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ABSTRACT

Phosphorite-manganese crusts were dredged from the flanks of seamounts of the Kiribati and Tuvalu EEZ, (Exclusive
Economic Zone) from water depths between 1450 and 2355 m. Samples from Kiribati consist of phosphatized algal
laminations, coated grains, filamentous and unicellular cyanobacteria. Manganese oxide occurs in the phosphate matrix in
the form of dendritic growths, as a coating on intraclasts, and as infillings in foraminifers and algal tissues. Weathered clasts
derived from mafic igneous rocks are the dominant constituents in the samples from Tuvalz seamounts and phosphate
occurs mainly as a cementing material for these clasts. Calcite and carbonate fluorapatite are the dominant minerals present
in the matrix material of both arcas. i 4

It appears that the Kiribati seamounts were at very shallow depths during the phosphatization process, and microbial
activity may have taken an active role during the diagenetic transformation of algal sediments into phosphorites. The Tuvalu
samples, however, showed no evidence of shallow water conditions although some microbial influence during phos-
phogenesis was still apparent. Thin manganese crusts in Kiribati and thick crusts in the Tuvalu samples suggest that depth

and/or length of exposure determined the relative crust thicknesses observed.

INTRODUCTION

During the Moana Wave cruise MW 86-02 in 1986,
phosphorite-manganese crusts were dredged from the
flanks of scamounts in the EEZ of Kiribati and Tuvalu,
Central Pacific Basin, from water depths between 1450 and
2355 m. The objectives of the cruise were to investigate the
origin, growth and distribution of cobalt-rich manganese
and phosphate crusts and assess these materials as resour-
ces for possible future exploitation. An evaluation of the
general geology of these islands was a secondary objective
of the expedition. The purpose of this paper is to describe
the phosphatic crusts and discuss their origin and relation
to associated ferromanganese materials,

Phosphorites, phosphorite-manganese crusts, and fer-
romanganese crusts occur either together or separately on
many seamounts in the world’s oceans (Hamilton, 1956;
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Baturin, 1982; Hein et al., 1985). Most seamount phos-
phorites are thought to have formed either by replacement
of carbonate or other precursor materials by phosphate
during diagenesis, or by the mobilization of guano-derived
phosphate initially deposited on emergent islands (Braith-
waite, 1980; Cullen and Burnett, 1986; and Burnett et al.,
1987). Since it was recognized that ferromanganese crusts
are usually enriched in cobalt, manganese crusts on
seamounts in the Central Pacific have been the object of
study of several investigators (Halbach et al., 1982; Halbach
and Manheim, 1984; Hein et al., 1985; Manhelm 1986 and
DeCarlo et al., 1987).

Phosphonte -manganese crusts on oceanic plateau
areas have also been studied by many investigators (Heezen

. et al., 1966; Summerhayes, 1967 and 1973; Manheim et al,,

1980; and Von Rad and Kudrass, 1984) with the general
conclusion that the phosphatic component is formed in
variable cycles of erosion; reworking, partial dissolution and
reprecipitation. The phosphatic component of the phos-
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phorite-manganese crusts found on seamounts are the least
studied, but nevertheless are of considerable interest for
several reasons, including: (1) the Mn component of this
type of crustal material is also enriched with cobalt (Hal-
bach and Manheim, 1984); (2) the genesis of these crusts,
and the relationship between phosphate and manganese is
not well understood; and (3) the alternating layers of man-
ganese-phosphorite may reflect past changes in
oceanographic conditions.

STUDY AREA AND METHODS

The Kiribati and Tuvalu Islands are in the Central
Pacific Basin, lying roughly within the area between 170°E
and 170°W and 5°N and 10°S (Fig. 1). The Gilbert and Ellice
islands are on the western margin of the area and the
PhoenixIslands are onthe eastern margin. These islands are
aligned in a NW-SE direction parallel to the Line Islands.
Seismic reflection data of the seamounts of Kiribati have
indicated that they are cone-like features similar to sub-

aerial cinder cones, The water depths at the crests of the
secamounts range from 300 to 2000 m. The absolute ages of
the seamounts are not available, but the sea-floor age of
both island groups are believed to be Cretaceous (Keating
et al., 1986; De Carlo et al., 1987).

Polished and thin sections of phosphatic rocks from
seamounts in the Kiribati and Tuvalu regions (Table 1) were
prepared for all samples. Thin sections were studied using
a standard petrographic microscope and SEM studies were
carried out with a JEOL model 840 scanning electron
microscope equipped with an energy dispersive X-ray
analyzer. Powdered bulk samples were analyzed for
mineralogical composition from 2° to 70° 26 at 1° 26/min.
On a Philips X-ray diffractometer using nickel-filtered
CuK¢ radiation. Slow scan speeds (1/2° 26/min) were used
for XRD estimation of the structural carbonate concentra-
tion of carbonate fluorapatite (CFA) by the method of
Gulbrandsen (1970).

Chemical analyses of bulk samples for P2Os and F were
obtained by taking 100 mg of the dried and powdered rock
sample, leaching with 2N HCI, and separating the insoluble
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Figure 1. Map of Central Pacific Basin showing sampling locations. .
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residue by filtration. These leachates were diluted to the
appropriate concentrations and used for both analyses. The
P20s content was determined by colorimetry following the
standard method of Murphy and Riley (1962). The P20s
contents determined for NBS standard rocks 120b and 694
were within 2% of reported values. Fluoride was deter-
mined potentiometrically using an Orion F ion specific
electrode and citrate buffer (Edmond, 1969). The accuracy
of these values was within 7%.

RESULTS
Phosphatic rocks from Kiribati (stations 1 and 7)

a) Petrology

Polished sections of the rock sample from station 1
showed a phosphatized pink substrate in the basal parts

Table 1. Location and description of phosphorite-manganese crusts from Cruise MW-86-02.

Sample No Latitude Longitude Water Description
Depth (m)
Kiribati
1RD001-1 00° 46.58°'N 173*01.33’E 1450 Algal limestones with stains of manganese oxide on the
the surface: dominantly algal fragments and calcite.
1RD001-1 " " " Substrate for algal limestones: ironstaincd, phosphatized
’ and no other skeletal components can be identified ex-
cept the benthic foram Lepidocyclina.
7RD011-03 02° 59.52'S 171°22.82°W. 1730 Mn crust (15 mm thick) on algal limestones: phosphate
replaced bioclasts.
7RDO011 " " " Mn crust (4 mm thick) on algal foram limestones: phos-
phate as well as Mn oxide replaced forams and coated
grains. Botroiydal and dendritic growths of Mn oxide.
TRDO11-P " § " Mn crust (3 cm thick) on algal lime stones: fine lamina-
' tions and phosphate grain between algal filaments.
7RD011-R " " " 2-4 mm thick Mn crust on algal foram limestones: 4-6
mm thick Mn oxide layer between phosphate layers.
7RD011-07 " ; ' " Mn crust (6 mm thick) on algal limestones: rounded
chert grains and coated grains.
Tuvalu
4RD007-02 07°2447S 179°02.16'E 1620 Dominantly Mn crust (15-20 mm thick) on weathered
clasts and carbonate: planktonics in the matrix.
4RD007-21A " " " Dominantly weathered clasts and Mn crust (15-20
' mm thick): planktonics in carbonate-phosphate matrix.
4RD007-21B " " " Thin (3 mm) Mn crust. Dominantly weathered clasts
and phosphatized carbonate.
6RD008-02 03°50.23°S 173°19.74'W 2355 Thick (60 mm) Mn crust on weathered clasts and carbon-
ate. Mn infilled forams and oxide growth around bioclasts.
6RD008-03 v ! ! 10-15 mum thick Mn crust: weathered rock clasts, micro-

manganese nodules and planktonics in the matrix.
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Figure 2. (A) and (B) arc the polished sections of rocks sampled from Kiribati: (A) rock showing pink phosphatized car-
bonatc as a substrate overlain by white carbonate limestonc; (B) a samplc characterized by alternate layers of phos-
phoritc and manganese oxidc; (C) polished scction of a rock sampled from Tuvalu, showing weathered clasts embedded
within a phosphate matrix; (D), (E), (F), and (G) are thin scction photographs of rocks sampled from Kiribati : (D)
coated grain (7TRD011-07); (E) intraclasts coatcd by manganesc oxide (7RD011-07); (F) manganesc oxide distribution
within the algal tissue material (7RD011); (G) dendritic growths of manganese oxidc in a phosphatized carbonate matrix
(7RD011-03); and (H) fine-grained phosphate separaling mctal oxide layers (7RD011-07).
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overlain by white coralline limestone (Fig. 2A). In thin
section, the pink coloring of the substrate proved to be
caused by iron staining. It is difficult to identify the other
skeletal components in this material except the beathic
foraminifera Lepidocyclina, an index fossil of Eocene age.
The white substrate of the rock consists of coralline algal
fragments with occasional gastropods. Manganese oxide
stains on the surface were also observed. Polished sections
of the rocks from station 7 show distinct manganese oxide
crusts on the outer edges and phosphatized, finely
laminated structures on the interior. Discontinuous phos-
phate layers from 5 to 10 mm thick are present between the
metal oxide layers (Fig. 2B). Thin sections show that these
rocks consist of phosphatic grains and planktonic
foraminifers that arc bound by cryptalgal laminations. This
laminated fabric interspersed with sediment particles is
well-known in cyanobacterial mat activity (Monty, 1976)
and is the result of concurrent fincly laminated mat growth
and sediment dcposition. Among the phosphatic com-
ponents, grains coated with micritic phosphate (Fig. 2D),
similar in appearance to the coated grains reported by Peryt
(1983), and phosphatic intraclasts with manganese oxide
rims (Fig. 2E) are commonly observed. Coralline algal frag-
ments, planktonic forams and finc-grained phosphate are
found in the phosphatic layers present between metal oxide
layers (Fig. 2H). Rounded, reddish brown chiert grains are
occasionally cmbedded in the algal layers.

Our SEM observations on freshly broken surfaces of the
rocks from station 7 confirmed and expanded the previous
petrologic observations. Rock cavities exhibit irregularly
encrusted endolithic algal filaments (Fig. 3A) similar to
those shown by Schroeder (1972). These filaments are
coated by well-crystallized CFA. The filaments are empty, as
shown by the cavitics at the end, and the diameter of each
filament is about 10 mm, with a hollow diameter of about 3
mm size (Fig. 3B). Phosphatic peloids formed by the accre-
tion of cryptocrystalline diagenctic CFA are also present in
the cavities of the rock. Tubular filaments (Fig. 3C) and
straight tubes of Sto 7 mm length caveloped by phosphatized
sheaths (Fig. 3D) are also seen in the matrix. Similar struc-
tures, thought to be of cyanobactcrial origin, have been
reported by Krumbein (1977) in calcarcous deposits and by
Soudry and Champetier {1983) in Cretaceous phosphorites
from the Negev Desert, Israel. These rocks also contain
phosphatized colonies of unicells of possible cyanobacterial
origin. These cells range from 3 to 4 mm size, and aggregation
of cells into pellets at interfaces between mats and colonies
of cyanobacterial cells was observed (Fig. 4A and 4B). Phos-
phatic "lumps” within the phosphatized carbonate shells,
marginal grain corrosion, and phosphatic borings within
shells were found within the matrix (Fig. 4C). Under high
magnification, these lumps appcar to be an amalgamation of
cyanobacterial cells (Fig. 4D). These cells are larger than
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those observed in other arcas (Fig. 4B), confirming the ob-
servations of Zanin et al. (1985) that cavitics and voids are
often sites for larger organisms,

Examination of freshly fractured surfaces of these
samples show that crystals morphologically resembling gyp-
sum, with well-developed prism faces (Fig. 4E), are oc-
casional components of these phosphorites. Gypsum crys-
tals formed by authigenesis in the presence of organic mat-
ter are stubby and tend to lack the prismatic forms of those
observed here (Sonnenfeld, 1984). Since gypsum crystals
also occur on cyanobacterial filaments (Fig. 4F), they ap-
parently have not formed after sample recovery by dehydra-
tion. Rather, the presence of these crystals indicates that
shallow evaporative conditions were prevalent at some
stage in the history of these phosphorites.

- Manganese oxide in these samples (station 7) occurs in
two modes. First, it occurs as crusts on the surface of the
phosphatic rocks. The thickness of the crusts varies from
surficial rinds to crusts about 15 mm thick. Secondly, man-
ganese oxide occurs within the phosphate matrix, infilling
foraminiferal chambers, replacing carbonate in algal tissue
material (Fig. 2F), and accreting in the matrix in dendritic
patterns (Fig. 2G). Cuspate growths of iron oxides werc
observed within these dendritic patterns. The manganese
oxides are often distributed along fine laminations. Itis clear
from the internal structure (Fig. 2G) that manganese oxide
is associated with the phosphatic rather than with the cal-
careous matcrial, suggesting that phosphate is a preferred
host for manganese. This may be due to the relative in-
solubility of CFA relative to calcite. Manganese oxides dis-
tributed along microlaminations in a dendritic pattern are
also present (Fig. 4F). The X-ray energy dispersive analyses
indicated that magnesium, manganese, calcivm, and phos-
phorus are all abundant in these laminations, suggesting
that the microlaminations are filamentous algal structures
in which manganese oxide replacement has taken place.

b) Mineralogy and Geochemistry

Analysis by X-ray diffractograms of the phosphatized
material shows that calcite and CFA are the major minerals
present. The structural CO2 content of CFA in all samples
estimated by the peak-pair X-ray method (Gulbrandsen,
1970), is relatively high, approximately 6%. The ‘a’ cell
dimensions are about 9.3A indicating that the CO3:PO4
mole ratio of these apatites is approximately 0.22 (Table 2),
The replacement of POs by CO3 changes the cell
parameters of the apatite lattice in such a way that there is
a decrease in the ‘a’ unit cell parameter with increasing
carbonate substitution {McClellan and Lehr, 1969). The
XRD studies of samples from the manganese oxide layer,
however, showed no discernible manganese mineral peaks,
probably due to the poor crystalline nature and/or the ex-
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Figure 3. SEM photographs from rocks sampled from Kiribati : (A) irregularly encrusted endolithic algal filaments
(7TRD011-07); (B) enlarged portion of (A), showing empty filaments and well-crystallized carbonatc fluorapatite adher-
ing to filaments; (C} tubular filaments of cyanobacteria (TRD011-P); (D) straight tubcs of cyanobacterial origin coated
by phosphatized sheaths (7RD011-07). Encrgy dispersive X-ray analysis showed high calcium and phosphorus as well as

minor amounts of sulfur present in these tube structures.

tremely fine grain-size of the material found in scamount
mangancse crusts (Burns and Burns, 1976). In addition,
interference from X-ray fluorescence of the Mn-rich
matcrial may have partially obscured the diffraction peaks.

The P20s content of the Kiribati phosphorites ranged
from 13 to 33% and the fluoride content varicd from 2.0 to
3.8%. The F/P20s mass ratios were all in the rangc 0.110 to
0.129, except for one sample, which was very high at 0.15.
These relatively high F contents are consistent with an-
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ticipated amounts in highly substituted carbonatc apatites
(McClellan and Lehr, 1969).

Phosphatic rocks from Tuvalu (stations 4 and 6)
a) Petrology

These rocks consist of thick manganese oxide crusts
ranging from 3 to 60 mm, and abundant weathcred clasts
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Figure 4. SEM photographs from rocks sampled from Kiribati: (A) cyanobacterial mats, coccoid unicells, and phosphate
"pellets” at an interface between mat and coceoid unicells, Pellctal forms appear to be formed by the aggregation of phos-
phatic unicells (TRD011-P); (B) cnlarged portion of (A) showing coccoid colony of cyanobacteria (X-ray analysis con-
firmed that the mat and unicells were phosphatic); (C) phosphate lumps within a foram shell and in cavitjes. Boring pat-
terns developed within the shell chamber (lower right margin) can also be scen (7RDO11); (D) enlarged portion of (C),
showing that the lumps arc an amalgamation of cyanobacterial unicells; (E) prismatic gvpsum crystals and dendritic man-
ganese growths (F) within a phosphatc matrix (TRDO11-R). X-ray analysis showed that these filaments showed high mag-
nesium and manganese as well as calcium and phosphorus, confirming that these are algal filaments replaced by man-
gancse and phosphate.
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derived from mafic rock fragments cemented together by a
carbonate-phosphate matrix (Fig. 2C). These rocks contain
planktonic foraminifers as abundant components in the
matrix. Clinopyroxene and plagioclase were identified in
the weathered clasts. The mafic rock clasts are heavily
altered and occasionally replaced by calcite, phosphate, and
iron oxides.

The SEM studies revealed considerable dissolution of
carbonate shell walls and borings developed within
foraminiferal chambers (Fig. 5SA). These borings are
oriented normal to the surface (Fig. 5B). We also obscrved
micro-dissolution features on the surfaces of the carbonate
grains and subsequent formation of microgranular CFA on
these surfaces (Fig. SC). Unphosphatized coccoliths (Fig.
5D) and discosters are other components observed in the
matrix. '

b) Mineralogy and Geochemistry

The X-ray diffractograms show that plagioclase,
apatite, hematite, goethite, and chlorite are present in these
samples. The structural COz content varies from 5.2t0 6.0%
and the “a’ cell dimensions are about 934 indicating that
the CO3:PO4 molc ratio of the CFA is similar to the phos-
phorites from Kiribati (0.22). No manganese oxide mineral
peaks were observed in the X-ray diffractograms of the
manganesc oxide crust material. '

The P05 contents in these samples is similar to those
of Kiribati at 18 to 30% and the fluoride content ranged
from 2.3 to 3.4%. The F/P20s mass ratio varied from 0.110
to 0.124,

While the phosphorite-manganese rocks from the
Kiribati scamounts displayed shallow-water fauna and thin

Table 2. Detailed mineralogy and geochemistry of the phosphatized material from the seamount samples.

Sample No. X-ray mincralogy1 Structural components P20s F F/P20s
of CFA Yo %o
CO» %° a(A)
Kiribati
IRDQ01-1 cal -- - -- -- .-
1RD01-1 cal and CFA 6.0 9.32 133 20 0.15
7RD011-03 CFA and cal 52 9.325 259 325 0.125
7RD011 CFA and cal 6.0 9.32 25.7 325 0.115
7RD011-P CFA and cal 6.0 932 32.1 370 0.115
TRDQ11-R CFA and cal -- -- 328 3.70 0.113
7JRD011-R®  CFA and cal - - 33.1 3.79 0.11
TRD011-07 CFA - - 293 3.74 0.127
7RD011-07"  opal-CT and sid - - . - -
Tuvalu
4RD007-02 CFA and cal - - 18.6 2.4 0.129
4RD007-21A plag, CFA, cal - - -- --
goet and chlo
4RD007-21B CFA and cal 6.0 9.32 304 34 0.112
6RD008-02 CFA and cal 52 9.325 24.1 2.9 0.12
6RD008-03 CFA cal and plag - - 185 23 0.124

"mincrals listed in approximate order of abundance: cal - calcite, CFA - carbonate fluorapatite; plag - plagioclase; goet — gocthite; chlo - chlorite,
2and sid. —siderite.
Gulbrandsen (1970) X-ray peak-pair method.
phosphate layer in between metal oxide layers.
rounded chert grain found embedded within algal layers.
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Figure S. SEM photographs from rock sample 4RD007-02, from a seamount in Tuvalu: (A) photograph illustrating dis-
solution of carbonatc shell walls; (B) enlarged portion of (A) showing phosphatized casts developed within foraminiferal
chambers (X-ray analysis confirmed that these casts are rich in calcium and phosphorus); (C) microdissolution features
on a carbonate grain surface together with small grains formed on thesc surfaces; and (D) unphosphatized coccoliths

within the matrix material.

manganese oxide crusts, the samples from the Tuvalu
scamounts showed open-ocean fauna and thick manganesc
crusts. Howcver, samples from both arcas displayed dis-
solution of grain surfaces and boring patterns developed
within shcll chambers. The principal geochemical and
mincralogical features of samples from both areas did not
show significant variation although the abundance of CFA
1s somewhat lower in the Tuvalu scamounts.

DISCUSSION

Thin section observations and SEM studies have
revealed that endolithic algac and filamentous and unicel-
lular cyanobacteria are widely distributed in the Kiribati
phosphoritcs. Prismatic gypsum, larger foraminifera (Ex.
Lepidocyclina), and gastropods are also associated with
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these samples. This indicates that these sediments must
have accumulated when the seamount was at intertidal or
subtidal depths. Cell-like structures of possible cyanobac-
terial origin inside the carbonate shells, marginal grain
corrosion on the calcareous grains and the different boring
patterns in these phosphorites (Figs. 4C,4D) appear to be
caused by the action of algae. Klement and Toomey (1967)
and Golubic (1973) state that certain boring and perforating
algae are highly destructive of carbonate shells and coastal
limestones, and their optimal distribution would be in shal-
low stagnant environments at depths up to about 20 m.
Phosphate- grains bound by cryptalgal laminations, phos-
phate intraclasts and grains coated by layers of micritic

phosphate also suggest that the phosphatization occurred

during shallow water diagenesis. X-ray energy-dispersive
analysis has confirmed that the cyanobacterial cells and
filaments present in these rocks are completely phos-
phatized.

Cyanobacteria are known to fix high concentrations of

'phosphorus during their mctabolic activity (Azad and Bor-

chardt, 1970). Itis also known from the experimental studies
of Kobluk and Risk (1977) and from studies of calcareous
deposits (Krumbein, 1968; Klappa, 1979) that algae are not
directly involved in calcification, and that precipitation of
carbonate takes place mostly on dead filaments. We suggest
that, during shallow-water diagenesis of these carbonate
sediments, the decay of cyanobacterial cells and filaments
of algae induced phosphate precipitation. Hence, the con-
centration and subsequent release of phosphate within the
sediment constituted the microbial role in the formation of
these phosphorites. Cyanobacterial influence in phos-
phogenesis has been suggested by Soudry and Champeticer
(1983) and Southgate (1986). The well-crystallized phos-
phate crystals, found on endolithic algal filaments with
empty cavitics (Fig. 3B), and the phosphatized sheath on
cyanobacterial filaments (Fig. 3D) might suggest that phos-
phatization took place in the early stages of the decay of
these filaments. These observations also imply that the
phosphate mineralization of these filaments is a direct
process rather than replacement of carbonate which
preexisted on filaments. These organic filaments may not
only be the source for phosphate, but may also serve as
favorable sites for phosphate mineralization, as suggested
by Southgate (1986).

Our studies have revealed that appreciable concentra-
tions of phosphorus occur in the fossilized cells of possible
cyanobacterial origin. High concentrations of phosphate in
bacterial structures (cocco-like and bacilli forms) have been
reported earlier by Cayeux (1936), Oppenheimer (1958),
O’Brien et al. (1981), Riggs (1982), Prevot and Lucas (1986)
and Zanin et al. (1985). To our knowledge, our observations
of these structures are the first reported for seamount or
"open-ocean” phosphorites. We suggest that the shallow-
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water phosphorites (Kiribati samples) were formed during
early diagenesis of algal laminated sediments. Cyanobac-
teria were involved in the evolution of these phospharites
cither as a source for phosphate or a suitable surface for
precipitation, or both. Phosphate released to interstitial
waters subsequently replaced carbonate shell materials,
precipitated into cryptocrystalline aggregates in the form of
pellets in rock cavities, and produced the coatings around
phosphate pellets.

The structural CO2 content of the CFA is about 6%,
slightly higher than the COz2 content of most marine phos-
phorites (Kolodny, 1981). This may be related to the
presumed high carbonate content of the predecessor
materials (Birch, 1980). The CO3:PO4 mole ratio of about
0.22 is close to values reported for Chatham Rise phos-
phorites (~0.25) where the phosphatization occurred
within a carbonate-rich matrix (Von Rad and Kudrass,
1984).

Phosphorite-manganese crusts of the Tuvalu
seamounts were dredged from greater depths than the
Kiribati samples, and phosphate in these crusts occurs
mainly as a ccmenting material for hyaloclastites, derived
from the weathering of volcanic materials. The cementing
material consists of open-ocean fauna such as planktonic
foraminifera and coccoliths. Characteristic features such as
the dissolution of calcareous grain surfaces, microbial
borings within the carbonate grains, and micro-dissolution
structures on calcarcous grain surfaces (Fig. 5A, B, C and
D) indicate that the destruction of carbonates has taken
place by microorganisms during diagenesis. Similar obser-
vations were reported by Lamboy (1987) for North African
phosphorites, which he interpreted as indicative of a
microbial role in phosphogenesis. Thus, microbial activity
may also have been partially responsible for. the phos-
phatization of these deep water samples.

Ferromanganese oxide occurs both as a matrix material
and as crusts on these phosphorites. Two mechanisms can
be proposed for the distribution of manganese oxide within
the phosphatized matrix. Empty filaments and microbial
borings resulting from algal action are commonly observed
in phosphorites. Manganese oxide might have replaced
these borings and infilled the filaments as a secondary
precipitate. Alternatively, manganese and iron released to
the interstitial waters prior to sulfate reduction during early
diagenesis might have precipitated in algal channels present
within the sediment. If the latter was the case, manganese
oxide and phosphate formation may have been contem-
poraneous within the matrix material. Alternatively, if the
manganesc oxide is a secondary replacement, the cuspate
iron oxide structures within the dendritic growths of man-
ganese oxide, and the occurrence of manganese oxide as a
coating on intraclasts, cannot be explained. We conclude,
therefore, that manganese was distributed during early



PHOSPHATIC ROCKS

diagenesis with some secondary replacement oceurring

along algal laminations. Pratt and McFarlin (1966) and
Manheim et al. (1980) suggested that both replacemept type
and diagenetic manganese oxide werc present inmaon-
ganese-phosphorite crusts of the Blake Plateau. The crust-
like manganese oxidcs that occur on these phosphorites
seem similar to those reported from other open-ocean en-
vironments and are most likely of hydrogenetic origin.

SUMMARY AND CONCLUSIONS

Our studies of the phosphorite-manganese crusts from
Kiribati scamounts suggest that (a) the palcodepths of the
seamounts were very shallow, probably intertidal or sub-
tidal, during phosphatization; (b) endolithic algae and
cyanobacteria were influential in the early diagenesis of
carbonate sediments, which took place when the seamount
was at shallow depths; (c) organic filaments may have acted
as both a source and a substrate for phosphate mincraliza-
tion; and (d) early diagenetic as well as replacement-type
mangancse oxides appear to be present in the phosphatic
matrix.

Study of the phosphorite-mangancse crusts from
Tuvalu scamounts shows that (a) weathcred clasts from
malic rocks arc the main coostituents of these samples,
whereas the phosphorite occurs as a cementing material for
the clasts; (b) phosphatized pelagic fauna arc the main
constituents of the cementing material; (c) boring patterns
and destruction of carbonate grains are similar to those in
the Kiribati samples, possibly indicating microbial par-
ticipation during phosphogenesis; and (d) manganesc
crusts are thicker than in the Kiribati samples, indicating
that growth ratcs are faster at deeper depths, or these
samples are significantly older compared to those from
Kiribati.
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