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Abstract

The primary mineral in sedimentary phosphorite deposits is francolite. Episodes of
phosphogenesis have been dated in six offshore phosphorite deposits, by comparing the
^7 Sr/86Sr in francolites with
8 7 Sr/86Sr

87 Sr/^6Sr

evolutionary curves for sea water.

of coexisting calcite and francolite in well dated replacement phosphorites have

been measured and show that Sr in francolite is wholly derived from sea water during
replacement of carbonate, and is not inherited from the carbonate precursor. This suggests
that replacement francolites may be dated using Sr isotopes.
Pore w ater

8 7 S r /86Sr

have been m easured in both a phosphogenic and a

non-phosphogenic region, and are within error of the ratio in modem sea water (±3x10*5).
Authigenic francolite precipitating within sediments is therefore incorporating Sr with a
8 7 Sr/8^Sr

equal to that of sea water, not one modified by early diagenesis. However the

8 7 Sr/86Sr

in Recent authigenic francolites from the Namibian margin have been affected

by early diagenesis of anoxic pore waters in which they formed. Sr isotope stratigraphy is
therefore of no use in dating authigenic francolites which formed in pore waters in which
early diagenesis of 8 7 Sr/86Sr has occurred.
Offshore phosphorite deposits on the South African margin (1.2 ±1.2 Ma and 5.9 ±0.9
Ma), Namibian margin (0.7 ±0.5 Ma and 4.7 ±0.4 Ma), Chatham Rise (5.0 ±0.7 Ma),
Californian Borderlands (5.2 ±0.8 Ma), Blake Plateau (5.2 ±0.4 Ma, 22.5 ±2.0 Ma and
27.9 ±2.7 Ma) and the Moroccan margin (5.5 ±0.6 Ma, 16.0 ±2.4 Ma, 18.9 ±0.5 Ma and
66.0 ±3.0 Ma) have been dated. One global episode of phosphogenesis affecting all six
deposits occurs at 5.6 ±1.3 Ma.
Episodes of phosphogenesis have been correlated to global sea level high stands and
warmer oceanic palaeotemperatures. Geochemistry of francolites show that these offshore
phosphorites have not undergone significant post-formational alteration, and that
variations in francolite geochemistry are primarily the function of the mechanism of
phosphogenesis. The substituent composition of replacement francolites have not changed
significantly over the past 30 Ma. This suggests that, either; 1) francolite composition is
insensitive to the composition of the sea water from which it precipitated, or 2 ) that the
composition of sea water, in relation to the elements Sr, F, S, Na and Mg, has not
changed significantly over the last 30 Ma.
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CHAPTER 1
Introduction

1

1.1 Aims of thesis
The aims of this thesis were:
1) To apply the method of 'Sr isotope stratigraphy' to dating Tertiary episodes of
phosphogenesis. For the first time primary phosphogenesis has been directly dated in
offshore phosphorite deposits on the South African margin, Namibian margin, Chatham
Rise, Californian Borderlands, Blake Plateau and Moroccan margin (figure 1.1.).
2) To date precursor calcite by Sr isotope stratigraphy.
3) To use new Sr isotope ages for phosphogenesis to elucidate the factors responsible for
the episodicity of phosphogenesis during the Tertiary, by assessing the relationship
between times of primary phosphogenesis and Tertiary sea level changes (as defined by
Haq et al., 1987), and oceanic palaeotemperatures (Hay, 1988).
4) To use new Sr isotope ages for francolites to define secular changes in their
geochemistry. This has enabled an assessment of post-formational changes in phosphorite
composition, and may be used as an indicator of variations in sea w ater composition
during the Tertiary.
5) To measure sulphur and carbon isotope contents of Namibian phosphorites, in order to
constrain further the environment of phosphogenesis for the samples from the Namibian
margin.

1.2 Terminology and a brief description of phosphorites
In this study phosphorites is the term used for marine sedimentary rocks in which
francolite (Sandell et al., 1939) is a major component. Previous classifications of
sedimentary phosphorites were based on an arbitrarily assigned minimum P 2 O 5 content,
which vary between 15% to 20% (Bentor, 1980), depending on the preference of
previous workers (e.g. Bushinski, 1969, quoted in Birch, 1980). This distinguishes
phosphorites from most marine sedimentary rock which contain less than

1%

P2 O 5

(Turekian and Wedepohl, 1961). This classification scheme is rather restrictive as some
partially phosphatised rocks may contain large amount of coexisting minerals, most
commonly calcite and quartz, which results in P 2 O 5 contents which are lower than 15% in
these rocks. For example phosphatic limestone nodules on the South African margin may
contain P 2 O 5 values as low as 5% (Birch, 1980).
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F^gure 1.1. Location of phosphorite deposits discussed in this study. All francolite
samples occurr on top of, or are intermixed with Recent sediments on the sea floor.
All samples are recovered by grab and dredge sampling from depths down to 500 meters.
The six phosphorite deposits off South Africa, Namibia, Chatham Rise, Californian
Borderland and Morocco dated in this study are the major offshore phosphorite deposits,
and are considered to be representative of other offshore deposits. For example the
conglom eratic samples from South Africa and Morocco are identical to conglomeratic
samples from a deposit off Spain and concretionary francolite from the Namibian margin
are similar to francolite concretions found off Peru/Chile.

Francolite is the primary phosphatic mineral in nearly all sedimentary phosphorite deposits
(Bentor, 1980). Francolite forms by a number o f substitutions in the ion sites of
fluorapatite, which has a formula: C asC PO ^F ^ The most important of these substitutions
are CO 3 2- and SO4 2' substituting for PO4 3- and Mg2+, Na+ and Sr2+ replacing Ca2+ (Lehr
et al., 1967; M cClellan and Lehr, 1969; McClellan, 1980; McArthur, 1985). This is
accompanied by some trace element enrichment, principally uranium (McConnell, 1973).
Francolite contains up to 1300 ppm uranium, compared to 3.3 ppb o f uranium in sea
w ater (Turekian, 1968). The maximum concentrations o f main substituents found in
francolites (weight %), are as follows: Na 1.2 ±0.2% , Sr 0.25 ±0.02% , Mg 0.36
±0.03% , CO 2 6.3 ±0.3% and SO 4 2.7 ±0.3% (McArthur, 1985). The resulting francolite
composition may be generalised by the formula: CajQ-x-y* Nax, Mgy, (PC>4 )6 _Z, (C 0 3 )z,
Fz, F, OH (McArthur, 1990).
It is generally considered that francolites form as the result o f concentration of P in
sediments from the decay of organic matter, in areas where upwelling of nutrient-rich
waters has led to an increase in biological productivity (McKelvey, 1967, Riggs, 1979a;
Birch, 1980; Popenoe, 1990). Francolite forms in shallow m arine pore waters
(Bushinski, 1964; Berner, 1990), in the top few centimetres o f sediments (Baker and
Bumett, 1988). Francolites have been shown to form in both anoxic and suboxic to oxic
environments (Baturin, 1982; McArthur et al., 1986).
Francolite forms in two ways, either; 1) by precipitation in pore waters, where it forms a
cement around detrital grains or may form as peloids with no nuclei, which will be
referred to as authigenic francolite, or; 2 ) by replacing preexisting calcium carbonate,
which will be referred to as replacement francolite. Authigenic francolites may occur as
concretions of various morphology with a size range between

2

mm to

2

cm, or as peloids

which are spherical to ovoid grains ranging in size between 150 J i m to 250

J im

(Baturin,

1982). Replacement francolites occur as phosphatic limestone nodules which are usually
greater than two centimetres in diameter (Birch, 1980).
Phosphorite deposits are formed by concentration of francolite concretions, peloids and
nodules by the processes of reworking and winnowing (Summerhayes, 1970; Baturin,
1982; McArthur, 1980; Kim and Burnett, 1985; 1986). Concentration o f francolite into
phosphorite deposits may therefore occur at any time after primary phosphogenesis.
Onshore and offshore phosphorite deposits are known to occur on all continents (except
Antarctica) and all the worlds oceans, with phosphorites being particularly common on the
continental margins of Australia, Peru/Chile, Morocco, South Africa, Namibia and the
United States (for reviews see Cook and McElhinny, 1979; Cook et al., 1990).
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1.3 Previous age control on phosphogenesis
In the past, ages o f Tertiary phosphogenesis have been very poorly defined. This is
because most previous attempts at dating Tertiary phosphorites have been based on
biostratigraphical determinations. However this biostratigraphical 'age' represents the age
of the phosphorite deposit and not the actual age o f primary phosphogenesis. In the case
of authigenic francolites biostratigraphical 'ages' represent ages of secondary deposits
which are formed by concentration o f concretions and peloids, by the processes of
winnowing and reworking. This secondary concentration of francolites may have formed
a long time after primary phosphogenesis, and therefore biostratigraphical 'ages' assigned
to phosphorite deposits only represent a minimum age for phosphogenesis. In the case of
replacement phosphorites biostratigraphical 'ages' represent the age of the precursor
carbonate, and not the age of phosphogenesis. Therefore biostratigraphical 'ages'
assigned to replacem ent phosphorites represent m erely a m axim um age for
phosphogenesis. Examples of errors which may occur as a result of biostratigraphical age
assignment to authigenic and replacement francolites are described in the next two
paragraphs.
Pleistocene concretionary francolites are concentrated into phosphorite lag deposits on the
Namibian margin by the processes of winnowing and reworking (Van Andel and Calvert,
1971). Subsequently, Recent francolite concretions are considered to be forming in close
proximity to the lag deposit of the older francolite concretions (Baturin, 1982). The
biostratigraphical age for this deposit would therefore not represent the actual ages of these
different generations of francolite. Similarly Miocene peloidal francolites on the eastern
coast o f the U. S. (off N. Carolina) have been reworked into modem sediment (Riggs,
1984), and therefore if this deposit was dated biostratigraphically errors o f a several
million years would occur.
Replacement francolite from the Agulhas bank, on the South African margin have been
dated, using foram inifera (foram s), as pre-M iddle M iocene (Siesser, 1978).
Uranium-series (U-series) dating of these South African phosphatic limestones have
shown that these nodules have been subject to at least three episodes of phosphogenesis in
the last 0.8 M a (Birch et al., 1983; McArthur et al., 1988). Therefore in this case where
phosphogenesis has occurred up to 10 Ma after the formation of the precursor calcite,
biostratigraphical age assignment is o f little use in defining the age o f primary
phosphogenesis.
In a few cases, indirect dating of phosphogenesis have proven possible via dating of

5

associated glauconite using the potassium-argon method (K-Ar). For example Keuzer
(1984) dated the glauconite coating around phosphatic nodules from the Chatham Rise as
6

to 11 Ma and Kudrass and Von Rad (1984) suggested

6

Ma to be the minimum age for

phosphogenesis in these samples. Summerhayes (1970) dated glauconite in the matrix of
glauconitic phosphatic conglomerates from the Moroccan margin, as approximately 12 Ma
and suggested this to be the age of francolite in the matrix. However in the case of the
latter example, the detrital glauconite formed prior to incorporation into the matrix o f the
conglomerate. The age of phosphogenesis represented by francolite in the matrix has been
shown in this study to be about 6.5 Ma younger than the associated glauconite (section
1 1 .3 . 1 ),

showing the potential problems with indirect dating of francolites.

Concentrations of up to 1300 ppm uranium in francolite have resulted in the application of
U-series dating to phosphorites (Kolodny and Kaplan, 1970a). This method is based on
the accumulation of decay products from an initially pure, or almost pure U parent (Veeh
and Burnett, 1982). Although the assumption of a closed system for U in francolite has
been questioned (Veeh and Burnett, 1982), concordant ages for the same francolites
samples using the two methods of ^ T h / ^ U and 231pa/235jj (Birch et al., 1983;
O'Brien et al., 1986; McArthur et al., 1988; Burnett et al., 1988), indicate a closed system
in unaltered francolites. U-series dating has proved very useful in dating Late Pleistocene
to Holocene phosphogenesis, in phosphorite deposits off Namibia (Baturin et al., 1972;
Veeh et al., 1974; Thomson et al., 1984), East Australia (Kress and Veeh, 1980; O'Brien
and Veeh, 1980; O'Brien et al., 1981; 1986), Peru/Chile (Baturin et al., 1972; Burnett and
Veeh, 1977; Burnett et al., 1988) and South Africa (Birch et al., 1983; McArthur et al.,
1988). The main advantage of this method in the high obtainable resolution of up to a few
Ka. The main limitation of U-series dating is that samples which are older than 0.8 Ma can
not be dated by this method (Kolodny and Kaplan, 1970a).
The techniques of 14C (Burnett et al., 1988) and amino acid racemisation (Cunningham
and Bumett, 1985) have been used to date Holocene phosphogenesis. The racemisation
method is based on the fact that L-isomers racemise to D-isomers with time, and therefore
analysis of amino acids in organic matter within francolites is used to date Holocene
phosphogenesis.
Most recently a few attempts have been made to date phosphorites by measuring their Sr
isotope composition (8 7 Sr/8 6 Sr) and comparing this to the marine Sr isotope evolutionary
curves for the Tertiary (chapter 2). Shaw and W asserburg (1985) attempted to date
onshore phosphorites by comparing their 8 7 Sr/8^Sr to the Sr isotope curve of Burke et al.
(1982). Hurst (1986) used Sr isotopes to date one phosphatic shale and two phosphatic
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mudrock samples, from the Monterey Formation. McArthur et al. (1987) measured
8 7 Sr/86Sr

in francolites from the Upper Varswater Formation of Cape Province, South

Africa in order to assess the effects of alteration with time on the composition of these
onshore phosphorites. They concluded that the

8 7 Sr/86Sr

in these onshore phosphorites

increases with increasing alteration, due to interaction o f francolite with meteoric water,
which is rich in radiogenic
the measurement of

8 7 Sr.

8 7 Sr/86Sr

Therefore as these previous attempts have been based on
in three phosphatic samples (Hurst, 1986), and altered

onshore phosphorites (Shaw and Wasserburg, 1985), the dates obtained by these studies
must be treated with caution.
Although in a few exceptions, such as in some of the South African nodular francolites
and the Chatham Rise francolites, ages are partially constrained by other methods
(M cA rthur et al., 1988; Kudrass and Von Rad, 1984), in most other large Tertiary
phosphorite deposits (e.g. Blake Plateau, Californian Borderlands and Moroccan margin)
biostratigraphical 'ages' for phosphogenesis are rather uncertain. This uncertainty in
francolite ages has meant that it has proven difficult in the past to correlate phosphogenic
episodes with oceanic conditions, such as sea level and surface water temperature changes
(Cook et al., 1990). As a consequence the causes of global episodes o f phosphogenesis
have remained equivocal (Bentor, 1980; Sheldon, 1981).
This thesis represents the final com pilation of data from this project on dating
phosphogenesis with Sr isotopes. The importance of the findings reported here have
resulted in publication of data and its interpretation for samples from the Chatham Rise,
the Namibian margin and the Sechura Desert, Peru (McArthur, Sahami and others, 1990),
prior to the completion of this thesis.

1.4 Dating phosphorites by Sr isotope stratigraphy
In this study francolites in phosphorite deposits have been accurately dated for the first
time, using Sr isotope stratigraphy to define ages of phosphogenic episodes in the
Tertiary. Francolite contains up to 2700 ppm Sr, which has been incorporated into its
structure at the time of its formation. Assuming francolite incorporated Sr with the same
8 7 Sr/86Sr

as that of contemporaneous sea water, measurement of its Sr isotope ratio and

com parison to M arine Sr evolutionary curves would give the age o f prim ary
phosphogenesis. Sr isotope evolutionary curves used for age assignment are those o f
McKenzie et al. (1988), Miller et al. (1988) and Hodell et al. (1991). All

8 7 Sr/86Sr

data

quoted in this study have been normalised to a standard SRM987 o f 0.710241, and
therefore in order to facilitate comparison to the Sr curves, appropriate corrections were
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made.
A number of potential problems have been envisaged in applying Sr isotope stratigraphy
to dating francolites, such as radiogenic 87Sr contribution from the decay o f Rb in
francolite, early diagenetic alteration o f

8 7 S r/86Sr

in pore waters, inheritance from

precursor calcite and post-formational alteration o f francolite. These problems and the
approaches adopted to assess the extent to which they affect the quality of ages derived by
Sr isotope stratigraphy are described in chapter 4. It has been shown that these potential
problems are rarely significant sources o f error in dating offshore francolites with Sr
isotopes.
The new francolite ages have enabled an assessment of the relationship between global sea
level change, and surface water palaeotemperature variations, and phosphogenic episodes.
This has enabled the conditions which favour global episodes o f phosphogenesis to be
defined (chapter 12). Secular variations in francolite geochemistry have been used to
assess the degree of post-formational alteration, the mechanism and environment o f
phosphogenesis, and secular changes in Tertiary ocean chemistry (chapter 12).
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CHAPTER 2
The Sr isotope method
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2.1 In tro d u c tio n
Strontium isotope stratigraphy is a non-radiogenic method, based on the comparison of
m easu red

8 7 S r/86Sr

ratios of marine minerals with that o f the published isotope

evolutionary curves for marine Sr. Recent applications of Sr isotope stratigraphy to
carbonate sequences lacking age-diagnostic fossil species have aided in defining the
chronology of these sediments. For example Rundberg and Smalley (1989) successfully
correlated sedimentary sections in the North Sea by comparing Sr isotope ages of
carbonates and phosphatic fish teeth, and showed that the ages agreed well with Rb/Sr
ages for associated glauconites. Hurst (1986) found that Sr isotope ages o f marine
carbonates, dolomites and phosphatic mudrock, from the Monterey Formation were in
good agreement with available biostratigraphical ages. Sr isotopes have also been useful in
dating carbonates from high latitudes (McNeil and Miller, 1990), and shallow marine
lim estones (Ludwig et al., 1988), with an error o f ± 0.3 Ma to ± 3 .0 Ma. Recent
application of Sr isotope stratigraphy to francolites (McArthur et al., 1990) from the South
African margin, Namibian margin Chatham Rise and Sechura Desert have been successful
in confirming biostratigraphical ages, and defining previously unknown episodes of
phosphogenesis (see later). Sr isotope stratigraphy is of no use during times when
virtually no change in the marine
and 5.5 Ma and

8

8 7 Sr/86Sr

occurs, such as between 2.5 M a and 4.5 Ma

Ma (figure 2.3) and during the Paleocene (Elderfield, 1986).

2.2 H isto ric al developm ent of S r isotope s tra tig ra p h y
Strontium has four naturally occurring isotopes (8 8 Sr,

8 7 Sr,

86Sr and

are stable. The production of radiogenic 87Sr from the decay of

8 4 Sr),

8 7 Rb,

all o f which

by emission o f a

beta particle, means that the ^ S r /^ S r in a substance is dependent on its Rb concentration
and age.
Wickman (1948) noted that high concentration of 87Rb in the crustal materials generated
high 87Sr concentrations, and that crustal weathering, and removal to the oceans, o f this
radiogenic 87Sr would increase the oceanic
increase in the

8 7 Sr/86Sr

8 7 Sr/86Sr

with time. He suggested that the

would be monotonic and recognised the potential for dating

authigenic marine minerals, if standard curves could be constructed against which to
compare Sr isotope ratios in unknowns. The need recognised by Wickman for standard
8 7 Sr/86Sr

curves were met by early workers for some part of the geological time scale by

measuring the

8 7 Sr/86Sr

in marine limestones (Peterman et al., 1970; Dasch and Biscaye,

1971; Veizer and Crompston, 1974; Brass, 1978; Faure et al., 1978; Starinsky et al.,
1980; Burke et al., 1982; Koepnick et al., 1985). These curves showed that the ^ S r / ^ S r
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in sea water fluctuated during the Phanerozoic and did not increase in a uniform fashion as
suggested by Wickman.
These 'early' Sr isotope curves were constructed on m arine carbonates, as Sr
concentrations of up to 1,400 ppm are present in calcites (Cook and Egbert, 1983). Since
the relative mass difference between 87Sr and 8^Sr is small (~1.2%), it is assumed that Sr
does not significantly fractionate on incorporation into the calcite, and therefore faithfully
records the sea water

8 7 Sr/86Sr

at the time of calcite precipitation. Calcite contains Rb,

with a maximum Rb/Sr ratio of approximately 5.0xl0 ' 3 (Turkian and Wedepol, 1961),
and therefore any alteration of calcite

8 7 Sr/86Sr

since its formation by decay o f this Rb

would make the use of calcite as an indicator of sea water Sr composition invalid. In order
to assess this radiogenic contribution to calcite Sr, the theoretical increase in the ^ S r /^ S r
ratio in calcite due to Rb decay, as a function of time has been calculated and is shown in
figure 2.1. The results suggest that the

8 7 Sr/86Sr

in calcite will increase by 8 x l0 *6 in 40

Ma. Therefore the effect of radiogenic 87Sr contribution from the decay o f 87Rb in
Tertiary calcites dated in this study is negligible compared to the analytical precision
obtainable at present for ^ S r /^ S r analyses (lxlO*5).
The most comprehensive of these early curves was by Burke et al. (1982). This curve is
characterised by low precision ( ± l x l 0 -4) o f the

8 7 S r/86Sr

analysis, due to early

instrumentation, lack of well-constrained calcite ages and the use o f HC1 separation
procedures that caused possible contamination from detrital phases. These factors
prevented the use of this curve as high precision stratigraphical tool. Improvements in
dating carbonates using biostratigraphy and magnetostratigraphy that arose from the Deep
Sea Drilling Project (DSDP), coupled with advances in mass spectroscopy, have lead to
the construction of more precise ( ± lx l0 -5) Sr isotope curves for the Tertiary (DePaolo
and Ingram, 1985; DePaolo, 1986; Hess et al., 1986; Elderfield, 1986; Miller et al., 1988;
McKenzie et al., 1988; Hodell et al., 1989; Capo and DePaolo, 1990; Hodell et al., 1990;
1991). The increase of the ^ S r /^ S r during the Tertiary represented by these curves (e. g.
figure 2.3), presents the basis for Sr isotope stratigraphy o f Tertiary marine authigenic
minerals.
The Sr isotope evolutionary curves for the Tertiary used in this study are by Hodell et al.
(1991, data also in Hodell et al., 1989 and 1990), McKenzie et al. (1988, the data for
which is given in Hodell et al., 1989), and M iller et al. (1988), and are presented in
figures 2.3, 2.5 and 2.6, respectively. These curves are chosen as they are the latest and
the most precise over the age ranges required, for dating samples in this work. The ages
assigned to calcites in these curves are based on direct correlation of biostratigraphy with
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0

40

magnetostratigraphy, on the best sedimentary section available, which gives confidence in
the derived ages. The limitations and problems with assigning ages to carbonates
sequences are discussed in section 2A.2.3. All three curves are constructed using the
numerical time scale of Berggren et al. (1985), giving consistency between ages derived
from different sea water Sr evolutionary curves.

2.3 Sr fluxes to the oceans
The data for the Sr curve for the Phanerozoic by Burke et al. (1982), which were
published in Koepnick et al. (1985), demonstrates fluctuations in the
time. This is because the dominant control on

8 7 Sr/86Sr

8 7 Sr/86Sr

through

in sea water is the relative fluxes

of the three principle sources of Sr to the oceans, viz. continental (rivers), hydrothermal
activity and carbonate recrystallisation.
M easurement of the

8 7 Sr/86Sr

in rivers, has yielded an average value o f 0.712 (Palmer

and Edmond, 1989), with variations of 0.705 to 0.735 representing the differences in
rock types in the catchment areas. Variations in flux and

8 7 Sr/86Sr

in rivers and in the

supply o f subsurface water from the continents to the ocean (Chaudhuri and Clauer,
1986), are considerd to be the primary control on the rate o f increase in

8 7 Sr/86Sr

ratio in

sea water (Elderfield, 1986; Hodell et al., 1990). Periods of rapid ^ S r /^ S r increase, may
therefore represent either an increase in the continental flux (Hess et al., 1986; Raymo et
al., 1988; Capo and DePaolo, 1990), an increase in the ^ S r / ^ S r o f the continental flux
(Palmer and Edmond, 1989), or both.
Hydrothermal fluids emerging from mid ocean ridges exert an important but subsidiary
control on oceanic

8 7 Sr/ 8 6 Sr.

Cold ocean water penetrates highly permeable basalts

around ocean ridges and may go down to depths of several kilometres (Chester, 1989).
During interaction with the oceanic crust the

8 7 Sr/86Sr

in these waters decrease, and on

emerging again around ocean ridges as hydrothermal fluids, contributes a flux o f Sr with
low

8 7 Sr/86Sr

to the oceans. Hydrothermal and volcanic activity increase with increasing

oceanic spreading rates, and therefore maximum rates of spreading results in a decrease in
the ^ S r /^ S r of the oceans (Faure et al., 1978).
Carbonate recrystallisation results in small variations of the sea water

8 7 Sr/ 8 ^Sr,

the

magnitude of which is dependent on the age o f the carbonate which has dissolved. Sr
distribution coefficient in calcite increases with increasing precipitation rates (Lorens,
1981), resulting in the fast-forming biogenic material containing on average 1,400 ppm
Sr, compared to recrystallised calcite with around 500 ppm Sr (Sayles and Manheim,
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1975). The recrystallisation of calcite therefore results in a depletion of Sr in the carbonate
and an enrichment of Sr2+ in the adjacent pore waters (Gieskes et al., 1975; Cook and
Egbert, 1983). This results in the setting up o f Sr diffusion gradients in pore waters and
the subsequent diffusion of this Sr to bottom waters (Elderfield and Gieskes, 1982;
Palm er and Elderfield, 1985; Richter and DePaolo, 1988). The dissolution o f old
carbonate, with an average ^ S r /^ S r of 0.708 (Burke et al., 1982), is therefore considerd
to have a buffering effect on the

8 7 Sr/^6Sr

in sea water (DePaolo and Ingram, 1985; Hess

et al., 1986; Hodell et al., 1989).
The principal physiological factor responsible for the fluctuation o f the 8 7 Sr/8^Sr has been
postulated to be sea level changes (e.g. Hess et al., 1986). A decrease in sea level
(regression), is caused by either a decrease in oceanic spreading rates (Hays and Pitman,
1973), or the onset of glaciation (Armstrong, 1971), or both. A regression would result in
an increase in land area exposed to weathering (Spooner, 1976). Since continental crust
contains higher 8 7 Sr/86Sr than oceanic c ru s t, an increase in the continental input o f Sr to
the oceans would result in a period of rapid

8 7 Sr/86Sr

increase in sea water. Conversely

rises in sea level might result in a relative increase of the hyrothermal Sr flux compared to
the continental flux, which might result in a period of slow

8 7 Sr/86Sr

increase, or in times

of large transgressive phases, such as the Late Cretaceous (Hays and Pitman, 1973), to
decreases in the

8 7 Sr/86Sr

of sea water (Burke et al., 1982).

2.4 C o n stra in ts on the use of the

8 7 S r / 86S r

cu rv es

In this section the marine geochemistry of Sr (section 2.4.1), and the accuracy and
precision of the

8 7 Sr/86Sr

curves for the Tertiary (section 2.4.2), are discussed. A number

of limitation in the use of Sr isotope stratigraphy, viz. spatial variation o f Sr within
oceans,

8 7 S r/86Sr

curve configuration, diagenetic alteration o f carbonates and the

assignment o f a numerical age scale to

8 7 Sr/86Sr

curves, are outlined below. A more

specific assessment of the three curves used to date samples in this study is given in
section 2.5.

2.4.1 Marine chemistry of Sr
The relatively long residence time of Sr in oceans of 4 Ma (Chester, 1989), compared to
the mixing time of oceans of 103 y (Broecker and Peng, 1982), indicates that Sr is well
mixed within the worlds oceans. A uniform value of

8 7 Sr/86Sr

(0.70916 ± 3) for modem

sea water (Hess et al., 1986; Elderfield, 1986), and for Recent carbonates (Burke et al.,
1982; DePaolo, 1986), from a wide range of geographical locations, support a uniform Sr
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isotope composition within sea water. Also similar ^ S r / ^ S r ratios for carbonates o f the
same age from various DSDP, shallow water and high latitude sites (DePaolo, 1986;
Ludwig et al., 1988; McNeil and Miller, 1990), suggest that spatial variation in the
87sr/86sr in fully marine environments are negligible.
Despite the evidence cited in the previous paragraph, the uniformity o f the ^ S r / ^ S r jn
oceans may be locally altered, in areas proximal to the source of various Sr fluxes, such as
restricted seas, deltas and sea water adjacent to regions of hydrothermal or volcanic
activity. The use of Sr isotope ratios from carbonates formed in these areas may therefore
cause errors in the construction of the

8 7 Sr/ 86 Sr

curves, and decrease the accuracy and

precision achievable by this method. For example salinity values in the Baltic Sea range in
between 7%o and 15%o (Fairbridge, 1966), compared to the open ocean values o f 35%o,
with a high yearly inflow rate equivalent to 1/40 of the total volume of the Sea. Although
no Sr isotope data is available for this restricted area, the

8 7 Sr/ 8 6 Sr

in the Baltic Sea is

unlikely to be similar to that in open ocean water, and therefore any authigenic minerals
precipitating in such an environment would probably not represent the Sr isotope ratio o f
contemporaneous open oceans.
2.4.2 A ccuracy an d precision of the

8 7 S r /86S r

c u rv e s

Dating phosphogenesis with Sr isotopes involves the comparison o f the ^ S r / ^ S r in
francolite with the published curves, which are based on carbonate analysis. The accuracy
and precision of ages obtainable, are dependent on a number o f factors related to the
construction of the curves, viz. i) gradient of the

8 7 Sr/ 8 6 Sr

curve, ii) diagenesis o f

carbonates, and iii) accuracy of age assignment for carbonates used to put numerical ages
on the standard curves.
2.4.2.1 G ra d ie n t of the

8 7 S r / 86S r

c u rv e

In applying Sr isotope evolutionary curves to dating marine minerals, the resolution
obtainable is primarily dependent on the gradient of the curve, with times of greatest
8 7 Sr/86Sr

change, providing the highest resolution and the flattest slopes or times o f least

8 7 Sr/86Sr

change, representing the poorest resolution achievable. For example the periods

between 2.5-4.5 Ma and 5.5-8 Ma (figure 2.3) represent times of little change in the
8 7 Sr/ 8 6 Sr,

and therefore Sr isotope stratigraphy during these times is of lim ited use.

Linear regressions calculated for periods of almost monotonic increase in the

8 7 Sr/86Sr

(M cKenzie et al., 1988; Hodell et al., 1991), result in a potential resolution of ±0.5 M a
for the method in the Neogene.
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2.4.2.2 Diagenetic alteration of 87S r/86Sr in calcites
T he degree o f alteration by diagenesis of the

8 7 S r/86Sr

o f calcites from that o f

contem poraneous sea water, is a major limitation on the accuracy o f Sr isotope
stratigraphy. As discussed in section 2.3, recrystallisation o f carbonates increase the Sr
concentration of adjacent pore waters, and set up concentration gradients with increasing
concentration of Sr with depth. In Tertiary carbonate sequences, pore waters have
8 7 Sr/86Sr

gradients which exhibit a decrease in this ratio with depth (Elderfield et al.,

1982). This is because successively older and deeper Tertiary carbonates have lower
8 7 Sr/ 8 6 Sr.

Sr exchange between deep pore waters and the recrystallising carbonate may

therefore alter the original calcite 8 7 Sr/8^Sr signature (Richter and DePaolo, 1988).
O ther processes effecting the concentration and the composition of Sr isotopes in deep
pore waters are the alteration of volcanic material, and to some extent, the hydrothermal
alteration of basalts (Elderfield and Gieskes, 1982). Interaction between these rocks which
have low

8 7 Sr/86Sr

with adjacent pore waters produce

8 7 Sr/86Sr

gradients in these deep

pore waters. The processes discussed, lead to an increase in the Sr2+ and a decrease in the
8 7 S r/86Sr

o f pore waters with depth, in Tertiary DSDP sites (H aw kesw orth and

Elderfield, 1978). Tertiary carbonates recrystallising within these pore waters, may
therefore exhibit 8 7 Sr/8^Sr ratios which are different to that of contemporaneous sea water
(Richter and DePaolo, 1988).
Two approaches have been developed in tackling the problem of the potential alteration of
the

8 7 S r/86Sr

in carbonates due to diagenesis. One approach has been to separate

foraminiferal samples from DSDP sites and assess their degree of alteration by scanning
electron microscopy and their Sr/Ca ratios, and oxygen isotope contents (Elderfield, 1986;
Hess et al, 1986; Miller et al., 1988; Hodell et al, 1989). A more quantitative approach in
assessing the amount of alteration has been the development of a numerical model (Richter
and DePaolo, 1987), and its application to correcting the

8 7 Sr/8^Sr

o f carbonates from

DSDP sites, for the effects of diagenesis (Richter and DePaolo, 1988). The resulting
8 7 s r/ 8 6 s r

correction are approximately 2-3x1 O’5 for the past 20 Ma and less than lxlO -5

for the past

6

Ma. This quantitative assessment can only be carried out if pore water

analysis for the carbonate sequences are available. Authors o f all three Sr isotope curves
(M iller et al., 1988; McKenzie et al., 1988; Hodell et al., 1991) used to date samples in
this study have adopted the former approach.
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2.4.2.3 Assignment of numerical ages to stratigraphic schemes
A primary control on the accuracy of the Sr isotope dating method is the accuracy of
independent numerical age assignments to carbonate samples, using biostratigraphy and
magnetostratigraphy, in conjunction with a numerical time scale (Berggren et al., 1985).
An ideal DSDP sequence for the construction of Sr isotope curves would be characterised
by high and uniform sedimentation rates, continuous recovery, carbonate lithology, an
unequivocal polarity reversal sequence and precise radiometric ages assigned to the
polarity reversals. Since such a sequence has never been found, the samples used for the
construction of the various curves are the best available, on the grounds o f their abundant
and well preserved fossil content (Hess et al., 1986) or for their good paleomagnetic
record (Miller et al, 1988) or both (Hodell et al., 1989).
Curves constructed on the sequences with no magnetostratigraphy (e.g. DePaolo and
Ingram, 1985) have been correlated to a numerical time scale using second- and
third-order biostratigraphical correlations. These numerical ages are therefore not very
well constrained. Sequences with good magnetostratigraphy (e. g. M iller et al., 1988)
yield better constrained ages as these are correlated to a numerical time scale using direct
(first-order) correlations. Uncertainties exist in the case of first-order correlations where
numerical ages are assigned by interpolation between two radiometric ages, assuming a
constant rate of carbonate deposition between the two 'firm' ages, which is an assumption
difficult to verify.
When comparing different Sr isotope curves, a single numerical time calibration must be
used, as the same

8 7 Sr/86Sr

data plotted against different time scale axis may result in a

temporal shift in the position of the curve. For example when Sr isotope data from DSDP
site 590B is plotted (figure 2.2) against both the time scale of Kennett et al. (1985, quoted
in DePaolo, 1986) and the time scale of Barron et al. (1985, using the correlation scheme
of Berggren et al., 1985, quoted in Richter and DePaolo, 1988), a significant shift occurs,
which reaches a maximum (up to 2.0 Ma) during the middle Miocene.

2.5 Assessment of the Sr isotope curves used in this study
In dating unknown samples using Sr isotope stratigraphy, comparisons to a single Sr
isotope curve would be preferable in order to maintain internal consistency for the derived
ages. Unfortunately not all the samples examined in this study fall within the age range of
a single published Sr isotope curve and therefore three curves have been used for dating
francolites and calcites. All samples with

8 7 Sr/86Sr
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which correspond to the age range of
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F igure 2.2. 87Sr / 86Sr from DSDP site 590B, plotted against the time scales
of Kennet et al. (1985) and Barron et al. (1985).
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22.5 Ma to 37.7 Ma have been dated by comparison to the curve o f Miller et al. (1988).
Six samples with ages which do not fall on the curve of Hodell et al. (1991) are dated by
comparison to a modified version (figure 2.5.b) of the curve of M cKenzie et al. (1988).
All other ages are derived using the curve o f Hodell et al. (1991).

2.5.1 Sr isotope curve of Hodell et al. (1991)
The data for this curve is published in three papers, viz. Hodell et al. (1989; 1990; 1991).
The

8 7 Sr/8^Sr

have been measured in planktonic foraminifera from three DSDP sites (viz.

519,588, and 607), of which all three have paleomagnetic stratigraphy of variable quality.
The assigned numerical ages are based on a mixture of magnetostratigraphical correlation,
oxygen isotope stratigraphy and interpolation between biostratigraphical datum. The
curve spans from 0 Ma to 24 Ma, and provides a basis for dating between the periods 0
Ma to 2.5 Ma, 4.5 Ma to 5.5 Ma and 8.0 Ma to 24.0 Ma (figure 2.3).
Linear regression lines (least squares fit) calculated by Hodell et al. (1991) for four
sections of the curve are presented in figure 2.3. This statistical tool enables the prediction
of one variable (age) when the other ( 8 7 Sr/ 8 ^Sr) is known. However in order for the use
of a least squares regression to be valid, two conditions have to be met (Till, 1985).
Namely that one variable is function of, and dependent on, the other and secondly that one
variable is known without error. In the case of Sr isotope evolutionary curves neither
variable is controlling the other, as time is an independent variable and Sr fluxes to the
oceans control the

8 7 Sr/86Sr

in sea water. The second condition is also not met as a

potential error of 2 x l0 *5 exists in the Sr isotope ratios, and despite claims o f numerical
resolutions of up to ~1 Ka for site 607 (Hodell et al., 1990) a potential error exists in the
assigned ages for the calcites.
In the case of this data a reduced major axis line should be used (Till, 1985), which
produces a unique line of best fit. Reduced major axis lines for the four sections of the
curve have been calculated and are shown in figure 2.4. Ages of francolites and calcites
have been calculated based on both types of regression line, in order to show variations in
ages derived from the use of least squares and reduced major axis regression on the same
data. Since there is good correlation between the data (correlation coefficients range
between 0.66 and 0.99) and that the gradient o f the lines are similar, some ages did not
vary as a function of the different regression lines used. However samples which yielded
different ages due to the calculation by different regression lines are presented in table 2 . 1 .
The error quoted for the ages derived from reduced major axis line are the maximum
analytical error for the %7Sr/%6Sr, given by Hodell et al. (1991) as 2.4x10 5, added to the
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Figure 2.3. Least squares regression on the data of
Hodell et al. (1991, data also in Hodell et al., 1989 and 1990).
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statistical error at the 95% confidence interval (C.I.) as defined by Till (1985).
Table 2.1 shows dates defined by Sr isotope stratigraphy in this study, for francolite and
calcite samples by the use of both least squares regression and the reduced axis regression
lines on the data of Hodell et al. (1991). There is a maximum variation o f 0.3 Ma
(francolite sample 887-P7) in the ages as calculated from the different regression lines. All
Sr isotope ages (chapters

6

to 11) with have been obtained in this study by comparison

with the curve of Hodell et al. (1991), have been calculated using the reduced major axis
regression lines (figure 2.4). All Sr isotope ages will be presented and discussed in detail
in chapters

6

to

11.

Another potential problem with calculating ages by regression lines is that during certain
periods of the Tertiary, such as between 16 Ma to 23 Ma (figure 2.4.d),

8 7 Sr/86Sr

increases in a series of 'step-like* changes rather than a straight line. Ages derived from
regression lines may therefore vary significantly from those which may be empirically
derived from the curves. An empirical age for francolite sample 877-P2 has been obtained
by comparison with the bold 'step-like* line on figure 2.4.d, and is presented in table 2.1.
A variations in age of up to 0.5 Ma between an empirical age and those derived by a
regression line occurs, which may be significant in high resolution dating. However in
order to preserve internal consistency in ages obtained in this study all samples with ages
in the range of 16 to 24 Ma have been dated using the reduced major axis regression line
(figure 2.4.d) on the data of Hodell et al. (1991, data also in Hodell et al., 1989 and
1990).
For ease of comparison with Hodell's regression lines, the reduced axis regression lines
have been normalised to SRM987 of 0.710235. The ages quoted in table 2.1 have been
derived from the regression lines discussed by first subtracting 6 x l 0 -6 from the ^ S r /^ S r
of samples in this study which are normalised to an SRM987 of 0.710241.
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Figure 2.4. Reduced major axis regression lines on the data of Hodell et al (1991, data
also in Hodell et al., 1989, and 1990), between the periods a) 0-2.5 Ma, b) 4.5-5.5 Ma,
c) 8-16 Ma and d) 16-24 Ma.

Vi

Sample

least squares
regression

Reduced major
axis regression

Empirically
derived age

Francolite ages (Ma)
519(A)
488(A)
488(B)
488(D)
310c(2)
310c(3)
2246(B)
2246(C)
1096-P2
1096-P3
1096-MI
1706-MI
14414(A)
14414(B)
14414(C)
14401(C)
BP2(B)
877-PI
877-P2
877-P7
877-MI
877-M2
877-M3
877-M4
M3558
3719PP

4.9 ±0.5
5.1 ±0.5
5.1 ±0.5
5.0 ±0.5
0.9 ±0.56
0.6 ±0.56
0.7 ±0.56
1.0 ±0.56
5.4 ±0.5
5.3 ±0.5
5.4 ±0.5
5.2 ±0.5
5.1 ±0.5
5.4 ±0.5
5.3 ±0.5
5.0 ±0.5
5.1 ±0.5
15.7 ±1.36
17.0 ±0.74
5.4 ±0.5
5.3 ±0.5
5.4 ±0.5
5.3 ±0.5
5.2 ±0.5
4.8 ±0.5
0.9 ±0.56

5.0
5.2
5.2
5.1
0.7
0.4
0.5
0.9
5.6
5.5
5.6
5.4
5.2
5.6
5.5
5.1
5.2
15.8
17.1
5.7
5.5
5.6
5.5
5.3
4.7
0.7

±0.4
±0.4
±0.4
±0.4
±0.5
±0.5
±0.5
±0.5
±0.4
±0.4
±0.4
±0.4
±0.4
±0.4
±0.4
±0.4
±0.4
±1.0
±0.5
±0.4
±0.4
±0.4
±0.4
±0.4
±0.4
±0.5

16.5 ±0.5

Calcite ages (Ma)
310c(2)
310c(3)
1096-P5
1096-MI
BP5(A)
877-PI
877-P3
877-M3
877-M4

5.2
4.9
11.9
5.2
5.3
4.7
10.1
4.9
4.6

±0.5
±0.5
±1.36
±0.5
±0.74
±0.5
±1.36
±0.5
±0.5

5.3 ±0.4
5.0 ±0.4
1 2 . 0 ± 1 .0
5.4 ±0.4
5.5 ±0.5
4.6 ±0.4
1 0 . 2 ± 1 .0
5.0 ±0.4
4.4 ±0.4

T able 2.1. Variations in ages derived from the use of least squares regression, reduced
major axis regression and empirical measurement on the data used in Hodell et al. (1991).
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2.5.2 Sr isotope curve of McKenzie et al. (1988)
This curve covering the period between 4.0 M a to 6.0 Ma is constructed from the
87sr/86sr of planktonic foraminifera from four DSDP sites. The data for sites 519, 588
and 502 are given in Hodell et al. (1989) and four data points from site 590B are from
DePaolo (1986). Paleomagnetic stratigraphy o f the sites is o f variable quality and
numerical ages are assigned on the basis o f magnetostratigraphic and biostratigraphic
correlation. This curve has been used to date six samples with ^ S r /^ S r which fall on the
flatter sections (between 2.5 Ma- 4.5 Ma and 5.5 Ma - 8.0 Ma) o f the curve o f Hodell et
al. (1991).
Figure 2.5.a shows the different gradients o f the least squares regression of McKenzie et
al. (1988) and the reduced major axis line calculated for the data in this study. In
recalculating the regression line for this data some problems were encountered due to the
ambiguity o f the data used by McKenzie et al. (1988). For example, an extra data point
from site 502 dated around 5.3 Ma is included in the curve which is not present in the data
given in Hodell et al. (1989). Replicate analysis of

8 7 Sr/86Sr

in forams from site 588 are

given in Hodell et al. (1989), however the criteria used for the choices o f 8 7 Sr/86Sr used
in curve construction are not given and the choices made are inconsistent. For example
sample '13-3 36 cm' has a

8 7 Sr/86Sr

value of 0.709039 ±10 for the original analysis and

a value of 0.708998 ± 9 for the replicate. Here the replicate value which is lower than the
original value has been chosen for the curve. In sample '14-4 35 cm' the original analysis
yielded a

8 7 Sr/86Sr

value of 0.708948 ± 9 and the replicate a value o f 0.708931 ± 8 . In

this case the original analysis with the higher value has been used for the construction of
the curve. In sample '12-4 110 cm' an average of the two values has been taken.
The data from site 502 have significantly lower

8 7 Sr/86Sr

values that the rest o f the data

(figure 2.5.a) and data from this site is not used in subsequent papers by Hodell and his
co-workers. Therefore an alternative curve has been constructed in this study (figure
2.5.b) which does not include data from site 502. All the other data is from McKenzie et
al. (1988) except that the mean

8 7 Sr/86Sr

values for replicates are taken. The four data

points from DePaolo (1986) have been normalised to a SRM987 o f 0.709235 by
subtracting 9 .5 x l0 ‘5 (Richter and DePaolo, 1988) from their

8 7 Sr/ 8 6 Sr.

A reduced axis

regression line has been calculated and is shown in figure 2.5.b.
Table 2.2 shows the different ages obtained for francolite and calcite samples by the use of
the different regression equations, quoted in figure 2.5. The error quoted for the reduced
major axis regressions calculated in this study are based on the statistical error (95% C.I.)
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Figure 2.5. a) Least squares regression and reduced major axis regression on the data
of McKenzie et al. (1988, data in Hodell et al. 1989), b) reduced major axis regression
on data modified from NfKenzie et al. (1988, data in Hodell et al. 1989).
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added to the maximum analytical error in the

8 7 Sr/86Sr

quoted by McKenzie et al. (1988)

as 2xl0"5. The variation in ages obtained for the same sample of up to 0.5 M a (francolite
sample 1096-P4) exhibits the uncertainty in the ages obtained using the different
regression lines shown in figure 2.5. In this study the ages derived by using the reduced
m ajor axis regression on the data without those o f site 502 (figure 2.5.b) has been
preferred.

Sample

least squares
regression

Reduced major
axis regression

Reduced major
axis regression
(excluding site 502)

Francolite ages (Ma)
1096-PI
1096-P4
1096-P5
1706-PI
2361-M l

5.6
6.0
5.7
5.9
5.8

±0.5
±0.5
±0.5
±0.5
±0.5

5.7
6.4
6.0
6.2
6.0

±0.3
±0.3
±0.3
±0.3
±0.3

5.9
6.5
6.1
6.3
6.1

±0.3
±0.3
±0.3
±0.3
±0.3

Calcite ages (Ma)
877-M2

4.3 ±0.5

4.0 ±0.3

4.0 ±0.3 .

T able 2.2. Variations in ages derived by the use of least squares regression and reduced
major axis regression lines on the data used in McKenzie et al. (1988).

A ll the curves and regression lines in figure 2.5 are norm alised to a SRM 987 o f
0.710235. The

8 7 Sr/86Sr

in sample measured in this study have been normalised to a

SRM987 of 0.710241 and therefore to facilitate comparison, 6 x l0 *6 has been subtracted
from the

8 7 Sr/8^Sr

of the 'unknowns'.

2.5.3 T h e S r isotope cu rv e o f M iller e t al. (1988)
8 7 Sr/86Sr

analysis have been carried out on planktonic foraminifera from DSDP site 522.

This curve is used for dating unknown samples with

8 7 Sr/86Sr

which corresponds to ages

between 22.5 Ma to 37.7 Ma (figure 2.6). A resolution of ± 2 .0 Ma is quoted by the
authors due to the relatively large sampling interval. The improved chronological control
achieved by direct correlation of magnetostratigraphy with a num erical time scale
(Berggren et al., 1985), suggest that the assigned ages used in this curve are well
constrained.
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F igure 2.6. Least squares regression and reduced major axis regression on the data of
M iller e ta l. (1988).
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The least squares regression line of Miller et al. (1988) and the reduced major axis line
calculated for the data in this study are shown in figure 2 .6 , and the ages o f francolite and
calcite samples derived by the use of these different lines are presented in table 2.3.

The proximity of the two regression lines due to the high correlation o f the data (r = -0.95)
results in relatively small variation in the ages derived by the two regression lines. The
largest variations in age for the same sample is 0.2 Ma (francolite sample BP5(A)). For
samples BP 1(A) and BP5(A) which have francolite ages which fall on both the curves of
M iller et al. (1988) and Hodell et al. (1991), ages assigned on the basis o f the curve of
Hodell et al. (1991) are also given in table 2.3. These ages are about 0.7 M a older than
those derived by the curve of Miller et al. (1988), demonstrating the variation in ages
obtained using different Sr isotope-evolution curves. In order to maintain consistency, all
the ages which fall between 22.5 Ma and 37.7 Ma in this study will be calculated using
the reduced major axis regression line (figure 2.6) on the data of Miller et al. (1988). The
Sr isotope curve (figure 2.6) and the regressions lines discussed are norm alised to
SRM987 o f 0.710250, therefore 9 x l0 *6 has been added to the
this study before comparison.
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8 7 Sr/86Sr

o f 'unknowns' in

Sample

Least squares
regression

Reduced major
axis regression

Hodell et al.
(1990)

Francolite ages (Ma)
BP1(A)
BP 1(B)
BP 1(C)
BP2(A)
BP3
BP5(A)
BP5(B)

2 2 .6

27.6
28.4
24.7
27.3
22.7
27.8

±2 .0
±2.0
±2.0
±2.0
±2.0
±2.0
±2.0

22.5
27.6
28.4
24.6
27.3
22.5
27.8

±2.0
±2.0
±2.0
±2.0
±2.0
±2.0
±2.0

23.2 ±0.5

23.3 ±0.5

Calcite ages (Ma)
519(A)
519(B)
519(C)
519(D)
488(A)
488(B)
488(C)
488(D)
BP 1(A)
BP1(B)
BP1(C)
BP2(A)
BP3

27.2
28.1
28.7
28.3
26.6
29.0
30.4
28.3
29.7
28.4
28.3
28.6
27.4

±2.0
±2 .0
±2.0
±2.0
±2 .0
±2.0
±2.0
±2.0
±2.0
±2.0
±2.0
±2 .0
±2.0

27.2
28.1
28.7
28.3
26.6
29.0
30.5
28.3
29.7
28.4
28.3
28.6
27.4

±2.0
±2 .0
±2.0
±2.0
±2 .0
±2.0
±2.0
±2.0
±2.0
±2.0
±2.0
±2 .0
±2.0

T able 2.3. Ages derived by the use of least squares and reduced major axis regression
lines on the data used in Miller et al. (1988). Two ages are also calculated using the curve
o f Hodell e tal. (1990).
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CHAPTER 3
The mechanism of phosphogenesis
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3.1. Introduction.
The mechanism of francolite formation has been extensively studied, however the factors
responsible for the onset of phosphogenesis and the environment in which this process
occurs remain to some degree unclear (for reviews see Bentor, 1980; Cook et al., 1990).
Mechanisms of phosphogenesis and the factors considered to be responsible for francolite
formation, are outlined in this chapter, with the view of assessing the importance of some
of these suggestions (chapter 12) in the light of new Sr isotope ages, C and S isotope and
geochemical data for ffancolites obtained in this study.
The mechanism of phosphogenesis discussed in this chapter refers to processes involved
in the formation of a phosphorite deposit. Theories of, and evidence for, the processes are
presented and discussed in the following sections: 3.2) mode of francolite formation, 3.3)
source and concentration of phosphorus, 3.4) environment o f phosphogenesis, 3.5)
organic v inorganic precipitation, 3.6) formation of phosphorite deposits, and 3.7)
episodicity of phosphogenesis. The processes are interrelated, so the subdivisions are for
ease of presentation.

3.2 Mode of francolite formation
The two modes of phosphogenesis discussed in this section are authigenic precipitation o f
francolite, and replacement of calcium carbonate by francolite, and will subsequently be
referred to as authigenic and replacement francolite respectively. Extensive evidence (see
later) for both types of francolite, has resulted in the conclusion that both modes o f
francolite formation occur (Birch,1980; Bentor, 1980; Sheldon, 1981). A third mode o f
francolite formation is primary biological precipitation (McConnell, 1963), although
carbonate hydroxyapatite is a more common phase (Glenister et al., 1976; Glenister,
1978; McConnell and Ward, 1978; Doyle et al., 1978). This mode o f precipitation is
volumetrically unimportant, in terms o f worldwide phosphorite deposits (Riggs, 1979a;
Sheldon, 1981).
Replacement of calcium carbonate by calcium phosphate (Ames, 1959), and francolite
(Lucas and Prevot, 1981; 1984; 1985), has been demonstrated in laboratory experiments.
Observations such as the preferential adsorption of P on carbonate surfaces (Suess,
1973), and calcium carbonate being a preferential nucleus for phosphate crystallisation
(Stumm and Leckie, 1970), indicate the importance of replacement as a mode of francolite
formation. D'Angeljan (1967; 1968) suggested that replacement is the dominant process in
natural phosphorite deposits, a theory subsequently supported by petrographic,

31

|
i

i

mineralogical and carbon isotope evidence of replacement in a number o f ancient offshore
phosphorite deposits, viz. M oroccan m argin (Tooms and Sum m erhayes, 1968;
Summerhayes, 1970), South African margin (Parker and Siesser, 1972; McArthur et al.,
1988), Blake Plateau (Manheim et. al., 1980), Chatham Rise (Kudrass and Von Rad,
1984; McArthur et al., 1986).
Authigenic precipitation of francolite has been proposed as the mechanism responsible for
phosphogenesis in both modem, viz. Namibian (Baturin, 1982) and the Peru/Chile
(Burnett, 1977), and ancient deposits e.g. Sechura Desert (Cheney et al., 1979) and the
Monterey Formation (Garrison et al., 1990). Precipitation in pore waters (Berner, 1990)
is supported by radiometrically derived growth rates and direction of growth in the
Peru/Chile francolite nodules (Burnett et al., 1983; Kim and Bumett, 1985; 1986),
showing them to be forming in the top few centimetres o f the sediments.
Both modes of francolite formation may be seen occurring within the same phosphorite
deposits, as shown in the case of the Californian Borderland phosphorites (Dietz et al.,
1942). Minor replacement francolite (Manheim et al., 1975; Glenn and Arthur, 1988) are
seen to occur with the main authigenic francolite (Bumett, 1977) in the Peru/Chile deposit,
and may indicate that the less easily recognisable replacement francolite (d'Anglejan,
1967; 1968), represents a more important mechanism of phosphogenesis in the modem
samples than previously recognised. The lack o f carbonate in the diatomaceous ooze
(Price and Calvert, 1978) of the Namibian shelf deposit, however indicates that
replacement of carbonate was not of importance in this modem deposit.

3.3 Source and concentration of phosphorus
i) Volcanism
Mansfield (1940) proposed that, as francolite contains up to 4.2% F, this element may be
a limiting factor on the process of phosphogenesis and since volcanic exhalations and
hydrothermal activity may lead to the concentration of P and F in sea water (Mansfield,
1940; Bostrom et al., 1968), a genetic link exists between volcanism and phosphogenesis.
However there is an excess of F in relation to P in sea water, for that required for the
francolite structure (Kazakov, 1950, quoted in Cook, 1976), so it is generally accepted
(Sheldon, 1963; 1981; Bushinski, 1964; Cook, 1976) that volcanism is only locally
important in the concentrating P and F in sea water, and is not a significant factor in the
process of phosphogenesis.

t
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Rooney and Kerr (1967) suggest an indirect relationship between the tw o processes,
whereby volcanism results in mass fish mortalities which, on decomposition concentrate P
in bottom sediments. Although the dissolution of fish debris in pore waters has been noted
by Suess (1981), who suggests that this may be an im portant source o f P for
phosphogenesis, there is little evidence to suggest that the break down o f hydroxyapatite
in fish bones acts a major source of P in ancient or modem phosphorite deposits.
The observed correlation between the ages of onshore U. S. A. phosphorites and volcanic
activity (Mansfield, 1940; Miller, 1964), as well as an association between offshore
phosphorites and volcanic material, viz. Californian Borderland (Emery, 1960), Blake
Plateau (Gibson, 1967; Rooney and Kerr, 1967) and the Chatham Rise (Pasho, 1976),
are explained by Cook and McElhinny (1979), using models of phosphogenesis, based on
plate tectonics and the development of the ocean circulation systems. They suggested that
phosphogenesis is controlled by rifting plates (see later), and since this is accompanied by
volcanism they conclude that the relationship between phosphorites and volcanism is a
secondary association.
ii) Estuarine organic source
Bushinski (1964) considerd terrestrial plant material in rivers to be a major source o f P to
the ocean. Peaver (1966) postulated an estuarine source of P for the United States Atlantic
coastal plain phosphorites, based on fossil evidence and their spatial distribution in small
coastal basins and estuaries. The main objections to an estuarine source o f P for
phosphogenesis is that; firstly, high sedimentation rates in estuaries would dilute the
sediments to slightly phosphatic sands and muds (Cook, 1976), and secondly that
phosphorite deposits such as the Chatham Rise phosphorites (Kudrass and Von Rad,
1984), are found in open marine settings.
iii) Upwelling
Upwelling of cold, P-rich ocean water, results in an increase in organic productivity and
the subsequent increase in the supply of organic P in sediments. Therefore upwelling is
considered to be the principal process responsible for the concentration o f P and
subsequent phosphogenesis (Kazakov, 1937; Emery, 1960; Sheldon, 1963; McKelvey,
1967, Riggs, 1979a; Birch, 1980; Popenoe, 1990).
The discovery of present day phosphogenesis on the Namibian shelf (Baturin et al., 1972;
Veeh et al., 1974; Thomson et al., 1984) and on the Peru/Chile margin (Veeh et al., 1973;
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Bumett and Veeh, 1977; Kim and Bumett, 1985; 1986) has resulted in the development of
a model for modem phosphogenesis (Baturin, 1971b; 1971c; Bumett, 1977; Bum ett and
Veeh, 1977; Bremner, 1980b). The Namibian and the Peru/Chile margins lie on western
sides o f continents in the southern hemisphere and are sites o f intense present-day
upwelling (McKelvey, 1967). The proposed phosphogenic model involves an increase in
biological productivity on the continental margin, due to the upwelling o f nutrient-rich
(phosphorus and nitrogen) waters, from depths of 100-300 m. Consequently organic-rich
sediments deposited on the continental margin are characterised by P-rich anoxic pore
waters, in which francolite precipitation occurs. Both the Namibian and the Peru/Chile
margins are characterised by arid conditions on the adjacent continents, with low
sedimentation rates.
Diatoms are considerd to be the main source of P in both the Namibian (Baturin et al.,
1972; Bremner, 1980b) and the Peru/Chile (Burnett, 1977) deposits. The subsequent
opal, phosphate and carbonaceous rock association in these present day deposits may
represent a modem analogue (Price and Calvert, 1978) to the chert-phosphate-black shale
association typical to number of ancient onshore phosphorite deposits (McKelvey et al.,
1959; Russell and Trueman, 1971; Varga, 1982). The phosphogenic model, involving
upwelling and high biological productivity, may therefore have applied to episodes of
phosphogenesis in the past. The proposed association between phosphorites and
organic-rich sediments is however not very convincing, as a large number o f phosphorite
deposits (e.g. Chatham Rise, Californian Borderland, South African and M oroccan
margins) contain little (<1%) organic matter or chert (Von Rad and Kudrass, 1984; Dietz
et al., 1942; Summerhayes and McArthur, 1990).
Cook and McElhinny (1979) proposed that the location of ancient phosphogenesis was
controlled by rifting plates and the development of oceanic circulation systems on the
resulting wide oceans. Wind-induced divergent upwelling, principally on the western
sides o f continents at low latitudes are considerd to be sites o f ancient phosphogenesis
(Sheldon, 1964). Phosphorite deposits on the eastern side of continents are considerd to
form due to dynamic upwelling (Riggs, 1979a; 1984; Parrish, 1990), o f cold nutrient-rich
waters over topographically prominent features.
Pleistocene to Recent phosphogenesis off the eastern coast o f Australia (O'Brien et al.,
1981; 1986; O'Brien and Veeh, 1983) and off the South African margin (Birch et al.,
1983; McArthur et al., 1988) occur in regions o f only moderate seasonal upwelling.
Upwelling as the only source of P concentration has therefore been questioned (O'Brien
and Veeh, 1983; McArthur et al., 1988). Bumett et al. (1983) recognised that phosphorite

deposits occur in both upwelling and non-upwelling regions, and classified them on that
basis. The proposed genetic link between upwelling and phosphogenesis is further
weakened by the observation, that no present day phosphogenesis is occurring o ff the
M oroccan margin (Summerhayes, 1970), an area o f intense present day upwelling
(McKelvey, 1967).

3.4 Environment of phosphogenesis
Shallow marine pore waters are considered to be the sites in w hich

prim ary

phosphogenesis ocurrs (Baturin, 1982; Berner, 1990). In pore waters associated with
sites of present day phosphogenesis viz., Peru/Chile shelf (Bumett, 1977), Namibian
shelf, P concentrations are up to two orders of magnitude higher than those in sea water
(Baturin et al., 1972). The organic matter flux from the overlying w ater column is
considerd to be the main source of phosphate enrichm ent in bottom sedim ents
(Sholkovitz, 1973; Sheldon, 1981). Subsequent breakdown of organic m atter leads to
increase in concentration of P in shallow pore waters (Bemer, 1969; Nathan and Sass,
1981; Janke et al., 1983).
Martens and Harriss (1970) have demonstrated the inhibiting effect of Mg2+ on francolite
precipitation. Depletion of Mg2+ in pore waters (Sholkovitz, 1973; Suess, 1981), as well
as during dolomitisation (Southgate, 1986; Glenn and Arthur, 1988), may enhance
francolite precipitation. Since the solubility of francolite increases with increasing
carbonate content (Suess, 1981; Janke, 1984), Glenn and A rthur (1988) suggest
phosphogenesis is limited to the top few centimetres of the sediments where CC>3 2’
concentration is at a minimum. The F flux from the overlying water column, and its
subsequent depletion with depth in pore w ater profiles, m ay also constrain
phosphogenesis to the top of sediment cores (Froelich et al., 1983).
P enrichment is observed in both oxic and anoxic pore waters, e.g. Bonatti et al. (1971),
found that P is enriched in the upper oxidised zone o f sediments, probably due to the
break down o f organic matter. Berner (1973) and Bray et al. (1973) suggest that P
adsorbed on ferric oxides, is released to pore waters in reducing condition. Heggie et al.
(1990) have suggested that P and F are scavenged by iron oxyhyroxides in the oxic zone
of sediments near the sediment-water boundary and are released in the deeper anoxic zone,
thereby enriching anoxic pore waters in both P and F. An accompanying process to the
break down of organic matter, responsible for the enrichment of P in anoxic pore waters is
suggested by Kaplan and Rittenberg (1963), who envisage that CO 3 2' produced by
bacterial processes would react with and bind Ca2+, and therefore inhibit francolite
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formation. This inhibiting effect on francolite precipitation is however considered not to be
very important as any loss o f Ca2+ due to CaC 0 3 precipitation, would be replaced by
downward diffusion of Ca2+ from sea water.
The redox conditions most favourable to phosphogenesis were proposed by Blackwelder
(1916) to be anoxic. The discovery of modem phosphogenesis in reducing environments
(Baturin et al., 1970; Bumett, 1977; Baturin, 1982) have lead to supposition that anoxic,
organic-rich pore waters are the most favourable sites of phosphogenesis. However as an
oxic environment would result in the more efficient break down of organic matter and the
subsequent release of P (Gulbrandsen, 1969), an environment o f changing redox
conditions has been suggested as best suited for phosphogenesis (Bumett, 1977).
The environment of phosphogenesis on the Peru/Chile margin is typified by oscillating
redox conditions (Manheim et al., 1975). The phosphorite nodules on the Peru/Chile
margin are limited to two bands, these have been suggested (Veeh et al., 1973; Bumett
and Veeh, 1977) to corresponding to the upper and lower boundary o f an oxygen minima
zone, where it impinges on the continental margin. However although these bands o f
nodules may correspond with the minima layer at the present, there is no evidence to
suggest that this was the case at the time of francolite formation, as many of these samples
are up to 103 years old (Bumett et al., 1988). Evidence for fluctuating redox conditions on
the Peru/Chile margin are provided by indicators of both oxic and anoxic environment of
phosphogenesis. For examples phosphorite association with pyrite has been observed
(Glenn and Arthur, 1988), suggesting an anoxic environment. Conversely, structural
carbonate

8

13C values ranging between 0 %o to -4 %o 8 13C in ffancolites (Glenn et al.,

1988) are heavier than would be expected for metabolic-CC >2 derived from bacterial
degradation, and although Glenn et al., (1988) have interpreted the data as suggesting a
suboxic to anoxic environment of phosphogenesis, the data clearly indicates a suboxic or
an oxic environment (McArthur et al., 1986). The abundance of humic acids in the organic
matter associated with the phosphorites, has been tentatively suggested to indicate an oxic
environment of formation for the Peru/Chile francolites (Ikan et al., 1975; Amit and Bein,
1982; Sandstrom, 1986; 1990).
The presence of benthic fauna associated with phosphorite deposits (e. g. Yochelson,
1968; Garrison et al., 1990), and stable isotope data (Benmore et al., 1983; McArthur et
al., 1986) as well as the discovery of modem phosphogenesis on the East Australian
(O'Brien and Veeh, 1983) and on the South African (Birch et al., 1983; McArthur et al.,
1988) m argins, in oxic to suboxic conditions, have lead to the conclusion, that
phosphogenesis is not restricted to an anoxic environment.
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3.5 Organic v inorganic precipitation
The role of organic matter has generally been seen, as that of providing a source for P
(Stumm and Leckie, 1970; Nathan and Sass, 1981; Kaplan and Rittenberg, 1963; Berner,
1990), and o f indirectly influencing chemical parameters, which are considerd to
ultimately control francolite formation (Brooks et al., 1968; Berner, 1969; Southgate,
1986). An active role in francolite precipitation has been suggested for organic matter in
general, and bacteria in particular (Freas and Riggs, 1964). O'Brien et al. (1981; 1986),
have proposed a bacterial origin for the East Australian continental margin phosphorites
(Cook and Marshall, 1981). Postmortem transformation of bacterially assimilated P into
cem ents and the subsequent break up o f phosphatically cem ented sedim ents by
bioturbation and current action, are considered to be responsible for phosphorite
formation in this region (O'Brien et al., 1986). The presence of bacterial mats associated
with modern and ancient phosphorite deposits has been reported in deposits from
Peru/Chile (Reimers, 1982; Glenn and Arthur, 1988), Negev, southern Israel (Soudry
and Champetier, 1983; Soudry and Lewy, 1988), Monterey, southern California (Reimers
et al., 1990) and Georgia basin, Australia (Southgate, 1986).
Bacterial degradation of organic matter and subsequent formation of phosphatic phases,
have been demonstrated in a number of laboratory experiments (Malone and Towe, 1970,
Lucas and Prevot, 1981; 1984; 1985). Lucas and Prevot (1981; 1984; 1985) were able to
produce synthetic apatite, using Ribonucleic acid (RNA) and calcium carbonate, and
propose a mechanism for phosphogenesis, in which RNA from dead organisms is broken
down by bacteria, with the orthophosphoric acid (H 3 PO 4 ) component reacting with the
dissolved calcium to form francolite. The question of whether this process occurs exterior
or interior to the organism remains equivocal (Lucas and Prevot, 1985). The structural
similarities between synthetic replacement apatites and those occurring in nature (Prevot
and Lucas, 1986), support this proposed mechanism for phosphogenesis.
3.6 F o rm a tio n o f p h o sp h o rite deposits
The concentration of francolite nodules in a number of phosphorite deposits have been
attributed to the processes of rew orking and winnowing, viz. M oroccan margin
(Summerhayes, 1970; McArthur, 1980), Chatham Rise (Cullen, 1980; Kudrass and Von
Rad, 1984), Peru/Chile margin (Burnett, 1977; Burnett et al., 1983; Kim and Burnett,
1985; 1986). The phosphorite deposits are therefore considered to be secondary in origin,
and their formation dependent on oceanographical conditions, at the time of, and
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subsequent to phosphogenesis (Cook, 1976; Bentor,1980; Sheldon, 1981).
Baturin (1971c) suggests that Namibian phosphorite nodules are concentrated by bottom
currents and wave action resulting from transgressive and regressive episodes
respectively. Van Andel and Calvert (1971) suggest that bottom currents are solely
responsible for phosphorite concentration, consistent with the theoretical correlation of
phosphogenesis with transgressive episodes (Bumett, 1977). The phosphorite deposit on
the Blake Plateau is considered to have formed by reworking during a regression
(Popenoe, 1990).

3.7 Episodicity of phosphogenesis
Empirical studies of the world's large phosphorite deposits, has lead to the conclusion that
phosphogenesis is episodic (Cook and McElhinny, 1979; Sheldon, 1981; Cook and
Shergold, 1984), and especially im portant in the periods; M iocene-Pliocene,
C re ta c e o u s-E o c e n e ,

J u ra ssic ,

P erm ian ,

M id d le

O rd o v ic ia n

an d

L a te

Proterozoic-Cambrian. These observations on the episodicity of phosphogenesis are based
on the assignment to large phosphorite deposits, of ages which range over several Ma
(e.g. Cook and McElhinny, 1979). More detail biostratigraphical dating o f phosphorite
deposits have shown smaller scale episodicity of phosphogenesis during the Tertiary. For
exam ple Riggs (1987, quoted in Balson, 1990) has suggested peak tim es o f
phosphogenesis as occurring between 29 Ma to 25 Ma, 19 Ma to 13 M a and 5 Ma to 4
Ma.
It has therefore been concluded that during certain periods of geological time conditions
have been more favourable for phosphogenesis. The factors suggested to be responsible
for increased phosphogenesis during these intervals include sea-floor spreading rates
(Cook and McElhinny, 1979), orogenic and volcanic episodes (Rooney and Kerr, 1967),
oceanic circulation (Sheldon, 1981) and sea level changes (Riggs et al., 1985). However
despite these suggestions there has been no agreement as to the conditions responsible for
this episodicity (Cook et al., 1990). This is because it has been difficult to correlate times
of phosphogenesis to other variables such as sea level and oceanic paleotemperature
changes, due to the poor age control on the process of phosphogenesis.
In order to elucidate the factors which give rise to this episodicity, efforts have
concentrated in attempting to correlate proposed episodes of phosphogenesis with
oceanographic conditions, principally sea level change. For example Glenn (1990)
suggests a correlation between the formation of phosphorites in Egypt with early marine
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transgressive phases in the Upper Cretaceous (Haq et al., 1987). The Egyptian
phosphorite deposits consist of reworked authigenic francolite, and its subsequent
concentration into lag deposits. Therefore the Egyptian deposits, like m ost other
phosphorite deposits (section 3.6) are secondary deposits, which may have formed a long
time after the processes of primary phosphogenesis.
All previous correlations between times o f phosphogenesis and factors considered
responsible for enhancing phosphogenesis (principally high sea levels and warm oceans),
correlated these factors to ages assigned to secondary phosphorite deposits, and not times
of actual phosphogenesis, and are therefore of little use in assessing the proposed
associations. For example Riggs and Sheldon (1990) suggest that a correlation exists
between times of phosphogenesis and early to middle stages o f marine transgressions
during the Tertiary. This proposed association is based on a correlation between
biostratigraphical ages assigned to secondary phosphorite deposits, which are very poorly
constrained, and second order cycles (> 1 0 Ma) of sea level change (Haq et al., 1987).
Improved age constraint on the times of francolite formation in m odem phosphorite
deposits, using principally U-series dating (Veeh et al., 1973; Veeh and Burnett, 1982;
O'Brien et al., 1981; 1986; Birch et al., 1983; Thomson et al., 1984; McA rthur et al.,
1988), have increased the possibility o f assessing the factors responsible, for the
proposed episodic deposition of phosphorites. Correlation of phosphogenesis and marine
transgressions in the Peru/Chile deposit (Bum ett and Veeh, 1977), supports the
association initially proposed by Strakhov (1960, quoted in Sheldon, 1981). However
this association of one Recent generation of phosphogenesis with a sea level high stand is
by no means conclusive. Modem phosphogenesis off East Australia shows no association
with marine transgressions (O'Brien et al., 1981). The inconsistency in the two deposits
may be due to either a combination of a lack of data and sampling bias, or a different
mechanism being responsible for the Peru/Chile and the East Australian deposits (O'Brien
and Veeh, 1983).
Francolite solubility decreases with increasing temperature (Kramer, 1964), which has
lead to the suggestion that that francolite precipitation may be enhanced at times o f
w armer oceans (Gulbrandsen, 1969). Balson (1990) showed a positive correlation
between biostratigraphical ages assigned to authigenic concretionary phosphorite deposits
in the southern North Sea basin and high bottom water temperatures, and eustatic sea level
high stands during the Tertiary in the North Sea. The correlation was made using the 5 180
of benthic forams (Savin, 1977), and assuming that bottom sea water temperatures were
similar to surface temperatures in this high latitude setting.
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In this study an attempt has been made for the first time to elucidate the relationship
between the times of primary phosphogenesis, directly dated by Sr isotope stratigraphy
and Tertiary sea level change, using third order cycles (section 12.2.1), and oceanic
paleotemperatures, principally derived by oxygen isotopes o f planktonic forams (section

12. 2 .2 ).
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CHAPTER 4
Application of Sr isotope stratigraphy to dating
phosphorites
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4.1 Introduction
The primary mineral in most deposits of marine sedimentary phosphorite is francolite
which contains up to 2,700 ppm Sr (McArthur, 1985). Measurements o f the

8 7 Sr/86Sr

in

francolite and comparison with the published Sr evolutionary curves can provide dates for
phosphogenesis. A resolution of ±0.5 Ma at 95% confidence interval (McKenzie et al.,

1988; Hodell et al., 1991), to ±2.0 Ma (Miller et al., 1988) are obtainable, and are a
considerable improvement on previous age control on phosphogenesis.
A num ber o f potential problems have been envisaged when applying Sr isotope
stratigraphy to dating francolites, viz. 1) contamination by radiogenic 87Sr by the decay of
8 7 Rb,

2) formation of authigenic francolite in pore waters which may have different Sr

isotope composition to sea water, 3) inheritance in replacement francolites o f Sr from the
precursor calcite, and 4) the effects of post-formational processes on the francolite
8 7 Sr/ 8 6 Sr.

These factors are discussed below, as are the approaches adopted to assess the

effects o f these four potential problems on the quality o f dating obtainable for
phosphorites. Application of Sr isotope stratigraphy to dating dolomites is also discussed
in section 4.6.

4.2 Radiogenic 87Sr production in francolite
The effect of contamination of the initial

8 7 Sr/86Sr

in francolite by radiogenic 87Sr due to

87Rb decay is considered to be minimal, as francolite strongly excludes Rb on formation.
In order to quantitatively assess the effect of Rb decay on the

8 7 Sr/86Sr

o f samples in this

study, Rb/Sr has been measured in francolite samples from the Chatham Rise and the
Californian Borderland and are 6.5x1 O'4 and 3.7X10-4 respectively. Therefore a Rb/Sr
value of lxlO -3 has been considered to be a maximum present in francolites, and has been
used to calculate the effects of Rb decay with time on the

8 7 Sr/8 6 Sr,

the results are shown

in figure 2.1. The theoretical increase of 1.6x10*6 in the ^ S r / ^ S r over 40 Ma is an order
of magnitude smaller than the analytical precision obtainable at present for Sr isotope
m easurem ent (lxlO*5), and therefore the effects o f radiogenic 87Sr contribution is
negligible.

4.3 The effects of early diagenesis on pore water 87S r/86Sr
Authigenic francolite forms in the top few centimetres o f unconsolidated sediments, in a
shallow marine environment (Bushinski, 1964; Baturin, 1982; Baker and Burnett, 1988),
and therefore precipitates in pore waters and not sea water. Any variations in the ^ S r /^ S r

of pore waters in relation to sea water, due to early diagenetic processes within sediments,
would therefore render the method inapplicable.
Reduction in the

8 7 S r/86Sr

in deep (>100m) pore waters with depth, due to Sr

incorporation from carbonate recrystallisation and from volcanic sources have been noted
(Elderfield et al., 1982; Richter and DePaolo, 1988). However the

8 7 Sr/86Sr

variations in

these deep pore waters are the result of late burial diagenesis which does not occur in
shallow (< 50 cms) pore waters in which francolites form. Previous measurement o f the
Sr isotope composition in shallow marine pore waters (Clauer et al., 1975; 1982) have
shown that the

8 7 S r/86Sr

in the top 50 cms o f the sedim ents (environm ent o f

phosphogenesis) is within error of sea water, although increase o f up to 8x10*4 in this
ratio were observed down to depths of 150 cms, due to interactions between pore water
and clay minerals. Therefore in special cases the local contamination o f pore water profiles
by dissolution of a mineral phase with a significantly different

8 7 Sr/8^Sr

may lead to

francolite with a different Sr isotopic composition than that o f contemporaneous sea water.
This early diagenetic alteration of the

8 7 Sr/8^Sr

in pore waters is considered to have

occurred in Namibian pore waters (section 7.3.1).
Clauer's data were imprecise (error of lx l( H in

8 7 Sr/8 6 Sr)

compared to modem data, so

in order to observe further any early diagenetic affects on the

8 7 Sr/8^Sr

o f shallow pore

waters, the Sr isotope composition of pore waters from two cores from East Australia
(GC70 and GC77), an area of modem day phosphogenesis (O'Brien and Veeh, 1983) and
three clay-rich cores from the Irish Sea (CIR 40, CIR 76 and CIR 95), a
non-phosphogenic region have been measured, The

8 7 Sr/8^Sr

in pore water samples from

East Australia and the Irish Sea are given in table 4.1 and are shown in figures 4.1. and
4.2. respectively.
The

8 7 Sr/86Sr

in pore water samples down to maximum depth o f 60 cms from the East

Australian phosphogenic region are within error o f m odem sea w ater (0.70916 ± 3).
Samples from cores 95 and 76 from the Irish Sea also exhibit no significant variation in
their 8 7 Sr/86Sr from that of modem sea water. This data suggests that the early diagenetic
alteration of the

8 7 Sr/8^Sr

in pore waters in the top 60 cms o f sediments does not occur.

The Sr isotopic composition of francolite forming in this environment is therefore the
same as contemporaneous sea water 8 7 Sr/8 6 Sr.
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Location

(Core n.o.)

East Australia

GC70

Depth (cm)

^^Sr/^^Sr

6 .0 - 8 . 0

12.0-14.0
22.0-24.0
30.0-32.0
42.0-44.0
56.0-58.0

0.709164
0.709181
0.709171
0.709194
0.709152
0.709185

±26
±12
±14
±13
±13
±13

6

.8-8.5
17.0-18.7
20.4-22.1
27.2-28.9
32.3-34.0
40.0-42.0

0.709150
0.709186
0.709170
0.709166
0.709165
0.709171

±12
±11
±10
±15
±11
±11

4.0-6.0
20.0-25.0
25.0-30.0

0.709184 ±24
0.709182 ±22
0.709179 ±24

2.0-4.0
4.0-6.0
1 0 .0 - 1 2 . 0
Repeat
14.0-16.0
25.0-30.0

0.70919
0.709207
0.709231
0.709242
0.709252
0.709201

±11
±12
±12
±11
±13

2.0-4.0
4.0-6.0
1 0 .0 - 1 2 . 0
16.0-18.0
20.0-25.0
25.0-30.0

0.709174
0.709177
0.709198
0.709163
0.709170
0.709154

±12
±11
±12
±11
±11
±10

GC77

Irish Sea

STN 76

ST N 40
± 8

STN 95

Table 4.1.

8 7 Sr/86Sr

in shallow marine pore waters from East Australia and the Irish

Sea.
Only in one of the Irish Sea pore waters (core 40), a non-phosphogenic region, an
increase in the

8 7 Sr/ 8 6Sr

of up to 5x1 O' 5 is observed in the top 16 cms of the sediment

column. The increase in the

8 7 Sr/86Sr

of pore waters in this core would introduce a

maximum error of +0.7 Ma for francolite ages derived by Sr isotope stratigraphy, if
phosphogenesis had occurred in this pore water column. However this maximum potential
error of 0.7 M a is close to the obtainable resolution o f ±0.56 Ma (Hodell et al., 1991),
and therefore its effect on dates obtained would be slight. The increase in the

8 7 Sr/8^Sr

down this pore water column may be due to local enrichment o f radiogenic 87Sr from
minerals such as clays (Clauer et al., 1982).
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Figure 4.1. Hast Australian pore water
Sr / Sr profiles from cores a) GC77 and
b) GC70, with the solid and dotted horizontal lines representing analytical eiror and the
range of modem sea water respectively.
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The data show that the Sr isotope composition o f most shallow-burial pore waters from
both phosphogenic and non-phosphogenic regions are within error of modem sea water,
and therefore francolite or any other mineral precipitating from such shallow pore waters
would faithfully record the marine Sr isotope ratio and would be datable using Sr isotope
stratigraphy.

4.4 Sr inheritance in replacement francolites
A potential problem with the Sr isotope dating o f francolite formed by replacement of
calcite (e.g. D'Anglejan, 1968; Summerhayes, 1970; M anheim et al., 1980), is that
francolite may inherit Sr from the precursor carbonate (M cArthur et al., 1990). The
8 7 Sr/86Sr

in francolites may therefore not be representative of contemporaneous sea water

8 7 Sr/8 6 Sr,

because of the contamination from Sr in older calcite. Application o f Sr isotope

stratigraphy to francolites which have inherited calcite Sr would therefore give ages greater
than the age of phosphatisation. The

8 7 Sr/8^Sr

in Recent authigenic francolite from the

Peru/Chile margin (Burnett and Veeh, 1977) and replacement francolites from the South
African margin (McArthur et al., 1988) have been measured (McArthur et al., 1990).
8 7 Sr/86Sr

in replacement phosphatic nodules from the South African margin measured as a

part of this study (table 6.2) and authigenic francolites from the Peru/Chile margin are
within error o f the

8 7 Sr/8^Sr

in modem sea water (0.70916 ± 3), indicating that Sr in

replacement francolites is not inherited from the precursor calcite.
In this study a further attempt has been made to assess the extent o f Sr inheritance, by
measuring

8 7 Sr/8^Sr

in coexisting francolite and calcite in well dated (Kudrass and Von

Rad, 1984; McArthur et al., 1988) phosphatic limestone nodules from the Chatham Rise
and the South African margin. These nodules exhibit varying degrees of phosphatisation
(sections 8 .2 . and 6 .2 ), due to the surface-inward phosphatisation of calcite by interaction
with P-rich solutions. An increase in Sr inheritance would be expected from the intensely
phosphatised rim to the less phosphatised core of the nodules, as the length o f the
diffusion pathway to sea water is increased. This is because the increase in the length of
the diffusion pathway may result in increasing alteration o f sea water

8 7 Sr/ 8 6 Sr,

by

interaction with Sr from the dissolving calcite, from the rim toward the core o f the
nodules.
Subsamples from two nodules from the Chatham Rise (plate 8.1) and two nodules from
the South African margin (plate 6.1.a) have been analysed for their calcite and francolite
8 7 Sr/ 8 6 Sr,

and the results are shown in figure 4.3. Calcite

8 7 Sr/86Sr

in the Chatham Rise

and South African samples are on average 8.5xl0 '4 and 3.5x1 (H respectively, lower than
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Figure 4.3. Variations in 8lSr / 8^Sr across nodules from the a) Chatham Rise
and b) South African margin.
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the ratio in francolites. Therefore if inheritance was a significant factor, the

8 7 Sr/^^Sr

in

francolites would be expected to decrease towards the core of the nodules.
Both the nodules from the Chatham Rise show a variation o f around 3x1 O' 5 in their
francolite

8 7 Sr/86Sr

across the nodules. This is equivalent to a variation o f ± 1 .5 x l0 -5

from a mean value, which is within error o f the

8 7 Sr/8^Sr

precision obtainable in this

study, suggesting that there is no inheritance o f Sr from the precursor calcite. In Chatham
Rise samples, francolite

8 7 Sr/8^Sr

increases slightly towards the core o f the nodule, the

opposite to what would be expected if inheritance was more important in the core. The
decrease in the

8 7 Sr/86Sr

o f calcite samples from the Chatham Rise towards the nodule

core, may be explained by the presence of increasingly older calcites in the core, as these
nodules consist of Oligocene carbonates reworked into Miocene limestones (Kudrass and
Von Rad, 1984).
The

8 7 Sr/86Sr

in sample 310c from the South African margin, show a of variation o f up to

5 x 1 0 "^ across

the nodule, which is higher than the error for the Sr isotope measurements

and is therefore significant. Sample 310c shows an increase in the

8 7 Sr/86Sr

and calcite after an initial decrease. The similarity in the

profiles for calcite and

8 7 Sr/8^Sr

o f francolite

francolite in sample 310c (figure 4.3.b) suggests that some partial inheritance may have
occurred in this sample. Sample 2246 shows a steady decrease in the francolite and calcite
8 7 Sr/86Sr

towards the core of the nodule. The relatively large errors for francolite

8 7 Sr/ 8 ^Sr,

in subsamples from nodule 2246 (table 5.2), mean that the variation in the

8 7 Sr/8^Sr

of up to 6x1 O' 5 in the francolites across the nodule are within error of each

other.
Although only one generation of francolite can be distinguished petrographically (section
6.2.1) in South African nodules, these unlike the Chatham Rise samples have undergone
more than one main phase of phosphogenesis (McArthur et al., 1988), and therefore it is
possible for the decrease in the

8 7 Sr/86Sr

towards the core of South African nodules, to be

caused by sampling of more than one generation of francolite, rather than the effects o f Sr
inheritance. The causes of the decrease in the

8 7 Sr/86Sr

in these francolites away from the

rim of the nodules are therefore equivocal.
In these Tertiary phosphorites Sr inherited from the older calcite would have a lower
8 7 Sr/86Sr

and would therefore make the francolite appear older than its actual age, if it was

dated by Sr isotope stratigraphy. The Sr isotope age o f 5.0 ±0.7 Ma (table 8.2) for the
Chatham Rise nodules is younger than the minimum age for phosphogenesis suggested by
Kudrass and Von Rad (1984) of

6

Ma (section 8.1.2). Sr isotope ages for the South
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African francolites (table 6.2) are in good agreement with previously proposed ages
(section 6.1.2), and are therefore unlikely to have been significantly affected by Sr
inheritance. It is therefore concluded that although some m inor partial inheritance may
occur, the effect of Sr inheritance from the precursor calcite on replacement francolite
8 7 Sr/86Sr

is insignificant, and that Sr is fully exchanged with sea water, as calcite is

replaced by francolite. This suggests that the rate of francolite formation is slower than the
rate of sea water diffusion along diffusional pathways o f up to 3 cms (maximum radii o f
nodules in this study). Therefore in solutions from which francolites form, any Sr
contributed from dissolving calcite has been totally exchanged with sea water, and the
8 7 Sr/86Sr

at these sites of phosphogenesis, are the same as contemporaneous sea water.

4.5 Post-depositional alteration of francolite 87S r/86Sr
M eteoric alteration, weathering and burial diagenesis may significantly alter francolite
composition (McArthur, 1985). The Sr isotopic composition of francolite may similarly be
altered, due to isotopic exchange during post-formational processes. Interaction o f
m eteoric water with continental rocks rich in radiogenic
interaction with francolite, have clearly increased

8 7 Sr,

8 7 Sr/86Sr

and its subsequent

of francolite from the

V arsw ater Formation of Cape Province, South Africa (McArthur et al., 1987). The
application o f Sr isotope stratigraphy to onland phosphorite deposits, almost all o f which
are altered to some degree, would therefore yield inaccurate dates, as with the data and
samples of Shaw and Wasserburg (1985), if the extent and the effects o f diagenesis are
not considered, and corrected for.
The offshore francolite samples discussed in this study have been chosen on the basis of
their physiographical setting (figure 1.1) and geochemical composition (McArthur, 1985),
which indicate that they are unlikely to have undergone significant meteoric alteration.

4.6 Application of Sr isotope stratigraphy to dating dolomites
Sr concentrations in dolom ite are commonly 60" to 290 ppm (Faure et al., 1978;
Vahrenkamp and Swart, 1990). Assuming that dolomitisation occurred in solutions with
compositions equivalent to sea water (Sailer, 1984; M uller et al., 1990), Sr isotope
stratigraphy should be applicable to dating dolomites.
Faure et al. (1978) have found the

8 7 Sr/86Sr

of dolomites and their precursor calcite to be

virtually the same, which together with the relatively low Sr content of dolomite in respect
to calcite, suggests that Sr inheritance from the calcite may be controlling the
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8 7 Sr/8 6 Sr

in

dolomite. A date derived by Sr isotopes for dolomite, therefore probably represents, either
the date of precursor calcite formation, or an intermediate date between calcite formation
and dolomitisation. An attempt has been made in this study to date dolomite in one
inclusion (877-PI) occurring in a phosphatic conglomerate from the Moroccan margin
(plate

1 1 . 1 ).
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CHAPTER 5
Methodology
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5.1 Introduction
Samples were examined petrographically (section 5.2) and were analysed for their
m ineralogy (section 5.4),

8 7 S r/86Sr

(section 5.6), and francolite m ajor elem ent

geochemistry (sections 5.4, 5.7 and 5.8). The methodology is shown schematically in
figure 5.1. In addition, authigenic phosphorite concretions from Namibia were analysed
for their 5 13C (section 5.9.1) and 8 34S (section 5.9.2) contents. Procedures adopted are
given below.
5.2 P e tro g ra p h y
The main aims of the petrographic study was to recognise single and multiple generations
o f francolite, as well as establishing whether the francolite is authigenic or formed by
replacement of carbonate and, in the case o f the latter, to describe the type o f replaced
material. Phosphorite nodules were cut in half, with one half being ground into a thin
section, and the other being drilled for subsamples. All nodules were studied in thin
section. Using the petrography in thin sections, and subsampling from the corresponding
cross sections of nodules, enabled a close control to be exerted on the francolite and calcite
subsam pled in this work, which has made possible the subsam pling o f different
generation of francolite identified petrographically.
In a few cases, however, the occurrence of multiple generations o f francolite presented
problems of subsampling for individual generations, if they were finely mixed. For
example it has been impossible to separate birefringent francolite coating around grains in
the matrix (plate

1 1 .2 .b),

from the microcrystalline francolite cement replacing the micrite

in the matrix of Moroccan conglomerates (section 11.2.1). The resultant Sr isotope ages
(table

1 1 .2 ),

may therefore represent a mixed age for the matrix.

The textural classification of Dunham (1962) has been used in this work, and although
this is strictly a carbonate classification scheme, its application to previous studies o f
phosphorite petrography (e. g. Parker and Siesser, 1972, and McArthur et al., 1988) has
exhibited its usefulness in describing phosphorite textures. The grain size classification
used is the Udden-Wentworth scale and descriptions of grain sphericity are after Pettijohn
et al. (1973).
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Figure 5.1. Schematic representation of methodology.
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5.3 Sampling
Francolite samples used in this study were peloidal (M3558, 3411PP and 3719PP), small
concretions ~ 1-2 cm (all other Namibian samples) and lithified nodules of > than 2 cm in
diam eter (samples from all other localities). Sample treatment was governed to some
degree by the size of the sample. Namibian concretions were crushed whole, using an
agate pestle and mortar. All other nodules were subsampled by drilling out small areas
from cut sections, using a diamond-studded dentists drill.
The amount of sample available for analysis was variable and governed by the presence or
absence of different generations of francolite within one nodule, as ascertained by
petrographic examination. For example, both granular and phosphatic limestones were
subsampled in Californian margin nodules (section 9.2), and to avoid contamination o f
one by the other, only 30 mgs was obtainable by drilling. Conversely, in the case o f a
single phase of francolite occurring in Namibian concretions, sample weights up to 100
mgs were obtainable.
Namibian concretionary samples have been previously classified (Bremner, 1980b) on the
basis o f their morphology and colour into a number o f groups such as 'flat dark
concretions', followed by numbers such as 4-5.6 signifying their size in millimetres
(section 7.2.1). The samples used in this study were batches of concretions from the same
location (site 4028 in figure 7.1), previously grouped on the basis o f their external
appearance, and not by their chemical composition. The concretions within each group
were, however, somewhat variable in morphology, for example in the case o f the batch
called 'flat dark concretions', francolites of varying flatness and darkness were present.
In order to group together concretions on the basis of their composition, a fraction (~20
mgs) of four concretions from each batch were subsampled and analysed for their major
element geochemistry (sections 5.4, 5.7 and 5.8). The results are given in Appendix 2,
table A2.1. The purest francolite concretions (highest P 2 O 5 ) were used for subsequent Sr
isotope analysis (bold letterings in A2.1) in order to minimised detrital Sr contribution.
Francolite concretions, which weighed approximately 100 mgs, were grouped together on
the basis of their similar chemistry, in order to make up approximately
the amount required for stable isotope analysis (section 5.9).

55

1 .1

g, which was

5.4 x-ray diffraction
Determinations were made on a Philips x-ray diffractometer (PW 1010 Generator) with
CuKa radiation. The bulk mineralogy (calcite, francolite and dolomite) was determined
by XRD, using smear mounts of powdered samples (10 mgs), at a scan speed o f
l° 2 0 /min.
S tru ctu ral-C O 2 was determined using the semi quantitative 'peak-pair m ethod' o f
G ulbrandsen (1970). The average of three measurements o f the angular difference
between the peaks (410) and (004), which occur at 51.6° and 53.1° 20 respectively, were
used to calculate the percentage of structural-C 0 2 according to the formula:
Y = 23.6341 - 14.7361 X
W here Y = C 0 2 (wt%)
and

X = A 20 (oo4 ).(4 io)

These XRD determinations of CO 2 were made on acetone smear mounts, containing
approximately 10 mgs of sample, at a scan speed of l/8°20/m in. As well as speed and
simplicity, the main advantage o f this method is that it is unaffected by other carbonate
bearing phases. Replicate analysis show data reproducibility to be + 0 .2 % CO 2 ,
representing the internal precision for the method. The accuracy for the method is given as
+0.56% CO 2 by Gulbrandsen (1970).

5.6 87S r/86Sr analysis
The

8 7 Sr/8 6 Sr

were measured in modem sea water, pore waters, coexisting francolite and

calcite from ancient phosphatised limestones and francolite from Recent authigenic
Namibian concretions. The methods used to separate francolite from coexisting calcite
(section 5.6.1), separate francolite from Namibian concretions (section 5.6.2), extraction
of Sr from a range of materials used (section 5.6.3) and

8 7 Sr/86Sr

measurement (section

5.6.4) were as follows;

5.6.1 Separation of francolite from the coexisting calcite
Sr in francolite and calcite were separated by taking advantage of the fact that these
minerals dissolve in acetic acid (HAc) at different rates. Another advantage of using HAc,
was that it is considerd not to attack detrital phases (DePaolo,1986).
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The effects of different HAc concentrations and reaction times on the degree of calcite and
francolite dissolution were assessed and the results are presented graphically in figure 5.2.
80% (vol/vol) HAc was found to dissolve all of the calcite and a maximum o f 5% o f the
francolite in the time used. This treatment gave what is hereafter termed the calcite
fraction. The francolite in the rest of the sample was then dissolved using 20% (vol/vol)
HAc, to give what is termed hereafter as the francolite fraction. Determination o f the Ca,
P, Sr in both fractions by ICP-AES (section 5.7.2) has been carried out to assess the
efficiency of this method as well as enabling a correction to be made for contamination o f
the calcite fraction by trace francolite dissolution.
The sample was first washed in order to remove soluble sea salts, most importantly SrCl2 ,
which may have be absorbed onto samples. Powdered rock samples, with the exception
o f the Namibian samples (section 5.6.2) were washed with Ultra-high-Quality w ater
(UHQ.H 2 O) by ultrasonic agitation for 15 minutes. After 15 minutes of centrifugation the
supernatant was removed. The washing was continued until no precipitation o f BaSC>4
was seen on addition of BaCl2 to the separated supernatant.
Exactly 5 ml. o f 80% HAc (sub-boiled) was added to w eighed samples in plastic
centrifuge tubes and after 15 minutes o f ultrasonic agitation and 15 minutes o f
centrifugation (2000 rmp), the supernatant (calcite fraction) was removed. The residue
was washed three times using UHQ.H 2 O and the same agitation and centrifugation
procedure. Exactly 5 ml. o f 20% HAc (sub-boiled) was added to the residue, which
underwent 15 minutes o f ultrasonic agitation and centrifugation, and the supernatant
(francolite fraction) was removed.

5.6.2 Separation of francolite from the Namibian concretions
Modem authigenic Namibian concretions contain no precursor calcite (table 7.1), but were
leached with triammonium-citrate (TAC), in order to remove any secondary calcite.
Francolite in the treated residue was dissolved using 20% HAc, in order to separate
francolite from detrital phases.
Approximately 100 mgs of sample was crushed in an agate pestle and mortar and placed
in a centrifuge tube. The sample was leached using 10 mis of 0.5 mol. TAC for

6

hours,

and after 15 minutes of centrifugation the supernatant was discarded. The sample was then
washed using UHQ.H 2 O and dried in an oven, and exactly 5 mis o f 20% HAc was
added. After 15 minutes of ultrasonic agitation and 15 minutes o f centrifugation, the

57

80-

% francolite dissolved

h10

80% HAc

60-

O

Calcite

0

Francolite

40-

20

-

0

50
Time (min)

150

100

£
o

80-

-80

60-

-60

-40

4020% HAc

20

O Calcite

-20

-

# Francolite
150
Time (min)

F igure 5.2. Variation in the solubility o f calcite and francolite as a
function of a) 80 % HAc and b) 20 % HAc concentration.
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% francolite dissolved

hlOO

supernatant, containing the dissolved francolite was removed.
The

8 7 Sr/86Sr

ratios in the Recent Namibian francolites separated by this method (table

5.1) were on average 2 x l0 -4 higher than the ratio for m odem marine Sr. The high
8 7 Sr/86Sr

ratios for Namibian concretions may be due to leaching o f Sr from detrital

phases. This is considerd unlikely, because this was not observed in other francolites
dissolved in 20% HAc (e. g. South African margin and Chatham Rise), which have
8 7 Sr/86Sr

ratios consistent with their proposed age (tables 6.2 and 8.2). Another reason

for the dissolution of detrital phases being unlikely, is that the concretions with the highest
P 2 O 5 values (Appendix 2 table A2.1) have been selected for Sr isotope analysis.
Nevertheless Namibian sediments contain fresh mica blown in from the Namibian desert
(McArthur, per. comm.), and these unusual detrital components may be reacting with the
20% HAc. In order to limit this possibly detrital source o f contamination a gentler
dissolution procedure (after Kralik, 1984) using an ion exchange resin was tried and is
described below.

Dissolution procedure

Sample

8 7 Sr/8^Sr

(francolite)

DCF 4-5.6
DCF 4-5.6
DCIL 4-5.6
LCF 4-5.6
LCEL 5.6-15.9

0.709422
0.709454
0.709313
0.709414
0.709429

±14
±10
±12
±12
±13

DCIL 4.5-6
DCIL 5.6-15.9
LCIL 5.6-15.9

0.709401 ±12
0.709544 ±12
0.709422 ±13

HAc separation

Ion exchange method

T able 5.1. ^ S r / ^ S r in Namibian concretionary francolites, derived by using acetic acid
and ion exchange separation procedures.
Due to a lack o f sample material, it was not possible to dissolve francolite from the same
concretions using both the HAc and ion exchange methods (table 5.1). The samples which
were dissolved using ion exchange resin were however, morphologically and chemically
similar to samples dissolved in HAc. Samples were crushed in an agate pestle and mortar,
until they passed through a 105

J im

mesh. The samples were placed in centrifuge tubes

and leached using 10 mis of 0.5 mol. TAC for

6

hours. A fter 15 m inutes o f

centrifugation, the supernatant was discarded. 1 ml. of precleaned Amberlite IRC-50 (H)
A. R. cation exchange resin (180-250 |im ), was added to the sample in a cleaned teflon
beaker, covered with UH Q.H 2 O and left at room tem perature overnight. Cations
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(e.g.Ca2+ and Sr2+) were absorbed by the resin, dissolving the sample, which was then
sieved (105 |im mesh) from the remaining sample. The Sr was released from the resin by
the addition of 3 mis of 6 mol. HC1 (1 ml.for ICP-AES, 2 mis for Sr isotope analysis). A
blank value o f 0.5 ng Sr was determined for this procedure.
The

8 7 Sr/86Sr

of francolites separated by the ion exchange resin method (table 5.1) were

in good agreement with the ratios derived from the HAc separation method. These results
suggest that either the separation procedures adopted in this work were unable to exclude a
particularly reactive detrital material, or that the Namibian francolite formed in pore waters
with unusually high

8 7 Sr/8 6 Sr,

due to dissolution of detrital material (e.g. biotite).

5.6.3 P u rific a tio n o f S r a fte r sam ple disso lu tio n
Sea water (1 ml.), pore water (1.5 ml.) and rock samples dissolved in acetic acid (4 mis.)
were evaporated to dryness in teflon beakers, which were thoroughly washed with

6

mol.

HC1 and UHQ.H 2 O. Samples were converted to chlorides by dissolving the residue in 1
ml. o f 2.5 mol. HC1, and centrifuged in order to avoid adding any solid particles to the
exchange columns.
The Sr was separated by loading 1 ml. o f sample on to a cation exchange column,
containing, Biograd AG20 W X 8 . The sample was washed into the columns by two
additions of 1 ml. of 2.5 mol. HC1, followed by 46 ml. o f 2.5 mol. HC1. A further 14 ml.
of 2.5 mol. HC1, elutes the Sr into a teflon beaker, in which it was evaporated to dryness.
The dried Sr was dissolved in a drop of UHQ.H 2 O and loaded on to a single Ta filament
strip, on which a drop of 0.25 mol. H 3 PO 4 had previously been evaporated to near
dryness, in order to control mass fractionation during analysis. The loaded bead was then
assembled into the turret and analysed in the mass spectrometer.
In order to check for Sr contamination during the chemical preparation o f the samples,
regular blank determinations were made at the RHBNC laboratory, for UHQ.H 2 O and 2.5
mol. HC1. The range of Sr contents of the UHQ.H 2 O and 2.5 mol. HC1 during the period
o f this study, as well as the range of three blank determinations for the whole chemical
procedure adopted in this study (including HAc separation procedure), were 3-4
picograms per gram H 2 O (pg/g), 10-20 pg/g HC1 and 1-2 nanogram (ng) respectively.
The blank for the whole procedure of 1-2 ng was three orders o f magnitude less than the
minimum Sr concentration analysed, and is therefore not considerd a source of error.
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5.6.4 Measurement of the 87Sr/86Sr ratio
8 7 Sr/86Sr

ratios as well as the concentration o f Sr and Rb in two samples, were measured

using an automated VG 354 multiple collector mass spectrometer (Appendix 3, table
A3.1).
A correction for non-power-law machine mass fractionation was made according to the
relationship:
8 7 Sr/®6 Srcorrected

= 87Sr/86Srmeasured - 0.02 (0.1194 - ^ S r / 8 8 Srmeasured).

Two SRM987 standards were run per turret (14 samples), in order to test inter-run
reproducibility and to provide a long term period mean (Appendix 1, table A l.l) for drift
correcting samples to a common baseline o f 0.709241. All ^ S r /^ S r ratios presented and
quoted in this work have been normalised to a SRM987 value o f 0.710241.
Five

8 7 Sr/86Sr

analysis of the Institute of Oceanographical Sciences standard sea water

(P87-15) were carried out, in order to gain a value for modem sea water 8 7 Sr/86Sr and to
assess the precision and the reproducibility o f isotope data.

8 7 Sr/86Sr

analysis on five sea

water samples yielded a value o f 0.709166 ±15, indicating a high degree o f precision and
reproducibility for Sr isotope analysis, and is within error o f other m odem sea water
8 7 S r/86Sr

quoted (Elderfield, 1986; Hess et al., 1986, and others). Precise and

reproducible Sr isotope data obtained from the analysis of 1 ml. of seawater, indicate that
Sr concentrations as low as 7 figs may be analysed at the RHBNC laboratory with
confidence.
In order to assess data reproducibility, eleven repeat analysis o f francolite samples were
made and their 8 7 Sr/8 6Sr are given in table 5.2. These repeat analysis were carried out by
resampling the same generation of francolite from the samples, and were separated and
analysed using the same procedures previously described. The Sr isotope ages quoted for
these samples are based on comparing the mean of the

8 7 Sr/86Sr

with the Sr isotope evolutionary curves (chapter 2.). The

from the two analysis

8 7 Sr/86Sr

in the first and the

repeat analysis o f samples 3719PP, 14401(B), BP1(B), BP1(C) and BP3 are within error
o f each other. The errors for Sr isotope ages quoted for the Sr isotope ages for these
samples are those quoted for the Sr isotope curves used (chapter 2).
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8 7 Sr/86Sr
(First analysis)

Sample

2246(A)
2246(B)
2246(C)
3719PP
14414(A)
14401(A)
14401(B)
BP1(B)
BP 1(C)
BP3
877-P4
T ab le 5.2.
The

8 7 Sr/86Sr

8 7 Sr/86Sr

0.709161
0.709164
0.709150
0.709135
0.708962
0.708963
0.709004
0.708107
0.708097
0.708141
0.708658

8 7 Sr/®6Sr
(Repeat analysis)

0.709188
0.709122
0.709101
0.709131
0.708987
0.708999
0.709021
0.708151
0.708102
0.708137
0.708723

±13
±26
±25
±12
±11
±13
±11
±32
±20
±10
±31

±12
±12
±13
±12
±10
±12
±11
±18
±12
±35
±11

in eleven repeated francolite samples.

in the first and the repeat analysis of samples 2246(A), 2246(B), 2246(C),

14414(A), 14401(A) and 877-P4 are not within error o f each other. In the samples for
w hich the two analysis are not within error o f each other, the difference in ages
corresponding to the two

8 7 Sr/8 6 Sr,

are added to the error for Sr isotope ages quoted for

the curves used. For example, in sample 877-P4 from the Moroccan margin, which
exhibits the largest difference in the first and repeated

8 7 Sr/86Sr

(table 5.2), the ratios of

0.708658 and 0.708723 give ages of 17.3 Ma and 16.2 M a respectively, when compared
to the curve of Hodell et al. (1991). The error quoted for the Sr isotope age of this sample
is the difference in the two ages (1.1 Ma) added to the error for the Sr isotope ages for the
curve of Hodell et al. (1991) of ±0.5 Ma, to give an error for the Sr isotope age of ±1.6
Ma (table 11.2).
5.7 In d u c tiv e ly cou p led P lasm a-A to m ic E m ission S p ectro sco p y
Analysis was carried out using a Philips PV 8 0 6 0 ICP-AES at RHBNC. Determinations
were made by comparison to standards using the intensities program. The program
recorded the concentration o f the various elements in the samples as intensities, which
were then calibrated, by measuring the intensities of the elements in standards in which the
concentration of elements was known. The standards used were the EEC Reference
Material NBS 32, National Bureau of Standards Reference Material 120b and five UCL
In-H ouse R eference M aterials viz, P - l, P(cal)-1, P(G L)-1, P (F e)-l and P(Fe)-2
(McArthur, 1985). Analytical data for the standards and standard preparation procedure,
as well as the operational settings for the ICP-AES are given in Appendix 1, A 1.2.
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5.7.1 Major element analysis of francolite samples
The elem ents P, Ca, Na, Mg, Sr and S in the francolites of all the samples were
determined using ICP-AES. The precision and reproducibility of the data was assessed by
the observed variations in the elemental intensities of a UCL in-house standard P -l,
which was run as a drift monitor, between every 3-4 samples. The precision o f the
analysis expressed as a percentage deviation from the mean, are: P ±3.0% , Ca ± 2.0% ,
Na ±1.5% , Mg ±1.5% , Sr ±2.0% and S ±3.0% .
Approximately 30 mgs of sample, contained in centrifuge tubes, was leached using 5 mis
of 0.5 mol. tri-ammonium citrate (TAC), at pH of 8.1 in order to remove coexisting calcite
(Silverman et al., 1952), and any sea salts (e.g. SO 4 , Na, Mg and Sr) which may have
been in the samples. Leaching for 48 hours (Benmore, 1984), was followed by 15
minutes of centrifugation (2000 rmp), after which the supernatant was discarded. The
sample was then washed using UHQ.H 2 O and dried in an oven. The high efficiency of
the TAC leaching method was demonstrated by the data of Benmore (1984), and by the
atomic Ca/P ratios of the samples in this work (table 5.3), being within error of pure
francolite (2.0 ±0.3) for all but two samples, which suggests all coexisting calcite was
removed. In samples BP 1(A) and 877-PI which have atomic Ca/P o f 2.6 and 2.5
respectively, resampling was not possible due to a lack of material. Since the Sr isotope
ages of these sample BP 1(A) is not significantly different to the other francolite sample
(BP5(A)) of the same generation (tables 10.2), this higher than expected Ca/P, possibly
caused by a small contamination from calcite, is not considered to be a problem in the case
of these two samples.
The francolite in the dried and weighed sample was dissolved in 5 mis o f 0.5 mol. HC1.
After 15 minutes of ultrasonic agitation and 15 minutes of centrifugation, the supernatant
was removed. 1 ml of the sample was used for determination of fluoride and the other 4
mis were analysed by ICP-AES. Procedural blanks were determined, and all the ICP-AES
data were blank corrected.

5.7.2 Ca, P and Sr determinations on the acetic acid fractions
The calcite and the francolite fractions separated (section 5.6.1) for

8 7 Sr/86Sr

analysis

have also been analysed for their P, Ca and Sr contents, in order to assess the
effectiveness of the separation procedure and also to make a small correction in the
8 7 Sr/86Sr

of the calcite fraction due to contamination by Sr from dissolved francolite. Ca,

P, Sr were determined by ICP-AES analysis (using standards described in Appendix 1,
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A 1.2), after diluting 1.0 ml. from the calcite and the francolite HAc fractions. This data
provided the Ca/P ratio in the francolite fraction (table 5.3), which was a check for calcite
contamination during the separation procedure. The Ca/P ratio in this fraction would have
departed from a value o f 2.0 ±0.3, if significant calcite contamination was present, this
occurred in only two o f the samples (BP1(A) and 877-PI), with all other samples having
atomic Ca/P which are within error of 2.0 (pure francolite). The P 2 C>5 /S r ratio in the
francolite fraction and the P 2 O 5 concentration in the calcite fraction were used to assess the
amount of Sr contamination from francolite, in the calcite fraction using the relationship:
Sr/P205£ranColite fraction x ^ 2 ^ 5 calcite fraction = Sr ( francolite contamination).
Micrograms (jigs) of Sr contributed by francolite to the calcite fraction, the
this Sr and micrograms of Sr in calcite were used to correct the measured

8 7 Sr/86Sr

8 7 Sr/86Sr

of

in the

calcite fraction for francolite contamination, using a standard two-component isotope
mixing model (Thirlwall, pers. comm. 1989):
826.88 [|igc. Rc + ^igf Rf] + 86.9089 R<, Rf (ngc + ^g f)

Rm= ----------------------------------------------826.88 (Ligc + ^ g f) + 86.9089 (Rf. ^tgc + R^. ^igf)
Where:
Rc=

8 7 Sr/86Sr

Rm =

in calcite (unknown).

8 7 Sr/86Sr

in the mixture (calcite fraction).

Rf = 87Sr/86Sr in francolite.
|igc= |ig of Sr from calcite.
jxgf = jig of Sr from francolite.
All the data used for the corrections made to the calcite fraction, due to contamination by
francolite dissolution, and the corrected calcite
A3.1.
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8 7 Sr/86Sr

are given in Appendix 3, table

Sample

519(A)
519(B)
519(C)
519(D)
488(A)
488(B)
488(C)
488(D)
310c(l)
310c(2)
310c(3)
2246(A)
2246(B)
2246(C)
1096-PI
1096-P2
1096-P3
1096-P4
1096-P5
1096-MI
1706-PI
1706-MI
2361-MI
14414(A)
14414(B)
14414(C)
14401(A)
14401(B)
14401(C)

Ca/P
Ca/P
20% HAcA TAC/HC1*
1.9
1.9
1.9
1.9
1.9
2 .0

1.9
1.9
2 .2

2.3
2 .1

2.3
2 .2
2 .2

1.7
1.9
1.7

2 .0
2 .0
2 .1
2 .1
2 .0
2 .1
2 .1
2 .1
2 .1
2 .1
2 .0
2 .0
2 .1
2 .1
2 .1

2.4
2 .1

1 .6

2 .1

1 .6

2 .1

1 .8

2 .1

1 .6

2 .1
2 .1
2 .1

1.7
1.9
1.5
1.7
1 .6

1.5
1.7
1.7

2 .1
2 .1
2 .1
2 .0
2 .1
2 .0

Sample

Ca/P
Ca/P
20% HAcA TAC/HC1*

BP1(A)
BP1(B)
BP1(C)
BP2(A)
BP2(B)
BP3
BP5(A)
BP5(B)
877-PI
877-P2
877-P3
877-P4
877-P5
877-P6
877-P7
877-MI
877-M2
877-M3
877-M4
DCF 4-5.6(c)
DCIL 4-5.6(d)
LCF 4-5.6(c)
LCIL 5.6-15.9(a)
M3558
3719PP

2 .6

2.3
2 .0
1 .6

1.9
1.9
1.9

2 .1
2 .1
2 .2
2 .1
2 .1
2 .1
2 .1

1 .6

2 .1

2.5

2.3

1 .6
1 .6
2 .0

2 .2
2 .1

1.5
1 .8

1.7
1.7
1.7

2.5
1.5
2 .2
2 .1

1 .8

2 .0
2 .1
2 .2

1.7

2 .2

1 .8

1.9

1 .8
1 .8

2 .0

1.9

1.9
1.9

2 .2
2 .2

2 .1
2 .0

A Francolite fraction from HAc separation procedure (Sr isotope analysis).
* TAC leached francolites dissolved in 0.5 M HC1 (major element analysis).
T able 5.3. Atomic Ca/P in dissolved francolite samples for Sr isotope and major element
analysis.
5.8 D e te rm in a tio n of flu o rid e using th e specific ion elec tro d e
Concentrations o f fluoride in francolites were determined with an Orion specific F
electrode and an Orion laboratory pH/specific ion meter, by the following method. After
dissolving the sample (section 5.7.1), 1 ml. of the solution was immediately analysed, in
order to reduce F loss as HF. 1 ml. of sample was added to 9 mis o f UHQ.H 2 O (xlO
dilution) and 10 mis of TISAB buffer (ionic strength adjuster) in a plastic beaker. As well
as regulating the ionic strength of the solution to be analysed, the TISAB buffer with a pH
of 8.0, also minimised Fe and Al interference, by complexation (Edmond, 1969).
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Standards were made by dilution of a 1000 ppm NaF stock solution. 10 mis o f four
standards (concentrations of 1, 5, 10 and 20 ppm F) was added to 10 mis o f TISAB.
Replicate analysis show the method to have a precision o f ±3%

relative standard

deviation.

5.9 Stable isotopes
In order to elucidate further the environment in which Namibian phosphorites formed, the
isotope composition of structural CO 2 and SO 4 substituting for PO 4 in francolites were
determined. Three peloidal phosphorites, eight concretionary phosphorites and an internal
mould of a bivalve from the Namibian margin have been analysed. The results are given in
table 7.4 and discussed in section 7.5 .
Samples were prepared for analysis by crushing approximately 1.1 g o f sample, using an
agate pestle and mortar. The samples were leached using TAC as described in section
5.6.2, in order to be certain of no calcite contamination, although XRD scans showed the
calcite content to be negligible.

5.9.1 Carbon isotope analysis
Carbon dioxide was extracted from the samples by treating 100 mgs o f sample, containing
approximately 3-4 mgs of CO 2 with excess 100% orthophosphoric acid at a temperature
of 25.0 ±0.1°C, for 24 hours. The fractionation factor for the release o f CO 2 from the
structurally bound carbonate in francolite was assumed to be the same as that for calcite
(Kolodny and Kaplan, 1970b).
Standards for both carbon and oxygen were the standard NBS 19 and a SURRC marble
standard, which have been calibrated for both 5 13C and 8 180 with respect to the
international standard PDB scale (a Cretaceous belemnite Belemnitella americana from the
Peedee Formation, South Carolina, U.S.A.). Repeat analysis o f internal standards gave a
S13C precision of ±0.1 %o.
Samples were analysed on a VG SIRA 10 triple collector mass spectrometer at SURRC.

5.9.2 Sulphur isotope analysis
Approximately 1 g of sample was leached using UHQ.H 2 O, until the the supernatant no
longer gave a positive reaction with a BaCl2 solution. This is considerd to remove all
non-structural sulphates. The samples were digested in 20 mis o f 10% HC1 on a hot plate
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for 15 minutes. The dissolved sample was diluted to approximately 150 mis and 5 mis of
5% BaCl 2 solution was added, in order to precipitate aqueous sulphate as BaSC>4 . The
BaSC>4 was filtered using a sintered glass filter (number 4), washed, dried and weighed.
Approximately 20 mgs of the samples (BaSC^) were used for 8 34S analysis. Sulphur
dioxide was extracted from the samples by thermal decomposition at 1125 °C, and from
sulphide standards at 1070 °C. The standards used were NBS 123 and an internal
SURRC chalcopyrite standard (CPI), which were calibrated to the international sulphur
isotope standard CDT (Canyon Diablo Meteorite). Duplicate analysis o f the internal
standards yield a

8 34S

precision of ±0.3 %o.

Samples were analysed using a VG SIRA 2 stable isotope mass spectrometer at SURRC.
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CHAPTER 6
South African margin
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6.1 Previous work
Phosphatic 'nodules' (Cayeaux, 1934) are found on the South African continental shelf,
and the upper continental slope between Orange River on the west coast and Port Elizabeth
on the southern coast. The South African continental margin (figure 6.1.) is wide and
deep in comparison to other continental margins (Dingle, 1971; 1973; Birch, 1977). The
morphology of the shelf is variable, with double shelf breaks being common (Siesser et
al., 1974). The outer shelf break occurs at a depth of 500 m (Birch, 1977).
The geology of the South African margin consists o f Tertiary carbonates resting
unconformably on Cretaceous strata. The Tertiary carbonates are subdivided into three
lithofacies (Siesser, 1972), consisting o f a Lagoonal-quartzose lime wackestone,
pelagic-foraminiferal lime wackestone, which are by far the most aerially extensive and
an infralittoral-skeletal lime packstone. The Tertiary to Recent sediments of the margin are
characterised by a series o f transgression/regression cycles (Siesser, 1972). The
oceanography of the area is dominated by the northward flowing cold 'Benguela Current'
(Hart and Currie, 1960), and moderate seasonal upwelling along the continental margin
(Hoyt et al., 1968; Bang, 1971).
Offshore phosphorites are exposed over large areas o f the Agulhas Bank, off Cape Town
and west of Saldanha and Hondeklip Bays. The phosphate mineral is francolite (Parker
and Siesser, 1972; Parker, 1975; Birch, 1979a; McArthur et al., 1988). A distinction is
made between replacement phosphorites south o f 29°S, described in this chapter, and
modem authigenic and ancient peloidal phosphorites to the north, o ff Namibia (figure
1.1.), discussed in chapter 7. The lithological classification for phosphorites by Parker
(1971; 1975) into three non-conglomeratic and two conglomeratic rock types is adopted in
this work, and a brief description of the five Ethologies is given below.
The non-conglomeratic phosphorites are firstly, a 'foraminiferal phosphatic rock' (NI),
consisting o f microfossils, mainly planktonic foraminifera (5%-60%) and macrofossils,
mainly polyzoa, molluscs and echinodermata ( 1 % - 1 0 %) set in a francolite/micrite matrix.
This rock exhibits a packstone/wackestone texture and ocurrs as rounded and tabloid
pebbles and cobbles. The second lithology is a 'goethite rich phosphatic rock' (Nil). The
third rock type is a 'glauconitic phosphatic rock' (NIII), composed o f glauconite grains
(20%-60%), microfossil shells (l% -30% ), quartz grains (5%-20%) and macrofossil shell
debris (l% -7% ), set in a francolite/micrite matrix.
The conglomeratic phosphorites are firstly, a 'glauconitic phosphatic conglomerate' (Cl),
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with abundant pebble clasts o f NI type (forming up to 50% o f the rock) set in a matrix
sim ilar to the NIII rock type. These rocks occur as ovoid and tabloid cobbles and
boulders. The second rock type is a 'goethite rich phosphatic conglomerate' (CII), which
is similar to Cl, but is low in glauconite and high in goethite content.

6.1.1 Proposed mechanism of phosphogenesis
Phosphogenesis on the South African margin occurs as a diagenetic process, with
francolite being formed by the replacement of calcium carbonate (Cayeaux, 1934; Dingle,
1974; Birch, 1980; McA rthur et al., 1988). The petrographic evidence (Parker and
Siesser, 1972; Parker, 1975; Birch, 1979a; McArthur et al., 1988) for replacement is
twofold; Firstly, the faunal and textural similarities between the phosphatic limestones and
the unphosphatised pelagic-foraminiferal lime packstone facies (Siesser, 1972), and
secondly; the surface to centre mineralisation pattern observed in some phosphatic nodules
(plate 6.1.a). Petrographic evidence is supported by carbon isotope signatures (Birch et
al., 1983) of the structurally-bound CO 2 in francolite which is within the

range of

primary marine carbonate (Hudson, 1977; McArthur et al., 1980).
The source of the P on the South African shelf is considered to be organic matter (Parker
and Siesser, 1972; Dingle, 1974; Birch, 1980), whereby upwelling of cold nutrient-rich
w ater causes high pelagic biological activity. U -series dating o f South A frican
phosphorites (Birch et al., 1983; McArthur et al., 1988), have shown phosphogenesis to
have occurred as recently as 62 Ka (section 6.1.2). Since the oceanography o f the area at
present is characterised by only seasonal moderate upwelling, the previously proposed,
organic m atter source for phosphogenesis, due to intense upwelling is questionable.
Other evidence contradicting the proposed formation of francolite in organic-rich anoxic
pore waters are carbon and sulphur isotope content of francolites (McArthur et al., 1986;
1988), which suggest an oxic to suboxic environment of formation, and the presence of
goethite (Parker, 1975) in some of the phosphatic nodules.
Conglomeratic varieties are formed by mud flows, bottom and turbidity currents (Dingle,
1974; Parker, 1975; Birch, 1980), which break up sem i-consolidated phosphatic
m icrofossiliferous sedim ents and incorporate them into a sedim ent consisting o f
glauconite, quartz and lime mud. The micrite in the matrix o f the conglomerates has
undergone varying degrees of replacement by microcrystalline francolite (Parker, 1975;
McArthur et al., 1988).
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6.1.2 Previously proposed age of phosphogenesis
Cayeaux (1934) found an Aturia shell (most recent occurrence in the Miocene) partially
enclosed in phosphate, and so concluded that the South African phosphatic nodules are
ancient. Palaeontological dating of phosphatised molluscs, brachiopods, whale bones and
sharks teeth by Haughton (1956), gave an early M iocene age for phosphorites on the
Agulhas Bank. Kolodny (1969) and Kolodny and Kaplan (1970a) found that
activity ratios for four Agulhas bank phosphate samples were at unity, and therefore older
than 800 Ka. Stratigraphical relationships observed by Dingle (1974) lead him to propose
more than one phase of phosphatisation and suggest late Eocene, Late Miocene and Late
Pliocene as possible times of phosphogenesis. Siesser (1978) dated phosphatic limestones
and conglomerates, using planktonic foraminifera and calcareous nannoplankton as
Middle Miocene to Pliocene. These dates however refer to the deposition o f the precursor
carbonate, and represent a maximum age for phosphogenesis.
Birch et al. (1983) carried out U-series dating on phosphatic nodules from the South
African margin, using the

2 3 1 Pa/235U

and

230T

h / ^ U methods, which yielded concordant

ages as recent as 62 Ka for the last episode of phosphogenesis. The work offered the first
evidence for Late Pleistocene phosphogenesis on the South African margin. McArthur et
al. (1988) present petrographic and uranium isotope data which suggests at least four
periods of phosphogenesis, around 63, 83, 250 to 800 Ka and between 800 Ka and the
Middle Eocene. Although the uranium derived age range of 62 to 91 Ka for the two most
recent episodes of phosphogenesis is firm, the ages o f 63 and 83 Ka assigned,
corresponding to Late Pleistocene sea level highs (M oore 1983), are somewhat
speculative.

6 .2

S am p le d e sc rip tio n

Three conglomeratic and two non-conglomeratic phosphatic nodules from the South
African margin have been studied, in order to asses the age o f phosphatisation and
precursor calcite formation. Sample details are given in table 6.1.
Sample 310c and 2246 (plate

6

.l.a), are phosphatic limestone nodules of the NI type

(section 6 . 1 ), with a clear surface to centre colour zonation, especially well exhibited in
sample 2246. Sample 310c is shown as a section across a complete nodule, whereas
sample 2246 was a fragment of a larger nodule. The subsample sites shown were chosen
in order to assess variations in the

8 7 Sr/86Sr

across the various zones of the nodule.
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and chemistry of the francolite and calcite

310 c

2246

310 c (l)
2246(C )

310 c(2)
2246(A )

310 c(3)

2246(B)

6.1.b)

2361-M l
P la te

6 .1 .a)

su r fa c e -in w a r d

S o u th
mode

A fr ic a n

phosphatic

o f p h o sp h a tisa tio n ,

li m e s t o n e
and

n o d u les

b) a c o m p l e x

ex h ib itin g
p h o s p h a ti c

con g lom e rate containing abundant n u m m elid es. Sites from w h ich su bsam ples
were taken are shown.
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Three South African conglomeratic phosphorite are described in section 6.2.1.2. Samples
1096 (Plate 6.2.a) and 1706 (plate 6.2.b) are glauconitic phosphatic conglomerates (Cl
type in section

6 . 1 ),

in which clasts o f phosphatic limestone are incorporated into a

glauconitic matrix, which consists largely o f microcrystalline francolite. Sample 2361
(plate

6 . 1 .b)

is a complex conglomerate, which does not fit into any o f the categories

described by previous workers in section 6 . 1 .

Location

Type

Sample

Mineralogy

34 43.3' (S),
18 12.0’ (E)

Phosphatic
Limestone
nodules

310c(l)
310c(2)
310c(3)

francolite, calcite One generation of
"
francolite distinguished.

Comments

•I

32 49.0' (S),
17 13.0’ (E)

2246(A)
2246(B)
2246(C)

"
"

35 10.0’ (S),
23 00.0’ (E)

Phosphatic
1096-PI
conglomerates 1096-P2
1096-P3
1096-P4
1096-P5
1096-MI

34 20.7’ (S),
17 58.8’ (E)

1706-PI
1706-MI

31 15.0* (S),
16 45.0’ (E)

2361-M l

Surface-inward mode
o f phosphatisation in
both nodules,

francolite, calcite Three generations of
francolites are present.
Oldest generation is in
clasts. Second generation
occurs as birefnngent
coating (<5% of francolite
in the matrix). The third
generation of francolite
occurs as microcrystalline
francolite
cement (95% of francolite
in the matrix).
francolite

T able 6.1. Summery of the South African sample types and locations.

6 .2 . 1

p e tro g ra p h y

One generation of francolite is recognisable in the phosphatic limestone nodules (samples
310c and 2246), which exhibit a surface-inw ard mode o f phosphatisation. Two
generations of francolite have been identified in the m atrix o f the conglom eratic
phosphorites (samples 1096, 1706 and 2361). Clasts o f phosphatic limestones represent
the third and oldest generation of francolite present in these conglomerates. Light yellow
birefnngent francolite which occurs as coating around grains in the matrix, represent a
phosphogenic episode prior to the formation o f the conglomerates. M icrocrystalline
francolite in the matrix represent a later episode o f phosphogenesis, synchronous or
subsequent to conglomerate formation. This microcrystalline francolite replacing the
micrite matrix will subsequently be referred to as cement. Due to the small scale of the
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1096-P 4

10 96-P 2

10 96 -P 3

6.2.b)

1706

1706-M I
1 7 0 6 -PI

P la te 6 . 2 . a) Sou th African p hosphatic con g lo m era te, and b) glau c on ite-rich
phosphatic conglomerate. Sites from which subsamples were taken are shown.
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birefnngent francolite coating and the microcrystalline francolite cement in the matrix, it
was not possible to separate these in subsampling, and therefore Sr isotope ages for the
matrix may represent a mixture of these generations o f francolite. The birefnngent
francolite coating constitutes < 5% of the francolite in the matrix, com pared to the
microcrystalline francolite cement which constitutes -95% o f the francolite in the matrix.
Therefore the Sr isotope dates assigned to the matrix o f these conglom erates are
considered to represent the age of the microcrystalline cement, and not birefnngent coating
which may have formed prior to conglomerate formation. The petrography of the samples
are described in more detail below.
6.2.1.1 P h o s p h a tic lim e sto n es
Sam ple 2246 exhibits a wakestone texture consisting o f approximately 20% planktonic
foram s (globigerina) set in a m icrite m atrix which has been phosphatised. The
surface-inwards mode of phosphogenesis (plate 6.3.a) has lead to a variable francolite
content in the nodule of 20% in the core to 80% in the rim region. Forams in the core of
the nodules are generally not filled with sediment and retain their original calcite
mineralogy, whereas forams in the rim region are infilled with micrite which has been
replaced to varying degrees by microcrystalline francolite. Foram tests in the rim region of
the nodules where the micrite matrix has been intensely phosphatised exhibit varying
degrees o f phosphatisation. Quartz (5%) occurs as angular, very fine sand size grains,
with poor sphericity. Other fossils include bryozoa (10%), with the stem and the zooecia
structures intact, mollusc shell fragments (5%), and benthic forams (1-2%) all o f which
retain their original calcite mineralogy.
Sam ple 310c, contains a single generation o f francolite, and exhibits a surface-inward
mode o f phosphogenesis. Globigerina tests (25%) o f which 30% are infilled with
microcrystalline francolite and micrite are set in a matrix, the composition of which varies
from the rim (francolite 70%, micrite 30%) to the core (francolite 20% , micrite 80%) of
the nodule. Other constituents are angular, very fine sand size quartz, o f medium
sphericity (10%) and angular coarse silt size feldspar (1-2%) with poor sphericity. Other
skeletal material present consists of unaltered mollusc shell fragments ( 1 %), and benthic
forams ( 1 - 2 %).
6.2.1.2 C o n g lo m e ra tic p h o s p h o rite s
S a m p le 1096 consists of pebble-sized, rounded to sub-angular clasts, set in a
glauconitic matrix, with a clast to matrix ratio o f 2/1. The clasts are all NI type phosphatic
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globigerina oozes, exhibiting various degrees o f phosphatisation and Fe-oxide
mineralisation. The francolite in the clasts represent the oldest generation o f francolite
present in this sample. The matrix (1096-M I), is composed o f sub-rounded fine
sand-sized glauconite (45%), infilled and unaltered foram tests (15%), Fe-oxide fragments
(15%), angular, very fine sand size plagioclase (1-2%) and quartz (1-2%) and mollusc
shell fragments (2-3%) set in a francolite/micrite groundmass.
Light yellow birefnngent francolite occurs as coating around about 70% o f the grains in
the matrix. The light francolite coating around glauconite grains can be seen in plate 6.3.b,
which shows the boundary between a clast and the glauconitic matrix. The discontinuous
nature o f the coating, where grains have been broken, indicates that this generation o f
francolite formed prior to transportation and incorporation into the matrix, in agreement
with previous observations (McArthur et al., 1988) and is the second generation o f
francolite present in this sample. This birefringent francolite constitutes < 5% o f the
francolite in the matrix. Microcrystalline francolite cement replacing micrite matrix is the
third and final generation of francolite in the matrix o f this conglomerate, and constituted
approximately 95% of the francolite in the matrix.
Sam ple 1706 consists of sub-rounded clasts that range in size between small pebble to
very coarse sand, which are matrix supported, and have a clast to matrix ratio of 1/ 2 .
Clasts consist of unaltered globigerina tests (25%) set in a micrite matrix (30%), which
has been partially replaced by francolite (25%). The Clasts exhibit a wakestone texture.
O ther constituents are sub-rounded, fine sand size quartz (10%), plagioclase feldspar
(5%) and glauconite grains (5%).
The matrix (1706-M I) is poorly sorted and is composed o f well-rounded, glauconite
grains (70%) which is coarse sand sized, angular to rounded plagioclase feldspar (5%)
and very fine sand size quartz (15%). Light yellow birefringent francolite coats
approxim ately 80% of the grains. Planktonic foram tests (5%) are infilled with
microcrystalline francolite and micrite and show various degrees o f alteration of the
original calcite mineralogy.
S am ple 2361 contains clasts which exhibit a bimodal size distribution, consisting o f
cobble and pebble sized phosphatic limestones (plate 6.1.b). Cobble size clasts contain
about 40% benthic foraminiferal of the family nummulitadea and about 25% planktonic
globigerina, set in a micrite matrix ( 1 0 %) which has been partially replaced by francolite
(15%). Plate 6.3.c shows the boundary between a clast and the m atrix, in which
nummulites closest to the rim have been totally replaced by francolite whereas those
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further towards the core retain their original calcite mineralogy. Pebble size clasts exhibit a
wackestone texture in which globigerina (30%) are set in a micrite matrix, and show a
surface-inward mode of phosphogenesis.
The matrix (sample 2361-M l) is composed of well to sub-rounded glauconite (60%),
which is fine sand sized, well to sub-rounded plagioclase ( 1 %) and quartz ( 1 %), which
are fine to coarse sand sized. Planktonic (5%) and benthic (2%) forams are set in a micrite
(15%) matrix, which has been partially replaced by microcrystalline francolite (10%).
Approximately 70% of the grains in the matrix are coated with birefringent francolite.
6.3 S r isotope ages
Sr isotope ages and

8 7 Sr/ 8 f>Sr for

the francolites and the calcites from the South African

margin are presented in table 6 .2 .
Sample

Francolite
«7 Sr/«6Sr
Age (Ma)

«7 Sr/«6Sr

Calcite
Age (Ma)

Phosphatic
nodules
310c(l)
310c(2)
310c(3)
2246(A)
2246(B)
2246(C)

Conglomerates
1096-PI
1096-P2
1096-P3
1096-P4
1096-P5
1096-MI
1706-PI
1706-MI
2361-MI

0.709196 ± 1 2
0.709134 ± 14
0.709151 ± 32
0.709161 ±13
0.709188 ±12
0.709175
0.709164 ± 26
0.709122 ± 1 2
0.709143
0.709150 ±25
0.709101 ±13
0.709126

0.0 ±0.5*
0.7 ±0.5*
0.4 ±0.5*

0.709035 ±11
0.708966 ±11
0.708995 ±11

4.6 ± 0.4*
5.3 ± 0.4*
5.0 ± 0.4*

0.0 ±0.7*

0.708770 ±13

14.1 ± 1.0*

0.5 ±1.4*

0.708657 ± 12

17.3 ± 0.5 *

0.9 ±1.5*

0.708559 ±11

18.9 ± 0.5 *

0.708915
0.708935
0.708952
0.708851
0.708893
0.708939
0.708872
0.708956
0.708889

±11
± 80
±37
±35
± 36
±43
± 16
± 12

5.9
5.6
5.5
6.5
6.1
5.6
6.3
5.4

0.708810
0.708806
0.708825
0.708820
0.708821
0.708962

±66

6 .1

±0.3T
±0.4*
±0.4*
± 0 .3 t
±0.31'
±0.4*
± 0 .3 t
± 0.4 *
± 0 .3 t

P = clast; M = matrix
* Ages based on the curve of Hodell et al. (1991).
t Ages based on the curve of McKenzie et al. (1988).
T able 6.2. South African francolite and calcite ages.
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± 12
± 12
± 16
±15
± 32
±11

12.4 ± 1.0 *
± 1 .0 *
± 1 .0 *
± 1 .0 *
1 2 . 0 ± 1 .0 *
5.4 ± 0.4 *
1 2 .6
1 1 .8
1 2 .0

6.3.1 Francolite ages
The six francolite samples from phosphatic limestone nodules 310c and 2246, yield a date
of 1.2 ± 1.2 M a for phosphogenesis on the South African continental margin. U-series
dating o f francolites by McArthur et al. (1988), distinguished at least three episodes of
phosphogenesis since 0.8 Ma on the South African margin (section 6.1.2). The increase
in francolite age from the rim to the core in sample 2246 may represent m ore than one
generation o f francolite in this nodule. However as the francolite ages obtained are within
error o f each other this interpretation is rejected in this study. Although the resolution of
ages obtainable by Sr isotope stratigraphy is poor in relation to those obtainable by the
U-series method, the Sr isotope age of 1.2 ±1.2 Ma is in fairly good agreement with the
previously proposed age of 0.8 Ma to Recent (McArthur et al. 1988) for phosphogenesis
in this region.
The oldest episode of phosphatisation on the South African margin is represented in the
conglomeratic samples, which have been dated as 5.9 ±0.9 Ma. Francolites in the clasts
and the matrix of these conglomerates give ages which are within error of each other (table
6.2). The age of 5.9 ±0.9 Ma for francolites in the South African conglomerates is a new
precise age for phosphogenesis in this area, and corresponds to the previously proposed
age for phosphogenesis of Middle Eocene to 0.8 Ma (McArthur et al., 1988).

6.3.2 Calcite ages
Calcites of two different ages are represented in the two phosphatic nodules (table 6 .2 ).
The calcite in nodule 310c is dated at 5.0 ±0.8 Ma and in nodule 2246 at 16.3 ± 3.2 Ma,
the large error in the latter being probably due to the large range in ages o f the precursor
carbonates, previously dated as Eocene-Miocene (Siesser, 1978). The precursor calcite in
clasts of sample 1096 is dated at 12.2 ± 1.4 Ma. Calcite from sample 1096-M I (Plate
6.2.a), which is from a matrix of a conglomerate, has been dated as 5.4 ± 0.4 M a which is
in good agreement with an age of 5.6 ±0.4 obtained for francolite, from the same matrix.
The francolite cement and the calcite in the matrix of nodule 1096 are therefore o f the same
age, suggesting that the processes of phosphogenesis and conglomerate formation were
either synchronous, or that phosphatisation of the micrite in the matrix occurred soon
after the formation of the conglomerate.

6.4 Francolite geochemistry
M ajor element chemistry (P, Ca, Sr, Mg, Na, F, S and CO 2 ) of South African francolites
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are presented on an impurity-free basis in table 6.3. Secular variations o f francolite
geochemistry, obtained by the improved age constraint on phosphogenesis achieved in
this study are discussed in chapter
Type

Sample

12.

Sr
CaO
MgO Na20
P2°5
(wt%) (wt%) (ppm) (wt%) (wt%)

co2*

S04
(wt%)

F
(wt%)

4.68
4.50
4.87

5.7
5.7
5.5

phosphatic
nodules
310c(l)
310c(2)
310c(3)

33.9
32.9
33.5

51.6
52.0
51.7

2215
2247
2139

1.70
1.16
1.07

1 .1 0
1 .0 1

2.24
2.33
2.04

2246(A)
2246(B)
2246(C)

33.6
32.4
32.1

51.6
51.1
51.0

2276
2413
2023

0.95

0.93
2.72
3.01

2.19
2.48
2.24

4.72
4.33
4.67

5.7
5.7
5.7

Conglomerates
1096-PI
1096-P2
1096-P3
1096-P4
1096-P5
1096-MI

33.0
33.2
30.5
32.7
32.6
33.3

51.8
52.2
54.6
52.5
52.3
51.8

1872
2252
1585
2152
2051
2285

0.69
0.85
2.29

2.31
2.42
2.99
2.48
2.43
2.44

4.77
4.35
3.93
4.22
4.52
4.44

6 .0

1.18

1.30
1.54
0.23
1.53
1.39
1.46

1706-PI
1706-MI

32.2
31.8

52.2
51.4

2167
2017

0.98
1.69

1.63
1.56

3.06
2.97

4.18
4.80

5.5
5.5

2361-MI

32.7

52.7

2271

1.28

1.44

2.63

4.39

4.7

1 .0 2
1 .1 2

0 .8 8
0 .8 8

1 .1 0

5.2
5.5
5.5
5.7
6 .2

* = structural-C 0 2
T able 6.3. Major element geochemistry of francolites from the South African margin.

81

CHAPTER 7
Namibian margin
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7.1 Previous work
The Namibian continental margin (figure 7.1) is approximately 100 to 120 Km wide (Van
Andel and Calvert, 1971) and reaches a maximum depth of 400 m (Simpson and Du
Plessis, 1968). Double shelf breaks (Siesser et al., 1974) are a characteristic feature o f the
area, with outer break being at a depth of approximately 350 to 400 m. The Namibian
margin at present is subject to low sedimentation rates (Calvert and Price, 1979b) due to
low input from the arid hinterland.
The cold Benguela Current flows north along the Namibian coast (Hart and Currie, 1960;
Bang, 1971). Intense seasonal upwelling is induced by trade winds. Associated high
biological productivity, have resulted in an oxygen-poor, organic-rich diatomaceous mud
deposit (Baturin et al., 1970; Bremner, 1980b; Calvert and Price, 1983) on the inner shelf
(figure 7.1). Baturin (1971c) describes the diatom mud as "a semi liquid gel-like mass"
composed of silty-pelitic particles of organic matter (10%-25%) of planktonic origin and
diatom frustules (50%-85%). The diatomaceous mud belt is approximately 740 Km long
and a maximum o f 76 Km wide (Bremner, 1980a), occupying the inner shelf, and
running parallel to the coastline (figure 7.1). The sedim ents of the outer shelf are
composed of foraminiferal and skeletal sands (Calvert and Price, 1971b).
Baturin (1969) reported Recent authigenic "phosphate nodules" occurring in Namibian
shelf sedim ents, between latitudes 18°S and 24°S. These are com m only termed
concretions (Baturin et al., 1970; Bremner, 1980b), which is the term used in this study to
describe authigenic francolites of < 2 cms in size. The phosphatic concretions, which vary
in physical and chemical properties, represent a single genetic series, undergoing
increased compaction and phosphatisation from an unconsolidated phosphatised diatom
mud to solid phosphorite concretions (Baturin et al., 1970; Baturin, 1971a; 1971b; 1974;
Bremner, 1980b). The phosphatic concretions are found only in the diatomaceous mud
belt (Baturin et al.,1970; Baturin, 1971c; Bremner, 1980a; 1980b; Baturin, 1982). Sand
sized peloidal francolites (Baturin, 1971b; Summerhayes et al., 1973; Price and Calvert,
1978; Birch, 1979b; 1980) occur in the foraminiferal and skeletal sands (Calvert and
Price, 1971b; 1983) on the outer shelf of the margin.
The phosphatic materials on the Namibian shelf occur as; yellow lenses o f unconsolidated
phosphorites, fish teeth, scales and bones, francolite concretions and peloidal francolites
(Price and Calvert, 1978; Bremner, 1980b; Baturin, 1982; Thomson et al., 1984). The
first two types are volumetrically unimportant, and since no samples are available for these
types, the discussion in this study will be restricted to francolite concretions and peloidal
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francolite. The samples analysed in this study are described in section 7.2. The following
is a brief description of these francolites by previous workers;
i) Francolite concretions; these are classified morphologically into two varieties, 1) flat,
disc shaped particles and 2) irregular lumps of up to 2 cm in size (Baturin, 1971a; 1971b;
Price and Calvert, 1978; Bremner, 1980b). Both types consist o f both light cream/grey,
and dark brown lithified varieties, reflecting differences in composition (Baturin, 1982).
Light coloured concretions consist of both friable and lithified varieties. The light friable
concretions are composed of diatom frustules with cementing francolite, mica and small
quantities o f quartz, feldspar and calcite (Bremner 1980b). The P 2 O 5 content ranges
between 24% to 29.5% in the light coloured and 30% to 32.7% in the dark coloured
concretions, which consist of almost pure microcrystalline francolite (Baturin et al., 1970;
Baturin, 1971a; 1971b; 1974; Bremner, 1980b; Thomson et al., 1984).
ii) Peloidal francolites; these are black/brown spherical to ovoid grains o f fine to medium
sand size (150 - 250 |im). Peloids have variable internal structures, Birch (1979b; 1980)
has described oolitic, nucleated and structureless types. Oolitic structures are produced by
concentric layers of francolite and darker ^organic matter. Nucleated varieties consist of
francolite precipitated around terrigenous nuclei, with grains of quartz and feldspar being
the m ost common. Structureless peloids are common with an average P 2 O 5 content o f
32% (Summerhayes et al., 1973), representing virtually pure francolite. In thin section the
peloids are seen to contain a high proportion of "disseminated organic matter and pyrite"
(Price and Calvert, 1978). Glauconitised peloidal phosphorites are also present, and may
contain secondary gypsum (Bremner, 1980b).
7.1.1 P ro p o se d m ech an ism of pho sp h o g en esis
Intense seasonal upwelling of cold nutrient-rich water leads to high biological productivity
on the Namibian shelf (Baturin, 1971a; Baturin, 1982; Calvert and Price, 1983). P from
planktonic diatom, fish and mammal remains become concentrated in shelf sediments, as
the organisms sink to the bottom. The shallow depth o f the inner shelf (<150 m) and the
anoxic bottom conditions (Baturin, 1982) ensure that although some nutrient regeneration
does occur (Calvert and Price, 1971a) not all of the P is returned to the euphoric zone
(Price and Calvert, 1978). P concentrations in pore waters of the diatomaceous mud range
between 118 to 2,500 pg/L (Baturin, 1982), up to 26 rimes higher than in adjacent bottom
w aters (Baturin, 1969: Baturin et al., 1970). Formation of francolites in an anoxic
environment is supported by 8 13C values of - 6 .8 %oto -9.3%o, reported by McArthur et al.
(1986) for francolite concretions. Two 8 34S value of +27.2%o and +19.3%c (McArthur et
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al., 1986), which are respectively higher and lower than 534S in contem poraneous sea
water, suggest that the Namibian francolites formed in the anoxic and the upper anoxic
zone of sediments.
P migration and subsequent concentration around centres o f precipitation within the
diatomaceous mud is poorly understood. W ork by Kaplan and Rittenberg (1963) and
Bass Becking and Mackay (1956, quoted in Bonatti et al., 1971) have shown that P
solubility and therefore mobility is increased in a reducing environment, such as that of the
diatomaceous mud body. Baturin (1971b) suggests that concentration gradients are set up
around centres of precipitation, which leads to diffusion and additional supply o f
dissolved P.
The precipitation of francolite in the diatomaceous mud may be explained by a number of
factors, although the actual mechanism in not known. It has been shown experimentally
that the solubility of francolite increases with decreasing temperature (Kramer, 1964;
Atlas, 1975, quoted in Bremner, 1980b). Baturin (1971c) states that the temperature
within the diatomaceous mud is higher than the surface layer of the same body, which is
cooled by bottom currents, a factor which would enhance francolite precipitation within
the opaline body.
Phosphatic material ranging in morphology from unconsolidated gel-like phosphatic
lenses to light friable and finally to dark lithified concretions are considered to belong to
the same genetic series (Baturin et al., 1970; Baturin, 1971a; 1971b; 1974; Bremner,
1980b), and represent increasing phosphatisation. E arly diagenesis below the
sediment-water interface concentrates P, as shown by an increase in P 2 O 5 , CaO, CO 2 and
F (Baturin, 1971a; 1974) and expel terrigenous impurities, reflected in a reduction in
SiC>2 , AI2 O 3 , Fe, H 2 O, organic carbon (Baturin, 1971a; 1974) and K 2 O (Brem ner,
1980b) in dark lithified concretions consisting of almost pure francolite, which represent
the final stage of phosphatisation.
Once formed by precipitation from pore waters, francolite concretions are concentrated by
reworking due to sea level oscillations during the pleistocene (Hoyt et al., 1969; Moore,
1982). Baturin (1971c) suggest that at present the diatom aceous mud body is not
undergoing reworking, whereas in the past transgressive episodes have exposed the mud
body to bottom currents, and during times o f regression, to wave action. Both
transgressive and regressive episodes would therefore lead to a winnowing o f fine
sediments, and reworking of the coarser fraction which leads to a concentration o f
phosphorite concretions. Van Andel and Calvert (1971) state that it is solely bottom
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currents which are responsible for sediment reworking and not regressive episodes. When
the original position of sea level is restored, new francolite concretions are envisaged to
form in close proximity to the lag deposit of the older francolite concretions.
The peloidal ffancolites of the outer shelf are formed by accretion (Birch, 1979b) and not
as previously proposed (Baturin, 1971a; 1971b; Summerhayes et al., 1973) by further
reworking and weathering of the inner shelf concretions. The main evidence suggesting
that peloidal francolites could not have formed by disaggregation, during reworking, of
concretions is; firstly, the peloidal and the concretionary phosphorites are geochemically
different (Price and Calvert, 1978), as well as having different carbon isotope signatures
(McArthur et al., 1986), and secondly, the internal structure of some peloids exhibit both
nuclei and oolitic structures, indicating accretionary growth (Birch, 1979b; 1980).
B rem ner (1980b) states that the peloidal phosphorites form ed by direct inorganic
precipitation from sea water. Carbon isotope signatures ranging between -2.92%o and
-3.02%o (McArthur et al., 1986), suggest that peloidal francolite precipitated in the
uppermost oxic zone or at the sediment-water interface.
7.1.2 P rev io u sly p ro p o se d age o f p h o sp h o g en esis
B aturin et al. (1972) measured 234jj/238u activity ratios in the diatom m ud and
concretions from the Namibian shelf, and concluded that the maximum age o f the
concretions was 51 Ka. R ecent diatom s (Baturin, 1974) in the unconsolidated
concretions, confirm a Recent age for these francolites. Veeh et al. (1974) showed that the
234u/238u activity ratios of the consolidated concretions were equal to or less than unity
indicating an age in excess of 800 Ka, as opposed to unconsolidated concretions which
have 234u/238u and 230Th/234U activity ratios compatible with their proposed Recent age,
and concluded that at least two generations of francolite co-exist within the sediments.
Thom son et al. (1984) question the initial
(1972), and using the

2 3 0 Th/232Th

2 3 4 U/238U

ratios assumed by Baturin et al.

method, give a maximum age for the light coloured

concretions of 1.7 Ka and for dark colour concretions of 3.8 Ka.
Peloidal francolites have

2 3 4 U/238U

and

2 3 0 Th/234U

activity ratios which are at unity

(Veeh et al., 1974; Thomson et al., 1984), and are therefore older than 800 Ka. The
Varswater formation (Tankard, 1974b) exposed at Langebaanweg in the Cape province
contains a peloidal phosphorite m em ber (T ankard, 1974a), w hich has been
bio-stratigraphically dated by Tankard, (1975) as 3.5 to 7 Ma (Pliocene/M iocene
boundary). Hendey (1981) suggested an age of 5 Ma, with an outer limit for the age given
as 4.2 M a to 5.2 Ma. The Namibian peloidal francolites have been tentatively dated as
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M iocene (Bremner, 1980b), by association with the Varswater peloidal phosphorites,
approximately 1000 Km to the South East.
7.2 S am p le d e sc rip tio n
A ll concretionary samples are from station 4028 (figure 7.1). A m orphologically
descriptive terminology (e.g. DCF 2.8-4) has been adopted in this study, and is explained
below.
Location

Type

Sample

Mineralogy

22 40.0' (S), Francolite 402814 30.0* (E) concretions DCF 2.8-4(c) Francolite
DCF 4-5.6 (c)
DCIL 4-5.6(d)
DCIL 5.6-15.9(c) "
LCF 2.8-4(c)
LCF 4-5. 6 (c)
LCIL 5.6-15.9(a) "
Peloidal
francolites

M3558
3411PP
3719PP

Mollusc
mould

4744c

francolite
"

Comments

These concretions contained
the highest P 2 O 5 contents, in
each of the morphologically
divided batches, and
were chosen in order to
reduce contamination from
detrital material.
Sample M3558 contained
approximately 5 % pyrite.

T able 7.1. Summary of Namibian sample types and location.

Dark lithified concretions (plate 7.1.a), are termed; dark coloured flats (DCF), with size
fractions of 2.8-4 mm and 4-5.6 mm, and dark coloured irregular lumps (DCIL), with
size fractions of 4-5.6 mm and 5.6-15.9 mm. Light coloured concretions (plate 7.1.b),
are termed; light coloured flats (LCF) with size fractions o f 2.8-4 mm and 4-5.6 mm, and
light coloured irregular lumps (LCIL), which range in size between 5.6 to 15.9 mm.
Samples 3719PP, 3411PP and M3558 from the Namibian margin (table 7.1), are resinous
brown/black ovoid sand-sized peloidal francolites. Sample 4744c is a phosphatised
internal mould of a bivalve, approximately
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2

cms in diameter.

7.1.a)

4028-D C F

7.1.b)

4028-L C F

cm

Plate 7.1. L ith ified a u th ig en ic fra n co lite c o n c r etio n s from the N am ib ian
m argin, a) Dark colou red flat (D C F ) con cretion s, b) light colou red flat (LCF)
concretions.
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7.2.1 Petrography
7.2.1.1 F ra n c o lite c o n c re tio n s
F ria b le light coloured concretions (plate 7.2.a) consist o f very fine to fine sand size
diatom frustule fragments (35%) set in a m icrocrystalline francolite cem ent (60%).
Angular, fine sand size grains of feldspars, Fe-oxide and detrital quartz, constitute
approximately 5% of the concretions.
L ith ified light coloured concretions (plate 7.2.b) are structureless and consist o f
virtually pure microcrystalline francolite. Angular silt size quartz grains (1%) is the main
impurity present in these nodules.
C o m p a ct d a rk co lo u red co n cretio n s are com posed o f virtually pure francolite.
Plates 7.2.c. and 7.2.d. show one such nodule in ppl and cpl respectively, exhibiting
anisotropic microcrystalline francolite and isotropic francolite associated with irregular
voids (probably left by diatom frustules). Only one generation o f francolite can be
petrographically distinguished in any one of these francolite concretions, although it is
possible that more than one generation of francolite are represented by the different
lithologies.
7 .2.1.2 P e lo id a l fra n c o lite s
These dull reddish-brown/black sand size phosphorite peloids are structureless and are
opaque in PPL, although some discolouration around the edges, possibly due to oxidation
may be seen. They are composed of pure francolite and are isotropic in CPL.
7.2.1.3 In te rn a l m ould of a bivalve
S am p le 4744c consists of poorly sorted detrital grains set in a m icrocrystalline
francolite matrix (70%). The detrital components range in size between coarse to fine sand
and consist of sub-angular to angular quartz (15%), sub-angular plagioclase feldspar
(10%), and rounded glauconite (5%) which have undergone varying degrees of oxidation.
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7 -2 -a)

7 .2 .c)

7.3 Sr isotope ages
Sr isotope ages and

8 7 Sr/86Sr

for the peloidal francolites from the Namibian margin are

presented in table 7.2.
Francolite

Sample
s l Srfi6Sr

Age (Ma)

M3558

0.709021 ± 12

4.7 ± 0.4*

3719PP

0.709135 ±13
0.709131 ± 12
0.709133

0.7 ±0.5*

* Ages based on the curve of Hodell et al. (1991).
T able 7.2. Namibian peloidal francolite ages.

7.3.1. F ra n c o lite ages.
Sr isotope analysis of two peloidal samples yielded ages of 4.7 ±0.4 M a and 0.7 ±0.5 Ma
for these authigenic francolites (table 7.2), representing two episodes of phosphogenesis.
The age of 4.7 M a is in good agreement with biostratigraphically dated (Hendey, 1981),
onland peloidal francolites (section 7.1.2). These ages are close to francolites on the South
African margin, which have been dated in this study as 5.9 ± 0.9 Ma and 1.2 ± 1.2 Ma,
and may therefore represent the same episodes of phosphogenesis. This close correlation
between the ages of the South African replacement francolites and the Namibian authigenic
francolites in this region, suggests that the South W est African margin was subject to at
least two wide spread periods of phosphogenesis in the past

6 .8

Ma.

87sr/86sr for concretions in the Namibian margin are given in table 5.1. The ^ S r / ^ S r in
concretions are higher than

8 7 Sr/86Sr

in modem sea water. The Namibian concretions may

not therefore be dated using Sr isotope stratigraphy. The Sr contents of concretions are
presented on an impurity-free basis in table 7.3. The francolite Sr contents are on average
1000 ppm higher than the maximum Sr content suggested for francolite (McArthur, 1985).
This suggests that either; 1) contamination of Sr is occurring from a detrital phase during
the separation procedures adopted in this study (section 5.6.2), or; 2) unusually high Sr
concentrations in pore waters, due to early diagenetic processes, such as the dissolution of
mica, have resulted in higher than normal amount of Sr incorporated into the francolite
structure.
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7.4 F ra n c o lite g eo ch em istry
Subsampling o f Namibian concretion in order to assess variations in geochemistry in
concretions o f similar morphology has been discussed in section 5.3. M ajor element
geochemistry (P, Ca, Sr, Mg, Na, F, S and CO 2 ) o f all the subsamples are presented in
Appendix 2, table A2.1. The subsamples with the highest P 2 O 5 value which are depicted
by bold letterings in table A2.1, and therefore purest in respect to francolite, were used for
Sr isotope analysis. The chem istry o f these purest sam ples are presented on an
im purity-free basis in table 7.3, and is used in assessing secular changes in francolite
geochemistry (chapter

Type

1 2 ).

Sample

P 2 O 5 CaO
Sr
MgO Na2 0 SO 4 F CO 2 *
(wt%) (wt%) (ppm) (wt%) (wt%) (wt%)(wt%)

Concretionary
DCF 2.8-4(c)
DCF 4-5.6(c)
DCIL 4-5.6(d)
DCIL 5.6-15.9(c)
LCF 2.8-4(c)
LCF 4-5.6(c)
LCIL 5.6-15.9(a)

34.7
35.0
34.3
34.9
34.5
35.3
35.3

53.5
53.6
53.5
53.6
54.1
52.9
54.0

3244
3066
2779
3516
3933
3221
2647

1.87
1.63
1.30
1.61
1.57
1.52

M3558
3411PP
3719PP

32.9 53.6
33.3 53.0
33.5 53.4

2623
2607
2807

0.83
0.94

1 .0 2

1.31 1.76
1.15 1.74
1.07 1.93
1.23 2.09
1.18 1.97
1.03 2.19
0.85 1.63

2.93
2.63
3.14
2.43
2.64
3.09

3.6
3.9
4.5
3.7
3.7
3.9
3.8

1.16 4.10
1.18 3.55
1 .1 1
3.13

3.49
3.55
3.57

3.5
4.4
4.0

2 .8 6

Peloidal

1 .0 1

* = structural-CO 2
T able 7.3. M ajor element geochemistry of concretionary and peloidal francolites from
the Namibian margin.
7.5 C a rb o n a n d s u lp h u r isotope d a ta
Carbon and sulphur isotope data for three peloidal, seven concretionary samples and a
phosphatised Mollusc shell from Namibian margin were measured and are presented in
table 7.4.
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Type

Sample

S ^ S CDT

Mollusc mould

4744 c

14.0

-2 .6

Peloidal

3719PP
3411PP
M3558

1 0 .1

-3.0
-3.2
-2 .1

Dark concretions

DCF 2.8-4
DCF 4-5.6
DCIL 4-5.6
DCIL 5.6-15.9

24.9
30.0
28.6
29.0

Light concretions

LCF 2.8-4
LCF 4-5.6
LCIL 5.6-15.9

17.8

5798(C)

28.5

Mixture of dark
concretions

8

13C PDB

11.5
-0 . 1

-9.3
-9.3
-8 .6
-9.5
-9.6
-8.7
-9.3
-8 .6

T able 7.4. Sulphur and carbon isotope content in francolites from the Namibian margin.

7.5.1

C a rb o n isotopes

Peloidal francolites have a 8 13C value of -2.7 ± 0.7%o, indicating that little fractionation of
carbon isotopes occurred in the environment in which francolite formed. This is in good
agreem ent with previous results (Benmore et al., 1983; McA rthur et al., 1986) and
suggests that these formed in an oxic to suboxic environment. The Mollusc mould also
has a 8 13C value (-2 ,6%o) indicative of its formation in an oxic or suboxic zone.
Dark and light concretions as well as the sample representing a mixture o f concretions
(5798c) have a

8

13C of -9.1%o ± 0 .6%o, indicating their form ation in an anoxic

environment (McArthur et al., 1986). However the relatively small difference between this
value and a 8 13C value of -6%o quoted as representing the onset o f anoxic environment
(M cArthur et al., 1986), suggests that these concretions may have formed close to the
anoxic to suboxic or oxic boundary within the sediments.
7.5.2. S u lp h u r isotopes
The

8

34S in two peloidal samples (3719PP and 3 4 1 1PP) o f +10.8%o ± 1.0%o is

considerably lower than the

8 3 4 S,

in contemporaneous (Pliocene-Pleistocene) sea water o f
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+20.5 %o to +22.5 %o (Claypool et al., 1980). This suggests that the oxidation o f H 2 S had
occurred prior to S incorporation into the francolite (McA rthur et al., 1986). These
peloidal samples therefore formed at the boundary between the anoxic to suboxic or oxic
zone within the sediment. A particularly low 8 34S value o f -0.1 %o for the peloidal sample
M3558 is attributed to contamination of S from pyrite, which was identified in this sample
using a reflected light microscope.
Recent dark concretions from the Namibian margin have

8 34S

values in the range o f

+25.0 %o to +30.0%o, on average 6%o higher than contem poraneous sea w ater 8 34S o f
+20.3%o to +22.2%o (Claypool et al., 1980). The relatively heavier S isotope composition
o f these concretions suggests that they formed in anoxic pore waters. The

8

34S o f

+28.5%o of the mixed sample suggests that these are essentially o f the dark concretionary
type and also formed in an anoxic environment.
One analysis of a light coloured concretion has yielded a 8 34S value o f +17.8%c. This
value which is slightly lower than the S34S value of contemporaneous sea water (Claypool
et al., 1980), and therefore the anoxic to suboxic or oxic interface is the m ost likely
environment of formation for these light coloured concretions.
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CHAPTER 8
Chatham Rise
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8.1 Previous work
'Phosphorite nodules' were first reported occurring on the Chatham Rise east o f New
Zealand by Reed and Hornibrook (1952), and later described by Pasho (1976), Cullen
(1980) and Kudrass and Von Rad (1984). Nodular phosphorites occur along the crest of
the Chatham Rise (figure 8.1), between longitudes 177°E and 177°W, with the largest
concentration at the 180° meridian, in water depths of 350m to 450m (Cullen, 1980).
Eocene to Early Oligocene nanno-oozes and siliceous nanno-oozes have been block
faulted during the Late Eocene to Oligocene times, giving rise to the bank and valley
topography (Pasho, 1976). Early M iocene foram iniferal ooze containing rew orked
Oligocene foraminifera have been phosphatised (Kudrass and Von Rad, 1984) and form
the phosphorite nodules found on the Chatham Rise. The Quaternary environment is
characterised by slow local deposition and bottom currents and the dominant processes are
bioturbation and reworking of the sediments (Cullen, 1980; Kudrass and Von Rad,
1984).
The phosphatic nodules are intermixed with glauconitic and foraminiferal muddy sands
(Von Rad and Rosch, 1984), and have a patchy distribution on the sea floor, covering an
area 480 Km long and 40 Km wide (figure 8.1). The discontinuous exposure o f
phosphorite nodules is explained by Cullen (1980) in terms o f vertical transportation of
the nodules, whereas Kudrass and Von Rad (1984) suggest that iceberg scouring during
low sea levels in the pleistocene is the dominant mechanism responsible for present-day
phosphorite distribution.
The unconsolidated sediments associated with the phosphorites consist o f glauconite
which occurs mainly as dark to light green rounded grains, internal casts o f foraminifera,
and as replacement of faecal pellets (Pasho, 1976), forming up to 60% o f the sediment
(Pasho, 1976; Baturin, 1982; Von Rad and Rosch, 1984). The quartz content in the
sedim ent varies between 1% to 50% (Von Rad and Rosch, 1984). The biogenic
component o f the sediment is dominated by planktonic foraminifera, with less abundant
benthic foraminifera, mollusc, brachiopod, ostracod and coral fragments (Von Rad and
Rosch, 1984). Variations in the composition of the sediments on the Rise have lead to the
observation (Pasho, 1976), that there is no relationship betw een the phosphorite
distribution and and distribution of the associated sediment type.
Subangular to subrounded phosphatic nodules are green/black in colour and have a
smooth glazed appearance (Reed and Hornibrook, 1952) ranging in size from 0.5 mm to
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Figure 8.1. Sample location on the Chatham Rise.
(M odified from K udrass and Von Rad, 1984)
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150 mm, with a mean diameter of 20 to 40 mm. The external surfaces of some nodules
exhibit several episodes of fracturing and boring, which are subsequently infilled by
glauconite and quartz, which are cemented by a later generation of francolite (Kudrass and
Von Rad, 1984). Internally the larger phosphatic nodules are concentrically colour
banded, reflecting a compositional zonation (Cullen, 1980; Von Rad and Rosch, 1984),
which indicates a surface inward mode of phosphatisation. Pasho (1976) and Buckenham
et al. (1971, quoted in Pasho, 1976) have found no variation in the P 2 O 5 content across
the zones, concluding that the colour banding may not represent variations in the degree of
phosphatisation.
The phosphatic limestone nodules consist of on average 30% Globigerina tests (Zobel,
1984) set in a micrite matrix which has been replaced by light brownish yellow to dark
reddish brown francolite (Pasho, 1976), with P 2 O 5 contents between 16% to 25%
(Kudrass and Von Rad, 1984). The nodules also contain glauconite, geothite (Pasho,
1976) and occasional quartz and schist fragment. The glauconite within the nodules occurs
principally as rounded clastic grains, crack filling, foram iniferal infilling and a rim
replacement (Pasho, 1976; Von Rad and Rosch, 1984).

8.1.1 Proposed mechanism of Phosphogenesis
The phosphatic nodules on the Chatham Rise were formed by the replacement of calcium
carbonate by francolite (Reed and Hornibrook, 1952; Pasho, 1976; Cullen, 1980;
Benmore et al., 1983; Kudrass and Von Rad, 1984; M cArthur et al., 1986). The precursor
carbonates were foraminiferal nanno-chalks (Pasho, 1976; Von Rad and R osch,1984),
form ed into pebbles by fragm entation o f hardgrounds, w hich were subsequently
phosphatised (Kudrass and Von Rad, 1984). A Later generation of francolite found as
bore filling (Kudrass and Von Rad, 1984), represents a m inor authigenic phosphogenic
or remobilisation event, after the main phosphogenic episode.
An oxic environment for phosphogenesis has been proposed on the basis o f carbon and
sulphur isotope composition of Chatham Rise francolites (McArthur et al., 1986). This is
shown by

8

13C values of -0.1%o to +0.2%o and S34S values which are within range of

contemporaneous sea water, as derived by 8 34S in evaporites o f the same age (Claypool et
al., 1980). The concentric colour zonation around nodules (plate 8.1.a) indicates that
phosphogenesis has post-dated nodule lithification, and therefore burrow structures
observed in the nodules (plate 8 .2 .b) may not be used as evidence of an oxic environment
for phosphogenesis.

100

The relatively dense phosphatic nodules (Reed and Hornibrook, 1952; Pasho, 1976) are
considerd to be lag deposits (Cullen, 1980; Kudrass and Von Rad, 1984), formed by
winnowing of the finer non-phosphatic material by microorganisms and bottom currents.
8.1.2 P re v io u sly p ro p o sed age o f p h o sp h o g en esis
U-series dating of the Chatham Rise francolites have shown them to be older than 800 Ka
(Kolodny and Kaplan, 1970a). The precursor carbonates are Miocene foraminiferal oozes,
containing reworked Oligocene carbonates (Reed and Hornibrook, 1952; Cullen, 1980;
Zobel, 1984; Bums, 1984; Fordyce, 1984).
A uthigenic glauconite coating on the nodules indicates glauconitisation post-dates
phosphogenesis (Von Rad and Rosch, 1984), and therefore K-Ar dating of the glauconite
have previously been used to assign a minimum age for phosphogenesis. Cullen (1980)
dated peloidal glauconite in interstitial fine grained sediments as 5.6 ± 1 .0 Ma, and
suggested this to be the minimum age for phosphogenesis, on the basis o f the
mineralogical similarity between the peloidal glauconite and the glauconite coating on the
nodules. Keuzer (1984) dated the glauconite coating directly and found dates in the range
o f 6 M a to 11 Ma, and assumed the date for glauconitisation to be 7 Ma, although dates as
late as 4 M a were found.
O n the basis o f the evidence cited above, phosphogenesis on the Chatham Rise is
proposed to be a Late Miocene event (Kudrass and Von Rad, 1984), occurring between
approximately 11 Ma and

8 .2

6

Ma (age of glauconite).

S a m p le d e sc rip tio n

Both the phosphatic limestone nodules from the Chatham Rise (table 8.1) contain a single
generation of francolite and exhibit a surface-inward mode of phosphatisation. The cut
section of sample 519 (plate 8.1.a) exhibits a concentric colour zonation and a glauconite
rim . Sites from which subsamples were taken in an attem pt to assess variations in
geochemisty and

8 7 Sr/&>Sr

across the nodule are also shown in plate 8.1.a. This sample

exhibits evidence o f burrowing, which has subsequently been infilled by a latter
generation of carbonate (in the region of subsample 519 (D)). Sample 488 and subsample
sites are shown in plate 8.1 .b. This nodule exhibits a less clear concentric colour zonation
and glauconite rim.
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8.1.a)

SO-17 519 GG

5 1 9 (A )
5 1 9 (B )

T

5 1 9 (D )

5 1 9 (C )

8 . 1 . b)

SO -17 488 G G

4 8 8 (D )

4 8 8 (C )

4 8 8 (B )

4 8 8 (A )

P la te 8 .1 . P hosphatic lim esto n e n od u les from the Chatham R ise; a) S am p le 519,
ex h ib its a clea r co lo u r b an d in g, g la u c o n ite rim and burrow structures in the
region o f su b sam p le 5 1 9 (D ). b) Sam ple 4 8 8 is an in com p lete n od u le. S ites from
w hich su b sam p les w ere taken are sh ow n .
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Location

Type

43 32.7’ (S),
179 40.3’ (E)

Phosphatic
limestone
nodules

Mineralogy

Sample

SO-17 519 GG519(A)
Francolite, calcite
519(B)
519(C)
519(D)
ft
if

it

SO-17 488 GG488(A)
488(B)
488(C)
488(D)

•i
it

Comments

One generation of
francolite with a
surface-inward mode
o f phosphatisation.
Subsample 519(D)
consists o f
burrow-fill material.

it
•i

T a b le 8.1. Summary of Chatham Rise sample types and location.

8 .2.1 P e tro g r a p h y
S am ples 519 and 488 are petrographically very similar. Planktonic forams (25%) are
set in a micrite matrix, which has undergone various degrees o f phosphatisation. The
single generation of francolite present occurs as anisotropic microcrystalline replacement
o f precursor micrite, and ranges in abundance from 90% in the rim to < 5% in the core o f
the nodules. Concentric zones o f goethite mineralisation (5%) occurring between the
intensely phosphatised micrite in the rim region and the weakly phosphatised core (plate
8 .2

.a), and glauconite around the nodule rim completes the colour banding around the

nodules. The glauconite is shown by the presence o f foram ghost structures in the rim, to
be formed by replacement of the phosphatic limestone, rather than by accretionary growth.
The foram tests are filled with either micrite (30%), francolite (40%), or are unfilled
(30%), and virtually all retain their original calcite mineralogy. Evidence that these nodules
have undergone intense bioturbation is presented by abundant burrow structures (plate
8.2.b), which are infilled by lighter coloured micrite containing smaller forams. Burrow
fill material around the rim of the nodules are phosphatised to the same degree as the
surrounding matrix, which together with the symmetrical colour zonation indicates that the
samples were phosphatised after lithification and the formation o f the nodules. Fine sand
size fragments of calcite ( 1 %) are the only other constituents.
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8.2.a)

P late 8.2.a) Sam ple 519 in ppl show ing the com positional zonation, consisting o f a
glauconite rim (right), goethite and francolite (centre) and weakly phosphatised m icrite in
the core (left), b) Burrow structures in the same sample infilled by lighter micrite (ppl).

Horizontal field of view for all photom icrographs = 2 mm.
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8.3 Sr isotope ages
Francolite and precursor calcite in all subsamples from sample 519 and 488 have been
dated and the dates and

Sample

8 7 Sr/86Sr

are presented in table 8.2.

Francolite
Age (Ma)
S’S r/^ S r

^ S r/^ S r

Calcite
Age (Ma)

519(A)
519(B)
519(C)
519(D)

0.708995
0.709011
0.709022
0.709005

±11
±11
± 12
±11

5.0
4.8
4.7
4.9

±0.4*
±0.4*
±0.4*
±0.4*

0.708142
0.708112
0.708090
0.708104

±11
±12
±11
±11

27.2
28.1
28.7
28.3

±2.0*
± 2 .0 *
±2.0*
±2.0*

488(A)
488(B)
488(C)
488(D)

0.708977
0.708974
0.709026
0.708983

± 12
± 12
± 12
±11

5.2
5.2
4.7
5.1

±0.4*
±0.4*
±0.4*
±0.4*

0.708162
0.708080
0.708029
0.708105

±12
±10
±11
±10

26.6
29.0
30.5
28.3

± 2 .0 *
±2.0*
±2.0*
±2.0*

* Ages based on the curve of Hodell et al. (1991).
$ Ages based on the curve of Miller et al. (1988).
T ab le 8.2. Chatham Rise francolite and calcite ages.

8.3.1 F ra n c o lite ages
One generation of replacement francolite dated at 5.0 ±0.7 Ma is present in the Chatham
Rise nodules (table 8.2). The age spread o f all

8

francolite samples analysed is ±0.7 Ma

(table 8.2), indicating a single period of well-defined phosphogenesis. A date o f 4.9 ±0.4
M a for francolite in subsample 519(D), which represents burrow-fill m aterial, being
within error of all other subsample ages, indicates that phosphogenesis occurred after
bioturbation in the nodules, and supports the petrographic evidence (section 8 .2 . 1 ) which
suggests that phosphatisation occurred after nodule lithification. The age o f 5.0 Ma for
francolites suggested in this study is younger than the minimum date for phosphogenesis
of

6

M a as suggested by Kudrass and Von Rad, (1984), derived from K-Ar dating of the

glauconite rim (section 8.1.2). A possible explanation for this disagreem ent between
francolite ages may be that Kudrass and Von Rad (1984) chose

6

Ma due to the clustering

of glauconite dates around this time, although dates as young as 4 M a were recorded. Sr
isotope ages o f francolites suggests that 4.3 Ma represent a more appropriate minimum
age for phosphogenesis on the Chatham rise.

8.3.2 Calcite ages
The precursor calcite has been dated as 28.6 ± 4 .0 M a (table 8.2), and is in good
agreement with biostratigraphical dates o f early Late Oligocene to Miocene proposed by
Zobel (1984). The large total range in the calcite ages (± 4 .0 Ma) may be due to the fact
that the precursor rocks consisted of reworked Oligocene calcites in M iocene carbonates
(Zobel, 1984). The subsampling o f calcites o f different ages within the nodules, may
therefore be resulting in the age ranges observed.
8.4 F ra n c o lite g e o ch e m istry
M ajor elem ent chemistry (P, Ca, Sr, Mg, Na, F, S, CO 2 ) o f Chatham Rise francolites is
presented on an impurity-free basis in table 8.3. Francolite geochemistry and its variations
with time is discussed in chapter
Sample

p2o5

CaO
(wt%) (wt%)

12.

Sr
(ppm)

MgO
(wt%)

Na20
(wt%)

SO 4
(wt%)

F
(wt%)

co2*

519(A)
519(B)
519(C)
519(D)

33.2
33.3
33.3
33.2

52.4
52.5
52.0
52.0

1913
1766
1700
1736

0.54
0.48
0.47
0.51

1.24
1.16
1.13
1.18

2.33
2.23
2.07
2.39

5.37
4.97
5.12
5.00

5.2
5.2
5.7
5.5

488(A)
488(B)
488(C)
488(D)

33.1
33.2
33.4
33.1

52.1
52.1
52.2
52.2

1879
1763
1713
1732

0.53
0.55
0.49
0.50

1.13
1.23
1.18
1.15

2.24
2.33
2.33
2.33

5.15
4.91
4.74
2.85

5.5
5.5
5.5
5.5

* = structural-C 0 2
T able 8.3. Major element geochemistry o f francolites from the Chatham Rise.
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CHAPTER 9
Californian Borderland
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9.1 Previous work
Offshore phosphorite deposits occur with a patchy distribution, on the continental margin
between central California (Mullins and Rasch, 1985) and the Baja Peninsula (d'Anglejan,
1967; 1968), 2,000 Km to the south. The phosphorites described in this study are from
the Californian continental margin between latitudes 31°-30' N and 34°-30' N (figure
9.1).
The term 'Californian borderland' is adopted to describe the unstable area, consisting o f a
block and basin structure caused by faulting, when the area became tectonically active in
the Oligocene, reached a maximum in the Late Miocene and continued into the Pliocene
(Emery et al., 1952; Emery, 1960). Basins are between 1,500 m and 2,200 m deep
(Baturin, 1982), rising up to ridges and banks, with slopes as steep as

6°

(Holzman,

1952). The continental shelf varies in width between 10 Km to 20 Km (Emery et al.,
1952), with the shelf break and the onset of the continental slope at approximately 350
Km from the coast.
The unconsolidated sediment on offshore banks, associated with francolite nodules (Dietz
et al., 1942; Emery, 1960), consist of 60% glauconite as oval pellets and casts o f
foraminiferal tests, 25% foraminiferal tests, 10% grains and oolites o f francolite and 5%
mineral grains and rock fragments. The high glauconite content and the mixture o f Recent
and reworked Miocene foraminifera in the unconsolidated sediments, suggests that the
area is a non-depositional environment (Shepard, 1941; Dietz et al., 1942).
Francolite nodules, conglomerates and breccias in which francolite cements fragments of
darker phosphorite are recovered in a number of settings on the Californian Borderland
(Dietz et al., 1942). By far the most common sites from which phosphorites are recovered
are offshore banks (Emery, 1960), in water depths of less than 330 m (Baturin, 1982).
Francolite nodules, by far the most common form, have smooth glazed surface and are
light to dark brown to black in colour. The nodules range in size from a few millimetres to
43 cm (Emery et al., 1952), with an average diameter of 5 cm, and may be occasionally
bored and subsequently infilled by carbonate and phosphatic debris.
The average P 2 O 5 content of the phosphorite is 27% (Inderbitzen et al., 1970), with
francolite replacing carbonate as well as forming peloids with oolitic structures which are
found disseminated throughout the nodules (Dietz et al., 1942). Oolitic structures are
highlighted by concentric layers of francolite, separated by darker layers of francolite, rich
in manganese oxide. These oolitic structures are formed around foram iniferal tests,
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F igure 9.1. Sample locations on the Californian B orderland.
(M odified from d'Anglejan, 1967)
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32°

glauconite and clastic mineral grains which act as nuclei. Material enclosed within the
francolite nodules consist of glauconite, clastic material and biogenic fragments, including
fish and mammal remains, and correspond closely to the composition o f the associated
sediment (Dietz et al., 1942).

9.1.1 Proposed mechanism of phosphogenesis
Both authigenic and replacement francolites are found on the Californian Borderland
(Dietz et al., 1942; Emery, 1960). Textural evidence, principally the concentric layering o f
brown francolite separated by darker zones o f manganese oxide in peloids, have lead
previous workers (Dietz et al., 1942; Emery et al., 1952) to the conclusion that the main
mechanism of phosphogenesis is authigenic precipitation o f francolite. D'Anglejan (1967;
1968) suggests that phosphogenesis by replacement of carbonate may be more widespread
than previously thought, as it may be inconspicuous and therefore difficult to detect. The
relative im portance o f the two m echanism s of phosphogenesis on the Californian
Borderland has not been conclusively established.
The increase in the concentration o f P in sea water required for the precipitation o f
francolite is attributed to upwelling (Emery, 1960), due to vertical oceanic mixing on the
Californian margin (Mullins and Rasch, 1985) at times o f climatic change during the Early
to M iddle Miocene. The Miocene phosphate bearing Monterey formation on the adjacent
continent provides conflicting evidence for the environment in which phosphogenesis
occurred (Garrison et al., 1987; Garrison et al., 1990). The phosphatic marlstone facies
(G arrison et al., 1987) is characterised by high organic carbon and diatom contents
suggesting that upwelling may have been important, with phosphogenesis occurring by
cyanobacterial m ediation (Reimers et al., 1990) in an anoxic environm ent. The
pelletal-oolitic phosphorite facies (Garrison et al., 1990), which are texturally similar to
the offshore phosphorites contain abundant benthic foram inifera and have undergone
significant bioturbation, indicating an oxic environment for phosphogenesis.
The carbon and sulphur isotope content o f francolites from the Californian Borderland
have been measured (Benmore et al., 1983; M cArthur et al., 1986). Carbon isotopes with
a 5 13C range of -0.51 %o to -l.6 5 % o and sulphur isotope data, which show the 8 34S o f
francolites being within range of contemporaneous sea water, suggest that francolites
formed in an oxic or suboxic environment.
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9.1.2 Previously proposed age of phosphogenesis
U-series dating o f Californian francolites (Kolodny and Kaplan, 1970a) have shown the
2 3 4 u /2 3 8 u activity ratio to be at equilibrium , indicating that the last episode o f
phosphogenesis occurred more than 800 Ka ago.
Both Quaternary and Miocene forams are commonly found in the phosphorites o f the
Californian Borderland. However since the phosphorite associated with the M iocene
forms have a different appearance to that associated with Quaternary species (Dietz et al.,
1942), E m ery (1960) suggests that the area was subjected to two episodes o f
phosphogenesis, with a Middle to early Late Miocene phase characterised by dark brown
nodules, and a Late Pliocene to Recent episode forming light brown nodules and matrix of
phosphatic conglomerates. Evidence for both times o f phosphogenesis have been cited
based on the biostratigraphical relationships. For example; a Miocene age is supported by
the fact that francolite nodules often contain nests o f a single Miocene foram species i.e.
Siphogenerina, which would be highly unlikely if the foram inifera were eroded and
rew orked into younger sedim ents (D ietz et al., 1942). A Q uaternary age for
phosphogenesis is supported by the presence of francolite nodules, occurring in-situ on
Late Pliocene sediments (Emery et al., 1952).
The pelletal-oolitic phosphorite facies (Garrison et al., 1990) on the adjacent continent,
petrographically similar to the offshore phosphorites, have been dated bio-stratigraphically
(Garrison et al., 1990) as middle to early Late Miocene (14 Ma -

8

Ma).

9.2 Sample description
Two phosphatic nodules (AHF 14414 and AHF 14401) from off Southern California
(figure 9.1), and the subsample sites taken are shown plate 9.1. Both phosphatic nodules
are composed of a mixture of phosphatised limestone clasts and peloidal francolite (table
9.1). Subsamples 14401(A), 14401(C) and 14414(A) are phosphatic limestone clasts and
subsamples 14401(B), 14414(B) and 14414(C) are peloidal francolite. Both lithologies
were subsampled in order to assess variations in francolite geochemistry and their times of
formation.

Ill

AHF 14414

AHF 14401

14401(B)
14401(A)
14414(C)

14414(A)
14414(B)

14401(C)

Plate 9.1. P hosphatic nodules from the C alifornian B orderlands. Sites from w hich
subsam ples were taken are shown.

Location

Type

Sample

Mineralogy Comments

Intraformational
conglomerates
32 56.0’ (N),
119 24.5' (W)

33 42.0' (N),
117 57.0' (W)

AHF 1441414414(A)
14414(B)
14414(C)
AHF 1440114401(A)
14401(B)
14401(C)

Francolite
II

Subsamples 14401(A),
14401(C) and 14414 (A)
are phosphatic limestone
clasts. Subsamples
14401(B), 14414(B) and
1 A A 1
tu *
m s-Io I
14414(C) oare
peloidal
francolites.

ii

ii

T able 9.1. Summary o f Californian Borderlands sample types and location.
9.2.1 P e tro g r a p h y
S am ples A H F 14414 a n d A H F 14401 are petrographically sim ilar. The internal
structure of these nodules are very complex, and consists o f a mixture o f phosphatic
lim estone clasts (30% ), peloidal francolite (60%) and glauconite grains (10% ), set in
microcrystalline francolite matrix (10%). Limestone clasts containing foram tests have
been totally phosphatised (plate 9.2.a).
Anisotropic francolite (1%) forms a coating around peloids of isotropic francolite which
exhibit a grainstone texture (plate 9.2.b). It has not be possible to separate by
subsampling, the peloidal francolites from the anisotropic francolite coating and the
microcrystalline francolite matrix, due to their small scale (plate 9.2.b). If the anisotropic
francolite coating, the microcrystalline francolite matrix and the peloidal francolites
represent different episodes of phosphogenesis, the Sr isotope age derived for the
’peloidal samples' will be a mixed age for the different generations. The volumetric ratio
o f anisotropic francolite coating and the microcrystalline francolite matrix to peloidal
francolite in these samples is approximately 1/6. Therefore it is considered likely that the
derived ages, represent the age o f the peloidal variety, with a possible small erro r
introduced by the other two types of francolite. In order to assess further ( section 9.3.1)
the affect of the different types of francolite in the matrix and the peloidal francolites on the
Sr isotope ages for the 'peloidal subsamples', the ratios of these different francolite types
in the subsamples have been recorded. The approxim ate ratios of m icrocrystalline
francolite and anisotropic francolite in the matrix to peloidal francolite in subsam ples
113

9.2.a)

Plate 9.2.a) Sam ple 14414 in ppl, show ing a totally p h o sphatised lim estone clast
containing francolite peloids. b) Sample 14401 in cpl, show ing the anisotropic francolite
coating around peloidal francolites which are set in a microcrystalline francolite matrix.

H orizontal field o f view for all photom icrographs = 2 mm.
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14414(B) and 14414(C) was 1/6, and in subsample 14401(B) was 1/4. The significance
o f these ratios and their use in assessing the error introduced by subsampling different
generations of francolite are described in section 9.3.1.
The ratio of phosphatic lim estone and peloidal francolite is variable within the two
nodules. However the amount of francolite within the nodules is fairly constant at around
90%, other constituents are; glauconite (5%), secondary calcite (2-3% ) and angular quartz
grains (2-3%). Fe-oxide staining gives the rock a brown colouration. The boundary
between the different rock types within the nodules are unclear, with no obvious erosional
surfaces, suggesting that the rocks form ed by pasting together o f unconsolidated
sediments (Jarvis, 1990, pers. comm.), and are therefore intraformational conglomerates.
9.3 S r iso to p e ages
Francolite ages and ^7 Sr/^^Sr for the Californian peloidal and phosphatic lim estone
samples are given in table 9.2.
Sample

Francolite
“^S r/^ S r
Age (Ma)

14414(A)d
14414(B)"
14414(C)"
14401(A)a
14401(B)"
14401(C)a

0.708962
0.708987
0.708975
0.708941
0.708948
0.708963
0.708999
0.708981
0.709004
0.709021
0.709008
0.708987

±11
±10
±15
±12

5.2 ± 0.7 *
5.6 ± 0.4 *
5.5 ± 0.4 *

± 13
±12
5.1 ± 0.7 *
±11
±11
±11

4.9 ± 0.4 *
5.1 ± 0.4 *

□ Phosphatised limestone.
• Peloidal francolite.
* Ages based on the curve of Hodell et al. (1991).
T ab le 9.2. Californian Borderland francolite ages.
9.3.1 F ra n c o lite ages
All francolite samples from the Californian Borderland have been dated as 5.2 ± 0.8 Ma
(table 9.2). Ages o f peloidal samples are within error of each other (table 9.2), which
suggests that the possible mixing of different generations of francolites in the matrix is not
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a significant factor. This is because the ratio of peloidal to matrix francolite varied in the
three 'peloidal subsamples' (section 9.2.1), and therefore if the ages o f the different types
of francolite were significantly different, the age range observed would have be greater.
The small age range o f ±0.8 M a for all the francolites shows that there are no differences
in age between the peloidal francolite and the phosphatic limestone lithologies (section
9.2.1) present in the nodules. This is in good agreement with petrographic evidence which
suggested that these rocks were formed by pasting together o f unconsolidated sediments
into intraform ational conglom erates, and therefore no lithology can be shown
petrographically to be older than the other. The data therefore suggests that the Californian
Borderland phosphorites formed as a result o f one episode o f phosphogenesis at 5.2 Ma,
which resulted in authigenic peloid formation and the replacement o f carbonates, which
were subsequently pasted together and lithified into these intraformational conglomeratic
nodules.
The presence o f only one generation of francolite in the samples contradicts the previously
proposed ages o f phosphogenesis at Middle to early Late Miocene and Late Pliocene to
Recent (Emery 1960). One reason for this may be that the two nodules used to date
phosphogenesis in this study are not from a completely representative suite o f samples for
the area, and therefore other generations o f phosphogenesis which may have occurred on
the Californian Borderland are not represented in these samples. A nother possible
explanation for this disagreem ent in ages is that the Sr from the two generations o f
francolites have been mixed to give an interm ediate isotope ratio, and therefore an
intermediate age. The close agreement in all six francolite sample ages, suggests that this
explanation is unlikely, and that previous ages derived by biostratigraphy o f francolite
nodules (section 9.1.2) were probably inaccurate, as the age o f prim ary phosphogenesis
and the date for formation of phosphorite deposits may have been different. An age o f
around 5.2 M a is also younger than the minimum age

(8

Ma) for the petrographically

similar pelletal-oolitic onshore francolites, which have been dated biostratigraphically
(Garrison et al., 1990), indicating no genetic link between these offshore and onshore
phosphorite deposits.

9.4 Francolite geochemistry
M ajor elem ent chem istry (P, Ca, Sr, Mg, Na, F, S, CO 2 ) o f francolites from the
Californian Borderland are presented on an impurity-free basis in table 9.3, and will be
discussed in chapter

12.
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p 2%
(wt%)

CaO
(wt%)

Sr
(ppm)

MgO
(wt%)

Na20
(wt%)

SO 4
(wt%)

F
(wt%)

co2*

14414(A)
14414(B)
14414(C)

33.2
33.0
33.1

52.0
51.9
52.3

2331
2162
2271

0.82
0.72
0.81

1.34
1.40
1.39

2.29
2.29
2.34

5.49
5.33
5.39

4.7
5.2
4.5

14401(A)
14401(B)
14401(C)

34.3
33.4
33.8

51.4
51.9
51.8

2223
2134
2152

0.81
0.82
0.82

1.36
1.33
1.36

2.55
2.49
2.47

4.80
4.84
4.82

4.5
5.0
4.7

Sample

* = structural-CO 2
T able 9.3. M ajor element geochemistry o f francolites from the Californian Borderlands.
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Blake Plateau
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10.1 Previous work
'Phosphorite nodules' occur on the northern and western parts o f the Blake Plateau
(Gorsline, 1963; Hawkins, 1969; Manheim et al., 1980), off the southeastern coast o f the
United States (figure 10.1). The Blake Plateau is a physiographical feature consisting o f a
regionally depressed block o f continental crust (Gorsline, 1963; Sheridan et al., 1981;
Popenoe, 1990), which constitutes 25% of the continental margin (Gorsline, 1963),
between latitudes 27°N and 33° N (Ewing et al., 1966). The Plateau in bordered to the
w est by the Florida-Hatteras continental slope (Pauli and Dillon, 1980), and to the east by
the Blake Escarpment (Emery and Uchupi, 1984), leading further east to the deep ocean
basin. W ater depths on the Plateau range between 250 m and 1,500 m (M anheim et al.,
1980; Baturin, 1982), with a general increase in depth from the shallower northern and
western parts in a southeasterly direction.
The Tertiary sedimentology on the Blake Plateau was strongly affected by the G ulf Stream
(Pratt, 1963; Pinet et al., 1981). Carbonate sedimentation dominated during the Eocene
(Pauli and Dillon, 1980) and was replaced in the Miocene by deposition o f terrigenous
silts and clays (Pinet et al., 1981; Pratt, 1963; Pratt and McFarlin, 1966). Migration o f the
path o f the G ulf Stream during Pliocene and Pleistocene sea level oscillations has
maintained a non-depositional environment on the Blake plateau since the Miocene (Pratt,
1963; Ewing et al., 1966; Ku and Broecker, 1969; Pinet et al., 1981).
Phosphorites are found on the shallower (Manheim et al., 1980) northwestern part o f the
Blake Plateau (Baturin, 1982), and show a seaward transition from phosphatic nodules to
m ixed phosphorite-m anganese pavements and slabs and further out to relatively pure
m anganese-iron concretions (Pratt and McFarlin, 1966; M anheim et al., 1980). The
phosphorite-manganese pavement has a smooth upper surface, swept clean o f sediments
by currents (Pratt, 1963), with the low er surface containing pebbles and grains o f
phosphorite infilling ripple-like depression on the underlying indurated globigerina sands
(Pratt, 1963; Pratt and McFarlin, 1966), often covered on the western part o f the Plateau
by unconsolidated continental shelf and slope sediments (Manheim et al., 1980).
Francolite is the phosphatic mineral occurring as peloids, nodules and replacement cem ent
in conglom erates on the Blake Plateau (Manheim et al., 1980). The nodules exhibit
varying degrees o f phosphatisation of cemented globigerina-pteropod ooze, w ith an
average P 2 O 5 content of 22% (Baturin, 1982). Iron and manganese oxides are present as
the m inerals goethite and todorokite (M anheim et al., 1980) respectively, and m ay
constitute up to 40% of the nodules.
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Figure 10.1. Sample location on the Blake Plateau.
(Modified from Riggs et al., 1985)
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R elict detrital glauconite, quartz, feldspars and heavy m inerals are present within the
phosphorites, with glauconite being the most common, constituting up to 10% (Baturin,
1982) o f the nodules. Three generations o f glauconite are recognised (M anheim et al.,
1980), consisting o f a late Cretaceous phase, a residual phase, from eroded m iddle
Tertiary and a Recent phase (Bell and Goodell, 1967) associated with H olocene-Pliocene
planktonic foraminifera. Aragonite other than that from corals and pteropods is observed
(M anheim et al., 1980), possibly occurring as a metastable phase in phosphorites which
are not totally replaced by ferromanganese mineralisation. Discrete grains o f dolomite are
found in phosphorites and pebble matrix (Manheim et al., 1980).

10.1.1 Proposed M echanism of Phosphogenesis
Replacem ent o f carbonate by francolite is the phosphogenic process responsible for the
B lake Plateau phosphorites (M anheim et al., 1980). M anheim et al. (1980) report
enrichm ent o f organic m atter, with a diatom aceous origin, o f up to 0.4% within
phosphorites, concluding that the interstitial replacem ent o f carbonate occurred within
anoxic pore waters in a cold water environment. The occurrence of glauconite within the
phosphorites is also considered (Rooney and Kerr, 1967) as evidence for a reducing
environm ent for phosphogenesis. Dynamic upw elling (Riggs et al., 1985; Popenoe,
1990) caused by the topographical deflection o f the G ulf Stream is considered responsible
for the increase in supply of P and the development o f anoxic conditions (Riggs, 1984;
Riggs et al., 1985).
Sulphur and carbon isotope studies (Benmore et al., 1983; McA rthur et al., 1986), have
shown that the 5 ^ C content of francolite has a range o f ~036%o to +0.23%o, and 6 ^4S
of +21.9%o is within range of contemporaneous sea water. This suggests that carbon and
sulphur were incorporated into the francolite without isotopic fractionation, and therefore
the most likely environment for phosphogenesis is the replacement of carbonate within the
oxic/suboxic zone o f sediments.
Riggs et al. (1985) propose a depositional model, whereby phosphogenesis occurs in the
middle stages o f a M iocene transgression, between an early siliclastic facies and a latter
w arm er w ater carbonate facies, where deposition o f francolite is controlled by
topographical features, such as the Charleston Bump (Pietrafesa, 1990). Erosion of the
phosphorites on the coastal plain during a subsequent regression is considered (Riggs et
al., 1985) to have formed the phosphatic nodules as a lag deposit (Manheim et al., 1980;
Baturin, 1982; Popenoe, 1990) on the Blake Plateau. This model for phosphogenesis is
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based on the correlation o f secondary phosphorite deposits to sea level changes in the
area, however as these lag deposits may form a long time after primary phosphogenesis,
the association of phosphogenesis to middle stages o f transgressions is rather speculative.
A nother objection to this model is that, although upwelling may have occurred during the
M iddle Miocene, as the G ulf Stream was deflected seaward during this period (Pinet et
al., 1981), the subsequent high sedimentation rates on the continental shelf and the inner
B lake Plateau would be inconsistent with proposed environments for phosphogenesis
(Cook et al., 1990).

10.1.2 Previously Proposed Age of Phosphogenesis
The polished and abraded nature of the phosphatic nodules as well as the virtual absence
o f phosphate in Recent sediments (Gorsline, 1963) support U-series dating (Kolodny and
Kaplan, 1970a) which suggest phosphogenesis has not occurred during the past 800 Ka.
The spatial proximity of the Blake plateau phosphatic nodules to the onshore phosphorites
in southeastern U nited States, viz. South Carolina (M alde, 1959), N orth Carolina
(Gibson, 1967; Rooney and Kerr, 1967; Riggs et al., 1985) and Florida (M ullins and
Neumann, 1979; Riggs, 1979a; 1979b), have lead workers (Manheim et al., 1980; Riggs
et al., 1985) to suggest a genetic link betw een the deposits. G eochem ical and
mineralogical similarities between the Blake Plateau phosphorites and the onshore deposits
have also been noted by M anheim et al. (1980). M anheim et al. (1980) suggest that
prim ary phosphogenesis on the Blake Plateau began in the Oligocene and reached a
m axim um in the Early to M iddle Miocene, based on the assumption that the offshore
Blake Plateau and the onshore phosphorites formed at the same time.
Four generations of phosphatisation are recognised petrographically by M anheim et al.
(1980). This is interpreted by the authors to represent three successive remobilisation of
preexisting francolite, which formed during the main episode o f phosphogenesis in the
Early to Middle Miocene, and not representative of four successive episodes o f primary
phosphogenesis. Conversely Riggs et al. (1985) note that more than one episode o f
prim ary phosphogenesis has occurred in the region as represented by the onshore
phosphatic Pungo River Formation, biostratigraphically dated as 13 M a to 19 M a and the
phosphatic Lower Yorktown Formation dated as 4 Ma to 5.5 M a (Riggs, 1984). The four
generations of francolite observed in the Blake Plateau phosphorites may therefore
represent younger episodes of prim ary phosphogenesis, rather than rem obilisation o f
previously formed francolite as suggested by Manheim et al. (1980).

10.2 Sam ple description
Four phosphatic limestone nodules from site 2476 on the Blake Plateau (figure 10.1) are
arbitrary term ed BP1, BP2, BP3 and BP5 (table 10.1). Sam ple BP1 (plate 10.1.a)
exhibits a concentric structure which is an infilled burrow (Jarvis, 1990, pers. comm.).
Sam ple BP2 (plate lO .l.b), BP3 and BP5 (plate lO .l.c) are m orphologically similar,
except that BP3 is a structureless nodule exhibiting only one generation o f even w eak
phosphatisation, whereas samples BP2 and BP5 contain two generations o f francolite.

Location

Type

Sample

Mineralogy

Phosphatic
limestone nodules.
30 31.8’ (N),
79 10.1 (W)

2476 BPB P1(A)
francolite, calcite
BP 1(B)
BP 1(C)
BP2(A)
BP2(B)

francolite

BP3

francolite, calcite

BP5(A)
BP5(B)

francolite, calcite
francolite

Comments
Subsamples BP 1(B),
BP 1(C), BP2(A), BP3
and BP5(B) are
weak and evenly
phosphatised.
Subsamples BP1(A)
and BP5(A) are
intensely phosphatised.
Subsample BP2(B) is
the most intensely
phosphatised and
is associated with
a fracture surface.

T a b le 10.1. Summary o f Blake Plateau sample type and location.
Subsamples have been chosen in order to assess variations in chemistry and

8 7 Sr/ 8 6 Sr

of

at least two or possibly three generations o f francolite distinguished petrographically
(section 10.2.1) in the nodules. Subsamples BP1(B), BP1(C), BP2(A), BP3 and BP5(B)
represent an even, weak phase of phosphogenesis which has affected the whole o f the
nodule. Subsamples BP 1(A) and BP5(A) are more intensely phosphatised, with a clear
surface inward mode of phosphatisation. Subsample BP2(B) appears to represent a third
intense generation of francolite associated with a fracture surface.
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10.1.a)

2476-B P1

BP1(C)
BP1(B)
BP1(A)

10.1.b)

2476-B P2

BP2(A)
BP2(B)

lO. l. c)

2476-P B 5

BP5(B)
BP5(A)

Plate 10.1. Phosphatic n o d u les from the B lak e Plateau; a) ex h ib itin g a large
burrow stru ctu re, b) in ten se p h o sp h a tisa tio n around a fracture su rface
(B P 2 (B )) and c) sh o w in g the su rface-in w ard s m ode o f p h osp h atisation . S ites
from w h ich su b sam p les w ere taken are show n.
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10.2.1 Petrography
S am p les B P1, B P2, BP3 a n d BP5 are petrographically sim ilar and only vary in
their degree o f phosphatisation. The precursor carbonate clasts are foram iniferal
wackestones, with foram tests (30%) which are infilled and set in a micrite matrix (70%).
Approximately 30% o f the rock consists of francolite, with the degree o f phosphatisation
varying from nodule to nodule and also within single nodules. The m icrocrystalline
francolite occurs as yellow/brown in ppl and is isotropic in cpl.
One phase of phosphatisation is characterised by even and weak mineralisation (5-20%),
where francolite replaces the micrite infilling the foram tests throughout the nodules. This
generation o f francolite is shown in plate

1 0 .2

.a and is represented by subsam ples

B P1(B ), B P1(C ), BP3, BP5(B), BP2(A). The second phase o f phosphogenesis is
characterised by intense localised surface-inward phosphatisation, where 80-90% o f the
micrite has been replaced by francolite. Subsamples BP1(A) and BP5(A) represents this
intense phase o f phosphatisation. Foram tests in the area o f weak, even phosphatisation
retain their original calcite mineralogy, whereas up to 50% of the tests in the region o f the
intensely phosphatised rim (subsample BP5(A)), are replaced by francolite.
An intense phase of phosphatisation associated with fracture surfaces is shown in plate
10.2.b, and has been subsampled as BP2(B). The francolite in BP2(B) replaces all o f the
micrite and unlike the intense surface-inward phase of francolite mentioned previously,
virtually all o f the foram tests, and therefore may represent a third episode o f
phosphogenesis.
The Fe-M n mineralisation (10-15%) ocurrs in two modes throughout the nodules. Firstly,
accretionary brown geothite and black opaque todorokite (M anheim et al. 1980) occupy
the rim o f the nodule (5%). Secondly, todorokite replaces carbonate and francolite in the
rock, usually precipitating within foram tests ( 1 0 %), where it often shows up pore canals
in the foram tests. Goethite also precipitates in foram tests to a much lesser extent (1%).
Other calcite skeletal grains, mainly bivalve fragments constitute 2-3% o f the nodules.
Angular-subangular detrital quartz constitutes <1% o f the rock.
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10.2.a)

10.2.b)

P late 10.2. a) S ubsam ple B P1(C) in cpl, rep resen tin g the even and w eak phase o f
phosphatisation. b) Subsam ple BP2(B) in cpl, consisting o f isotropic francolite associated
with a fracture surface.

Horizontal field o f view for all photom icrographs = 2 mm.
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10.3 Sr isotope ages
Sr isotope ages and
presented in table

Sample

BP1(A)
BP1(B)
BP1(C)
BP2(A)
BP2(B)
BP(3)
BP5(A)
BP5(B)

8 7 Sr/86Sr

1 0 .2

for the francolites and the calcites from the Blake Plateau are

.

Francolite
*” Sr/«6Sr
Age (Ma)
0.708301
0.708107
0.708151
0.708129
0.708097
0.708102
0.708100
0.708229
0.708979
0.708141
0.708137
0.708139
0.708299
0.708121

± 14
± 32
± 18

Calcite
^ S r/^ S r
Age (Ma)

22.5 ±2.0$

0.708055 ±13

29.7 ±2.0*

27.6 ±2.0*

0.708101 ±13

28.4 ±2.0*

28.4 ±2.0*
24.6 ±2.0*
5.2 ± 0.4 *

0.708104 ± 1 2
0.708094 ± 10

28.3 ±2.0*
28.6 ± 2 .0 *

27.3 ±2.0*
22.5 ±2.0*
27.8 ±2.0*

0.708132 ±11
0.708952 ± 1 2

27.4 ±2.0*
5.5 ± 0.4 *

± 20
±12
±11
± 24
±10
± 35
±12
± 13

* Ages based on the curve of Hodell et al. (1991).
* Ages based on the curve of M iller et al. (1988).
T ab le 10.2. Blake Plateau francolite and calcite ages.
10.3.1 F ra n c o lite ages
Sr isotope dating suggests that three generations o f francolite are present in the Blake
Plateau nodules examined in this study. The first generation o f francolite dated as 27.9
± 2 .7 M a is for the even and weak episode of phosphogenesis (section 10.2.1), as
represented by subsamples BP 1(B), BP 1(C), BP3 and BP5(B). An age o f 24.6 ± 2 .0
(table 10.2) derived for subsam ple BP2(A) which represents the even and weak
generation of francolite is approximately 3 M a younger than the ages for the other four
subsamples representing this generation. This is considered to be caused by mixing of
more than one generation o f francolite, during subsampling and therefore giving an
intermediate age. The second episode of phosphatisation has been dated as 22.5 ± 2 .0 Ma,
and corresponds to the two subsamples (BP1(A) and BP5(B)) representing the intense
surface-inward generation of francolite (section 10.2.1). Subsample BP2(B) consisting of
alm ost pure francolite, associated with a fracture surface and representing the latest
generation of francolite in these nodules is dated as 5.2 ±0.4 Ma.

The maximum error in this part of Sr isotope curve is ± 2.0 M a (Miller et al., 1986). This
has resulted in the errors quoted for francolite dates in the Oligocene o f up to ± 2.7 Ma.
H ow ever the good agreement in ages o f francolites in the first two generations (table
10.2), and the close grouping o f the Sr isotope ages o f petrographically identified
francolite generations (section

1 0 .2 . 1 ),

give confidence to the assigned ages.

The first generation of francolite dated at 27.9 ±2.7 Ma, is in good agreement with a Late
O ligocene age for prim ary phosphogenesis, suggested by M anheim et al. (1980). The
second generation o f francolite dated as 22.5 ± 2.0 M a occurred in samples BP 1(A) and
B P5(A ), which are also the samples representing an intense surface-inw ard mode o f
phosphatisation. Therefore in these sam ples it has been possible to distinguish
petrographically the two earliest generation o f francolite, subsample each generation and
date them using Sr isotopes to establish that an intense phase of phosphogenesis occurred
approximately 5 M a after an initial episode o f phosphatisation. A Sr isotope age o f 5.2
± 0.4 M a assigned to the third and final phase o f phosphogenesis is in good agreement
with the age assigned by Riggs (1984) to the onshore phosphatic Low er Yorktown
Formation, which he dated as accumulating at the Miocene-Pliocene boundary.
The three generation o f francolite dated as 27.9 ± 2.7 Ma, 22.5 ± 2 .0 Ma and 5.2 ± 0 .4
Ma, m ay represent rem obilisation o f old francolite, which owing to interaction with
younger sea water during remobilisation, has incorporated higher

8 7 Sr/86Sr

values and

therefore giving apparently younger ages. The observed petrographic relationship (section
1 0 .2 . 1 )

between an earlier weak phase o f phosphogenesis and a latter m ore intense

surface-inward phase of phosphogenesis, indicates that the precursor carbonates have
undergone more than one phase o f prim ary phosphogenesis, rather than representing
successive remobilisation o f old francolite. Also the close agreement of the first generation
o f francolite with the previously proposed age, and the close correlation of the last episode
o f phosphogenesis with onland phosphorites in this area, suggests that m ultiple
generations o f primary phosphogenesis rather than remobilisation o f old francolite has
occurred on the Blake Plateau.
10.3.2 C a lc ite ages
Precursor calcites from five samples have been dated as 28.6 ± 3 .2 Ma. This is in good
agreement with the previously proposed age o f Oligocene-M iocene for the precursor
calcites (Manheim et al., 1980). The calcite in sample BP5(A) has been dated as 5.5 ±0.4
Ma (table 10.2), which is about 17 Ma younger than the francolite from the same sample.
This is possibly caused by the contamination o f the precursor calcite by secondary calcite
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in this sample.

10.4 Francolite geochem istry
M ajor elem ent chemistry (P, Ca, Sr, Mg, Na, F, S, CO 2 ) o f francolites from the Blake
Plateau are presented on an impurity-free basis in table 10.3, and will be discussed in
chapter

12.

Sr
(ppm)

F
c o 2*
(wt%)

MgO
(wt%)

Na20
(wt%)

S04
(wt%)

1311
1395
1586

0.51
0.59
0 .6 6

1.24
1.31
1.42

2.89
3.01
3.02

5.18
5.03
4.90

51.5
51.0

1273
1457

0.51
0.83

1.24
1.36

3.39
3.29

4.93
5.12

6 .0

32.0

51.4

1339

0.52

1.38

3.54

5.08

6 .0

32.2
31.4

51.4
52.9

1459
1519

0.61
0.55

1 .2 2

3.18
2.69

5.07
4.78

6 .2

Sample

P2O5
(wt%)

CaO
(wt%)

BP 1(A)
BP1(B)
BP 1(C)

31.9
32.3
31.8

51.8
51.6
52.0

BP2(A)
BP2(B)

32.0
32.3

BP3
BP5(A)
BP5(B)

1.16

* = structural-CO 2
T ab le 10.3. M ajor element geochemistry of francolites from the Blake Plateau.
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6.4
6 .0
6 .0
6 .2

6.4

CHAPTER 11
Moroccan margin
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11.1 Previous work
Phosphorites on the continental margin off Morocco (figure 11.1) have been extensively
studied (for a review see Summerhayes and McArthur, 1990) and consist o f four main
phosphatic rock types, viz.

1)

glauconitic phosphatic conglom erates,

2

) peloidal

phosphatic conglom erates, 3) ferrugenous dolom itic phosphatic lim estones, and 4)
non-ferrugenous phosphatic limestone.
The shelf morphology (Summerhayes et al., 1971) consists of a smooth uniform region in
the north and a rugged, faulted (Emery and Uchipi, 1984) region in the south. The shelf
edge is at a w ater depth o f 150 m (Summerhayes et al., 1971). Recent unconsolidated
sediments on the continental shelf vary in thickness between 10 m to 2 m (Summerhayes
et al., 1972). The sedim ent consist o f poorly sorted silts and sands, with calcium
carbonate constituting up to 80% of the sediment (Summerhayes et al., 1972). Subangular
to subrounded quartz is the dominant detrital mineral in the finer sand and silt fraction
(Sum m erhayes, 1970), with sm aller amounts o f feldspar, hornblende, epidote and
m agnetite. The clay com ponent constitutes up to 10% (Bell and G oodell, 1967;
Sum m erhayes et al., 1972; M cArthur, 1978), with glauconite constituting up to 70%
(Summerhayes et al., 1972) of the sediment. The glauconite is considered to be relict (Bell
and Goodell, 1967; Summerhayes, 1970), although some glauconite is found in Holocene
foraminiferal tests on the continental shelf (Summerhayes et al., 1972).
C onglom eratic rocks are by far the most common type found on the m argin, their
composition being dependent on the mineralogy o f the clasts and the matrix. A typical
conglomeratic phosphorite may contain up to 85% francolite, 34% quartz, 23% goethite,
40% dolom ite and 5% illite, with a matrix composed o f up to 60% francolite, 60%
glauconite, 30% low magnesium calcite, with quartz and goethite as accessory minerals
(Summerhayes and McArthur, 1990).
11.1.1

P ro p o se d m e ch a n ism fo r p h o sp h o g en esis

Carbon isotope data (McArthur et al., 1980; Benmore et al., 1983) and petrographic
evidence (Summerhayes, 1970), such as the surface-inward phosphatisation o f limestone
nodules suggest that phosphogenesis has occurred by the replacem ent of calcite by
francolite (Tooms and Summerhayes, 1968). The variable P 2 O 5 content of 5% to 30%
(Tooms and Summerhayes, 1968; Baturin, 1982) reflect the incomplete phosphatisation of
the precursor carbonate.
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Figure 11.1. Sam ple location on the M oroccan margin,
(m odified from Sum m erhayes and McArthur, 1990)
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Today the M oroccan margin is an area of active upwelling (McKelvey, 1967), and it is
postulated (Summerhayes and McArthur, 1990) that phosphogenesis was instigated in the
p ast by clim atic change which lead to upw elling and hence increase biological
productivity, with subsequent deposition of organic-rich muds on the continental slope.
The organic carbon content of up to 1% (McArthur, 1978) and the presence o f pyrite
infilling in foram iniferal tests suggest a reducing m icro-environm ent w ithin the
phosphorite.
Carbon and sulphur isotope studies on M oroccan francolites (Benmore et al., 1983;
M cA rthur et al., 1986), have yielded S ^ C range o f -0.64%o to -3.79%o and a 5^4S value
which is within range of contemporaneous sea water. This suggests that francolites on the
M oroccan margin formed in a transition zone between organic poor anoxic and suboxic
sediments. The absence of dark organic rich limestones and organic shales as well as the
lack of laminations in the glauconitic conglomerates, together with the presence o f iron
oxides in the phosphorites have lead Summerhayes (1970) to suggest an oxic environment
for phosphogenesis.
D isaggregation and mechanical reworking of phosphatic limestones in shallow w ater
environment may have produced the peloidal varieties (Summerhayes, 1970; M cArthur,
1980), and may be responsible for the onshore peloidal deposits. Peloidal conglomerates
were formed by mixing of peloids from offshore bars with lime muds from a lagoonal
environment (Summerhayes and McArthur, 1990). Glauconitic phosphatic conglomerates
were formed by erosion and reworking o f phosphatic limestone pebbles into glauconite
rich matrix, which was phosphatised at the time o f deposition (Summerhayes, 1970).
Glauconite forming in a reducing environment within muddy sediments was incorporated
into the m atrix of conglom erates which are often bioturbated (Sum m erhayes and
M cArthur, 1990).
11.1.2 P re v io u sly p ro p o se d age o f p h o sp h o g en esis
The phosphorites on the M oroccan margin are detrital relicts, m ixed with Pleistocene
sediments and exposed due to the low rate of Recent sedimentation. The lack of authigenic
francolite within Recent sediments (Tooms and Summerhayes, 1968) and the abundant
occurrence o f unphosphatised lim estones (Summ erhayes et al., 1972), suggest that
phosphogenesis is not a Recent phenomena.
Phosphatic nodules on the continental shelf (Summ erhayes et al., 1972) have been
bio-stratigraphically dated as Late Cretaceous and Eocene age (Tooms and Summerhayes,
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1968; Summerhayes, 1970; Baturin, 1982). The phosphatic strata were deposited in three
east-w est trending gulfs (Summerhayes, 1970), straddling the present day M oroccan
coastline, during the Cretaceous and the Eocene. Eocene phosphorites are most commonly
found on the outer shelf, with the Late Cretaceous phosphorites associated with the more
contorted m iddle and inner shelf. Late Cretaceous phosphorite pebbles are often
incorporated into Eocene phosphatic conglomerates (Summerhayes and McArthur, 1990).
The glauconite in the matrix of the glauconitic phosphatic conglomerates has been dated
by the K-Ar method as approximately 12 Ma (Summerhayes, 1970; Summerhayes et al.,
1972). The relic glauconite is however older than the matrix, and therefore the age o f 12
Ma is a m axim um age for francolite in the matrix of these conglom erates. On the
assum ption that phosphatisation and the formation o f the matrix were synchronous
(Sum m erhayes, 1970), a Late M iocene phase of phosphatisation, as represented by
francolite in the matrix of the conglomerates, has been proposed. Eocene pebbles within
the Late Miocene matrix often retain their original mineralogy (Summerhayes, 1970), with
the occasional evidence o f surface-inw ard phosphatisation in some clasts. The
phosphorites on the M oroccan margin appear to represent at least three phases o f
phosphogenesis, occurring in the Late Cretaceous, Eocene and the Late Miocene.

11.2 Sample description
Sample 877 (plate 11.1) is a glauconitic phosphatic conglomerate from the M oroccan
continental slope (figure 11.1). Clasts of various lithologies, which may be unaltered, or
w hich display different degrees of phosphatisation are present in this polym ictic
conglomerate. At least two generations of francolite are petrographically distinguishable in
the conglomerate. The oldest episode of phosphogenesis is represented by the phosphatic
limestone clasts, and a latter episode is present in the phosphatic matrix.
Subsamples 877-M I, 877-M2, 877-M3 and 877-M4 (plate 11.1), are from the matrix of
this conglomerate. Subsamples 877-PI, 877-P2, 877-P3, 877-P4 877-P5 and 877-P6
(plate 11.1) are phosphatic limestones clasts. Subsample 877-PI has been shown by XRD
analysis and petrography (section

1 1 .2 . 1 )

to contain dolomite and no calcite. Sample

877-P3 has been shown to contain both dolomite and calcite. A summary of subsamples
and their mineralogy is given in table

1 1 . 1.
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877-P4
877-P2

877-P3

877-P5
877-P6

877-PI

877

877-P7
877-M 2

877-M 3

877-M 4

P late 11.1. Polym ictic phosphatic conglom erate from the M oroccan m argin. Sites from
w hich subsam ples were taken are shown.
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Location

Type

Sample

31 31.0 (N),
10 12.3' (W )

Phosphatic
conglomerate
877Clasts
877-PI
877-P2
877-P3
877-P4
877-P5
877-P6
877-P7

Mineralogy

francolite, dolomite
francolite, calcite
francolite, calcite,
and dolomite
francolite
francolite, calcite
francolite

Matrix
877-MI
877-M2

francolite
francolite, calcite

877-M3
877-M4

Comments

The calcite fraction in
subsample 877-P3 will
represent a mixed age,
due to the mixture o f
calcite and dolomite.
Subsamples representing
the matrix contain varying
amounts o f
microcrystalline francolite
and isotropic francolite
coating.

T able 11.1. Summary of Moroccan margin sample types and location.
11.2.1 P e tr o g r a p h y
S am p le 877 has a high clast to m atrix ratio, w ith angular to rounded pebbles and
cobbles constituting 80% of the rock. The matrix consists of well-rounded to subangular
glauconite (40%), ranging in size from fine sand to coarse sand, subangular silt size
quartz (10%) ferruginous limestone clasts (5%), m icrocrystalline francolite and micrite
(30%) and anisotropic francolite coating (5%) around grains. Planktonic forams (4%),
predominantly globigerina and benthic forams (1%), mainly nummelides, are seen to both
retain their original calcite mineralogy and to be replaced by francolite. Foram test cavities
may be both unfilled and infilled by francolite/micrite (plate 11.1.a), showing the variation
in the degree of phosphatisation across the matrix.
Glauconites exhibit varying degrees of oxidation, with 40% showing no evidence o f
oxidation, 40% showing some oxidation, usually in the form of thin oxidised rim and
20% which are totally oxidised. Abrupt breaks in the oxidised rims, where glauconites
have been fractured and the fact that totally oxidised and unoxidised glauconite are well
interm ixed (plate 11.2.a) are in agreement with previous work (Sum m erhayes, 1970)
which suggested that oxidation occurred prior to transportation and incorporation o f the
glauconite into the conglomerate matrix. Poor sorting o f glauconite grains suggest that
they are derived from a local source.
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Plate 11.2.b shows the anisotropic francolite coating around grains in the matrix. The
francolite may coat the whole grain or only partially cover it, and is also seen to occur in
between two grains where they are in contact. The latter observation suggests that the
anisotropic francolite coating predates the microcrystalline francolite cement in the matrix
o f the conglomerate. However due to the small scale of these two francolite generations,
subsampling one from the other is impossible and therefore the ages given for the matrix
o f these conglom erates (table

1 1 . 2 ),

probably represent an m ixed age for the two

francolite generations. In order to assess the temporal relationship between the two
francolite generations, two subsamples from the matrix were taken to represent different
proportions o f the two francolite generations. Subsam ple 877-M I contained an
approximate microcrystalline francolite cement to anisotropic francolite coating ratio o f
4/1, whereas this ratio in subsample 877-M2 was approximately 1/1. The significance o f
these ratios o f different francolite generations in the subsamples taken are discussed in
section 11.3.1.
The clasts are a variety of lithologies, the most common being lim estones exhibiting
various degrees of phosphogenesis, and are the ones examined in this work. The degree
o f replacement in the clasts are generally not related to the degree o f phosphatisation in the
matrix. The sharp outline of clasts showing a clear erosion surface, indicates that the
replacement francolite in the clasts represents an earlier or a number of earlier episodes o f
phosphogenesis.
Plate 11.2.c shows the boundary between a phosphatic limestone clast (877-P3) and the
matrix. The phosphatisation occurred by the surface-inward replacement o f the precursor
calcite. A glauconitic phosphatic clast similar in lithology to the matrix, but representing an
earlier episode o f phosphogenesis can be seen in the bottom left o f plate 11.2.C.
Rhom bohedral dolom ite grains are present in two clasts represented by subsam ples
877-PI and 877-P3
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11.3 Sr isotope ages
Sr isotope ages and

8 7 Sr/86Sr

for the francolites, precursor calcites and one dolomite

sample from the Moroccan margin are presented in table 11.2.

Sample

877-PI
877-P2
877-P3
877-P4
877-P5
877-P6
877-P7
877-M I
877-M2
877-M3
877-M4

Calcite

Francolite
H’S r/^ S r
Age (Ma)
0.708731
0.708671
0.708756
0.708658
0.708723
0.708691
0.708559
0.707938
0.708934
0.708947
0.708941
0.708947
0.708968

± 12
± 10
±11
±31
±11
±18
±11
±11
±11
± 54
±11
±11

15.8 ± 1 .0 *
17.1 ±0.5*
14.7 ±1.0*
16.7
18.9
66.0
5.7
5.5
5.6
5.5
5.3

± 1.6*
±0.5*
± 3 .0 A
±0.4*
± 0.4*
±0.4*
±0.4*
±0.4*

*^Sr/*®Sr

Age (Ma)

0.709033 ± 1 2
0.708529 ± 39
0.708863 ± 13

4.6 ±0.4*(d )
19.4 ± 0 .5 *
1 0 . 2 ± 1 .0 *

0.708600 ± 1 0
0.707818 ± 1 0

18.2 ± 0 .5 *
70.0 ± 4 .0 A

0.709083 ±11
0.708997 ± 1 4
0.709046 ± 13

4 .0 ± 0 .3 t
5.0 ± 0 .4 *
4.4 ± 0 .4 *

Age of dolomitisation.
* Ages based on the curve of Hodell et al. (1991).
t Ages based on the curve of McKenzie et al. (1988).
A Ages based on the curve of Koepnick et al. (1985).
T a b le 11.2. Moroccan francolite and calcite ages.
11.3.1 F ra n c o lite ages
At least four generations of francolite have been distinguished in the clasts and the Matrix
of this polymictic conglomerate (887) from the Moroccan margin. Three generations o f
francolites are represented by clasts and one generation is represented by the matrix of the
conglom erate. The

8 7 Sr/ 8 6 Sr

of the francolite in sample 877-P6 is 0.707938 which

corresponds to both Early Oligocene (Miller et al., 1988) and Late Cretaceous (Koepnick
et al., 1985) segments of the sea water Sr evolutionary curve. The francolite in subsample
877-P6, which has be dated as 66.0 ±3.0 Ma, by comparison to the curve o f Koepnick et
al. (1985), may also be dated as 33.2 ± 2.0 when compared to the curve o f M iller et al.
(1988), and therefore illustrates a problem in the application of Sr isotope stratigraphy. In
applying Sr isotope stratigraphy to francolite, it is therefore im portant to have some
previous constraint on the age of phosphogenesis. Summerhayes (1970) suggests an age
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o f L. Cretaceous-Eocene for the first generation of francolite in this area, and therefore the
age o f of 66.0 ±3.0 Ma for the first episode of phosphogenesis is preferred in this study.
The second generation of francolite is represented in subsample 877-P5 and is dated as
18.9 ± 0 .5 Ma. The third generation of francolite represented in subsam ples 877-PI,
877-P2, 877-P3, and 877-P4, is dated at 16.0 ±2.3 Ma, representing a fairly large spread
of ages (table 11.2). The large error o f ± 1 .6 Ma quoted for the francolite in sample
877-P4 is due to the relatively large difference in the

8 7 Sr/86Sr

between the first and the

repeat Sr isotope analysis (table 11.2). This is probably caused by contam ination o f the
francolite in the clast represented by sample number 877-P4 (plate 11.1), by a younger
generation of francolite from the matrix, during resampling. Francolite ages in three of
these clasts suggest that episodes of phosphogenesis may have occurred at around 17.1
M a (sam ples 877-P2), 15.8 M a (sample 877-PI) and 14.7 M a (877-P3). H ow ever the
relatively poor resolution of Sr isotope stratigraphy over this age range (±1.0 M a and
± 0 .5 M a) makes the three phosphogenic episodes suggested for this period rather
speculative, and therefore a general Middle M iocene age for these three francolites is
proposed in this study.
The fourth generation o f francolite is dated at 5.5 ± 0 .6 Ma, in agreem ent with a L.
M iocene age proposed by Summerhayes (1970). All the francolite samples from the
m atrix and one from subsam ple 877-P7 are o f this age (table 11.2), indicating
conglom erate formation to have occurred at around 5.5 Ma. The Sr isotope ages for
sam ples 877-M I and 877-M 2 which had been subsam pled to represent different
proportions of the two generation of francolite in the matrix (section

1 1 .2 . 1 )

are within

0.1 M a o f each other (table 11.2), which suggests one episode o f phosphogenesis was
responsible for the two types of francolite in the m atrix, or that they represent two
episodes o f phosphogenesis within 0.4 Ma (error for the dating method) o f each other.
The age of 5.5 ±0.6 M a for the samples from the matrix of the Moroccan conglomerate is
within error of the Sr isotope age for the South African conglomerates of 5.9 ± 0.9 M a
(section 6.3.1), which are petrographically sim ilar to the M oroccan conglom erates
(Parker, 1975), suggesting that they formed at the same time and in similar conditions.

11.3.2 Calcite ages
The oldest calcite (sample 877-P6) is dated as 70.0 ± 4.0 Ma by comparison to the curve
of Koepnick et al. (1985). The

8 7 Sr/8 6 Sr

in this sample corresponds to a flat section of the

curve o f Koepnick et al. (1985), which corresponds to an age range o f 35 M a to 74 Ma.
However since this sample is the precursor calcite, o f a francolite sample dated as
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66

Ma

(table 11.2), this calcite is considered to have formed between 74 Ma to

66

Ma. A younger

generation of calcite, represented in samples 877-P2 and 877-P5 is dated as 18.8 ±1.1
Ma. The youngest calcite samples consisting mainly of unaltered planktonic and benthic
forams (section 11.2.1), associated with the matrix is dated as 4.6 ± 0.9 Ma, and further
supports the formation of this conglomerate at the Miocene-Pliocene boundary. The ages
o f the francolite and the calcite in the matrix o f the conglom erate are therefore
indistinguishable, suggesting that phosphatisation and conglomerate formation were either
synchronous or that phosphatisation occurred soon after conglomerate formation. The
similarity in age o f the francolite and the calcite in the matrix has also been noted in the
South A frican conglom erates (section 6.3.2), and is therefore further evidence for a
genetic link between these phosphorite deposits.

11.3.3 D olom ite ages
Sample 877-P3 has been shown by XRD analysis (section 4.3.1) to contain both calcite
and dolomite. The age of 10.2 ± 1.0 Ma is therefore considered to be an intermediate age
between calcite formation and dolomitisation. Sample 877-PI has been shown to contain
dolomite and no calcite (table 11.1), and therefore the Sr isotope age o f 4.6 ± 0 .4 Ma is
considered to represent an age for dolomitisation. Dolomitisation of some of the clasts
therefore occurred at the same time as the formation o f the conglomerate. The data shows
that Sr is totally exchanged with sea water at the time o f dolomitisation, and as in the case
of replacement francolite (section 7.2), Sr is not inherited from the precursor calcite. This
suggests that the rate of dolomitisation is slower than the rate o f sea water diffusion in the
nodule represented by the sample, so that the Sr from the dissolved calcite is being fully
exchanged with Sr from sea water, before the Sr is incorporated into the dolomite.

11.4 Francolite geochemistry
M ajor elem ent chem istry (P, Ca, Sr, Mg, Na, F, S, CO 2 ) o f francolites from the
M oroccan margin are presented on an im purity-free basis in table 11.3., and w ill be
discussed in chapter

12.
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Sample

877-PI
877-P2
877-P3
877-P4
877-P5
877-P6
877-P7
877-MI
877-M2
877-M3
877-M4

p2o5

CaO
(wt%)

Sr
(ppm)

MgO
(wt%)

Na20
(wt%)

S04
(wt%)

F
(wt%)

C 0 2*

(wt%)
30.6
31.7
31.8
27.9
32.8
31.2
33.0
32.5
32.5
30.5
31.2

52.4
51.6
51.1
52.5
51.6
51.1
52.3
52.1
51.8
50.5
51.3

1624
1788
1746
1819
1103
1805
1646
2027
1806
1915
1915

3.40
0.90
1.07
5.67
1.19
1.29
1.60
2.30
1.92
4.30
3.86

1.36
1.35
1.29
1.18
1.23
1.50

2.72
2.52
2.46
2.32
2.08
3.02
2.36
2.41
2.53
2.83
2.67

4.18
4.95
4.97
4.11
4.25
5.43
3.36
4.54
4.57
4.08
4.17

5.2
6.7
7.1

1.21

1.26
1.34
1.60
1.62

6.2
6.7
6.2
6.0

4.7
5.2

6.0
5.0

* = stmctural-C 0 2
Table 11.3. M ajor element geochemistry of francolites from the M oroccan margin.
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CHAPTER 12
Synthesis
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12.1 Introduction
In this chapter francolite ages derived by Sr isotope stratigraphy (given in chapters

6

to 11),

are used to assess the relationship between phosphogenic episodes and global sea level
changes and oceanic palaeotem perature (section 12.2). Secular changes in francolite
geochem istry are discussed in section 12.3, with a view o f assessing the effects o f
post-formational alteration on the composition of francolite, and exploring the possibility of
using francolite geochemistry as an indicator of compositional (Sr, F, S, Na and Mg) changes
in Tertiary oceans. In section 12.4 all Sr isotope ages for all the francolites dated in this study
are considered together, in order to define local and global phosphogenic episodes. Possible
causes for global phosphogenesis are also discussed.
12.2 R e la tio n s h ip b etw een tim e s of p h o sp h o g en e sis a n d T e r tia r y sea level
ch an g e a n d oceanic p a la e o te m p e ra tu re s
The proposed episodicity of phosphogenesis has been discussed in section 3.7. In this section
improved francolite ages from six phosphorite deposits, obtained by Sr stratigraphy in this
study, and

87S

r ^ S r for the Sechura peloidal francolite (McArthur et al., 1990) recalculated to

the curve of Hodell et al. (1991) to give an age o f 9.4 ± 1 .0 Ma, are used to assess the
relationship between times of phosphogenesis and two o f these factors, viz. global sea level
changes (12.2.1) and oceanic palaeotemperatures (12.2.2), during the Tertiary.
A potential problem with the correlations attempted in this chapter is the use o f different
numerical time scales in construction of the sea level change and palaeotemperature curves to
the tim e scale used to date francolites. For example, the Sr isotope ages for francolites
obtained in this study are based on the numerical time scale of Berggren et al. (1985). The sea
level curve (figure 12.1.a) was constructed using a numerical time scale by Haq et al. (1987),
based on a compilation of magnetostratigraphical data from various sources. Over the past 30
Ma a maximum variation of only 0.2 Ma occurs between the correlation of magnetic polarity
to a numerical time scale by Berggren et al. (1985), compared to the correlation by Haq et al.
(1987). As 0.2 Ma is negligible com pared to the maximum error in the Sr isotope ages
assigned to francolite of ±2.0 Ma, the use of different numerical time scales in these cases is
not problematic.
12.2.1 F ra n c o lite fo rm a tio n an d sea level ch an g es
An association has been suggested between periods o f marine transgressions and times o f
phosphogenesis (Burnett and Veeh, 1977; Riggs et al., 1985; Balson, 1990). The proposed
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genetic link between phosphogenesis and marine transgressions has already been discussed in
section 3.7, and had remained equivocal (Cook et al., 1990). The new dates obtained for
Tertiary phosphogenesis in this study, have enabled for the first time, the direct correlation o f
times o f prim ary phosphogenesis with third order cycles (1 to 10 Ma) o f sea level change
during the Tertiary, as defined by Haq et al. (1987).
A distinction should be made between global marine transgressions and regressions and local
sea level rises and falls (Pitman, 1978). For example during a global marine regression the
local subsidence rates of a landmass may exceed the rate of sea level fall, resulting in a local
sea level rise. Similarly a local sea level fall may occur at a time of a marine transgressions due
to local isostatic changes. This variation between local and global sea level changes is a
potential problem in assessing the relationship between francolite formation and global sea
level change, unless local geological indicators o f sea level are used.
Figure 12.1.a shows the relationship between times of phosphogenesis and the global short
term eustatic curve for the Tertiary (Haq et al., 1987), derived from seismic stratigraphy. The
units expressing sea level change in figure 12.1 represent relative sea level change (Haq et al.,
1987), as exact measurement of the sea level fluctuation in terms of meters is impossible.
Francolites sam ples from the Chatham Rise, C alifornian Borderland, South A frican
conglomerates, matrix of Moroccan samples and one sample from the Blake Plateau dated at
around 5 Ma, correspond to a third order cycle of sea level rise (figure 12.1.a). The Sechura
desert peloidal francolites, Namibian concretions and peloidal francolites, R ecent South
A frican francolites, M oroccan inclusions (between 14.7 M a to 18.9 Ma) and the oldest
generation of Blake Plateau francolites, all correspond to periods o f predominantly rising sea
level. The oldest generation of francolite present in the Moroccan conglomerates dated as 66.0
± 3 .0 M a also corresponds to a sea level high stand (Haq et al., 1987). The relationship of
high or rising sea level with times of phosphogenesis is by no means conclusive on the basis
o f this data, as the relatively large error of up to ± 2 .0 M a in these francolites dates,
encompass times of relative sea level fall as well as sea level rise.
In section 11.3.1 the possibility that three phosphogenic episodes (17.1 ±0.5 Ma, 15.8 ±1.0
Ma and 14.7 ± 1.0 Ma) occurred in the Miocene on the M oroccan margin were discussed. A
general Middle M iocene age for this episode o f phosphogenesis was proposed, as the ages
were within error o f each other. However as these ages are only just within error o f each
other, they are used in assessing the relationship between sea level changes and times o f
phosphogenesis. The relationship between these three francolite ages and a fourth francolite
age from a single clast (877-P5), and sea level changes during the Early to Middle Miocene is

145

12.1.a)
200

V■<

<u
>

-

100

-

Rising
Present day
sea level

Falling

Francolite age (Ma)

■
□
•
X

S.A. nodules
S. A. Conglomerates
Namibian Peloids
Namibian concretions

♦

Chatham Rise

O
A
A
$

California
Blake Plateau
Morocco
Sechura (NfArthur, 1985)

12.1.b)
150-

100

-

Rising

50-

Present dav
sea level

Falling

14

16

18

20

22

Francolite age (Ma)

figure 12.1. a) Temporal relationship between phosphogenic episodes and global
sea level changes (Haq et al., 1987) during the Tertiary, and b) relationship between
four episodes of phosphogenesis on the Moroccan margin and Miocene sea level
changes (Haq et al., 1987).
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shown in figure 12.1.b. Francolite ages at 18.9 Ma, 17.1 Ma, 15.8 Ma and 14.7 M a all
correspond to sea level high stands, in good agreement with francolite ages from all other
areas, described above.
The only exception to the positive correlation observed between times of phosphogenesis and
rising or high sea levels, occurs in one generation of francolite dated at 22.5 Ma on the Blake
Plateau, which correspond to a time of relative sea level fall from a high stand (figure 12.1.a).
This may be due to local tectonic influences on the Blake Plateau during the M iocene. It is
therefore concluded that times of francolite formation are predominantly associated with global
rising sea level and sea level high stands. This is in agreement with previous suggestions that
francolite formation is favoured at times of rising and high sea level (Riggs and Sheldon,
1990; Balson, 1990).
The relationship between phosphogenesis and sea level change has been considered to be
equivocal in the past (Cook et al., 1990). This is because all previous attempts at conrelating
phosphogenesis and sea level changes were based on biostratigraphical age assignm ent to
phosphorite deposits, which in the case of replacement francolites, dated the precursor calcite
formation. Figure 12.2 shows the relationship between the precursor calcite ages and third
order cycles o f sea level change (Haq et al., 1987). Calcite ages from the Chatham Rise, the
Blake Plateau and some calcite samples from the South African nodules and conglomerates
correspond to times of relative sea level low stands or falling sea level. Calcite ages from the
M oroccan m argin conglom erate, and some South A frican nodules and conglom erates
correspond to sea level high stands or to times of rising sea level. This ambiguous relationship
between precursor calcite ages and sea level changes is the reason why the relationship
between times of phosphogenesis and sea level changes was considered equivocal in the past
(Cook et al., 1990).
Previous studies concerned with elucidating the relationship between times of phosphogenesis
and sea level changes (Riggs et al., 1985; Riggs and Sheldon, 1990, Popenoe, 1990) are
ch aracterised by an inductive approach based on the sound reasoning that since
phosphogenesis occurred on continental shelves, and that there is an increase in area o f the
continental shelf environment during higher sea levels, an increase in phosphogenesis would
be expected. Subsequently observed correlations between sea level high stands and 'times of
phosphogenesis', have been in fact, a correlation between tim es o f precursor carbonate
formation or in the case of authigenic francolites of the secondary phosphorite deposits and
sea level high stands. For example phosphogenesis on the M oroccan margin has been
correlated to the transgressive/regressive second order supercycle o f TB2 (Haq et al., 1987)
by Riggs and Sheldon (1990), on the basis that biostratigraphical and therefore precursor
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Figure 12.2. Temporal relationship between times o f precursor calcite
formation and global sea level changes during the Tertiary (Haq et al., 1987).
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calcite ages correspond to transgressive phase of this supercycle between 20 M a to 15 Ma
(figure 12.2). In this study a correlation has been shown to exist betw een prim ary
phosphogenesis on the M oroccan margin and sea level high stands. Therefore previous
studies w hich have claim ed a correlation between sea level high stands and tim es o f
phosphogenesis have arrived at the right conclusion using the wrong evidence.

12.2.2 Francolite formation and Tertiary ocean palaeotemperatures
In order to elucidate the relationship between times o f francolite form ation and oceanic
temperatures, new francolite ages derived by Sr isotope stratigraphy are compared to the curve
representing relative changes in Tertiary surface water palaeotem peratures (figure 12.3),
constructed using oxygen isotope contents of planktonic forams from the A ngola Basin
(Shackleton, 1983, quoted in Hay, 1988). A number o f problem s occur when com paring
times of francolite formation and variations in the oxygen isotope curves. The major problem
is that the spatial variations in the temperature o f the oceans m ean that variations in the
planktonic and the benthic 5 180 curves (figure 12.3) do not represent global changes in
oceanic palaeotemperatures. For example, as sea water temperatures decrease with increasing
latitude (Savin et al., 1985), francolites forming at different latitudes, may be precipitating in
tem peratures considerably different to global Tertiary palaeotem peratures. The bold line in
figure 12.3 is an average of multiple measurements o f benthic forams (Hay, 1988). The error
bars (two standard deviation) represent the high amount o f uncertainty in assessing global
deep-water palaeotemperatures. However despite these problems an attempt has been made in
this study to assess the relationship between phosphogenic episodes and sea w ater
palaeotemperatures.
The value o f 5 180 in carbonates is dependent on the temperature o f the sea water from which
they precipitated (Emiliani, 1954; Faure, 1986). An increase in the temperature o f sea water
leads to an increase in the incorporation of the lighter

160

into carbonates and the subsequent

decrease in their 8 180 value. Conversely a decrease in temperature leads to an increase in
5180 content of carbonates. Variations in the palaeotemperature o f surface and deep waters in
Tertiary oceans have been established m easuring 5 180 values in planktonic and benthic
foram s, respectively

(Savin et al., 1975; Shackleton and K ennett, 1975; Savin, 1977;

W oodruff et al., 1981; Shackleton, 1983, quoted in Hay, 1988). The relationship between
temperature and the 5 180 in carbonates is complicated, by the fact that the oxygen isotopic
composition is also influenced by the isotopic composition o f the sea water from which the
carbonate precipitated (Craig, 1966). The 8 180 of oceans in the Tertiary varied as a response
to glacial episodes, as the lighter
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is preferentially evaporated and incorporated into glacier

ice. Therefore the build up of ice leads to a rise in 5180 in the oceans. This complication may
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therefore modify the temperature curves, and make establishing actual palaeotem peratures
problematic (Kennett, 1982).
Francolites form in shallow marine environm ents (Bushinski, 1964) and therefore their
comparison to global ocean surface water temperatures, obtained by 5 180 values in planktonic
forams, enables an assessment of the relationship between times of francolite form ation and
oceanic palaeotem peratures. Balson (1990) has correlated times o f phosphogenesis in the
North Sea to times of warmer oceans using deep water palaeotemperatures (derived by benthic
forams), on the basis that surface water temperatures in high latitude sites are similar to deep
ocean temperatures, due to the oceanic circulation system.
Figure 12.3 shows the relationship between francolite ages and relative changes in oceanic
temperature during the Tertiary. The relatively poor resolution o f Sr isotope stratigraphy
(±0.5) for Recent and Pleistocene francolites, compared to the oxygen isotope curves during
this period (Hay, 1988), means that Namibian concretions, South A frican nodules and one
Namibian peloidal sample (3719PP) can not be correlated to sea water temperatures.
Francolites in Chatham Rise nodules, South African conglomerates, one Namibian peloidal
sam ple (M 3558), C alifornian nodules, the clasts and the m atrix o f the M oroccan
conglomerate, Sechura Desert peloids and the earliest and the latest generations o f francolite in
the Blake Plateau nodules correspond to times of warmer oceans, as defined by oxygen
isotopes in planktonic forams. The fact that a Namibian peloidal sample (M3558) dated as 4.7
± 0 .4 Ma, corresponds to a time of warmest surface waters (figure 12.3), is particularly
significant, as the palaeotemperature curve is constructed using the oxygen isotope content of
planktonic forams from the Angola Basin (Shackleton, 1983, see H ay, 1988). The close
geographical juxtaposition of the deposit containing the forams, used for curve construction
and site of N am ibian phosphogenesis indicates that the relatively higher sea w ater
temperatures indicated by the curve were very close to those in which this francolite formed.
The only exception to the positive correlation between relatively warmer oceans and times of
phosphogenesis, is represented in two Blake Plateau samples dated as 22.5 ± 2 .0 Ma.
A lthough this age corresponds to a time o f a slight increase in the surface w ater
palaeotemperature curve, unlike all other samples, it does not correlate to times o f maximum
surface water temperatures (figure 12.3). These francolites dated as 22.5 Ma are also the
sam ples which were the sole exception to a positive correlation between tim es o f
phosphogenesis and rising or high sea level (section 12.2.1). This suggests that, either, this
generation of francolite on the Blake Plateau formed in an unusual environment, possibly by a
different mechanism, or that oceanic palaeotemperatures on this continental margin were

150

1

0

1

<P
«o

2

Warmer

3
C ooler

4
5

■
□
•
X

S j \ . nodules
S. A. Conglomerates
Namibian Peloids
Namibian concretions

♦

Chatham Rise

o California

A
,-x

^

Morocco
Sechura (M:Arthur, 1985)
j Planktonic forams
* (Shackleton, 1983)
g Global average for benthic
forams (Hay, 1988)

▲ Blake Plateau

Figure 12.3. Temporal relationship between episodes of phosphogenesis and
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by S1^ ) in planktonic forams (Shackleton, 1983, quoted in Hay, 1988).
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significantly different to the global surface water palaeotemperatures, possibly due to the
influence of the G ulf Stream on the Plateau (section 10.1).
The results in this study suggest that times of primary phosphogenesis correspond to times of
w arm er surface waters in the ocean. This supports the previously proposed suggestion that
phosphogenesis is enhanced at times o f warmer oceans (section 3.7). H ow ever due to the
high potential error inherent in the 8 180 curves (figure 12.3), and the spatial variation o f
temperatures within the oceans, the observed correlation between times o f phosphogenesis
and warmer oceans is not conclusive. Therefore more precise francolite ages, and oxygen
isotope curves, would be required to conclusively prove the relationship between times o f
phosphogenesis and higher oceanic palaeotemperatures.

12.3 Secular variations in francolite geochemistry
Francolites form in pore waters that have major element composition similar to that o f sea
water. If solution composition is the primary control on francolite composition (Russell and
Trueman, 1971; McArthur, 1985), small variations in the Sr/Ca, Na/Ca, M g/Ca, S/P and F/P
ratios in francolites, may represent changes in the relative abundance o f these elem ents in
Tertiary oceans. W ith the improved age control by Sr isotope stratigraphy on francolites
achieved in this study, an attempt has been made to use the substituent (Sr, S, F, Na, Mg)
composition o f francolite as an indicator of the abundance o f these elements in Tertiary sea
water.
A potential problem with the use of the francolite composition as a chemical indicator, is the
possibility that the processes of diagenesis and weathering may have altered its substituent
composition (McClellan, 1980; McArthur, 1985). Francolite samples discussed in this study,
with the exception of the Sechura Desert francolites, are from offshore areas. They have not
undergone much diagenesis/catagenesis, metamorphism or any weathering in a secondary
environment. Although the lithification of some francolite nodules by cementation may have
chemically diluted the francolite, there is no reason why this process should chemically alter
existing francolite. Their present com position is therefore much closer to their original
composition, than is the case with onshore francolites which have been exposed to weathering
(M cA rthur et al., 1987). Secular variations in francolite com position are assessed in this
section in order to verify the assum ption that post-form ational alteration of francolites,
discussed in this study, did not occur.
Another potential problem with the use of francolite composition as an indicator o f oceanic
chem ical com position, is the possibility that the francolites form ed in an enclosed or
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semi-enclosed sea with salinities which are different to contemporaneous sea water. As all the
francolite samples in this study are from continental margins or open oceanic setting, the
problem of an unrepresentative chemical environment of formation is unlikely on geological
grounds.
Evaporite (Holland, 1972) and carbonate (Graham et al., 1982; Delaney and Boyle, 1986;
Renard, 1986) compositions have previously been used to elucidate chemical variations in
Cenozoic oceans. A lthough no 'significant' changes are considered to have occurred in
palaeosalinity o f sea w ater in the Cenozoic (W eyl, 1970), G raham et al., (1982) noted
variations in the Sr/Ca, with a pronounced decrease in this ratio between 5 Ma and 10 Ma ago,
by m easuring the ratios in fossil planktonic foraminiferal. Delaney and Boyle (1986) and
Renard (1986) also noted a negative shift in the Sr/Ca of carbonates between the present and
10 Ma, and

8

M a and 10 M a ago, respectively. Variations in the Mg and Na com position of

carbonates with time are however equivocal (Graham et al., 1982; Delaney and Boyle, 1986;
Renard, 1986).
Possible variations in the composition o f sea water with time, as well the variations in the
composition of francolites as a function of the phosphogenic mechanism are assessed in the
following sections. In addition to the francolites analysed in this study, geochem istry o f
Recent francolite concretions from the Peru/Chile margin (Burnett, 1977), and geochemical
data from an onshore peloidal francolite from the Sechura D esert (Cheney et al., 1979;
M cArthur, 1985) which have been dated by Sr isotope stratigraphy (McArthur et al., 1990),
and which are considered to have undergone little diagenetic recrystallisation (M cA rthur,
1985) are also presented below.

12.3.1 Francolite Sr/Ca versus age
Variations in the Sr/Ca in francolites from the various deposits, as a function o f their age are
shown in figure 12.4. Analytical errors for francolite geochemisty and ages are indicated by
the size o f the symbols used in figure 12.4. The general trend indicated in figure 12.4,
represents a reduction of l.OxlO -3 in the Sr/Ca of francolites from the present to 30 M a ago.
McArthur et al. (1987) suggest that the atomic lOOOSr/Ca o f unaltered francolite is 3.7, with
decreases in this ratio occurring with increasing francolite alteration. This would suggest that
some alteration o f the Sr/Ca has been caused by diagenesis in older francolites. T he only
exception to decreasing Sr/Ca with age is represented in francolites from the Sechura Desert,
which due to their geological setting are virtually unaltered (Cheney et al., 1979; M cArthur,
1985). However Sr/Ca in francolites of the same age and from the same deposits range up to
lx lO 3, and therefore the effects of post-formation alteration are considered to be small in the

153

Francolite age (Ma)

■
□
•
X

S.A. nodules
S. A. Conglomerates
Namibian Peloids
Namibian concretions

♦

Chatham Rise

O

A
A
A

California
Blake Plateau
Morocco
Sechura (NFArthur, 1985)

F igure 12.4. Variations in the atomic Sr/Ca of francolites with age.

francolites discussed in this study.
The range o f up to lx lO 3 in the Sr/Ca of francolites from the Chatham Rise, Californian
Borderlands, and the Moroccan and the South African conglomerates at around 5 Ma, suggest
that the composition of these rocks are controlled by more complex factors, than simply the
composition o f contemporaneous sea water from which they formed. The Sr/Ca o f francolites
in non-conglom eratic phosphatic limestone nodules from South Africa, California, Blake
Plateau and the Chatham Rise show great internal consistency within each sample group. The
francolites from these areas are within 0 .5 x l0 ' 3 o f the Sr/Ca o f other francolites from the
same deposit. This relationship suggests that the mechanism o f francolite formation m ay also
influence francolite composition.
The suggestion that the m echanism of francolite formation is the dom inant influence on
francolite com position is supported by the data from the Blake Plateau, in which sample
BP2(B) dated as 5.2 Ma old (table 10.2) has a Sr/Ca within error o f other Blake Plateau
francolites which formed some 20 M a previously. Although an error in age assignment may
explain the consistency of the Blake Plateau Sr/Ca ratios, this is considered unlikely as the
same relationship may be observed in the Moroccan conglomerate, in which francolites in
inclusions (except 877-P5) and the matrix, stretching over 10 M a, contain sim ilar Sr/Ca
ratios. This data suggests that the decrease in substituent com position o f francolites and
especially a reduction in the Sr/Ca due to post-form ational alteration as postulated by
McClellan (1980) and McArthur (1985) does not occur in the francolites studied. Alternatively
the sim ilarity in Sr/Ca in francolites of different ages means that these francolites have
undergone virtually no post-formational alteration.
Conglomeratic samples from South Africa and Morocco exhibit a greater range (lx lO -3) of
Sr/Ca, with the greatest range (1.5xl0-3) in this ratio occurring in the Namibian concretions,
which also contain Sr/Ca ratios significantly greater than contemporaneous samples from the
South African margin. This high Sr content of francolites concretions from Namibia, may be
explained by either; 1) enrichment of Sr, possibly by the dissolution o f mica, in Namibian
pore waters relative to sea water, or; by dissolution of mica during the separation procedures
(section 5.6.2). Both these explanations are consistent with the anomalously high 87Sr/86Sr
ratios recorded for these concretions (table 5.1).
The higher Sr/Ca in Namibian concretions compared to replacement francolites, from all the
other areas, represents an unusual environm ent of phosphogenesis for these authigenic
francolites. Namibian and Sechura peloidal francolites have Sr/Ca which fall between the
Sr/Ca in authigenic and replacement francolites (figure 12.4). This suggests that the peloidal
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samples formed in an intermediate zone, between the environments in which the authigenic
and replacement francolites formed. As Namibian authigenic concretions form in anoxic pore
waters (section

7 .1 .1)

and all replacem ent francolites discussed in this study form in the

sub-oxic to oxic zone o f sediments (McArthur et al., 1986), the postulated environm ent o f
formation for these peloidal samples is in between the anoxic zone o f the sedim ents and the
sedim ent-water interface. This is in good agreement with 8 34S content o f francolites (section
7 . 5 .2 ),

which are significantly lower than contemporaneous sea water, which indicates that

these peloidal francolites formed at the boundary between the anoxic and the sub-oxic/oxic
zone of the sediments.
12.3.2 F ra n c o lite F /P v e rsu s age
Figure 12.5.a shows the F/P o f francolites, as a function of their age. A nalytical errors for
francolite geochemisty and ages are indicated by the size of the symbols used. The range of
F/P in francolites from the same deposits, may be as high as lx lO ' 1 (C alifornian, South
African and Moroccan conglomerates), or lower at 0.5X10'1 (Chatham Rise, South Africa and
Blake Plateau). The large range of values around 5 Ma, and the similarity in the F/P ratios of
francolites from Morocco, of various ages, as well as the sim ilar F/P o f sample BP2(B) to
much older francolites from the Blake Plateau, suggests that the m echanism o f formation
rather than sea water composition is the main control on the F/P content o f francolites.
Recent authigenic francolites from the Namibian and Peru/Chile margins have significantly
low er F/P than contemporaneous francolites from the South African margin. Replacem ent
francolites have higher F/P ratios as they form at or close to the sedim ent-water interface
(McArthur et al., 1986). Namibian and Peruvian authigenic francolites precipitated in pore
waters w ithin the sedim ents, and therefore form ed in a diffusion lim ited environm ent,
resulting in the subsequently lower F/P. The intermediate values o f F/P in the Namibian and
Sechura peloidal francolites, may represent an intermediate environment of formation, this is
in good agreement with Sr/Ca results discussed in section 12.3.1. Peloidal francolites have
F/P ratios significantly lower than contemporaneous replacement francolites, indicating that
the peloids did not form in open sea water, as suggested by Bremner (1980b).
The slight increase in the F/P of replacem ent francolites with age, is the opposite to what
would be expected if these francolites had undergone significant diagenetic alteration
(McClellan, 1980; M cArthur et al., 1987). Therefore as francolite F/P does not decrease with
increasing age it is concluded that the replacement francolites in this study have not undergone
significant post-depositional alteration, and that their chemical composition is controlled by
their mechanism of formation and the composition of the water in which they precipitated. The
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decrease in F/P of 5 x l0 -2 in replacement francolites from 30 Ma to the present, may therefore
represent a decrease in the F content of sea water over this period.
12.3.3 F ra n c o lite S /P v e rsu s age
Figure 12.5.b shows the variation in S/P o f francolites with age. A nalytical errors for
francolite geochemisty and ages are indicated by the size of the symbols used. S/P ratios vary
up to 2 x l0 ' 2 in single deposits, and up to 3 x l0 -2 in francolites o f the same age. It is therefore
difficult to comment on the composition of sea water through time on the basis o f this data,
although it is possible to tentatively suggest an decrease (2x10‘2) in the S/P of francolites from
30 M a ago to the present.
Recent authigenic Namibian and Peruvian francolites exhibit the lowest S/P ratios compared to
other Recent francolites from South Africa (figure 12.5.b), as the authigenic francolites
formed in anoxic to suboxic pore waters (Bumett, 1977; McArthur et al., 1986) from which
SO 4 was depleted, relative to sea water, as the result o f sulphate reduction. These Recent
authigenic francolites are also the samples exhibiting low F/P (section 12.3.2). It is therefore
concluded that authigenic francolites are not good indicators o f sea water composition, as the
abundance o f elem ents such as F and S are reduced in anoxic pore waters in relation to
overlying bottom waters by early diagenetic processes, such as sulphate reduction.
Sechura peloidal samples exhibit intermediate S/P ratios, between replacement and authigenic
francolites. M cArthur et al. (1986) propose that the carbon isotope contents o f Sechura
peloidal francolites (8 13C -8.0%o), and 8 34S values which are 10%o higher than 8 34S values in
contemporaneous sea water, suggest that these formed in anoxic pore waters. The S/P results
suggest that these peloidal francolites probably formed within anoxic pore waters, but closer
to the sedim ent-w ater interface than the authigenic N am ibian and Peruvian francolites.
Namibian peloidal samples (especially M3558), exhibit relatively high S/P ratios, possibly
due to contamination from pyrite.
It is considerd unlikely that diagenesis has greatly altered the francolites studied here, as the
increase in the S/P with age is in contrast to the previously proposed trend, o f the relative
reduction of substituents in the francolite structure with increasing alteration (McClellan, 1980;
McArthur et al., 1987). S/P data which is in good agreement with the F/P results, suggest that
the observed slight decrease in the Sr/Ca (section 12.3.1) with francolite age, does not
represent post-formational alteration of these samples.
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12.3.4 Francolite Na/Ca versus age
Figure 12.6.a shows the variation o f Na/Ca in francolites with age. A nalytical errors for
francolite geochemisty and ages are indicated by the size of the symbols used. Na/Ca ratios of
francolites in the samples are between 3-6 xlO -2 in the past 35 Ma, with the exception o f two
South African nodules (2246(B) and 2246(C)) with a higher value o f around lx lO -1, and an
inclusion in a South African conglomerate (1096-P3) with a low er value o f lx lO ’2. These
extreme Na/Ca ratios may be due to an unusual environment of formation for these francolite
samples.
The similarity in the Na/Ca ratios in Recent authigenic Namibian and Peruvian francolites and
South A frican nodules containing replacem ent francolite, suggests that N a in anoxic pore
w aters and sea w ater do not differ significantly. These results are as expected since Na
concentrations are too high to be altered by francolite formation in pore waters.
The lack of significant variation in the Na/Ca suggests that either the N a/Ca o f sea water
changed little in the past 30 M a or that contem poraneous sea water composition is not the
dominant control on the Na/Ca in francolites.
12.3.5 F ra n c o lite M g /C a v e rsu s age
Figure 12.6.b shows the variation o f M g/Ca in francolite with age. A nalytical errors for
francolite geochemisty and ages are indicated by the size of the symbols used. The large range
o f M g/Ca values (5 x l0 -2) in francolites around 5 Ma, suggests that francolite composition is
o f little use in ascertaining variations in the M g/Ca o f sea w ater through time. W ith the
exception of conglomeratic samples from South Africa and Morocco, replacem ent francolite
samples from the same deposits have very similar francolite Mg/Ca ratios (within lxlO"2).
M g/Ca ratios in the Namibian authigenic francolite concretions, with a range o f values o f
2 .5 x l0 -2, are on average 2x1 O' 2 higher than replacement francolite from South Africa o f the
same age, possibly reflecting an enrichm ent o f M g (possibly from biotite mica) in the pore
waters in which precipitation occurred. Namibian peloidal francolites have sim ilar Mg/Ca
ratios to replacem ent francolites of the same age and therefore did not form in pore waters,
enriched in Mg during early diagenesis.
The anomalously high M g/Ca of francolites in two inclusions (877-PI and 877-P4) and two
matrix (877-M3 and 877-M4) samples from the Moroccan conglomerate, are probably due to
Mg contamination from dolomite (section 11.2.1), during the francolite dissolution procedure,
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using HC1.
12.4 Ages o f phosphogenic episodes
Sr isotope stratigraphy has been applied to dating francolites, and has defined the chronology
o f single and multiple episodes o f phosphogenesis in six phosphorite deposits (chapters

6

to

11). Multiple episodes of phosphogenesis, represented by different generations o f francolite,
have been dated in single samples (Blake Plateau and M oroccan margin). Sim ilar francolite
ages in geographically diverse deposits (Chatham Rise, South Africa, Namibia, Blake Plateau
and California) have also defined worldwide episodes o f phosphogenesis. A summary o f Sr
isotope ages o f francolites and their precursor calcites, as well as previously proposed ages
for these deposits are given in table 12.1. The following is a brief summary and discussion of
these phosphogenic episodes dated in this study.
Phosphogenic episodes have occurred at 66.0 ± 3 .0 M a (1st M oroccan clast), 27.9 ± 2.7 M a
(1st generation in Blake Plateau), 22.5 ± 2.0 M a ( 2nd generation in Blake Plateau), 18.9 ±0.5
M a (2nd generation in Moroccan clasts) and 16.0 ±2.3 Ma (3rd generation in Moroccan clasts).
The fact that each phosphogenic episode quoted above, has been recognised in only one
phosphorite deposit, suggests that these episodes of phosphogenesis occurred on a local
scale.
Francolite ages for South African nodules (1.2 ± 1.2 Ma) and one Namibian peloidal sample
(0.7 ± 0 .5 M a) are w ithin error. It is therefore concluded that at least one episode o f
phosphogenesis occurred between 2.4 M a to the present in the south w est A frican region.
Since the samples are up to 1000 Km apart, this represents a fairly wide spread episode o f
phosphogenesis. U-series dating o f francolites in South African nodules have shown there to
have been at least three episodes o f phosphogenesis from 0.8 M a to the present (M cA rthur et
al., 1988). It is therefore concluded that the south west A frican region has been subject to
wide spread episodic phosphogenesis in the past 0.8 Ma.
O ne worldwide episode of phosphogenesis is represented by francolites in the South African
conglom erates (5.9 ± 0.9 Ma), Chatham Rise (5.0 ± 0.7 Ma), Californian Borderlands (5.2
± 0 .8 Ma), Blake Plateau (5.2 ± 0 .4 Ma), M oroccan conglom erate (5.5 ± 0 .6 M a) and one
Namibian peloidal sample (4.7 ± 0 .4 Ma). This global episode o f phosphogenesis (5.6 ±1.3
Ma) occurs close to the M iocene-Pliocene boundary, dated as 5.35 M a by Berggren et al.
(1985). The geographical diversity o f the deposits in which this episode o f phosphogenesis is
represented, suggests that favourable conditions for phosphogenesis occurred, on a global
scale, in the worlds oceans at the Miocene-Pliocene boundary.
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The age o f 5.6 ± 1.3 for the global episode of phosphogenesis corresponds to the M essinian
salinity crisis (6.2 to 5.3 Ma), which resulted in a drop o f up to 2 %o in the salinity o f the
oceans (Adams et al., 1977; Kennett, 1982). Martens and Harriss (1970) have suggested that
M g2+ substitutes onto Ca2+ sites and therefore inhibits phosphate formation. A reduction in
the M g2+ in the oceans during the M essinian salinity crises may have enhanced francolite
formation and resulted in this worldwide episode o f phosphogenesis at the M iocene-Pliocene
boundary. H ow ever it is impossible to quantitatively assess any reduction in the M g2+ in
relation to Ca2+ in oceans during the Messinian, and the effect o f this on francolite solubility.
T h erefore th e suggested genetic link betw een the p h o sp h o g en ic ep iso d e at the
M iocene-Pliocene boundary and lower oceanic salinities is rather speculative.
The good correlation (section 12.2) between episodes of phosphogenesis and global sea level
high stands and times o f warmer oceans (except at 22.5 M a on the Blake Plateau), suggests
that prim ary phosphogenesis is enhanced under these conditions. T he w orldw ide
phosphogenic episode occurring at 5.6 ±1.3 M a corresponds to a global sea level high stand
and w arm est surface w ater temperatures. The fact that francolites from six geographically
diverse deposits dated around the M iocene-Pliocene boundary all correspond to global high
sea level and warmer oceans, suggests that in all seven phosphogenic regions, local tectonic
influences and temperature variations are subsidiary to Eustatic sea level changes and global
surface water temperatures.
One possible explanation for the occurrence o f the global episode o f phosphogenesis at the
M iocene-Pliocene boundary is that this was a time o f changing oceanic circulation patterns
(Bender and Keigwin, 1979; Kennett, 1982), as shown by the global negative carbon isotope
shift in benthic forams (Keigwin and Shackleton, 1980), dated at 6.2 M a (Berggren et al.,
1985). Sheldon (1981) suggested that phosphogenesis occurs in times o f increased vertical
mixing, after long periods of stability in the water column, as P concentrations in deep waters
would have built up during this time. The intensification o f oceanic circulation may therefore
have resulted in increased P supply from deep waters to surface waters which lead to this
global episode o f phosphogenesis at the Miocene-Pliocene boundary.
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A p p en d ix 1 A n aly tical te ch n iq u es
A l.l

8 7 S r /86S r

m e a s u re m e n t

All samples were run at 2 volts, in the dynamic mode, with simultaneous measurement of
the

8 7 Sr/86Sr

by two collector pairs, allowing cross-checking o f the relative collector gains

and beam intensities. The five collectors were arranged as follows:
H2

87

88

89

HI

86

87

88

AX

85

86

87

LI

84 85

86

L2

83 84 85

The final

8 7 S r/86Sr

ratio quoted, was the grand m ean o f betw een 60 to 200 runs,

depending on the amount of Sr on the filament and the extent of fractionation, which may
deteriorate with increasing run-time. The run program for the mass spectrom eter also
included a Rb correction, for 87Rb contribution to
isotope analysis was approximately

2 1/ 2

8 7 Sr.

The average time for one Sr

hours.

M ean SRM987 values over the period o f this study are given in table A l .l . Samples
analysed for their

8 7 Sr/86Sr

during the periods listed in table A l .l , were normalised to a

SRM987 ratio of 0.710241, using the mean SRM987 ratio for that period.

Date
7/87-3/88
5/88-6/88
10/8 8 -1 1 /8 8
4/89-5/89
6/89-11/89
11/89-2/90
2/90-6/90
6/90-7/90
11/90-1/91

87Sr/86Sr(2s.d.)
0.710242
0.710249
0.710259
0.710247
0.710247
0.710247
0.710240
0.710260
0.710240

T ab le A l .l . Means of

no. o f SRM987 analysed

±20
± 19
±13
± 18
± 18
±20
± 17
± 7
± 12

8 7 Sr/86Sr

73
36
25
18
55
33
27
5
12

analysis for SRM987 during the period o f this study.
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A1.2

ICP-AES

Analytical data for the standards, as given by the EEC Community Bureau of Reference
(NBS 32), National Bureau of Standards (120b) and analysis made at UCL (P -l, PFe-1,
PFe-2 and P C al-1 ):

Standards

BRC 32

120b

P 2 0 5*
CaO*
Sr (ppm)*
MgO*
Na 2 0 *
S 0 4*
F
S i0 2
Al2 0 3
Fe 2 C>3
k 2o

33.0
51.8
980
0.40
0.83

34.6
49.4
695
0.28
0.35
1.05
3.84
4.68
1.13

2 .2 1

4.04
2.09
0.55
0.23
0.09

P -l

1 2 .6

30.9
1010

1 .1 2

5.60
0.82
1.06
1.71
14.80
1.95
8.30

0 .1 2

1 .6

PFe-1

24.2
40.4
1105
1.41
0.98
1.80
3.34
12.40
0.71
5.48
0.26

PFe-2

1 2 .1

31.2
680
4.92
0.54
0.90
1.61
4.30
1 .1 1

21.60
0.36

PCal-1

25.5
49.6
1960
0.74
1.29
2.34
3.44
1.75
0.45
1.35
0 .1 2

* Constituents used for the calibration o f the ICP-AES

Table A1.2. Analytical data for the phosphate standards used to calibrate the ICP-AES.
The standard preparation procedure:
The standards; NBS 32, 120b, P -l, P(cal)-1, P(GL)-1, P(Fe)-l and P(Fe)-2 were totally
dissolved in acid by the following procedure. Approximately 300 mgs of the standards
were weighed accurately into teflon beakers, and 5 mis of 70 % (wt/wt) perchloric acid
and 15 mis of 48 % (wt/wt) hydrofluoric acid (HF) were added. The solutions were then
evaporated to dryness. A further 3 mis of perchloric and 5 mis of H F were added and
evaporated to dryness. After cooling, 5 mis of concentrated HC1 and 20 mis of UHQ.H 2 O
are added and and warmed for 1

hours. After cooling the solution was filtered through

a Whatman 42 filter paper into a 100 ml. volumetric flask and made to volume.
The ICP-AES operational settings were:
Plasma gas flow

16.2 ( 1/min)

Auxiliary gas flow

0.4 (1/min)

Carrier gas flow

0.95 (1/min)

Sample uptake rate

3.0

Anode current

0.42 (A)

(ml/min)
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Appendix 2 Major element geochemisty of ail Namibian samples

Sample

P 2 O 5 CaO
Sr
MgO Na 2 0 SO 4
F CO 2 * Total %
(wt%) (wt%) (ppm) (wt%) (wt%) (wt%) (wt%)

DCF 2.8-4 (a)
(b)
(c)
(d)

3 3 .9
25.7

36.8
33.0
5 2 .2
40.0

DCF 4-5.6 (a)
(b)
(c)
(d)

23.3
25.8
30.6
30.0

DCIL 4-5.6 (a)
(b)
(c)
(d)
DCIL 5.6-15.9 (a)
(b)
(c)
(d)

26.5

2450
3167
2643

1.53
0.93
1 .8 3
1.29

0.85
0.74
1.28

36.2
39.1
46.8
46.5

2095

1.05

2222

1 .2 0

0.74
0.93

2677
2750

1.42
1.50

22.5
19.5
25.9
26.4

34.5
29.7
39.5
41.1

1962
1705
2561
2136

0.94
0.82

22.7
25.7
29.3
24.9

32.0
40.6
45.0
18.2

18.7

2 1 .6

2000

0 .8 6

3.1
2.7
3 .6
3.8

72.4
61.7
97.7
77.1

3.0
3.1
3 .5
3.4

67.7
73.5
87.4
85.6

3.1
3.6
3.5

65.1
56.1
74.7
76.9

2.04
1.75

3.5
3.6
3 .2
3.3

62.4
75.5
84.0
51.7
54.6
19.2
84.8
76.4

2.05
1.35
2 .8 6

3.68

1 .0 0
1 .0 0

1.26
1.27
1.52
1.55

2.30
1.41

1 .1 2
1 .0 0

0.72
0.67
0.93
0.82

1.34
1.03
1.41
1.48

1.89
1.39
1.98
2.41

1747
2229
2950
2361

0.84
1.06
1.35
1.13

0.79
0.80
1.03
0.89

1 .2 0

1.24

1.43
1.75
1.30

2 .1 0

2067
857
3333
2400

4.60
0.43
1.33
0.80

0.67
0.57

LCF 2.8-4 (a)
(b)
(c)
(d)

29.2
26.0

25.3
7.1
45.8
42.0

LCF 4-5.6 (a)
(b)
(c)
(d)

26.3
33.5
38.7
31.7

40.0
51.2
58.0
47.9

2813
3000
3533
2958

1.19
1.59
1.67
1.42

0.84

LCIL 5.6-15.9 (a)
(b)
(c)
(d)

28.1
27.0
27.3
22.9

43.0
41.4
40.8
42.7

2108
2432
2058
1833

0.81
1.07
0.81
0.85

0 .6 8

M 3558
3411PP
3719PP

5 .9
13.5
16.6

9.7
21.5
26.5

473 0 . 1 5
1058 0 .3 8
1392 0 .5 0

0 .2 1

8 .6

1.33
1.14
1.72
1.50

1 .0 0

0.57

0 .8 8

1.13
0 .8 8

0.77
0.71
0.58
0.48
0.55

1.93
1 .8 6

2 .8

1 .2 0

1.65

2.3

0.57
1.67
1.40

0 .8 8

1 .0

2.24
2.24

3 .2
3.1

1.69
1.82
2.40
1.71

1.98
2.62
3.14
2.52

3.9 76.1
3.9 95.9
3 .9 1 0 9 . 3
3.3 89.7

1.30
1.52
1.35
1.33

2.46
2.09
1.28
1.87

3 .1
4.1

0.74
1.44
1.55

0.63
1.44
1.77

0 .6

2 .6

3.2
1.7
2 .0

79.7
78.2
75.1
73.6
18.0
40.5
49.6

* Structural-C 0 2 recalculated for the whole rock, assuming that pure francolite contains
34% P 2 0 5
T able A2.1. M ajor element geochemistry of Namibian concretions and peloids (M3558,
3411PP and 3719PP).
The purest samples in terms of francolite are depicted by bold lettering in table A2.1, and
were used for Sr isotope analysis. The francolite geochemistry o f these samples are
presented on an impurity-free basis in table 7.3.
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Appendix 3 Correction of the 87S r/86Sr in the calcite fraction
The P 2 O 5 and the Sr content of the 'francolite fraction' and the 'calcite fraction' from the
H ac separation procedure have been determined, as described in section 5.7.2. The
Sr/P 2 C>5 in the francolite fraction, P 2 O 5 and Sr in the calcite are presented in table A3.1.
The Sr contribution from francolite and from calcite in the 'calcite fraction' have been
calculated as described in section 5.7.2 and are also presented in table A3.1. The
8 ?Sr/86Sr

correction for francolite contamination o f the calcite fraction has been made

using the Sr contribution from francolite, Sr from calcite, the
the

8 7 S r /86Sr

8 7 Sr/8 6Sr

o f francolite and

o f the calcite fraction (term ed m ixture in table A 3.1) using the

two-component isotope mixing model described in section 5.7.2. The corrected ^ S r f i ^ S r
for calcite is given in table A3.1.
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Table A3.1. Chemical and Sr isotopic data used for correction of the ^S r/^S r in calcite.
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Calcite (corrected)
Mixture

87Sr/86Sr

rH
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