
Zeitschrift: Eclogae Geologicae Helvetiae

Herausgeber: Schweizerische Geologische Gesellschaft

Band: 87 (1994)

Heft: 3: Concepts and controversies in phosphogenesis : proceedings of the
symposium and workshop held on 6-10 September 1993

Artikel: Phosphorite geochemistry : state-of-the-art and environmental concerns

Autor: Jarvis, Ian / Burnett, William C. / Nathan, Yaacon

Bibliographie: References

Autor: [s.n.]

DOI: https://doi.org/10.5169/seals-167474

Nutzungsbedingungen
Die ETH-Bibliothek ist die Anbieterin der digitalisierten Zeitschriften auf E-Periodica. Sie besitzt keine
Urheberrechte an den Zeitschriften und ist nicht verantwortlich für deren Inhalte. Die Rechte liegen in
der Regel bei den Herausgebern beziehungsweise den externen Rechteinhabern. Das Veröffentlichen
von Bildern in Print- und Online-Publikationen sowie auf Social Media-Kanälen oder Webseiten ist nur
mit vorheriger Genehmigung der Rechteinhaber erlaubt. Mehr erfahren

Conditions d'utilisation
L'ETH Library est le fournisseur des revues numérisées. Elle ne détient aucun droit d'auteur sur les
revues et n'est pas responsable de leur contenu. En règle générale, les droits sont détenus par les
éditeurs ou les détenteurs de droits externes. La reproduction d'images dans des publications
imprimées ou en ligne ainsi que sur des canaux de médias sociaux ou des sites web n'est autorisée
qu'avec l'accord préalable des détenteurs des droits. En savoir plus

Terms of use
The ETH Library is the provider of the digitised journals. It does not own any copyrights to the journals
and is not responsible for their content. The rights usually lie with the publishers or the external rights
holders. Publishing images in print and online publications, as well as on social media channels or
websites, is only permitted with the prior consent of the rights holders. Find out more

Download PDF: 30.04.2026

ETH-Bibliothek Zürich, E-Periodica, https://www.e-periodica.ch

https://doi.org/10.5169/seals-167474
https://www.e-periodica.ch/digbib/terms?lang=de
https://www.e-periodica.ch/digbib/terms?lang=fr
https://www.e-periodica.ch/digbib/terms?lang=en


Phosphorite Geochemistry 689

enthusiasm and support during the meeting. Kingston University funded IJ during his attendance at the symposium.

WB acknowledges the financial support ofthe Florida Institute of Phosphate Research (FIPR#90-05-035)
for the phosphogypsum studies. The manuscript benefited greatly from critical reviews by Drs Peter Cook
(British Geological Survey). Yoshua Kolodny (Hebrew University of Jerusalem). John McArthur (University
College London) and Arthur Notholt (Mineral Resources Consultant. Uxbridge). This is a contribution to
IGCP Project 325. Palaeogeography of Authigenic Minerals.

REFERENCES

Abu Mt RRY. O.S. 1993: Distribution of rare earth elements in Jordanian phosphate. Concepts and Controver¬
sies in Phosphogenesis. Int. Symp. and Workshop. Matten. 6-10 September. 1993.

Altschuler. Z.S. 1973: The weathering of phosphate deposits - geochemical and environmental aspects. In:
Environmental Phosphates Handbook (Ed. by Griffith. D.. Beeton. A.. Spencer. J.M. & Mitchell.
D.T). Wiley & Sons. New York. 33-96.
1980: The geochemistry of trace elements in marine phosphorites. Part I: Characteristic abundances and
enrichment. In: Marine Phosphorites (Ed. by Bentor. Y.K. Soc. Econ. Paleont. Miner. Spec. Pubi. 29.

19-30.

Altschi ler. Z.S.. Cisney. E.A. & Barlow. I.H. 1952: X-ray evidence of the nature of carbonate apatite.
Geol. Soc. Am. Bull. 63. 1230-1231.

Altschuler. Z.S.. Clarke. R.S. & Young. E.Y. 1958: Geochemistry of uranium in apatite and phosphorite.
US Geol. Surv. Prof. Pap. 314-D, 45-90.

Altschuler, Z.S., Berman, S. & Cuttiti. F. 1967: Rare earths in phosphorites - geochemistry and potential
recovery. US Geol. Surv. Prof. Paper 575(B). B1-B9.

Anon 1989: Cadmium in phosphates: one part of a wider environmental problem. Phosphorus Potassium 162.

23-30.
1993: Phosphate Rock helps feed the world. Engineer. Min. Jour. 194, 2. 73.

Atlas. E.L. 1975: Phosphate equilibria in seawater and interstitial waters. PhD Dissert. Oregon State Univer¬

sity. Corvallis.
Atlas. E.L. & Pytkowicz. R.M. 1977: Solubility behaviour of apatites in seawater. Limnol. Oceanogr. 22.

290-300.

Avital. Y.. Starinsky, A. & Kolodny. Y. 1983: Uranium geochemistry and fission track mapping of phos¬

phorites. Zefa Field, Israel. Econ. Geol. 78. 121-131.

Bachra. B.N.. Trautz. O.R. & Simon, S.L. 1965: The effect of magnesium and fluoride ions on the spontane¬
ous precipitation of calcium carbonates and phosphates. Arch. Oral Biol 10, 731-738.

Bacquet. G.. Vo Quang. T.. Bonel. G. & Vignoles, M. 1980: Résonance paramagnétique électronique du

centre F dans les fluorapatites carbonatées de type B. J. Solid State Chem. 33,189-195.
Baechle, H.-T & Wolstein. F. 1984: Cadmium compounds in mineral fertilisers. Proc. Fertil. Soc. London

226. 1-18.

Barole. D.V.. Rajagopalan. G. & Somayajulu. B.L.K. 1987: Radiometrie ages of phosphorites from the

west coast of India. Mar. Geol. 78.161-165.

Baturin, G.N. 1978: Phosphorites on the Ocean Floor (in Russian). Izdat. Nauka, Moscow.
Baturin. K.N. & Kochenov, A.V. 1974: Uranium content of oceanic phosphorites (in Russian). Litologia I

Poleznye Iskopaemye 1, 124-129.

Baturin, G.N. & Oreshkin. V.N. 1984: Behaviour of cadmium in ocean-floor bone phosphate. Geochem. Int.
35,69-74.

Baturin, G.N., Kochenov. A.V. & Petelin, V.P 1970: Phosphorite formation on the shelf of SW Africa. Lithol.
Min. Res. 3.266-276.

Baturin, G.N.. Merkulova, K.I. & Chalov, P.I. 1972: Radiometric evidence for recent formation of phos¬

phatic nodules in marine shelf sediments. Mar. Geol. 13, M37-M41.
1974: Absolute dating of oceanic phosphorites by disequilibrium uranium. Geochemistry 11,568-574.

Becker, P. 1989: Phosphogypsum: expensive waste or profitable by-product. Phosphates and Phosphoric Acid.
Marcel Dekker Inc. 537-569.

Benmore, R.A., Coleman. M.L. & McArthur, J.M. 1983: Origin of sedimentary francolite from its sulphur
and carbon isotope composition. Nature 302,516-518.

Benmore, R.A., McArthur, J.M. & Coleman, M.L. 1984: Stable isotopie composition of structural carbonate
in sedimentary francolite. Spec. Pubi. Geol. Surv. India 17,35-40.



690 I. Jarvis et al.

Bentor, Y.K. 1980: Phosphorites - the unsolved problems. In: Marine Phosphorites (Ed. by Bentor. Y.K.).
Soc. Econ. Paleont. Mineral. Spec. Pubi. 29. 3-18.

Bernât. M. 1975: Les isotopes de l'uranium et du thorium et les terres rares dans l'environnement marin. Cah.

ORSTOM Série Géol. 7. 65-83.

Berner. R.A.. Ruttenberg. K.C.. Ingall. E.D. & Rao. J.-L. 1993: The nature of phosphorus burial in mod¬

ern marine sediments. In: Interactions of C. N. P and S Biogeochemical Cycles and Global Change (Ed. by
Wollast. R.. Mackenzie F.T. & Chou. L.). Springer-Verlag. Berlin. 365-378.

Bertram, CJ. & Elderfield. H. 1993: The geochemical balance of the rare earth elements and neodymium
isotopes in the oceans. Geochim. Cosmochim. Acta 57. 1957-1986.

Bertrand-Sarfati. J.. Moussine-Pouchkine. A., Flicoteaux, R. & Ait Kaci. A. 1993: Ministromatolites
phosphatés liés à la transgression glacio-eustatique d' âge Cambrien Inférieur (Sahara. Algerie). Abstract.
4th. French Congress of Sedimentology, Villeneuve d'Asq. 16-18 November 1993.

Birch. G.F.. Thomson, J., McArthur. J.M. & Burnett, W.C. 1983: Pleistocene phosphorites off the west

coast of South Africa. Nature 302. 601-603.

Bliskovskiy. VZ. 1976: On kurskite and francolite. Lithol. Miner. Resour. 11. 332-341.

Bliskovskiy, V.Z., Yefimova. V.A. & Romanova, L.V. 1967: The strontium contents of phosphorites. Geo-
chem. Internat. 4,1186-1190.

Bliskovskiy, V.Z., Grinenko. V.A., Migdisov. L.I. & Savina. L.I. 1977: Sulphur isotopie composition of the

minerals of phosphorites. Geochem. Internat. 14. 148-155.

Bonel. G.. Labarthe. J.C. & Vignoles. C. 1973: Contribution à l'étude structurale des apatites carbonatées
de type B. Compt. Rend. Coll. Internat. Physico-Chimie et la Cristallographie des apatites d'intérêt
biologique, Paris. 230,117-125.

Bonnot-Courtois. C. & Flicoteaux. R. 1989: Distribution of rare-earth and some trace elements in Tertiary
phosphorites from the Senegal Basin and their weathering products. Chem. Geol. 75. 311-328.

Borneman-Starinkevich. I.D. & Belov. N.V. 1940: Isomorphic substitution in carbonate-apatite. Compt.
Rend. Dokl. Acad. Sci. USSR XXVI, 18,804-806.

- 1953: Carbonate-apatites. Dokl. Akad. Nauk. SSSR 90, 89-92.

Boyle, E.A. 1981: Cadmium, zinc, copper and barium in foraminiferal tests. Earth Planet. Sci. Lett. 53. 11-35.

Boyle, E.A.. Sclater, F. & Edmond, J.M. 1976: On the marine geochemistry of cadmium. Nature 263. 42-44.

Brown, L.R., Chandler, W.C, Flavin. C. Jacobson J., Pollock, C, Postel S.. Starke. L. & Wolf, E.C.
1987: State of the World. New York. W.W. Norton.

Bruland, K.W. 1983: Trace elements in seawater. In: Chemical Oceanography Volume 8 (Ed. by Riley, J.P. &
Chester. R.), Academic Press, London. 157-220.

Burke, W.H, Denison, RE.. Hetherington. E.A., Koepnick, R.B., Nelson. H.F. & Otto. J.B. 1982: Varia¬
tion of "'Sr/^Sr throughout Phanerozoic time. Geology 10. 516-519.

Burnett, W.C. 1977: Geochemistry and origin of phosphorite deposits from off Peru and Chile. Geol. Soc.

Amer. Bull. 88, 813-823.

Burnett, W.C. & Gomberg, G.N. 1977: Uranium oxidation and probable subaerial weathering of phospha¬
tized limestone from the Pourtalès Terrace. Sedimentology 24.291-302.

Burnett, W.C. & Veeh, H.H. 1977: Uranium-series disequilibrium studies in phosphorite nodules from the
West Coast of South America. Geochim. Cosmochim. Acta 41. 755-764.

Burnett, W.C, Veeh, H.H. & Soutar, A. 1980: U-series, océanographie and sedimentary evidence in support
of recent formation of phosphate nodules off Peru. In: Marine Phosphorites (Ed. by Bentor. Y.K.). Soc.

Econ. Paleont. Mineral. Spec. Pubi. 29,61-71.
Burnett, W.C, Beers, M.J. & Roe, K.K. 1982: Growth rates of phosphate nodules from the continental

margin off Peru. Science 215.1616-1618.

Burnett, W.C, Roe, K.K. & Piper, D.Z. 1983: Upwelling and phosphorite formation in the ocean. In: Coastal

Upwelling - its Sedimentary Record, Part A: Responses of the Sedimentary Regime to Present Coastal

Upwelling (Ed. by Suess, E. & Thiede, J.). Plenum. New York, 377-397.

Burnett, W.C, Cowart, J.B. & Chin, P.A. 1987: Polonium in the surficial aquifer of west central Florida.
NWWA Conference, Somerset, NJ. (Ed. by Graves, B.). 251-269.

Burnett, W.C, Baker, K.B., Chin, P.A., McCabe, W. & Ditchburn, R. 1988: Uranium-series and AMS^C
studies of modern phosphatic pellets from Peru Shelf muds. In: The Origin of Marine Phosphorite. The
Results of the R.V. Robert D. Conrad Cruise 23-06 to the Peru Shelf (Ed. by Burnett, W.C. & Froelich,
P.N.). Marine Geol. 80, 215-230.

Burnett, W.C, LaRock, P.A., Cowart, J.B. & Hull, CD. 1992: Microbiology and Radiochemistry of Phos¬

phogypsum. Year 2 Report to the Florida Institute of Phosphate Research, Bartow, FL.



Phosphorite Geochemistry 691

Burnett. W.C. Hull, CD., Cable P., Cherrier, J., LaRock, P.A. & Hyun J. 1993: Radionuclides in phos¬

phogypsum: migration and bacterial control. Proc. Fourth Int. Conf. on the Chemistry and Migration
Behavior of Actinides. Abstract, Charleston. S.C.

Capo. C. & DePaulo, D.J. 1990: Seawater strontium isotope variation from 2.5 million years to the present.
Science 249, 51-55.

Carson, G.A. & Crowley, S.F. 1993: The glauconite-phosphate association in hardgrounds: examples from
the Cenomanian of Devon, southwest England. Cret. Res. 14. 69-89.

Cathcart, J.B. 1978: Uranium in phosphate rock. US Geol. Surv. Prof. Pap. 988-A, 1-6.
1992: Uranium in phosphate rock with special reference to the Central Florida deposits. US Geol. Surv.

Circ. 1069.32-35.

Cherrier, J.. LaRock P.A. & Burnett, W.C. (in press): Uptake and cellular distribution patterns of polonium
by a phosphogypsum bacterial isolate. Jour. Appi. Environ. Microbiology.

Chien. S.H. & Black, CA. 1976: Free energy of formation of carbonate apatites in some phosphate rocks. Soil

Sci. Soc. Amer. Proc. 40, 234-239.

Claypool, G.E., Holzer, W.T.. Kaplan, I.R.. Sakai. H. & Zak. I. 1980: The age curve of sulphur and oxygen
isotopes in marine sulphates and their mutual interpretation. Chem. Geol. 28. 199-260.

Colley. S & Thomson. J. 1985: Recurrent uranium relocations in distal turbidites emplaced in pelagic condi¬

tions. Geochim. Cosmochim. Acta 49, 2339-2348.

Compton, J.S.. Snyder, S.W. & Hodell, D.A. 1990: Phosphogenesis and weathering of shelf sediments from
the south-eastern United States: Implications for Miocene 8nC excursions and global cooling. Geology 18,

1227-1230.

Compton, J.S., Hodell, D.A., Garrido, J.R. & Mallinson, D.J. 1993: Origin and age of phosphorite from the

south-central Florida Platform: Relation of phosphogenesis to sea-level fluctuations and 8nC excursions.

Geochim. Cosmochim. Acta 57, 131-146.

Cook, P.J. 1972: Petrology and geochemistry of the phosphate deposits of Northwest Queensland, Australia.
Econ. Geol. 67, 1193-1213.
1984: Spatial and temporal controls on the formation of phosphorite deposits - a review. In: Phosphate
Minerals (Ed. By Nriagu, J.O. & Moore, P.B.). Springer, Heidelberg, 242-274.

Cook, P.J. & McElhinny, M.W. 1979: A réévaluation of the spatial and temporal distribution of phosphate
deposits in the light of plate tectonics. Econ. Geol. 74, 315-330.

Cook, P.J., Shergold, J.H., Burnett, W.C. & Riggs, S.R., 1990: Phosphorite research: a historical overview.
In: Phosphorite Research and Development (Ed. by Notholt A.J.G. & Jarvis. I.). Geol. Soc. Spec. Pubi.

52,1-22.
Cossa, 1878: Sur la diffusion de cerium, du lanthane et du didyme. extract of a letter from Cossa to Sella, pre¬

sented by Frény. Compt. Rend. Acad. Sci. Paris 87, 378-388.

Cullen, D.J. & Burnett, W.C. 1986: Phosphorite associations on seamounts in the tropical south-west Pacific.

Mar. Geol. 71,215-236.
Dar'in, A.V. & Zanin. Yu. N. 1990: Rare-earth elements in a series of supergene transformations of phosphor¬

ites (in Russian). Geologiya i Geofizika 31, 89-97.
Da Rocha Araujo, P.R., Flicoteaux, R., Parron, C & Trompette, R., 1992: Phosphorites of Rocinha

Mine - Patos de Minas (Minas Gerais, Brazil): Genesis and evolution of a Middle Proterozoic deposit
tectonized by the Brasiliano Orogeny. Econ. Geol. 87, 332-351.

Denison, R.E., Koepnick, R.B., Fletcher, A., Howell, M.W. & Callaway, W.S. 1994a: Criteria for the re¬

tention of original seawater ^Sr/^Sr in ancient shelf limestones. Chem. Geol. 112,131-143.
Denison, R.E., Koepnick, R.B., Burke, W.H., Hetherington, E.A. & Fletcher, A. 1994b: Construction of

the Mississippian, Pennsylvanian and Permian seawater "'Sr/^Sr curve. Chem. Geol. 112,145-167.

DePaulo, D.J. & Ingram, B. 1985: High-resolution stratigraphy with strontium isotopes. Science 227, 938-941.

DePaulo, D.J. & Wasserburg, G.J. 1976: Nd isotopie variations and petrogenetic models. Geophys. Res.

Lett. 3, 249-252.

Elderfield, H. 1986: Strontium isotope stratigraphy. Palaeogeog. Palaeoclimatol. Palaeoecol. 57, 71-90.

Elderfield, H. & Greaves. M.J. 1982: The rare earth elements in seawater. Nature 296,214-219.

Elderfield, H. & Pagett, R. 1986: REE in ichthyoliths: variations with redox conditions and depositional en¬

vironment. Sci. Total Environ. 49,175-197.
Elderfield, H. & Sholkovitz, E.R. 1987: Rare earth elements in the pore waters of reducing nearshore sedi¬

ments. Earth Planet. Sci. Lett. 82, 280-288.

El-Kammar, A.M., Zayed, M.A. & Amer, S.A. 1979: Rare earths of the Nile Valley phosphorites, Upper
Egypt. Chem. Geol. 24,69-81.



692 I. Jarvis et al.

Emery. D. & Robinson. A. 1993: Inorganic Geochemistry: Applications to Petroleum Geology. Blackwell. Oxford.
Epstein, S., Buchsbaum. R., Lowenstam, H.A. & Urey. H.C. 1953: Revised carbonate-water temperature

scale. Geol. Soc. Amer. Bull. 62, 417-426.

Flicoteaux, R.. 1982: Genèse des phosphates alumineux de Sénégal occidental étapes et guides de l'altération.
Sci. Géol. Mém. 67.

Flicoteaux, R. & Lucas, J., 1984: Weathering of phosphate minerals. In: Phosphate Minerals (Ed. by Nriagu,
J.O. & Moore, P.B.). Springer-Verlag. Berlin, 292-317.

Flicoteaux, R., Walter A.-V.. Bonnot-Courtois, C & Toledo-Groke, M.-C. 1990: Transformation and

precipitation of phosphates during weathering: characterization by REE distributions. Geochemistry of the
Earth's Surface and of Mineral Formation, 2nd Int. Symp, Aix-en-Provence, 365-367.

Flicoteaux, R., Pannatier, Y. & Bonnot-Courtois, C 1993: Palaeoceanographic conditions of phosphate
precipitation in the western part of the Palaeogene Senegal Basin. Contribution of geochemical data.

Concepts and Controversies in Phosphogenesis. Int. Symp. and Workshop, Matten, 6-10 September, 1993.

Froelich, P.N., Klinkhammer, G.P., Bender, M.L., Luetke, N.A., Heath, G.R., Cullen, D., Dauphin, P.,

Hammond, D., Hartman, B. & Mynard, V. 1979: Early oxidation of organic matter in pelagic sediments
of the eastern equatorial Atlantic: suboxic diagenesis. Geochim. Cosmochim. Acta 43, 1075-1090.

Froelich, P.N., Kim, K.H., Jahnke, R., Burnett, W.C, Soutar, A. & Deakin, M. 1983: Pore water fluoride
in Peru continental margin sediments: Uptake from seawater. Geochim. Cosmochim. Acta 47,1605-1612.

Froelich, P.N., Arthur, M., Burnett, W.C, Deakin. M., Hensley, V., Jahnke, R., Kaul, L. Kim, K. Roe.
K., Soutar, A. & Vatakanon, C. 1988: Early diagenesis of organic matter in Peru continental margin
sediments: Phosphate precipitation. In: The Origin of Marine Phosphorite. The Results of the R.V. Robert D.
Conrad Cruise 23-06 to the Peru Shelf (Ed. by Burnett, W.C. & Froelich, P.N.). Marine Geol. 80,309-343.

Gavshin, V.M., Bobrov, V.A. & Zorkina, L.S. 1974: Quantitative relations between uranium and phosphorus
in phosphorites and phosphatic sedimentary rocks. Lithol. Miner. Res. 9, 740-746.

Gauthier, M.J., Clement, R.L., Flatau, G.N. & Amiard, J.C. 1986: Accumulation du cadmium par les

bactéries marines à Gram négatif selon leur sensibilité au métal et leur type respiratoire. Oceanol. Acta 9,

333-337.

Gilinskaya, L.G. 1991: A new type of PO43- centre in apatite. J. Struct. Chem. 31, 892-898.

- 1993: Stable paramagnetic Pb3+(2Si/2) centers in natural Ca5(P04)3(F,Cl,OH) apatites. Phys. Solid State 35,
35-37.

Gilinskaya, L.G. & Zanin, Yu. N. 1983: EPR investigation of the isomorphic impurity in the form V02+ in
apatite from phosphorite (in Russian). Dokl. Akad. Nauk. SSSR 273,1463-1467.

Gilinskaya, L.G., Zanin, Yu. N., Knubovets, R.G., Korneva, T.A. & Fadeeva, V.P. 1993: Organophos-
phorus radicals in natural apatites (Ca5(P04).,(F,OH). J. Struct. Chem. 33. 859-870

Girard, J.-P., Flicoteaux, R., Walter, A.-V., Savin, S.M. & Nahon, D. 1993: Oxygen and carbon stable iso¬

tope composition of structural carbonate in weathering apatites from latérites, southern Brazil and western
Senegal. Appi. Geochem. 8, 617-632.

Glenn, C.R. 1990a: Pore water, petrologie and stable carbon isotopie data bearing on the origin of Modern
Peru margin phosphorites and associated authigenic phases. In: Phosphate Deposits of the World Volume 3:

Neogene to Recent Phosphorites. (Ed. by Burnett, W.C. & Riggs, S.R.). Cambridge University Press.

Cambridge, 46-61.

- 1990b: Depositional sequences of the Duwi, Sibâîya and Phosphate Formations, Egypt: phosphogenesis
and glauconitization in a Late Cretaceous epeiric sea. In: Phosphorite Research and Development (Ed. by

Notholt A.J.G. & Jarvis, I.). Geol. Soc. Spec. Pubi. 52,205-222.
Glenn, C.R. & Arthur, M.A. 1988: Petrology and major element geochemistry of Peru margin phosphorites

and associated diagenetic minerals: authigenesis in modern organic-rich sediments. In: The Origin of
Marine Phosphorite. The Results of the R.V. Robert D. Conrad Cruise 23-06 to the Peru Shelf (Ed. by
Burnett, W.C. & Froelich, P.N.). Marine Geol. 80,231-267.

Glenn, C.R., Arthur, M.A., Yeh, H.W. & Burnett, W.C. 1988: Carbon isotopie composition and lattice-
bound carbonate of Peru-Chile margin phosphorites. In: The Origin of Marine Phosphorite. The Results of
the R.V. Robert D. Conrad Cruise 23-06 to the Peru Shelf (Ed. by Burnett, W.C. & Froelich, P.N.).
Marine Geol. 80,287-307.

Glenn, C.R., Arthur, M.A., Resig, M.J., Burnett, W.C, Dean, W.E. & Jahnke, R.A. 1994a: Are modern
and ancient phosphorites really so different? In: Siliceous, Phosphatic and Glauconitic Sediments of the

Tertiary and Mesozoic (Ed. by Iijima, A., Abed, A.M. & Garrison, R.E.). Proc. 29th Int. Geol. Congr.,
Part C, VSP, Utrecht, 159-188.



Phosphorite Geochemistry 693

Glenn, CR., Föllmi, K.B., Riggs, S.R., Baturin, G.N., Grimm, K.A., Trappe, J„ Abed, A.M., Galli-Oli¬
vier. C. Garrison, R.E., Ilyin, A., Jehl, C, Rohrlich, v., Sadaoah, R.M., Schidlowski, M., Sheldon,
R.E. & Siegmund, H. 1994b: Phosphorus and phosphorites: Sedimentology and environments of formation.

Eclogae geol. Helv. 87.747-788.
Goldberg. E.D.. Koide. M., Schmitt, R.A. & Smith, H.V. 1963: Rare earth distribution in the marine envi¬

ronment. J. Geophys. Res. 68.4209-4217.
Gony. J.N. 1971: Étude cristallochimique du phosphate uranifere de Bakouma (République centrafricaine).

Commissariat à l'Energie Atomique. CEN Saclay. Report CEA-R-400E.
Graham. D.W.. Bender, M.L., Williams. DT. & Keigwin Jr.. L.D. 1982: Strontium-calcium ratios in Ceno¬

zoic planktonic foraminifera. Geochim. Cosmochim. Acta 46. 1281-1292.

Grandjean. P. & Albarède. F. 1989: Ion probe measurement of rare earth element in biogenic phosphates.
Geochim. Cosmochim. Acta 53. 3179-3183.

Grandjean, P.. Cappeta, H. Michard. A. & Albarède, F. 1987: The assessment of REE patterns and
mNd/H4Nd ratios in fish remains. Earth Planet. Sci. Lett. 84,181-196.

Grandjean, P., Cappeta. H. & Albarède. F. 1988: The REE and eNd of 40-70 Ma old fish debris from the

West-African platform. Geophys. Res. Lett. 15, 389-392.

Granojean-Lécuyer P., Feist, R. & Albarède. F. 1993: Rare earth elements in old biogenic apatites. Geo¬

chim Cosmochim. Acta 57, 2507-2514.

Grüner, J.W. & McConnell, D. 1937: The problem of carbonate-apatites. The structure of francolite. Z.
Krist. Abt. A 97, 208-215.

Gulbrandsen, R.A. 1966: Chemical composition of the phosphorites of the Phosphoria Formation. Geochim.
Cosmochim. Acta 30, 769-778.
1970: Relation of carbon dioxide content of apatite of the Phosphoria Formation to regional facies. US

Geol. Surv. Prof. Pap. 700-B, 9-13.
1975: Analytical data on the Phosphoria Formation. Western United States. US Geol. Surv. Open-File
Rep. 75-554.

Gulbrandsen, R.A.. Kramer, J.R., Besty. L.B. & Mays, R.E. 1966: Carbonate-bearing apatite from Faraday
Township, Ontario. Canada. Amer. Mineral. 51, 819-824.

Gulbrandsen, R.A., Roberson. CE. & Neil, ST. 1984: Time and the crystallisation of apatite in seawater.
Geochim. Cosmochim. Acta 48, 213-218.

Gusev, G.M., Zanin, Yu.N., Krivoputskaya, L.M., Lemina, N.M. & Iusupov, TS. 1976: Transformation of
apatite composition under conditions of weathering and leaching. Dokl. Acad. Nauk. SSSR 229, 971-973.

Harada, K, Burnett, W.C, LaRock, P.A. & Cowart, J.B. 1989: Polonium in Florida groundwater and its
relationship to the sulfur cycle and bacteria. Geochim. Cosmochim. Acta. 53,143-150.

Heggie, D.T, Skyring, G.W., O'Brien, G.W., Reimers, C Herczeg, A.. Moriarty, D.J.W., Burnett, W.C.
& Milnes, A.R. 1990: Organic carbon cycling and modern phosphorite formation on the East Australian
continental margin: an overview. In: Phosphorite Research and Development (Ed. by Notholt. A.J.G. &
Jarvis, I.). Geol. Soc. Spec. Pubi. 52. 87-117.

Hein, J.R.. Yeh, H.-W., Gunn, S.H., Sliter, W.V.. Benntnger. L.M. & Wang, C.-H. 1993: Two major Cenozoic

episodes of phosphogenesis recorded in Equatorial Pacific seamount deposits. Paleoceanogr. 8, 293-311.

Henderson, G.M., Cohen. A.S. & O'Nions, R.K. 1993: 234U/238U ratios and 230Th ages for Hateruma Atoll
corals: implications for coral diagenesis and seawater 234U/238U ratios. Earth Planet. Sci. Lett. 15. 65-73.

Hess, J., Bender, M.L. & Schilling, J.-G. 1986: Evolution of the ratio of strontium-87 to strontium-86 in sea¬

water from Cretaceous to Present. Science 231, 979-984.

Hodell, D.A., Mueller, P.A. & Garrido, J.R. 1991: Variations in the strontium isotopie composition of sea¬

water during the Neogene. Geology 19,24-27.
Howard, P.F. & Hough, M.J. 1979: On the geochemistry and origin of the D-Tree, Wonarah and Sherrin

Creek phosphorite deposits ofthe Georgina Basin, Northern Australia. Econ. Geol. 74, 260-284.

Hoyle. J.. Elderfield, H, Gledhill, A. & Greaves, M. 1984: The behaviour of rare earth elements during
mixing of river and seawaters. Geochim. Cosmochim. Acta 48,143-149.

Hudson, J.D. 1977: Stable isotopes and limestone lithification. J. Geol. Soc. 133, 637-660.

Ilyin, A.V. & Ratnikova, G.I. 1976: Rare-earth element distribution in the Hobso Gol phosphorites (Mongo¬
lia). Geochem. Int. 13,53-56.

Ilyin, A.V., Zaitsev, N.S. & Bjamba, Z. 1986: Proterozoic and Cambrian phosphorites deposits: Khubsugul.
Mongolian People's Republic. In: Phosphate Deposits of the World Vol. 1, Proterozoic and Cambrian
Phosphorites (Ed. by Cook, PJ. & Shergold, J.H.). 162-174.



694 I. Jarvis et al.

Ingram. B.L., Coccioni. R.. Montanari, A. & Richter. F.M. 1994: Strontium isotopie composition of mid-
Cretaceous seawater. Science 264, 546-550.

Irwin. H.. Curtis. C. & Coleman. M. 1977: Isotopie evidence for source of diagenetic carbonates formed dur¬

ing burial of organic rich sediments. Nature 269. 209-213.

Isherwood. K. F. 1992: Phosphate Industry and the Environment. In: Phosphate Fertilizers and the Environ¬

ment (Ed. by Schultz. J. J.). Tampa FL, 115-124.

Jacob. K.D.. Hill. W.L.. Marshall. M.R. & Reynolds. D.S. 1933: The composition and distribution of phos¬

phate rock with special reference to the United States. US Dept. Agric. Techn. Bull. 364.

Jacobsen. S.B. & Wasserburg. G.J. 1980: Sm-Nd isotopie evolution of chondrites. Earth Planet. Sci. Lett. 50.

139-155.

Jahnke. R.A. 1984: The synthesis and solubility of carbonate fluorapatite. Am. J. Sci. 284. 58-78.

Jahnke. R.A.. Emerson, S.R.. Roe, K.K. & Burnett, W.C. 1983: The present day formation of apatite in
Mexican continental margin sediments. Geochim. Cosmochim. Acta 47.259-266.

Jallad. I.S.. Abi Murrey. O.S. & Sadaqah. R.M. 1989: Upper Cretaceous phosphorites of Jordan. In: Phos¬

phate Deposits of the World Volume 2: Phosphate Rock Resources (Ed. by Notholt, A.J.G.. Sheldon,
R.P. & Davidson. D.F.). Cambridge University Press, Cambridge. 344-351.

Jarvis. I. 1984: Rare-earth element geochemistry of late Cretaceous chalks and phosphorites from northern
France. Spec. Pubi. Geol. Surv. India 17.179-190.
1992: Sedimentology. geochemistry and origin of phosphatic chalks, the Upper Cretaceous deposits of NW
Europe. Sedimentology 39. 55-97.

Jarvis, I. & Jarvis. K.E. 1991: Geochemical variation in phosphorite nodules: a study using laser ablation in¬

ductively coupled plasma-mass spectrometry. In: First Gentner Symposium on Geoscience. Phosphorites
and Black Shales. Jerusalem. September 1991. Program with Abstracts. 22.

Jeandel. C 1993: Concentration and isotopie composition of Nd in the South Atlantic Ocean. Earth Planet.
Sci. Lett. 117.581-591.

Jeanmaire, J.-P. 1985: Répartition de l'uranium dans les niveaux phosphatés Maestrichtien supérieur- Eocène

inférieur du secteur de Benguerir (Bassin des Ganntour. Maroc occidental). Sci. Géol. Mém. 77. 53-68.
Johnson, A.K.C. 1987: Le bassin côtier à phosphates du Togo (Maastrichtien-Eocène moyen). Thèse Univ.

Dijon.
Johnston, A.E. & Jones, K.C 1992: The cadmium issue - long-term changes in the cadmium content of soils

and the crops grown on them. In: Phosphate Fertilizers and the Environment. Proc. Int. Workshop. IFDC
March 1992 Tampa. Florida. 255-269.

Jones, E.J.W. 1989: Radioactivity of the ocean floor and marine phosphorite deposits: observations with a new
deep-towed scintillometer. Geophys. Res. Lett. 16.123-126.

Kaplan. I.R. 1983: Stable isotopes of sulphur, nitrogen and deuterium in Recent marine environments. In:
Stable Isotopes in Sedimentary Geology, SEPM Short Course 10.2.1-2.108.

Karhli, J. & Epstein. S. 1986: The implication of the oxygen isotope records in coexisting cherts and phos¬

phates. Geochim. Cosmochim. Acta 1745-1757.

Kastner. M.. Garrison. R.E., Kolodny. Y.. Reimers. CE. & Shemesh. A. 1990: Coupled changes of oxygen
isotopes in PO43 and CO?2" in apatite, with emphasis on the Monterey Formation. California. In: Phosphate

Deposits of the World Volume 3: Neogene to Modern Phosphorites (Ed. by Burnett, W.C. &
RlGGS. S.R.). Cambridge University Press, Cambridge. 312-324.

Kaufman. A.J.. Jacobsen. S.B. & Knoll, A.H. 1993: The Vendian record of Sr and C isotopie variations in

seawater: implications for tectonics and paleoclimate. Earth Planet. Sci. Lett. 120,409-430.
Kazakov. A.V. 1937: The phosphorite facies and the genesis of phosphorites. In: Geological Investigations of

Agricultural Ores. Trans. Sci. Inst. Fertil. Insecto-Fungicides 142.93-113.
Keto. L.S. & Jacobsen, S.B. 1987: Nd and Sr isotopie variations in Early Paleozoic oceans. Earth Planet. Sci.

Lett. 84. 27-41.
1988: Nd isotopie variations of Phanerozoic paleoceans. Earth Planet. Sci. Lett. 90. 395-410.

Kim. K.H. & Burnett. W.C. 1986: Uranium-series growth history of a Quaternary phosphatic crust from the

Peruvian continental margin. Chem. Geol. 58.227-244.
Koepnick. R.B., Burke. W.H., Denison. R.E. Hetherington, E.A.. Nelson. H.F., Otto. J.B. & Waite. L.E.

1985: Construction of the seawater "'Sr/^Sr wave for the Cenozoic and Cretaceous: supporting data. Chem.
Geol. (Iso. Geosci. Sect.) 58, 55-81.

Kolodny. Y. 1969: Are marine phosphorites forming today? Nature 244.1017-1019.

- 1981 : Phosphorites In: The Sea Volume 7 (Ed. by Emiliani. C). Wiley Interscience. New York. 981-1023.



Phosphorite Geochemistry 695

Kolodny. Y. & Kaplan. LR. 1970a: Uranium isotopes in sea floor phosphorites. Geochim. Cosmochim. Acta
34. 3-24.
1970b: Carbon and oxygen isotopes in apatite CO2 and co-existing calcite from sedimentary phosphorite. J.

Sediment. Petrol. 40. 954-959.

Kolodny. Y. & Luz. B. 1992a: Isotope signatures in phosphate deposits; Formation and diagenetic history. In:

Isotopie Signatures and Sedimentary Records. Lecture Notes in Earth Sciences No. 43 (Ed. by Clauer, N.
& ChaUDHURI, S.). Springer-Verlag. Berlin. Heidelberg. 69-121.
1992b: Oxygen isotopes in phosphates of fossil fish - Devonian to Recent. In: Stable Isotope Geochemistry:
A Tribute to Samuel Epstein (Ed. by Taylor. H.P.. O-Neil. J.R. & Kaplan. I.R.). Geochem. Soc. Spec.
Pubi. 3. 105-119.

Kolodny. Y. & Raab. M. 1988: Oxygen isotopes in phosphatic fish remains from Israel: Paleothermometry of
tropical Cretaceous and Tertiary shelf waters. Palaeogeog. Palaeoclimatol. Palaeoecol. 64. 59-67.

Kolodny. Y.. Luz, B. & Navon. O. 1983: Oxygen isotope variations in phosphate of biogenic apatite. 1: Fish

bone apatite - rechecking the rules of the game. Earth Planet. Sci. Lett. 64. 398-404.

Kouloheris, A. P. 1980: Chemical nature of phosphogypsum as produced by various wet process phosphoric
acid processes. Proc. Int. Symp. Phosphogypsum. (Ed. by Borris. D. P. & Body. P. W.). Florida Institute
of Phosphate Research 8-35.

Krajewski. K.P.. Van Cappellen. P., Trichet. J.. Kuhn O.. Lucas, J.. Martin-Algarra. A.. PrevOt. L..
Tewari. V.C, Gaspar. L.. Knight, R.I. & Lamboy. M. 1994: Biological processes and apatite formation
in sedimentary environments. Eclogae geol. Helv. 87. 701-745.

Kress. A.G. & Veeh. H.H. 1980: Geochemistry and radiometric ages of phosphatic nodules from the continen¬
tal margin of northern New South Wales. Australia. Mar. Geol. 36. 143-157.

Lehr. J.R.. McClellan. G.H.. Smith, J.P. & Frazier. A.W. 1968: Characterisation of apatites in commercial

phosphate rock. Coll. int. Phosphates Minéraux Solides. Toulouse 1967 2. Soc. Chini. Fr.. Paris 29^14.

Lindeken CL. 1980: Radiological considerations of phosphogypsum utilization in agriculture. Proc. Second Int.
Symp. on Phosphogypsum. (Ed by Borris. D.P. & Body. P.W.). Florida Institute of Phosphate Research.
459-80.

Lindeken, CL. & Coles. D.G. 1978: The radium-226 content of agricultural gypsums. Radioactivity in Con¬

sumer Products. (Ed. by Moghissi. A.. Paras. P.. Carter. M. & Barker. R.). 369-75.

Longinelli. A. & Nuti, S. 1968: Oxygen isotopie composition of phosphorites from marine formations. Earth
Planet. Sci. Lett. 5, 13-16.
1973a: Revised phosphate-water isotopie temperature scale. Earth Planet. Sci. Lett. 19. 373-376.
1973b: Oxygen isotope measurements of phosphate from fish teeth and bones. Earth Planet. Sci. Lett. 20.

337-340.

Lucas, J. & Abbas. M. 1989: Uranium in natural phosphorites: the Syrian example. Sci. Géol. Bull. 42. 223-236.

Lucas, J. & Prévôt. L. 1981: Synthèse d'apatite à partir de matière organique phosphate (ARN) et de calcite

par voie bactérienne. Compt. Rend. Acad. Sci. Paris 292. 1203-1208
1984: Synthèse d'apatite par voie bactérienne à partir de matière organique phosphatée et de divers-carbonates

de calcium dans des eaux douce et marine naturelles. Chem. Geol. 42. 101-118.
1985: The synthesis of apatite by bacterial activity: mechanism. In: Phosphorites (Ed. by Lucas. J. &
Prévôt. L.). Sci. Géol. Mém. 77. 83-92.

Lucas, J.. Prévôt. J. & Lamboy, M. 1978: Les phosphorites de la marge norde de l'Espagne. Chimie.
minéralogie, genèse. Oceanol. Acta 1. 55-72.

Lucas. J.. Flicoteaux. R.. Nathan. Y.. Prévôt. L. & Shahar. Y. 1980: Different aspects of phosphorite
weathering. In: Marine Phosphorites - Geochemistry. Occurrence. Genesis. (Ed. by Bentor. Y.K.). Soc.

Econ. Paléontol. Mineral. 29.41-51.
LUCAS, J., Ilyin. A.V. & Kuhn. A. 1986: Proterozoic and Cambrian phosphorites deposits: Volta basin. West

Africa. In: Phosphate Deposits ofthe World Vol. 1. Proterozoic and Cambrian Phosphorites (Ed. by Cook.
P.J. & Shergold. J.H.). 235-243.

Lucas. J.. El Faleh. E. M. & Prévôt. L. 1990: Experimental study of the substitution of Ca by Sr and Ba in

synthetic apatites. In: Phosphorite Research and Development (Ed. by Notholt. A.J.G. & Jarvis. I.).
Geol. Soc. Spec. Pubi. 52, 33-47.

Malone. P.H.G. & Towe. K.M. 1970: Microbial carbonate and phosphate precipitates from seawater cultures.
Mar. Geol. 9,301-309.

Manheim, F.T. Rowe, GT. & Jippa. D. 1975: Marine phosphorite formation off Peru. J. Sed. Petrol. 45. 243-251.

Marshall. J.F. & Cook, P.J. 1980: Petrology of iron- and phosphorus-rich nodules from the Eastern Austra¬
lian continental shelf. J. Geol. Soc. 137. 765-771.



696 I. Jarvis et al.

Martens, C.S. & Harris. R.C. 1970: Inhibition of apatite precipitation in the marine environment by magne¬
sium ions. Geochim. Cosmochim Acta 34, 621-625.

Martin. J.H. & Knauer. G.A. 1973: The elemental composition of plankton. Geochim. Cosmochim. Acta 37.

1639-1653.

Martin-Algarra. A.. Sanchez-Navas. A. & Vera. J.A. 1993: Phosphate stromatolites in the pelagic Meso¬

zoic record of the Betic Cordillera (southern Spain). Concepts and Controversies in Phosphogenesis. Int.
Symp. and Workshop. Matten. 6-10 September. 1993.

Matthews. A. & Nathan. Y. 1977: The decarbonation of carbonate fluorapatite (francolite). Amer. Mineral.
62, 565-573.

May. A. & Sweeney, J. W. 1982: Assessment of environmental impacts associated with phosphogypsum in

Florida. US Bureau of Mines Report 8639, 1-19.

McArthur. J.M. 1978a: Systematic variations in the contents of Na, Sr, CO: and SO-i in marine carbonate

fluorapatite and their relation to weathering. Chem. Geol. 21.41-52.
1978b: Element partitioning in ferruginous and pyritic phosphorite from the continental margin off Morocco.

Mineral. Mag. 42,221-228.
1980: Post-depositional alteration of the carbonate-fluorapatite phase of Moroccan Phosphates. In: Marine
Phosphorites - Geochemistry, Occurrence, Genesis. (Ed. by Bentor, Y.K.). Soc. Econ. Paléontol. Mineral.
29, 53-60.
1985: Francolite geochemistry - compositional controls during formation, diagenesis, metamorphism and

weathering. Geochim. Cosmochim. Acta 49, 23-35.
1990: Fluorine-deficient apatite. Min. Mag. 54, 508-510.
1994: Recent trends in strontium isotope stratigraphy. Terra Nova 6, 331-358.

McArthur, J.M. & Herczeg. A. 1990: Diagenetic stability of the isotopie composition of phosphate oxygen:
paleoenvironmental implications. In: Phosphorite Research and Development (Ed. by Notholt. A.J.G &
Jarvis, I.). Geol. Soc. Spec. Pubi. 52, 119-124.

McArthur. J.M. & Walsh. J.N. 1984: Rare-earth geochemistry of phosphorites. Chem. Geol. 47. 191-220.

McArthur. J.M., Coleman, M.L. & Bremner, J.M. 1980: Carbon and oxygen isotopie composition of structur¬
al carbonate in sedimentary francolite. J. Geol. Soc. 137.669-673.

McArthur, J.M.. Benmore, R.A., Coleman, M.L.. Soldi, C. Yeh, H.-W. & O'Brien, G.W. 1986: Stable iso¬

tope characterisation of francolite formation. Earth Planet. Sci. Lett. 77. 20-34.

McArthur, J.M.. Hamilton, P.J., Greensmith, J.T.. Boyce. A.J., Fallick, A.E., Birch. G.. Walsh. J.N.,
Benmore, R.A. & Coleman, M.L. 1987: Phosphorite geochemistry: isotopie evidence for meteoric alteration

of francolite on a local scale. Chem. Geol. (Isotope Geosci. Sect.) 65,415-425.
McArthur. J.M., Thomson, J., Jarvis, I., Fallick, A.E. & Birch, G.F. 1988: Eocene to Pleistocene phospho¬

genesis off western South Africa. Mar. Geol. 85. 41-63.

McArthur. J.M.. Sahami, A.R.. Thirlwall, M.. Hamilton. P.J. & Osborn, A.O. 1990: Dating phosphogene¬
sis with strontium isotopes. Geochim. Cosmochim. Acta 54,1343-1351.

McArthur. J.M.. Thirlwall, M.F., Chen, M., Gale. A.S. & Kennedy, W.J. 1993a: Strontium isotope strati¬

graphy in the Late Cretaceous: numerical calibration of the Sr isotope curve and intercontinental correlation

for the Campanian. Paleoceanography 8,859-873.
M< Arthur. J.M.. Thirlwall, M.F., Gale, A.S., Kennedy, W.J., Burnett, J.A., Mattey, D. & Lord. A.R.

1993b: Strontium isotope stratigraphy for the Late Cretaceous: a new curve based on the English Chalk. In:

High Resolution Stratigraphy (Ed. by Hailwood, E.A. & Kidd, R.B.). Geol. Soc. Spec. Pubi. 70.195-209.
McConnell. D. 1973: Apatite - Its Crystal Chemistry, Mineralogy, Utilization, and Geologic and Biologic Oc¬

currences. Springer Verlag, Vienna-Heidelberg-New York.
McClellan, G.H. 1980: Mineralogy of carbonate fluorapatites. J. Geol. Soc. London 137,675-681.
McClellan. GH. & Lehr. J.R. 1969: Crystal chemical investigations of natural apatites. Amer. Mineral. 54.

1374-1391.

McClellan. G.H. & Saavedra, F.N. 1986: Chemical and mineral characteristics of some Cambrian and Pre-
cambrain phosphorites. In: Phosphorite Deposits of the World Volume 1, Precambrian and Cambrian
Phosphorites (Ed. by Cook, P.J. & Shergold, J.H.). Cambridge University Press, Cambridge 244-267.

McClellan, G.H. & Van Kauwenbergh. S.J. 1990: Mineralogy of sedimentary apatites. In: Phosphorite Re¬

search and Development (Ed. by Notholt A.J.G. & Jarvis, I.). Geol. Soc. Spec. Pubi. 52,23-31.
McFarlin, R. F. 1992: Current and anticipated research priorities for the utilization and management of phos¬

phate process by-products and wastes. Phosphate Fertilizers and the Environment (Ed. by Schultz, J. J.).

Tampa, FL„ 179-184.



Phosphorite Geochemistry 697

McKelvey, V.E. 1950: Rare earths in western phosphate rocks. US Geol. Surv. Trace Element Mem. Rept 194.

- 1956: Uranium in phosphate rock. US Geol. Surv. Prof. Pap. 300,477^*81.

- 1967: Phosphate deposits. US Geol. Surv. Bull. 1252-D. 1-21.

McKelvey. V.E.. Swanson, R.W. & Sheldon, R.P. 1953: The Permian phosphorite deposits of the Western
United States. In: Compt. Rend. Congr. Geol. Int. 19th Algiers 1952. 21.45-64.

McKelvey, V.E.. Strobell. J.D. Jr. & Slaughter, A.I. 1986: The vanadiferous zone of the Phosphoria
Formation in western Wyoming and southeastern Idaho. US Geol. Surv. Prof. Pap. 1465.

McMurtry. G.M.. Von der Haar, D.L.. Yeh. H.-W., Mahoney, J.J. & Eisenhauer, A. 1994: Cenozoic ac¬

cumulation history of a Pacific ferromanganese crust. Earth Planet. Sci. Lett. 125. 105-118.

Menor. E. 1975: Pétrographie, minéralogie et géochimie des gisements de phosphates de Taiba (Sénégal) et

d'Olinda (Brésil). Thèse Doct. Ing. Strasbourg.
Middelburg. J.J. & Comans, R.N.J. 1991: Sorption of cadmium on hydroxyapatite. Chem. Geol. 90.45-53.
Miller. R. L. & Sutcliffe, H. 1984: Effects of three phosphate industrial sites on ground-water quality in

central Florida, 1979 to 1980. US Geol. Surv. Water Resour. Investi. Report 83-4256,160-84.
Minster. T & Flexer, A. 1991: Cadmium-bearing sphalerite in the Senonian section, northern Negev - re¬

marks on its formation and technological implications. In: First Centner Symp. on Geoscience. Phosphorites

and Black Shales. Jerusalem. September 1991. Program with Abstracts. 35.

Mortvedt, J.J. 1992: The radioactivity issue - effects on crops grown on mined phosphate lands. P-fertilized
soils, and phosphogypsum-treated soils. In: Phosphate Fertilizers and the Environment. Proc. Int. Workshop.

IFDC, March 1992 Tampa. Florida, 271-278.

Nathan. Y. 1984: The mineralogy and geochemistry of phosphorites. In: Phosphate Minerals (Ed. by Nriagu.
J.O. & Moore, P.B.). Springer Verlag. Berlin, 275-291.

Nathan. Y. & Lucas. J. 1976: Expériences sur la précipitation directe de l'apatite dans l'eau de mer: implica¬
tions dans la genèse des phosphorites. Chem. Geol. 18, 181-186.

Nathan, Y. & Nielsen. H. 1980: Sulfur isotopes in phosphorites. In: Marine Phosphorites (Ed. by Bentor.
Y.K.). Soc. Econ. Paleont. Miner. Spec. Pubi. 29, 73-78.

Nathan, Y.. Shiloni, Y., Roded. R., Gal, I. & Deutsch. Y. 1979: The geochemistry of the northern and
central Negev phosphorites (southern Israel). Geol. Surv. Israel Bull. 73,1-41.

Nathan, Y.. Soudry. D. & Avigour, A. 1990: Geological significance of carbonate substitution in apatites:
Israeli phosphorites as an example. In: Phosphorite Research and Development (Ed. by Notholt, A.J.G.
& Jarvis, I.) Geol. Soc. Spec. Pubi. 52, 179-191.

Nathan. Y.. Soudry. D.. Dorfman, E.. Levy, Y. & Shitrit, D. 1991: The geochemistry of cadmium in the

Negev phosphorites. In: First Gentner Symp. on Geoscience. Phosphorites and Black Shales. Jerusalem,
September 1991, Program with Abstracts, 35.

Nathan, Y., Watkins, R.T. & Bremner. J.M. 1993: Rare earth elements from phosphatic-rich sediments off
the South African continental shelf. Concepts and Controversies in Phosphogenesis. Int. Symp. and Workshop.

Matten. 6-10 September, 1993.

Nifong. G. D. 1988: Environmental aspects of phosphogypsum. Unpublished Florida Institute of Phosphate
Research (F1PR) Manuscript.

Notholt. A.J.G., Sheldon, R.P. & Davidson, D.F. 1989: Phosphate Deposits of the World Volume 2: Phos¬

phate Rock Resources. Cambridge University Press, Cambridge.
O'Brien, G.W. & Veeh, H.H. 1980: Holocene phosphorite on the east Australian continental margin. Nature

288, 690-692.

O'Brien. G.W., Veeh, H.H.. Cullen, D.J., & Milnes, A.R. 1986: Uranium-series isotopie studies of marine
phosphorites and associated sediments from the East Australian continental margin. Earth Planet. Sci.

Lett. 80,19-35.
O'Brien, G.W., Veeh, H.H., Milnes, A.R. & Cullen, D.J. 1987: Sea-floor weathering of phosphorite nodules

off East Australia: Its effect on uranium oxidation state and isotopie composition. Geochim. Cosmochim.
Acta 51. 2051-2064.

O'Brien, G.W., Milnes, A.R., Veeh, H.H., Heggie, D.T, Riggs, S.R.. Cullen, D.J., Marshall, J.F. &
Cook, P.J. 1990: Sedimentation dynamics and redox iron-cycling: controlling factors for the apatite-glau-
conite association on the East Australian continental margin. In: Phosphorite Research and Development
(Ed. by Notholt, A.J.G. & Jarvis, I.). Geol. Soc. Spec. Pubi. 52, 61-86.

Pacey, N.R. 1985: The mineralogy, geochemistry and origin of pelletai phosphates in the English Chalk. Chem.
Geol. 48,243-256.

Palmer. M.R. & Elderfield, H. 1985: Sr isotope composition of sea water over the past 75 Myr. Nature 314,
526-528.



698 I. Jarvis et al.

Panczer, G, Nathan. Y. & Shiloni, Y. 1989: Trace element characterisation of phosphate nodules in Israel.
Sci Geol. Bull. 42, 173-184.

Parker, R.J.. 1975: The petrology and origin of some glauconitic and glauco-conglomeratic phosphorites from
the South African continental margin. J. Sediment. Petrol. 45. 230-242.

Parker. R.J. & Siesser. W.G. 1972: Petrology and origin of some phosphorites from the South African conti¬

nental margin. J. Sediment. Petrol. 42.434-440.
Peterman, Z.E.. Hedge, CE. & Tourtelot, H.A. 1970: Isotopie composition of strontium in seawater

throughout Phanerozoic time. Geochim. Cosmochim Acta 34.105-120.
Piepgras. D.J. & Wasserburg, G.J. 1980: Neodymium isotopie variation in seawater. Earth Planet. Sci. Lett.

50,128-138.
Piepgras, D.J., Wasserburg. G.J. & Dasch, E.J. 1979: The isotopie variations in seawater. Earth Planet. Sci.

Lett. 45,223-236.
Piper, D.Z. 1991: Geochemistry of a Tertiary sedimentary phosphate deposit: Baja California Sur. Mexico.

Chem. Geol. 92, 283-316.
1994: Seawater as a source of minor elements in black shales, phosphorites and other sedimentary rocks.
Chem. Geol. 114,95-114.

Piper, D.Z. & Isaacs, CM. 1994: Geochemistry of minor elements in the Monterey Formation, CA: seawater

chemistry of deposition. In: Analogy of a Source Rock: The Cooperative Monterey Organic Geochemistry
Study (Ed. by Isaacs, CM. & RullkOtter, J.). Am. Assoc. Pet. Geol. Stud. Geol. (in press).

Piper, D.Z. & Kolodny. Y. 1987: The stable isotopie composition of a phosphate deposit: ô13C ô34S and 8'sO.

Deep Sea Res. 34, 897-911.
Piper, D.Z. & Medrano, M.D. 1994: The geochemistry of the Phosphoria Formation at Montpelier Canyon,

Idaho: The environment of deposition. US Geol. Surv. Bull. 2023B (in press).
Piper, D.Z., Baedecker, P.A., Crock, J.G., Burnett, W.C. & Loebner, B.J. 1988: Rare earth elements in the

phosphatic-enriched sediments ofthe Peru Shelf. In: The Origin of Marine Phosphorite. The Results of the
R.V. Robert D. Conrad Cruise 23-06 to the Peru Shelf (Ed. by Burnett, W.C. & Froelich. P.N.). Marine
Geol. 80,269-285.

Potts, P.J., Hawkesworth, C.J., Van Calsteren, P. & Wright. I.P. 1993a: Advances in analytical technology
and its influence on the development of modern inorganic geochemistry: a historical perspective. In:
Magmatic Processes and Plate Tectonics (Ed. by Prichard, H.M., Alabaster, T. Harris N.B.W. &
Neary, C.R.). Geol. Soc. Spec. Pubi. 76,501-520.

Potts, P.J., Tindle, A.G. & Webb, P.C. 1993b: Geochemical Reference Material Compositions. CRC Press,
Boca Raton FL.

Prévôt, L. 1990: Geochemistry, petrography, genesis of Cretaceous - Eocene phosphorites. Mém. Soc. Géol.
Fr. 158.

Prévôt, L. & Lucas, J. 1979: Comportement de quelques éléments traces dans les phosphorites. Sci. Géol.
Bull. 32, 91-105.
1980: Behaviour of some trace elements in phosphatic sedimentary formations. In: Marine Phosphorites
(Ed. by Bentor, Y.K.). Soc. Econ. Paleont. Miner. Spec. Pubi. 29, 31-39.
1985: Utilization of geochemistry to explain the setting of the phosphatic series of the Ganntour Basin

(Morocco). Sci. Géol. Mém. 77,45-51.

- 1986: Microstructure of apatite - replacing carbonate in synthetized and natural samples. J. Sed. Petrol. 56.

153-159.

Prévôt, L., El Faleh, E.M. & Lucas, J. 1989: Details on synthetic apatites formed through bacterial media¬

tion. Mineralogy and chemistry of the products. Sci. Geol. Bull. 42, 237-254.

Price, N.B. & Calvert, S.E. 1978: The geochemistry of phosphorites from the Namibian Shelf. Chem. Geol.
23,151-170.

Price, N.M. & Morel, F.M.M. 1990: Cadmium and cobalt substitution for zinc in a marine diatom. Nature 344.

658-660.

Richter, F.M. & Turekian, K.K. 1993: Simple models for the geochemical response of the ocean to climatic
and tectonic forcing. Earth Planet. Sci. Lett. 119,121-131.

Roe, K.K. & Burnett, W.C. 1985: Uranium geochemistry and dating of Pacific island apatite. Geochim
Cosmochim. Acta 49,1581-1592.

Roe, K.K., Burnett, W.C, Kim, K.H. & Beers, M.J. 1982: Excess protactinium in phosphate nodules from the
coastal upwelling zone. Earth Planet. Sci. Lett. 60, 39^16.

Roessler, C. E. 1984: The radiological aspects of phosphogypsum. Proc. Seminar on Phosphogypsum. Florida
Institute of Phosphate Research 11-36.



Phosphorite Geochemistry 699

1988: Radiological assessment of the application of phosphogypsum to agricultural land. Proc. Second Int.
Symp. on Phosphogypsum. (Ed. by Lloyd, G. M.). Florida Institute of Phosphate Research 5-23.

Rollinson, H. 1993: Using Geochemical Data: Evaluation. Presentation. Interpretation. Longman. Burnt Mill.
Harlow.

Romankevich. Y.A. & Baturin, G.N. 1972: Composition of the organic matter in phosphorites from the conti¬

nental margin off southwest Africa. Geochem. Int. 9. 464-470.

Ruttenberg, K.C 1993: Reassessment ofthe oceanic residence time of phosphorus. Chem. Geol. 107.405-409.

RuttenberG, K.C. & Berner. R.A. 1993: Authigenic apatite formation and burial in sediments from non-up-
welling, continental margin environments. Geochim. Cosmochim. Acta 57. 991-1007.

Sandell. E.B.. Hey. M.H. & McConnell. D. 1939: The composition of francolite. Mineral. Mag. 25. 395-401.

Savenko. V.S. 1978: Experimental studies on the conditions of chemical precipitation of calcium phosphates
from seawater. Dokl. Akad. Nauk. SSSR 243. 1302-1305.

Schmitz. B.. Aberg. G., Werdelin. L.. Fory. P. & Bendix-Almgreen. S.E. 1991: 87Sr/86Sr, Na, F, Sr and La
in skeletal fish debris as a measure of the paleosalinity of fossil-fish habitats. Geol. Soc. Am. Bull. 103.

786-794.

Schultz. J. J. 1992: An examination of the environmental issues facing the phosphate fertilizer production sec¬

tor - indicated cost of environmental compliance. Phosphate Fertilizers and the Environment. Tampa. FL.
(Ed. by Schultz. J.J.). 283-309.

Schuffert. J.D., Kastner. M.. Emanuele, G. & Jahnke. R.A. 1990: Carbonate-ion substitution in francolite:
A new equation. Geochim. Cosmochim. Acta 54. 2323-2328.

Schwab. R.G. & Oliveira. N.P. da 1981: The influence of phosphorus during lateritic weathering. Zentralbl.
Geol. Paläont. Teil 1 3/4. 419-436.

Semenev. EX, Kholodov. V.N. & Barinskii. R.L. 1962: Rare earths in phosphorites. Geochemistry 5,

501-507.
Shaw. H.F. & Wasserburg. G.J. 1985: Sm-Nd in marine carbonates and phosphorites: Implications for Nd iso¬

topes in seawater and crustal ages. Geochim. Cosmochim. Acta 49. 503-518.
Sheldon. R.P. 1964: Paleolatitudinal and paleogeographic distribution of phosphorite. US Geol. Surv. Prof.

Pap. 501-c. 106-113.

Shemesh. A.. Kolodny. Y & Luz. B. 1983: Oxygen isotope variations in phosphate of biogenic apatites. II.
Phosphorite rocks. Earth Planet. Sci. Lett. 64.405-416.

Shemesh. A.. Kolodny. Y & Luz. B. 1988: Isotope geochemistry of oxygen and carbon in phosphate and car¬

bonate of phosphorite francolite. Geochim. Cosmochim. Acta 52, 2565-2572.

Sholkovitz. E.R.. Piepgras, D.J. & Jacobsen. S.B. 1989: The pore water chemistry of rare earth elements in

Buzzard Bay sediments. Geochim. Cosmochim. Acta 53. 2847-2856.

Slansky. M. 1979: Nomenclature et classification des phosphates sédimentaires. Bull. BRGM. IV. 2. 153-156.
1980: Géologie des Phosphates Sédimentaires. Mém. BRGM 114.

1986: Geology of Sedimentary Phosphates. Elsevier. New York.
1989: Nomenclature descriptive des phosphorites. Sci. Géol. Bull. 42. 255-266.

Smalley, P.C. Higgins. A.C.. Howarth. R.J.. Nicholson. H. Jones, CE.. Swinburne. N.H.M. & Bessa. J.

1994: Seawater Sr isotope variations through time: a procedure for constructing a reference curve to date
and correlate marine sedimentary rocks. Geology 22.431—434.

Smirnov, A.L, Ivnitzkaya. R.B. & Zalavina, TP. 1962: Experimental data on the possibility of the chemical

precipitation of phosphate from seawater. In: Geology of Phosphorite Deposits. State Sei. Res. Inst. Chem.
Raw Mater. 7.289-302.

Smith, J.P. & Lehr. J.R. 1966: An X-ray investigation of carbonate apatite. J. Agric. Food Chem. 14.342-349.
Starinsky. A.. Katz, A. & Kolodny. Y. 1982: The incorporation of uranium into diagenetic phosphorite.

Geochim. Cosmochim. Acta 46,1365-1374.
Staudigel. H„ Doyle, P. & Zindler, A. 1985: Sr and Nd isotope systematics in fish teeth. Earth Planet. Sci.

Lett. 76.45-56.

Stille, P.. Chaudhuri. S., Kharaka. Y.K. & Clauer, N. 1992: Neodymium. strontium, oxygen and hydrogen
isotope compositions of waters in present and past oceans: a review. In: Isotopie Signatures and Sedimentary

Records. Lecture Notes in Earth Sciences No. 43 (Ed. by Clauer. N. & Chaudhuri, S.). Springer-
Verlag. Berlin, Heidelberg. 389-410.

Stille. P.. Riggs, S.. Clauer. N.. Ames, D., Crowson. R. & Synder. S.W. 1994: Sr and Nd isotopie analysis of
phosphorite sedimentation through one Miocene high-frequency depositional cycle on the North Carolina
continental shelf. Marine Geol. 117. 253-273.



700 I. Jarvis et al.

Summerhayes, CP. & McArthur. J.M. 1990: Moroccan offshore phosphorite deposits. In: Phosphate Depos¬
its of the World Volume 3: Genesis of Neogene to Recent Phosphorites. (Ed. by Burnett. W.C. & RlGGS,

S.R.). Cambridge University Press, Cambridge 159-166.

Tlig, S., Sassi, A., Belayount, H. & Machel, D. 1987: Distribution de l'uranium, du thorium, du zirconium.
du hafnium et des terres rares (TR) dans les grains de phosphates sédimentaires. Chem. Geol. 62, 209-221.

Tooms, J.S., Summerhayes. CP. & Cronan. D, D.S. 1969: Geochemistry of marine phosphate and manganese
deposits. Oceanogr. Marine Biol. Ann. Rev. 1.49-100.

Travi, Y. 1988: Hydrogéochimie et hydrologie isotopique des aquifers fluorures du bassin du Senegal - origine
et conditions de transport du flour dans les eaux souterraines. Thèse d'etat. Université de Paris-Sud.
France.

Tucker. M.E. & Wright, V.P. 1990: Carbonate Sedimentology. Blackwell, Oxford.
Turekian, K.K. & Wedepohl, K.H. 1961: Distribution of some major elements of the Earth's crust. Geol. Soc.

Am. Bull. 72. 175-192.

Urey. H.C, Lowenstam, H.A.. Epstein, S. & McKinney, U. 1951: Measurements of paleotemperatures and

temperatures of the Upper Cretaceous of England. Denmark and the south-eastern US. Geol. Soc. Amer.
Bull. 62, 399^416.

Van Capellen, P. & Berner, R. A. 1988: A mathematical model for the early diagenesis of phosphorus and

fluorine in marine sediments: apatite precipitation. Amer. J. Sci. 288, 289-333.
1991: Fluorapatite crystal growth from modified seawater solutions. Geochim. Cosmochim. Acta 55,
1219-1234.

Veeh. H.H. 1982: Concordant 230Th and 231Pa ages of marine phosphorites. Earth Planet. Sci. Lett. 57, 278-284.

Veeh, H.H. & Burnett, W.C. 1982: Carbonate and phosphate sediments. In : Uranium-Series Disequilibrium:
Application to Environmental Problems (Ed. by Ivanovich, M. & Harmon, R.S.). Clarendon Press,

Oxford, 459^180.

Veeh, H.H., Burnett, W.C. & Soutar, A. 1973: Contemporary phosphorites on the continental margin off
Peru. Science 181, 844-845.

Veeh, H.H., Calvert, S.E. & Price, N.B. 1974: Accumulations of uranium in sediments and phosphorites on
the south-west African shelf. Mar. Chem. 2,188-202.

Veizer. J. 1989: Strontium isotopes in seawater through time. Ann. Rev. Earth Planet. Sci. 17, 141-167.
1992: Depositional and diagenetic history of limestones: stable and radiogenic isotopes. In: Isotopie Signatures

and Sedimentary Records. Lecture Notes in Earth Sciences No. 43 (Ed. by Clauer, N. & Chaudhuri,

S.). Springer-Verlag, Berlin. Heidelberg, 13-48.

Vignoles, M., Bonel, G. & Bacquet, G. 1982: Étude physico-chimique des apatites carbonatées phospho-cal-
ciques semblables à la francolite. Bull. Minéral. 105, 307-311.

Wright, J., Seymour, R.S. & Shaw, H.F. 1984: REE and Nd isotopes of conodont apatite: variations with geo¬

logical age and depositional environment. Geol. Soc. Am. Spec. Pap. 196, 325-340.

Wright. J., Schrader, H. & Holser, WT. 1987: Paleoredox variations in ancient oceans recorded by rare
earths in fossil apatite. Geochim. Cosmochim Acta 51. 631-644.

Zanin, Yu. N. 1968: Zones of lateritic weathering of secondary phosphorites of Altay-Sayan region. Int. Geol.
Rev. 10,1119-1127.

Zanin, Yu. N. & Krivoputskaya, L.M. 1976: Transformation of apatite material of phosphorite in catagenesis.
Dokl. Acad. Sci. USSR Earth Sci. Sect. 230,200-202.

Zanin, Yu. N., Gilinskaya, L.G., Krasil'nikova, N.A., Krivoputskaya, L.M., Mirtov, Yu. V. & Stolpovs-
kaya, V.N. 1985: Calcium phosphates in phosphorites of different types. Int. Geol. Rev. 27,1212-1229.

Manuscript received April 4,1994
Revision accepted July 15,1994


	References

