Downloaded from geology.gsapubs.org on May 25, 2015

Coated phosphate grains: Proxy for physical, chemical, and
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ABSTRACT

Irrespective of geologic age, Phanerozoic coated phosphate grains deposited beneath
productive surface waters in organic-rich paleoenvironments are of only two types.
Unconfor mity-bounded grains contain internal discordances and erosional surfaces, at-
tributable to multiple episodes of phosphogenesis and sedimentary reworking during pe-
riods of stratigraphic condensation. Redox-aggraded grains consist of concordant concen-
tric phosphate laminae that are intimately interlayered with circumgranular layers
containing pyrite, chamosite, or barite, recording in situ diagenetic mineralization driven
by changes in pore-water redox potential. Such changes can be attributed to variationsin
biological oxygen demand within suboxic pore-water environments resulting from fluc-
tuations in sedimentation rate of organic carbon. Redox-aggraded grains are thus sensitive
indicators of variations in organic carbon export and record changes in primary produc-
tivity and/or ecological dynamics of the surface ocean. This concept of coated-grain for-
mation necessitates a long residence time just below the sediment-water interface. If sed-
imentation rate is too high, grains are rapidly buried and so removed from the zone of
active phosphate precipitation. Coated phosphate grains can therefore be considered the
granular equivalents of condensed beds. These concepts are equally applicable to the
interpretation of other types of coated grains and concretions that contain Eh-sensitive

minerals, such as iron-bearing ooids and polymineralic concr etions.
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INTRODUCTION

Phosphorites commonly contain a variety of
grain types that record a wide spectrum of de-
positional and diagenetic processes and so
have long been a subject of intense debate (cf.
Riggs et a., 1997). Coated phosphate grains
are a unique particle type formed of circum-
granular apatite layers. Unlike ooids, which pre-
cipitate while the grain isin turbulent suspension
(Bathurst, 1975), coated phosphate grains form
authigenicdly just below the sediment-water in-
terface (Garrison and Kastner, 1990; Soudry,
2000). As a result they preserve a record of
physical and chemica change in bottom and
pore waters and are thus intimately linked to
corresponding changes in hydraulic regime
and chemistry of overlying seawater. The full
spectrum of coated-grain types over geologic
history and the conditions under which they
formed have until now been unclear.

METHODS

To ascertain the spectrum of coated-grain
types and compositions, 35 samples were se-
lected from collections of phosphorite of dif-
fering ages and locations (Table 1). Internal
grain structure and composition were eluci-
dated by using high-resolution microbeam
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techniques (cf. Krajewski, 1983; Glenn et al.,
1988). Backscattered-electron micrographs
and qualitative analyses were acquired with a
Philips XL-30 scanning electron microscope
equipped with a Princeton Gamma:Tech energy-
dispersive spectrometer. Mineral content was
determined from X-ray diffraction photo-
graphs taken with a Gandolfi camera using
CoKa radiation and with published X-ray dif-
fraction data. Bulk samples of coated grains
intended for carbon stable isotope anaysis of
the carbonate anionic complex in francolite
were prepared using the techniques of Silver-
man et al. (1952). Stable isotope analyses
were performed at the University of Western
Ontario following the methods of McCrea
(1950).

PHANEROZOIC COATED PHOSPHATE
GRAINS

Analyzed coated phosphate grains are as-
sociated with depositional hiatuses related to
periods of net low and/or negative rates of
sedimentation and interpreted to have formed
beneath productive surface waters in an array
of organic-rich paleoenvironments (Table 1).
Examined grain nuclei consist of phosphatic
peloids and intraclasts, phosphatized forami-
nifera tests, carbonate ooids, authigenic glau-
conite, detrital quartz, feldspar, and dolomite
grains. Grain cortices are exquisitely pre-
served and lack relict carbonate, indicating a
nonreplacement, primary origin. In spite of
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large differences in geologic age, grain corti-
ces are of only two types (Table 1): uncon-
formity bounded (UB) and redox aggraded
(RA).

UB grains are formed of discontinuous and
irregular monomineralic phosphatic laminae,
5-100 pm thick, that are erosionally truncated
(Table 1; Fig. 1A). In some cases, cortices re-
semble phosphatized macrooncoids (Krajewski,
1983; Soudry and Champetier, 1983; Soudry,
2000) and pedogenic coated phosphate grains
(Southgate, 1986). Macrooncoids, however,
exhibit typical microbial fabrics not present in
UB grains, and pedogenic coated phosphate
grains always occur with meteoric diagenetic
features not associated with grains described
here.

RA grains generally consist of concentric,
concordant phosphatic layers intimately inter-
layered with pyrite, chamosite, or barite lam-
inae (Table 1; Figs. 1B, 1C). Laminae are thin
(350 wm), less well defined than those com-
posing UB grains, and sublaminated on an
ultrafine scale; laminae lack unconformable
contacts. Pyrite-rich layers are framboidal
pyrite disseminated throughout a francolite
(sedimentary apatite) matrix. The absence of
francolite inclusions within pyrite crystals in-
dicates that pyrite is nonreplacive. Chamosite-
rich laminae are mixtures of chamosite and
francolite. Barite layers are pure barite. Mon-
omineralic RA grains composed entirely of
francolite have textural attributes identical to
those of polymineralic grains. Hybrid grains
contain characteristics of both UB and RA
grains. The range of 313C (COs-francolite)
values (—1.35%0 to —15.88%0; Table 1) are
consistent with phosphogenesis (francolite
precipitation) driven primarily by production
of pore-water phosphate derived from the su-
boxic to anoxic bacterial degradation of sedi-
mentary organic matter (Jahnke et al., 1983;
McArthur et al., 1986; Froelich et al., 1988;
Glenn et al., 1988).

ORIGIN OF THE GRAINS

UB grains, because of the numerous cortex
unconformities, are interpreted to have formed
through multiple episodes of phosphatization,
exhumation, and erosion, followed by reburial
into the zone of phosphogenesis (ZOP) (Fig.
2A). UB grains thus contain a record of sub-
strate reworking and/or winnowing and indi-
cate breaks in quiet-water deposition caused
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TABLE 1. CHARACTERISTICS OF SAMPLES INVESTIGATED

Location Age Host lithology and sedimentology Environment Grain type and description dC Refer-
(no. samples) (%o, PDB) ence
Peru Quaternary (3)  Diotom-rich mud; numerous omission Upwelling-related UB: mg-cg; well sorted; nuclei = phosphate  —8.71 to [1]
Pliocene (2) surfaces and reworked phosphatic sediments on outer peloids, quartz silt, rare framboidal pyrite; —4.08
hardgrounds; coated grains from shelf or upper slope. cortices = irregular, erosionally truncated,
laminae and graded beds (=1 m Well-developed phosphatic laminae (10-20 pm thick)
thick) marking hiatuses oMz
Quaternary (1)  Bioturbated and laminated organic-rich Upwelling-related RA-py: vfg-fg; well-sorted black grains; nuclei  —1.35% [2]
silty mud; fish bones common; sediments on outer = quartz sand and feldspar; cortices =
numerous depositional hiatuses; coated shelf or upper slope. interlayered, concentric francolite and
grains are from a granular layer just Well-developed pyrite-rich laminae (5-10 wm thick); layers
beneath the seafloor oMz are sublaminated
Spitsbergen  Cambrian Organic-rich shale and siltstone; layers Upwelling-related RA-py: fg-mg; well sorted; nuclei = quartz [3,4]
Tokammane of reworked phosphatic pebbles sediments on sand; cortices = concentric francolite and
Formation (1) common; coated grains occur within passive margin rare pyrite-rich laminae (3—10 pm thick);
thin, bioturbated sandstone beds and pyrite laminae are thinner than francolite
sandy lenses layers and discontinuous
Jordan Campanian Interbedded phosphatic grainstones and Upwelling-related UB: vcg-granular; moderately well sorted,; —8.40 to [5]
Alhisa organic-rich chalks; common sediments deposited nuclei = phosphate peloids-intraclasts, —5.51
Phosphorite firmgrounds and reworked on storm-dominated phosphatized foraminifera tests; cortices =
Formation (12)  concretionary horizons; coated grains epeiric platform irregular, erosionally truncated francolite
are within thickly bedded, graded, and during marine laminae (45-100 pm thick)
massive grainstones transgression
USA Pliocene Interbedded sand and oolite; inferred to Nearshore sediments  RA-py: cg-vcg; moderately well sorted; nuclei  —2.76 [6]
Glenns Ferry have been organic-rich; numerous in highly productive = detrital sand, ooids, phosphatic
Formation (1) omission surfaces; reworked lake. Hiatal surfaces intraclasts; cortices = concentric francolite
phosphatic pebbles common; coated formed during and rare pyrite-rich laminae (8—-30 pm
grains occur in thin beds marking transgression thick); layers are sublaminated
hiatuses
South Africa  Miocene (3) Organic rich, glauconite- and siderite- Upwelling-related RA-py: small black pebbles containing quartz —15.88 [7]
bearing, Pleistocene shelly sand; highly inner-shelf silt; moderately well sorted; nuclei
condensed section; Miocene coated sediments reworked indentical in composition to francolite
grains occur disseminated throughout during Quaternary laminae; cortices = concentric francolite
shelly sand lowstands and pyrite-rich layers (5-30 pm thick)
Canada Triassic Doig Interbedded sandstones and organic-rich  Regressive shoreface  UB: vfg; well sorted; compose =20% of [8]
Formation (2) mudstone-siltstone; condensed section; sands prograding grains; nuclei = vfg quartz sand, rare
coated grains are reworked and occur over organic-rich detrital dolomite; cortices = a single or
within fine-grained sandstone bodies midshelf sediments multiple irregular, discontinuous, erosionally
truncated francolite laminae (5-15 pm)
Sweden Ordovician Organic-rich lime mudstone; numerous Sediments deposited  RA-ch, ba: mg-vcg; poorly sorted; nuclei = —-5.55to [9]
Gullhégen hardgrounds and discontinuity surfaces; on productive shelf quartz silt, carbonate/chamosite grains; -8.35
Formation (2) coated grains occur in thin beds with intermittent cortices = concentric chamosite and rare
marking hiatuses; ash horizons volcanism francolite laminae or francolite and barite
common laminae (5-50 pm thick); layers are
sublaminated
Ordovician Glauconite-bearing micritic calcarenite; Nutrient-rich inner RA-ch: cg-vcg; well sorted; nuclei = —3.16 [10]
Kunda units inferred to have been organic-rich; shelf environment chamosite/phosphate peloids; cortices =
1) phosphatic hardgrounds; coated grains interlayered francolite and chamosite-rich
occur below major disconformity laminae (5-30 pm thick); layers are
sublaminated
Cambrian Organic-rich, fine-grained, glauconitic Deposition in inner RA-ch: cf; well sorted; nuclei = detrital -8.35 [11]
Oelandicus sandstones; condensed section; coated shelf and midshelf grains, phosphate-glauconite peloids;
Shale (1) grains occur within sandstone beds settings during cortices = interlayered francolite and
marine chamosite-rich laminae (5-15 pum thick);
transgression layers are sublaminated
Mexico Oligocene- Interbedded siliceous mudstones, Upwelling-related UB: mg-cg; poorly sorted; nuclei = detrital [12]
Miocene phosphatic grainstones; numerous sediments deposited grains, phosphate intraclasts; cortices =
Timbabichi concretionary horizons, bored in an active forearc irregular, erosionally truncated francolite

Formation (6)

hardgrounds; coated grains within
massive or graded grainstones

setting during sea-
level highstand

laminae (60-100 pm thick); laminae are
endolithically bored

Note: UB—unconformity-bounded phosphate grain; RA—redox-aggraded phosphate grain (py = pyrite cortex layers, ch = chamosite cortex layers, ba = barite cortex
layers); vfg = very fine grained, fg = fine grained, mg = medium grained, cg = coarse grained, vcg = very coarse grained, OMZ = oxygen-minimum zone; PDB is
Peedee belemnite; 1—Garrison and Kastner (1990); 2—Glenn et al. (1988); 3—Swett and Crowder (1982); 4—Kidder and Swett (1989); 5—Pufahl et al. (2003
Swirydczuk et al. (1981); 7—Compton et al. (2002); 8—Harris (2000); 9—Sturesson (1992); 10—Sturesson (1986); 11—Sturesson (1988); 12—Grimm (2000 ).

*313C value from Glenn et al. (1988). Sedimentologic descriptions and environmental interpretations are from literature cited in the last column. No sample material was
available from Spitsbergen, Canada, or Mexico for isotopic analysis.
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Figure 1. Backscattered-electron micro-
graphs of unconformity-bounded (UB) and
redox-aggraded (RA) grains. A: UB grain.
Nucleus is phosphatic intraclast. Dashed
lines highlight irregular, unconformable con-
tacts between laminae. Campanian Alhisa
Phosphorite Formation, Jordan. B: RA grain.
Silt-sized feldspar nucleus. Compositionally
distinct innermost cortex laminae contain
abundant framboidal pyrite (white specks).
Contacts are marked by thin, discontinuous
pyrite laminae. Quaternary, Peru. C: RA
grain. Silt-sized glauconite nucleus; dark
cortex layers are chamosite; light cortex lay-
ers are francolite. Cambrian Oelandicus
Shale, Sweden.

by storms, episodic undercurrents, and/or
shallow-water currents associated with sea-
level lowstands. Garrison and Kastner (1990)
proposed a similar idea for the formation of
coated grains from the Peru continental mar-
gin and also emphasized the importance of
changing energy levels on coated-grain
formation.

RA grains are interpreted to have been pro-
duced by francolite precipitation within the
ZOP accompanied by changes in pore-water
redox potential (Fig. 2B). Such changes are
recorded by the intimate interlayering of fran-
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Figure 2. Formation of coated phosphate grains. Zone of active phosphate precipitation
(zone of phosphogenesis, ZOP) occurs in upper 5-20 cm of sediment. In high-productivity
settings phosphogenesis is stimulated primarily by production of pore-water phosphate
derived through suboxic microbial degradation of sedimentary organic matter (SOM). It oc-
curs in association with reduction of NO3;, Mn-oxides, Fe-oxides, and SO3~ and is limited at
deeper intervals by lack of seawater-derived F~ (F6llmi et al., 1991) and high alkalinities that
develop through cumulative degradation of organic matter (Glenn and Arthur, 1988). A: For-
mation of unconformity-bounded phosphate grains. Erosion-deposition cycles cause ZOP
to migrate up and down within sediment column. B: Formation of redox-aggraded phosphate
grains. Episodic flux of organic carbon to seafloor causes redox interfaces to shift vertically
in sediment through ZOP in response to changes in biological oxygen demand (BOD). Type
of cortex laminae depends upon amount of organic matter and bulk composition of sedi-
ment; 1 = Fe3*-Fe?* redox interface, 2 = SO3~-H,S redox interface. C: Hybrid grains form

when both processes act together.

colite, pyrite, chamosite, and/or barite. Cha-
mosite contains Fe* and Fe3* and so forms
close to the Fe-redox boundary (Harder,
1980). Pyrite precipitates within the zone of
sulfate reduction (Berner, 1984), whereas au-
thigenic barite forms just above this zone
(Torres et ., 1996).

RA Grains and Organic Carbon Export
The variable mineral contents in RA grain
cortices are attributed to seasonal fluctuation
in the export of sedimentary organic matter to
the sediment-water interface (Fig. 2B). In-
creased flux of organic carbon would cause a
concomitant increase in biological oxygen de-
mand at the sediment-water interface, which
in turn would cause the redox zones to tele-
scope and move up through the sediment col-
umn (Bussmann and Reichardt, 1991; Ras-
mussen and Jargensen, 1992; Thamdrup et al.,
1994; Gobell et a., 1997). Once the bulk of
organic meatter is oxidized, oxygen, nitrate,
and sulfate from overlying bottom water can
diffuse deeper into the sediment, causing the
redox zones to expand and move downward.

Barite laminae form when the SO3—-H.,S re-
dox interface shallows in response to the ar-
rival of a pulse of organic matter at the sea-
floor, bringing this boundary near the ZOPR
Pyrite laminae form when the SO7-H,S re-
dox boundary passes completely through the
ZOP Chamosite laminae precipitate once the
majority of organic matter has been respired
and the diffusion of oxidants into the sediment
column pushes the Fe3+-Fe2* redox boundary
into the ZOP In such a situation, repeated ver-
tical oscillations of these redox interfaces give
rise to multiply coated RA grains. Unlike the
formation of UB grains, this process does not
necessitate exhumation and reburia of grains
into the ZOR, but instead only requires a var-
iable flux of organic carbon to the seafloor.
The type of laminae is thus governed by the
delivery rate of oxidizable organic matter to
the seafloor and the bulk composition of the
host sediment.

This concept is equally applicable to RA
grains formed in low-productivity settings
where pore-water phosphate concentration is
regulated by small seasonal changes in pro-
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ductivity and Fe-redox pumping of P (Heggie
et al., 1990). Fe-redox pumping is a cyclic
mechanism that enriches phosphate in pore
waters by the release of phosphate sorbed onto
Fe oxyhydroxides. Phosphate derived from
organic-matter degradation is scavenged by
Fe oxyhydroxides in the upper few centime-
ters of sediment and released to pore water
during dissolution below the Fe3+-Fe2+ redox
boundary (Heggie et a., 1990). This mecha-
nism requires either repeated mixing of the
sediment to the Fe3*-Fe2* redox boundary
(Heggie et al., 1990) or an Fe3+-Fe?* redox
boundary that oscillates vertically with timein
response to episodic flux of organic matter
(Schuffert et al., 1998).

CONCLUSIONS

What links requisites for coated phosphate
grain formation regardiess of grain type and
age is the necessity for long residence times
near the sediment-water interface. Sedimen-
tologic evidence indicates that all samples ex-
amined in this study are associated with pe-
riods of stratigraphic condensation. Net low
sedimentation rates and/or repeated reworking
of the substrate facilitate phosphogenesis by
allowing buildup of pore-water phosphate and
fluoride (FOllmi et a., 1991). If the sedimen-
tation rate is too high and/or substrate rework-
ing does not accompany phosphogenesis, mul-
tiply coated phosphate grains cannot form
because grains are rapidly buried within the
sediment column and thus removed from the
ZOR In this context, coated phosphate grains
are considered to be the granular equivalent of
condensed beds. Their recognition in the geo-
logic record should aid in the interpretation of
phosphatic and associated strata by shedding
light on the complexity of omission surfaces.
For the first time it is possible to pinpoint and
separate environments of coated phosphate
grain formation. By integrating this informa-
tion with sedimentologic, ichnologic, and
stratigraphic analysis, the sequence strati-
graphic significance of any given condensed
interval can be resolved with much greater fi-
delity than previously possible. Such concepts
are equally applicable to the interpretation of
other types of coated grains and concretions
that contain Eh-sensitive minerals, such as

iron-bearing ooids and polymineralic
concretions.
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