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ABSTRACT

The precipitation/replacement ol Ca-phosphale is a complex process thal
commonly takes place during the early diagenesis in marine sediments. The
unusual occurrence ol shallow marine, early diagenetic phosphatic deposits
associated with glassy tufls in the Neogene Gaiman Formation, in the Chu-
but Province, Patagonia, Argentina, constitutes a good case example for the
study of replacement and precipitation of Ca-phosphate on an unstable sub-
strate. Isocon diagrams illustrale thalt chemical changes during glass diagene-
sis include gains in loss on ignilion and Ca, and losses ol K. These changes
are Lhe resull ol glass hydration during sea waler glass inleraction, logether
with adsorption and diffusion of ions into the bulk shard: combined,
these represent an incipient process ol volcanic glass replacement by Ca-
phosphate. Subsequent early diagenetic P enrichment in the pore solutions
led to phosphate precipitation, associated with pitting on the glass shards
and pumice. The associated development of a reactive surface promoted the
incorporation of P and Ca into their margins. Lastly, precipitation of calcium
phosphale filled the vesicles and other open cavilies, inhibiting [urther glass
dissolution. The high porosily and reaclivily of the volcanic glass provided
an appropriate substrate for phosphate precipitation, leading to the develop-

ment ol authigenic apatite concretions in the volcanic-glass bearing strata of

the Gaiman Formation. This research is of significance for those concerned
with marine phosphatic deposits and sheds light on the processes ol early
diagenetic phosphate precipitation by replacement of an atypical, unstable
substrate like hydrated volcanic glass.

Keywords Gaiman Formation, phosphate, phosphogenesis, tulls, volcanic
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INTRODUCTION

The processes ol concentration and precipila-
tion/replacement ol phosphate in diagenetic
marine environments are ol general signifi-
cance lor current understanding ol the global
phosphorous cycle (Follmi, 1996). Replacement

is a complex process which is not well-under-
stood yet, and most examples in the literature
reler to Ca-phosphate replacement ol calcium
carbonate substrates [(Prevol & Lucas., 1986;
Lamboy, 1993). Case examples ol phosphate
precipitation associated with other types of
substrates are uncommon. The present study
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took advantage of a rare type of phosphate
concretion  developed on  vitric, non-welded
tuffs interbedded in the shallow marine Neo-
gene sequence of the Gaiman Formation
(Leanza el al., 1981; Scasso & Caslro, 1999), in
order to investigate the processes ol concentra-
tion and precipitation/replacement of phos-
phate. Textural changes, together with the
novel use ol isocon diagrams, allowed an
assessment of subtle trace element changes in
glass particles prior to and during phosphate
precipitation.

Phosphogenesis in association with volcanic
products has rarely been reported in the scien-
tific literature and, when integrated over geo-
logical  time, volcanic aclivity seems 1o
represent  a negligible source of phosphate
(Follmi, 1996). In spite of that, Ca-phosphale
precipitated and replaced the siliceous glassy
particles in the tulls of the Gaiman Formation.
Because siliceous volcanic glass is poor in
phosphorus, an external source of phosphorus
was needed.

Calcium-phosphate precipitation commonly
takes place either directly, through nucleation
and crystallization on mineral surfaces or biolog-
ical webs, or through dissolution/precipitation
replacement of existing minerals, in most cases
calcium carbonates (Prevolt & Lucas, 1986; Lam-
boy, 1990, 1993). Initial hydration and enrich-
ment of Ca and P was followed by massive
precipitation of Ca-phosphate on the surface of
alassy particles of the Gaiman Formation, pro-
viding a good example of how the replacement
processes proceed on unstable, amorphous mate-
rials and how they stop. Once formed, the Ca-
phosphate nuclei usually serve as a template for
further phosphate accretion, until interstitial
dissolved phosphate levels are too low to sus-
tain further precipitation (Van Cappellen, 1991)
or until levels of alkalinity are high enough to
prevent further Ca-phosphate  precipitation
(Baturin & Savenko, 1985; Glenn ef al., 1988).
However, the importance of hydration on the
substrate typically has not been considered.
Hydration of volcanic glass played a critical role
in glass dissolution and phosphate precipitation
in the Gaiman Formation tulls. In addition,
Ca-phosphate precipitation itsell may stop the
replacement process by preventing fluid circula-
tion into the pores. This article serves to provide
insight into an unrecognized style of phosphate
precipitation, drawing atlention to a process
that has not been previously recognized in the
literature.

http://authorservices.wiley.com/bauthor/onlineLibraryTPS.asp?DOI=10...

GEOLOGY OF THE STUDY AREA

The Gaiman Formation is the formal name
(Mend a & Bayarsky, 1981) for the Lower Mio-
cene ‘Patagoniense’ in the region of the Lower
Valley of the Chubut River. The Gaiman Forma-
tion is a 90 m thick clastic marine unit, part of
the classical Cenozoic sequence cropping out in
the vicinity of the city ol Gaiman, Chubut Prov-
ince, Patagonia, Argentina (Fig. 1). The Gaiman
Formation was deposited in a shallow-marine
environment (Scasso el al., 1996; Scasso & Cas-
tro, 1999) and consists of a coarsening-upward
succession ol poorly consolidated mudstones,
tuffs, sandstones and coquinas (Fig. 1). The
lower part of the unit consists largely of tuffa-
ceous bioturbated mudstones, with remains of
marine vertebrates, and rare levels ol the mol-
lusc Ostrea. The upper parl is composed mainly
of sandstones, tuffaceous sandstones and inter-
bedded mudstones. Well-preserved Ophiomor-
pha burrows are lypical in this part ol the
section. The presence ol abundant [resh and
slightly reworked volcanic glass (Mend a &
Bayarsky, 1981) indicates a dominant prove-
nance from contemporaneous volcanic products
for the clastic sediments. Subordinate sources
were the tull deposits of the underlying Sarmi-
ento Formation, the Upper Jurassic volcanic suc-
cession and crystalline basement that crop out
in the area (Scasso & Castro, 1999).

PHOSPHATIC HORIZONS AND
PHOSPHOGENESIS

Thin phosphatic horizons occur sporadically
throughout the Gaiman Formation (Fig. 1). Two
types ol phosphatic horizons are recognized
(Scasso & Castro, 1999): ‘Type 1' consists of
in situ concretions about 10 cm in diameter, dis-
persed in the host sediments, usually tulfaceous
sandy mudstones, wackes or tulls. These depo-
sits were interpreted by Scasso & Castro (1999)
as condensed beds associated with long periods
of slow sedimentation, part of transgressive to
early highstand system tracts. ‘Type 2' phos-
phates are related to autochthonous reworking,
winnowing and mechanical concentration of
resistant particles. Phosphatic remains, such as
bones, teeth and concretions, along with
abraded shells and pebbles, are found embedded
in a sandy maltrix. A number of these horizons
are considered to be reworked horizons associ-
ated with transgressive surlaces.

©@ 2012 The Authors. Journal compilation © 2012 International Association of Sedimentologists, Sedimentology
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Fig. 1. Localion map and schemalic log of the Gaiman Formalion showing the slraligraphic posilion of the analy-
sed sample.

Phosphatic  nodules show P,0; contents in size cemenling organic phosphatic and non-
belween 156 wi% and 218 wl% (Scasso & phosphatic particles. X-ray dilfraction analyses
Castro, 1999). The phosphate is constituted of indicate that the crystals consist mainly ol car-
tiny crystals <3 pm in diameter and very regular bonate fluorapatite (Scasso & Castro, 1999).
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The formation of marine phosphate deposits
normally occurs just below the water sediment
interface (a few centimetres to tens of centi-
metres), in a broadly suboxic environment, by
means ol P concentration in pore walers and
phosphate precipitation (Jarvis el al., 1994).
Main sources ol sedimentary phosphate are the
microbial breakdown of buried organic matter
and redox-driven phosphate desorption from
iron and manganese oxyhydroxides (Follmi,
1996), even though dissolved sea-waler phos-
phate represents an additional source which
may become locally important. In the tuffs, P is
sourced [rom organic malter decomposition and
also by Fe and Mn oxy-hyvdroxy complexes.
Recurrent changes in the oxidation states ol Fe
and Mn can promote phosphale precipitation
(Froelich et al., 1988; Glenn & Arthur, 1990).
When Fe III and Mn IV colloids precipitate, they
scavenge soluble phosphate from sea water to
form oxy-hydroxy complexes incorporated into
the sediments. Redox conditions typically
change from oxidizing to reducing during sedi-
ment burial, therefore promoting Fe and Mn
reduction to soluble states and releasing P, from
which phosphate minerals may be precipitated.
This process, enhanced by water circulation
through burrows at the Miocene sea waler
sediment interface, was responsible for the for-

http://authorservices.wiley.com/bauthor/onlineLibraryTPS.asp?DOI=10...

mation of Gaiman concretions (Scasso & Caslro,
1999; Fazio el al., 2007). Improved ion diffusion
and pore water renewal in the sediments
resulted in a widened oxic suboxic zone. In
addition, sediment mixing and reworking
by organisms, and micro-environments from
organic matter decay within fossils and burrows,
contributed to phosphatic concretion formation.
Rare earth element patterns in early diagenelic
concretions of the Gaiman Formation suggesl
quantitative precipitation from early diagenelic
pore waters, reproducing the f{lat pattern of
oxic suboxic recent pore waters (normalized to
PAAS), which result from remineralization of
organic coatings rich in Ce and other light rare
earth elements (Fazio el al., 2007).

ANALYTICAL TECHNIQUES

A sample of a “Type 1° concretion was selected
for geochemical glass shard analyses using a
JEOL-JXA 50A microprobe (JEOL Ltd., Tokyo,
Japan), operating al 10 nA beam current, five
micromeltre beam diameter, and 15 kV ol accel-
erating voltage at the Department ol Geology,
Brown University. Sodium loss during analysis
was calculated using a decay technique (Nielsen
& Sigurdsson, 1981) by counting on sample for a

Table 1. Eleclron microprobe analvses of 20 glass shards from a sample of a phosphatic tuff from the Gaiman

Formalion. Measuremenls al differenl points of a single glass shard vielded almosl identlical resulls. Values in Lhe
lable are the average of al leasl three measurements. The difference belween the sum of the analvses and 100% is

considered as the loss on ignilion (LOI).

(%) (%) (%) (%) (%)

(%) (%) (%) (%) (%) (%)

Shard 510, TiO, Al Oy Fe,0y MnQO, MgO Ca0 Na,O K,O P.Os LOI[*)
51 69 99 023 12 21 115 004 024 136 351 3 36 005 788
52 71 66 025 10 97 135 006 022 138 3 84 227 001 799
53 70 24 018 11 94 203 005 012 127 3 57 3 67 001 692
54 7270 012 1218 124 010 006 062 402 3 92 001 504
55 7179 023 11 14 129 002 017 101 2499 328 000 807
56 73 81 007 11 89 083 011 015 093 289 3 55 004 573
57 7501 0 08 12 05 160 003 000 018 3 68 4 81 001 254
58 73 65 025 11 35 168 005 024 169 3 520 138 007 613
59 70 54 011 12 06 211 009 012 180 4 31 212 004 670
510 68 89 029 12 43 213 008 024 144 4 432 303 004 700
511 68 13 0 22 12 23 238 006 023 195 333 307 004 8 36
512 70 33 0 26 12 03 187 010 021 141 4 52 247 003 678
S13 7221 008 11 48 147 007 000 035 4 30 4 53 00z 549
514 7075 007 1217 100 012 008 076 417 3 69 005 712
515 71 62 025 1112 181 010 026 172 4 36 161 004 709
516 7246 016 11 40 175 004 018 148 398 240 004 611
517 7181 023 1147 131 009 019 111 3 69 3 63 003 643
518 7127 016 11 44 192 006 007 112 4 31 296 001 667
519 7310 018 11 26 142 007 011 103 4 29 291 002 556
520 71 88 012 11 60 114 003 008 09 339 410 004 671
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10 sec period, determining the rate of Na loss
from the counts and then extrapolaling back to
zero time to get the initial Na conlent. Average
vialues ol three consislenl measurements al
dilferenl points inside a single shard are shown
in Table 1. During the microprobe sessions the
KN-18 obsidian glass standard was measured
several limes. Slandard deviation for elements
above 1% ol the sample was always below 5%
and maximum error in individual measurements
was always below 15% of the ‘true’ value pub-
lished. A systemalic shill with lime in the Si0,
and AlLO, values ol <2% was correcled using
appropriate sollware algorithms and LOIL (loss
on ignilion) values were eslimated by using the
difference between 100% and the sum of micro-
probe data. Glass surfaces were observed in pol-
ished, uncovered sections under a scanning
eleclron microscope (JEOL JSM 5900LV) and
semi-quanlilalive energy dispersive spectromeler
(EDS) analyses were carried oul with a PGT EDS
system.

RESULTS

Petrography

The concretion is developed within a vilric tuff
that consists mainly of fresh. colourless. cuspate
or platy glass shards and pumice with minor
crystals and lithoclasts. Crystals mainly consist
ol quartz with minor biotite. feldspar, pyroxene
and amphibole (Fig. 2). Biotite appears slightly

Fig. 2. Micropholograph of a thin seclion showing
phosphatic cement ‘Ph’, glass shards *G’, lithics LU,
amphibole *Amp’, quarlz ‘Qlz’, biolile ‘B" and pyrox-
ene ‘Px’ crystals.

http://authorservices.wiley.com/bauthor/onlineLibraryTPS.asp?DOI=10...
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altered to while mica, along with opaque mine-
rals, and phosphate growth is observed between
flakes. Feldspars are [resh and usually show
polysynthelic twinning. Complelely sericitized
cryslals, probably from [eldspars, are also recog-
nized. Lithoclasts are composed mainly ol volca-
nic rocks with a lelsitic to granophyric and
pilotaxic texture, with minor occurrence of
quarlz-sericite aggregates; they are partially
replaced by phosphale (Fig. 3). Pellels are com-
mon. Calcile clusters and epidole grains are also
recognized. The malrix has mostly been
replaced by liny (<3 pm) phosphale crystals bul
some small glass, crystal and lithic particles still
remain (Iig. 3). Single phosphale crystals show
an elliptical Lo roughly cubic shape, olten with a
trough or a groove-like depression in their cenlre
(Fig. 4A to C); sometimes they exhibil more reg-
ular crystal laces (Fig. 4D). Individual or clus-
tered phosphale crystals have also grown within
biotite llakes and pumice vesicles. Phosphale
replacements along the shard walls are non-
pseudomorphic (Figs 3 and 4A). Vesicles may
also be filled with clay minerals (Fig. 3). The
surlace ol the glass looks corroded and partially
dissolved with some pitting that produced a
spongy texture (Fig. 4B to D).

Chemical composition

Table 1 shows major element data determined
by electron microprobe on 20 glass shard sam-
ples. Fluorine contents were below detection

)

Fig. 3. Back-scallered SEM piclure of a glass shard in
a phosphalic malrix. Tiny phosphale cryslals of simi-
lar size make up most of the background and erow
inside the vesicles ‘ph’. sometimes logether wilh clay
minerals ‘¢’. Phospale also grows inside biolile akes
‘b’ replaces parl of a lithic fragment ‘1" and most of
lhe malrix, where some small glass parlicles ‘g" slill
remain. Scale bar 20 microns long.
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Fig. 4. (A) Back-scallered SEM image of a pumice fragment surrounded and partiallv replaced by phosphale. Ves-
icles are mostly emply bul some of lhem are partially lilled by small phosphale crystals (vellow arrows) wilh a
roughlv cubic shape and a trough in their centre. (B) and (C) Similar to (A) bul pitting and dissolulion along the
glass margins and vesicle walls are shown (black arrows). 'Ph’ phosphalic cemenl. ‘G’ glass shards. (D} Scanning
eleclron microscope image showing drusy phosphale cryvslals with more regular crystal faces when growing along

the open spaces.
20%

150 .

Analysed shard

1
2 4 6 B 10 12 14%

Composition of shard 7

Fig. 5. Isocon diagram for shard 8 in Table 1. All of
the samples were plotted against sample 7. the one
with the lowesl loss on ignition (LOI) which was con-
sidered lo be lhe less allered sample. Oxide percent-
ages have been scaled for a suilable represenlalion
with the following factors: Si0Ou/10; M20*20; P,0g*1;
Ca0*20; TiO,*30; MnO*30: LOI*2. Dolled line indi-
cales the 95% conlidence band.

limit in all the analysed samples. Chemical com-
positions of the glass shards indicate that they
correspond to rhyolitic compositions according
to the TAS (total alkalis versus silica) classifica-
tion (Le Maitre el al., 1989).

Isocon diagrams (Grant, 1986) were used in
order to establish changes in major element
content produced by alteration processes
(Fig. 5). This graphical method is usually
applied to determine the relative gains and
losses of elements from chemical analyses of
altered and unaltered (or less altered) equiva-
lents in rocks, as a result of hydrothermal alter-
ation processes. When a linear relation of some
elements is obtained by plotting the analytical
data of the altered against the unaltered rock, it
may be assumed that they have been immobile
during the alteration process. As an unallered
sample is lacking, it was assumed that the shard
sample with the lowest degree ol hydration,
indicated by the lowest LOI content (in this case
sample 7), is the least altered compared with the
protolith. The scaled amounts of the different
elements in every sample and the same elements
in sample 7 are plotted in Fig. 5. Silicon, Al and
Fe show a good linear array. Sodium and Mn
plot very close or inside the 95% confidence
band. Potassium always plots below the

@ 2012 The Authors. Journal compilation © 2012 International Association of Sedimentologists, Sedimentology
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Fig. 6. Back-scallered SEM image showing varialion in element contents across the contact between a glass shard
and the phosphalic cemenl. Localion of the points where lhe beam was focused is shown with white circles: O,
Si. Al and K strongly decrease, Na and Fe do nol change and Ca and P increase from the glass lo the phosphale,
A closer look shows relalive oxyveen enrichmenl and Na loss al Lhe glass margin. Loss ol Si and K, as well as gain
of Ca and P, starl bevond the influence of the beam radius (aboul 1 micron). Scale bar 5 microns long,

confidence band, whereas LOL, Ca, Mg, Ti and
frequently P plot above the band.

Detailed observation with EDS at the wall of

the glass in contact with Ca-phosphate shows
maximum O and minimum Na at the contact
(Fig. 6). Towards the margin of the shard and
into the phosphate Ca and P are enriched,
whereas Si, Al and K decrease and Fe content is
uniform.

DATA INTERPRETATION

The isocon diagrams (Fig. 5) show the best linear
array for Si, Al and Fe, so it can be assumed that
no significant gains and losses of these elements,
which are generally known to be immobile under
these conditions, occurred in the inner part of the
shard. Sodium plols very close to or inside the
95% confidence band, so this implies that it had
almost no gains or losses either. Elements present
in very small amounts (<=1%: Mg, Ti, Mn and P)
are not considered for the analysis, due to the
higher uncertainty of the microprobe analysis.
Potassium always plots below the confidence

band indicating that there were absolute losses of

this element, whereas gains in LOl and Ca are
indicated by plots above the band.
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Fig. 7. Back-scallered SEM image and line speclrum
(1-2}. A clay mineral ‘C’, the phosphalic cemenl ‘P,
emply pores (‘Ep’, shadow) and a glass shard ‘G" are
included in the line spectrum, which shows Lhe rela-
live conlenls of Si, Al, Ca and P. Nole the Ca and
minor P increase (arrowed) in Lhe inner border of Lhe
olass parlicle.
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Replacement of glass by phosphate is
non-pseudomorphic, that is to say this is not a
molecule by molecule replacement but glass dis-
solution shortly preceded phosphate precipita-
tion. Small-scale pitting produced irregular
outlines and engulfments along the walls of the
shards and in the inner walls of the vesicles
(Fig. 4B to D) suggesting that glass shards under-
wenl extensive dissolution prior to massive
phosphate precipitation in the voids. Glass dis-
solution was probably partially svnchronous
with incipient phosphate precipitation during
the early diagenesis. Small individual or clus-
tered phosphate crystals grew attached to the
walls of the cavilies in the pumice. Precipitation
and moulding of emply spaces seem lo be a
common process that may predominate over real
replacement (Lamboy, 1990). The small size of
the crystals is due to the growth kinetics (Van
Cappellen, 1991; Van Cappellen & Berner, 1991).

Most of the phosphate crystals in the Gaiman
Formation are morphologically similar to micro-
bial biostructures (Soudry, 1992, 2000; Baturin,
2000; Thorseth ef al., 2003) that also commonly
show a central void, although similar structures
may be also precipitated under sterile condi-
tions (Van Cappellen, 1991). Some crystals in
Gaiman Formation tuffs show incipient plane
faces (Fig. 4D), probably developed shortly after
precipitation, because on a time scale of 10 to
100 years alter precipitation francolite attains a
better crystallinity (Gulbrandsen ef al., 1984; Jar-
vis el al., 1994; Follmi, 1996).

Bacterial precipitation of Ca-phosphates seems
to be a rather common phenomena forming
micron or submicron size microstructures in
other geological sequences (e.g. Benzerara el al.,
2004) and probably is due to the increasing P
concentration in pore solutions. Al the same
time, marine micro-organisms can also be highly
efficient in promoting glass dissolution (Brehm
el al., 2005). In the open early diagenetic sys-
tem, Ca is sourced from sea water or by dissolu-
tion of calcitic shells from the sediments.

Calcium-phosphorus increase and Si-Al-K
decrease observed in EDS analyses towards the
margin of the shard and into the phosphate
might be an artifact caused by the diameter of
the EDS beam (ca 2 pm). However, these trends
start inside the shards several microns from the
margin; reflect
replacement processes. On the other hand, the
walls of glass shards facing empty spaces
(Fig. 7) show Ca and slight P enrichment in the
outermost part of the shard. Calcium and P were

therefore, they must truly

http://authorservices.wiley.com/bauthor/onlineLibraryTPS.asp?DOI=10...

incorporated into the margins of the shards, as
demonstrated by the EDS analysis, but isocon
results also suggest Ca incorporation into the
whole body of the shards.

DISCUSSION

Losses in K and gains in volatiles (LOI) and Ca
are interpreted to reflect glass hydration that
occurs in the whole body of the shard, caused
by the interaction ol the glass with sea waler
during deposition, and therealter with pore
waler during early diagenesis. It is believed that
hydration was crucial for further diagenetic pro-
cesses. Hydration is associated with structural
changes, like hydrolysis of an activated surface
complex: Si(OH); (Grambow, 1992); deprotona-
tion of terminal Si or Al sites (Brady & Walther,
1992); or nucleofilic attack by OH™ at Si siles
(Kubicki ef al., 1993). Thus, hvdrolysis of
bounded Al and Si tetrahedron occurs, and this
is a network-opening reaction (Hamilton ef al.,
2001) which allows volume increase, and the
diffusion and introduction of metals into the
glass structure.

Laboratory results related to the alteration of
glass in an aqueous medium (Doremus, 1994)
indicate that the process begins with an attack
on the more labile functional groups in contact
with the solvent. This implies surface retention
of H' ions in an acid medium, or OH in an
alkaline medium like the sea water, and the con-
sequent increase in O content at the borders of
the shard. The retained surface OH group has
donor properties and may form surface com-
plexes with metals in solution:

S 0OH Me S0 - Me

H S- represents surface sites

The sorption of metals takes place al specific
surface coordination sites and surface charge
results from the sorption reaction (Dzombak &
Morel, 1990). For alkali and earth alkali cations
the tendency to become sorbed increases with
the ionic radius (Stumm & Morgan, 1996):

Rb > K> Na> Li relative orderings of ionic radii

Ba > Sr> Ca> Mg relative orderings ol ionic radii

In sea water, Ca and Na are preferentially
adsorbed compared with Mg and K, and thus
local increases of Ca and Na occur at the glass

©@ 2012 The Authors. Journal compilation © 2012 International Association of Sedimentologists, Sedimentology
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surface. Following the Goldschmidt Rules thal
describe partitioning of trace elements between
solids and melt according to their ionic radius
and charge, the smaller and higher charge ions
will replace the larger and lower charge ones
(White, 2005). Thus, Ca®* (ionic radius 1 00 A)
exchanges with K* (ionic radius 138 A) and
Na* (ionic radius 1 02 A). The chemical changes
in the composition of the altered glass reflecl
these types ol replacements of K by Ca that take
place together with the hydration of the glass, or

of Na by Ca at the margins ol the shards. If

phosphate is abundant in the aqueous solution,
compelitive complex surface solution reaction
for Ca may occur in the reactive surface of the
shard (Fig. 6). Therefore, nucleation and growth
of phosphate are favoured by shards undergoing
dissolution, via complex surface solution reac-
tions. A similar mechanism involving adsorp-
tion of calcium at the Si-surface group lollowed
by attachment of the HPO, was proposed for Ca-
phosphate nucleation at silica surfaces (Sahai,
2003). Thus, the shards represent a suitable sub-
strate for the development of authigenic phos-
phate. Phosphate formed at the shard margins
stabilized the glass margin stopping dissolution
and pitting (for example, Fig. 7). If the concen-
tration of the soluble Ca-phosphate complex
exceeds its solubility product, massive precipita-
tion of calcium phosphate occurs around the
alass shards. In that case, Ca-phosphate crystals
fill the vesicles and pores excluding the glass
surface from further contact with sea water and
inhibiting glass dissolution.

CONCLUSIONS

Analyses of chemical and textural changes of

the glass shards in the Neogene Gaiman Forma-
tion of Argentina allow the study of early diage-
netic  glass  hydration,
phosphogenetic processes. A model is deve-
loped for sequential changes to rhyolite glass
that promote the formation of phosphate nod-
ules. Initially, glass hydration due to sea water

dissolution and

glass interaction and chemical changes due to
adsorption and diffusion of ions into the bulk
shard triggers volcanic glass replacement. Dur-
ing this process, P enrichment in the pore solu-
tions occurs simultaneously, with pitting
dissolution and the development of a reactive
surface that promotes the incorporation of P and
Ca in the shard margins. Based on the Goldsch-
midt Rule, increased concentrations of Ca on

http://authorservices.wiley.com/bauthor/onlineLibraryTPS.asp?DOI=10...
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grain surfaces facilitates phosphate mineraliza-
tion on such Ca-enriched surfaces. After P and
Ca enrichment, shard margins becomes stabi-
lized, dissolution stops and massive precipila-
tion of calcium phosphate eventually takes
place at the margins of the shards or filling the
open pore cavities. This precipitation inhibits
further fluid-driven glass dissolution processes.
The study demonstrates that non-welded tulfs
provide an appropriate substrate for phosphate
precipitation during early diagenesis, due to the
high reactivity and porosity of the volcanic
olass. When early diagenetic phosphate precipi-
tation ‘freezes’ the degradation of these glassy
volcanic sediments amid their breakdown, il
provides a preservational window through
which diagenesis ol volcaniclastic sediments
can be better observed.
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