 436
AT 3cha-3 1671 212 3.0 I 168 30,7 197 457
prn 25 d-cia-1 AET2 1488 11 (B 22 17 2 BT
eyjeri 25t -cfa-2 GG T 419 (%] 262 R ] 25 Bz
s 25grd-chi-3 TO56G 1444 431 8.6 - | 207 192 1332
mmi2sgnd-cfa-4 il el 1526 47.5 157 264 141 182 "27
25 ofa-1 1441 1A% 41 135 2.1 232 24 i
i 25gN-cfa-2 92 8 7 x5 7.4 147 438 1345
2SN -cfa-3 44 571 728 7 2. X6 442 1207
mjmb25|:|—|:mr-1 431 Mo 45.4] 158 370 334 N TS
mmymb25d-cme-2 R 330 KA 5.3 G625 w2 bt ] Tl
mamb2ad-cme- 3 50 312 41.5 14.% B22 5 305 T42
ek 25cd-cme-4 475 317 Gl 14,1 T4 0.6 332 Tiid
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Figure 7.21. Trace-element concentrations in comparison with Post-Archaean average
Ausiralian shale (PAAS) for the Bomgat phospherites and the aluminium phosphates from
Pasberg Peninsula. The graph shows thal the aluminium phosphates are enriched in Zr, V, Th, Pb
and possibly Y.
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Figure 7.22. Trace-element concentrations in comparison with Post-Archaean average
Australian shale {PAAS) tor the offshore phosphorites. The graph shows that the offshore
phosphorites are generally enriched in Zr and U, however 3703-1-¢fa is enriched in Zr, ¥, Th, Pb
and Y.

T4, CHEMICAL VARTABILITY AMONG THE PHOSPHORITE DEPOSITS

The trace-element abundances of the various phosphorite deposits are compared in the
following figures. The relationship between La and Sr shows similar clusters among the
Varswater Formation phosphorite grain types (Figure 7.23). The abundances of La 1s
similar for both the Gravel member and the Pelletal Phosphonte member, however the
Cravel member shows higher concentrations of 5r. The relationship is comparable to the
clusters for the Varswater Formation shown by Sr and U (Figure 7.24). There is some
overlap between Pb and Sr.. however the Gravel member has higher abundances of Ph
compared 10 the Pelletal Phosphorite member (Figure 7.25). The Bomgat phosphorites
show similar Sr, Pb. U and La relationships, with La, U, Pb and Sr values similar to the
Varswater Formation phosphorites. In terms of the Th/U and Sr relationship, the Bomgat
phosphorites show different trends to the Varswater Formation (Figure 7.26). In general,
the individual tight clusters shown by the Varswaler Formation and the Bomgal
phosphorites 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 differences can be ascribed to the presence of phosphatised shell fragments.
The lack of coherence amongsi the offshore phosphonites indicates thal the group is
geochemically heterogenenus.
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Figure 7.23. Relationship between La vs. Sr for the various phosphorite deposits. The
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.
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Figure 7.25. Relationship between Pb and Sr for the various phosphorite deposits. The
phosphorites compared are from the Varswater Formation, Bomgat (Hoedjiespunt) and selected
offshore phosphorites. The horizontal and vertical axes show loganthmic scales. All values in

ppm.
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Figure 7.26. Relationship between Th/U and Sr for the various phosphorite deposits. The
phosphorites compared are from the Varswater Formation, Bomgat (Hoedjiespunt) and selected
offshore phosphorites. The horizontal axis shows a logarithmic scale. All values in ppm.



CHAPTER 8
DISCUSSION

This chapter discusses the results of this study. A short summary of the conclusions from
this research as well as future research directions are given in Chapter 9.

8.1 INTRODUCTION

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

+  to document the petrography and stratigraphy of phosphorite depesits at Langebaanweg, Bomgat and
Posherg Peninsula, and

*  to determine the rare-earth and trace-element geochemiziry of the different phosphorite gtain types,
and propose possible depositional environments and diagenetic histories for the phosphorite deposits,

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 formation ot the
phosphorites and phosphates at the various logalities.

8.2. PHOSPHORITE TEXTURES
8.2.1 Varswater Formation

The Gravel member accounts for the Jowest 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 ¢lasis of
phosphorite (Tankard, 1973; Dingle ef al. 1979; Rogers, 1980; Middleton, 2000}
Individual phosphorite pebbles or cobbles contain rounded to angular phosphatic
intraclasts set within g fine CFA cement. The intraclasts are composed of predominanily
subrounded to rounded quartz grains {Qt2z) and occasional phosphorite peloids (Pph). The
modal proportions of the components are dependent on the intraclasts, with proporiions
varying considerably. In general the intraclasts contain at least 80% quartz and 15 — 20%
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
various CFA cements and intraclasts indicates that the Gravel member has been reworked
extensively, and provides evidence of reworking and multiple episodes of
phosphatisation.
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Figure 8.1. Photomicrograph of the Gravel member phosphortte ( Sample VW48) showing
dissimzlar mttaclasts and ccment {labelled A. B Inttaclast A shows darket-coloured ' FA
cement and ughtly packed medmm quartz grains. Intraclast B shows hghict—coloured CFA
cement with looscly packed medium quartz grains (photonucrograph taken in plane-polarised

light).

The Pellctal Phosphonte member consists of unconsolidated phosphatic sands and
occastonal beds of consolidated quartzose phosphorte, The consoldated quartzose
phosphontes are generally overlain and underlam by uncensohdated-phosphate-nich
sunds. The consolidated phosphorite beds were [onned by preciprtatton of authigenic
apatite within the pore spaces of the phosphate-nch scdiments (Dingle er al, 1979;
Tankard, 1974a). The consolidated phosphonites and the unconsolidated phosphatic sands
are texturally similar, however the gramns of the consolidated phosphorites arc cemenied
by CFA (Frgure 8 2). The Pelletal Phosphorite member phosphorites are texturally
different from the underlying Gravel member phosphorttes.  For instance the Pelletal
Phesphonte member contains considerable phosphatised shell fragments (PSh) (15 —
2(%) and pelowds (Pph) (20 -30%). Unbke the Gravel member the Pelletal Phosphontc
member docs not contain charactenstic phosphatic intraclasts, comprised of older, eroded
clasts of phosphorite.

The presence of well-rounded, sand-sized pelordal phosphorite grains. in assccration with
fracturcd but rounded quartz grams suggests multiple reworking and CFA precipitation in
the Gravel and Pelletal Phosphorite members. The ongin of the pelmdal grams s
unclear, The peloidal grams may represent phosphansed faecal pellets, rounded
phosphatised pore fillings {or rip-up clasts) or phosphate-coaied quartz grams. Accordmg
to Tankard (1974a) the Pelletal Phosphoente member 1s dertved from the Miocene basal
bed and the Gravel member, through continual rewerking within a high-eneroy
environmenl. The presence of lammated sand lavers withm the Pelletal Phosphonte
member does support deposition and reworking in a high-cnergy upper-flow environment
{Middleton, 2000) Onac possibility 15 that phosphoric peloids form as mitraclasts on
eroded intertidai mudflats (Bremner and Rogers, 1990; Middleton, 20003, The smaller
intraclasts are subscquently modified through accretion resulting m pseudo-colinc
textures and the larger intraclasts are rounded through crosion, resulling m 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 frapments, which may indicate that a
number of the peloids may have been phosphatised faecal pellcts,

(a) (b)
Figure 8.2. (a) Photomacrograph and (b) photomicrograph showing the textural and component
similarity hetween the unconsolidated (Sample VW ta3) and consolidated phosphorites { VW16
from the Pelletal Phosphorite member, Varswater Formation. The photomicro/macrographs show
peloidal phosphorite (I*ph), phosphatised shell fragments (PSh) and gquartz (Qtz).

The presence of phosphatised bivalve shell fragments {PSh), echinoid spines (PEch) and
the occasional benthic foraminifera (Elphicdium sp.) indicate that the Pelletal Phosphorite
member 1s marine. Middleion (2000) pointed out that the phosphorite beds are generally
associated with vellow iron-stained sediments. The iron-stained sediments indicate that
the scdiments were later subaerially exposed, whereas the presence of burrows within the
consolidated phosphorite beds indicates relatively shallow, well-oxygenated waters
during deposition.

In summary the Gravel member is a much older deposit than the Pelletal Phosphorite

member and it is clear from petrographic evidence that the Grayel member shows a more
complex histery of phosphatisation and reworking than the Pelletal Phospherite member.
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8.2.2. Bomgat phosphorites (Hoedjiespunt)

(a) (b)
Figure 8.3. Sample Bl 1s characterised by an extremely fine-grained homogenous, light brown
CFA matrix. The sample shows biogenic grains, (a) gastropod (b) bivalyve shell fragment
{photomicrograph taken in planc-polarised light).

The Bomgat phosphorites include well-preserved bryvoroa, echinoid ossicles, mollasc
shell Fagments and occasional benthic foramunifera {Figure 83 ) The phosphatised
bioclasts and in particular the presence of abundant bryozoa, indicate that the carbonate
precursor was deposited in a shallow-manne envirgnment. within the photic zone, The
bioclasts are well preserved and show little evidence of re-deposition or ¢rasion. The
relative abundance of the phosphatised micrnite/CFA cement and the nature of the
bioclasts indicate that the carbonate precursor was deposited mm a low-enersy
environment.

The timing of phosphogenesis 1s not known, but would have been between deposition of
the phosphatised limestone and deposition of the overlving units. The presence of the
phosphate indicates thai the depositional environment must have heen nich in organic
mattes, although the deposit currently has enly minor amounts of orzanic material based
ot the petrography. The Bomgat phosphonte deposit 1s different in a number of respects.
Firstly. the apatite mineral is dahllite rather than CFA (fancolite), the phosphorite is
highly resinous in texture and has clearly replaced a carbonate-rich precursor sediment.

8.2 3. Offshore phosphorites

Mulzbisana {1998} examined the petrography of selected offshore phosphomies and
classified the phosphorites according to six groups (Table 8.1}, The phosphorites arc
tvpically fine-grained to medium-grained, composcd of predominantly quartz, glauconite,
CFA and austhigenic pynite, These phosphorite samples were recovered from the shelf on
the Orange River Pradella, but phospharte samples from the continental margin off Cape
Columbine are similar in texture and age (Miocene) (Compton ef al , 2002). The offshore
phosphorite textures are far more variable than and are distinctly different from the
onshore phosphorites. [n addition to guartz, the offshore phosphorites commonly contain
glauconite and pynite (Compton ¢f &/f., 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 CFA-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 CFA cements.

Table 8.1. Classification of phosphorite samples of the western continental shelf of South Africa
based on texture and mineralogy (modified after Mulabisana, 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 al.,199%)
Contains glauconite, B Glauco-phosphorites 3700-3
coarser quartz grains (Birch, 1975; 1979b, 3703-1
Parker, 1975)
Glauconite in semi circular C Conglomeratic
structures 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 e 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).
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Table 8.2. 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 al. (1988),
Watkins et al. (1995) and this study.

Sample Number  Locality Description

GC-1 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

Phos! s. Offshore, Namibian continental shelf Phosphatised glauconitic sediment

Phos2 6. Offshore, Namibian continental shelf Phosphatised glauconitic sediment

Yn-l 7. Offshore, Namibian continental shelf Phosphorite

Yn-2 8. Onshore, Bomgat sea cave, South Africa Phosphorite

Yn-3 9. Onshore, Varswater Formation, South Africa  Phosphorite

A-13393 10. Offshore, Aguthas Bank, South Africa Phosphorite

VWI1A3 (Bulk) i1. Onshore, Varswater Formation, South Africa  Phosphate-rich sediments

Bl 12, Onshore, Bomgat, South Africa Phosphorite

Piper et al (1988) Watkins ez al., (1995) This Study

Sample . 2. 3, 4, 5 6. .8 9 10 1L 12

La 5.1 35 44 48 67.3 67.5 443 0.51 215 44.7 206 1.01

Ce 7.7 41 52 9.1 162 145 96.1 097 60.6 93.8 455 209

Pr 2 7.8 10 1.2 19.1 16.4 i1 0.13 7.23 104 5 025

Nd 49 34 43 38 71.8 70.2 453 0.51 288 43.6 219 1.07

Sm L1 81 i1 1.7 185 16.4 10.2 0.11 6.76 9.47 446 0.22

Eu 023 22 2.8 0.18 4.12 38 207 0.03 1.28 192 0.95 0.04

Gd 34 104 14 7 19.3 17.7 10.5 0.1 7.03 94 497 022

T - - - - 28 253 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 26 32 0.15 - - - - - - 0.93 0.05

Er 1 84 10 0.8 7.46 6.88 5.55 0.06 383 4.06 277 0.15

Tm - - 3 - - - - - - - 0.37 0.02

Yb 0.82 84 10 1.1 5.38 454 4.77 0.06 3.38 2.83 24 0.16

Lu 0.14 i4 1.7 0.11 - - - - - - 0.37 0.03
T REE 26.63 159.3 2017 2994 39956 36555 24098 26 15388 22015 | 11536 553

8.4. CE-ANOMALY AS A PALAEOREDOX 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 al. (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 formed 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 0.74 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 ef 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.

b3-his-2 © . s
80 | Ce/Ces<l (Nog_n_iu Ce-amamaly) Ce /Ce®> | (Positive Co-smemaly)
50 Bu/But> | (Positive Ew-snemaly) Bu/Eu®> | (Positive B w-anomaly)
grofld-comt-L
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20 b2-cmr-2efa ; o
(<]
E K204-cme-4 o oflg® o mimb2Sdomtd
cpfpcdliy O
08} o 5 0> Sude-1 T9.pph
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 vell2-code3
0.2 (Ce/Ce®< 1 {(Negative Co-smemaly) Ce/Ce®> 1 (Positive Ce-ansmaly)
Eu/Ew*<1 (Negative En-smemaly) Ew/Ew®< | (Negative Ew-snomasly)
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Figure 8.4. Relationship between Ce/Ce* and Ew/Eu* 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 noticesble. Anomalies defined
relative to PAAS.

The Pelletal Phosphorite member and the Bomgat phosphorites show more conservative
ranges, with Ew/Eu* values between 0.86 and 2.06 and 0.4 to 2.13, respectively (Figure
8.4). According to Ogihara (1999) and Kidder er al. (2003), positive Eu-anomalies
indicate extreme reducing conditions, whereas negative Eu-anomalies, as reported by
Elderfield and Sholkovitz (1987) for the reducing sediments of Buzzard’s Bay
Massachusetts, indicate much lower levels of reduction. Kidder er 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 Eu** to Eu®, 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 REE 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 Lw/La ratio. The relationship between Ce/Ce* and Lu/La 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 Lu/La 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 shell/bone
microstructures.
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Figure 8.5. Relationship between Ce/Ce* and Lu/La for the phosphorite allochems, bioclasts and

CFA cement from the Varswater Formation.

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

within different media.
“MEDIOM 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 resulting in Ce
water, being released in to the water column
(De Baar er al., 19858, 1985b, 1988).
NEGATIVECE-ANOMALY ~ LESSNEGATIVE to POSITIVE CE- POSITIVE CE-ANOMALY
Sediments Oxic sediments are enhanced with During snoxic conditions, sediments
respect to Ce. Fe-oxide-rich oxic are typically depleted with respect to
sediments are enriched with Ce Ce.
(Thomson et al. 1994).
POSITIVE CE-ANOMALY NEGATIVE CE-ANOMALY
Orgsnisms responsible for extracting Phosphates/phosphorites from
Phosphate phosphate from oxic seawater show predominantly anoxic waters are
& negative ce anomaly (Wright et al., typically enriched in Ce (Wrighteral.,
. 1987). 1987, Grandjean-Lécuyer ef al.,
Phosphorite 1993).
NEGATIVE CE-ANOMALY LESS NEGATIVE to POSITIVE CE- POSITIVE CE-ANOMALY
ANOMALY
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§.5. REE PATFERNS OF PHOSPHORITE
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Fipure 8.6. PAAS-nomalized REE diagram of the averages of LA-IC-PMS and 1C-PMS
measurements taken from the Pelletal Phosphorite member (vwlé — 19) and Bomgat (B1)
samples, cespecuvely. The Pelletal Phosphorite member show spoecilic gram tvpes. These mclude
peloidal phosphonic (pph), phosplhatsed shell Gagments (psh) and CFA cement {cmt).

The majority of the onshore phosphontes show “shale™ fyvpe REE patterns with ne o
smiall Ce-anomalics. bul the patterns do show fractionation between LREE and HREE
{Figure 8 6). The samples are HREE ennched, relative to LREE in contrast 1o (ypical
river-bome deintal scdiments, which are generally LREE ennched. The enrichment of
LREE in getrital sediments 15 due 1o the removal of REE from the nver water column
{(Martin er &/, 1976). Accordmg 1o Leleyter of al (1999), LREE {except Ce) are removed
from the water celumn by boing bound to organic maticr, whercas MREE are mainty
bound w0 carbonate and organic matter HREE and Ce are belicved 1w be mamly
associated with Fe-oxides {Lelevter et af. 1999). However other studies have shown that
LREE can be associated wnh Fe-oxides (g0, Kocppenkastrop and DeCarlo, 1993}
Elderfield er g {1990) recopnized MREE cnrichments in a vaniety of natural watcrs,
includmg lake waters, groundwaters and tiver walers. The enrichment of MREE 1n nver
water can be explaincd by preferential dissoluton of phosphatic minerals during
weathenong (Hannigan and Sholkovitz. 2001). However, according to Johannessen et al.
{1996) MREE enrichment is controlled by solid-hquid exchange reactions or dissolution
of surfage coatings and/or secondary phases or sulfale complexation in naturl acidic
water. Pronounced MREE ennchments are commonly found in skeletal or biogenic
apatites and conodonts {Wright ef gl 1987 Grandjean-Lécuyer ef al _ 1993). MREE are
preferentially removed from the water column by coprecipitation of phesphate and REE
coimpounds or by uptake from oraanic-nich oxy-hydroxide gram coatings (Elderfield ¢/
af, 1990; Bymne et af, 1996).

The weathering of soils can result m REE remobilisation. According te Compton et al
(in press) the behaviour of REE durnng weathenng is affected by hydrology., precipiation
and chimate regimne. For example in temperate climates HREE arc readily removed from
the weathered soil profile {Aubert ef af. 2001), whereas in and o semi-arid climates the
remaval of HREE 1s greatly dimimished. Compton ef af. (in press) shows that HREE are
more mobilc than LREE in carbonate-frec soils 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 of Ce 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 CFA 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 al., 1990; Soudry et al., 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 al. (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 al., 2002). However,
according to Jarvis et al. (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 of trace-elements (ppm) of “Average Marine Phosphorite” (Altschuler,
1980), “Modal abundances in Phosphorite” (Gulbrandsen, 1966), “Average Shale” (Turekian
and Wedepohl, 1961) and PAAS (Taylor and McLennan, 1985).

i Phosphorites i Shale
Flement Altschuler (1980) Gulbrandsen (1966) ;|  Average Shale’ PAAS

Ag 2 3 0.07 .
As 23 40 13 -
B 16 - 100 100
Ba 350 100 580 650
Be 26 - 3 -
Cd 18 . 0.3 -
Co 7 - 19 23
Cr 125 1000 90 110
Cu 75 100 45 50
Ga 4 - 19 20
Hg 0.06 . 0.4 -
La 147 300 40 38
Li 5 - 66 75
Mo 9 30 26 1.0
Ni 53 100 68 55
Pb 50 - 20 20
Sc 11 10 13 16
Se 46 10 0.6 -
Sn 3 - 6 4.0
Sr 750 1000 300 200
U 120 90 3.7 3.1
A 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-clement abundances of the phosphorites and phosphates from
this study with the Post-Archaean average Australian shale (PAAS) (Taylor and McLennan,
1985). All values reported in ppm.

i. GRAVEL MEMBER, LANGEBAANWEG

Sample St Y Pb Th U v Rb Zz
PAAS 200 27 20 146 3.1 150 160 210
Peloidal grains
vw(l-pph-1 1476 41.6 439 14.2 9.82 128 239 769
vw01-pph-2 1950 56.7 21.6 872 14.5 78.6 126 384
vwil-pph-3 1985 65.6 322 10.7 21 559 181 505
vwi2Z-pph-1 1955 290 50.7 13.8 8.52 34.0 238 636
vwi(2-pph-2 1299 18.5 215 6.95 6.02 63.7 113 282
vw02-pph-3 1860 20 325 9.95 5.68 336 171 446
gm01-pph-1 3492 753 20.2 87.6 310 68.5 49.5 218
gm01-pph-2 2657 106 181 129 39.0 62.3 50.7 157
gml1-pph-3 2122 152 18.3 17.9 23.9 68.9 90.0 247
gm02-pph-1 3338 127 210 13.7 21.6 61.9 719 174
gm02-pph-2 2672 915 16.2 138 19.4 168 58.7 251
gml2-pph-3 2619 39.2 13.9 4.06 194 99.8 48.4 133
gm2-pph-4 478 36.1 50.6 174 8.61 44.9 327 855
gm03-pph-2 134 167 35 29.1 424 37.8 190 502
gm03-pph-3 1719 274 18.5 19.2 71.5 30.1 884 268
gm04-pph-1 2382 484 8.89 6.43 19.7 59.5 302 96.1
gm04-pph-2 1735 360 4.37 217 22.5 44.1 6.65 55.5
gmli4-pph-3 2145 29 11 334 128 69.5 484 189
Biogenic grains
gm2-psh-1 3311 337 16.9 8.61 10.2 64.6 67.1 173
CFA cement
vw(1-comt-1 1866 116 442 19.8 30.4 50.5 215 662
vwil-cmt-2 1884 524 321 122 14.3 106 184 592
vw(l-cmt-3 2023 50.6 34.2 13.2 126 43.8 208 652
vw(2-cme-1 2282 33.0 315 11.2 710 624 161 426
yw(2-cmt-2 943 19.8 28.1 92,27 5.41 349 152 417
vw(2-cmt-3 1638 23 Zi4 9.37 100 55.3 138 n
gm0i-cmt-1 2278 316 29 11 5.48 58.1 112 314
gm01-cmt-2 3073 335 225 11.2 7.0 428 119 325
gm01-cmt-3 2244 206 20.6 183 24.3 31.8 68.2 212
gmll-cmt-4 1375 321 36.6 146 530 3.03 224 621
gm0l-cmt-5 866 15.4 15.8 6.30 3.80 49.2 94.1 258
gm01-cmt-6-darkeim 809 386 76.6 19.3 138 337 376 908
gm01-cmt-7-dasknim 1046 397 51.2 16.5 122 14.5 356 772
gmi2-cmt-1 2098 26.7 274 9.38 11.8 60.5 147 348
gm02-cmi-2 3432 33.8 11.0 9.44 8.11 46.9 60.68 169
gm02-cmt-3 3148 347 15.4 10.3 10.8 54.5 68.89 199
gm03-cmi-4 4386 86.8 29.3 15.6 375 53.1 203 537
gm03-cmt-3 5525 112 323 15.9 51.4 56.6 191 497
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Jable 8.5 continucs,
Sample St Y Pb Th U A Rb Zs
gm03-cmt-6 3059 67.6 40.3 223 24.0 45.1 254 697
gml4-cme-1 1596 35.9 161 15.8 80.9 396 210 214
gmld-cmt-2 1686 324 17.8 10.1 3.83 71.2 63.5 181
gmild-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 82.2
2. PELLETAL PHOSPHORITE MEMBER, LANGEBAANWEG
Sample St Y Pb Th U v Rb Zse
Peloidal grains
vwi16a-pph-1 2324 374 36.2 7.36 214 - - -
vwl6a-pph-2 1966 20.8 11.7 234 26.6 - - -
vwita-pph-3 1884 25.8 30.2 6.08 34.6 - - -
vwibe-pph-4 2335 60.7 221 6.2 33.9 - - -
vwl6a-pph-5 2180 95.2 383 141 24.2 - - -
vwi6a-pph-6 2007 96.4 414 9.75 426 - - -
vwi6a-pph-7 1831 364 303 9.83 15.8 - - -
vwi6a-pph-8 4679 328 331 38.8 71.1 - - -
vw19b-pph-1 2426 23.4 235 317 29.3 - - -
vw19s-pph-1 1226 200 41.8 215 19.7 - - -
vwi%a-pph-2 2180 236 319 174 39.9 B - -
vwi9a-pph-3 2348 66.9 23.9 3.92 39.8 - - -
vwi%-pph-4 1808 156 134 103 43.1 - - -
vw16b-pph-1 2112 152 2.5 10.6 29.7 - - -
vw16b-pph-2 2141 93.3 23.8 5.49 26.3 - - -
Biogenic grains
vwi6a-psh-1 2123 78.3 35.8 341 328 - - -
vwi6a-psh-2 2242 17.7 16.6 2.55 28.3 - - -
vwi6a-psh-3 1248 56.1 14.2 3.28 394 - - -
vwl6a-psh-4 1381 72.1 15.6 379 46.6 - - -
vwlba-psh-5 1544 9.91 17.2 4.42 54.3 - - -
vwiga-psh-6 1762 13.0 24.2 172 28.7 - - -
vwiGb-psh-1 2248 34.3 17.6 343 30.4 - - -
vwleb-psh-2 2249 19.5 19.6 294 21.3 - - B
vwi6b-psh-3 3509 315 130 3.57 53.9 - - -
CFA cement
vwi6a-cmt-1 773 10.3 17 5.34 268 - - -
vwi6a-cmi-2 1263 80.1 20.6 76 23.4 - - -
vwlba-cme-3 1671 63.1 36.7 7.32 233 - - -
vwiba-cme-4 932 85 107 348 5.78 - - -
vw19b-cmt-1 2009 367 274 21.2 18.3 - - -
vwi9b-cmt-2 664 5.5 6.45 1.68 1.65 - - -
vwi9b-cmet-3 2076 104 30.2 5.62 53.3 - - -
vwi%-cmt-1 2318 53.9 104 1.69 59.4 - - -
vwi9e-cmt-2 2269 41.2 184 298 52.0 - - -
vwi9a-cmt-3 1575 60.1 210 8.01 210 - - -
vwi%-cmi-4 780 529 315 1.74 234 - - -
vwife-cmt-5 546 8 4.01 299 254 - - -
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Teble 8.5 continues,
Sample Sr Y b Th U N Rb Zr
Misc.
vwith-81 1873 72.1 10.2 791 60.3 - - -
vwi16b-52 2523 169 7.69 344 49.1 - - -
vwi9b-test 1160 30.7 321 35.5 9.24 - - -
3. BOMGAT, HOEDJIESPUNT
Sample Sr Y Pb Th U A Rb Zr
Biogenic grains
bi-cmt-1 3250 16.2 314 741 58.9 318 154 381
bi-cmt-2 3958 14.0 17.8 5.63 13.8 34.4 97.1 303
bi-cmt-3 3502 144 225 6.81 115 239 101 337
bl-emt-4 5943 19.7 299 8.72 111 28.7 154 455
b2-cmt-1cfa 7218 212 2.8 9.22 7.35 26.4 148 444
b2-cmt-2cfa 2176 8.73 111 3.26 104 244 49.6 227
bZ-cmt-3cfa 3936 9.09 2.1 3.69 8.3 26.1 65.8 187
b3-cmt-1 2170 66.3 6.77 177 68.3 29.8 122 625
b3-cmt-2 2600 297 4.96 0.72 25.3 194 6.21 26.5
b3-comt-3 889 23 25,7 9.63 26.6 7.64 184 462
b3-cmt-4 2731 320 24.1 16.8 35.8 238 5.85 821
Biogenic grains
b3-bio-1 2517 385 7.8 091 20 50.7 14.7 53.5
b3-bio-2 2450 34 4.96 0.77 15 37 11.7 40.3
b3-bio-3 2853 309 123 1.97 45.3 632 311 99.5
b3-bio-5 1642 15 11.3 1.82 11 93.3 16.4 41.7
b3-bio-6 2274 528 125 4.86 93.9 40.9 16.1 74.9
4. ALUMINIUM PHOSPHATES
Sample St Y Pb Th U v Rb Zr
ke204-cmt-1 724 96.6 2235 907 129 1196 348 1456
ke204-cmt-2 911 826 2689 1671 145 1231 302 2287
ke204-cmt-3 2436 94.3 803 595 71.9 3 304 1331
kr204-cmi-4 2268 66.2 292 173 35.3 117 324 933
8, OFFSHORE PHOSPHORITES/PHOSPHATES
Sarmple St Y Pb Th U v Rb 2z
3703-1-cfa-3 5612 215 146 82.2 18.0 1003 736 841
3703-1-cfa-4 3943 94.4 3712 18.7 42.8 198 186 325
3700-3-cfa-1 1819 28.3 36.7 11.0 310 56.8 192 469
3700-3-cfa-2 1922 25.0 29.6 10.3 175 509 186 436
3700-3-cfa-3 1671 23.2 31.0 10.6 169 50.7 197 457
mim025ged-cfa-1 6572 1488 1 17.6 212 171 208 870
mjm025gvd-cfa-2 6060 1079 419 16.5 262 168 203 813
mym025ged-cfa-3 7956 1494 43.1 18.6 281 207 192 1332
mym(25ged-cfa-4 6640 1526 475 15.7 264 141 182 827
mim025gN-cfa-1 1441 184.7 40.1 135 26.1 822 214 628
mjm025gN-cfa-2 432 49.8 74.7 215 7.77 147 438 1335
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Jsble 8.3 continyes.

Sample Sr Y Pb Th U A\ Rb Zr

mjm025gN-cfa-3 494 57.1 729 26.7 211 26.6 442 1297
mjmb25d-cmt-1 431 31.9 45.0 15.8 370 33.4 321 Ti5
mjmb25d-cme-2 527 33.0 379 15.3 62.5 26.2 299 730
mijmb25d-cmt-3 516 31.2 415 149 82.2 2.5 305 742
mimb25d-cmi-4 473 3.7 66.4 16.1 704 30.6 332 764

Compared to shale (PAAS 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, 1978). According to Price and Calvert (1978) Ba,
Ce, La, Mo, Ni, U, Y, Zn and Zr are all 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. (1973) and Thomson ef al. (1984) for marine phosphorites from the Namibian shelf
(Table. 8.7). However, the onshore and offshore phosphorites of this study show higher
Th values than those from the Namibian shelf (Veeh er al. 1973; Thomson ef 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: Vech et al, (1973)
Locality of samples: Namibian Shelf

Sample U (ppm) Th (ppm) Ulth
Sediment

CIR 175 (0-10 cm) 102 11 927
CIR 175 (70-75 cm) 258 24 10.63
CIR 1778 (0-10 cm) 13.7 20 6.85
CIR 1778 (70-75 cm) 218 13 16.77
CIR 179B (0-10 cm) 157 - -
CIR 179B (70 -75 cm) 296 1.4 21.14
CIR 189 B (0-10 cm) 38.7 22 17.59
CIR 189B (70-75 cm) 54.6 8.1 6.74
Phosphorites/Phosphates

CIR 162 (surface) 120 18 6.67
CIR 175P (40-50 cm) 158 3 52.67
CIR 175P (50-100 cm) 117 i 117
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Table 8.6 continues.

Sampie U (ppm) Th (ppm) UfTh
CIR 186A/188A (20~ 30 cm) 78.6 1 78.60
CIR 175P (30-40 cm) 139 22 632

Study B: Thomson ef af. (1984)*
Locality of samples: Namibian Shelf

Sample (brief description) U (ppm) Th {ppm) UiTh
3424 (frisble concretion) 183£04  038+005 486
3429 (pelletal phosphorite) 130+2 255+1.1 51402
3903 (glauconitized pelletal phosphorite) ~ 95.1£26  20.1%0.5 47402
§798C (?coprolite/concretion) 107+2 0.96 +0.06 1127
5798G (phosphatised fish scales) 333£12 1002017  333&58
5799 (lithified concretion) 758422 0524012  146%34
57998 (coprolite) 81.8+2.0 1.5+0.4 55215
5799D (lithified concretion) 486+14 0322010 152448
5800 (lithified concretion) 57616 0332005  175£27
5801 (lithified concretion) 60.7+14 2603 2323
5801A (coprolite) 345409  0.65+0.06 534§

*Institute of Oceanographic Research (1.0.S) sample set reported.

The Gravel member is remarkably homogenous in terms of its trace-element
geochemistry. The Gravel member components (Pph, PSh and CMT) analysed had
similar trace-element contents. The homogeneity can be explained by the fact that the
Gravel member has been reworked and re-phosphatised, therefore the re-phosphatisation
of the Gravel member may have had 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 CFA 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 understand the geochemical nature of the phosphorites, an attempt must be
made to understand 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 CFA (Bremner, 1980a). Precipitation of CFA can occur as a pore-filling
cement or by replacement of precursor biogenic carbonate (bioclasts). According to
Garrison and Kastner (1990), the CFA precipitate will gradually form CFA-cemented
phosphorite nodules and ultimately transform the sediment into a hard, lithified
phosphorite rock. CFA 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;

e 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.

e 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, under 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 ef 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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IFigure 8.7. Schematic diagram of the phosphorite-upwelling model, The oxygen mimmum zonc
{OMZ) can increase mn si<¢ resulling in anoxic to suboxic canditions on the outer shell (modified
after Birch, 197%a; Trappe, 1998).

Cxtensive rewarking of the Pelletal Phosphonte member resulted in the removal of pynite
{and noticeable orgamc matter) by oxidation. Owing to extensive reworking the original
sediment composition or depositional environment of the phosphate scdiment are
uncertain, The deposit i1s no longer associated with the host sediment but has been
rewarked nto younger sediments.  This assumphion helds true for the Gravel member as
well.  The Gravel member shows evidence of episodic sediment-reworking and
subseguent re-phosphatisation. According to Glenn and Arthur (1988), peniodic erosion,
bioturbation and winnowng of organic-nich sediments may in fact promote peloidal grain
concentranon and nodule growth  Glenn and Arthur {1988) argue that below cenain
sediment depths, excessive carbonate 1on concentrations and diminished reactive Fe and
sulfate concentrations can favour the precipitation of dolonute instead of CFA during
diagenesis,

A reworking/re-phosphatisation model 18 envisioned for the phosphorites from the
Varswater Formation. The exact nature of the early diagenesis is not known, however the
assumplion 15 made that the process 15 simmlar to that cullined by Trappe {1998). On the
basis of the Ce-anomalies, the phosphorites were formed in suboxic to anoxic conditions.
This 15 consiztent with tradinonal views on phosphogenesis, however due to the lack of
stable 150t0pe (C, §r, O, and S) data the hypothesis cannot be tested.  The components
{peloids, cement eic ) of the Gravel member and the peloids from the Pelletal Phosphorite
member are siunilar in terms of their trzce-element and rare-earth element geochemistry.
The phozphatized shell fragmenis and bone fragmenis from the Pelletal Phosphorite
member are yeochemreally different and may represent other phosphatisation events,
unrelated to the phosphatsation event that crealed 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
micrite/CFA 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 CFA. 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 THE 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 CFA. The pyrite
occurs distributed in the CFA 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 well as tectonic uplift. Francolite is known
to be vulnerable to chemical alteration during weathering, diagenesis and metamorphism
(Flicateaux and Lucas, 1984; McArthur, 1985; McArthur er 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 er 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 CFA may result in the formation of aluminium phosphates (Parron
and Nahon, 1980). These aluminium phosphates include the following minerals:
augelite, beraunite, cacoxenite, crandallite, goyazite, Ca-millisite, turquoise, varsicite,
vivianite, wardite and wavellite (Nriagu and Moore, 1984). According to Dill (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-phosphate-sulphate)
minerals being formed (Dill, 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); 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
(Ayliffe er al., 1992). Guano deposits are formed either directly or indirectly from the
accumulation of bird droppings (Cook, 1984; Flicoteaux 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
(Flicoteaux 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 Kreefiebay
weathered quartz porphyry samples. Crandallite may have been formed within the
phosphatic soils due to the weathering of CFA (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 CFA by the leaching of guano by
meteoric water, resulting in the aluminium phosphates.

9.1.2. Geochemistry

The PAAS-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
La/Lu 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 (Ce/Ce*), determined 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, Zr, Rb and Y, whereas the aluminium phosphate
deposits are notably enriched in Zr, Pb, Th, V and Rb. 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 CFA. The lithification of the
consolidated phosphorites occurred due to the precipitation of authigenic apatite within
the pore spaces of the phosphate-rich sediments (Dingle er 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 micrite/CFA 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 CFA.

9.2. RECOMMENDATIONS
A number of problems remain unresolved, including the following:

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

e The extent of onshore phosphorite alteration by weathering (meteoric and
groundwater?)
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Chapter 9: Conclusions and Recommendations

Further work should be carried out using stable isotopes (e.g. C, O, 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 ¥’Sr/*®Sr) 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 O). 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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Al. Inductively Coupled Plasma — Mass Spectroscopy (ICP-MS)

Table Al.1. Abundances of trace elements in the Varswater Formation phosphatic sands and Bomgat phosphorite (B1). All values in ppm (pph =
peloidal phosphorite, psh = phosphatised shell fragments and bne=bone fragments).

Sample Sr Y Pb Th U v Rb Zr Ta Sc
vwlA3 (bulk) 958 371 14.7 4.1 185 19.7 438 20.1 0.1 29
vwlA3-pph- 2190 344 23.5 59 54 43 21.12 50.5 03 3.1
vw1A3-psh- 2110 37.8 339 1.8 28.1 384 4.99 29 0.5 2.5
vwi-0.2-pph- 2870 428 19.7 44 54.5 44 234 60.9 04 46
vwl-0.2-psh- 2067 376 34 1.9 34 33.7 3.19 283 03 24
vwi-1.31-pph 2270 442 259 4.7 23 34 276 62.2 03 49
vwl-131-psh 2532 453 223 22 334 46 5.89 336 0.6 3.1
vwli-1.72-pph 2892 398 22.1 7.6 57.1 57 242 50.8 0.3 44
vwi-1.72-psh 2151 65.3 29.3 2.6 325 42.4 293 223 03 4.1
vwli-1.90-pph- 1892 36.8 19.1 6.6 54.1 47 232 518 02 4

vyw-1-1.90-psh- 2051 64.3 223 1.9 315 324 093 153 0.2 3.1
vwl-2.65-pph- 1950 56.7 21.6 6.7 44.4 38.6 228 513 03 42
vwli-2.65-psh- 2077 419 29.5 22 333 306 3.19 346 0.6 4.6
vwi-3.22-pph 2227 62.8 20.8 6.1 475 381 225 50.2 03 6.1
vwl-3.22-psh 2132 773 36.7 34 336 382 6.78 28.6 0.2 5.4
vw2a-0.5-pph- 1870 428 17.7 44 53.5 42 23.4 70.9 0.4 4.8
vw2a-0.5-psh 1991 65.3 273 39 37.5 424 4.93 12.3 03 32
vwle-1.79-pph 1589 40.1 36.5 45 41.8 423 20.8 69.1 04. 4.9
vwle-1.79-psh 1395 455 194 2.7 275 305 34 9.78 0.2 26
vw2e-2.80-pph 2520 53.9 19.7 34 61.7 428 236 58.2 03 45
vw2e-2.80-psh 1876 56.4 24.4 35 378 39.9 437 12.3 03 33
vw36a2-0.98-pph 1624 34 38.1 7.8 58 60.9 21.9 65.8 0.3 4.7
vw36a2-0.98-psh 2765 56.3 45.5 35 45.6 535 6.7 38.8 0.7 3.4
VW13A-pph 1453 43.8 224 4.7 333 531 222 55.7 0.6 42
VW23C-pph 1059 127 26.3 8.0 12.8 527 14.7 65.5 0.2 5.5
vwi61-bne 552 446 6.4 i 80.3 83.1 2.7 34.1 0.4 45
vwi65-bne 1006 150 16.2 6.8 71.1 41.9 12.7 47.1 0.1 9.8
vwd66-bne 789 56.6 113 56 65.1 51.3 6.3 27.1 0.3 9.6
vwd61 (bulk) 379 216 46 0.9 56.5 59.4 43 26.4 0.1 34
Bl 9080 1.47 1.8 04 159 26.9 27 54.5 0.1 0.3
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Table Al.1, continues.

Sample Cr Co Ni Cu Bf Nb Cs Ba
vwlA3 (bulk) 757 15 10 59 05 1.9 1.2 169
vwiA3-pph- 120 16 22.1 309 1.2 2.6 1.3 78
vwlA3-psh- 826 85 206 239 0.5 0.7 0.7 79.3
vwi-0.2-pph- 133 16.8 152 24.2 1.5 2.5 i.8 115
vwl-0.2-psh- 86.5 9.1 9.3 24.7 0.6 08 0.5 75
vwl-1.31-pph 87.5 16.9 194 24 1.3 28 19 903
vwl-1.31-psh 876 1.5 115 24.5 06 0.7 0.7 78.3
vwl-1.72-pph 143 139 18.1 24 1.5 37 15 102
vwl-1.72-psh 83.9 11.3 12.9 14.3 02 06 0.6 68.6
vwl-1.90-pph- 153 i4 16.1 i4 12 2.8 1.6 99.1
vw-1-1.90-psh- 87.9 123 119 113 02 05 0.1 587
vwl-2.65-pph- 124 i38 174 24 03 1.9 0.4 144
vwl.2.65-psh- 816 7.45 12.8 19.4 0.6 08 03 782
vwl-3.22-pph 136 4.87 12.2 14.6 1.1 26 1.6 i
vwi-3.22-psh 90.4 16.9 14.5 24.5 0.4 i 06 123
vw28-0.5-pph- 143 11.8 152 202 1.5 2.6 1.5 135
vw2a-0.5-psh 88.9 13.3 12.9 17.3 04 03 02 639
vwe-1.79-pph 274 52 70.4 74 1.5 27 1.4 180
vw2e-1.79-psh 784 93 9.2 123 02 0.3 0.1 69.5
vw2e-2.80-pph 149 9.6 14.5 20.5 1.2 2.3 1.8 115
vw2e-2.80-psh 98.4 116 12.6 156 0.3 04 02 894
vw36a2-0.98-pph 164 399 2.1 309 1.5 4 1.7 86.2
yw36a2-0.98-psh 1124 114 27.8 326 0.7 09 0.7 104.5
VW13A-pph 129 10.5 214 178 1.2 32 1.5 105
VW23C-pph 62 14.1 152 18.6 1.3 2 0.8 108
vwé61-bne 525 176 12.9 209 0.6 0.7 02 633
vwd65-bne 102 18.4 237 27 1 0.7 04 176
vwd66-bne 62.8 194 235 27 1 0.7 04 176
vwébl (bulk) 304 35 7.4 0.8 0.5 1.3 02 46.7
Bl 357 1.8 9.72 48.7 I.1 1 02 110
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Table Al.2. Samples from Langebaanweg and Bomgat (Hoedjiespunt) showing the indices La/Th, Th/U, La/Yb, La/Sc, Th/Sc, Cu/Cr, Ni/Co and
V/Cr (pph = peloidal phosphorite, psh = phosphatised shell fragments and bne=bone fragments).

Sample La/Th TwU La/Yb La/Sc La/Sr Th/Sc Cu/Cr Ni‘Co VICr
vwlA3 (bulk) 5.06 022 8.58 6.98 0.02 1.38 0.08 4.69 0.26
vwlA3-pph- 2.86 0.11 6.79 542 0.01 1.89 0.26 1.38 0.36
vwlA3-psh- §.88 0.07 7.17 6.57 0.01 0.74 0.29 244 0.46
vw1-0.2-pph- 5.75 0.08 9.44 542 0.01 0.94 0.18 0.90 0.33
vwl-0.2-psh- 13.21 0.06 10.37 10.37 0.01 0.79 029 - 1.03 0.39
vwl-1.31-pph 6.77 0.21 11.39 6.49 0.01 0.96 027 1.15 0.39
vwl-1.31-psh 8.97 0.07 7.12 6.42 0.01 072 0.28 1.00 0.53
vwl-1.72-pph 3.54 0.13 089 6.05 0.01 1.7 0.17 1.30 0.40
vwl-1.72-psh 10.23 0.08 7.49 6.34 0.01 0.62 0.17 114 0.51
vwl-1.90-pph- 416 0.12 11.33 6.77 0.01 1.63 0.09 1.15 0.31
vw-1-1.90-psh- 13.62 0.06 7.25 8.52 0.01 0.63 0.13 0.97 0.37
vwl-2.65-pph- 3.90 0.15 4.79 6.17 0.01 1.58 0.19 1.25 031
vwl-2.65-psh- 8.49 0.07 7.67 4.15 0.01 0.49 0.24 1.72 0.38
vwi-3.22-pph 530 0.13 7.98 528 0.01 1.00 0.11 2.51 0.28
vwl-3.22.psh 10 0.10 7.06 6.43 0.02 0.64 0.27 0.86 0.42
vw2a-0.5-pph- 577 0.08 9.14 522 0.01 0.90 0.14 1.29 0.29
vw2a-0.5-psh 6.29 0.11 6.54 7.65 0.01 1.22 0.19 0.97 0.48
vw2e-1.79-pph 534 0.11 8.96 4.86 0.02 0.91 027 13.36 0.15
vwle-1.79-psh 633 0.10 6.55 6.67 0.01 1.05 0.16 0.99 0.39
vw2e-2.80-pph 7.12 0.06 6.98 542 0.01 0.76 0.14 1.50 0.29
vw2e-2.80-psh 6.71 0.09 6.95 7.08 0.01 1.05 0.16 1.08 0.41
vw36a2-0.98-pph 312 0.14 10.52 5.13 0.02 1.64 0.19 0.06 037
vw36a2-0.98-psh 6.26 0.08 6.85 6.55 0.01 1.05 0.29 2.42 0.48
VWI3A-pph 442 0.14 7.24 5.06 001 1.14 0.14 204 0.41
VW23C-pph 5.03 0.63 514 7.40 0.04 1.47 0.30 1.08 0.85
vwi6i-bne 366 0.01 0.68 082 0.01 023 0.40 0.07 1.58
vwd65-bne 242 0.10 1.48 1.68 0.02 0.69 0.26 1.29 0.41
vw466-bne 272 0.09 1.26 1.60 0.02 0.59 0.43 1.21 0.82
vwié61 (bulk) 388 0.02 1.08 112 0.01 0.29 0.36 2.09 1.95
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Table A1.2. continues.

Sample La/Th ThU La/Yb La/Sc La/Sr Th/Se Cu/Cr Ni/Co ViCr

B1 253 0.03 6.31 348 0.00 1.38 1.36 517 0.75

Table A1.3. Abundances of rare-earth elements in the Varswater Formation phosphatic sands and Bomgat Phosphorite (B1). PAAS is included for
comparison. All values given in ppm (pph = peloidal phosphorite, psh = phosphatised shell fragments and bne=bone fragments).

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
PAAS 382 79.6 83 339 5.6 (B 47 0.8 4.7 1.0 29 0.4 28 04
vwiA3 (bulk) 206 455 50 219 45 1.0 50 0.7 44 0.9 28 04 24 04
vwiA3-pph- 16.9 348 39 164 4.5 0.9 50 0.7 45 08 30 04 25 05
vwlA3-psh- 16.7 33.3 36 16.1 32 07 40 0.6 37 09 26 0.4 23 04
vwl-0.2-pph- 253 63.7 68 24.0 5.1 1.0 5.8 0.8 5.0 i1 42 0.5 27 04
vwi-0.2-psh- 25.1 564 55 20 49 1.0 43 0.7 39 0.8 7 04 24 04
vwi-1.31-pph 323 68.5 74 314 6.0 10 6.5 0.8 55 11 32 05 28 05
vwl-1.31-psh 200 395 43 202 4.0 0.8 48 0.7 45 1.0 3.1 05 28 05
vwi-1.72-pph 26.8 56.6 6.3 254 52 08 56 0.8 49 0.9 28 04 27 0.4
vwl-1.72-psh 26.5 50.3 56 253 4.7 L1 63 0.8 58 1.5 4.1 0.7 35 0.7
vwl-1.90-pph- 213 572 6.1 26.0 5.1 0.9 54 0.7 45 0% 28 04 24 04
vw-1-1.90-psh- 27.1 493 54 241 4.9 10 6.2 0.9 58 1.3 42 0.6 37 0.6
vwi-2.65-pph- 26.1 483 52 214 42 0.9 4.0 0.7 64 1.3 43 0.6 55 08
vw1-2.65-psh- 19.1 385 4.1 185 38 08 4.8 0.7 43 0.9 29 0.4 25 04
vwl-3.22-pph 323 76.3 87 385 8.2 15 9.0 1.3 7.9 1.6 48 0.6 4.1 0.6
vwl-3.22-psh 349 56.7 64 276 6.2 13 6.7 11 6.5 18 4.7 0.7 4.9 0.7
vw2a-0.5-pph- 254 53.7 58 25.0 5.0 10 57 0.8 5.0 11 32 0.4 28 0.4
vwla-0.5-psh 251 511 43 245 4.8 1.1 6.3 0.9 5.9 14 43 0.7 38 0.7
vw2e-1.79-pph 24.1 623 55 235 43 1.0 5.5 0.8 4.9 1.0 31 0.4 27 0.4
vw2e-1.79-psh 176 356 30 17.1 33 0.7 44 0.7 42 1.0 32 05 27 0.5
vw2e-2.80-pph 247 s1. 55 24.9 50 L1 62 0.9 57 13 39 0.5 35 06
vw2e-2.80-psh 235 449 38 217 4.2 0.9 56 0.8 53 13 490 0.6 34 06
vw36a2-0.98-pph 244 522 5.7 23.8 4.6 0.8 50 0.7 42 0.9 26 04 23 04
vw3682-0.98-psh 223 447 48 26 4.6 0.9 52 0.7 50 12 38 04 33 05
VWI13A-pph 210 46.6 5.1 232 48 10 57 08 53 11 34 05 29 05
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Table Al.3. continues.

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
VW23C-pph 405 100.0 124 583 12.8 27 153 22 14.1 3.1 93 13 79 12
vwA61-bne 37 96 12 63 19 07 34 06 46 12 44 0.7 55 12
vwA465-bne 16.4 48.1 66 363 103 2.6 151 22 155 37 1.9 17 1.1 18
vwd66-bne 153 483 57 2.4 116 36 172 31 193 47 123 17 121 15
Vw46l (bulk) 38 87 10 44 12 0.4 2.0 04 29 0.7 28 0.5 35 08
Bl 1.0 2.1 03 1.1 02 0.0 0.2 0.0 0.2 0.0 0.2 0.0 02 0.0
Table Al.4. Abundances of PAAS-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 La Ce Pr Nd Sm Eu Gd b Dy Ho Er Tm Yb Lu
vw1A3 (bulk) 0.54 057 0.57 065 0.80 0.86 1.06 0.8 0.94 0.93 0.96 0.93 0.86 0.93
vw1A3-pph- 044 0.4 0.4 0.48 0.80 0.78 1.07 0.83 095 0.75 1.04 1.10 0.89 1.13
vwlA3-psh- 0.44 0.42 041 0.47 057 0.62 0.86 0.70 0.80 0.87 0.90 0.90 0.83 0.93
vw1-0.2-pph- 0.66 0.80 077 071 091 0.94 123 0.99 1.06 1.07 1.44 1.20 0.96 1.00
vw1-0.2-psh- 066 071 062 065 0.87 092 092 0.83 0.83 0.78 0.92 0.93 0.86 098
vwl-131-pph 0.85 0.86 0.84 093 1.08 095 137 1.04 116 113 111 1.33 1.01 118
vwl-1.31-psh 0.52 0.50 049 0.60 0.72 0.75 1.03 0.84 095 1.03 1.08 115 1.00 1.13
vwl-1.72-pph 0.70 071 072 075 093 0.69 1.19 1.04 1.03 0.85 095 0.50 0.97 0.98
vwl-1.72-psh 069 063 063 0.75 0.83 1.02 1.35 095 123 1.54 1.43 1.70 1.26 1.63
vwl-1.90-pph- 071 072 0.70 077 091 0.78 1.14 091 095 0.94 0.96 093 0.86 095
vw-1-1.90-psh- 071 062 062 0.71 0.88 093 1.33 1.08 124 134 1.46 145 134 1.48
vw1-2.65-pph- 0.68 061 0.59 063 0.75 0.82 0.85 0.90 136 1.30 1.49 1.48 195 2.10
vwl-2.65-psh- 050 0.48 0.47 055 0.68 075 1.01 0.81 091 0.94 1.00 095 0.89 1.00
vwl-3.22-pph 085 0.96 099 1.14 1.46 134 192 1.58 167 1.62 165 1.58 145 1.50
vwl-322-psh 091 071 073 082 L1 1.17 1.42 141 1.39 175 1.62 1.83 176 1.83
vw2a-0.5-pph- 0.66 067 0.66 0.74 0.50 0.92 121 098 1.06 1.06 1.09 1.05 0.99 1.08
vw2a-0.5-psh 0.66 0.64 0.49 0.72 0.86 0.96 135 111 1.26 1.43 1.50 1.70 1.37 1.73
vw2e-1.79-pph 063 0.78 062 0.69 0.86 0.88 117 0.96 1.05 1.04 1.08 1.03 0.96 1.00
vw2e-1.79-psh 046 045 0.34 051 059 0.67 0.94 0.84 0.89 1.04 110 1.13 0.96 121
vw2e-2.80-pph 065 0.64 063 073 0.90 0.96 131 1.08 120 128 1.36 1.33 126 1.43
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Table Al.4. continues.

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

vwle-2.80-psh 062 0.56 0.43 0.64 0.75 0.85 1.19 1.06 1.13 1.31 1.39 1.43 121 1.53
vw36a2-0.98-pph 0.64 0.66 065 0.70 0.83 0.69 1.05 0.85 0.89 0.87 0.89 0.88 0.83 0.90
vw36a2-0.98-psh 0.58 0.56 054 0.67 0.82 0.80 1.11 0.84 1.07 1.17 1.31 1.05 1.16 1.13
VWI13A-pph 0.55 0.59 058 0.68 0.86 0.94 1.21 1.01 112 1.13 117 1.13 1.04 1.13
VW23iC-pph 1.06 1.26 1.41 1.72 229 246 3.26 2.75 3.00 3.06 321 3.15 2.81 298
vwi6l-bne 0.10 0.12 0.14 0.18 0.34 0.63 071 0.75 0.98 1.17 1.51 1.78 1.95 3.08
vw465-bne 0.43 0.60 0.75 1.07 1.84 2.35 32 278 3.30 369 4.10 4.20 396 4.60
vw466-bne 0.40 0.61 0.64 0.78 208 3.26 3.66 3.90 4.10 4.69 4.26 420 432 385
vw461 (bulk) 0.10 0.11 0.11 0.13 021 037 0.43 0.46 0.61 0.73 095 1.13 1.26 2.03
Bl 0.03 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
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Table A1.5. Samples from Langebaanweg and Bomgat (Hoedjiespunt) showing the indices
Ce/Ce*, Ew/Eu*, Lu/La, Er/Nd, Sm/Nd and LREE/HREE (pph = peloidal phosphorite, psh =

phosphatised shell fragments and bne=bone fragments).

Sample CelCe? Ew/Eu® {(Lw/La)n (Er/Nd)n (Sm/Nd)n LREEMREE
vwiA3 (bulk) 1.03 093 172 1.48 1.23 0.37
vwlA3-pph- 0.99 0.83 254 2.15 1.66 031
vwlA3-psh- 0.99 0.87 212 1.90 1.21 0.31
vwi-0.2-pph- 1.12 0.87 1.51 203 1.29 039
vwl-0.2-psh- 111 1.02 1.48 1.42 1.35 044
vwl-1.31-pph 1.02 0.77 1.39 1.20 1.16 0.44
vwi-1.31-psh 0.97 0.86 2.15 1.81 1.20 0.32
vwi-1.72-pph 1.00 0.65 1.39 1.27 1.23 0.44
vwl-1.72-psh 0.95 0.93 234 1.91 112 029
vwl-1.90-pph- 1.02 0.76 1.33 1.25 1.18 0.45
vw-1-1.90-psh- 0.93 0.84 2.08 2.06 1.24 0.30
vwl-2.65-pph- 0.95 1.02 307 2.37 1.19 0.27
vwi-2.65-psh- 1.00 0.88 2.00 1.83 1.24 0.32
vwl-3.22-pph 1.05 0.79 1.77 145 1.29 0.38
vwi-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
vwia-0.5-psh 112 0.87 2.63 207 1.19 0.27
vwle-1.79-pph 1.25 0.87 1.59 1.56 1.23 0.39
vw2e-1.79-psh L1 0.88 263 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
VW13A-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
vwd6i-bne 1.03 1.19 31.49 8.17 1.82 0.07
vwé65-bne 1.03 093 10.71 3.83 1.72 0.15
vw466-bne 1.16 1.14 9.61 546 267 0.12
vwié6] (bulk) 103 1.16 20.30 729 1.65 0.08
Bi 0.96 0.84 3.03 1.64 1.24 0.34
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A2. Laser ablation Inductively Coupled Plasma — Mass Spectroscopy (LA-ICP-MS)

Table A2.1. Abundance of trace elements of varying grain types from phosphorites and
phosphate rocks by LA-ICP-MS. All values in ppm.

1. GRAVEL MEMBER, LANGEBAANWEG

Sample Sr Y Pb Th U \i Rb Zr
Peloidal grains
vw0i-pph-1 1476 41.6 43.9 14.2 9.8 128 239 769
vw0i-pph-2 1950 56.7 216 8.7 14.5 78.6 126 384
vw01-pph-3 1985 65.6 322 10.7 21.0 55.9 181 505
vw02-pph-1 1955 29.0 50.7 13.8 8.5 34.0 238 636
vw(2-pph-2 1299 18.5 21.5 7.0 6.0 63.7 113 282
vw02-pph-3 1860 220 325 10.0 5.7 336 171 446
g0l-pph-1 3492 753 202 87.6 310 68.5 49.5 218
gmO1-pph-2 2657 106 18.1 129 39.0 623 50.7 157
gmOi-pph-3 2122 152 18.3 17.9 23.9 68.9 90.0 247
gm02-pph-1 3338 127 21.0 137 276 61.9 719 174
gm02-pph-2 2672 91.5 16.2 13.8 194 168 58.7 251
gm02-pph-3 2619 392 13.9 4.1 19.4 99.8 48.4 133
gm02-pph-4 478 36.1 50.6 17.4 8.6 4.9 327 855
g03-pph-2 3344 167 315 29.1 42.4 37.8 190 502
gm03-pph-3 1719 274 16.5 19.2 715 30.1 83.4 268
gm04-pph-1 2382 48.4 8.9 6.4 19.7 59.5 30.2 96.1
gm04-pph-2 1735 360 4.4 2.7 225 4.1 67 55.5
gin04-pph-3 2145 229 11.0 334 12.8 69.5 48.4 189
Biogenic grains
gm02-psh-1 3311 By 16.9 8.6 10.2 64.6 67.1 173
CFA cement

vwil-cmt-1 1866 116 4.2 19.8 304 50.5 215 662
vw0l-cmy-2 1884 52.4 321 12.2 14.3 106 184 592
vwOl-cmt-3 2023 50.6 34.2 13.2 12.6 43.8 208 652
vwZ-cmt-1 2282 33.0 315 11.2 77.0 62.4 161 426
vwiZ-cmi-2 943 19.8 281 9.3 5.4 349 152 417
vw02Z-cint-3 1638 23.0 27.4 9.4 10.0 55.3 138 371
gmQ1-crat-1 2278 316 229 11.0 5.5 58.1 112 314
gmOl-cme-2 3073 335 225 11.2 7.0 42.8 119 325
gmOl-cmt-3 2244 206 206 18.3 24.3 31.8 68.2 212
gm0i-crot-4 1375 321 36.6 14.6 53 3.0 224 621
gm0l-cme-5 866 154 15.8 6.3 38 49.2 94.1 258
gm0l-cmt-6-

darkrim 809 38.6 76.6 19.3 13.8 337 376 908
gm0l-cme-7-

darkrim 1046 397 512 16.5 122 14.5 356 772
gml2-cmt-1 2098 26.7 274 9.4 11.8 60.5 147 348
gm2-cmi-2 3432 33.8 110 9.4 8.1 46.9 607 169
gmQ2-cmt-3 3148 347 15.4 103 10.8 54.5 68.9 199
gm03-cme-4 4386 86.8 293 15.6 37.5 53.1 203 537
gmO3-cme-5 5525 112 323 15.9 51.4 56.6 191 497
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Table A2.1. continues.

Sample Sr Y Pb Th U v Rb Zr
gm03-cmt-6 3059 67.6 40.3 23 24.0 45.1 254 697
gm04-cmt-1 1596 35.9 161 15.8 80.9 3% 210 274
gm04-cmt-2 1686 32.4 17.8 10.1 3.8 77.2 63.5 181
gm04-cmt-3 1361 358 25.5 113 5.0 58.4 108 349
gm02-cmt-7 243 T 949 2.3 20.6 217 1051 82.2
2. PELLETAL PHOSPHORITE MEMBER, LANGEBAANWEG

Sample St Y Pb Th u v Rb Zr

Peloidal grains
vwiéa-pph-1 2324 374 36.2 7.4 214 - - -
vwi6a-pph-2 1966 20.8 11.7 2.3 26.6 - - -
vwiéa-pph-3 1884 258 30.2 6.1 4.6 - - -
vwiéa-pph-4 2335 60.7 221 6.2 339 . - -
vwi6a-pph-5 2180 95.2 38.3 14.1 24.2 - - -
vwi6a-pph-6 2097 96.4 414 9.8 42.6 - - -
vwiba-pph7 1831 Jo.4 303 9.8 15.8 - - -
vwi6a-pph-8 4679 328 331 388 711 - - -
vwi9b-pph-1 2426 234 235 32 29.3 - - -
vwi9a-pph-1 1226 200 41.8 27.5 19.7 - - -
vwi9a-pph-2 2180 236 319 17.4 39.9 - - -
vw19a-pph-3 2348 66.9 2339 39 39.8 - - -
vwi9a-pph4 1808 156 13.4 10.3 43.1 - - -
vwieb-pph-1 2112 152 26.5 10.6 297 - - -
vwi6b-pph-2 2141 93.3 23.8 5.5 26.3 - - .
Biogenic grains
vwi6a-psh-1 2123 78.3 358 34 328 - - -
vwi6a-psh-2 2242 17.7 16.6 26 28.3 - - -
vwl6a-psh-3 1248 56.1 14.2 33 394 - - -
vwiéa-psh-4 1381 72.4 15.6 3.8 46.6 . - -
vwi6s-psh-3 1544 9.9 17.2 4.4 54.3 - - -
vwiba-psh6 1762 13.0 24.2 77 287 - - -
vwi6b-psh-1 2248 34.3 17.6 34 30.4 - - -
vwieb-psh-2 2249 195 19.6 29 21.3 - - -
vwiéb-psh-3 3508 315 13.0 36 53.9 - - -
CFA cemens

vwiéa-cmt-1 773 103 17.0 5.3 27 - - -
vwl6a-cmt-2 1263 80.1 20.6 7.6 23.4 - . -
vwi6a-cmt-3 1671 63.1 367 73 23.3 - - -
vwiba-cmt-4 932 85 107 35 5.8 . - -
vwi9b-cme-1 2009 367 T4 212 18.3 - - -
vwi9b-cme-2 664 5.5 6.5 17 17 - - -
vwi9b-cmt-3 2076 104 30.2 5.6 53.3 - - -
vwi9z-come-1 2318 53.9 10.4 17 59.4 - - -
vwi%a-cmt-2 2269 41.2 18.4 30 52.0 - - -
vwi9a-cmt-3 1575 60.1 21.0 8.0 21.0 - - -
vwi9z-cmi-4 780 5.3 32 1.7 2.3 - - -
vwi%a-cmn-5 546 8.0 4.0 3.0 25 - - -
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Table A2.1. continues.

Sample Sr Y Pb Th U v Rb Zy
Mise.
vwi16b-51 1873 72.1 10.2 7.9 60.3 - - -
vw16b-52 2523 169 7.7 34 49.1 - . -
vw 19b-test 1160 307 321 355 9.2 - - -
3. BOMGAT, HOEDJIESPUNT
Sample Sr Y Pb Th U \i Rb Zr
Biogenic grains
bl-cmt-1 3250 16.2 314 74 58.9 318 154 k13|
bl-cmt-2 3958 14.0 17.8 5.6 13.8 344 97.1 303
bl-cmt-3 3502 14.4 225 6.8 115 239 101 337
bi-cme-4 5943 19.7 299 8.7 111 287 154 455
b2-cmt-1cfa 7278 21.2 29.8 9.2 7.4 264 148 444
b2-cmt-2cfa 2176 87 11.1 33 10.4 244 496 227
b2-cmt-3cfa 3936 9.1 201 37 8.3 26.1 65.8 187
b3-cot-1 2170 66.3 6.8 1.8 68.3 29.8 12.2 62.5
b3-cme-2 2600 29.7 5.0 0.7 25.3 194 6.2 26.5
b3-cmt-3 889 23.0 257 9.6 266 7.6 184 462.1
b3-cmt-4 2731 320 24.1 16.8 35.8 23.8 5.9 82.1
Biogenic grains
b3-bio-1 2517 39 7.8 0.9 200 50.7 147 53.5
b3-bio-2 2450 34 5.0 0.8 15.0 37.0 117 40.3
b3-bic-3 2853 309 12.3 2.0 45.3 63.2 31t 99.5
b3-bio-5 1642 15.0 11.3 1.8 11.0 93.3 164 47.7
b3-bio-6 2274 528 12.5 4.9 93.9 40.9 16.1 74.9
4, ALIMINIUM PHOSPHATES
Sample St Y Pb Th U v Rb Zr
kr204-cmt-1 724 9.6 2235 907 129 1196 348 1456
kr204-cme-2 911 826 2689 1671 145 1231 302 2287
kr204-cmt-3 2436 94.3 803 595 719 377 304 1331
kr204-cmt-4 2268 66.2 292 173 35.3 117 324 933
5. OFFSHORE PHOSPHORITES/PHOSPHATES
Sample St Y Pb Th U v Rb Zr
3703-1-cfa-3 5612 215 146 822 18.0 1003 736 841
3703-1-cfa-4 3943 94.4 37.2 18.7 42.8 198 186 325
3700-3cfa-1 1819 283 36.7 11.0 310 56.8 192 469
3700-3-cfa-2 1922 25.0 29.6 10.3 175 50.9 186 436
3700-3-cfa-3 1671 232 310 10.6 169 50.7 197 457
mjm025gtd-cfa-1 6572 1488 111 17.6 212 171 208 870
mjm025grd-cfa-2 6060 1079 41.9 16.5 262 168 203 813
mjm025gtd-cfad 7956 1494 431 18.6 281 207 192 1332
mjm025gtd-cfa4 6640 1526 47.5 15.7 264 141 182 827
mjm025gNcfa-1 1441 185 40.1 13.5 26.1 82.2 214 628
mjm025gN-cfa2 432 49.8 747 27.5 7.8 14.7 438 1335
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Table A2.1. continues,

Sample Sr Y Pb Th U v Rb Zr
mjm025gN-cfa-3 494 57.1 729 26.7 211 26.6 442 1297
mjmb25d-cmt-1 431 3.9 45.0 15.8 37.0 334 321 775
mjmb25d-cmt-2 527 33.0 379 15.3 62.5 262 299 730
mjmb25d-cmt-3 516 312 415 149 82.2 29.5 305 742
mimb25d-cmt-4 473 317 66.4 16.1 70.4 30.6 332 764

Table A2.2. 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 Ia Ce Pr Nd Sm Eu Gd Dy Ho Er Tm Lu
PAAS 38.2 736 88 339 5.6 1.1 4.7 0.8 4.7 1 29 0.4 2.8 0.4
Peloidal grains
vwil-pph-1 46.9 857 B85 351 687 099 546 070 6.20 1.54 4.64 0.58 3.48 0.57
vw01-pph-2 26.1 483 519 205 420 092 404 072 6.40 1.31 4,33 0.60 5.46 0.85
vw01-pph-3 47.7 778 785 336 661 073 503 090 6.14 1.39 4.20 0.47 4.92 0.70
vw02-pph-1 47.0 872 876 366 429 040 333 008 2.54 0.50 1.14 0.44 1.27 0.27
vw02-pph-2 24.1 489 445 208 366 039 193 025 2.36 0.31 0.83 0.01 1.12 0.06
vw02-pph-3 357 68.6 689 305 402 001 251 0.6 249 0.22 0.28 0.13 0.65 0.01
gm01-pph-1 170 401 531 27 752 173 844 143 91.3 203 56.5 7.57 535 7.48
gm0i-pph-2 66.0 122 139 623 132 270 131 185 117 249 6.59 0.89 6.59 0.87
gm01-pph-3 99.8 187 213 956 195 370 183 257 17.4 377 9.91 1.29 10.52 1.32
gm02-pph-1 70.8 156 188 860 191 432 190 273 17.5 343 9.53 1.23 7.98 1.21
gm02-pph-2 53.8 107 123 547 123 262 122 192 11.8 2.45 7.19 0.97 659 1.02
gm02-pph-3 26.6 426 469 214 442 086 406 067 398 0.92 277 0.36 2.70 0.38
gm02-pph-4 54.6 108 1000 445 8B6 260 548 108 5.00 1.35 3.28 0.82 4.46 0.94
gm03-pph-1 207 648 121 646 225 435 291 836 667 135 386 60.89 424 42.6
gm03-pph-2 81.7 184 208 109 24 570 258 358 215 4.60 13.8 1.67 12 1.58
gm03-pph-3 37.2 988 137 784 265 682 316 5.15 331 7.28 21.0 2.84 19.7 3.16
gm04-pph-1 287 490 565 245 543 095 566 079 4.53 1.9 3.51 0.45 3.43 0.51
gm04-pph-2 195.1 396 449 202 449 927 465 696 44.7 9.72 7.4 3.66 240 351
gm04-pph-3 65.3 137 166 759 210 470 234 402 27.4 6.07 18.5 2.35 18.6 2.53
Biogenic grains
gm02-psh-1 2842 5756 604 2684 514 134 515 0.69 5.03 1.09 297 0.41 2.5 0.36
CFA cement
vw0l-cme-1 46.1 920 101 433 109 163 861 204 13 3.23 8.39 1.66 1078 139
vwil-cmt-2 37.1 670 721 303 602 157 524 104 591 1.4 495 072 5.09 0.82
vw0l-cme-3 39.1 747 812 334 608 17 621 074 5.32 1.44 4.14 0.64 4.78 0.61
vw(2-cmt-1 37.0 727 746 3Ll 53 093 373 042 3.63 0.57 1.42 0.09 2.64 0.22
vwi2-cmt-2 299 574 57 2.1 373 028 257 0.13 1.83 0.29 0.74 0.23 1.35 0.1
vwi2-cmt-3 287 568 575 233 364 021 277 03 19 0.36 0.4 0.16 0.73 0.1
gm0i-cmt-1 343 658 665 284 3507 035 315 034 2.65 0.67 1.56 0.07 2.29 0.09
gm0i-cmt-2 36.6 69.6 735 267 407 08 413 053 357 0.55 212 0.06 1.69 0.12
gm01-cmt-3 129 236 27.5 121 252 508 261 365 24.8 5.06 14.8 1.76 12.6 1.72
gm0l-cmt-4 48.0 885 927 372 45 0.02 382 005 237 0.2 1.05 0.37 1.68 0.21
gmOl-cmt-5 215 388 426 169 171 007 021 08 1.18 0.14 0.32 0.09 0.99 0.07
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Table A2.2. continues.

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
gm0lcmt-6-darkrim  59.8 118 117 448 499 079 291 041 2.33 0.13 0.81 0.85 1.25 0.18
gm0lcmt-7-darkrim ~ 56.9 116 117 426 714 07 502 043 3.18 0.62 2.3 0 23 0.02
gm02-cmu-1 320 622 607 263 533 122 3% 072 4.11 094 2.1% 0.44 271 0.42
gm02-cmt-2 27.4 532 555 269 548 136 56% 073 5.11 1.06 2.43 0.38 217 0.36
gm02-cme-3 34.8 701 76 322 57 163 539 078 4,26 1.04 2.89 0.34 244 0.38
gm03-cmt-4 61.1 119 140 814 153 326 15% 195 11.3 28 7.52 0.78 6.37 1.1
gm03-cme5 64.7 157 178 97.6 214 547 181 268 12.5 3.41 8.49 1.32 7.63 0.96
gm03-cmt-6 62.4 130 141 709 144 333 130 195 11 244 6.48 0.86 7.56 1.16
gmO4-cmt-1 158 97.1 131 179 323 158 789 311 7.7 1.39 7.57 1.6 5.09 1
gmO4-cmt-2 2.5 532 593 255 574 103 428 0.65 4.67 0.99 2.26 0.31 2.44 0.24
gm04-cmt-3 33.2 621 725 308 622 1 556 0.89 5.42 1.13 2.86 0.52 2.6 0.31
gm02-cmt-7 3L7 184 124 181 12.84 - 289 023 2.7 15.47 - - 15.5 -
2. PELLETAL PHOSPHORITE MEMBER, LANGEBAANWEG

Sample La Ce Pr Nd Sm_ FEu Gd__Tb Dy Ho Er Tm Yb Lu

Peloidal grains
vwl6a-pph-1 34.4 61.7 7 280 551 L14 447 091 3.87 0.97 2.85 0.52 24 0.43
vwl6a-pph-2 12.6 235 237 112 245 054 217 038 2.41 0.48 1.66 0.2 1.43 0.24
vwl6a-pph-3 2.4 386 422 164 323 067 307 048 301 076 2.22 0.48 1.9%9 0.4
vwlba-pph-4 331 661 7.43 322 717 142 704 114 7.06 1.45 4.5 0.64 4.3 0.66
vwiéa-pph-5 751 130 146 641 133 306 141 202 12.4 2.52 7.64 1.06 7.79 1.2
vwibapph-6 51.8 104 116 485 104 213 108 169 10.3 2.48 7.31 09 6.57 1.08
vwléa-pph-7 377 733 827 316 63 124 487 078 5.28 1.03 2.95 0.5 3.33 0.46
vwiéa-pph-8 104 280 351 1562 388 948 389 711 42.6 8.91 245 n 24 3.19
vwi9b-pph-1 17.0 272 323 124 284 055 252 038 232 0.51 1.96 0.23 1.73 0.27
vwi9a-pph-1 135 297 329 145 315 626 298 451 26.4 5.42 15.2 2,04 14.1 2.03
vwr19a-pph-2 137 290 314 142 335 628 316 496 29.4 6.41 172 2,37 15.9 2.31
vwi192-pph-3 43.8 780 827 370 75 173 7% 1Li 6.67 1.55 4.4 0.61 39 0.65
vw19a-pph-4 81.0 15 172 763  16% 345 173 259 169 3.79 10.3 1.47 10.2 1.48
vwiéb-pph-1 74.1 142 160 712 162 345 173 268 15.7 3.76 10.5 1.51 10.5 1.65
vwlbb-pph-2 40.3 780 879 413 9.06 198 993 154 9.7 2.35 6.8 0.92 6.56 0.96
Blogenic grains
vwiba-psh-1 35.9 577 621 276 611 119 661 104 6.53 1.65 4.99 0.73 4.84 0.83
vwl6apsh-2 11.7 238 248 98 262 052 201 031 2.35 0.45 1.52 0.23 1.44 0.25
vwi6apsh-3 2.7 415 497 252 549 136 636 097 572 1.4 4.22 0.64 4,04 0.67
vw16a-psh-4 26.7 540 685 328 736 15 827 122 7.71 1.86 5.51 0.81 5.42 0.95
vw16a-psh-5 13.2 246 25 114 224 046 127 025 1.47 0.28 1.16 0.15 0.61 0.22
vwi6a-psh-6 23.7 457 475 20 39 072 236 047 2.05 0.37 1.31 0.12 1.32 0.16
varl6b-psh-1 19.7 335 378 165 362 078 318 05 3.23 0.84 2.49 0.38 2.37 0.44
vwléb-psh-2 13.8 222 249 103 199 042 176 032 2 0.47 1.25 0.19 1.47 0.25
vw16b-psh-3 15.7 338 409 229 869 27 154 3 2319 743 262 4.06 28.8 5.07
CFA cement

vwlba-cmt-1 16.2 301 309 117 241 062 231 031 2.14 0.4 1.23 0.14 0.85 0.17
vwléa-cmt-2 35.2 687 837 393 926 189 977 139 9.17 2.13 6.28 0.83 6.73 1.01
vwlbscmt-3 41.7 781 851 M7 707 le4 729 121 7.58 1.53 4.69 0.68 4.72 0.69
vwlba-cmt-4 1157 224 257 947 176 05 129 029 1.45 0.23 0.65 0.12 0.78 0.13
vwl9b-cmt-1 171 336 385 174 391 791 404 645 39.5 9.01 242 3.43 217 3.43
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Table A2.2. continues.

Sample La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu
vwi9b-cmt-2 6.53 121 123 486 103 022 Q67 Ol6 0.97 0.17 0.6 0.1 0.62 0.07
vwi9b-cme-3 59.9 976 108 494 102 238 113 1.7 10.4 2.64 6.55 0.89 5.72 1
vwi9a-cmr-1 28.5 43.8 5 24 489 107 588 078 5.05 1.18 3.57 0.49 31.54 0.53
vwi9a-cmy-2 28.0 8.7 55 252 501 108 535 0.8 4.45 1.03 2.75 0.38 2.7 0.38
vwi9a-cme-3 40.1 803 85 375 756 162 729 109 712 1.56 4.77 0.54 426 0.73
vwi%-cmt-4 5.28 105 1.24 49 094 018 076 015 0.88 0.13 0.51 0.04 0.46 0.13
vwi9a-cmt-5 7.8 1541 193 735 1.4 0.34 1.6 0.25 1.3 0.23 0.76 o 0.7 0.15
Misc.
vwi6b-S1 321 705 881 402 %31 213 9.2 14 9.27 1.96 5.48 0.75 5.24 .76
vwiéb-52 10.4 26.6 505 236 751 228 127 219 16.0 444 12.0 1.66 12.4 2.07
vw19b-test 32.3 655 654 252 576 219 428 0.69 4.82 1.01 3.35 0.76 5.56 1.12
3. BOMGAT, HOEDJIESPUNT
Sample La Ce Pr Nd  Sm Eu Gd Th Dy Ho Er Tm Yb Lu
CFA cement
blcmt-1 320 438 447 224 6 1.08 341 077 3.06 0.6 1.47 0.3 332 0.35
bl-cmt-2 18.1 351 355 156 316 071 279 0.4 1.83 0.42 1.31 0.39 1.84 0.21
blcme-3 221 3%.0 458 181 412 088 423 073 53 1.04 2.84 0.53 2.53 0.69
bl-cmi-4 28.9 541 558 229 452 093 329 051 3.06 0.59 1.52 0.09 2.28 0.2
b2<mt-1cfa 29.5 528 5.66 247 5.9 224 617 11 4.35 1.12 2.55 0.82 4.87 .94
bZ-cmt-2cfa 9.59 183 204 8.17 2 0.81 1.59 0.31 1.71 0.41 0.86 0.17 1.42 0.32
b2-cmt-3cfa 13.0 236 277 111 266 073 242 0.4 2.18 0.46 1.36 0.29 1.71 0.31
b3-cmt-1 48.5 490 425 181 239 043 306 041 353 0.94 3.09 0.36 3.48 0.52
b3-cmt-2 12.1 179 213 108 211 023 218 024 2.03 0.44 1.31 0.1 122 0.14
b3-cmt-3 307 604 606 225 252 - 2.24 - 2 0.19 - - 1.23 -
b3-cmt-4 123 255 32.2 151 3497 721 374 574 36.6 8.2 23.65 3.29 236 3.65
Biogenic grains
b3-bio-1 3.45 571  0.53 2.4 0.34 - - - 0.34 - B B 0.08 -
b3-bio-2 2.88 471 047 163 - - - - - . . - 0.11 -
b3-bio-3 15.3 236 269 128 1.8 028 251 025 203 0.47 1.3 0.07 0.93 0.15
b3-bio-5 10.1 17.5 1.81 766 121 014 136 015 1.33 0.22 0.67 0.03 0.63 0.05
bi-bio-6 281 396 4617 212 414 896 483 715 48.1 11.3 31.3 4.19 29.2 4.5
4. ALIMINIUM PHOSPHATES
Sample La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yh Lu
kr204-cmi-1 122 257 30.2 102 207 685 149 282 22.1 2.86 10.6 i 20.6 3.67
kr204-cmt-2 56.8 120 145 475 116 467 131 2358 14.3 2.41 10.2 1.82 17.0 3.48
kr204-comt-3 80.1 183 238 767 216 651 151 391 24.5 1.85 10.8 1.97 14.0 2.09
kr204-comt-4 74.9 143 257 623 16.6 425 129 246 14.8 2.66 8.39 1.17 10.3 1.22
5. OFFSHORE PHOSPHORITES/PHOSPHATES
Sample La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu
3703-1-cfa-3 227.7 389 44.9 155 324 781 235 14 24.6 5.42 12.9 2.14 12.9 1.45
3703-1-cfa4 47.8 837 953 w1 892 186 145 229 144 313 6.47 0.88 6.82 0.98
3700-3<cfa-1 40.1 69.6 7.2 30 441 089 343 063 3.48 0.94 2.06 0.17 3 0.24
3700-3-cfa-2 367 66.2 7 280 535 077 464 058 3.97 0.69 1.83 0.18 2.7 0.35
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Table A2.2. continues.

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
3700-3-cfa-3 37 666 71 298 502 095 375 05 435 08 214 0 227 035
mjm025gtd-cfa-1 704 946 917 407 841 254 140 222 158 409 115 163 103 154
mjm025gtd-cfa-2 646 836 805 348 684 184 106 160 111 275 78 106 75 110
mjm025gtd-cfa-3 846 1134 111 487 904 253 149 229 158 379 113 152 105 157
mjm025gtd-cfa-4 762 1158 119 530 109 299 158 260 177 422 120 160 107 159
mjm025gN-cfa-1 106 159 149 660 122 209 159 245 173 45 129 154 118 1.6l
mjm025gN-cfa-2 849 158 157 694 804 - 513 009 33 117 04 . 4.04 .
mjm025gN-cfa-3 926 177 222 635 927 01 097 052 582 099 031 - 58 .
mjmb25d-cmt-1 539 988 9.3 409 711 198 508 082 48 113 364 07 327 072
mjmb25d-cmt-2 521 968 872 369 608 15 529 066 588 108 343 074 331 06
mjmb25d-cmt-3 516 105 953 397 788 184 494 095 563 128 282 054 428 05
mjmb25d-cmt-4 521 120 904 393 689 194 676 105 564 106 335 061 323 045
Table A2.3. PAAS-normalised rare-earth element ratios of varying grain type from phosphorites
and phosphate rocks.
1. GRAVEL MEMBER, LANGEBAANWEG

_Sample La  Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Peloidal grains
vwO1-pph-1 123 108 101 103 123 050 116 038 132 154 160 144 124 143
vwO1-pph-2 068 061 059 060 075 084 08 090 136 131 149 149 195 211
vwO1-pph-3 125 098 089 09 118 066 107 113 131 139 145 118 176 174
vw02-pph-1 123 110 100 108 077 036 071 010 054 050 039 LIl 045  0.67
vw02-pph-2 0.63 061 051 061 065 036 041 031 050 031 029 002 040  0.14
vw02-pph-3 093 08 078 050 072 001 053 020 053 022 010 033 023 002
gm01-pph-1 444 504 603 788 134 157 18 179 194 203 195 189 191 187
gmO1L-pph-2 173 154 158 184 235 246 278 231 249 249 227 22 235 219
gm01-pph-3 261 234 242 282 349 336 389 321 370 377 342 323 376 329
gmO2-pph-1 185 196 213 254 341 393 405 341 371 343 329 307 285 302
gm02-pph-2 140 135 139 161 220 238 260 240 252 245 248 243 235 255
gm02-pph-3 070 053 053 063 079 078 08 084 085 092 095 08 096 095
gm02-pph-4 143 136 114 131 158 237 L7 135 106 135 113 205 159 234
gm03-pph-1 541 814 137 194 402 395 619 105 142 135 133 152 151 107
gm03-pph-2 214 231 237 322 429 518 549 447 458 460 474 417 429 395
gm03-pph-3 097 124 156 231 472 620 673 644 705 728 723 740 704 7.90
gm04-pph-1 075 062 064 072 097 08 120 099 09 109 121 114 1.2 128
gm04-pph-2 511 497 510 59 802 843 99 870 951 972 934 914 85 878
gmO4-pph-3 171 172 189 224 374 427 497 502 585 607 638 588 663 633
Biogenic grains
gm02-psh-1 074 072 069 079 092 122 110 08 107 109 103 103 089 090
CFA cement

vwOl-cmt-1 121 116 115 128 195 148 183 255 276 323 289 415 385 346
vwOl-cmt-2 057 084 082 089 107 143 L12 130 126 140 171 180 182 204
vwOl-cmt-3 1.02 094 092 099 109 155 132 092 113 144 143 160 171 153
vwo2-comt-1 097 091 085 092 09 08 079 053 077 057 049 022 094 056



Table A2.3. continues.

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
vwi2-cmt-2 078 072 0.65 077 067 0.25 055 016 0.3 0.29 0.26 0.59 0.48 0.24
vwi2-cmt-3 075 071 0.65 069 065 019 0.59 037 040 036 0.14 040 0.26 0.28
gm0l-cmt-1 09 083 0.76 0.84 091 031 067 043 056 0.67 0.54 0.18 0.82 0.23
gm0l-cmt-2 0.96 087 0.84 079 073 0.73 088 066 076 0.55 0.73 0.14 0.60 0.29
gmOl-cmt-3 338 296 313 356 451 4,62 555 4.56 5.28 5.06 5.09 4.39 4.51 4.30
gm0i-cmt-4 126 L1t 1.05 .10 0.81 002 081 006 050 020 0.36 0.94 0.60 0.53
gm0l-cmt-3 0.56 049 0.48 050 031 0.06 005 099 025 0.14 0.11 0.22 0.35 0.18
gm0i-cmt-6-darkrim 1.57 148 1.32 132 089 0.72 062 051 050 0.13 0.28 212 0.44 0.45
gm01-cmt-7-darkrim 149 146 1.32 126 1.28 0.64 107 053 068 0.62 0.83 0.01 0.82 0.05
gm02-cmi-1 0.84 078 0.69 077 095 1.11 084 09 087 0.94 0.75 1.09 0.97 1.06
gml2-cmt-2 072 067 063 079 098 1.24 121 092 109 1.06 0.84 0.96 0.78 0.89
gm02-cmt-3 091 088 0.86 095 102 1.48 .15 097 091 1.04 1.00 0.85 0.87 0.94
gm03-cmt-4 160 149 1.5%9 240 273 2.97 339 244 241 2.80 2.59 1.94 2.28 2.76
gm03-cmt-5 169 197 2.03 288 381 497 385 335 266 341 2.93 330 2.72 2.40
gm03-cmt-6 1.63 164 1.61 209 257 3.02 278 244 233 2.41 2.23 216 2.70 2.89
gmO4-cmt-1 415 122 1484 528 577 18 168 389 le4 1.89 2.61 399 1.82 2.51
gmO4-cmt-2 072 067 0.67 075 1.03 0.93 091 081 099 0.99 0.78 0.78 0.87 0.61
gml4-cmt-3 087 078 0.82 091 111 091 .18 L11 1.15 1.13 0.99 1.30 0.93 0.78
gm(2-cot-7 0.83 231 0.14 533 229 - 061 029 057 1547 - 5.55 -
2. PELLETAL PHOSPHORITE MEMBER, LANGEBAANWEG

Sample La Ce Pr Nd Sm Eu Gid Tb Dy Ho Er Tm b Lu

Peloidal grains
vwi6a-pph-1 090 078 0.80 0.83 098 1.04 095 114 082 0.97 0.98 1.30 0.86 1.09
vwiba-pph-2 0.33 030 0.27 033 044 0.49 046 047 051 0.48 0.57 0.50 0.51 0.60
vwl6a-pph-3 059 048 0.48 048 058 0.61 0.65 060 064 0.76 0.77 1.21 0.71 1.00
vwi6a-pph-4 087 0.83 0.84 095 1.28 1.29 150 143 150 1.45 1.55 1.59 1.54 1.64
vwl6a-pph-5 1.97 163 1.66 189 237 278 300 253 264 252 2.63 2.66 2.78 2.99
vwi6a-pph-6 135 131 1.32 143 185 1.94 229 211 218 2.48 2.52 2.26 2.35 2.69
vwiéa-pph-7 099 09%2 0.94 093 112 1.13 1.04 098 112 1.03 1.02 1.25 1.1% 1.14
vwiba-pph-8 273 351 399 461 693 8.61 §.28 888 9.05 8.91 8.45 8.04 7.99 7.97
vwi9b-pph-1 044 024 0.37 037 051 0.50 054 048 049 0.51 0.68 058 0.62 0.68
vw19a2-pph-1 353 373 31.74 429 563 5.69 635 564 5.61 542 5.24 5.09 5.03 5,08
vw19a-pph-2 358 3.64 3.56 419 598 571 672 621 625 6.41 593 5.92 5.68 5.77
vwi9a-pph-3 1.15 098 0.94 109 135 1.57 168 139 142 1.55 1.52 1.53 1.39 1.63
vwi9a-pph-4 212 1% 1.96 225  3.01 3.13 369 3123 &0 379 3.54 3.68 3.63 3.71
vwi6b-pph-1 194 179 1.82 210 289 3.14 369 335 334 376 3.60 3.78 3.76 4,11
vwi6b-pph-2 106 098 1.00 122 162 1.80 211 193 206 235 2.35 2.29 2.34 2.40
Biogenic grains

vwiéa-psh-1 094 073 0.71 0.81 109 1.08 141 130 139 1.65 172 1.84 1.73 2.08
vwl6a-psh-2 031 030 0.28 029 047 0.47 043 038 050 0.45 0.52 0.57 0.51 0.64
vwiéa-psh-3 0.57 052 0,57 074 0.98 1.23 135 121 122 1.40 1.46 1.59 1.44 1.67
vwiba-psh-4 070  0.68 0.78 097 132 1.44 176 153 164 1.86 1.90 2.02 1.94 2.38
vwi6a-psh-5 035 031 0.28 034 040 0.42 027 031 031 0.28 0.40 0.38 0.22 0.54
vw iéa-psh-6 062 057 0.54 059 070 0.65 050 059 0.44 0.37 0.45 0.30 0.47 0.39
vwi6b-psh-1 052 042 0.43 049 065 071 068 062 0469 0.84 0.86 0.94 0.85 1.10
vwi6b-psh-2 036 028 0.28 030 036 0.38 037 040 043 0.47 0.43 0.48 0.52 0.62
vwi6b-psh-3 041 042 0.46 068 155 2.46 413 375 5.08 7.43 9.02 10.1 10.3 12.7
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‘Table A2.3. continues.

Sample La Ce Pr Nd Sm En Gd Tb Dy Ho Er Tm Yb In
CFA cement
vwléa-cmt-1 043 038 0.35 034 043 0.56 049 038 046 0.40 0.42 035 0.30 0.43
vwiba-cmt-2 092 086 095 1.16 1.65 172 208 174 195 2.13 217 209 240 2.54
vwiba-cmt-3 1.09 098 0.97 1.02 126 1.49 155 151 1.l 1.53 1.62 1.70 1.69 1.74
vwléa-cmt-4 030 0.28 0.29 028 031 0.45 027 037 031 0.23 0.22 0.30 0.28 0.34
vwi9b-cme-1 449 422 438 513 697 7.19 860 806 B840 9.01 8.34 8.56 7.76 8.58
vwi9b-cmt-2 017 015 014 014 018 0.20 014 020 o021 0.17 0.21 0.26 0.22 0.17
vwi9b-cmt-3 1.57 1.23 1.23 146 182 216 239 212 221 2.64 226 223 2.04 2.50
vwi9a-cmt-1 075 055 057 071 087 0.98 125 098 107 1.18 1.23 1.22 1.26 1.33
vwifa-cmt-2 073 062 062 074 089 0.98 114 099 095 1.03 0.95 0.94 0.96 0.96
vw]9a-cmt-3 1.05 1.0t 0.97 110 1.35 1.48 155 137 151 1.56 1.65 1.35 1.52 1.83
vwi9a-cmt-4 0.14 013 0.14 0.14 017 016 016 019 019 0.13 0.18 0.11 0.17 0.32
vwi9a-cmt-5 020 019 0.22 022 025 0.31 034 031 028 0.23 0.26 0.27 0.25 0.38
Misc.

vwi6b-81 0.84 0.9 1.00 1.18 166 1.94 197 175 197 1.96 1.89 1.87 1.87 1.89
vwi6b-52 027 033 0.57 070 134 2.7 270 274 340 4.44 4.13 4.15 4.42 5.18
vw 19b-test 084 082 074 074 103 1.99 051 087 102 1.01 1.16 1.89 1.99 2.81
3. BOMGAT, HOEDJIESPUNT

Sample la Ce Pr Nd Sm Eu Gd Tb Dy Ho E Tm Yb Lu

CFA cement
bl-cme-1 0.84 063 0.51 066 107 099 073 097 065 060 0.51 0.74 1.18 0.86
bl-cme-2 047 044 040 046 036 065 059 051 039 0.49 0.45 098 0.66 0.53
bi-cmt-3 058 049 052 053 074 080 090 091 113 1.04 0.98 1.31 0.90 1.74
blcme4 076 0.68 0.63 0.68 081 08 070 064 065 0.59 053 0.24 0.81 0.50
b2-cmt-icfa 077 066 Q.64 073 1.05 2.03 131 137 093 1.12 0.88 2.04 1.74 2.35
b2-cmt-2cfa 025 023 0.23 0.24 036 0.74 034 039 036 041 0.30 0.43 0.51 0.80
b2-cmt-3cfa 034 030 0.3t 033 048 0.67 052 050 046 046 047 073 0.61 0.78
b3-cmt-1 127 062 048 053 043 0.39 065 052 075 0.94 1.06 0.91 1.24 1.29
b3-cmt-2 032 022 024 032 038 0.21 046 030 043 0.44 0.45 0.25 0.43 0.36
b3-cme-3 08 076 069 0.66 045 - 0.48 - 0.43 0.19 - - 0.44 -
b3-cmt-4 322 320 365 445 624 656 79 747 778 8.20 8.16 8.22 8.43 9.13
Biogenic grains

b3-bio-1 009 007 0.06 0.07 006 - - - 0.07 - - - 0.03 -
b3bio-2 008 006 005 005 - . . . . . . . 0.04 ]
b3-bio-3 040 030 03 038 034 025 053 031 043 0.47 045 0.17 0.33 0.38
b3-bio-5 026 022 02t 023 022 0.13 029 019 028 0.22 0.23 0.07 0.22 0.11
b3-bio-6 7.34 497 5.25 625 739 B.14 103 893 102 11.3 108  10.48 10.4 11.3
4. ALUMINIUM PHOSPHATES

Sample la  Ce Pr Nd Sm Eu Gd Tb Dy Ho E Tm b Lu
ke204-cmt-1 320 323 344 300 370 623 318 352 470 286 366 779 735 9.8
kr204-cmt-2 149 150 165 140 207 424 278 323 303 241 351 454 605 870
kr204-cmt-3 210 230 270 226 385 592 321 488 521 3.85 373 492 499 523
kr204-comt-4 196 180 292 184 296 386 274 307 315 266 289 292 368  3.04
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Table A2.3. continues.

5. OFFSHORE PHOSPHORITES/PHOSPHATES

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yh Lu
3703-1-cfa-3 596 4.88 5.10 4.57 579 7.10 499 425 524 5.42 4.43 5.35 4.61 3.62
3703-1-cfa-4 125 105 1.08 116 159 169 308 28 3.06 3.13 223 2.19 243 2.45
3700-3-cfa-1 1.05 087 082 089 079 081 073 079 074 094 0.71 0.44 1.07 0.59
3700-3-cfa-2 096 083 0.80 0.83 095 070 099 073 084 069 0.63 0.44 0.96 0.89
3700-3-cfa-3 09 084 081 0.88 050 086 080 063 09 0.80 074 067 0.81 0.87
mjm025gtd-cfa-1 184 119 10.4 120 150 231 299 278 337 409 9.8 40.7 36.9 8.6
mjm025gtd-cfa-2 169 105 9.1 103 122 16.7 227 200 235 27.5 269 26.5 26.7 7.6
mjm025gtd-cfa-3 21 14.2 12.6 144 161 23.0 318 286 336 79 390 381 37.6 39.1
mjm025gtd-cfa-4 200 146 135 156 195 27.2 336 325 w7 42.2 41.3 399 38.2 9.7
mjm025gN-cfa-1 277 200 1.69 195 2.18 1.90 337 306 368 4.45 4.46 384 4.20 4.03
mym025gN-cfa-2 222 198 179 205 144 - 109 011 070 1.17 0.14 - 1.44 -

mym025gN-cfa-3 242 222 252 1.87 165 0.10 021 065 1.24 0.99 0.11 - 2.07 -

mjmb25d-cmt-1 141 124 1.04 121 127 1.80 1.08 103 102 1.13 1.2% 1.75 1.17 1.80
mjmb25d-cmt-2 136 122 099 1.09  1.09 1.43 1.13 083 125 1.08 1.18 1.84 1.18 1.49
mjmb25d-cmt-3 1.35 132 1.08 .17 141 1.68 1.05 119 120 1.28 0.97 1.35 1.53 1.24
mimb25d-cmt-4 1.36 151 1.03 1.16 123 1.76 144 132 120 1.06 1.16 1.52 1.15 1.62

Table A2.4. Phosphorite and phosphate samples showing the indices Ce/Ce*, Euw/Eu*, Lu/La,

Er/Nd, Sm/Nd and LREE/HREE.
1. GRAVEL MEMBER, LANGEBAANWEG
Sample Ce/Ce* EwEu* (Lu/La)n (Er/Nd)n (Sm/Ndjn LREE/HREE
Peloidal grains

vwOl-pph-1 0.96 0.76 L16 1.58 119 0.48
vwOl-pph-2 0.95 1.04 3.09 247 1.24 0.26
vwO1l-pph-3 0.91 0.59 1.4 1.46 .19 0.45
vw02-pph-1 0.98 0.49 0.54 0.36 0.71 1.07
vw02-pph-2 1.08 0.67 0.22 0.47 1.06 1.1

vwi2-pph-3 1 0.01 0.02 0.11 0.8 1.93
gm01-pph-1 0.96 1 4.21 247 1.71 022
gm0l-pph-2 0.93 0.96 1.26 1.24 1.28 0.42
gm01-pph-3 0.93 0.91 1.26 121 1.24 0.43
gm02-pph-1 0.98 1.05 1.63 13 1.34 0.3¢
gm02Z-pph-2 0.96 0.99 1.83 1.54 1.36 0.36
gm02-pph-3 0.87 0.95 1.37 1.52 1.25 0.4
gm02-pph-4 1.06 172 1.64 0.86 121 047
gm03-pph-1 0.85 0.77 19.69 6.99 211 0.08
gm03-pph-2 1.03 1.06 1.85 1.47 1.33 0.35
gm03-pph-3 0.98 1.08 811 3.13 2.04 0.17
gm04-pph-1 0.88 0.79 1.7 1.67 1.34 0.37
gm04-pph-2 097 0.94 1.72 1.57 1.35 0.36
gm04-pph-3 0.96 0.98 37 2.85 1.67 0.22

Biogenic grains
gm02-psh-1 1.01 1.21 1.2 1.29 116 0.42
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Table A2.4. continues,

Sample Ce/Ce* Eu/Eu* (Lu/La)n (Er/Nd)n (Sm/Nd)n  LREE/HREE
CFA cement
vw0l-cmt-1 098 0.78 287 226 1.52 0.26
vwOl-cmt-2 0.94 1.3 2.1 1.91 1.2 0.33
yw01-cmi-3 0.96 1.29 1.5 1.45 1.1 0.39
vwi2-cmi-1 1.01 097 0.58 0.53 1.03 0.8
vw02-cmit-2 1.01 042 0.31 0.33 0.86 112
vywi2-cmt-3 1.02 0.3 0.37 0.2 0.95 1.16
gm01-cmi-1 i 04 0.26 0.64 1.08 0.96
gm0l-cmt-2 097 091 0.31 0.93 092 0.78
gm01-cmt-3 0.91 0.92 1.27 1.43 1.27 0.4
gm01-cmt-4 0.96 0.02 0.42 0.33 0.74 £33
gm0i-cmt-5 093 0.37 032 0.22 0.61 0.99
gm0 1-cmt-6-darkrim 1.02 0.95 0.29 0.21 0.67 1.14
gm0i-cmt-7-darkrim 1.04 0.55 0.04 0.66 1.01 1.3
gm02-cmt-1 1.02 1.24 1.26 0.97 1.23 0.47
gm02-cmt-2 0.99 1.13 1.25 1.06 1.23 0.42
gm02-cmt-3 0.99 1.36 1.04 1.05 1.07 0.5
gm03-cmt-4 0.93 0.97 1.73 1.08 1.14 0.42
gm03-cmt-5 1.06 13 1.42 1.02 1.32 0.42
gm03-cmt-6 1.01 113 177 1.07 1.23 0.42
gm04-cmt-1 0.13 483 0.6l 0.49 1.09 0.82
gm04-cmt-2 0.96 0.96 0.85 1.04 1.36 0.5
gm04-cmt-3 092 079 0.9 1.09 1.22 0.47

2. PELLETAL PHOSPHORITE MEMBER, LANGEBAANWEG

Sample Ce/Ce* Ew/Eu* (Lu/La)n (Er/Nd)n (Sm/Nd)n LREE/HREE
Peloidal grains
vwl6a-pph-1 0.91 1.07 1.21 119 119 0.47
vwl6a-pph-2 099 1.09 1.82 1.73 1.32 0.36
vwléa-pph-3 091 1 1.7 1.59 1.2 0.38
vwl6a-pph-4 0.97 0.93 1.9 1.63 1.35 0.35
vwi6a-pph-5 0.9 1.04 1.52 1.39 1.25 0.39
vwl6a-pph-6 0.98 0.93 1.99 1.76 1.29 0.35
vwi6a-pph-7 0.96 1.04 1.15 1.09 1.21 0.5
vwl6a-pph-8 1.05 1.13 292 1.83 1.5 0.29
vwi9b-pph-1 0.84 0.95 1.54 1.85 1.39 04
vw]9a-pph-1 1.03 0.95 1.44 1.22 1.31 0.43
vwi%a-pph-2 1.02 09 1.61 1.41 1.43 0.38
vwi%a-pph-3 0.94 1.04 1.42 1.39 1.24 04
vw19a-pph-4 0.96 0.93 175 1.57 1.34 0.35
vwi6b-pph-1 0.95 095 212 1.72 1.37 0.32
vwl6b-pph-2 0.95 0.97 227 1.92 1.33 0.3
Biogenic grains
vwl6a-psh-1 0.88 0.87 221 211 1.34 0.3
vw]6a-psh-2 1.02 1.05 2.08 1.81 1.62 0.37
vwl6a-psh-3 0.92 1.06 2.94 1.96 1.32 0.27
vw16a-psh-4 0.92 0.94 34 1.96 1.36 0.27
vwi6a-psh-3 0.98 1.26 1.57 1.19 119 0.54
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Table A2.4. continues.

Sample Ce/Ce* Eu/Bu* (Lu/La)n (Er/Ndn (Sm/MNd)n LREE/HREE
vwl6a-psh-6 0.99 1.09 0.63 0.77 1.18 073
vwi6b-psh-1 0.89 1.07 2.13 1.76 1.33 0.34
vwl6b-psh-2 0.87 1.04 1.7 1.43 117 0.39
vw16b-psh-3 0.97 0.86 30,77 13.35 2.3 0.05

CFA cement
vwiba-cmt-1 0.98 122 i 1.23 1.25 0.51
vwl6a-cmt-2 0.92 0.92 2.75 1.87 143 0.29
vwl6a-cmt-3 0.95 1.06 1.59 1.58 1.23 0.37
vwl6e-cmt-4 0.94 1.53 I11 0.8 1.13 0.53
vwl9b-cmt-1 0.95 092 1.91 1.62 1.36 0.34
vwi9b-cmt-2 0.98 12 1.02 1.44 1.28 0.44
vwl 9b-cmt-3 0.88 1.02 1.6 1.55 1.25 0.36
vwi9a-cmt-1 0.84 0.92 1.79 1.74 1.23 0.33
vwi%a-cmt-2 0.92 0.96 1.31 1.27 1.2 0.41
vwlda-cmt-3 1 1.02 1.75 1.49 1.22 0.4
vwl9a-cmt-4 0.94 098 229 121 1.16 046
vwlda-cmt-5 0.91 1.04 1.87 12 1.16 0.41
Mise,

vwl6b-81 0.96 1.07 226 1.59 1.4 0.33
vwl6b-52 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 Ce/Ce* Ew/Eu* (Luw/Lan (Er/Nd)n (Sm/Nd)n  LREE/HREE
CFA cement
bl-cmt- 0.93 1.1 1.03 0.77 1.62 0.51
bl-emt-2 1 112 .11 0.98 1.23 0.45
bi-cmt-3 0.89 0.98 3 1.83 1.38 0.29
bl-emt-4 0.98 1.12 0.66 0.78 1.2 0.65
b2-cmt-1cfa 0.94 1.72 3.04 1.21 1.45 0.28
b2-emt-2cfa 0.95 213 318 123 1.48 0.31
b2-cmt-3cfa 0.9 1.35 23 1.43 1.45 0.34
b3-cmt-1 0.7 0.72 1.02 2 0.8 0.43
b3-emt-2 08 049 112 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 0.5 043 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*  EwEu* (Lwla)n  (E/Ndn  (Sm/Ndn  LREEMREE
kr204-cmt-1 097 1.81 2.87 1.22 1.23 0.34
Kkr204-cmt-2 0.96 1.75 5.85 251 1.47 0.21
kr204-cmt-3 0.96 1.68 249 1.65 1.7 0.32
Kkr204-cmt-4 0.74 1.36 1.55 1.57 161 0.41
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Table A2.4. continues.
§. OFFSHORE PHOSPHORITES/PHOSPHATES

Sample Ce/Ce® Eu/Eu* (Lu/La)n (Er/Nd)n (Sm/Nd)n  LREEMHREE
3703-1-¢fa-1 0.98 094 1.38 123 1.2 043
3703-1-cfa-3 0.88 1.32 0.61 0.97 1.27 0.58
3703-1-cfe-4 09 0.73 1.96 2.04 145 026
3700-3-cfa-1 093 1.06 0.56 08 0.89 0.65
3700-3-¢fa-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 1.02 062

mjm02 5gtd-cfa-1 0.82 1.03 2.09 332 125 0.22
mjm025gtd-cfa-2 0.81 0.96 163 2.62 1.19 027
mjm025gtd-cfa-3 0.82 0.96 177 2.7 1.12 0.26
mjm025gtd-cfa-4 0.87 1.02 1.99 2.64 1.25 0.25
mjm025gN-cfa-1 09 0.68 145 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-1 101 1.53 127 1.04 1.05 0.51
mjmb25d-cmt-2 1.03 1.29 1.09 1.09 ! 05
mjmb25d-cmt-3 1.08 1.36 0.92 0.83 1.2 0.55
mjmb25d-cmi-4 1.26 1.32 1.19 1 1.06 0.51
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A3, 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 A3.1. 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
(CFA). 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 A3.2. XRD profile obtained from the preferred orientation of minerals in Pelletal
Phosphorite sample vw1-1.72-psh.
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Figure A3.3. XRD profile obtained from the preferred orientation of minerals in Pelletal

Phosphorite sample vw1-1.90-pph.
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Figure A3.4. XRI} profile obtained from the preferred orientation of minceals in Pelictal
Phosphotite sample vw23C {reworked lithochems).
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Figure A3.5. Selected XRD profiles obtained trom the prefeered orientation of mimerals in the
sub-samples. The grain tvpe investigated is phozpharite peloids,
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Figure A3.6 Selected XRD profiles obtained from the preferred orientation of minerals in the sub-samples, '|he grain type investigated was
phosphatised shell fragments (1°Sh), The predominant mineral present is francolite (CFA) {no calcile wans docomented). Sub sample vwi3A-pph is
tor cotpanson,



Ad. Photomicroscopy

Phosphorite and phosphate rock thin seetions were examined and photographed using the
photomicroscope facility housed within the Department of Geelogical Sciences. Selected
sediment samples were photographed using the photomacroscope facility housed within

the Department ef Archaeology.

Ad. 1. Resulis

The following pages contain the photomicrographs of vanious phosphorite samples, The
photomicrographs document the mincralogy and the texture of the various components of
the phosphorite rock samples. The phosphorite rock samples include samples taken from
the basal Gravel member and Pelletal Phosphoritc member at Langebaanweg. Other
phosphorite samples include the Bemgat (Ioedjiespunt} phosphorite, Konstabelkop and

Kreefte Bay samples and offshore phosphorites.
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A4.2 Varswater Quarry (Langehaanweg)

A4.2.1 The Basal Gravel Member

Figure A4.1. Samplec VW49 has a pale brown, tine grained matrix. The sample is composed of
predominantly subrounded to rounded quartz grains. The highly variable CEA matrix suggests
possible reworking and re-phosphatisation of the sample. In general Gravel member samples are
composed of different intraclasts. (a) Sample VW49 under planc-polarised light (PI’L) (b)
Sample VW49 under cross polarised light (XP1.), nate the pseudo-isoitopic properties of the

carbonate fluorapatite.

(h)

Figure Ad.2. Sample VW49, () showing the poorly soried nature of the sample, the cccurrence
of phosphorite peloids {b) and the occasional phosphatised shelt fragment. Phosphatised shell
fragments in Gravel member samples are extremely rare {photomicrograph taken in plane-

polarised light).
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Figure A4}, Sample VW49, showing a phosphorite peloid (Pph) with an mcluded quartz grain.
The peloid is strociurcicss, 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 planc-polarised light}.

Figure Ad4.4, Sample VW49, showing poorly sorted, bimodal quartz grains with large well

rounded and fine sub-angular a fine CFA cement (photomicrograph laken in plane-polarisced
light).
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A.4.2.2 The Pelletal Phosphorite Member

(h}
Figure A4.5 Sample VW19 showing well-rounded phosphorite peloids (Pph) and quartz set
within a fine cement of CFA {photamicrograph taken in plane-polarised light).

Figurc A4.6 Sample VW 16(a) showing a phosphatised shell tragment (P%h) (b) and phosphorite
peloids (photomicrograph taken in plane-polarised light).
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A4.3 Bomgat (Hoedjicspunt)

(b)

Figurc A4.7, Sample B! is characterised by an extremely fine-grained homogenous, light brown
CFA matrix. The sample shows biogenic grains, (a) gastropod (b} bivalve shel] fragment
{photomicrograph taken in plane-polarised light).

Ad.4 Phosphorite nodules from offshore South Africa

Figure A4.8. Sample Mjm3 is a Group A phosphorite and characterised by an extremely {ine-
grained homogenous, light brown collophane matrix. The minerals present are detrital quartz
mica and [eldspar. Pyrite is also present {photomicrograph taken in plane-polanised light).
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Figure A4.9. Sample 37040-3 can be classified as a Group B phosphorite or a glanco-phosphorite.
The sample is characterised by predominantly authigenic glanconite (20— 35%) and detrital
quartz (35 — 40%) set within a CFA cement. Otber mineral phases present are feldspar, cakile
and possibly pyrite (photomicrograph taken in plane-polarised light).

(@) | (b
Figure A4.10. Sample Mjm025(h} can be classified as a Group I phosphorite. The sample
contains detrital quartz, minor amounts of glanconite sel within a fine pseudo-isotropic CFA
matrix (photomicrograph taken in plane-polarised hght).
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Figure A4.11. Sample Mjm{28, Group E phosphorite with deirital quartz and feldspar grains.
According to Mulabisana (1998} the (ype E phosphorites show well defined layering
{photomicrograph taken in planc-polarised light).

(a) (b}

Figare A4.12. Sample Mjm010 can be classilied as a Graup F phosphorite. Group F
phosphentes are characterised by fine-grained fibrous carbonate fluorapatite, and characteristic
bone honeycomb texture (photomicrograph taken in planc-polarised light).
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A4.5 Alumininm phosphate (Kreefte Bay and Konstabelkop)

(a) (b)
Figure A4.13. Sample Kol shows a typical pale brown, tine grained matrix. (a) Sample Kol
under plane-polarised light and {b) Sample Kol under cross polansed light { XPL).

(@) (b)
Figure A4.14. KE203 is a sample of the weathered, replaced qeartz porphyry. The sample shows
anhedral to subhedral twinned phenocrysts of feldspar set within a ground mass of anhedral
quartz. (a} Sample KE203 under plane-polarised light (PPL) (b} Sample KR203 under cross
polarised light (XPL).

Ad-3



AS5. Scanning electron microscope {SEM)

In order to decument the surface lextures and features of specific phosphorite grain-types
{PSh, Pph, and bne) and seclecied phosphorite rock samples, the UCT Eleetron
Microscope Unit's SEM (scanning electron microscope) facilily housed within the R.W.
James Building was used.

AS.1. Sample preparation

The sample or specimen is glued to a sample holder or “post™ and coated with a (hin layer
ol conductive maierial (typically gold or carbon). The gold acts as a conduetor thus
preventing any charge build op at the point of analysis. Aficr the inilial preparation the
sample is placed in the SFM vacuum chamber and the electron gun is swatched on, The
high-rcsolution morphological images are oblained from the emission of secondary
clecirons.

AS.2. Results

The [ollowing pages conlain the scanning clectron microscope (5EM) pholographs of
vanous phosphonte samptes. The SEM photographs document exterior surface textures
as well as interior textures of varions phosphonte rock samples and individuat
phosphorite grains. The phosphorite rock samples include samples taken from the Basal
(Gravel member and Pelletal Phosphorite member. Phosphorite grain types include
phosphatised shell fragments, phosphatised bone fragments and phosphoriie peloids

{peticts).



A$.3. SEM Photographs

A5.3.1. SEM photographs of peloidal and biogenie phosphorite grains from the
Pelletal Phosphorite Member.

Fgur= A5 [4)

Figure A5.1. SEM photograph of sample ¥YW1A3, showing (a} and () an overview of a smooth,
subtounded to rounrded phosphorite peloid warh some surface pits, (B) a close-up image of a
prominent cavily within the phosphate grain, and (d) a close-up wmage of the smourh and fine
prained sutface. The close-up images demonstrate that the surface texrure and intertor of the peloid
is composed of very fine grined CEFA (predomimutly subhedral to anhedra] francolite crystals).



; Figae A5 2 ht

Figure A5.2. SEM photopraphs of 2 hand-crushed phosphortte peloid from sample VW21 20m,
showing (a) an overview of a crushed well-ronmded subspherical peleid and (b) a close-up imagre of
the smooth dm and extremely fine grained, but extremnely invepular fructueed intedor,

»
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Figure A5.3. SEM photopraphs of a hund-crushed phosphotite peloid from sample VW 16 1.20m,
showing (a) a closc-up of the intedor of 1 phosphonte peloid and () a dose-up image of 2 fractured
surface on a peloid SEM photopraph (a) shows fine quartz grains set within the very fine prained
CFA matix. SEM photograph (b) shows the intenior of the peloid , which is composed of ashedral
ey subhedral hexagonal francolite crystals.
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Fignee A% (b

(a) (b}

Figure A5.4. SEM photographs of sample VIW1A3, showing (a) an overview of an elongate,
angulz_r phosphatized shell frapment (PSh), with distnctve well rounded edges and (b) a closc-up
image of the micropitted, fine prained surface texmare of the grain. Anhedial to subhedral franeolite
grystals are visible in the top left commner of the closeup SEM photograph.

(b)

Figure A5.5, SEM photographs of sample VW1A3, showing (a) an overview of 4 phosphatised
shell fragment (PSh} and (b) an overview of a heavily eroded phosphatised shell fragment (P5h). The
distinctive platy shape of grain (), which characterises phosphatised shell fragiments, is however
retained although the grain has been eroded and the edges rounded.



Figpre A3

(a)
(b)
Flgure A5.6. SIiM photographs of sample VW443, showing {31} an overview of a phosphatised bone
fragment (boc) wd (B} o doseup image of the cavity wathin the beme tragment  Lhe phosphanised bone
fragroent is pitted with slightly sounded edges, however the general anpularicy of the gramn indicares that it has
nat been reworked or transported sighificaniy,

i
Figure A5.7. SEM photographs of sample VW63, showing (a & b close-up images of vouds within the
phosphatised bone fragment (boe) (from figure A5.4). The close-up images show the intedor surfaces of one
of the numerous cavides found on the bone fapment. The sutface texture is very itregular, with globular
apgrepates, 'Lhe itrepular surface texture is cansed by the apprepation of micron-sized crystals of fmncolite,
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(b}

ic) (d)
Figure A5.8. SEM photographs of the phasphorite lens sample VW19, showing (a, b & ¢) fine to medium
g phatograp ok b P I
grained, well rounded guartz and peloidal phosphotite in a fine CI'A tatrix and (d} a close-up of 4 quartz grain,
showing characretistic conchoidal fracturing,
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(a) | (b)

Figure A5.9. SEM phowographs of the phosphotite bed {lens) sample VW19, showing {2) the
exrremely fine grained nature of the CFA cement and the occureence of cuhedral delomite thombs,
coated with CHA
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A35.3.2. SEM Photographs of surface iextures on phosphorites from the Basal Gravel
Member, Langebaanweg,

(h)

Figure A5.10. SCM photograph of the mterior of the phosphorite rock sample YW0-3, showing
{a & b} un overview of the phosphorte rock sample. The phosphorite sample 15 charactensed by
heing pootly surled and composed of medum o fine grined, rounded to well roonded quartz grains
ger within a fine CHFA cement,

(b}

Figure A5.11. SEM photograph of the interior of the phosphorite rock aample VW0-3, showang
{u+ a well rounded. spherical and pitted quutle gain and, () a close-up image of 8 cavity within the
phosphorile sample. The canity consists of medium Lo Bne praned, subrounded to well rounded
quartz grains set within a fine cement of CTA,
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(b)

Figure A5.12. SEM photograph of a phosphorite rock sample VW49, showing () an overview of
the surface texture of the rock sample and (I} a close-up itnage of the surface features. The dose-up
wnagre of the phosphorite teveals medium gratned, subrounded 10 well rounded gquartz grains set
within a fine cement of CFA. The quartz gtains show conchoidal fractusing,
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