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Detailed petrographie observations, by scanning electron microscopy, have been con
ducted on a Recent, oriented phosphatic crust from the Peruvian continental margin, 
which bas been the subject of severa! physico-chemical studies. Within the crust, 
apatite appears as ovoid particles, interpretated by sorne authors as inorganic precipita
tes. These particles are associated with minute filaments. They are flattened against 
detrital minerais and tests, irregularly inserted in more or Jess precise mouldings of 
partially or totally dissolved diatom frustules. lt is suggested here that these micron
sized particles correspond to phosphatized bacteria. In the lower part of the crust, 
which is also the oldest part, overgrowth and/or recrystallization have transformed 
ovoïdal particles into elongated hexagonal apatite crystals. The invasion of the sedi
ment by bacteria, thcir mineralization, and the dissolution of associated opal, are 
discussed. Similar histories of bacterial moulding and substrate dissolution have bccn 
suggested for phosphorites from Tunisia and northern France. 

Oceanologica A ct a, 1990, 13, 4, 439-451. 

Microstructures d'une croûte phosphatée de la marge continentale du 
Pérou: bactéries phosphatisécs et phénomènes associés 

Des observations pétrographiques détaillées en microscopie électronique à balayage 
ont été réalisées sur une croûte phosphatée récente de la marge continentale du Pérou, 
d'orientation connue, et ayant fait par ailleurs l'objet de plusieurs études physico
chimiques. L'apatite se présente en globules ovoïdes, qui résulteraient, selon certains 
auteurs, d'une précipitation inorganique. Ces globules, associés à de fins filaments, 
aplatis et déformés au contact des particules détritiques, irrégulièrement engagés dans 
des moulages plus ou moins précis de frustules de diatomées partiellement ou totale
ment dissous, correspondraient à des bactéries phosphatisées. Dans la partie inférieure 
de la croûte, la plus ancienne, une surcroissance crista1line etjou une recristallisation 
ont transformé les globules ovoïdes en cristaux hexagonaux allongés d'apatite. L'inva
sion du sédiment par les bactéries, leur minéralisation, et les dissolutions associées 
sont discutées. Les informations apportées par cette étude sont cohérentes avec celles 
provenant d'autres études effectuées sur des phosphorites de Tunisie et du Nord de la 
France par des méthodes semblables. 

Oceanologica Acta, 1990, 13, 4, 439-451. 

mineral and the phosphatic particles (Slansky, 1980, 
1986). 

Phosphorites from the seafloor and from the ore 
deposits on continents are composed of grains, crusts, 
and nodules. The petrography of the phosphatic sedi
ments and rocks from both sources is very complex 
and numerous proposais exist for the genesis of apatite 

Phosphatized microbial remains have been describcd 
in present day sea-bed phosphorites (O'Brien et al., 
1981; Purnachandra Rao and Nair, 1988) and from 
numerous ancient economie phosphate deposits on land 
(Soudry and Champetier, 1983; Zanin et al., 1985, 
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1987; Southgate, 1986; Soudry, 1987; Lamboy and 
Monty, 1987, 1990; Soudry and Lewy, 1988; Lamboy, 
1987 h, 1989; Soudry and Southga te, 1989). Synthesis 
of apatite by bacteria1 activity has been realized in the 
la bora tory (Lucas and Prévôt, 198 1, 1985, 1988). 

The sediments on the continental margin off Peru con
tain phosphatic crusts, nodules, and gra ins; they have 
been the subject of numerous studies, especially physico
chemical ones (for references, see the special issue or 
Marine Geology, 1988, 80, 3-4). They constitute one 
of the few settings where recent phosphatiza tion has 
been described (Veeh et al. , 1973; Burnett et al., 1980); 
along with the Mexican margin (Jahnke et al. , 1983), 
the African margin off Namibia (Baturin, 1982), and 
the Australian margin (O'Brien and Veeh , 1980). 

This paper reports detailed sca nning electron micro
scopy (SEM) observations on an oriented phosphatic 
crust from the Peruvian continental margin . The objec
tive was to enlarge our understanding of the mecha
nisms of apatite formation and the possible role of 
microbes in the crust's genesis, and to compare these 
observations with simi lar studies of other phosphorites 
of different localities and age. 

MATERJAL AND M ETHODS 

Sample GS 1 N (studied here) is a piece of phospha tic 
crust recovered during cruise 23-06 of the R/V Rohert 
D . Conrad off the coast of Peru in June-July 1982, 
from T36.3 'S and 80o38.0'W at a water depth of 480 rn 
(Burnett and Froe1ich, 1988) . Obtained with a grab 
co rer, the crust was covered by 14 cm of sediment; 
thus, its orientation with respect to top vs. bottom is 
known (Kim and Burnett, 1986). Severa ) recent studies 
have been made on o ther pieces of this crust: determi
nat ion of sedimentation rate and growth direction using 

Figure 1 

uranium-series radionuclides (Kim and Burnett , 1986), 
rare earth elements composition (Piper et al., 1988), 
carbon-isotopie composition and lattice-bound carbo
na te concentrations (G lenn et al. , 1988), and petro logy 
(Glenn and Arthur, 1988). Other studies concern the 
crust-associated sediment (Kim and Burnett, 1988; 
Glenn and Arthur, 1988), or nodules and ph osphatic 
gra ins (Kim a nd Burnett, 1985; Cunningham and Bur
nett, 1985; Burnett and Kim , 1986; Glenn and Arthur, 
1988), and the prevailing sediments (Froelich et al., 
1988) in the same area. 

The sample was dried at room temperature and sawn 
perpendicularly to its top surface. A thin section and 
a polished surface were examined with binocular and 
optica l microscopes. Numerous representative small 
fragments wcre broken from the crust and their posi
tions were precisely recorded; sorne were ultrasonically 
treated to remove dust, immcdiately coated with gold
palladium without acid etching, before examination 
under SE M (Jeol T20). Point analyses were made 
(energy spectra obtained by a ORTEC system coupled 
to a SEM Jeol 35CF). Additional observations by 
transmission electron microscopy (TEM) were also con
ducted (Philips EM 300). 

RESULTS AND DISCUSSION 

General presentation of the sample 

The dried sample has a dull ea rthy surface and its 
colour is light brownish-gray; a dark , non-phosphatic 
mud adheres to its surface here and there . Severa) 
cylindrica l ho les cross the crust fragment (Fig. 1 ). They 
are due to boring organisms, obviously active after 
phosphatization because the walls clearly eut the crust 
and because the mud covering these walls is not phos
phatic. The crust section shows traces of intense bio-

Oriented sawn cross-section of the studied fragmenl of phosphatic crus/ . The infillings of the numerous burrows (wh ile arrmvs), which are underlined 
by sma/1 curved /aminae, are phosphalized. A large open boring crosses !he crus/. ln !he upper part, the ver1ica/ sawmarks indicate the hardes/ 
parts of !he crus/. The scattered sma/1 black grains are glauconile grains. For a, b, c, see lex!. 
Section sciée et orien tée du fragmen t de croûte étudié. Les remplissages des nombreux terriers (fl èches blanches), soulignés par de fines la mines 
co urbes, sont affectés par la phospha ti sa tion. Une grosse perforation traverse la croûte. Les petites taches no ires di spersées sont des gra ins de 
gla uconie. En a, mince ni vea u supéri eur, clair, friable , le plus jeune (4790 a ns d 'a près Kim ct Burnctt, 1986); en b, nivea u moyen plus sombre 
et plus consolidé, irrégulier, so uligné par des traces de sciage; en c, partie basale, cla ire et friab le. 
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turbation as noted by Piper et al. (1988, p. 271). The 
burrow infillings are phosphatized (Fig. 1). Numerous 
glauconite grains of light green or dark green colour 
are scattered throughtout the crust. 

The crust is vertically divided into 3 zones. A poorly 
lithified, light-coloured layer, about 2 mm thick (" a" 
on Fig. 1 ), covering the top surface, corresponds to 
the youngest part of the crust (4790 years according 
to Kim and Burnett, 1986). Under th is topmost layer, 
the major part of the upper half of the crust has a 
darker colour and a sh iny aspect on polishcd slab. On 
Figure 1, sawmarks indicate the location of this harder 
area ("b") whose lower limit is irregular. The light
coloured lower half has poor cohesion ("c" on Fig. 1 ); 
its base corresponds to the oldest part of the crust 
(6500 years according to Kim and Burnett, 1986). Thi s 
description is similar to those of other pieces of the 
crust (Kim and Burnett, 1986; Piper et al. , 1988) and 
of one homogeneous phosphatic nodule recovered at 
the same location (Glenn and Arthur, 1988, Fig. 3 A). 
Thin section observations on the studied fragment are 
similar to th ose published by Piper et al. ( 1988, Fig. 
2 F). The fine-grained apatite matrix appears homo
geneous and pseudoisotropic; it corresponds to the 
interstitial phosphatic cements described by Glenn and 
Arthur ( 1988). 

Under SEM , at low magnifïcation , observation of small 
fragments from various locations in the crust reveals 
rounded, cracked glauconite grains, numerous diatom 
frustules of severa! species, detrital particles made up 
essentially of quartz and feldspar as deduced by micro
probe analysis, and imprints which often correspond 
to diatoms (Fig. 2). Except for the largest frustules of 
centric diatoms, diatom remains cannot be recognized 
under the binocular lens. The observation of apatite 
particles and, hence, a petrographie analysis of the 
mechanisms of phosphate genesis (or processes related 
to this genesis) , requires high magnifications. 

Figure 2 

MICROSTRUCTURES OF A PHOSPHATIC CRUST FROM PERU 

The apatite particles 

Apatite essentially appears in small " rod-shaped " parti
des more or Jess ovoïdaL 0.8 to 1.5 ~m in length and 
0.3 to 0.5 ~tm in width (Figs. 3 to 9). Apatite particles 
are isolated or in groups of two, three, or more, form
ing rosettes and agglomerates. They a re comparable to 
those described earlier in Peruvian phosphatic nodules 
(Burnett, 1977; Burnell et al. , 1980; Glenn and Arthur, 
1988). Point microprobe analyses have been made on 
agglomerates of apatite particles. The results are in 
agreement with those a lready made on Peru phosphori
tes by similar methods (Burnett, 1977; Glenn and 
Arthur, 1988; Piper et al., 1988). Sorne minute filaments 
and sorne ovoïdal or subspherical particles, 0.1 to 
0.5 ~m in diameter, are present in addition to the rod
shaped ones; because of their very small size, their 
apatitic composition is often difficult to prove by 
microprobe ana lysis . 

Rod-shaped apatite particles with similar sizes and 
shapes have been observed in numerous phosphorites 
on the seafloor and on continents. Most authors 
attribute a diagenetic origin to these particles. How
ever, a fundamental divergence exists in the interpret
ation of the mechanism by which these particles form . 
Schematically, for sorne authors they develop by inor
ganic crystallization (Burnctt, 1977; Bremner, 1980; 
Baturin , 1982; Mullins and Rasch, 1985; Glenn and 
Arthur, 1988; Reimers et al. , 1989) whi le for others 
they correspond to phosphatized bacteria (O'Brien et 
al., 1981; O'Brien and Veeh, 1983; Soudry, 1987; Zanin. 
et al., 1987; Lamboy and Monty, 1987, 1990; Soudry 
and Lewy, 1988; Purnachandra Rao and Nair, 1988; 
Fikri el al., 1989; Lamboy, 1989; Bréhéret, 1990). Tnor
ganic precipitation can certainly lead to crystals whose 
size and shape suggest bacterial or microbial colonies 
(see, for example, Bayer and Wiedemann, 1989). How
ever, an ana lysis of the structures of the Peru vian 

Representative view of the phosphatic crus/ as seen under scanning electron microscope at low magnifica t ion. Some frustules of different types of 
dia toms and imprints of dia tom frustules can be observed. Sma/1 detrital partie/es (quartz and f e/dl-par according to microprobe analysis) are common 
(arrow). Between frustules and detrital partie/es, the phosphatic matrix appears. 
Aspect représenta tif de la croûte phosphatée au microscope électronique à balayage et à faible grandissement. Des frustules de diatomées de 
différents types avoisinent des empreintes attribuables à d 'autres frustules. De fines part icules détritiques (quartz et feldspaths d'après microsonde) 
sont souvent visibles (nèche). Entre ces éléments, apparaît la matrice phosphatée. 
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F igure 3 

Rod-shaped apatite partie/es in the neighbourhood of a diatom .fi-ustule. A: large diatum .fi-ustule included in the p/wsphatic matrix. B and C: 
enlarged segments of A . The frustule valve shows a double ll'all: the dark and continuous irmer wallis pierced by small pores; the outer one, /ig/11-
cu/uured and sometimes absent, has large pores. D: delai! of C. The s tructure of the frustule 's inna wall is c/ear/y visible. The e/ongated ovoidal 
masses, 1 tu 2 11m length, isulated or agglomerated in various ways, are the principa/form of phosphate partie/es; they are not stuck to the test's 
si/ica and many of them emerge through the pores (arrows). E: ovoidal phosphatic masses close to a rather smoorh valve of another kind of diatom . 
Thin filaments (white arrows) coming from one ovoidal mass link up another mass or the ji-ustule surface (in this case, they appear to penetra te 
micropores of the walf). Some ovoidal apatite partie/es are jlau ened against the ji-ustule (b lack arrows). Ali the elongated phosphatic masses are 
inlerpreted as phosphatized barteria/ bodies. Other small phosphatic corpusc/es, subspherica/ or ovoidal, 0.3 to 0 .5 1-!m in /ength , isolated or 
agglomerated (squares in 3 E), may represenl n1her hacterial species or harteria part/y fossilized by phosphate. 

Bâtonnets d 'apati te au voisinage d' un frustu le de diatomée. A: grand frustule incl us dans la matrice phosphatée. B et C: détai ls successifs de A. 
La va lve du frus tule montre une double paroi : la paroi interne, con tin ue et sombre, es t percée de petits pores; la pa roi ex terne, claire, absente 
par endroits, possède des pores de grande tai lle. D : détai l de C. La structure de la paroi interne d u fr ustule es t bien visible. Les masses ovoïdes 
a llongées, longues de 1 à 211m, iso lées ou diversement agglomérées, correspondent à l'aspect dominan t des particules de phospha te; elles ne 
sont pas ad hérentes à la sil ice d u test ct bea ucoup sortent des porcs (flèches). E: masses ovoïdes phosphatées cont re une va lve assez li sse d 'un 
a utre type de dia tomée. De fin s fi laments (flèches bla nches) issus de ces masses ovoïdes les relient à d'a utres masses ou à la surface du frustule 
(ils semblen t alors pénétrer dans les microperforatio ns de la paroi). Quelques particules ovoïdes sont aplat ies cont re Je fr ustule (fl èches noires) . 
Toutes ces masses ovoïdes allongées sont interprétées comme des corps bactériens phosphatisés. D'a utres petits globules phospha tés, subsphériqucs 
ou ovoïdes, de 0,3 à O,SJ.im , iso lés ou agglomérés (carrés noirs sur 3 E), po urraien t étre d'a utres fo rmes bactérien nes ou des bac téries partiellement 
fossili sées pa r Je phosphate. 

crust yields features which lead the present a uth or to 
consider the rod-shaped apa ti te particles as phosphat
ized bacteri a. 

The phospha tic matrix between the dia tom remains 
and the detrital pa rticles (Fig. 2), making up the bulk 
of the crust, is constituted by agglomera tes (Fig. 4), 
the study of which provides seant informa tion. Tn these 
agglomerates, rod-shaped pa rticles prevail , with a gen
erally regular morphology. They a re somewha t densely 
packed , and it is difficult to di stinguish fil aments, 
smaller ovoidal pa rticles, o r small non-phosphatic frag
ments. The rod-shaped apatite particles a re not 
uniformly oriented a nd it is impossible to prove tha t 
one of them was a nuclea tion substra te fo r ano ther. 
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Porosity of Peru sediments where ph ·'~ rha ti za tion 
appears is very high ( > 0,96ml cm - 3

. I J,H.: Iich et al., 
1988). Therefore, in the crust, the a reas of phosphatic 
ma trix probably correspond to ph ospha ti zation of la rge 
pores of the initia l sediment. Petro logic study of Peru 
margin phosphorites (Glenn and Arthur, 1988) shows 
that apatite displays a preference for nuclea tion on 
preexisting hard substra tes and frequently an o riented 
growth . The SEM investigati ons of the phosphatic 
matri x presented here do not show regula r texture or 
pola ri ty corresponding to an o riented chemical growth . 
SEM in vestigations in the neighbo urhood of non-pho
sphatic pa rticles bring more interesting informa tion. 

At modera te magnification, the general size and shape 
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Figure 4 

Deformation !!f rod-shaped apatite partie/es close to detrital partir/es. A: representative appearance of a quartz grain inside the a!<glomerates of 
rod-shaped partie/es cnnstituting the phosphatic mat rix . 8 : detail of A. Irrespect ive of the orientation of the ir long axis on the quart:: swface, 
numerous apatite partie/es are jlallened again.\'1 this surface; some nf them have a '.'fixation foot" (white arrmv). Note filaments and nvnida/ 
morphologies with constrictions (b lack arrows). 

Déforma tion des bâtonnets d'a patite contre des partic.;ules détritiques. A : aspect représentatif d ' un quartz au se in des aggloméra ts de bâ tonnets 
constituant la matrice phospha tée. B : déta il de A. Quelle q ue soit l'orientation de leur grand axe pa r rapport à la surface du grain de q ua rtz, 
bea ucoup de bâtonnets sont a pla ti s contre cette surface; certains développent un « pied » de fi xation (nèche blanche). Noter a ussi, o utre des 
filaments. des bâtonnet s présenta nt des constri ctions (nèches noires) . 

of the rod-shaped particlcs seem similar from the bot
tom to the top of the crust. A morphologica l difference, 
however, can be observed at very high magnifica tion 
between particles from the upper and the lower parts. 
In the topmost layer and in the upper, indura ted half, 
apatite particles show subeircular sections and rounded 
ends (Figs. 3D, 3 E, 6 B). Their morphology is similar 
to those of " phosphatized bacteria" reported in pho
sphorites from the Australian margin (O' Brien et al. , 
1981) and the Tndian margin (Purnachandra Rao and 
Nair, 1988). They a lso closely resemble the bacterla 
experimentally phosphatized by Lucas and Prévôt 
(1981, 1985, 1988) and El Faleh ( 1988). Most of the 
rod-shaped apatite particles located in the pulverulent 

Figure 5 

bottom part consist of elonga ted , more or Jess rcgular 
hexagonal crystals (Figs. 5 A, 9 B) clearly recognizable 
under TEM (Fig. 5 B) . The spatial separation of ovoid 
and prismatic apatite particles is probably more com
plex than the one schematized here. The term " rod
shaped particles" will be used here in a general sense, 
embracing both prismatic and ovoid types. 

We never observe a break in a rod-shaped particle; 
their internai cohesion is much stronger than that 
between either the apatite pa rticles or between apatite 
and other particles. Under TEM, the apatite particles 
have a solid appearance (Fig. 5 B). In the neighbo ur
hood of diatom fru stules and detrital quartz and feld
spar grains, the rod-shaped apatite particles may have 

Sorne aspects of apatite partie/es in the lower pulverulent part of the crus!. At A, on a quartz surface, the few sharpened rod-like apatite partie/es 
appear to have an hexagonal section; some of them are jlallened against the quartz, and sorne ji/ament.1· (white arrows) are associated with them 
(dia tom mou/ding a Iso exists as proved by .figure 9 8 which a Iso shows this pulverulent part). A 1 8, transmission electron microscopy c/early shows 
morpho/ogy of hexagonal prisms; however, at the cemre, an oval oblique section corresponds to an ovoida/ rod-like particle. Each hexagonal prism 
is Lhou~:ht 10 correspond tv a hacterial body whose morpho/ogy was modijied by apatitic overgrowths and/or recrystallization. 
Aspect des pa rticules d 'apatite dans la partie inférieure pul vérulente de la croüte. En A, à la surface d 'un quartz, les bâ tonnets d 'apatite peu 
effi lés à leurs ex trémités semblent avoir une section hexagona le; certa ins sont aplatis contre le quartz el quelques fil aments (nèches) leur sont 
associés (le moulage des tests de diatomées es t également réali sé comme le montre la fi gure 9 B prise dans celte partie pulvérulente) . En B, la 
microscopie à transmission révèle clairement la morphologie en prisme hexagonal ; toutefois, a u centre du cliché, une section oblique ovale 
traduit un bâ to nnet ovoïde. Chaque prisme hexagonal correspondrait à un corps bactérien modifié dans sa morphologie par des surcroissances 
apatitiques et/o u une rccri sta lli sa tion. 
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~~6 . 
Rod-shaped apatile panic/es associated with organic mal/er in a diatom frustule. Thi.ç organic mal/er was dark-coloured under hmocular letrse. 
A : general aspect of the veil of organic mailer, p~eated in the central p~~l and part~ally covermg Lhe pores of the frustule. 8 : delarl _of A 111 the 
centre of the righi ha if ln Lhe lower le ft quarter, 'phosphatr=ed bac terra and assocwted smaller apallllc pm Ile/es are msrde Lhe crack ed thm ver/ 
of organic mailer. . . . 
Bâtonnets d'apa tite a u sein de ma tière orga nique contenue da ns un frustule de dia tomée. Celle matière organique appa raisSait en sombre a la 
loupe binoculaire. En A, aspect général du voile de ma tière .organique, plis~é dans sa part1e centrale, cl r~couvra nt ~a rlle ll~ment les pores du 
frustule . En B (détail de A dans la pa rtie dr01te et vers le m1heu), les « bactenes » et les petites pa rti cules apatlllqucs associees sont dans le fin 
voile craquelé de matière organique. 

a regular or irregular morphology. The regular oncs 
are not stuck to fru stules and grains and in these cases 
it does not appear that substrate acts as a nucleation 
site for apatite. Tnstead they appear to develop in 
cavities, such as the inside of diatom valves (Figs. 3, 
6, 9) or the areoles of the bilamellar-structured frustules 
(Figs. 3, 9), agglomerating themselves in a non-system
atic manner. When organic matter is present (Fig. 6), 
apatite particles are intimately associated with iL The 
irregular rod-shaped apatite particles very often show 
a tlattening against the support (Figs. 3 E, 4 B, 5 A, 
8 8 , 8 C, 9 B) and sometimes constrictions (Fig. 4 8) or 
a deformation which look s like a " fixation foot " (Fig. 
4 B). The orientation of tlattening is not rclated to the 
long axis of the apatite particlcs. Such non-systematic 
deformations do not appear to be linked to apatite 
nucleation or crystalline growth . 
Although it cannot be ruled out, direct inorganic apa
tite nucleation on mineral substrates as proposed by 
Burnett ( 1977) and numero us other au thors does not 
appear to be an evident mechanism of the production 
of the observed structures. However, inorganic precipit
ation of apatite may produce ovoidaljspherical particles 
of nearly constant size which tlatten on solid substrate 
(Van Cappellen, pers. comm .). Ali these structures, and 
others that will be discussed below, evoke bacteria that 
colonized in an irregular fashion in inter- and intra
granular pore spaces, more or less filled with organic 
matter. These bacteria seem to have agglomerated and 
flattened against obstacles, without any particular 
orientation . Moreover, phosphatic filaments emerge 
from rod-shaped apatite particles (Figs. 3D, 3 E, 4 B, 
5 A, 6 B) and link up one phosphatic particle to 
another, and/or to the surfaces of frustules and quartz 
and feldspar grains. They may correspond to the 
remains of outer-coat bacterial mucous expansions, or 
of the glycocalix which perrnits bacteria to adhere to a 
substrate (Costerton et al. , 1978). Such mineralized 
filaments have been observed in various phosphorites 
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and interpreted in this way, whether they arc associated 
only with phosphatized bacteria (Zanin et al. , 1985) or 
also with phosphatized microbial colonies (Lamboy 
and Monty, 1987, 1990). 

Mechanisms of apatite fixation are nol clearly estab
lished in the experiments on bacterial precipitation of 
apatite . Because of the preservation of bacteria mor
phology, a nucleation on the bacterial membrane is 
probable (El Faleh , 1988), but an extracellular precipi
tation has also been suggested for tiny apatite particles 
(Vaillant, 1987). The necessary presence of bacteria to 
obtain precipitation in experiments incites us to believe 
that initial nucleation of nannocrystals of apatite, or 
of a non-apatitic precursor (Yan Cappellen and Berner, 
1989), occurs in vivo. Because the phosphatized bac
terial bodies observed in experiments and in natural 
phosphorites are not hollow, other nannocrystallites 
are necessarly joined post mortem. The prismatic habit 
of apatite particles in the bottom part of the crust 
may be a morphological signature of overgrowth or 
recrystallization. Th us, the lower part of the crust may 
be more evolved (i.e. may have been submitted to 
phosphogenesis during a longer period). This is in 
agreement with measured crust ages, which show a 
crust growth in the sediment from the bottom towards 
the top, and to crystallographical analysis showing a 
better crystallinity of apatite in the lower part of the 
crust (Kim and Burnett, 1986). In other phosphorites, 
further crystal growth leads to the local appearance of 
smooth crystalline faces on ovoid bacteria-like apatite 
particles (Lamboy and Monty, 1987, 1990) and on 
microbially mediated globose structures (Soudry and 
Lewy, 1988). 

Neither the well-crystallized, flat hexagonal apatite 
crystals observed in sorne submarine phosphatic nod
ules (O'Brien et al., 1981 ; Cu lien and Burnett, 1986; 
Purnachandra Rao and Burnett, 1989), nor the well
crystallized squat crystals, severa! micrometres in 



length, observed in phosphorites from the south-west 
African margin (Baturin and Dubinchuk , 1979) are 
found in the crust studied. lt al so seems that this crust 
does not contain the mineralized sheaths interpreted 
as cyanobacterial remains and observed in numerous 
phosphorites (Soudry and Champetier, 1983; 
Southgate, 1986; Soudry, 1987; Garrison et al., 1989), 
or phosphatized microbial colonies (Lamboy and 
Monty, 1987, 1990; Soudry and Lewy, 1988; Lamboy, 
1989). The ovoidal and prismatic rod-shaped particles 
which constitute the bulk of apatite in the crust may 
be phosphatized bacteria. The crust may contain con
centrations of the order of severa! hundred billion of 
these fossilized bacteria per cubic centimetre. The 
smaller apatite particles may correspond to other bac
terial species, and/or to incompletely mineralized bac
teria, and/or to bacterial extracellular precipitates, 
and/or other phenomena. 

Most of phosphatic sediments of the Peruvian margin 
are covered by a thick microbial mat composed largely 
of Thioplaca sp. Froelich et al. ( 1988) consider th at the 
(inorganic) precipitation of apatite is linked to the 
early diagenesis of organic matter in the upper few 
centimetres of the sediment. Phosphate concentrations 
in interstitial waters may be controlled by the metabo
li sm of the Thioplaca mat, as also suspected by other 
a uthors (Reimers, 1982; Williams and Reimers, 1983; 
Reimers et al. , 1989; Garrison et al., 19R9) , although 

Figure 7 

MICROSTRUCTURES OF A PH OSPHATIC CRUST FROM PERU 

other alternatives have been suggested for the phos
phorus supply (Froelich et al. , 1988; Glenn and Arthur, 
1988; Glenn et al., 1989). The crust studied here does 
not con tain signifïcant traces of cellular chains or muci
laginous veils from fïlamentous bacteria which may 
correspond to the remains of Thioplaca mats . There
fore , the phosphatized bacteria in the crust seem to 
belong to other bacterial communities which remain to 
be identifïed. However, the production of dissolved 
phosphate could take place predominantly inside the 
Thioplaca mat (this mat may constitute a nutrient sup
ply for other bacterial communities) and diffusion 
could transport the dissolved phosphate downward , 
towards the precipitation area (Van Cappellen and 
Berner, 1988). 

Dissolution of opal of diatom frustules 

High dissolved pore-water silica have been measured 
in interstitial water of the sediments from the Peruvian 
margin (Froelich et al., 1988) which proves that opal 
dissolution take place in these sediments. ln the 
phosphatic crust, the diatom frustules are frequently 
incomplete. Sometimes, they have clearly been broken 
during sample preparation (Figs. 8 A to 8 C). Tn other 
cases, part of a frustule is absent (Figs. 3 A to 3 C, 7 C, 
9 A, 9 D) and it is diffïcult to distinguish between break 
and dissolution. But, partial (Figs. 7 B, 9 C) or total 

Dissolution of mono/amel/ar frustule valves associated with a crude phosphatic mou id. A: non-dissolved frusLU/e; note the abundance of rod-shaped 
apatite partie/es between the disconnected valves. Frustule dissolution is incipient in B, partial in C, and complete in D. In the absence of a non
disso/ved frustule fragment, on/y the general morpho/ogy of the very porous structure permits recognition of the mou/ding and its origin . 
Dissolution de frustules à valves monolamellaires associée à un moulage phosphaté fruste. A : frustu le non dissous; noter l'abondance des 
bâtonnets d'apatite entre les valves disjointes . La dissolution du frustule est très partielle en B, presque achevèe en C et totale en D. En l'absence 
de fragment non dissous du test, la fo rme généra le du moulage à structure très poreuse permet seule de reconnaître son origine. 
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Figure 8 

Accurate phosphatic mou/ding offrust~/es with muno/amel/ar valves. Black dot =frustule. A part of the .fi'u.l·tule was broken and removed du ring 
preparation of the samp/e, revealing ils underlying phusphatic mou/d (white dot) . ln A, the phosphatic rud-shaped partie/es local/y joined tu the 
valve are f/attened and coa/esced. ln B, flattening and coaslescence is total in smuoth regions (white arro1vs) but imperfect in rough regions (black 
arrows). ln C, the phosphatic mou/ding, hy complete coalescence of apatite partie/es, is local/y a/most as smooth as the interna/ surface of the lower 
valve. 

Moulages phosphatés précis de frustules à va lves monolamellaires. Rond noir = frust ule. Une partie du frustu le a été brisée et a disparu lors de 
la préparation du fragment , faisant apparaître son moulage phosphaté (rond blanc) . En A, les bâtonnets d'apa titc localement appliqués contre 
la valve sont aplatis et coalescents. En B, l'apla ti ssement ct la coalescence sont totalement réal isés dans les zones lisses (flèches blanches) mais 
incomplets dans les zones rugueuses (flèches noires). En C, le moulage phosphaté (par coalescence complète des pa rti cules d'apatite) es t 
localement presque auss i li sse que la surface interne de la va lve inférieure . 

(Fig. 7 D) dissolution is often evident. Observations 
show that on the whole opal dissolution is quantita
tivefy important both in the upper indurated part and 
in the lower pulverulent part. Frequently, opal di ssolu
tion appears to postdate phospha ti zation , but someti
mes apatite fill s a gap in the frustule , and opal dissolu
tion must have occurred before apatite formation (Fig. 
9 C). Dissolution of dia tom tests occurs in other phos
phorites (Fig. 1 0) as does the dissolution of radi olarian 
tests (Azzouzi, 1989). In these cases, dissolution is gene
rally complete. The lirst steps of opal dissolution obser
ved in the Peruvian crust constitute a confirmation of 
the phenomenon and of its synchronism with phospha
tization (Lamboy, 1987 b). 

In the topmost layer of the crust, the youngest part 
according to Kim and Burnett ( 1986), the present 
author has observed sorne fragments of planktonic 
foraminiferal tests and sorne carbonate particles under
going dissolu tion. He has searched unsuccessfully in 
the rest of the crust for traces of coccoliths, foraminife
ral tests and carbonate bioclasts and cannot assess the 
importance of carbonate dissolution . Dissolution of 
calcareous tests is frequently apparent in other phos
phorites. In sorne cases, as in phosphatized fragments 
of echinoderm tests from Guinea Bissau, it has been 
shown that carbonate dissolution is synchronous with 
the formation of apatite particles (Lam boy, 1987 a). 
The dissolution of opal and carbonate contribu tes to 
the enrichment of the sediment in solid phosphate, first 
by reducing the content of endogangue in phosphatic 
particles, second by creating new porosity susceptible 
to infilling by apatite. Such dissolu tion decreases infor
mation concerning the initia l sediment. 

Phosphatic mouldings of diatom tests 

ln the crust, sorne perfectly smooth small areas consti
tuted by apatite correspond to the mouldings of non-

446 

phosphatic hard particles. The great number and the 
various types of di a tom tests, the possibility of distingu
ishing opaline tests from their phosphatic mouldings 
by means of SEM , and the frequent opal dissolution 
which permits observation of the morphology of the 
apa tite previously eonnected to the test, make it pos
si ble to reconstitute this moulding process and to sug
gest an interpretatio n. 

For diatoms whose valves have a monolamellar struc
ture, the moulding is crude (Figs 7 C, 7 D) when only 
the general morphology of the test can be recognized. 
ln this case, apatite particles constitute a very porous 
assemblage and those which are connected to the test 
are flattened . But the moulding is sometimes precise 
when the apatite particles are connected to the test, 
flattened and coalesced , loca ll y (Fig. 8 A) or against 
the whole valve (Fig. 8 B) . Their flattening and coales
cence can fina ll y produce a mould with a surface that 
is nearly as compact and smooth as the moulded sur
face (Fig. 8 C). Similar mouldings of the external parts 
of the va lves can a lso be observed. 

For diatoms whose valves have a bilamellar structure, 
the internai and external moulds of the valves become 
more complicated beca use the moulding of the areoles, 
i. e. the intravalve cavities (Figs. 3 A to 3D, 9 A, 9 B, 
9 D). Similar processes occur inside ferromanganese 
oceanic nodules (Janin , 1987). In the a reoles, the rod
shaped apatite particles are irregularly distributed: they 
are either absent, isolated, grouped by two or more 
(Figs. 3 A to 3 D), or packed in glomerules which 
mo uld the areole cavity (fig. 9 A). Opal dissolution 
a llows us to observe flattening and coalescence of apa
tite particles aga inst the test (Fig. 9 B) resulting in a 
characteristic complex mould (Fig. 9 0 ). 

The inside of some diatom tests contain very few apa
ti te particles, whereas others contain ma ny. The phos-



phatic infillin g of a reoles is also irregular. This proves 
that, at the sca le of microstructures, phosphatization 
is di scon ti nuo us and irregular in space. The flattening 
and coalescence of the a pa tite particles which const itute 
the moulding process are a lso irregularly distributed . 
However, a lthough this is not self-evident, it seems that 
they are more numero us in the more indurated parts 
of the crusl and may lead to more compact structures 
givi ng a greater hardness and a darker colour. Because 
flattening a nd coalescence occur here and there 
throughout the crust, they appea r before overgrowlh 
and/or recrystallization which are limited in the more 
evolved parts of this crusl. The author believes that 
the mo ulding process may not be due lo phosphatic 
crystal growth because, in thi s case, it has lo take place 
inside the whole phosphatic matrix, rod-Jike particles 
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becoming coalesccnt within agglomerales, themselves 
becomi ng: defo rm cd o n l' : 1 ~<1 i nst the other. 
The propo ed bacteri al interpreta tion perfeclly explains 
the moulding process and the irregula r repartition of 
phosphatic moulds, precise or not, inside the crust. 
Proliferation of bacteria varies from one arca to 
a nother, probably acco rding to the quant ity or organic 
matter locall y present. When bacteria abound, the bac
terial bodies become fl a ttened aga inst the hard test and 
squashed together lalerally. Phospha te minera liza tion 
removes the traces of thi s latera l squashing and lcads 
to a more or Jess pe rfect coalescence. Quality of the 
moulding (i .e. compact and smooth surfaces) may be 
essentially due to the tighl packing of bacterial bodies 
against the moulded surface and each other; the loca l 
denseness of bacteria pro liferation. In the case of 

Phosphatic mouldings of frustule valves wilh a bi/amel/ar structure. A: in the central part , rod-shaped apatite partie/es form glomerules inside the 
areoles (intravalve cavities located under large subcircu/ar pores) . They are not attachee/ tv the opal of the frustule. ln the upper pan , test dissolution 
reveals alignee/ glomerules which correspond to cru de mouldingv oj' areoles. 8 : the test is entirC'!y dissolved. Bet ween alignee/ areole mou/dings (black 
arrows), sorne local/y coalesced rod-shaped apatite partie/es build up an internai moule/ of the valve (white arrows). C: .1·ome light-coloured, non
di.uolved remains of a frustule valve are visible (white arrows). Here and there, sorne glomerules correspond to mouldings of areoles (black arro1vs). 
Between these elemenrs and at the same leve/, rod-shaped apatite partie/es remain in place of the dissolved test . They thus f ormed ajier test 
dissolution, without nucleation on opal. D: f rom place to place, the walls of the valves may or may not be present , but the structure of the diatom 
test can a/ways be recognized with either a precise or a rough phosphatic mou/ding. The re is no proof of apatite nucleation on the frustule. Sorne of 
these phenomena can also be seen on figure 3 (A , 8 , C). The interpretation of rod-shaped partie/es as phosphatized bacteria perj'ectly explains: (1) 
the variable infilling of cavilies, corresponding to the non-systematic, somewhat inlense bacterial co/onizat iun; and (il) the variable precision of the 
mou/ding, due 10 more or less flattened and coalesced bacterial bodies. 
Moulages phosphatés de frustules à valves de structure bilamellairc. A : dans la pa rti e centrale, les bâ to nnets fo rment des glomérules occupant 
les aréoles (cavités in trava lvaires situées sous les gros pores subcircula ires) . Ils ne sont pas fi xés à l'opale du frustule. Dans la pa rtie supérieure, 
la dissolution du test permet de voir des glomérules a lignés, moulages grossiers d 'a réoles. B : le test est to ta lement dissous; entre les moules 
d 'aréoles alignés (flèches noires), des bâtonnets loca lement coalescents constituent un moulage interne de la valve (fl èches blanches) . C : les 
restes de couleur clai re d'une paroi de frustule non dissoute sont vi sibles (flèches bla nches); ça et là, quelques glomérules correspondent a u 
moulage d 'aréoles (flèches noires). Entre ces éléments et au même niveau, des bâtonnets d 'apatite ont à l'emplacemem du test di ssous; ils se 
sont formés nécessairement après la dissolution du test, sans nucléa lion sur de l'opale. D : d ' un end roit à l'a utre, les parois des va lves du 
frustule sont présentes ou dissoutes, avec soit un moulage phosphaté précis soit un moulage peu eonservatif des strutures. On ne peut pro uver 
la nucléation de l'apatite sur le frustule. Certains de ces phénomènes sont également visibles sur la figure 3 (A, B, C). L' interpréta tion des 
bâtonnets d'apatite comme des bactéries phosphatisées explique pa rfa itement : 1) le remplissage va riable des cavités, correspo ndant à une 
colonisation bactérienne non systéma tique et parfois intense, 2) la précision variable du moulage, duc à l'apla tissement ct à la coalescence plus 
ou moins prononcés des corps bactériens. 
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phatic infilling of areoles is a lso irrcgular. This proves 
that, at the scale of microstructures, phosphatizatio n 
is discontinuous and irregular in space. The nattening 
and coalescence of the a pa tite particles which constitute 
the moulding process are also irregularly di stributed . 
However, although this is not self-evident, it seems tha t 
they are more numerous in the more indurated parts 
of the crust and may lead to more compact structures 
giving a greater hardness and a darker colour. Beca use 
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throughout the crust, they appear before overgrowth 
andjor recrystallization which are limited in the more 
evolved parts of thi s crust. The author believes that 
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crystal growth because, in this case, it has to take place 
inside the whole phosphatic matrix , rod-like particles 
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becom i ng coalescent wit hi n agglomera tes, themselves 
becoming deformee! nnc ;1gai nst the other. 
The proposed bacteria l interpretati on perfectly expla ins 
the moulding process and the irregular repartition of 
phospha tic moulds, precise o r not, inside the crust. 
Proliferation of bacteria varies from one area to 
another, probably acco rding to the quantity or organic 
matte r loca ll y present. When bacteria abound, th e bac
terial bodies become nattened against the ha rd test and 
squashed together laterall y. Phosphate mineralization 
removcs the traces of this lateral squashing and leads 
to a more o r Jess perfect coalescence. Quality of the 
moulding (i.e. compact and smooth surfaces) may be 
essentially due to the tight packi ng of bacteri a l bodies 
against the moulded surface and each other; the local 
denseness of bacteria proliferation. ln the case of 

Phosphatic mouldings ofj"rustule valves with a bi/amel/ar structure. A: in the central part , rod-shaped apatite partie/es form glomerules inside the 
areoles {intravalve cavities located under large subcircular pores). They are not atwched 10 the opal of thefrustu/e. ln the upper part , test dissolwion 
revea/s aligned glomerules which correspond 10 crude mou/dings of areoles. B: the test is en tire/y dissolved. Between alignee/ areole mouldings (black 
arrmvs), sorne local/y coa/esced rod-shaped apatite partie/es build up an interna/ mou/d of the valve (white arruws). C: sorne light-culoured, non
dissulved remains of a frustu le valve are visible (white arrows). Here and there, some glomerules correspond to mouldings of areoles (black arrows). 
Between these elements and at the same leve/, rod-shaped apatite particles remain in place of the disso/ved test. They thus jiJrmed after test 
dissolution, without nucleation on opal. D: f rom place to place, the wal/s of the valves may or may nol he present, hui the structure of the dia tom 
test can a/ways be recognized with either a precise or a rough phosphatic mou/ding. There is no proo.f of apatile nuclealion on the frustule. Some of 
these phenomena can a/so be seen on figure 3 (A , B, C). The interpretation of rod-shaped partie/es as phosphatized bacteria pe1:fectly explains: (i) 
the variable infilling of cavities, corresponding to the non-systematic, somewhat intense bacterial colonization; and (ii) the variable precision (){the 
mou/ding, due 10 more or le.u .flallened and coalesced bacteria/ bodies. 
Moulages phospha tés de frustules à valves de structure bilamcllaire. A: dans la partie centra le, les bâtonnets forment des glomérules occupant 
les aréoles (cavités intrava lvaires situées sous les gros pores subcirculai res). Ils ne son t pas fixés à l'opale du frustule. Dans la partie supérieure, 
la dissolution d u test permet de voir des glomérules alignés, moulages grossiers d 'aréoles . B : le test est tota lement di sso us; entre les moules 
d'aréoles alignés (flèches noires), des bâ tonnets localement coalescents constituen t un mo ulage interne de la va lve (flèches blanches). C : les 
restes de couleur clai re d ' une paroi de frustule non dissoute sont visibles (flèches blanches); ça et là , quelques glomérules correspondent au 
moulage d 'aréoles (flèches noires) . Entre ces éléments et a u même niveau, des bâtonnet d 'apatite ont à l'emplacement du test di ssous; ils se 
sont formés nécessairement après la dissolution du test, sans nucléation sur de l'opale. D : d 'un endroi t à l'autre, les parois des valves du 
frustule sont présentes ou disso utes, avec soit un mo ulage phospha té préci soi t un moulage peu conservatif des strutures. On ne peut prouver 
la nucléa tio n de l'apatite sur le frustule . Certains de ces phénomènes sont également visibles sur la fig ure 3 (A, B, C). L'interprétation des 
bâ tonnets d 'apati te comme des bactéries phospha ti sées expliq ue parfaitement : 1) le remplissage variable des cavités, correspondant à une 
colonisa tion bactérienne non systématique et pa rfois intense, 2) la précision variable du moulage, due à l' apla tissement ct à la coalescence plus 
ou moins pro noncés des corps bactéri ens. 
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Figure 1 1 
Sorne aspecls of pyrite associated with apalile. A: wall of a rrark in a glauconiœ grain; !he pyrite /ramboids (black armws) cvated wilh organics 
(?) are associa led with organic .filamenls (1 vhi1e arrows) thal cross lhe swface of !he glauconile plaies. B: agglomera/ed rod-like apa/ile par lie/es 
surrvund a /ruslule which con lains a }i"amboid (white arrow) and microcrys{{Jis of pyrile (b lack arrow) . C: periphery of" a glauconite grain ; in the 
cel!/re, Iwo pyrite framhoid~ are in a cavity (note the hollow cryslals, 1vhite armws): around il , rod-shaped apalile panic/es (b lack arrows) are 
associated with conlorled glauconite plates. 

Aspects de la pyrite associée à l'apatite. A: intéri eur d 'une fi ssure d ' un gra in de glauconite; les framboïdes de pyri te (flèches noires), en tourés 
de leur enveloppe organ ique (?), sont associés à des filaments organiques (flèches bla nches) qui courent à la surface des lamelles de gla uconite. 
B : les bâtonnets d 'apa tite ento urent un frustule renfermant un framboïde (fl èche blanche) et des microcri staux de pyrite (flèche noire). C: 
périphérie d 'un grain de glauconite; au centre, deux framboïdes de pyrite sont dans une cavité (noter les cri staux creux, fl èches blanches); 
la téra lement, des bâtonnets d'apati tc (fl èches noires) sont associés aux lamelles fl ex ueuses de glauconite. 

Therefore , there is evidence that the proccss of moul
ding (microbially mediated or not), often prominently 
revealed by dissolution , is a characteristic phenomenon 
in numerous phosphorites (Lam boy, 1987 h) and a fac
tor in the genesis of these phosphorites. 

Glauconite and pyrite associated with apatite 

Glauconite appears as light green and dark green grai ns 
irregularly sca ttered throughout the crust (Fig. 1 ). 
Glauconite grains are rounded and cracked in their 
outer parts. The recogniti on of the ini tial granul ar 
support (Odin, 1988) is not possible. Broken parts 
often show packed contorted blades. Ali of these obser
vations point to the evolved nature of glauconite which 
is confirmed by a rather high content in potassium 
(5.8% K 20 on average) (Odin , 1 988). Rod-shaped a pa
tite particles are present in cracks of gla uconi te grains 
and occur between the glauconitic blades at the peri
phery of glauconite grain s (Fig. Il C). Thus, these 
observations confirm that glauconite gra ins are earlier 
than phosphate (Glenn and Arthur, 1988), and it seems 
that bacteria must have penetrated into microcavities 
of glauconite gra ins, as they did in those of other 
substrates. 

Small dots of pyrite are sca ttered throughouL the crusL, 
particularly in its lower part and in sma ll cavities. 
Coupled SEM and microprobe permit the observation 
of framboid s and microcrysta ls of pyrite which are 
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intimately mixed with apatite. The framboids , 5 to 
10 ~rn in diameter, composed of numerous small , 
globular crystals, often hollow (Fig. 11 C), are clearly 
visible in cracks of glauconite grains (Fig. 1 1 A). The 
presence of filaments and apparently organic envelops 
a round framboids points to the role of bacterial activity 
in pyrite precipitation (Monty, 1981 ). Often octahedral 
pyrite microcrystallites, 1 to 5 ~rn in size, are associated 
with framboids (Fig. 1 1 8). Because of the small size 
of pyrite and apatite crystals, and because of the com
plexity of the structures, it is very difficult to deduce 
structural arguments which could explain the intimate 
juxtaposition of pyrite and apatite crystals. The dia
genetic and paragenetic sequence proposed by Glenn 
and Arthur ( 1988) fo r Peru margin organic-rich sedi
ments is not complete in the crust studied here, which 
does not con tain dolomite. For these authors, precipita
tion of apatite and pyrite appears to be nearly coinci
dental , with pyrite precipitation continuing after that 
of apatite. fndeed, it appears that framboids are prefe
rentially locali zed in cavities which were still empty 
a fter the end of phosphatization (Fig. Il C). In the 
hypothesis of a microbial origin for pyrite framboids , 
synchronism and diachronism with apatite formation 
could be explained by the necessity of anoxie microen
vironments for microbes producing the H 2 S required 
for pyrite form ation (Altschuler et al. , 1983; Berner, 
1985). This anoxy could be progressively established 
by decomposition of organic matter during sediment 
buria l (Berner, 1985; Ingall a nd Yan Cappellen, 1989). 
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CONCLUSION 

Crust GS lN contains sorne glauconite grains, diatom 
frustules, and small detrital particules scattered in an 
abundant, homogeneous, fine-grained apatite matrix 
corresponding to the interstitial phosphatic cements 
described by Glenn and Arthur ( 1988). This SEM study 
shows that, in this crust, phosphatization occurs 
without modification of the initial sediment volume, 
and with the preservation of at least part of the sedi
ment structures. At the scale of microstructures, pho
sphatization is discontinuous and irregular in space 
and time. The apatite particles form in inter- and intra
granular pore spaces, probably filled with organic mat
ter, apparent without nucleation on the walls of the 
pore spaces. 
Opal dissolution of diatom frustules occurs here and 
there inside the crust, creating new porosity which is 
sometimes utilized for apatite growth. 1t dccreases the 
"memory" of the initial sediment composing the crust. 
These phenomena, which can be observed in other 
phosphorites, are comparable to those associated with 
the dissolution of carbonate tests which have bcen 
described in other phosphorites (Lamboy, 1989). 
The replacement of diatom opal by apatite has not 
been observed in the crust. The conservation of frustule 
structures observed in thin section corresponds to more 
or Jess precise mouldings by apatite. In a sense, apatite 
moulding partially compensa tes for the loss of informa
tion due to opal dissolution. The structural data 
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gathered in the present study are coherent with those of 
studies of other phosphorites using the same methods 
(Lamboy, 1987 b, 1988, 1989; Fikri et al., 1989) and 
concerning a pa tite mouldings of carbonate tests. 
The rod-shaped apatite particles constituting the bulk 
of the crust are sometimes intimately mixed with fram
boids and microcrystals of pyrite. The detailed analysis 
of these apatite particles and of the associated structu
res brings new qualitative and quantitative arguments 
in favour of bacterial phosphatization. Bacteria invade 
a specifie portion of the sediment and are la ter minera
lized into apatite. Overgrowth around a bacterial body 
and/or recrystallization ultimately leads to an elongated 
hexagonal microprism of apatite. 
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