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Phosphorite geochemistry:
State-of-the-art and environmental concerns

IAN JARVIS!, WiLLIAM C. BURNETT?, YAACON NATHAN?, FAYEZ S.M. ALMBAYDIN?,
ABDEL K.M. ATTIA®, LILIANA N. CASTRO®, RENE FLICOTEAUX’, M. EZZELDIM HILMY3,
ViQAR HUsAIN?, ABDEWAHAB A. QUTAWNAH?, AFAT SERJANI!? & YURI N. ZANIN!!
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ABSTRACT

Major advances in our understanding of the genesis and diagenesis of marine phosphate deposits (phosphor-
ites) have been made by recent geochemical studies. This work is reviewed and considered in relation to envi-
ronmental issues arising from the exploitation of phosphorite deposits. Unaltered phosphorites contain franco-
lite, a highly substituted carbonate fluorapatite, as the only phosphate mineral. It is the mineralogy of this
phase, together with kinetic and thermodynamic factors, which govern many of the primary geochemical char-
acteristics of phosphorites, although metamorphism or weathering may fundamentally alter the composition of
a deposit. Francolite precipitation is inhibited by Mg in seawater, but occurs nonetheless in POg-rich porewaters
via the formation of a metastable precursor. Phosphate originates largely from the breakdown of organic matter
in surficial sediments, apatite precipitating within cm—dm of the sediment/water interface. Coupled redox-
cycling of Fe and P provides one means of maintaining high-POy levels in sediments. Incorporation of trace ele-
ments, including Cd, U, Y, Zn and the rare-earth elements (REEs), occurs in association with the bacterially
and redox-mediated degradation of particulate phases in the sediment, during or soon after francolite precipita-
tion. REE distributions commonly reflect those in seawater. Uranium is incorporated largely as U(IV), but may
be oxidised to U (VI) by seafloor weathering. Oxygen (8'*0), carbon (8'°C) and sulphur (8*S) stable-isotope
studies of francolites provide a wealth of palaecoenvironmental information, and confirm that precipitation
generally occurs under oxic to suboxic conditions in surficial sediments. Uranium- and '*C-dating together with
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Sr-isotope ratios (¥7Sr/*%Sr) may be used to measure nodule and grain growth rates and precisely date phospho-
genic episodes. Nodules accumulate slowly at < 0.1-1 cm kyr~! while phosphate grains may form in < 10 years.
Variations in €Nd values of francolite provide a basis for palaeoceanographic studies. Environmental issues
associated with phosphate fertiliser production and use are discussed. Toxic metal, particularly Cd, and radio-
nuclide contamination of the environment from phosphogypsum and fertilisers are considered. It is concluded
that insufficient data are currently available for an accurate assessment to be made of the environmental impact
and consequent human health implications of such contamination. Future advances in phosphorite geology will
necessitate further experimental work, well-integrated field and laboratory studies using established geological
and geochemical methods, and the application of new high-sensitivity spatially resolved analytical geochemical
techniques.

ZUSAMMENFASSUNG

Neue geochemische Studien haben unser Verstindnis fiir die Genese und Diagenese mariner phosphatischer
Ablagerungen (Phosphorite) stark erweitert. Diese Arbeiten sollen in der vorliegenden Studie im Uberblick
dargestellt werden; insbesondere soll auch der Aspekt der Umweltbelastung betrachtet werden, welcher bei der
Nutzung von Phosphatsedimenten entsteht. Einziges Phosphatmineral in unveranderten Phosphoriten ist der
Frankolith, ein Karbonat-Fluorapatit mit hoher lonen-Austauschfihigkeit. Es ist vor allem die Mineralogie in
dieser Phase, zusammen mit kinetischen und thermodynamischen Faktoren, welche fiir viele der primédren geo-
chemischen Charakteristika von Phosphoriten verantwortlich ist, obschon Metamorphose oder Verwitterung
die Zusammensetzung solcher Sedimente massgeblich verindern kénnen. Die Ausfillung von Frankolith wird
durch Mg im Meerwasser verzogert; Frankolith erscheint aber trotzdem in POj-reichen Porenwéssern auf dem
Umweg iiber einen metastabilen Vorldufer. Phosphat bildet sich hauptsichlich aus dem Zerfall organischen
Materials in Oberflichensedimenten, wobei Apatit innerhalb weniger cm bis dm unterhalb der Sediment/Was-
ser-Grenze ausfallt. Ein gekoppelter Redox-Zyklus von Fe und P ist eines der Mittel, um im Sediment hohe
POs-Werte aufrecht zu erhalten. Der Einbau von Spurenelementen wie Cd, U, Y, Zn und seltenen Erden
(REE) geschieht zusammen mit dem bakteriellen und Redox-gesteuerten Abbau von Feststoffen im Sediment
wihrend oder kurz nach der Bildung von Frankolith. Die Verteilung der REE’s entspricht iiblicherweise jener
im Meerwasser. Uranium wird haufig als U(IV) eingebaut, kann aber durch die Verwitterung am Meeresboden
auch zu U(VI) oxydiert werden. Studien iiber die Verteilung der stabilen Isotope von Sauerstoff (§'*0), Koh-
lenstoff (8'*C) und Schwefel (8**S) in Frankolith sagen sehr viel aus iiber das Paldomilieu; sie bestitigen aber
auch, dass die Ausfillung im Allgemeinen unter oxydischen bis suboxydischen Bedingungen in den obersten
Schichten des Sediments stattfindet. Die Datierung mit Hilfe von Uranium und *C zusammen mit dem Sr-Iso-
topenverhiltnis (¥Sr/*%Sr) kann benutzt werden, um Wachstumsraten an Kérnern und Knollen zu messen und
phosphogene Episoden genau zu datieren. Knollen wachsen langsam mit < 0.1-1 cm/1000 J, wihrend Koérner
sich schon in weniger als 10 Jahren bilden kénnen. Unterschiede im Gehalt an eNd im Frankolith bilden eine
Basis fiir paldoozeanographische Studien. Die Umweltbelastungen, welche durch die Produktion und Verwen-
dung von Phosphat-Diingemitteln entstehen, werden diskutiert. Durch toxische Metalle, speziell Cd und Radio-
nuklide ergeben sich Umweltverschmutzungen, welche ebenfalls betrachtet werden. Sie wirken sowohl beim
Gebrauch von Diingemitteln wie auch bei der Erzeugung von ,Phosphorgips* (Abfallprodukt der Diingemit-
telproduktion). Es zeigt sich, dass fiir eine genaue Abschitzung der Umweltbelastung und der mit einer solchen
Kontamination verbundenen menschlichen Gesundheitsprobleme noch nicht geniigend Daten vorhanden sind.
Zukiinftige Fortschritte bei der Phosphorit-Geologie werden weitere Experimente, gut aufeinander abgestimm-
te Feld- und Laboruntersuchungen mit bekannten geologischen und geochemischen Methoden, sowie die
Anwendung von neuen, hochsensitiven, rdumlich auflosenden analytischen geochemischen Techniken notwen-
dig machen.

Introduction

Phosphorus, potassium and nitrogen are all nutrients critical for plant growth. Of these, it
may be argued that phosphorus is of primary concern in terms of long-term availability.
Nitrogen is present in abundance as Nz in the atmosphere, from which it is extracted natu-
rally by certain plants. If necessary, it may be fixed artificially by well-known industrial
processes. Potassium is available in many large-scale geological evaporite deposits, and can
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be recovered from modern seawater if necessary. Only phosphorus, a critical life-sustaining
nutrient, is unavailable except via the exploitation of geological phosphate deposits.

Agricultural crops are harvested, so to maintain yields phosphate must be added con-
tinually to replace that lost from the soil. With human population growth close to 2%, a
doubling of agricultural output is required every 35 years, just to maintain current levels
of nutrition. Thus, there remains a need to continually expand the phosphate raw-material
resource base. The problem lies not so much in the limited nature of World resources,
but in the geographic and economic distribution of producers and users. A decline in the
use of fertilisers in recent years has seen a marked fall in World production of phosphate
rock, from 156 Megatonnes in 1988 to only some 135 Mt in 1992, and an estimated 117 Mt
in 1993. About 74% of the World output is provided by China, the FSU (countries of the
former Soviet Union), Morocco, and the USA. Much of the production from Morocco,
by far the World’s largest exporter, and from other major suppliers in the Middle East,
North and West Africa, is destined for Western European markets. The use of phosphate
fertilisers in the undeveloped nations of the Third World remains minute, yet it is these
very nations which have the most pressing need to increase crop yields. It remains essen-
tial, therefore, to establish programmes of co-operation between developed and develop-
ing countries in order to initiate improved exploration, mining and processing strategies
which will locate and produce new local phosphate reserves at low cost.

Exploitable phosphate deposits (see Notholt et al. 1989 for a comprehensive review)
may be subdivided into three types: (1) marine sedimentary rocks or “phosphorites”,
such as those of the Cretaceous-Palaeocene rocks of North Africa and the Middle East,
and the Miocene-Pliocene of the SE United States; (2) apatite-bearing igneous rocks,
particularly the carbonatite and other alkaline igneous complexes of the Kola Peninsula
NW Russia, Goids and Sao Paulo Brazil, and Phalaborwa South Africa; (3) insular
deposits found on certain tropical islands of the Pacific and Indian Oceans. Of these,
sedimentary phosphorites are by far the most important, constituting more than 80% of
the total ore produced.

Commercial phosphorite deposits invariably have elevated phosphate contents, com-
monly expressed as P>Os concentrations. The detailed mineralogical and geochemical
composition of a deposit are fundamental in determining its commercial viability, con-
trolling the extraction, beneficiation and processing which must be adopted, and strongly
influencing the environmental impact of its development. Furthermore, phosphorite geo-
chemistry provides unique information concerning the age and genesis of a deposit, and
the palaeoceanographic and other palaeoenvironmental conditions which prevailed dur-
ing its formation.

Over the last two decades, major advances have been made in the acquisition and
interpretation of elemental and isotopic geochemical data from sediments. This paper
aims to present an overview of present knowledge concerning the inorganic geochemistry
of marine phosphorites. Biological processes and aspects of the organic geochemistry of
phosphorites are discussed in a companion paper by Krajewski et al. (1994), while sedi-
mentological and palaeoceanographic factors are reviewed in more detail by Glenn et al.
(1994b). Here, we will describe how geochemical methods may be employed to under-
stand the processes which lead to their formation, we will consider how these data may
be used to constrain regional and global palaeoceanographic and tectonic models, and we
will discuss current environmental concerns relating to their exploitation.
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Mineralogy

Phosphorite is defined as a marine sedimentary rock with 218% P>Os (Slansky 1979,
1989), so by definition, phosphate minerals are its major constituents. In practice, franco-
lite, a carbonate-fluorapatite with >1% F and appreciable amounts of CO; (Sandell et al.
1939; McConnell 1973), is essentially the only phosphate mineral occurring in phosphor-
ites unaltered by metamorphism or weathering.

Francolites are structurally and chemically complex (Gruner & McConnell 1937;
Borneman-Starinkevich & Belov 1940, 1953; Altschuler et al. 1952; Smith & Lehr 1966;
Lehr et al. 1968; McClellan & Lehr 1969; McArthur 1978a, 1985, 1990; McClellan 1980;
Kolodny 1981; Nathan 1984; McClellan & Van Kauwenbergh 1990). The group may be
represented by the general formula: Cajo-a-bNaaMgb(PO4)s-x(CO3)x-y-2(CO3 - F)y(SO4).Fa.
However, other substitutions (Tab. 1) occur in all of the apatite sites (the two Ca sites,
the POy site and the F site). Not all substituents have the same valency as the original ion
(e.g. Na* substituting for CaZ*; CO3?~ or SO4> for PO4*"), and coupled substitutions (e.g.
NaCOj™ for CaPOs™ or CO3 - F*- for PO4*) are generally proposed to maintain charge
balance. Calcium deficiency has also been suggested (Gulbrandsen et al. 1966; Bonel et
al. 1973) as an additional means of accomplishing the balance of charge. The substitution
of CO3* in apatites and the replacement of F by hydroxyl ions has been discussed by
Vignoles et al. (1982). McArthur (1990) speculated that francolite may form with a
Na/OH ratio of 1, with /> of the OH being replaced by H>O, and suggested that in un-
weathered francolites half of the F~ atoms in the structural site are replaced by OH".
High F contents are then caused by different degrees of coupled substitution of CO3 - F*-
for PO4>~. However, such a high level of hydroxyl substitution has yet to be proven ana-
lytically. Finally, there are other substitutions which do not change the charge balance,
such as Mg?* and Sr?* for Ca?*, which nevertheless have considerable crystallographic
and geochemical importance.

Minerals such as quartz (e.g. North Carolina, Florida phosphorites of the SE United
States) and calcite (Tethyan deposits of North Africa) are major components in most
phosphorite deposits. Silica also commonly occurs as opal-CT and chalcedony, forming

Tab. 1. Possible substitutions in the francolite structure

Constituent ion Substituting ion

Ca?* Na*, K*, Ag*
Mg2+, Sl‘z"', Ba2+, Cd2+, Mn2+, Zn2+
Bi**, Sc*, Y3+, REE*
U4+

PO4- CO3%, S04, CrO4+
CO;3 - F*, CO; - OH*, AsO4*, VO4>
SiO4*+

B~ OH-, CI, Br-
o*

REE = rare-earth elements; compositionally significant substitutions are indicated in bold
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porcelanites and cherts which together with organic matter and phosphorite, constitute
the so-called P-C-Si trilogy (Bentor 1980). Many other phases occur in phosphorites, nota-
bly dolomite, glauconite, sulphides (pyrite), sulphates (gypsum), clinoptilolite, clay min-
_erals (illite, kaolinite, palygorskite, smectites) and organic matter. Clearly, the propor-
tions, distributions, grain sizes and textural characteristics of such accessory phases have
important implications for the extraction and beneficiation of a deposit.

Chemistry

Francolite chemistry may be affected by a number of factors, including: (1) kinetic effects
due to the rate of formation; (2) thermodynamic factors; (3) precipitation from solutions
of different composition due to secular variation in seawater or evolving porewater
chemistry; (4) mechanism of formation, such as differences resulting from precipitation
directly from solution or via dissolution and replacement of a pre-existing mineral (most
commonly calcite), or bacterially mediated versus ‘inorganic’ precipitation; (5) post-pre-
cipitation burial diagenetic or metamorphic alteration; (6) weathering. The relative im-
portance of these factors is still not well-constrained, but their significance will become
apparent in the ensuing discussion.

Over the last decade, new information concerning the geochemical processes which
lead to francolite precipitation and the formation of phosphorites has been derived from
three main sources: (1) pore-water and solid-phase geochemical studies of sediments
from modern phosphogenic areas, particularly the Mexican, Peru and East Australian
shelves (Froelich et al. 1983; Jahnke et al. 1983; Glenn et al. 1988, 1994a; Van Cappellen
& Berner 1988; Glenn 1990a; Heggie et al. 1990; O’Brien et al. 1990); (2) oxygen, carbon
and sulphur stable-isotope studies of modern and ancient phosphorites (see Kolodny &
Luz 1992a for a recent review); (3) geochemical and mineralogical data, and modelling of
inorganic and bacterially-mediated apatite precipitation under experimental conditions
(Lucas & Prévot 1981, 1984, 1985; Jahnke 1984; Prévot & Lucas 1986; Van Cappellen &
Berner 1988, 1991; Prévot et al. 1989).

Major elements

The major-element geochemistry of unaltered francolites display surprisingly little varia-
tion; unweathered Cenozoic francolites (McArthur 1978a, 1980, 1985, pers. comm. 1994)
contain 32% P»0s, 52% CaO, 4% F, and typically include (%): 1.2 + 0.2 Na; 0.25 + 0.02 Sr;
0.36 + 0.03 Mg; 6.3 + 0.3 COg; 2.7 + 0.3 SOq4. In general, the level of substitution shown
by the mineral decreases progressively with increasing age, burial diagenesis and/or
weathering, which promote a transition towards unsubstituted fluorapatite
[Ca10(POs4)6F2] compositions. With the onset of greenschist facies metamorphism,
hydroxyfluorapatites may develop (Da Rocha Araujo et al. 1992; Girard et al. 1993).
Subsequently, under extreme weathering conditions, Fe- and Al-phosphate minerals such
as crandallite, millisite, wavellite and strengite commonly form (Zanin 1968; Altschuler
1973; Lucas et al. 1980; Schwab & Oliveira 1981; Flicoteaux 1982; Flicoteaux & Lucas
1984; Bonnot-Courtois & Flicoteaux 1989).

The major-element chemistry of phosphorites reflects both the composition of franco-
lite and that of accessory minerals. Consequently, SiO; for example, is highest in quartz-
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rich deposits, such as the Miocene phosphorites of the SE United States. This is exempli-
fied in Table 2, which shows the major-element composition of three phosphorite ore
concentrates: Western Phosphate Rock from the US Permian Phosphoria Formation
(NIST 694); Moroccan Phosphate Rock (BCR 32, Eocene); Florida Phosphate Rock
(NIST 120c, Miocene). The much higher proportions of quartz and clay minerals in the
Florida sample are clearly indicated by elevated levels of SiO; and, to a lesser extent,
AbLOs.

Carbonate and fluorine substitution

The vast majority of unweathered seafloor phosphorites have francolite-CO> contents
(generally determined using the XRD-method of Gulbrandsen 1970; see Schuffert et al.
1990 for a revised equation) of around 6.3%, close to the maximum substitution allow-
able by the mineral structure (McClellan & Lehr 1969; McClellan 1980; Jahnke 1984;
McClellan & van Kauwenbergh 1990). However, significant variation in francolite-CO»
contents have been observed in many ancient and some modern phosphorites. The cause
of this variation has been the focus of considerable debate.

Gulbrandsen (1970), studying the Phosphoria Formation of Idaho and Wyoming, not-
ed that the average CO»-contents of francolites taken from carbonate-phosphorite depos-
its in central Wyoming are moderately high (3.4% CO3), but they decrease progressively
westwards towards SE Idaho with the transition to mudstone-chert-phosphorite facies
(1.2%). He suggested that this systematic variation related to primary differences in dep-

Tab. 2. Major-element composition of phosphorite ore concentrates

Element NIST 120c BCR 32 NIST 694
Western Moroccan Florida
(%)
Si10; 5.5 2.09 11.2
TiO2 0.103 0.0285 0.11
AlLO;3 1.30 0.55 1.8
Fe; O3 1.08 0.231 0.79
MnO 0.027 0.0024 0.0116
MgO 0.32 0.403 0.33
CaO 48.02 51.76 43.6
NazO 0.52 n.d. 0.86
K>O 0.147 n.d. 0.51
P20s 33.34 32.98 30.2
CO, 3.27 5.10 n.d.
F 3.82 4.04 3.20
SOs3 0.92 1.84 n.d.

Data from Potts et al. 1992b; BCR = Community Bureau of Reference, Belgium; NIST = National Institute of
Standards and Technology, USA; total Fe expressed as Fe;O3; n.d. = not determined
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ositional environments, predominantly temperature differences causing vary CO»-satura-
tion in the water column. Later, McArthur (1985) expressed the view that this regional
variation could be ascribed solely to late diagenetic effects having caused greater loss of
structural carbonate from more deeply buried western sites.

There is no doubt that burial diagenesis, metamorphism and weathering generally
cause the loss of CO> and other constituents from the francolite structure (Jacob et al.
1933; Bliskovskiy 1976; Gusev et al. 1976, Zanin & Krivoputskaya 1976; Matthews &
Nathan 1977; Lucas et al. 1980; McArthur 1980, 1985; McClellan 1980; Zanin et al. 1985;
McClellan & Saavedra 1986; Panczer et al. 1989; Da Rocha Araujo et al. 1992). During
deep-burial (km-scale), an inverse relationship between CO,-content and temperature
develops (Kastner et al. 1990), although later stage, CO»-rich secondary carbonate-
hydroxyfluorapatites have been reported (Da Rocha Araujo et al. 1992) from deposits
affected by low-grade metamorphism. In the case of Phosphoria Formation francolites, a
strong correlation between SO4* concentration and &S, and the consistency of §'*0
data (Piper & Kolodny 1987; see below for further discussion of isotopic data), both sug-
gest that these isotopes reflect initial conditions of deposition, so the degree of alteration
cannot be high. Furthermore, Upper Cretaceous-Palacogene phosphorites from Israel
(Nathan et al. 1990) display similar variations in structural CO; to the Phosphoria Forma-
tion, with francolites from well-oxygenated carbonate-rich depositional environments ex-
hibiting greater substitution (5.5% CO3) than those from granular phosphorites associat-
ed with anoxic facies (3.7%) in the same region. Differential weathering does not appear
to be responsible for these trends, pointing to a primary geochemical difference between
the areas.

Namibian seafloor phosphorites exhibit a range of phosphate-CO; contents from
1.4% in poorly consolidated nodules to 4.2% in indurated nodules and pellets (Roman-
kevich & Baturin 1972; Price & Calvert 1978). This may be due to the fact that these
young phosphorites include varying amounts of a francolite precursor phase (see below)
which contains little or no structural COz. Another potential cause of such variation has
been identified from studies of Holocene phosphorites off Peru (Glenn et al. 1988; Glenn
1990a), which contain between 2.1 and 6.0% CO,. A correlation between lighter carbon
stable-isotope compositions (more negative 8!3C; see below) with increasing CO; con-
tents in francolites, led Glenn and co-workers to conclude that carbonate substitution
depends mainly on the carbonate alkalinity (and hence CO3*" concentrations) of the pore
waters, which increases progressively with depth in the sediment. Rather surprisingly, pH
is relatively constant despite the rapid generation of metabolic CO», because pH is buf-
fered by ammonia production and increases in total alkalinity. The constancy of pH ob-
served in the Peru margin sediments is important, not least because HCO3/CO3?" ratios
are affected considerably by pH, and are not just dependant on total alkalinity. Indeed, a
relatively small fall in pH may reverse the relationship seen between total alkalinity and
CO32'.

In the organic-rich (up to 20% Core) sediments of the Peru-Chile and Mexican mar-
gins, francolite formation is restricted to within 5- 20 cm of the sediment/water interface
(Fig. 1, 2), because precipitation ceases at the high carbonate alkalinities which develop
rapidly in deeper sediments. Precipitation is probably limited by the ability of the mineral
to incorporate carbonate, so elsewhere, in less organic-rich sediments with shallower
alkalinity gradients, francolite may form at greater depths. In one Peru margin nodule,
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Fig. 1. Porewater and solid-phase geochemistry for slowly accumulating (1.7 cm kyr™!) sediments in a modern
upwelling area on the Peru continental margin, 230 km NW of Lima. Black arrows at the tops of graphs are
measured seawater values; white arrows are estimated concentrations. The porewater POy profile indicates pro-
duction of dissolved phosphate in the uppermost 10 cm of sediment and active phosphate precipitation around
and below that depth (stippled areas). Fluorine decreases progressively below the sediment/water interface,
suggesting that it is supplied to the precipitating phosphate largely by diffusion from seawater. Calcium and Mg
contents do not differ significantly from those in seawater. Nitrate, SO4 and total alkalinity (TA) profiles de-
monstrate that phosphate is precipitating in suboxic (i.e. NO3", NO2reducing, non-sulphidic), mildly alkaline
conditions. Significant levels of Mn, Fe or HzS were not detected. Solid-phase geochemical profiles (dashed
lines) are consistent with rapid degradation of organic matter (declining Cor contents) and precipitation of
phosphate (increasing total P and F) below 5 cm. Biogenic opal is virtually absent in this core. Precipitation is
apparently occurring both within and above a bed of phosphorite clasts and grains (data from: Froelich et al.
1988; Glenn 1990a).

increasing CO; substitution could be correlated with decreasing growth rate. This may
simply reflect the increasing solubility of more carbonate-substituted apatite (Chien &
Black 1976; Jahnke 1984), but it may also point to a kinetic effect limiting substitution in
rapidly precipitated francolites.
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The availability of dissolved fluoride undoubtedly plays an important role in regulat-
ing the precipitation of francolite (Froelich et al. 1983, 1988; Jahnke et al. 1983; Van Cap-
pellen & Berner 1988; Ruttenberg & Berner 1993). As with structural CO;, the F con-
tents of francolites formed in organic-poor glauconitic carbonate sediments of low pro-
ductivity areas such as the East Australian Shelf and Agulhas Bank off South Africa, are
significantly higher than those typical of francolites from organic-rich muds from high
productivity areas off Namibia, Peru and Mexico (Romankevich & Baturin 1972; Price &
Calvert 1978; O’Brien et al. 1990). Average F/P>Os ratios of phosphorites from carbon-
ate-dominated areas are close to those occurring in ‘ideal’ francolite; in addition to con-
taining less COz, those associated with more organic-rich sediments typically contain up
to one-third less F. This broad correlation between carbonate and fluoride contents is
readily explained by the substitution of COs- F*~ for PO4* in francolite (Borneman-
Starinkevich & Belov 1940, 1953; Smith & Lehr 1966; McClellan & Lehr 1969; Price &
Calvert 1978; Bacquet et al. 1980; McArthur 1990). Indeed, the relationship appears to
be linear in unweathered francolites (McArthur 1990 Fig. 1), scatter being introduced by
alteration causing the preferential loss of CO; (and OH™ ?) from the mineral.

It is evident that the amount of CO; and F substitution in francolite does indeed vary
with depositional/early diagenetic environment, and it is speculated that high carbonate
alkalinities and slow precipitation rates favour the incorporation of both constituents. In
general, carbonate-associated phosphorites contain more structural CO; and F than
those forming in organic-rich mudrocks. This may be due to differences in kinetics,
‘replacement’ being much slower than ‘direct’ precipitation. However, both components
may be lost during deep-burial diagenesis, metamorphism and/or weathering which can
substantially modify the primary signature.

Magnesium incorporation and inhibition effects

In contrast to CO3 and F, unaltered francolites display very little variation in their Mg,
Na, Sr and SO4 contents (McArthur 1978a, 1985). Unweathered francolites typically con-
tain around 3600 ug g”' Mg, but early experimental work (Bachra et al. 1965; Martens &
Harris 1970; Atlas 1975; Atlas & Pytkowicz 1977; Nathan & Lucas 1976; Savenko 1978)
clearly demonstrated that apatite precipitation is inhibited by Mg concentrations present
in seawater and marine porewaters (1300 pg g™!). This effect has been explained as the
result of distortion of the embryonic apatite lattice by Mg?* ions replacing Ca?* promot-
ing a wagnerite rather than apatite structure, a distortion strong enough to inhibit further
crystal growth. Recent experimental data (Van Cappellen & Berner 1991), however,
indicate that it is more likely to be caused by blocking of Ca sites by hydrated Mg-com-
plexes.

Burnett (1977), amongst others, has argued that the removal of Mg by the formation
of authigenic minerals such as dolomite or palygorskite must be necessary for francolite
precipitation. However, many phosphorites contain no significant Mg-bearing phase,
while dolomite may itself be replaced by apatite (Cook pers. comm. 1994), suggesting
that Mg removal is not essential. Magnesium inhibition has been shown to be pH depen-
dant (Nathan & Lucas 1976; Van Cappellen & Berner, 1991) with an increase in growth
rate kinetics at pH 7 compared with pH 8, despite the thermodynamic disadvantage of in-
creasing apatite solubility with decreasing pH (Atlas 1975; Atlas & Pytkowicz 1977).
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Porewater data from modern phosphogenic sediments (Fig. 1, 2) show no depletion in
Mg’>* below seawater values (Baturin, 1978; Jahnke et al. 1983; Froelich et al. 1988). Fur-
thermore, although low pH of around 7.5 have been reported from both Namibian and
Peru-Chile sediments (Baturin et al. 1970; Manheim et al. 1975), no relationship between
low pH and sites of apatite precipitation has been established (Jahnke et al. 1983: Glenn

et al. 1988).
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Recent work has resolved some of these apparent inconsistencies. It has been demon-
strated experimentally that apatite may precipitate from seawater via an amorphous, F-
poor precursor such as struvite (NHsMgPOy - 6H20; Malone & Towe 1970; Lucas &
Prévot 1985; Prévot et al. 1989), amorphous calcium magnesium phosphate (ACMP;
Froelich et al. 1988: Krajewski et al. 1994) and/or octacalcium phosphate (OCP,,
CasH(POu)s - *tH20; Van Cappellen & Berner 1991). A precursor appears to be involved
whether precipitation occurs directly from seawater or via the dissolution and
‘replacement’ of an existing mineral, such as calcite.

Support for a precursor in modern phosphogenic environments is provided by pore-
water data from the Peru margin which display uncoupled PO4 and F removal (Froelich
et al. 1988). Once precipitated, the metastable precursor gradually dissolves and acts as a
substrate for apatite precipitation. Thus seawater is probably saturated with respect to
francolite but the kinetics are too slow to allow its precipitation. The opposite is true of
precursor phases which precipitate rapidly but only at elevated PO4 levels. Supersatura-
tion with respect to the precursor most likely occurs intermittently within the interfacial
pore-water phosphate maximum that characterises many phosphogenic areas (Fig. 1, 2;
Krajewski et al. 1984 Fig. 8). The mechanism producing this maximum is not well under-
stood, but may be related to the redox-sensitive uptake and release of phosphorus by mi-
crobial communities proliferating in the top sediment, the metabolic activity of sulphide-
oxidising or other bacteria, suboxic bacterial degradation of organic matter, the dissolu-
tion of fish debris, and/or iron-redox cycling (see below). Organic compounds may also
be instrumental in catalysing the precipitation process.

Temporary supersaturation will cause precipitation of a phosphate precursor which,
once seeded, will promote apatite growth at much lower PO4 concentrations. Nonethe-
less, experimental studies consistently demonstrate that such apatites display poor crys-
tallinity, and ‘ageing’ on a time scale of 10-100 years (Gulbrandsen et al. 1984) seems to
be necessary to produce a typical francolite structure. Furthermore, growth kinetics

Fig. 2. Porewater and solid-phase geochemistry for rapidly accumulating (230 cm kyr!) sediments in a modern
upwelling area on the Peru continental margin, 60 km west of Lima. Black arrows at the tops of graphs are
measured seawater values; white arrows are estimated concentrations. Porewater profiles indicate intense anox-
ic diagenesis below 10 cm, with high rates of sulphate reduction (SO4 depletion, evolution of H2S). Disequilibri-
um suboxic nitrate and Fe are present in the upper well-mixed 5-10 cm. An interfacial high in PO4, combined
with a marked minimum in the porewater profile around the base of the bacterial mat at 34 cm, suggest active
phosphate regeneration above and precipitation within this interval (stippled area). Fluorine is sourced largely
by diffusion from seawater. Calcium and Mg contents do not differ significantly from those in seawater at this
depth. Below 5 c¢m, intense sulphate reduction produces exponential downward increases in total alkalinity
(TA), total dissolved carbon (TDC), and by difference, total dissolved carbonate-ion (COs?") concentrations.
Porewaters rapidly develop highly depleted carbon stable-isotope signatures, down to —18%e §'°C, indicating
domination of the dissolved carbon reservoir by degrading organic matter. Phosphate precipitation is confined
to the uppermost 5 cm of the sediment column and may be limited, at least in part, by high carbonate-ion con-
centrations preventing growth at greater depths (see text for discussion). Solid-phase Cor; data demonstrate
progressive regeneration of organic matter in the sediment under both suboxic and anoxic conditions. Varia-
tions in solid-phase inorganic phosphorus (Pi,) and F are caused by fluctuations in biogenic silica, which consti-
tutes a major component of the sediment at this site. Phosphate grains were not identified in the core, the high
sedimentation rate precluding the development of a phosphorite deposit (data from: Froelich et al. 1988; Glenn
et al. 1988; Glenn 1990a).
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initially limit crystal sizes to the order of 0.1-10 um (Van Cappellen & Berner 1991). The
multi-phase aspect of francolite precipitation, in particular, makes the experimental
determination of thermodynamic and kinetic factors extremely problematic.

It must be concluded that although Mg depletion is helpful for the formation of crys-
talline apatite because it shortens the time required for crystallisation, it is not necessary
and is probably uncommon during the formation of phosphorites.

Strontium

Unweathered francolites typically contain around 2500 pg g™! of Sr (McArthur 1978a,
1985), although “average” phosphorite (Altschuler 1980) has only 750 pg g~!. Lucas et al.
(1990) demonstrated that, under experimental conditions, the Sr content of apatite is
largely thermodynamically controlled with varying compositions reflecting equilibrium
precipitation from fluids of varying Sr content. The small variation in Sr and other major
elements displayed by marine francolites probably results from the relatively constant
composition of seawater (~7.6 pg g™! Sr) and shallow porewaters, and the absence of
significant kinetic effects. Strontium isotope data (see below) confirm that although franco-
lites undergo negligible diagenetic exchange of Sr, weathering promotes rapid Sr loss
(Bliskovskiy et al. 1967; McArthur 1978a, 1985; Panczer et al. 1989); Na and SOy appear
to be less mobile but are also lost.

McArthur et al. (1988) observed from their study of western South African phosphor-
ites that although modern francolites all have consistent Sr/Ca ratios, significant differ-
ences could be identified in age groups of Tertiary samples. Graham et al. (1982), based
on geochemical variation in the tests of Cenozoic planktonic foraminifera, suggested that
the Sr/Ca ratio of seawater varied significantly during the Tertiary. This offers the pos-
sibility that francolite major-element geochemistry may provide information on secular
variation in seawater elemental, as well as isotopic, composition. Unfortunately, to date,
subsequent workers have been unable to duplicate Graham et al.’s (1982) curve, and
published data for phosphorites are insufficient to test the hypothesis.

Iron geochemistry — a key to phosphogenesis?

Francolite incorporates little Fe in its structure, and dissolved Fe-concentrations in oxic
seawater are also very low, typically less than 40 pg g~!. However, iron oxyhydroxide-rich
Neogene phosphorite nodules occur on a number of present-day continental shelves, in-
cluding the Agulhas Bank, South Africa (Parker 1975; Parker & Siesser 1972), Danois
Bank, Spain (Lucas et al. 1978), East Australian Shelf (Marshall & Cook 1980; O’Brien
& Veeh 1980; O’Brien et al. 1986, 1987, 1990), and off Morocco (McArthur 1978b;
Summerhayes & McArthur 1990). A close relationship between iron minerals and franco-
lite occurs in many modern and ancient phosphorites (Glenn 1990b; Glenn et al. 1994a,
b), but glauconite is generally the dominant iron mineral present, forming a characteristic
greensand — nodular phosphorite facies association. Most Neogene Fe-rich nodules occur
in glauconitic sands.

The strong positive correlation between Fe and P in Quaternary phosphorite-bearing
sediments from the East Australian Shelf (Heggie et al. 1990; O’Brien et al. 1990), to-
gether with sedimentological, petrographic and porewater geochemical data, have led to
the realisation that the diagenetic behaviour of the two elements may be closely linked.
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The iron-redox model suggests that ferric oxyhydroxides scavenge F from seawater, and
PO4 released from organic matter by microbial decomposition under oxic and suboxic
conditions within the top few cm of sediment (Fig. 3). These FeOOH particles are subse-
quently transferred deeper into the suboxic zone by burial and sediment-mixing proces-
ses where they dissolve and both F and PO4*~ are released. Some of these are then taken
up by apatite precipitation, much of the remainder diffusing upwards to be refixed by fer-
ric oxyhydroxides in the oxic layer to become available for further recycling. Glauconite
formation may be linked to the same process (Froelich et al. 1988; Carson & Crowley
1993), with a proportion of the porewater Fe?* and Si(OH)s derived from the dissolution
of biogenic opal, together with K* and Mg?* ions diffusing into the sediment from sea-
water, reacting with the aluminosilicate fraction to precipitate glauconite.

Seawater

- Francolite

Fig. 3. Schematic diagram of the Fe-redox cycle. Light-stippled areas represent solid phases, black arrows are
solid-phase fluxes. White-outlined black arrows indicate reactions, white arrows are diffusion pathways. Ferric
oxyhydroxides precipitated in the water column and at the sediment/water interface scavenge PO4 and some F
from seawater. During burial and mixing, microbial decomposition of organic matter utilises a sequence of elec-
tron acceptors in order of decreasing thermodynamic advantage. Oxygen is used first, followed by nitrate (and
nitrite), manganese- and iron-oxyhydroxides and sulphate, in that order (Froelich et al. 1979). Degradation of
organic matter liberates PO4> to solution, and dissolution of FeOOH liberates Fe?*, POs* and F-, causing ele-
vated concentrations of these ions (e.g. Fig. 2) in porewaters. If sufficient levels are attained, PO4* reacts with
Ca®*, Mg?* SO4>~ and F- ions diffusing into the sediment from seawater, and COs> derived from the oxidation
of organic matter, to precipitate a precursor phosphate which subsequently recrystallises to francolite (see text
for discussion). Excess PO4*~ diffuses upwards towards the sediment/water interface where it is resorbed by fer-
ric oxyhydroxides. Iron diffuses both downwards to be fixed as FeS under anoxic conditions, and upwards to
the oxic layer where it is reprecipitated as FeOOH. The Fe-redox cycle, therefore provides an effective means
of trapping PO4*" in the sediment and promotes the precipitation of francolite.
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Iron-redox cycling of phosphorus probably occurs more generally in marine shelf sedi-
ments (Ruttenberg & Berner 1993), but does not normally lead to the precipitation of
significant amounts of francolite. However, the permanent burial of iron-bound phos-
phorus probably takes place in a wide range of sedimentary environments, and may rep-
resent a major, and underestimated, phosphorus flux from the oceans (Berner et al. 1993;
Krajewski et al. 1994). In the case of the East Australian Shelf, it is noteworthy that
although sulphate reduction has been detected in anoxic microniches, francolite precipi-
tation is essentially a suboxic (i.e. non-suphidic) process. Similarly, since glauconites con-
tains both Fe?* and Fe** (the latter predominating), precipitation of that mineral prob-
ably also occurs close to the oxic/suboxic interface.

The coupled cycling of Fe with F and PO4*~ across the oxic/suboxic redox boundary
(Fig. 3) means that off East Australia, apatite precipitation occurs almost entirely in the
uppermost 20 cm of the sediment column, and only proceeds while nodules remain in the
mixed layer, continuing for periods of more than 60 kyr. This process can produce phos-
phorite nodules containing up to 10% Fe2Os. Seafloor weathering of glauconites and
other iron-bearing phases plus goethite precipitation cause further enrichment, with
some seafloor conglomeratic deposits attaining 50% Fe>Os. However, such nodules dis-
play Na- and SOs-depleted ‘altered’ francolite compositions.

It appears likely that Fe-redox cycling plays a major role in francolite precipitation in
many organic-poor environments. The importance of such cycling is less clear in organic-
rich deposits such as those on the Peru margin where Fe2O3 contents are typically less
than 0.5% (Glenn & Arthur 1988), and in ancient Fe-poor phosphorites such as the
Upper Cretaceous phosphatic chalks of NW Europe (Jarvis 1992). Iron-redox cycling un-
doubtedly provides one method of concentrating PO4>~ in porewaters. Whether absorp-
tion by ferric oxyhydroxides always provides the primary means of extracting PO4* from
seawater seems unlikely, given that high levels of: (a) phosphatic fish debris; (b) plank-
tonic organic matter; (c) benthonic microbial organic matter, have been identified in
many areas (see Krajewski et al. 1994 for further discussion), and all of these are capable
of yielding high levels of PO4*- to the sediment.

Trace elements

The ‘open’ apatite structure facilitates numerous trace-element substitutions (Tab. 1),
and many elements are known to be enriched in phosphorites relative to “average” shale
(Tab. 3). It is widely recognised (Gulbrandsen 1966; Tooms et al. 1969; Nathan et al.
1979; Altschuler 1980; Prévot 1990) that an enriched trace-element group comprising Ag,
Cd, Mo, Se, U, Y, Zn and the rare-earth elements (REEs: La, Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm, Yb, Lu) characterise the phosphorite facies. Several other elements
including Br, Cu, Cr, I, Pb & V (Prévot & Lucas 1979, 1980, 1985; Pacey 1985; Piper 1991;
Jarvis 1992) also commonly show strong affiliation to the apatite fraction in sediments.
Recently, mineral structural studies using electron-spin resonance (ESR) have confirmed
that many trace elements may replace Ca?* in the apatite structure, including Pb* (Gi-
linskaya 1993), VO?* (Gilinskaya & Zanin 1983), U* and Th* (Gilinskaya 1991, 1993;
Gilinskaya et al. 1993). However, two points have to be made:
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Tab. 3. Concentration of trace elements (pg g™') in marine phosphorites relative to “average™ shale

Element Average Enrichment Normal Depletion
shale factor abundance factor

Ag 0.07 30

As 13 N

B 100 6

Ba 580 N

Be 5 N

Cd 0.3 60

Co 19 3

Cr 90 N

Cu 45 N

Ga 19 5

Hg 0.4 7

La 40 4

Li 66 13

Mo 2.6 4

Ni 68 N

Pb 20 2

Sc 13 N

Se 0.6 8

Sn 6 2

Sr 300 2

U 3.7 30

\Y% 130 N

Y 26 10

Yb 2.6 2

Zn 05 2

Zr 160 2

After Altschuler (1980, Tab. 5); average shale values from Turekian & Wedepohl (1961);
N = ‘normal’ abundance, within a factor of 2 of the concentration in shale

(1) trace elements are not necessarily located within the apatite structure; they may be
adsorbed onto crystal surfaces or may be related to another mineral or phase, particu-
larly organic matter and sulphides;

(2) average values may be misleading, since very wide ranges of concentration exist in
different deposits.

The study of trace elements is of commercial interest because of their importance as
saleable by-products (U; REEs) or because of their toxicity (Cd; U-derived radionu-
clides), and their consequent detrimental influence on the environment either in fertilis-
ers or in phosphogypsum. The following discussion will concentrate on members of these

groups.
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Cadmium and Zinc

Cadmium and Zn constitute a pair of trace elements which are closely associated in most
rock types. Cadmium is the trace-element which above all others is most enriched in
phosphorites compared with other lithologies (Altschuler 1980; Slansky 1980, 1986; Batu-
rin & Oreshkin 1984), with concentrations in the order of 20 pg g~! being common, com-
pared with 0.3 pg g’! in “average” shale. Some deposits have even higher Cd contents.
Upper Cretaceous-Palaeogene phosphorites from Senegal, Togo and parts of the Gafsa
Basin of Tunisia (Menor 1975; Baechle & Wolstein 1984; Johnson 1987) contain averages
of 53-84 pg g~! Cd, while the Middle Miocene phosphorites of the US Monterey Forma-
tion (Altschuler 1980) yield 200 pg g~! Cd!

Cadmium correlates strongly with Zn in many phosphorites, although the former ele-
ment shows considerably less enrichment in comparison to other sedimentary rocks
(Tab. 3), typically occurring at around 200 pg g™! (compared to 95 pg ¢! for “average”
shale). The Cd-Zn relationship is in some, but certainly not all, cases attributable to the
presence of sphalerite (Altschuler 1980; Minster & Flexer 1991). Generally, the two ele-
ments do not correlate with either the francolite or organic-matter fractions (Prévot 1990;
Nathan et al. 1991; Piper 1991). Altschuler (1980) and Middelburg & Comans (1991),
amongst others, have argued that Cd enrichment in phosphorites is due in large part to
its substitution for Ca®* in the apatite structure; in contrast, the much smaller ionic radius
of Zn?* makes incorporation of this element less favoured. However, it should be noted
that Cd has a tendency to form covalent bonds, so it does not easily replace Ca in franco-
Inte,

Cadmium and Zn, and to a lesser extent many other trace-elements including Cu and
Ni, display nutrient-like [PO4*-, NO3~, Si(OH)s] distribution in the oceans. All of these
elements are highly depleted in surface waters because of their preferential extraction by
marine phytoplankton during photosynthesis (Martin & Knauer 1973; Boyle et al. 1976;
Boyle 1981; Bruland 1983; Price & Morel 1990; Piper 1994), but are enriched at depth as
bacterial degradation of organic matter in the water column returns them to solution. It
has been shown that Cd may substitute for Zn in some metalloenzymes and can promote
the growth of phytoplankton in Zn-limited environments. Cadmium shows the closest
correspondence to POy profiles amongst all of the trace elements, and this has led to the
suggestion that the Cd content of foraminiferal calcite may be used as a palaeoproductiv-
ity indicator.

The above observations, together with evidence that Cd may be concentrated further
by marine bacteria (Gauthier et al. 1986), make a biogenic source of Cd in phosphorites
very likely. Elemental ratios for the marine fractions of Cd, Cu, Ni and Zn in the Tertiary
phosphatic sediments of both the US Monterey Formation, California (Piper & Isaacs
1994), and the San Gregorio Formation of Baja California, Mexico (Piper 1991), ap-
proach plankton values. Interestingly, the accumulation rates for these minor elements
require a high rate of primary productivity, comparable to the modern Peru Shelf, which
i1s compatible with the operation of an active upwelling regime during phosphogenesis.
Interelement relationships and calculated accumulation rates for Cd, Cu, Zn, and pos-
sibly Ni, in the US Permian Phosphoria Formation of Idaho (Piper & Medrano 1994) are
also consistent with a biological origin. Nonetheless, despite strong evidence for a marine
plankton source of trace elements in these and other phosphorites, there remains consid-
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erable uncertainty regarding their mineralogical affinities and the incorporation mecha-
nisms involved.

Rare-earth elements and yttrium

For more than a century (Cossa 1878), the REEs have been recognised as generally being
enriched in phosphate deposits (McKelvey 1950; Altschuler et al. 1967) compared to oth-
er sedimentary rock types. “Average” phosphorite (Altschuler 1980) contains 462 pg g!
REE:s plus 275 ug g~' Y, while “average™ shale contains only 220 and 30 pg g~' respective-
ly. The bulk of the REEs and Y apparently reside in francolite, with the substitution of
REE?* and Y?* for Ca?* (Tab. 1) in one or both of the 7- and 9-fold co-ordination sites.
Generally, granular phosphorites exhibit higher REE/P ratios than their nodular equiva-
lents (Ilyin & Ratnikova 1976; McArthur & Walsh 1984; Jarvis 1984, 1992; Piper et al.
1988). Moreover, a range of distribution patterns is known, and differences in concentra-
tion of more than two order of magnitudes have been reported.

Traditionally, phosphorites have been considered to be characterised by a so-called
“seawater” pattern (Goldberg et al. 1963; Altschuler et al. 1967), which is strongly deplet-
ed in Ce and enriched in the heavy REEs (HREESs; Ho-Lu) when compared with shales.
This pattern, and particularly Ce depletion, is a feature of many oceanic sediments, and
for comparative purposes is commonly expressed as an anomaly, calculated (Elderfield &
Greaves 1982) as:

Ce* = log [3Cesn/(2Lagn+Ndsn)] (1)
where “sn” represents a concentration normalised to shale.

The typical seawater-like pattern of phosphorites (Fig. 4) would suggest that REEs in
francolites were incorporated from seawater with no significant fractionation. Many im-
portant deposits, including the western US Permian Phosphoria Formation, Upper Cre-
taceous and Palaeogene Abu Tartur and Nile Valley deposits of Egypt, Gafsa-Metlaoui
Basin of Tunisia, and Ganntour Basin of Morocco, and the late Tertiary Bone Valley
Formation of Florida, (Altschuler et al. 1967; EI-Kammar et al. 1979; McArthur & Walsh
1984; Tlig et al. 1987), do indeed have markedly negative Ce-anomalies, although not all
display HREE enrichment.

Much current phosphorite research is dealing with REE distributions and their signif-
icance. Jordanian (Ruseifa and Eshidiya deposits; Jallad et al. 1989, Abu Murry 1993)
and French (Picardy phosphatic chalks; Jarvis 1984, 1992) Upper Cretaceous phosphor-
ites (Fig. 4), for example, are enriched by a factor of two in REEs relative to ‘average’
shale, and have typical seawater-like distributions, with average Ce-anomalies of -0.5 to
-0.6 and enrichment in HREEs. Eocene-Miocene deep-water seamount phosphorites
from the equatorial Pacific (Hein et al. 1993) also exhibit large negative Ce-anomalies.
Phosphatic rocks from the western part of the Palacogene Senegal Basin display sea-
water-like patterns, the details of which appear to correlate to palacowater-depth (Bon-
not-Courtois & Flicoteaux 1989; Flicoteaux et al. 1993). Cape de Naze samples of earliest
Eocene age have the largest negative Ce-anomaly (-0.78) and represent a deep-water
facies. Lam Lam - Taiba samples of Middle Eocene to Oligocene age seem to be related
to transitional environments between platform and deep water, and have lower Ce-
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Fig. 4. Shale-normalised rare-earth element (REE) distributions for selected phosphorites. Seawater-like pat-
terns with negative Ce-anomalies and enrichment in the heavy REEs (top left) are typical of many phosphor-
ites, but flat shale-like patterns (bottom left) are also common (see text for discussion). Shale values (USGS
shale reference material SCo-1) from Potts et al. (1993b). Seawater data from Elderfield & Greaves (1982):
phosphorite data from McArthur & Walsh (1984), Jarvis (1992; N. France samples) and Martin-Algarra et al.
(1993; Spanish sample); conodont data from Grandjean-Lécuyer et al. (1993).

anomalies of between —0.62 and —0.72. Similar depth-related trends have been identified
(Grandjean et al. 1987) in REE data from Upper Cretaceous — Middle Eocene fish teeth
from Moroccan phosphorites, and have been suggested, but not yet corroborated, for the
Oligo-Miocene deposits of Baja California Sur, Mexico (Piper 1991). These trends are
consistent with those shown by dissolved REEs in modern seawater. Modern coastal and
ocean-surface waters generally have little or no negative Ce-anomaly and little HREE
enrichment (e.g. Elderfield & Greaves 1982; Bertram & Elderfield 1993), but both fea-
tures develop progressively with depth (Fig. 4) to form more typical “seawater” patterns
by around 1 km in the open ocean.

With the notable exception of some phosphatised limestones, most Miocene — Holo-
cene offshore phosphorites from Namibia, Cape Province and Agulhas Bank of South
Africa (McArthur & Walsh 1984; Nathan et al. 1993), and the Peru margin (Piper et al.
1988), have shale-like REE distributions (Fig. 4) with no Ce anomaly. Phosphatic micro-
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stromatolites from the Lower Cambrian in the Algerian Sahara (Bertrand-Sarfati et al.
1993) and coeval deposits at Karatau, Kazakhstan (Semenev et al. 1962) have similar pat-
terns. Unusually, stromatolite-related Upper Jurassic phosphorites from Spain (Martin-
Algarra et al. 1993) display a variety of REE distributions ranging from relatively flat
shale-like patterns to those with large positive Ce-anomalies (Fig. 4) of up to +1.27. In
the latter case, the REEs appear to be related to iron and manganese oxyhydroxide phas-
es in the phosphorite.

Variations in Ce anomalies might in some cases be controlled by oxygenation levels
(Elderfield & Pagett 1987; Wright et al. 1987), since fish remains from anoxic basins and
shelves exhibit very small negative to moderate positive Ce-anomalies, while well-oxy-
genated outer shelf and deep-ocean deposits show moderate to large negative Ce-anoma-
lies. However, local positive Ce-anomalies of +0.5 have also been identified in suboxic
porewater underlying seawater with a negative anomaly (Elderfield & Sholkovitz 1987),
so the degree to which Ce anomalies are controlled by seawater as opposed to porewater
composition and redox-state remains open to debate.

Many biogenic phosphates, including Upper Palaeozoic conodont elements (Wright
et al. 1987; Grandjean & Albaréde 1989; Grandjean-Lécuyer et al. 1993), and both Trias-
sic and Eocene fish teeth from France, show unusual REE patterns. These are strongly
depleted by up to one order of magnitude in both the heavy and light REEs compared to
the intermediate REEs, producing strongly concave-down patterns (Fig. 4) centred on
Eu and Gd. A Devonian phosphate nodule from New York State in the US (McArthur
& Walsh 1984) and Lower Carboniferous (Tournaisian; Notholt pers. comm. 1994) nod-
ules from the Montagne Noire, France (Tlig et al. 1987), have similar patterns. Concave-
down REE distributions have been reported (Hoyle et al. 1984) for pm-scale particulate
and colloidal matter from modern river-seawater mixing zones, offering the possibility
that the Palacozoic phosphates acquired their REEs during diagenesis in estuarine or
coastal settings. Unfortunately, this suggestion does not appear to be consistent with geo-
logical evidence, which indicates that the majority of samples originated from well-oxy-
genated shallow-water (<100 m) carbonate-shelf environments of normal marine salinity.
Whether these patterns reflect unmodified seawater compositions remains controversial,
but Nd-isotope studies (see below) support such a conclusion.

Recently, Grandjean-Lécuyer et al. (1993) have argued that prior to the evolution of
modern open-ocean plankton during the early Cretaceous, the REE distribution of sea-
water was not controlled by ocean-surface biological productivity, but by inorganic pro-
cesses associated with the scavenging of REEs by ferric oxyhydroxides. These authors
argued that fractionation associated with these processes led to a characteristic concave-
downwards profile in pre-Cretaceous seawater which was transferred unaltered to bio-
genic apatites. This suggestion seems oversimplistic. Not all pre-Cretaceous phosphorites
display such patterns. Phosphoria Formation grains of Permian age, for example, have
slightly HREE-enriched patterns with large negative Ce-anomalies (Fig. 4). On the other
hand, Eocene fish teeth have been described (Grandjean & Albarede 1989) with strongly
concave-downwards patterns. It must be concluded that although removal processes may
promote different REE patterns in phosphate, such patterns are not necessarily global in
distribution.

The REEs in francolite may be derived from: (1) seawater directly; (2) ferromanga-
nese oxide-organic matter particles; (3) biogenic silica; (4) siliciclastic debris, particularly
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clay minerals; (5) precursor carbonates. Simple mass-balance arguments indicate that giv-
en the relatively large size (and proportionally small surface area) of biogenic phosphate
and phosphorite grains, and the very low concentrations (fg g!') (femtogram = 107!
gram) of REEs in seawater, incorporation is unlikely to occur directly. It almost certainly
takes place during early diagenesis, following the release of REEs from dissolving carrier
phases, particularly sub-um scale ferromanganese oxyhydroxides particles and grain-
coatings and organic matter (cf. Jarvis 1984, 1992; Sholkovitz et al. 1989), which have pre-
viously scavenged large quantities of REEs from the water column. Reduced sedimenta-
tion and burial rates favour increased concentrations of REEs in francolite (Jarvis 1984;
Elderfield & Pagett 1986; Wright et al. 1987), since the longer the mineral remains close
to the oxic/suboxic redox boundary, the longer it is able to incorporate REEs being liber-
ated from their carriers. Concentration levels also appear to be related to grain-size and
possibly to kinetic effects. In most cases, additional sources of REEs such as siliciclastic
and biogenic detritus and precursor carbonate grains, matrix and cements are unlikely to
provide the quantities of REEs necessary to produce the enrichment levels observed in
phosphorites. Nonetheless, biogenic silica has been advocated as a source of REEs in
some deposits (Piper 1991).

McArthur & Walsh (1984) suggested that francolites precipitate with very low REE
contents, but subsequently scavenge REEs from other sources throughout their history,
so old onshore deposits contain the highest REE contents. This hypothesis is supported
by data from fish remains (teeth, vertebrae), which initially contain negligible REEs
(Bernat 1975) and rapidly acquire high concentrations post-mortem (Grandjean et al.
1987). However, the resulting patterns appear to mimic those of the overlying water col-
umn (Wright et al. 1987), and do not appear to be modified significantly by interaction
with formation or groundwaters during burial (Grandjean & Albarede 1989).

Finally, it has been shown (Bonnot-Courtois & Flicoteaux 1989; Dar’in & Zanin 1990;
Flicoteaux et al. 1990) that weathering leads to the leaching, fractionation and redistribu-
tion of REEs, and may substantially modify the primary REE signature of a deposit. For
any particular phosphorite, therefore, several factors are likely to have influenced the
final REE content and signature. The mechanisms of REE incorporation appear to be
closely tied to the organic matter degradation and redox-driven processes which, on cur-
rent evidence, are so fundamental in driving phosphogenesis. However, the probability
that REE patterns reflect not only their depositional environment, but also the imprint of
diagenesis and weathering, clearly must be taken into account when interpreting data.

Uranium

Uranium is another of the elements generally showing strong enrichment in phosphorites
(120 pg g™! in “average” phosphorite, compared with 3.7 pg g™! in “average” shale; Alt-
schuler 1980). Indeed, the enrichment of phosphorites in U is so strong, that mapping the
radioactivity of the seafloor using a deep-tow scintillometer (Jones 1989) is an effective
way of determining the distribution of phosphatic sediments in many parts of the oceans.

Much research on U in phosphorites (McKelvey 1956; Altschuler et al. 1958) has
been driven by the wish to find alternative U sources for military and civilian nuclear
programmes. However, more recently, U has also been studied because of its applica-
tions in dating (Kolodny & Kaplan 1970a; Baturin et al. 1972; Veeh et al. 1973, 1974; Bur-
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nett et al. 1982, 1988; Kim & Burnett 1986; Barole et al. 1987; McArthur et al. 1988), as
an indicator of diagenesis (Starinsky et al. 1982), and as a potential palaco-redox marker
(Burnett & Gomberg 1977). Although there is generally a strong positive correlation
between U and P contents for individual deposits (e.g. Jeanmaire 1985), it is unclear
whether U is incorporated into the francolite lattice, adsorbed onto crystallite surfaces
and/or associated with enclosed accessory phases, particularly organic matter. Fission-
track mapping (Burnett & Veeh 1977; Kress & Veeh 1980; Avital et al. 1983) convincing-
ly demonstrates that U is intimately associated with francolite on a microscopic scale, and
ESR studies (Gilinskaya 1991, 1993; Gilinskaya et al. 1993) confirm that both U*" and
Th** substitute for Ca®* in the structures of many natural apatites. However, in some de-
posits (Lucas & Abbas 1989) U is dominantly complexed by organic matter and may not
be present in the apatite lattice in significant quantities.

Uranium occurs as both U(IV) and U(VI) in varying proportions in different phos-
phorites (Altschuler et al. 1958; Kolodny & Kaplan 1970a; Veeh et al. 1973). East Austra-
lian ferruginous phosphorite nodules (O’Brien et al. 1987), for example, range from
11-86% U(IV) and, in general, it appears that samples with high U/P,Os ratios tend to
contain higher proportions of U(IV). Crystallographic arguments indicate that U(IV)
would be most easily accommodated by the apatite lattice, and indeed there is some evi-
dence that U is incorporated into francolite almost entirely in that form (Altschuler et al.
1958; O’Brien et al. 1987), and is only subsequently converted to U (VI) by oxidation pro-
cesses. It has also been suggested that phosphorites form initially with high U/P.Os ratios,
and that precipitation of later francolite in nodules is accompanied by little further U-up-
take. Possible causes for this differential uptake of U include: (1) kinetic effects causing
rapidly growing francolites to be depleted in U; (2) the diffusional supply of U being re-
duced as porosity declined during lithification; (3) a varying supply of U(IV), possibly due
to differing redox conditions and availability of labile organic matter during initial and lat-
er precipitation of francolite. Uranium occurs in seawater around 3 ng g~!, but is fixed and
concentrated by organic complexes. Oxidation of organic matter leads to remobilisation
of U as soluble U(VI) species (Colley & Thomson 1985), which may diffuse to be repre-
cipitated as U(IV) at the suboxic/oxic redox interface. Consequently, it is likely that
redox-cycling also plays an important role in controlling the U supply to phosphorites.

Uranium contents vary enormously between different deposits (Cathcart 1978, 1992;
Slansky 1980, 1986). For example, despite typical phosphorite concentrations of
>100 pg g! U, many Cambrian examples in Siberia contain only 4 ug g-' (Ilyin pers. comm.
1993), and relatively low U concentrations (5-12 ug g™!) appear to be common in many
other Proterozoic-Cambrian phosphorites (e.g. Mongolia, 2-11 ug g™! U in the Khubsugul
phosphorites, Ilyin et al. 1986; Upper Volta, 4-8 pg g”! U in the Tapoa deposits, Lucas et
al. 1986; Kazakhstan, 4-8 pg g™' U in Karatau phosphorites, Ilyin pers. comm. 1993). Low
U concentrations of this order are also typical of Tertiary seamount phosphorites (Ko-
lodny 1981; Roe & Burnett 1985; Cullen & Burnett 1986; Hein et al. 1993). At the other
extreme, Eocene deposits near Bakouma (Central African Republic) contain 1660-5600
ug g! U (Gony 1971), and some Middle Palaeozoic phosphorites in Siberia yield up to
4000 pg g! U (Gavshin et al. 1974). Such extreme variation is almost certainly a conse-
quence of post-depositional diagenetic, hydrothermal, metamorphic and/or weathering
effects, all of which may cause significant U mobilisation (Altschuler et al. 1958; Cook
1972; Cathcart 1978; Slansky 1980, 1986; Jeanmaire 1985; McArthur & Herczeg 1990).
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Much remains to be understood about the locations and mechanism of incorporation
of U in phosphorites. It is now clear, however, that high U concentrations and high pro-
portions of U(IV) in phosphorites do not necessarily indicate that francolite precipitation
occurred under anoxic conditions, nor do they equate directly with deposition in organic-
rich sediments. Indeed, nodules precipitated in association with organic-rich muds on the
Peru margin commonly contain less U and more U(VI) than those accumulating in glau-
conitic foraminiferal sands off East Australia.

Isotope geochemistry

The chemistry and relative stability of francolite makes it perhaps the most versatile sedi-
mentary mineral for isotope studies. Many of the stable and radiogenic isotopes which
are used as tracers or dating devices in sedimentary rocks occur in francolite (Fig. 5,
Tab. 4). The three most commonly used elements for stable-isotopic work, O, C and S,
are all major structural components of francolite, while three major radiogenic isotope
tracers Sr, Nd and U, are constituents that replace major elements in the lattice.
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Oxygen stable-isotopes

The use of oxygen-isotope ratios in marine carbonate CO3*~ to estimate water palaco-
temperatures (Urey et al. 1951) and to determine diagenetic conditions (Hudson 1977;
Irwin et al. 1977) is well-established. For most purposes the '0O/'°0 ratio is expressed in
delta (8) notation as a per mille (%o0) deviation from an ocean water (SMOW - Standard
Mean Ocean Water) or calcite (PDB — Pee Dee Belemnite) standard. Francolite offers
the rare opportunity of determining the oxygen-isotope ratios of two cogenetic pairs in a
single mineral, 8'%0, of PO+~ and §'%0. of CO3*~.

The application of variations in the 8'®0p, of phosphatic fish debris as an indicator of
modern and ancient water temperatures has been demonstrated (Longinelli & Nuti
1973a, b; Kolodny et al. 1983; Kolodny & Raab 1988; Kolodny & Luz 1992b). The pro-
posed phosphate-water temperature equation (Longinelli & Nuti 1973a) is:

T °C = 111.4-4.3 (8180,-3'50,) )
where T is the average environmental temperature, §'%0y is francolite phosphate and 3'*Oy,

is that of the water, both on the SMOW scale. Revised empirical equations have been pub-
lished by Karhu & Epstein (1986), Shemesh et al. (1988) and Kastner et al. (1990).
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Tab. 4. Isotopes in francolite and their applications

Element Parameter measured Genesis of phosphorites About the World
Ca-sites
Sr 878r/%681 age land - sea distribution
Nd eNd land - sea distribution
palaeoceanography
U 34yUAsy rate of growth, age
230ThH/234U
231pg 2351y
POy-site
O 8180, 8130, temperature of formation, palaeoclimate
diagenetic environment
C M age
313C diagenetic environment
S s diagenetic environment

Modified from Kolodny & Luz (1992)

The §'80. equation for apatite is assumed to be the same as CaCOs (Epstein et al.
1953):

T°C = 16.5-4.3 (880~ 8'804) + 0.14 (8'80,— 8802 3)
where 8'8Q. is francolite carbonate.

In both cases, the §'80 of the water has be known or estimated to obtain a unique palaeo-
temperature. Most offshore Tertiary and Quaternary phosphorites yield 880, values
(Kolodny & Kaplan 1970b; McArthur et al. 1980, 1986) which are consistent with precipi-
tation in equilibrium with marine waters at palaecoceanographically reasonable water
temperatures (typically 6-20 °C). Namibian concretions, for example, yield 8'80. temper-
atures of 6-13 °C, which are within the range of temperatures (6-16 °C) measured for
modern upwelling water on the margin. However, many onshore deposits (e.g. Jordanian
Upper Cretaceous Al-Hasa deposit, US Permian Phosphoria Formation, Australian
Middle Cambrian Georgina Basin phosphorites) exhibit anomalously light compositions
which have been attributed to weathering effects caused by interaction with isotopically
light (i.e. %O-enriched) groundwaters (Shemesh et al. 1983; McArthur et al. 1986). By
contrast, Piper & Kolodny (1987) argued that §'®Qy, values from their Phosphoria Forma-
tion samples are unaltered and indicate high Permian palacowater temperatures of
33.7404 °C. Stratigraphic variation was interpreted as reflecting glacial-interglacial
cyclicity and the consequent change in the §'%0 composition of seawater. High Oligo-
Miocene palacowater temperatures of 27.5-32.7 °C were also suggested by Piper (1991)
based on §'80, data from deposits of Baja California Sur, Mexico.

It is generally agreed that although 880, is more susceptible to alteration than 8'%0,
(Shemesh et al., 1983, 1988; McArthur & Herczeg 1990), isotopic exchange may occur
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from both sites, and §'80, does not provide the perfect palacothermometer it was once
held to be. When phosphorites of different ages are compared (Longinelli & Nuti 1968;
Shemesh et al. 1983, 1988; Karhu & Epstein 1986), §'30 and 8'%0,, display clear, roughly
parallel, exponential trends of decreasing values with age, the greatest changes occurring
during the last 100 Myr. This major shift must be due in part to falling global tempera-
tures since the Late Cretaceous, but pre-Cretaceous values are almost certainly altered.
Carbon isotopes show no such relationship.

In some ancient phosphorites coexisting fish material and francolite cements have
comparable 880, values, which yield geologically reasonable palaeotemperatures. She-
mesh & Kolodny (1988), for example, interpreted stratigraphic variation of 3O, in
Upper Cretaceous Mishash Formation phosphorites and fish remains, as indicating that a
cool-water upwelling episode was associated with a major phosphogenic event in SE
Tethys. In other deposits, such as the Middle Miocene Monterey Formation of California
(Kastner et al. 1990), 880, values of fish debris are considerably higher (by up to 6%o)
and much less variable than associated phosphorites, suggesting that significant post-de-
positional 1sotopic exchange has occurred in the latter. Only fish-derived data consistently
indicate viable palacowater temperatures of 11-25 °C.

Variation in the isotopic composition of O in response to temperature for the carbon-
ate and phosphate sites in francolite, is sufficiently different to offer the possibility of
determining palaeotemperatures from 8'®0. — 8'%0,, pairs, independently of water com-
positions. Unfortunately, although trends for the two ratios are collinear, late diagenetic
interaction with formation (Shemesh et al. 1988; Kastner et al. 1990) or meteoric
(McArthur & Herczeg 1990) waters commonly lead to diagenetic rather than deposition-
al palaeotemperatures being recorded. Particularly in organic-rich sediments, reequi-
libration may occur even at relatively low water/rock ratios, and it remains unproved that
precipitation invariably occurs under equilibrium conditions. Consequently, the interpre-
tation of phosphorite oxygen-isotope data remains highly problematic.

It must be concluded that the use of 8'80 data to estimate seawater temperatures or
isotopic compositions should be undertaken with the greatest caution. Available
evidence indicates that biogenic apatites are less prone to late diagenetic overprint than
coexisting grain and nodule francolite cements, although even the former are liable to be
affected under some circumstances. Nonetheless, deposits which have never been buried
deeply and have experienced little movement of formation waters may still retain a depo-
sitional signature.

Carbon stable-isotopes

In addition to measuring 80 in francolite CO3%, it is also possible to determine the
BC/2C ratio (8'3C, reported as a %o deviation from the PDB standard). Used together,
8180, and 8!3C data (Fig. 6) are highly instructive concerning the physicochemical condi-
tions of francolite precipitation. It is necessary to make several assumptions concerning
the timing and mechanism of incorporation of CO; in the apatite lattice:

(1) little or no carbon-isotope fractionation occurs during incorporation of carbonate, so
values are representative of dissolved CO2 in the water from which the mineral pre-
cipitated;
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Fig. 6. Variation of 8'*C and §'0 in modern and ancient francolite carbonate (based on McArthur et al. 1986
with Senegal data from Girard et al. 1993).

(2) carbonate enters the lattice at the time of precipitation;
(3) isotopic re-equilibration has not occurred subsequently.

By analogy to CaCOs; precipitation, carbon isotope fractionation is expected to be
minimal. This assumption is supported by a preponderance of seawater-like 8°C values
reported for francolites from Tertiary and Quaternary seafloor phosphorites (Kolodny &
Kaplan 1970b; McArthur et al. 1980, 1986; Benmore et al. 1983, 1984; Shemesh et al.
1988). However, the range of CO: contents exhibited by individual phosphorites suggests
that precipitation is not instantaneous and occurs within a ‘window’ of evolving pore-
water compositions. Furthermore, in the case of biogenic phosphates, CO: is added post
mortem during the transition of the original hydroxyapatite to francolite, which must take
place by a dissolution-reprecipitation process.

The use of 8'°C data to constrain depositional and early diagenetic environments
hinges on our understanding of the isotopic fractionation which occurs during the micro-
bial degradation of organic matter in sediments (Irwin et al. 1977; Froelich et al. 1979).
Marine organic matter is highly depleted in '*C, typically around -24%. 8'*C PDB, and
when oxidised it produces dissolved inorganic carbon (DIC) species (CO2, HCO3") of the



668 1. Jarvis et al.

same isotopic composition. The amount of bicarbonate in porewaters is small, so carbon
stable-isotopes in DIC are very sensitive to organic degradation processes which affect
the sediment during burial (in contrast, oxygen isotope compositions are dominated by
the water).

The proportion of organically-derived CO; (Fig. 7) varies with depth as organic mat-
ter is oxidised by a succession of bacterial populations. In the oxic and suboxic upper
layers of sediment, where oxygen and then nitrate, iron and manganese compounds are
used sequentially as oxygen sources, there is generally a modest increase in DIC with
depth, causing decreasing porewater 8'°C values to a minimum of around —6%o (or —3%o if
calcite dissolution accompanies CO: production). Below this, under anoxic conditions,
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Fig. 7. Schematic diagram showing the relationships between porewater CO3%", 813C, SOq and S with increas-
ing depth in the sediment. The CO3% curve assumes that pH is constant and dissolved inorganic carbon (DIC)
increases linearly with depth. Porewater data from modern sediments (Fig. 1, 2) and stable isotope data from
modern and ancient phosphorites, indicate that phosphogenesis is confined largely to the suboxic and upper-
most part of the anoxic zones (heavily stippled area). The depth and thickness of each zone varies considerably
between sites in response to differences in sedimentation rate, organic carbon flux, bioturbation rate, seawater
oxygen content and other factors; all three zones may not be distinguishable at all sites (modified from
McArthur et al. 1986).
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sulphate reduction leads to increased bicarbonate production and a pronounced decrease
in 8'3C, down to —18%. (Fig. 2, 7).

When sulphate 1s exhausted, organic matter is decomposed by methanogenic micro-
organisms. Acetate fermentation produces isotopically very light CHs (< —-60%o0 8'*C) and,
at least in the initial stages, CO; (—20%o, rising to —5%o as the reaction progresses). At the
same time, part of the total dissolved CO; will undergo carbon dioxide reduction by reac-
tion with bacterially-derived hydrogen, producing additional methane which is also isotop-
ically light (CHg 1s 25-60%. lighter than its precursor CO,). Consequently, cements precip-
itated in association with the oxidation of CH4 have very light carbon stable-isotope signa-
tures. However, the reservoir effect associated with carbon dioxide reduction causes the
residual CO; to become progressively heavier, ultimately attaining values as high as
+ 15%0 8'3C. In practice, such extremes are quite rare (Emery & Robinson 1993), and
cements precipitated in the methanogenic zone are typically between + 2 and — 22%o.

The carbon stable-isotope composition of francolites in replaced limestones will be
influenced by the marine 8'C values of their carbonate precursor, since porewater bicar-
bonate will generally be dominated by that source. Even in this situation, however, mod-
ification of the isotopic signature should occur. The replacement of CaCQOs3 requires its
dissolution, which is most likely a result of CO; production caused by the breakdown of
organic matter in the oxic zone. In this situation, the reaction should buffer the §°C to a
point half way between the 3!°C of the CO; and the CaCO3, and the francolite precipitat-
ed should display a negative isotope signature that is the mean of the two. The signature
can only remain relatively unmodified in systems with low water/rock ratios and low
organic matter contents, where carbonate dissolution and francolite precipitation are not
directly coupled. In organic-rich water-dominated systems even phosphatised limestones
should acquire negative 8'°C values. Finally, although carbon isotope ratios are much less
prone to alteration during deep burial and weathering than oxygen isotopes, the loss of
structural-CO; from weathered francolites must be cause from concern. Certainly, inter-
action between groundwaters charged with soil-derived DIC and francolite during laterit-
ic weathering consistently leads to light carbon (-15 to —-10%. 8'>C) and oxygen (+22 to
+27% SMOW 8!80y) isotope values in secondary apatites (Girard et al. 1993).

Current isotopic evidence indicates that most phosphorites formed under dominantly
oxic to suboxic conditions. For example, the negative correlation between francolite §'*C
and CO; values in Peru margin Holocene phosphorites (Fig. 8), with maximum CO; con-
tents of 6% corresponding to minimum §'3C values of around —3%o (Glenn et al. 1988;
Glenn 1990a), are consistent with precipitation within 10-20 cm of the sediment/water
interface in dominantly suboxic conditions. Most other young (late Tertiary — Quater-
nary) seafloor phosphorites, including those from the eastern US Blake Plateau, Chatham
Rise of New Zealand, East Australian margin, and off South Africa, also display 8'3C sig-
natures within a few per mille of seawater values (Fig. 6). Isotopically lighter composi-
tions (down to —15%o) characteristic of anoxic diagenesis have been recorded only from
late Pleistocene — Holocene nodules off Namibia, for Tertiary phosphorites from the Ica
Plateau and Sechura Desert of Peru, the Miocene of Baja California Sur (Piper 1991),
and southern Florida (Compton et al. 1993), and some onshore Upper Cretaceous —
Palaeogene Moroccan samples. One other notable exception has been reported
(McArthur et al. 1980; Benmore et al. 1984) from the Namibian shelf, which has yielded a
F-poor hydrated calcium magnesium phosphate-cemented nodule (?coprolite) containing
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29.5% P>0s and a phosphate-8'3C value of +15.6%.. Such a heavy isotopic signature sug-
gests that this is a rare example of phosphate precipitation during CO2 reduction in a
methanogenic environment. The unusual mineralogy of this nodule corresponds to a pos-
sible francolite-precursor (see above), yet its isotopic signature would indicate a highly
evolved diagenetic history.

When plotted on a 8'3C versus 8'8Oc diagram, most ancient phosphorites fall on a
broad array constrained at one end by seawater and at the other by secondary apatite
(isotopically light with respect to both oxygen and carbon) compositions (Fig. 6), indicat-
ing that the former display varying amounts of alteration. Nonetheless, the broad range
of 8!13C values for young phosphorites (+0.2 to —9%o) is similar to that of ancient phos-
phorites and no clear time-related trends are evident (Shemesh et al. 1988). This suggests
that under favourable circumstances 8'3C values may be relatively well-preserved over
geologic time, or if alteration occurs its end members lie within the range of original 8'3C
values of francolites.

Studies are not limited to 8'>C of the apatite CO>, important supporting data may be
obtained from the 8'3C of associated carbonate minerals. It is known that secular varia-
tion in marine carbonate 8'>C has occurred through the Phanerozoic (e.g. Tucker &
Wright 1990; Veizer 1992) with long-term fluctuations of -1 to +2%. and short-term
‘excursions’ of between -2 and +5%o. Smaller-scale geographical and depth-related varia-
tion may also occur. Clearly, appropriate corrections need to be applied before interpret-
ing diagenetic conditions during francolite or carbonate precipitation. Once this is ac-
complished, the isotopic signatures of carbonate cements and their relationship to franco-
lite in a paragenetic sequence can provide valuable information about the conditions of
phosphogenesis.

Francolite oxygen and carbon isotope ratios may be indicators of depositional or dia-
genetic palaeotemperatures and/or fluid compositions, so it is essential that oxygen and
carbon isotopes constitute only part of a multi-element, and ideally multi-phase, isotopic
and geochemical study. In such cases, it may be possible to correct for alteration effects
(e.g. McArthur et al. 1987; McArthur & Herczeg 1990) and obtain initial compositions
which indicate conditions at the time of formation.

Sulphur stable-isotopes

The presence of SO4> in the francolite lattice as an isomorphous substitution for PO is
now generally accepted. Sulphate levels in unaltered phosphorites are close to 2.7%
(McArthur 1978a, 1980, 1985). The degree of substitution depends on the SO4? content
of the aqueous phase in equilibrium with francolite (Smirnov et al. 1962; Bliskovskiy et al.
1977; McArthur 1985). The relative lack of variation displayed by unweathered franco-
lites must reflect precipitation under similar, largely non-sulphidic, conditions, since re-
moval of SO4>- from porewaters during sulphate reduction (Fig. 2, 7) should be reflected
by declining SO4>~ contents in francolites. However, it should be noted that the high con-
centration of sulphate in seawater, coupled with the ability of diffusion to replace SO4*
lost by the precipitation of sulphides, mean that the system is insensitive to small
amounts of reduction.

Substitution of SO4> for PO4* in the francolite lattice offers the possibility of using
sulphur stable-isotopes (3#S/3%S ratios expressed as %o 8**S CDT - Carfion Diablo Troilite)
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to constrain the origin of phosphorites (Bliskovskiy et al. 1977; Nathan & Nielsen 1980;
Benmore et al. 1983; McArthur et al. 1986; Piper & Kolodny 1987; Compton et al. 1993).
The residence time of SO4% in the oceans is very long, in the order of 12 Myr, several
orders of magnitude longer than oceanic mixing times of 1.5 kyr and the oceanic resi-
dence time of phosphorus (Ruttenberg 1993) of 16-38 kyr, so the isotopic composition of
modern seawater sulphate is globally uniform, with values of around +23 8*S. Nonethe-
less, on a geological timescale it has varied between +10 and +30%o 8**S (Claypool et al.
1980), in response to changing proportions of oxidised and reduced sulphur being buried
as evaporites or sulphides and organic compounds, respectively.

Sulphur retains a seawater isotope composition in the oxic and suboxic zones (Fig. 7),
but sulphate reduction leads to strong fractionation, commonly between 25 and 50%o,
with the reduced phase being enriched in 32S and residual sulphate becoming increasingly
isotopically heavy. However, the degree of fractionation is inversely related to the rate of
sulphate reduction (Kaplan 1983), so for sediments which are very rich in easily metabo-
lisable organic matter the fractionation may approach zero or even reverse. In contrast,
by analogy to evaporite sulphate precipitation, little fractionation (only about +1.5%o;
Claypool et al. 1980) should occur during the incorporation of SO4>~ by francolite. Conse-
quently, francolite precipitating from porewaters will record the 8*S sulphate values
at the time of precipitation, and after correction for seawater composition (A*S =
338y — 8%Sy) should differentiate between oxic and anoxic environments. Precipitation
of francolite during sulphate reduction has been suggested (Nathan & Nielsen 1980;
Piper & Kolodny 1987) for Phosphoria Formation phosphorites, in which a strong nega-
tive correlation between SO4>~ and &S values has been observed, supporting dominantly
Rayleigh distillation-type reduction of sulphate to sulphide in a closed porewater system.
It is unlikely in this case that low SO4>~ values are due to weathering, because they are
associated with a shift towards isotopically heavy 8S, rather than the light values which
are typical of alteration by meteoric waters.

From the above arguments, one would generally expect a positive correlation
between isotopically light 8'3C and positive A*S values in francolites. Late Tertiary —
Quaternary seafloor phosphorites from the Blake Plateau, Chatham Rise, and the South
African, Californian, East Australian and Peruvian margins generally have both §3C and
AS within 2%o of seawater values (Fig. 9). However, late Pleistocene — Holocene Nami-
bian concretions, Tertiary Sechura Desert and Ica Plateau deposits in Peru, Oligo-Mio-
cene phosphorites from southern Florida, and Upper Cretaceous — Palaeogene Moroccan
phosphate grains yield 8'3C of close to —7%. and A*S up to +10%.. The latter group,
therefore, confirm that the 8'3C of “anoxic” francolites is apparently relatively uniform,
but A*S varies considerably between high positive and, in one case, low negative values
(Fig. 9; Nathan & Nielsen 1980; McArthur et al. 1986; Piper & Kolodny 1987).

Large variation in A*S is not unexpected given the complexity of sulphur isotope
systematics, and likely differences in the extent and rate of sulphate reduction and open-
ness of diagenetic systems. Additionally, negative A*S values might in some cases be
caused by **S-depleted H,S diffusing upwards from an Fe-poor sulphate reducing envi-
ronment being oxidised to sulphate at the anoxic/ suboxic interface. Similarly, upwards
diffusion of CO; produced by high rates of organic degradation may promote lower §'3C
values of dissolved inorganic carbon in overlying zones. Francolites precipitated in such
condition might be expected to exhibit a light sulphur and carbon signature. A Namibian
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positions (modified from McArthur et al. 1986).

concretion studied by McArthur et al. (1986) provides one possible example of precipita-
tion under these conditions, although the negative A*S value might equally be a result of
a very high rate of sulphate reduction caused by the abnormally high organic carbon con-
tent (up to 26%) of the host sediments.

Sulphur stable-isotopes, therefore, yield valuable information which together with co-
existing oxygen and carbon data are able to provide strong constraints on phosphogenic
environments. It is interesting to note that results obtained to date indicate that there is no
clear relationship between phosphorite type (i.e. nodular versus granular) and diagenetic
environment. In both facies, francolite cements precipitate under oxic to suboxic or, less
commonly, anoxic conditions. Even in anoxic environments, however, the relatively con-
stant composition of francolites suggests that major ions such as Ca, Mg and Sr are able to
diffuse freely from seawater. The possibility that such ions are sourced from dissolving car-
bonate appears to be inconsistent with Sr-isotope data (see below), which indicate precipi-
tation in equilibrium with contemporary ocean water rather than inheritance of carbonate-
derived Sr. Furthermore, many ‘anoxic’ francolites such as those from Namibia and the Se-
chura are not associated with carbonate. It seems likely. therefore, that francolite precipita-
tion occurs almost entirely in the uppermost few decimetres of the sediment column.

Strontium isotopes

The residence time of Sr in seawater is about 3 Myr (Richter & Turekian 1993), also sev-
eral orders of magnitude longer than oceanic mixing times, so the oceans are well-mixed
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with respect to Sr. The ¥’Sr/*Sr ratio of modern biogenic marine carbonates and seafloor
cements is identical to that of seawater at 0.709175 + 0.000004 (McArthur et al. 1993a),
but the ratio in marine carbonates has varied substantially through time, from values of
<0.707 during the Late Permian and Late Jurassic to >0.709 during the Early Cambrian
and Quaternary (Peterman et al. 1970; Burke et al. 1982; DePaulo & Ingram 1985; Koep-
nick et al. 1985; Palmer & Elderfield 1985; Hess et al. 1986; Capo & DePaulo 1990; Kauf-
man et al. 1993; McArthur et al. 1993a, b; Denison et al. 1994b). Recent reviews include
those of Veizer (1989), Stille et al. (1992), McArthur (1994) and Smalley et al. (1994).

The 37Sr/%Sr ratio of seawater is controlled largely by two major fluxes: (1) riverine
and groundwater input, currently around 0.7119; (2) hydrothermal fluids, resulting from
the interaction of seawater with young oceanic crust, with compositions of 0.7030. A
smaller diagenetic flux from ocean floor sediments has a ratio of 0.7084, and consequent-
ly has far less impact on the overall seawater ratio. Secular variation in strontium iso-
topes is caused, therefore, by factors such as changes in global climate and eustatic sealev-
el, mountain-building events, and variation in rates of seafloor spreading. Many authors
have argued that high erosion rates associated with major phases of tectonic uplift pro-
vide the main forcing mechanism on the Phanerozoic Sr-isotope curve, other fluxes pro-
ducing only second order variation.

The Sr-isotope curve is particularly well-documented for the Cenozoic. During the
last 40 Myr, 7Sr/%8r ratios have become systematically heavier from around 0.7078 dur-
ing the Eocene to 0.7092 at the present day so, at least within this interval, by measuring
the ratio of an unknown sample and referring back to a reference curve (Fig. 10), it is
sometimes possible to date the sample to with an accuracy of a few hundred thousand
years. The precision of such dates is inversely proportional to the slope of the curve and
the curves of different authors also diverge at certain intervals, probably as a result of
slight differences in stratigraphic assignments, so data tend to become less precise with
increasing age. Nonetheless, strontium isotopes provide a means of dating marine sedi-
ments which is far beyond the range of more established methods such as U-series
disequilibrium and *C methods.

The high Sr content of francolite (typically around 2700 pg g-! when formed) makes
the mineral well-suited to Sr-isotope studies. Strontium is incorporated into francolite
during precipitation, so in the case of phosphatised limestones strontium-isotopes poten-
tially provides a means of assessing the date of mineralisation as opposed to the age of
the host limestone, which may be obtained independently via Sr/%Sr ratios in calcite
(Fig. 10), or palaeontological data. Dating of phosphatised hardground surfaces or indi-
vidual phosphorite clasts in polymictic conglomerates, such as those commonly recovered
off the margins of South Africa, Morocco and Spain, should also be feasible.

The use of 3Sr/%Sr ratios to date phosphogenesis necessitates a number of assump-
tions: (1) early diagenetic porewaters retain seawater Sr-isotope ratios; (2) francolite
does not inherit Sr from precursor carbonates; (3) ratios remain unaltered during burial
diagenesis. These assumptions seem to be generally valid (McArthur et al. 1990; Comp-
ton et al. 1990; Hein et al. 1993; Stille et al. 1994). The 37Sr/8Sr ratios of modern franco-
lites are within error of modern marine Sr, while older seafloor phosphorites (Fig. 10)
yield independent calcite and francolite dates which are consistent with other geological
data. For example, it appears (McArthur et al. 1990; McArthur pers. comm. 1994) that on
the Chatham Rise off New Zealand, replacement of Oligocene carbonates (29.8-28.1 Ma)
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occurred in the Early Pliocene at about 4.8 Ma, Namibian shelf peloidal phosphorites
formed in the mid-Pliocene around 3.4 Ma and in the Pleistocene at 0.4 Ma, and the
Sechura Desert deposits of Peru are Late Miocene, accumulating around 8.9 Ma. Calcite
ages derived from limestones collected off Cape Province South Africa (Fig. 10) range
widely from Miocene to Pliocene (18.5-3.4 Ma) but phosphatisation appears to have
occurred very recently, during the Pleistocene to Holocene. Errors on these dates are
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generally in the order of 0.5 Myr, providing a better resolution than any other suitable
dating method currently available.

Similarly, Compton et al. (1993) dated Hawthorn Group phosphorites in southern
Florida as early Late Miocene (9.2 + 1.4 Ma) to Late Oligocene (25.6 + 0.7 Ma), with a
major phosphogenic episode occurring during the Early Miocene between 21.9 and
20.4 Ma. Strontium-derived ages for benthonic foraminifera in sediments surrounding
nodules were consistently younger than those obtained from nodule francolites, support-
ing evidence of extensive reworking. Hein et al. (1993) recognised two major phospho-
genic events in the equatorial Pacific at 39-34 Ma (Late Eocene — Early Oligocene) and
27-21 Ma (Late Oligocene — Early Miocene) plus two minor episodes based on Sr-iso-
tope data from seamount phosphorites, although the validity of these particular data has
been questioned (McMurtry et al. 1994).

Most recently, Stille et al. (1994) described the Sr-isotope stratigraphy of phosphor-
ites on the North Carolina continental shelf of the US, obtaining Early Miocene ages of
19.3-17.8 Ma. These authors demonstrated that although peloids and brachiopod frag-
ments gave identical ages which are totally consistent with biostratigraphic data, older
dates were obtained from coexisting intraclasts (confirming reworking), while vertebrate
material yielded younger ages which are consistent with diagenetic modification. Clearly,
careful selection of material is essential to obtain a reliable high-resolution isotope strati-
graphy from granular phosphorites. Pleistocene and Holocene sediments in the same
area yielded peloids with slightly younger Miocene ages (17.24 + 0.74 Ma), indicating that
these grains were derived from a now-eroded part of the phosphorite sequence.

The Sr isotope compositions of ancient apatitic fossils such as conodonts, ichthyoliths,
fish teeth and inarticulate brachiopods (Shaw & Wasserburg 1985; Staudigel et al. 1985;
Grandjean et al. 1987; Schmitz et al. 1991; Ingram et al. 1994; Stille et al. 1994) are, for
the least altered material, in general agreement with the 8’Sr/%Sr ratio in contemporane-
ous seawater, although there is a bias towards anomalously high ratios. Trends towards
heavier Sr-isotope ratios associated with Sr-loss from francolites during weathering was
also observed by McArthur et al. (1987) in their study of meteoric alteration of Lower
Pliocene phosphorites from Cape Province, South Africa, so post-depositional exchange
can certainly occur.

Clearly, careful screening of samples using a combination of petrographic, trace-ele-
ment and stable-isotope geochemical techniques (Denison et al. 1994a; McArthur 1994;
Smalley et al. 1994) is essential before applying Sr isotopes as a stratigraphic tool. One
further note of caution is that many authors have used strong mineral acids to dissolve
their samples. Although in most cases relatively pure material was selected, minor con-
tamination of 37Sr/®Sr ratios from the siliclastic fraction remains possible, which is liable
to induce slightly elevated values (McArthur et al. 1993b), and therefore, in the Tertiary,
younger ages. The use of a less aggressive digestion procedure (e.g. McArthur et al. 1990)
would clearly be advantageous.

It may be concluded that Sr isotopes provide an excellent method of dating phospho-
genesis. Three reservations have still to be made: (1) the Cenozoic ¥’Sr/%Sr seawater-
curve is now fairly well-established, but for older sediments determinations are more
problematic; even in the Tertiary, some intervals may be dated much less precisely than
others due to the low gradient of the curve or to poorer biostratigraphic resolution; (2)
multi-generation deposits in which reworking has redistributed phosphorite from several
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sources and ages into a single bed are common, so it is important to select the same phos-
phate grain-type and grain generation to obtain reproducible and reliable ages; (3) differ-
ent ages than the time of phosphogenesis may be obtained due to alteration or the use of
inappropriate dissolution techniques.

Neodymium isotopes

Unlike Sr, the residence time of Nd in the oceans is thought to be in the order of hun-
dreds of years to perhaps 2 kyr (Piepgras et al. 1979; Piepgras & Wasserburg 1980; Jean-
del 1993), shorter than or comparable to the ocean mixing time of around 1.5 kyr. Conse-
quently, the distribution of Nd is heterogeneous, with each major ocean basin having a
relatively limited and characteristic range of 'Nd/!'*Nd ratios.

The Nd/'*Nd ratio of a sample is a product of the radioactive decay of ¥’Sm to
13Nd at a constant rate (Asm) of 6.54 x 10712 yr'!, and so reflects both the age and initial
147Sm/!*Nd ratio. On a global scale, '*Nd/'*Nd ratios have been increasing steadily
since the formation of the Earth at 4.6 Ga. Comparisons between '*Nd/'*Nd ratios of
different samples is strictly only valid, therefore, if all are of the same age. To compen-
sate for these changes, Nd isotopes are generally reported as epsilon (eNd) values (De-
Paulo & Wasserburg 1976), which incorporate a time factor:

eNd(T) = [[("Nd/'**Nd)rock, 7/ (*3Nd/"**Nd)chur, 7] - 1] x 10* 4)

where: ("3Nd/'**Nd)ock, 7 is the ratio in the sample at time 7, and CHUR is a chondritic
uniform reservoir (i.e. the bulk earth).

The composition of (CHUR, T ) may be calculated (see Rollinson 1993 for a recent
detailed exposition):

("BNA/"MNd)chur, 7= ("SNA/M**NA) cHUR, ioday — [(#7Sm/**NA) cHUR. today -

(exp(AsmT) - 1)] (5)

Commonly used values for CHUR, today are: 'Nd/'*Nd = 0.512638; Y'Sm/!'#Nd =
0.1967 (Jacobsen & Wasserburg 1980). The initial ratio of the sample (rock, 7) may be
calculated using the same general equation, but substituting the *3Nd/'¥Nd and
147Sm/'**Nd ratios measured in the rock for those of CHUR.

Neodymium isotope ratios have been measured in phosphorites by Shaw & Wasser-
burg (1985), McArthur et al. (1987), Keto & Jacobsen (1988) and Stille et al. (1994), and
in biogenic phosphate by a number of workers (Wright et al. 1984; Shaw & Wasserburg
1985; Staudigel et al. 1985; Grandjean et al. 1987; Keto & Jacobsen 1987, 1988). Unfortu-
nately, some of the early work (including that by Shaw & Wasserburg 1985) was under-
taken on weathered samples (McArthur pers. comm. 1994) making much of the data un-
reliable. The eNd values of modern phosphorites and biogenic apatites appear to reflect a
time-averaged equivalent of those in seawater, which in the Atlantic (Stille et al. 1992;
Bertram & Elderfield 1993) has low **Nd/!*Nd ratios (eNd of —12 + 2 ), while Pacific
waters are higher, with € values of -3 + 2, and the Indian Ocean lies in between, around
-8 + 2. These differences reflect the dominant sources of REEs in each ocean basin, from
old continental crust in the Atlantic, compared with young crustal and active hydro-
thermal systems in the Pacific. Smaller differences occur within individual basins (e.g.
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Jeandel 1993) and may be used to trace the origins, distribution and evolution of differ-
ent water masses.

Geochemically distinct water masses seem to have existed in the Atlantic and Pacific
for about the last 50 Myr (Fig. 11), prior to which a convergence of eNd values to
between —10 and -5 indicates the existence of a single uniform ocean (Panthalassa; Keto
& Jacobsen 1987, 1988). Earlier in the geological record, however, there is strong evi-
dence of the existence of separate geochemical provinces. During the Cambrian and
Ordovician (Keto & Jacobsen op. cit.), so-called “North Iapetus” rocks from North
America have low '"Nd/'*Nd ratios and eéNd values of 20 to —10, while “South Iapetus”
material from Europe and the south-eastern US exhibits values around -5 to -9. Only
with the onset of the Taconic Orogeny in eastern North America at the end of the Ordo-
vician, did this geochemical separation of water masses in the Iapetus Ocean disappear.

On a smaller scale, an isolated basin in the South Atlantic during the Upper Creta-
ceous — Palaeocene (Grandjean et al. 1987) is indicated by low ¢éNd values of around -15
in biogenic phosphates (Fig. 11) from the rocks of West Africa (Togo, Guinea, Angola).
In some cases samples have ¥’Sr/%Sr ratios of contemporaneous seawater, but eéNd values
of an isolated basin, indicating good connection with the world ocean but limited short-
term mixing. Isolation appears to have continued until the mid-Eocene when a modern
oceanic circulation pattern was established. More recently, Stille et al. (1994) demon-
strated that francolite " Nd/!*‘Nd ratios are constant in their Miocene phosphorite
(peloid) samples and are thought to be representative of western mid-Atlantic (Gulf
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Fig. 11. eNd versus age for Phanerozoic phosphatic fossils. Discrete Atlantic and Pacific provinces are identifi-
able back to 50 Ma, but data indicate the dominance of a single well-mixed oceanic reservoir (Panthalassa)
between 50450 Ma. A distinct West African Basin water mass existed during the U. Cretaceous — Palaeocene.
Prior to 450 Ma, discrete South and North Iapetus water masses may be distinguished (modified from Kolodny
& Luz 1992; data from: Shaw & Wasserburg 1985; Staudigel et al. 1985; Grandjean et al. 1987, 1988; Keto & Ja-
cobsen 1987).
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Stream) seawater at 19.3-17.8 Ma. However, marginally younger Miocene peloids re-
worked into Holocene sediments have substantially lower Nd-isotope ratios, suggesting
that a major change occurred in oceanic current conditions along the Carolina continen-
tal margin around 17.2 Ma.

It is noteworthy that even though there is clear evidence that the REEs, including Nd,
are lost from francolite during weathering, relatively intense weathering does not neces-
sarily affect eNd values (McArthur et al. 1987; Stille et al. 1994). Clearly then, Nd iso-
topes in phosphorites and biogenic phosphates appear to offer a relatively robust and
very powerful means of studying water-mass distributions and palaeoceanographic circu-
lation, and may be used to estimate the average age of exposed continental crust border-
ing ancient ocean basins.

Uranium isotopes

The basis of natural uranium-series dating of phosphorites is the assumption that U is in-
corporated during phosphogenesis and that 2°Th and 2*'Pa, the radioactive daughters of
U, develop in the sample as a function of time according to their half-lives. The residence
time of U in the oceans is around 330 kyr (Richter & Turekian 1993), so the modern
ocean are isotopically uniform with a 24U/8U activity ratio of 1.144 + 0.004. The use of
radiogenic isotopes for dating requires that: (1) U, but little or no Th or Pa, was incorpo-
rated into the phosphorite during or very soon after its formation; (2) U is of marine ori-
gin with a 2*U/?8U activity ratio close to seawater; (3) the phosphorite has remained
closed with respect to U, Th and Pa isotopes. Extensive work over the last 25 years has
shown that these assumptions appear to be broadly valid.

Uranium-series dating was fundamental in demonstrating the very limited nature of
phosphogenesis in the modern oceans. Prior to the 1970s, it had been assumed (McKel-
vey et al. 1953; Sheldon 1964; McKelvey, 1967; see Cook et al. 1990 for a historical re-
view) that the widespread occurrence of seafloor phosphorites along the western margins
of most continents, provided definitive proof of the link between upwelling and phospho-
genesis, as proposed many years earlier by Kazakov (1937). Uranium-series studies of
phosphorites from off California, the Chatham Rise and Agulhas Bank by Kolodny
(1969) and Kolodny & Kaplan (1970a), however, showed that none of these had an ex-
cess of 24U and must be older than 800 ka. It was only later, that studies of deposits off
the Peru-Chile and Namibian margins (Baturin et al. 1972, 1974; Veeh et al. 1973, 1974;
Burnett & Veeh 1977; Burnett et al. 1980) proved that these contained a 24U/>8U activ-
ity ratio very close to present seawater and must be forming at the present day. Subse-
quently, other modern phosphorites have been identified off western South Africa (Birch
et al. 1983; McArthur et al. 1988) and East Australia (Kress & Veeh, 1980; O’Brien &
Veeh 1980; O’Brien et al. 1986, 1990).

Dates obtained from #4U/28U activity ratios may be confirmed by comparison with
other components of the decay series. The use of “concordia” diagrams for 24U/Z8U
(Fig. 12) and 2'Pa/2»U (Fig. 13) versus 2Th/4U, may be used to test the coherence of
the decay series data. Such work has confirmed that the initial 2*U/?8U activity ratio in
phosphorites is slightly higher than that in modern seawater, possibly due to the addition
of small amounts of 2*U to porewaters from the host sediment (Veeh & Burnett 1982).
Alternatively, higher ratios might be caused by secular variation in the isotopic composi-
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& Burnett 1982).

tion of seawater (Richter & Turekian 1993), although there is no clear evidence that such
variation has occurred during the last 200 kyr (Henderson et al. 1993).

The occurrence of old nodules with 24U/28U activity ratios of <1 and anomalously
low 24U/58U versus Z°Th/24U values (Fig. 12) indicate that decay occurs in a semi-
closed system in which a small fraction of 23*U is lost to porewaters. Limited isotopic ex-
change between phosphorites and porewaters in samples from the Peru-Chile Shelf is
confirmed by Z°Th and 2*'Pa data (Fig. 13; Veeh 1982; Burnett et al. 1988), but does
not invalidate the dating method; samples from the South African (Roe et al. 1982;
McArthur et al. 1988) and East Australian (Fig. 13; O’Brien et al. 1986) margins show no
evidence of exchange.

Detailed geochronologies of Peru-Chile (Burnett & Veeh 1977) and western South
African (McArthur et al. 1988) phosphorite nodules suggest that phosphogenesis is epi-
sodic, occurring preferentially during periods of high eustatic sealevel. On the East Aus-
tralian margin, on the other hand, phosphogenesis appears to have been more or less
continuous over the last 180 kyr (Kress & Veeh 1980; O’Brien & Veeh 1980; O’Brien et
al. 1986). These differences must relate to the contrasting sedimentological and oceano-
graphic settings of the two areas. It is interesting to note that phosphorite deposition also
appears to be episodic on much longer time scales (Cook & McElhinny 1979; Cook 1984;
Glenn et al. 1994b).
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Detailed uranium-series studies of individual grains, nodules and crusts may be used
to elucidate the modes and rates of growth of phosphorites. The 2*Th/>**U age profiles
of subsamples taken across nodules and crusts (Burnett et al. 1982, 1983; Kim & Burnett
1986) indicate that nodules located at the sediment/water interface grow downwards into
the soft underlying mud, while buried crusts grow upwards within the sediment. This is
not surprising given the subsurface nature of the porewater phosphate maximum (Fig. 1,
2). Measured nodule growth rates vary from <0.1-1 cm kyr~!, considerably slower than
the surrounding sediments which are accumulating at a rate of at least 2-10 cm kyr'. The
retention of nodules at the sediment/water interface, therefore, must be explained by the
buoying action of the burrowing infauna, or perhaps by periods of non-deposition or ero-
sion. Most recently, Burnett et al. (1988) employed a combination of high-precision U-
disequilibrium dating with accelerator mass spectrometry (AMS) “C dating of franco-
liteCO; to show that Peru margin phosphorite grains grow more rapidly than nodules,
probably taking < 10 years to become fully developed.

Kolodny & Kaplan (1970a) and later workers (Burnett & Veeh 1977; O’Brien &
Veeh 1980; Veeh & Burnett 1982) demonstrated that the 23*U/>8U ratio in phosphorites
is affected by U oxidation states, with higher ratios in U(VI) than U(IV). It is suggested
that these differences arise during the oxidation of U which causes a small leakage of
234U from U(IV) to U(VI), via the decay of both Z8U(IV) and Z8U(VI) to 2Z4U(VI).
Once in hexavalent state, a small fraction of these 2*U atoms may form highly soluble
carbonate complexes and diffuse from the phosphorite nodules, resulting in bulk
2341U/238U ratios which are less than 1.00 in very old samples. Leakage of **U will intro-
duce a small error into age calculations towards older values. Thus, the outer weathered
rims of seafloor phosphorites have lower U(IV) and Z4U/>3U(IV) ratios than their un-
weathered cores (Kolodny & Kaplan 1970a, Baturin & Kochenov 1974).
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Using the above principles, O'Brien et al. (1987) demonstrated that East Australian
nodules underwent two stages: (1) incorporation of U(IV) under dominantly suboxic
conditions in the sediment; (2) oxidation of U to U(VI) during exposure and reworking
of the phosphorite on the seafloor. Differences between U(IV) contents and
Z4U/A8U(IV) ratios between buried and exposed nodules were related to the length of
time nodules were exposed to oxidising conditions at the sediment/water interface. Ura-
nium-series work, therefore, confirms petrographic, sedimentological and other geo-
chemical studies which indicate the importance of reworking in the development of these
(and most other) phosphorites.

Environmental issues

On a world-wide basis, the overwhelming majority (>95%) of the 135 Mt of phosphate
rock produced annually is used for fertiliser manufacture (Anon 1993). Consequently,
long-term growth will ultimately be driven by human population growth, which is expect-
ed to remain at current rates for at least several more years (Brown et al. 1987).

In this section, we address some of the most serious problems which effect the envi-
ronment during the exploitation of phosphate rock. These problems will include those as-
sociated with: (1) the mining process; (2) chemical treatments and procedures associated
with conversion of phosphate rock to fertiliser; (3) release of toxic or radioactive ele-
ments to the environment as a result of mining or processing. In this review, we will
emphasise those problems which relate directly to the chemical nature of phosphorites.
Many of the current environmental issue centre on contamination by the impurities,
especially radionuclides, contained in phosphogypsum, a by-product of fertiliser manu-
facture, so particular emphasis will be placed on this topic.

Mining and processing

Since most phosphate mining is of the “open-pit” variety, extremely large quantities of
material are moved in the process. This type of mining significantly scars the landscape
which may not be returned to its original contours following mining. Overburden, ore,
ore concentrate, products and by-products are all moved in one form or the other, most
often as a slurry which also consumes significant water resources. During the beneficia-
tion process, the ore is concentrated by a variety of methods, usually including sizing and
flotation techniques. This results in the production of extremely fine-grained phosphatic
“waste clays”, one of the most serious environmental problems of the mining/beneficia-
tion part of the fertiliser cycle. This problem is minimised, of course, for deposits (e.g. the
Upper Cretaceous — Eocene of the Tethyan province) where the clay content is volumet-
rically unimportant.

Waste clays are extremely fine grained, with tremendous surface area, so the settling
characteristics are very poor. Without any treatment, these clays require decades to settle
from about 5 to 20% solids. In Florida, the artificial ponds used for settling take up a sub-
stantial (40-60%) fraction of the mine area. Fortunately, progress has been made recent-
ly (McFarlin 1992) with rapid dewatering techniques involving the use of a flocculant and
floc collector, which brings the solids content up to 25% within a few minutes. Hopefully,
this type of technology will prevent the waste clay situation from getting worse in the fu-
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ture, but the problem of the numerous clay-settling ponds which now exist must also be
addressed.

The “phosphogypsum” problem

Approximately 70% of phosphate ore mined is initially converted to phosphoric acid, an
important intermediate product for the manufacture of soluble ‘high analysis’ phosphatic
fertilisers. The commercial production of phosphoric acid may be achieved by thermal
methods, involving the reduction of phosphate rock in an electric furnace, or more com-
monly, using the so-called “wet-process” where the rock is reacted with sulphuric acid.
The combined capacity of existing phosphoric acid plants is so large that the phosphate
fertiliser industry is the largest single consumer of sulphuric acid in the world. This pro-
cess also results in the production of substantial quantities of by-product gypsum known
as “phosphogypsum”. A simplified chemical reaction may be shown as:

Cajo (PO4)s F2 + 10H2SO4 + 20H20 — 10CaSOs4 - 2H20 + 6H3PO4 + 2HF (6)
{phosphate rock} {phosphogypsum}

While the mole ratio between gypsum and phosphoric acid is 5 : 3, the mass ratio is about
3:1, ie. about 3 tonnes of gypsum are produced for every tonne of phosphoric acid. As a
consequence, the phosphate industry as it operates in most parts of the world could more
accurately be termed a ‘phosphogypsum’ industry. Since the phosphate industry meas-
ures its phosphoric acid production in terms of many millions of tonnes per year, the
amount of by-product gypsum produced is clearly substantial, on the order of 100 Mt yr~!
on a world-wide basis.

During wet-process production, CaSO4 may be crystallised in either the dihydrate
(CaSOy4 - 2H,0) or hemihydrate (CaSOs - '/,H20) form, depending on the operating con-
ditions. Phosphogypsum produced as a result of this reaction is filtered off and in many
areas, including Florida, it is pumped as a slurry containing about 20% solids to a nearby
storage area, the so-called “gyp-stacks”, where it is cooled and dewatered. The phosphor-
ic acid produced is later reacted with ammonia or concentrated phosphate ore to produce
ammonium phosphate or triple superphosphate, the two most common types of phos-
phate fertilisers.

Phosphogypsum has been used in Japan, Germany and some other countries for pro-
duction of cement and other construction materials, but its commercial use in the US is
currently limited to small quantities sold to farmers as a soil amendment. The US Envi-
ronmental Protection Agency (EPA) has ruled that gypsum must be placed on stacks or
mine cuts, and only limited quantities can be removed for agricultural or research pur-
poses. Phosphogypsum cannot be used for construction or similar applications in the
United States subsequent to the June 3, 1992 (57 Fed Reg 23305) EPA ruling. This ruling
was predicated on: (1) risk assessments and environmental concerns associated with
radionuclides in the 238U decay chain, especially radon (Rn); (2) the US already produces
a substantial amount of natural gypsum by mining.

This situation is unfortunate for places such as Florida where the inventory of by-
product gypsum has been growing tremendously within the past few decades. This prob-
lem does not exist in some countries, such as Morocco, where there are plans to pump
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25 kt per day of phosphogypsum from one plant directly into the Atlantic Ocean (Becker
1989). In Florida, it is estimated that more than 600 Mt of phosphogypsum are currently
stored at 17 sites throughout the state, with >30 Mt being added each year. At this pace,
Florida will have close to 1 Gt of stockpiled phosphogypsum by the year 2000 (May &
Sweeney 1982; Nifong 1988).

Besides the obvious waste of a potentially valuable by-product and the unsightly
physical appearance of the stockpiles, the main problem associated with phosphogypsum
storage is the potential effect on the surrounding environment, specifically the air and
water resources in the vicinity of gypsum stacks (Kouloheris 1980). According to a review
by Nifong (1988), the principal environmental concerns with phosphogypsum storage are
fluoride emissions to the atmosphere and possible contamination of groundwater with ra-
dium, sulphate and fluoride, due to leaching by process water or rainwater. Other U-se-
ries nuclides associated with phosphogypsum, especially 2!°Po, have been found at high
concentrations in shallow groundwater in the Florida mining area (Harada et al. 1989).

Studies which have considered the radiological aspects of the agricultural use of phos-
phogypsum have generally concluded that the increased risk relative to more traditional
fertilisers is low, both from the increased radon flux from the soil and from uptake by
plants (Lindeken & Coles 1978; Lindeken 1980; Roessler 1984, 1988; Mortvedt 1992).
The most important pathway between phosphogypsum-derived radionuclides and hu-
mans, therefore, is probably through groundwater (Miller & Sutcliffe 1984). Whether the
radioactive nuclides are an environmental hazard or not, may be a moot point in terms of
use of phosphogypsum in the United States, since a recent EPA ruling has set a 10 pCi g!
limit of 2?Ra allowable in phosphogypsum for agricultural purposes. At this stage, it is
not at all clear whether radionuclides from phosphogypsum stacks are actually contami-
nating the surrounding groundwater. Although elevated levels of ?!Po have been docu-
mented from areas in the vicinity of phosphogypsum stacks in Florida (Burnett et al.
1987; Harada et al. 1989), the source has not been determined. In some cases, it appears
that the direct source may be from the natural phosphate rock of the area. In other cases,
phosphogypsum appears to be the source.

Research currently in progress concerning the radiochemistry of phosphogypsum has
shown that the radionuclides are apparently hosted in a separate phase from the calcium
sulphate (Burnett et al. 1992). The radionuclide-bearing phase is insoluble in water and
may be an aluminium phosphate with relatively high concentrations of Ba, Sr and REEs.
This appears to be somewhat of a paradox. How can radionuclides be leached from phos-
phogypsum and enter the shallow aquifer when they are contained in a very insoluble
phase? The answer may be in the action of bacteria. Cherrier et al. (1995) have shown
that bacteria isolated from phosphogypsum seem to incorporate polonium and distribute
it into their cellular components in a manner similar to sulphur. In a more recent set of
experiments involving leaching of gypsum in columns, it was observed that Po was
released when the gypsum was inoculated with sulphate-reducing bacteria (Burnett et al.
1993). These results suggest that sulphur bacteria may cycle Po inadvertently while they
are processing sulphur. Both elements are in the same periodic group and have certain
chemical similarities. Thus, the enzymatic action of bacteria could be the link which
initiates mobilisation of radionuclides from phosphogypsum.

Is there a solution to this problem? Can phosphogypsum be economically purified or
converted to a useful form without the associated impurities and put to some good use?
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Natural gypsum is mined in several areas of the world and has a variety of uses, especially
for construction activities. Unfortunately, phosphogypsum is less suitable for such pur-
poses because of its high water content, fine particle size and generally inconsistent qual-
ity. At least two conversion processes are already known: (1) conversion and recovery of
sulphur gases which may then be returned to the fertiliser cycle as sulphuric acid; (2) the
Merseburg process or double decomposition method, where gypsum is reacted with am-
monium carbonate and forms ammonium sulphate, an excellent fertiliser, and by-product
calcium carbonate. Unfortunately, the present situation is such that neither process ap-
pears to be economically feasible. This is indeed unfortunate, as a potential resource is
being wasted and at a great cost, not only in terms of harm to the environment, but in
terms of actual expense. Schultz (1992) reported, for example, that if all the gypsum
stacks in the United States had to be closed by covering with an impervious membrane
and a soil cap to support vegetation, the cost would be in the neighbourhood of
USS$ 1.3 billion or an average of about $20 million per stack! Furthermore, this cost esti-
mate does not include the on-going costs of environmental monitoring or maintenance.
Clearly, it would be in the best interests of everyone involved to pursue options for an
environmental-sound yet economically-attractive use of phosphogypsum.

The recent research on the radiochemistry of phosphogypsum mentioned above has
shed some insights into this problem. The most important finding is that ?°Ra and other
radionuclides are not contained in the CaSO4 phase of the gypsum. Although the host
has yet to be positively identified (an insoluble phosphate or sulphate appear to be the
most likely), the observation that the radionuclide fraction resides in a discrete phase is
significant. For example, this finding opens the promise of either physical or chemical
separation of the radionuclide fraction from the gypsum component. But can this be
done economically? Although the economic outlook does not appear favourable, the
new findings provide additional incentive to search for a solution, especially one with a
process that will also result in an economically attractive product.

Release of toxic and radioactive elements

Phosphorites may contain relatively high levels of certain elements that may be harmful
to humans, either because of some inherent toxicity or because they are radioactive. Of
the toxic elements which may be enriched in phosphorites, Cd, Se and As are probably
the most important. It should be emphasised, however, that the concentration of these
elements varies widely between and sometimes within deposits, so it is important to eval-
uate each case, on a deposit scale, rather than depend on average analyses. Cadmium in
particular can, but does not necessarily (Anon 1989; Johnston & Jones 1992), accumulate
in soils and plants through repeated fertiliser use. Japanese law, for example, stipulates a
maximum concentration of 1.5 pg g™ Cd per 1% P>Os (Baechle & Wolstein 1984) in
mineral fertilisers, while in Germany and some Scandinavian countries phosphorites
containing >20 pg g~! Cd are considered to be unsuitable for fertiliser production. Sales
to Western Europe of phosphate rock from high-Cd deposits such as those of Senegal
and Togo have suffered significantly in recent years because of environmental concerns.
Clearly, an understanding of the location and distribution of Cd and other toxic
elements, is important in planning the development and beneficiation of a phosphorite
deposit. It has been reported that Cd, Pb, Zn, Se, Hg and As may be reduced (volatilised)
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considerably by high-temperature calcining of the ore. This is normally uneconomic
except in cases where the content of organic matter is high (Isherwood 1992), and also
leads to a marked decrease in the chemical reactivity of the phosphorite, reducing the
efficiency of the phosphoric acid process. Furthermore, a transference of toxic metals
from the fertiliser cycle to the atmosphere, and subsequently to the soil and groundwater
in the vicinity of the processing plant, does not necessarily represent a significant im-
provement to the environmental problem.

During chemical processing, harmful gases may also be released. These include SO,
associated with the huge quantities of sulphuric acid used by the industry, and fluoride
emissions. The technology exists to limit these emissions to environmentally acceptable
levels and thus the problem may be limited to ensuring that the regulatory restrictions
are being followed. It should also be mentioned in this context that release of potentially
harmful elements such as fluoride, may occur without any human intervention at all, i.e.
“natural” contamination. This was documented in the case of an unmined area in Senegal
where high fluoride levels in the groundwater, presumably leached out of the surround-
ing phosphate rock, has been implicated as the cause of health problems in the region
(Travi 1988).

The one problem that is perceived as being the most important, at least in the United
States, is that concerning the content of radioactive elements in phosphorites. Sedimen-
tary phosphorites of most ages and areas (but with some notable exceptions) contain
significant uranium concentrations, with typical values over 100 pg g~'. Since virtually all
economic deposits of phosphorite are old enough for radioactive equilibrium to be estab-
lished in the 38U decay chain (this requires approximately 1 Myr), the specific activity
(number of radioactive disintegrations per unit time per unit mass) of all U-decay prod-
ucts will be approximately equal. Thus, a Miocene phosphorite from Florida with a U
content of 100 pg g™! will not only have a 238U activity of approximately 33 pCi g!, but
have individual activities of **Th, ?2®Ra, ???Rn and other radionuclides of an equivalent
amount as well. During mining, and especially during chemical processing of the ore,
these radioelements can become separated and radioactive equilibrium is no longer es-
tablished. This creates an entirely different situation, since each isolated daughter will be-
have according to its own chemistry and, if truly isolated, will decay away with its own
half-life. For example, should ?'°Po be released into the environment without its radio-
active predecessors, it will decay away with its own half-life (138.4 days), rather than
being controlled by longer-lived parents.

The major concern in the United States involving the dispersal of radioactive
elements associated with phosphate rock, is with the radioactivity of phosphogypsum.
This concern, expressed in recent EPA rulings, is centred on the ??°Ra content of phos-
phogypsum, the radioactive parent of gaseous *2Rn. In spite of the fact that emissions
from gypsum stacks do not appear to be abnormally high, the concern over any possible
contributor to the radon inventory is so great, that the US EPA has greatly restricted the
use of phosphogypsum. As mentioned above, new research indicates that radium is
apparently hosted in a discrete mineral phase in phosphogypsum, thus opening up the
possibility that purification is possible. The problem, and the real challenge, lies in devel-
opment of an economically feasible way to accomplish this task.



Phosphorite Geochemistry 687

Discussion and conclusions

As a broad generalisation, there is a correspondence between those trace elements which
are enriched in seawater and/or marine organic matter (Tooms et al. 1969; Prévot
& Lucas 1979; Piper 1994), and those occurring at high levels in phosphorites. This
relationship is not unexpected given the open-marine depositional setting of most
deposits, and the inherent involvement of organic matter and bacterial processes in their
formation. Levels of enrichments are controlled not only by the crystallographic pro-
perties of francolite and kinetic factors, but also by ambient geochemical conditions
(Eh, pH, alkalinity) during precipitation, and may be modified substantially by late
diagenetic, metamorphic and weathering effects. Moreover, phosphorites contain com-
plex admixtures of other inorganic and organic constituents, and these may additionally
host high proportions of trace elements. Consequently, there is commonly no simple
correlation between the most enriched elements and P even within a single deposit, and
different deposits will have different characteristics that relate to their unique geological
histories.

Difficulties in apportioning trace-elements to particular phases are partly a conse-
quence of sampling constraints. Phosphorites are by their very nature highly inhomoge-
neous at all scales, from the dissemination of phosphatic grains or nodules in a bed of sili-
ciclastic and/or carbonate sediment, through the intimate association of ym-scale franco-
lite crystallites with other authigenic and detrital particles and organic matter, down to
geochemical variation on the surfaces of and within individual crystals. Most of our cur-
rent knowledge concerning trace-element distributions in phosphorites originates from a
relatively limited range of bulk-rock analyses. Only a few deposits, such as the Middle
Cambrian Georgina Basin deposits of northern Australia (Cook 1972; Howard & Hough
1979), Permian Phosphoria Formation of the US (Gulbrandsen 1966, 1975; McKelvey et
al. 1986; Piper & Medrano 1994), and Cretaceous-Eocene deposits of Morocco (Prévot &
Lucas 1985; Prévot 1990) are well characterised. Additional high quality multi-element
data sets for geologically and stratigraphically well-constrained sample sets are needed to
complement these data, while the greater use of physical and chemical separation tech-
niques would add significantly to our knowledge of trace-element partitioning in differ-
ent sediment components.

Major advances require new approaches. The use of high resolution imaging tech-
niques, including backscattered scanning electron microscopy, combined with sensitive
microanalytical methods (see Potts et al. 1993a for a recent review) such as the ion micro-
probe, synchrotron X-ray fluorescence microprobe, laser ablation-inductively coupled
plasma-mass spectrometer (LA-ICP-MS), particle-induced X-ray emission or LA-gas
source-MS analysis, have enormous potential to determine inter-elemental and isotopic
relationships on a single-crystal scale. Such work is in its infancy, but is already having an
impact on the field (Grandjean & Albarede 1989; Jarvis & Jarvis 1991; Grandjean-
Lécuyer et al. 1993). An ability to determine the geochemical composition of separate
phases and to study compositional variation within individual grains and crystals is essen-
tial to improve our understanding of the processes which lead to the incorporation of
trace elements in phosphorites. It should be stressed that this work must be integrated
with established field, petrographic and geochemical techniques if interpretations of the
information obtained are to be soundly based.
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Experimental data concerning the kinetics and thermodynamics of trace-element in-
corporation by francolites is a prerequisite for quantitative modelling. Further experi-
mental work, together with mathematical modelling of natural and artificial systems, are
essential if the transition is to be made from empirical to theoretical studies of phospho-
genesis. However, the complexities of natural phosphogenic environments should not be
underestimated. It is also important to make the point that there remains a limit to which
present-day phosphorites may be used as a analogues for the genesis of ancient deposits.
The most notable difference is that most major phosphorites are granular while modern
phosphorites are dominantly nodular. Recent studies have demonstrated that granular
phosphorites are forming in modern settings and that phosphorite hardgrounds are more
widespread in both the modern and ancient than previously realised (Glenn et al. 1994a, b).
Nonetheless, there remains no known exact analogue for the phosphorite ‘giants’ of the
geological record. The basic physical-chemical processes which control the precipitation
of francolite and the genesis of phosphorites must have been the same in the past as they
are at the present day, and there is no doubt that we have learnt much about these from
our studies of modern sediments. Nonetheless, there remains the fundamental questions
as to why ancient deposits are so different and what are the environmental factors that
these differences reflect?

Over the last two decades, geochemical and particularly isotopic studies have led to
major advances in our understanding of the genesis and diagenesis of phosphorites, but
many problems remain unsolved. What is the precursor mineral to francolite in modern
environments? When and how are specific trace elements incorporated in phosphorites,
where are they located and what was their source? Are humic compounds or other or-
ganic complexes instrumental in these processes? To what extent do kinetic and thermo-
dynamic factors control trace-element contents? Are trace-elements good redox indica-
tors? Are weathering and metamorphic effects kinetically controlled; is long term-burial
at modest depths equivalent to short periods of deep burial?

To answer these questions, traditional geological analyses of ancient and modern
phosphorites will have to be complemented by: (1) new analytical methods to empirically
determine the distribution and behaviour of trace elements and isotopes in phosphorites;
(2) better integration of inorganic and organic geochemical studies; (3) multi-element
and multi-phase studies to examine the relationship between francolite geochemistry and
those of associated mineral phases; (4) more extensive data on the porewater and solid-
phase geochemistry of modern phosphogenic and associated non-phosphogenic environ-
ments; (5) experimental work to determine the kinetic and thermodynamic factors which
control apatite precipitation and the incorporation of trace elements in francolite; (6)
more refined modelling of natural and experimentally derived data.

Results from these geochemical studies will continue to provide one of the best
means of refining models of phosphogenesis. An understanding of geochemical processes
is essential to assessing and ameliorating the environmental impact of phosphate rock
extraction and processing and the use of phosphate fertilisers.
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