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Abstract

Phosphatic concretions in the Early Miocene, shallow marine, clastic deposits of the Gaiman Formation (Gaiman Fm.) show
typical major element ratios, rare earth element (REE) patterns, and total REE contents. These characteristics are similar within
different stratigraphic levels and geographic locations of the unit in central-north Patagonia, Argentina and suggest a common
process for the origin of the concretions. Major element oxides in concretions are grouped into a ““clastic” group (Si, Al, Ti, K
and Fe), that mostly corresponds to the silicates in the terrigenous fraction, and an “authigenic” group (P, Ca and total REEs),
that corresponds to authigenic francolite and calcite. Mn is the only element that exhibits a separate behavior, most likely
because of its high mobility in seawater. Major element ratios in host shales are similar to those of the clastic fraction within the
concretions and coquinas. Concretions are slightly depleted in LREEs and slightly enriched in HREEs in comparison to shales
and display a weak negative Ce anomaly. Their La/Yb and La/Sm ratios indicate REEs incorporation from pore water without
strong postdepositional recrystallization or strong adsorption. Y anomalies and La/Nd ratios in concretions are equivalent to
seawater or slightly lower, suggesting that Gaiman concretions did not undergo intense diagenesis, but they were probably
formed from phosphatic solutions impoverished in Y and La as a result of REEs release to solution from organic complexes in
the early diagenesis. Flat, linear REE patterns also support an early-diagenetic origin for the concretions, via quantitative
precipitation of phosphate from oxic—suboxic pore waters. Water circulation through burrows at the Miocene
seawater—sediment interface improved ion diffusion and pore water renewal in the sediments, allowing the development of a
widened early-diagenetic oxic—suboxic zone and the precipitation of phosphate with a homogeneous REE pattern.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction source and the mechanism of their incorporation.
Phosphate material frequently incorporates REEs

The abundance and distribution patterns of rare either directly or indirectly from seawater, by
earth elements (REEs) in phosphorites reflect the remobilization from suspended material in the water
column stay as is, associated detritic material or/

*Corresponding author. Fax: + 54 1145763329, and, ferromanganese oxides or/and biological debris
E-mail address: amfazio@gl.fcen.uba.ar (A.M. Fazio). (Elderﬁeld and Greaves, 1982; Elderfield et al.,
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1981; Kolodny, 1981; McArthur and Walsh, 1984;
Glenn et al., 1994 and Jarvis et al., 1994). In spite of
the low REE seawater contents (less than 100 ppm
of total REESs), the long residence time of the
sediments at the seafloor environment promotes the
active ionic exchange and the consequent REE
enrichment. As indicated by many authors
(McArthur and Walsh, 1984; Jarvis et al., 1994,
among others), REE geochemistry of phosphorites
provides an interesting tool to understand the
depositional environment, because different REE
patterns are observed in different marine deposi-
tional settings. Moreover, recent work by Haley
et al. (2004) demonstrated that pore waters can
acquire characteristic REE patterns in different
early-diagenetic environments. The original REE
seawater pattern in sediments and its abundance
can, however, be modified by weathering, burial
diagenesis, and metamorphism (McArthur and
Walsh, 1984).

Phosphatic concretions formed in the Miocene
shallow marine environments of Patagonia (Scasso
and Castro, 1999) exhibit distinctive REE patterns
that have been only partially studied (Castro et al.,
2000; Castro and Fazio, 2004). A rare association of
fallout tuff deposits and phosphate concretion
development has been found in these beds (Leanza
et al.,, 1981; Scasso and Castro, 1999). The
geochemistry, and especially the REEs, provides a
useful tool to investigate the origin of the Miocene
concretions under the light of new investigations in
recent deposits (e.g., Haley et al., 2004).

2. Geological setting

Flat-lying Miocene rocks of the Gaiman Forma-
tion (Gaiman Fm.) reach up to 200 m of thickness
along the Atlantic coast near Rawson city, and
wedge out to the west along the south wall of the
lower Chubut river valley, in the Provincia del
Chubut, Argentina (Fig. 1). The Gaiman Fm.
consists of a coarsening upwards succession of
mudstones; fine tuffs, sandstones and coquinas, rich
in phosphatic concretions, ray teeth, shark teeth and
bones from marine vertebrates (Scasso and Castro,
1999). Whitish tuffaceous, bioturbated mudstones
with occasional thin levels of Ostrea dominate in the
lower part of the section. They may contain volcanic
glass, diatoms and siliceous sponge spicules, with
smectite and illite—smectite being the main clay
minerals. Sandstones and tuffaceous sandstones are
common in the middle and upper part of the column

and show ripples and parallel or hummocky cross
stratification. Large, well-preserved Ophiomorpha
burrows are typical in this part of the section. Thin,
intercalated coquinas with broken and reworked
shells and calcite cement are not rare, and a
phosphatic conglomerate with reworked concre-
tions cemented by francolite, together with pebbles,
broken shells, bones and teeth occurs in the upper
part of the column.

Two types of phosphatic beds have been recog-
nized in the Gaiman Fm. (Scasso and Castro,
1999). The first, “Type 17, consists of “in situ”
elliptical-rounded to crusty—irregular concretions
ranging from very coarse sand to cobble in size.
Variable amounts of iron and manganese give a
yellowish to gray or rusty-brown color to the
concretions, in which the phosphate frequently
occurs as cement in an outer rim. Concretions are
typically dispersed into the mass of host sediments
and the same type of sediment is found inside
and outside the concretions, as in the case of
some fallout tuff beds that contain concretions
with shards and pumice within them. Concr-
etions are frequently developed in burrows
(Fig. 2) or around the remains of bivalves, gastro-
pods and callianasid shrimps, and they may show
evidences of encrusting and boring organisms.
These deposits are interpreted as condensed
sections associated with long periods of slow
effective sedimentation, part of transgressive to
early-highstand system tracts (Scasso and Castro,
1999). The conjunction of sedimentation rate and
phosphate productivity was not effective enough
to produce highly condensed beds or hardgrounds.
As a result, the phosphate particles are dissemi-
nated into the sediment and they have not been
remobilized.

The second type of concretions (“Type 2”°) is
related to reworking, winnowing and mechanical
concentration of resistant particles. Dark yellow to
brown phosphatic concretions, together with fish
bones, teeth and scales, are mixed with broken and
abraded shells and pebbles of different composition,
all immersed in a sandy matrix. Borings and
encrusting organisms are frequently found on the
surface of the concretions. Two levels with these
characteristics were found in Bryn Gwyn, one at the
base and the other in the upper part of the section,
both considered as reworked horizons resulting
from multi-event condensation processes asso-
ciated with transgressive surfaces (Scasso and
Castro, 1999).



W GAIMAN AREA TRELEW AREA PUNTA DELFIN E
RODADOS PATAGONICOS
PUERTO MADRYN FM.
UPPER
GAIMAN
FORMATION
Tin LM
LOWER 06
LM10|
Si
SARMIENTO FM. J2 VSl
Da.
Ve .,
[ 9
Ry,
) South
\A' merica 4 LEGEND
// [] Massive Shale/Sandstone LM48  sample
Pacific | - [i7] Phosphatic leve 1 = Condensed @ Sample from correlated
Ocean | * / [F5] Coquinas sections
| Q'ﬁ Yy o] Isolated phosph. conc.
| 8? Atlantic [~ Hummocky and other wave structures Bivalves
Ly Ocean
Crass-badding . ;
7 W || 2 225 Bloturbalion (5= ense)
o "
} [F+] Coarse, massive sandstone * Gonvolute bedding
‘=1 symmetric wave- ripples o Clams
[[L]]] Paleosol v Verlebrate remains
[°] conglomerate oL Oysters in life position
8i = silica
2] Concrstions  Wn = manganese 0S. Silicified oysters 25m
= iro
L] sandstone with gypsum 0.G. Gypsified oysters
== Heteralithic bedding ol Oxidized oysters
E== Laminated shate et Intraclasts

91v1

ZEPI#IPT (LOOT) ¥S 11 Yo10asay vag-dooq | v 12 010 "'V

Fig. 1. Location map and cross-section of the Gaiman Formation along the lower valley of the Chubut river, showing main lithological features, name and location of the samples
(modified from Scasso and Castro, 1999). Encircled samples belong to sections located to the north and to the south of the valley and their stratigraphic position is approximated by
stratigraphical correlation.
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Fig. 2. (A) Part of the phosphatized wall of a large, horizontal shaft (Thalassinoides or Ophiomorpha ichnospecies) in a densely
bioturbated mud. The lower part is crossed by a meniscate trace fossil developed later. Note that this part lacks phosphate cement because
it was removed by the trace-maker organism before phosphate was totally indurated. (B) Section of wholly phosphatized Thalassinoides
vertical shaft. The phosphatized infilling of the tube presents smaller trace fossils that are richer in phosphate and more indurated. Coin is
23mm long. (C) Phosphatic concretion at the end of a subvertical trace fossil (right, arrowed). Note that sediment is completely
bioturbated and only some big burrows, formed when the sediment was already buried by at least one meter of sediment, are clearly
outlined. In the filling of some large burrows Chondrites isp., a trace fossil typical of suboxic environments, is developed in the filling of
some large burrows (outline of the large burrow arrowed, lower left). Section perpendicular to the bedding plane, coin is 19 mm in
diameter.
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3. Methodology

The Gaiman Fm. was sampled in a wide area
along the Atlantic coast of Rio Negro and Chubut
provinces, from Sierra Grande in the north to Isla
Escondida in the south. The name, lithology and
location of the samples are given in Fig. 1.
Phosphates, mudstones and coquinas from different
sections belonging to different stratigraphic parts of
the Gaiman Fm. were sampled at many different
outcrops, varying from recently exposed coastal
cliffs, to older exposures inland. Paired samples of
phosphate concretions and their host shales were
analyzed in order to compare the REE patterns.

Petrographic composition was studied by stan-
dard optical methods and by X-ray diffraction
(XRD) in the Departamento de Ciencias Geologi-
cas, University of Buenos Aires. Polished sections
were studied under the scanning electron micro-
scopy (SEM) (JEOL JSM 5900LV) and semi-
quantitative energy dispersive X-ray analysis
(EDX) analyses were carried out with a PGT EDS
system in the University of Rhode Island.

Table 1
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A 0.250g sample of powered rock, plus 5Sml
HNO3; (c) and 10ml of HF (c) were digested in a
Milestone microwave oven in three digestion steps
of Smin each, with increasing power up to 650 kW
to allow complete dissolution. The vessels were
stored over night and then evaporated to incipient
dryness on a hotplate at 200 °C. About 5ml of HF
(c) were added to each vessel and again evaporated.
The residue was dissolved in Sml of HNO; (c) with
gentle heating, until a clear solution resulted. After
cooling, samples were diluted with deionized water
to 50ml in a volumetric flask. Finally, samples were
stored in polypropylene bottles until the UVS, AAS
and ICP-AES measurements were carried out.
Aliquots of samples were taken for SiO,, TiO,,
Fe,05;, and MnO determination by UV-spectro-
metric methods with molybdenum blue, Tyron,
orthophenantrolyne and KI1042~H,SOy, respectively.
Simultaneous analysis of Na,O, K-,O, CaO and
MgO by AAS were performed in other aliquot of
sample (Shapiro, 1975). The major constituents
(Table 1) were determined in the Laboratorio
de Analisis de Rocas of the Departamento de

Chemical analysis (Wt%) of phosphatic concretions and crusts, coquinas, and host shales of the Gaiman Formation

Sample Type 8102 T102 A1203 F6203 MHOZ MgO CaO N'dzo Kzo P205 Hzo * H207 C02 Total

AU2 Concretion 29.58 0.24 6.85 220 0.06 0.77 2984 245 1.04 1652 144 1.61 6.57  99.17
BGl14  Concretion 25.60 0.30 0.46 1.71 0.17 0.49 38.61 1.06 0.10 2025 1.80 4.51 5.14 100.20
BGNF  Concretion 32.80 0.27 7.52 145 0.20 092  26.00 3.39 1.29 1654 739 201 - 99.78
CB2 Concretion  24.50 0.33 891 280 0.05 096 3196 224 075 1743 097 1.79 770 100.39
CL1 Concretion 24.14 0.32 7.50 2.87 0.01 095 3350 1.95 0.73 1825 0.02 1.50 7.43  99.17
IE1 Concretion  37.90 0.27 562 122 0.07 0.85 26.00 3.40 1.35 1490 693 237 - 100.88
LM10  Concretion 41.20 0.33 6.58 143 0.09 0.67 2350 294 1.41 1450 508 241 - 100.14
LMI11  Concretion 35.50 0.26 6.37 1.63 0.05 099 2474 220 .31 17.57 814 1.69 - 100.45
LM17  Concretion 23.13 0.25 596 1.86 0.15 0.49 3243 1.71 081 2497 1.78 221 4.56 100.31
LM26  Concretion 30.70 0.35 6.86 2.82 0.04 0.70 2890 2.29 .21 1792  6.07 1.78 - 99.63
LM29  Concretion 43.86 0.40 993 2.56 0.07 097 1692 394 1.59 1237 554 214 - 100.29
LM33  Concretion 32.51 0.35 749  3.04 0.10 0.84 27.50 2.37 1.40 1628 6.61 1.81 - 100.30
LM46  Concretion 23.38 0.29 6.05 231 0.12 0.56  32.61 1.69 0.75 2517 211 229 423 101.27
LM48  Concretion 42.30 0.32 6.95 1.67 0.05 0.64 18.67 3.27 1.28 1198 6.63 1.55 5.00 100.31
NF3 Crust 30.59 033 1253 294 0.10 1.16 2415 2.09 .71 1731 486 1.60 - 99.38
RDS8 Concretion  32.92  0.27 6.74 2.51 0.17 1.01 2552 3.46 1.07  17.29 793 2.02 - 100.91
RD5 Concretion  30.84 0.25 428 2.20 0.16 230 2777 220 0.88 16.87 1038 1.32 - 99.46
IE3 Coquina 37.09 0.27 8.06 2.75 0.05 0.72  20.16 1.46 1.17 395 005 1.60 23.10 100.43
LM39  Coquina 56.21 0.54 10.04 2.53 0.10 2.24 540 4.79 1.62 388 276 1.64 8.02  99.76
CL2 Shale 5243 0.69 14.10 5.10 0.04 1.74 2,63 6.22 1.93 050 814 6.40 276 102.67
LM16  Shale 59.68 0.59 13.50 4.50 0.04 1.33 2.18 2.36 1.88 029 516 490 1.80  98.21
BGB Shale 6195 036 14.60 4.70 0.04 1.18 350 215 214 043 352 3585 1.81 100.23
LM19  Shale 5543 0.59 1338 5.50 0.01 241 3.51 246 1.87 1.25  6.54 552 1.05  99.52

Si0,, TiO,, Al,O3, Fe;O3, MnO, and P,O5 were determined by molecular absorption spectrophotometry, Na,O, K,O, CaO and MgO by
atomic emission spectrophotometry, CO, by acid-base titration. Total values below 100% are due to the lack of fluorine determination.
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REE chemical analysis of phosphatic concretions, coquinas and host shales. REEs were analyzed by ICP-MS in Activation Laboratories

Ltd., Ontario, Canada, and by ICP-OES in the Comision Nacional Energia Atomica (CNEA), Argentina

Sample Type Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu S REEs
Au2 Concretion 228.0 130.0 290.0 28.8 133.0 31.5 6.8 352 58 309 72 191 30 162 29 7404
BG14 Concretion 323.0 169.0 252.0 32.7 140.0 31.0 7.1 380 6.7 420 9.3 300 45 280 4.5 79428
BG-F1 Concretion 478.0 207.1 236.2 324 139.6 295 7.2 408 7.5 515 129 429 6.5 396 6.7 860.5
BGNF Concretion 255.0 135.0 210.0 27.8 124.0 273 6.0 336 51 315 7.8 208 3.0 214 37 6570
CB2 Concretion 338.0 123.0 2250 19.1 933 21.1 51 289 4.8 355 88 270 39 280 50 6285
CL1 Concretion 804.0 2153 2755 28.9 1257 268 72 440 89 677 192 682 10.5 650 11.9 9748
1E1 Concretion 390.0 182.0 425.0 442 189.0 429 9.8 538 7.9 51.1 122 309 39 267 4.5 10839
LM10 Concretion 448.0 120.0 270.0 244 111.0 298 7.7 484 7.5 575 139 394 55 365 64 778.0
LMI11  Concretion 343.0 214.0 273.0 354 168.0 330 7.8 445 64 380 9.8 272 3.6 268 47 8922
LM17  Concretion 217.0 84.0 188.6 22.0 90.5 239 58 250 51 325 7.1 225 35 218 34 5355
LM26  Concretion 565.0 180.0 270.0 34.0 150.0 313 7.9 479 74 580 149 440 6.8 488 87 909.7
LM29  Concretion 269.0 101.5 1450 143 529 13.1 34 200 34 237 65 207 29 21.8 4.1 4333
LM33  Concretion 471.0 221.0 390.0 352 1550 240 83 473 72 580 127 370 51 360 6.7 1043.5
LM46  Concretion 950.0 304.0 417.0 48.3 210.0 49.0 11.7 640 12.0 84.0 21.0 750 123 84.0 123 1404.6
LM48  Concretion 730.0 243.0 450.0 47.0 197.0 498 12.0 727 11.5 86.0 21.0 60.0 89 576 10.6 1327.1
NF3 Crust 550 21.0 508 42 187 45 14 70 13 55 15 45 08 48 08 1267
RD5 Concretion 466.0 141.0 252.5 255 103.0 249 64 381 59 473 11.7 349 50 359 6.6 738.7
RD8 Concretion 280.0 170.0 286.0 25.8 120.0 263 58 326 43 312 7.8 230 32 239 42 7641
1E3 Coquina 420 260 500 44 168 49 12 67 11 62 22 58 12 7.0 13 1348
LM39 Coquina 58.0 240 440 48 200 47 13 55 1.1 50 13 41 08 45 07 1218
BG-B Shale 23.0 256 554 6.1 245 50 1.1 43 07 42 09 25 04 23 03 133.3
CL2 Shale 250 193 436 51 213 46 1.1 43 07 43 09 27 04 25 04 1112
LM16  Shale 31.0 238 515 60 243 54 1.3 51 09 54 12 35 05 33 05 1326
LM19  Shale 290 241 430 59 234 50 1.1 47 09 46 10 29 06 27 04 1205
REE concentrations are reported in ppm and normalized to the average shale (Piper, 1974).
100
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Fig. 3. Typical concretion, shale and coquina REE patterns of the Gaiman Formation normalized with different standards. Piper (Piper,
1974) average shale = full squares; PAAS (McLennan, 1989) = full circles; local host shale RB19 = empty triangles. Patterns are similar
for the different standards.
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Geologia, Facultad de Ciencias Exactas y Natur-
ales, Universidad de Buenos Aires.

Trace elements were analyzed by ICP-MS in
Activation laboratories LTD, Ontario, Canada and
by ICP-OES in the Comision Nacional Energia
Atomica (CNEA, Argentina. REE concentrations
are reported in parts per million (Table 2). Normal-
ization of REEs data by the PAAS average shale
(McLennan, 1989), Piper average shale (Piper,
1974), and our local host shale revealed no
significant differences (Fig. 3). We used Piper
average shale because it is a compilation of world-
wide shale data (Piper, 1974). The different anoma-
lies and parameters to evaluate the REE behavior
are expressed as follows:

Anom Ce = 3Cey/(2Lan + Ndy),

Anom Y = 2Yn/(Dyn + Hon).

Lanthanum anomaly is expressed as La/Nd ratio.
Light REE enrichment is expressed as La,/Yb, and
La,/Sm, which resemble concave down-shape
pattern.

Factor analyses by principal components were
carried out taking as variables major elements,
REEs and some selected parameters (Y and Ce
anomalies and La/Nd ratio).

4. Results
4.1. Mineral composition

The phosphate is mainly presented as a cement in
pores, bonding organic-phosphatic and non-phos-
phatic (detritic or pyroclastic) particles (Fig. 4), as a
filling in pumice vesicles (Fig. 5) or as a diagenetic
replacement of glassy shards and other original
components of the rock (Figs. 4 and 5). It is formed
by tiny crystals less than 3 um and very regular in
size, identified as a mixture of fluorapatite and
carbonate—hydroxyapatite by XRD. Dark to brown
colored samples showed some additional “‘peaks”
typical of iron-rich phosphates, but not enough for
confident mineral identification. Calcite and ferroan
dolomite occasionally form an outer rim to the
phosphatic nucleus of the concretions.

Fig. 4. Back-scattered SEM picture of a glass shards and lithic fragments in phosphatic matrix. Tiny francolite crystals of similar size
make up most of the background and grow inside the vesicles. Francolite also replaces part of a lithic fragment (L) and most of the matrix,
where some small glass particles (g) still remain. Part of the vesicles are filled with clay minerals (c).
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Fig. 5. Back-scattered SEM picture of a glass fragment with vesicles partially filled with small francolite crystals. Glass outlines look

corroded and partially dissolved with some pitting (p).

4.2. Major elements

Phosphatic concretions show high P>Os content
(between 15.6% and 21.82%) and similar bulk
compositions (Table 1). Phosphatic concretions are
rich in oxides predominantly incorporated in the
apatite lattice (CaO, Na,O, P,Os and CO,).
Coquinas show high CaO and CO, contents with
considerable amounts of P,Os from reworked
concretions, and shales are rich in oxides typical
from detritic and pyroclastic materials like quartz,
feldspar, iron oxides, clay minerals, volcanic glass,
biotite and pyroxene (SiO,, TiO,, Al,O3;, Fe,Os,
MnO, MgO, K,0). This is reflected in the correla-
tion matrix of Table 3, in which the two groups,
named here “authigenic” and “‘clastic” (see below),
clearly arise from the correlation coefficients. A plot
of F6203/Ti02 VS. A1203/A1203+F6203 (Flg 6)
shows that samples from coquinas, shales and
concretions are tightly grouped.

4.3. Rare earth elements (REEs)
REE and Y contents in Gaiman Formation

phosphates average 800 and 287ugg™', respec-
tively, higher than those of the average phosphorite,

which are 462 pg g~ for REEs and 275pugg ' for Y
(Altschuler, 1980).

Shale-normalized REE patterns grouped in con-
cretions, host shales, and coquinas show different
shapes (Fig. 7). Phosphatic concretions (Fig. 7A)
show a pattern roughly similar to seawater
(Goldberg et al., 1963; Altschuler et al., 1967),
which is depleted in light REEs (LREEs) and
enriched in heavy REEs (HREEs) in comparison
with shales. All phosphate concretions display a
weak negative Ce anomaly, qualitatively described
in this paper as the “V” defined by La, Ce and Pr.
Phosphatic samples from different stratigraphic
levels in the Gaiman Fm. and from several sec-
tions in different geographic locations show re-
markably similar REE patterns and total contents.
No differences between Types 1 (in situ) and 2
(reworked) concretions were found.

Host shales exhibit a typical flat pattern
(Fig. 7B) with total REE contents slightly lower
than Piper reference shale (Piper, 1974). Coquinas
contain reworked concretions that make up to 5%
P,Os in the bulk composition. Consequently they
display patterns similar to the concretions (Fig. 7C),
but with lower total REE contents (about

128 pgg™).
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Table 3
Correlation matrix

2REEs CaO P205 A1203 TlOz F6203 Kzo SIOZ MnO MgO NazO
2REEs  1.0000 0.6860  0.7116  —0.7146  —0.5858  —0.6370  —0.5863  —0.6083 0.1948  —0.5407 —0.2386
CaO 1.0000 09319 —-0.8352 —-0.8118  —0.7230  —0.8791  —0.9683 0.4433  —0.6273  —0.5430
P,0Os 1.0000  —0.7551 —0.7504  —0.7204 —0.7684  —0.9212 0.5181 —0.5748  —0.4350
AlLO; 1.0000 0.7196 0.8226 0.8702 0.7333  —0.5417 0.4802 0.3962
TiO, 1.0000 0.7748 0.6314 0.7422  —0.4371 0.6126 0.5787
Fe,O5 1.0000 0.6152 0.6261 —0.5302 0.5468 0.1941
K,O 1.0000 0.8477  —0.4461 0.4692 0.5120
SIO, 1.0000  —0.4208 0.5588 0.4939
MnO 1.0000  —0.1436  —0.0772
MgO 1.0000 0.4112
Na,O 1.0000

Significant correlation between Si, Al, Ti, K and Fe was found. These elements are mainly concentrated in the clastic matrix of the
concretions and are grouped into the “clastic”” group. P, Ca, total REEs and Y also show significant correlation and they conform the

“authigenic” group.

100 - Offshore facies
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®
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0.00 0.20 0.40 0.60 0.80 1.00

Al203/Al203+Fe203

Fig. 6. Plot of Fe,053/TiO, vs. Al,053/Al,05 + Fe,03 in coquinas
(triangles), shales (squares) and concretions (circles) from the
Gaiman Formation. All the samples are tightly grouped
indicating the same detrital source for concretions, host shales,
and coquinas. The three fields, offshore, pelagic and coastal
defined by Murray (1994) for modern seafloor cherts are shown.

Ce anomaly vs. Y anomaly and Ce anomaly vs.
La/Nd ratio in phosphatic samples (Figs. 8A and B,
respectively) show little correlation. The same is true
for Y anomaly and La/Nd ratio vs. total REEs
(Figs. 8C and D, respectively). On the other hand, Y
anomaly vs. La/Nd (Fig. 8E) shows a positive
correlation.

4.4. Factor analysis

Three factors can account for the main variance
of the system in the principal component analysis
(Table 4, Figs. 9A and B). Factor 1 represents the
variance linked to major components that are

clustered by their loading values into two well-
defined groups: (a) Si02, A1203, Ti02, Kzo, NazO,
MgO and Fe,O3; (b) CaO, P,0Os, and total REEs
and Y. Factor 2 loadings can be attributed to
yttrium and cerium anomalies, and the La/Nd ratio.
Factor 3 shows MnO as the only variable which has
a significant loading.

5. Discussion

5.1. Depositional and diagenetic environment of the
Gaiman Fm.

Lower Miocene beds of Gaiman Fm. were
accumulated in offshore to shoreface environments
in a shallow, storm-dominated shelf (Scasso and
Castro, 1999), which extended several hundreds of
kilometre to the east up to the South Atlantic slope.
Abundant fossil remains and strong bioturbation
throughout the unit suggest intense biological
activity in the water column and at the well-
oxygenated sea bottom. The horizontal, unde-
formed beds of Gaiman Fm. never underwent deep
burial in the study area, with the maximum
estimated overburden between 100 and 200m.
Therefore, burial and high temperature diagenetic
processes can be ruled out. Early-diagenetic pro-
cesses, however, caused big changes in sediment
components. Scasso and Castro (1999) suggested an
early-diagenetic origin for the phosphatic concre-
tions, based on the phosphatic ooids in some levels
of the Gaiman Fm. and on the fact that concretions
were already formed when slight intrabasinal
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Fig. 7. Shale normalized REE distribution for (A) concretions, (B) host shales, and (C) coquinas from the Gaiman Formation. Values
were normalized to Piper shale reference material (Piper, 1974). Phosphatic concretions (A) show a pattern depleted in light REEs and
enriched in heavy REEs in comparison to shales, with a weak negative Ce anomaly. Host shales (B) exhibit a typical flat pattern with total
REE contents slightly lower than Piper reference shale. Coquinas (C), containing up to 5% P,Os from reworked concretions display a

pattern similar to concretions, but lower total REEs.

erosion of the sea bottom mechanically concen-
trated them. Good preservation of fossils and
delicate components like pumice and shards, with
empty or partially filled pores and glass vesicles in
the concretions (Figs. 4 and 5) also support the

early precipitation of phosphate, before incipient
compaction took place. Furthermore, phosphate
removed by infaunal organisms before complete
crystallization occurred (Fig. 2) indicates that
phosphate concretions were developed at the initial
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Fig. 8. (A and B) Ce anomaly vs. Y anomaly and Ce anomaly vs. La/Nd anomaly show little correlation, presumably as a result of redox
Ce recycling. (C and D) Y anomaly vs. total REEs and La/Nd vs. total REEs also display poor correlation. Y anomaly vs. La/Nd (E) show
positive correlation as pointed out by Shields and Stille (2002) suggesting that Y has the same behavior of La in pore waters.

stages of the early diagenesis, before the sediment
was buried beyond the reach of the mega-infauna,
no deeper than 2-3m below the sea bottom.
Molluscan molds of dissolved calcareous shells
suggest cold and corrosive marine and/or early-
diagenetic pore waters. Mn and Fe concretions and
oxidized horizons, as well as silicified and more
rarely gypsified oyster levels, suggest a chemically
active diagenesis.

A remarkable stratigraphic association of densely
bioturbated levels dominated by Ophiomorpha isp.
overlain by zones with phosphatic concretions rich
in claws of Callianasa sp., a Thalassinidean shrimp,

was found by Scasso and Castro (1999) and Scasso
et al. (2004) who assumed a genetic link for the
Ophiomorpha—phosphate—condensed bed associa-
tion via enhanced water circulation between the sea
bottom and the sediments, mainly through the large
Ophiomorpha shafts (Figs. 2 and 9).

5.2. Geochemical characteristics of Gaiman
phosphatic concretions

Phosphatic concretions from several localities
and from different stratigraphic parts of the
Gaiman Fm. show closely similar major and REE
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Table 4

Extraction of factors by principal components analysis from the
set of measured variables in Gaiman Fm. concretions: three
factors account for the 73% of variance

Eigenvalues

Extraction: Principal factors (comm. = multiple R-square)

Eigenval 9% Total variance Cumul. eigenval Cumul. %

1 8.282 55.214 8.282 55.214
2 1.802 12.013 10.084 67.227
3 0.897 5.983 10.981 73.210

Factory loadings

Variable Factor 1 Factor 2 Factor 3
>REEs —0.79825 0.14681 0.32194
Y —0.74771 0.40435 0.35877
Y anomaly —0.69649 0.62794 —0.10915
La/Nd —0.38629 0.78800 —0.23451
Ce anomaly —0.44431 —0.44356 0.08745
CaO —0.96069 —0.15494 0.01560
P,0s5 —0.92568 —0.09456 —0.04951
Al,O4 0.88105 0.18331 0.15801
TiO, 0.82139 0.28028 —0.02692
Fe,O5 0.79237 0.19847 0.22100
K50 0.86715 0.09768 0.08869
SiO, 0.91094 0.10679 0.01511
MnO —0.44987 —0.30271 —0.55457
MgO 0.60802 0.22835 —0.29843
Na,O 0.49158 0.23594 —0.32955

Summary of the analysis showing the eigenvalues with their
associated percent of total variance, cumulative eigenvalues and
cumulative percent of variance is shown on top. The eigenvalues
are arranged in decreasing order of importance of the respective
factors in data variation. Below: Factor loading of the variables
on each factor. Al,O;, TiO,, Fe,03, K,O and SiO, (mostly in
clastic components) have significant and positive loading on
Factor 1, CaO, P,Os, Y and total REEs (mainly in authigenic
minerals) have significant but negative loading on Factor 1. Y
anomaly and La/Nd and minor Ce anomaly (all associated to
fractionation in pore waters) have significant values in Factor 2,
and only MnO has significant loading in Factor 3, pointing out
the variance accounted by its mobility in the marine environment.

compositions (Fig. 7A). As a consequence, it is
assumed that they all result from similar geochem-
ical processes that, according to the petrographical
textures in the concretions, occurred shortly after
sedimentation.

5.2.1. Major elements

Two groups of oxides are clearly defined in the
correlation matrix of Table 3 (see also Figs. 9A and
B). The first, called the “clastic”’ group, is formed by

oxides of Si, Al, Ti, K, Mg, Na and Fe dominant in
the aluminosilicates that make up the terrigenous-
clastic fraction; the second, called the “‘authigenic”
group, is formed by P, Ca, and total REEs oxides,
dominant in the authigenic minerals phases. As it is
shown in Figs. 4 and 5, authigenic phosphate
precipitated in the pores of the original clastic
fraction composed of quartz, feldspar, pyroxene,
pumice, glass shards, and other components. Iron
does not exhibit a good correlation with phos-
phorus, calcium or total REEs (Table 3). Instead,
the correlation coefficients of iron with Ti, Al, Si
and K indicate that Fe mainly comes from
aluminosilicates of terrigenous origin. A plot of
Fe,05/TiO, vs. Al,03/Al,05+ Fe, 03, after Murray
(1994) shows the Gaiman Fm. samples from
different lithologies tightly grouped, indicating the
similar composition of the clastic fraction in all the
samples (Fig. 6). Analyses of major elements from
modern seafloor cherts can distinguish different
fields for pelagic, offshore and coastal sediments
using major oxides ratios of elements relatively
unaffected by postdepositional process, like Fe>Os,
TiO,, Al,O53 and Fe,O3 (Murray, 1994). As shown
in Fig. 6, the Gaiman Fm. samples consistently fall
within the continental margin field, indicating a
common clastic source for concretions, host shales,
and coquinas.

Manganese oxide shows a weak correlation to
either the “‘clastic” or “‘authigenic” oxides (Table 3).
Correlation between Mn and Fe is not evident,
although these elements normally have similar
redox behavior. Thus, Mn shows a distinctive
behavior in the Gaiman Fm. samples, which cannot
be compared to any other major element. Mn
oxihydroxides are proposed to be carriers of REEs,
influencing their partitioning in seawater (Moffett,
1990; Moffett, 1994; Sholkovitz et al., 1994).
However, recent work has suggested that Mn is not
the main scavenger of REEs in seawater (Sholkovitz
et al., 1992; Haley and Klinkhammer, 2002; Haley
et al., 2004). Accordingly, Mn shows no correlation
to REEs in the Gaiman Fm. phosphates and the
results of factor analysis indicate that MnO is the
only variable that has a significant loading in
Factor 3. Many authors have documented the
mobility of Mn in marine sediments (Bonatti,
1971; Marchig and Reyss, 1984; Murray, 1994;
Namerof et al,, 2002) and we assume that high
mobility of Mn in the marine environment is the
main reason for its particular behavior in Gaiman
concretions.
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Fig. 9. Factor analysis: Three factors take into account the main variance of the system in the principal components analyses (see Table 4).
(A) Plot of Factor 1 vs. Factor 2, and (B) Plot of Factor 3 vs. Factor 2. Factor 1 represents oxide loading values clustered in two groups of
opposite sign: the clastic group with Si, Al, Ti, K and Fe and the authigenic group with P, Ca, total REEs and Y. Factor 2 shows
significant loading in Y anomaly, La/Nd ratio and Ce anomaly, probably linked to minor compositional changes in REEs into the
diagenetic environment. In Factor 3, MnO is the only variable which has a significant loading, probably because of the high mobility of

MnO in pore waters.

5.2.2. REEs and Yttrium

REE:s are scavenged through the seawater column
as a result of the action of carriers such as organic
matter and oxihydroxides. They form particulates
together with terrigenous materials and precipitate
on the sea bottom. The greater stability of the
HREE complexes in solution (Cantrell and Byrne,
1987) together with the higher adsorption of LREEs
in particulate matter (Byrne and Kim, 1993), make
up the characteristic seawater pattern of these
elements in the oceans, which typically shows
HREE enrichment and a varied Ce anomaly. A
significant negative Ce anomaly is typical in deep,
oxygenated marine waters. Its formation depends
on factors like depth, stratification and biological
activity of the basin. Oxygenated pore waters in the
bottom sediments also may display negative Ce
anomalies, which can be suppressed as Ce® " from
the organic complexes is released into solution
(Haley et al., 2004).

Gaiman Fm. concretions show the general deple-
tion of LREEs broadly typical of the seawater
pattern, and an apparent weak negative Ce anomaly
in both reworked and unreworked phosphatic
concretions, qualitatively described here as the
“V” defined by La, Ce and Pr. This anomaly,
however, can be an artifact of La enrichment with
Pr anomaly ~1, as pointed out by Bau et al. (1996)
and Shields and Stille (2002).

Many authors agree that REEs are incorporated
into authigenic phosphate without fractionation,
keeping the original water pattern, but diagenetic
processes, especially recrystallization, may induce
later differentiation (Shields and Stille, 2002;
Reynard et al., 1999; Kidder et al., 2003). On the
other hand, the light-REEs depletion may be
interpreted as a weathering influence (Kidder and
Eddy-Dilek, 1994). The Gaiman Fm. did not
undergo diagenesis strong enough to cause complete
recrystallization of the phosphate. In addition, we
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assume that weathering effects are negligible in the
REE pattern of the concretions, because we have
found the same pattern in recently-exposed fresh
concretions from coastal cliffs as well as in other

samples is the result of primary phosphatic pre-
cipitation from seawater or pore water in the
sediments during early diagenesis. Gaiman Fm.
sediments accumulated in shallow water, at differ-

ent depths related to eustatic changes in the sea
level. However, the REE patterns in the concretions

externally oxidized and more altered concretions.
Thus, we assume that the REE pattern in Gaiman
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Fig. 10. (A) Sedimentary-diagenetic system at the sea bottom during formation of concretions in the Gaiman Formation. 7cm wide,
vertical or slightly inclined Ophiomorpha shafts penetrate up to 3 m deep into the substrate, where they are connected to a main network of
burrows. The burrow network enhanced water circulation between the sea bottom and the sediments, affecting oxygenation, ion diffusion
and pore water renewal. Therefore oxic and suboxic diagenetic zones will reach deeper parts of the sediment, and an extended oxic-suboxic
zone will develop along the burrows, favouring the formation of phosphatic concretions. In addition, organic matter decaying in the
burrows might create locally anoxic or suboxic microenvironments, and sediment mixing and reworking by organisms will allow the early-
diagenetic reagents to be fully in contact. (B) Formation of reworked beds after erosion of the sea bottom, winnowing and reworking of
the concretions. Conglomerates are rich in fossil-or-burrow-nucleated concretions, marine vertebrate bones and shark teeth. Modified
from Scasso and Castro (1999) and Scasso et al. (2004).
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are always the same, suggesting that they are not
related to the original depth of sediment accumula-
tion (Fig. 10).

Phosphate precipitation, organic matter and
biological activity are known to be strongly related.
Felitzyn and Morad (2002) found a direct correla-
tion between the REEs patterns of biogenic
phosphate and organic debris. Signals of the decay
of the organic matter, like humic acids and kerogen,
are not preserved in the Gaiman Fm., precluding
their REEs analysis. However, REE patterns of
Gaiman concretions compare well with “linear”
REE patterns of Haley et al. (2004) related to
the rate or degradation of organic complexes
(Fig. 11). This pattern may be present in oxic to
anoxic environments, but only appears near the
sediment surface where pore waters are oxic to
suboxic, as a result of remineralization of the
organic complexes. The linear patter can be found
together with other different patterns like the
“HREE enriched” or the “MREE bulge” patterns
in pore waters within a few decimeters below the sea
bottom, when redox conditions change. On the
other hand, the Ce** present as oxihydroxide in
particulate matter close to the seafloor changes to
Ce’" into solution if the environment becomes
more reducing. This results in an increased avail-
ability of cerium, which is then incorporated into
the phosphate minerals through adsorption or

substitution mechanisms (Reynard et al., 1999)
and therefore produces a reduced Ce anomaly.
Thus the linear pattern common to all concretions
in Gaiman Fm. suggests that they have formed in
the same diagenetic conditions, most likely pre-
cipitated from oxic to suboxic early-diagenetic pore
waters.

5.2.3. Other anomalies and REE ratios

The Y anomaly and La/Nd ratio can be useful
indicators of postdepositional changes related to
variations in the composition of circulating fluids.
Both elements have positive anomalies in seawater
(Zhang et al., 1994; Bau et al., 1996), and they are
not affected by environmental redox changes, but in
the sediments these anomalies might decrease with
increasing diagenesis, as remobilization by exchange
with pore fluids take place (Shields and Stille, 2002).

Positive Y anomaly and La/Nd ratios are
commonly found in particulate matter (Bau et al.,
1996), but Y and La are less effectively scavenged
than their respective neighbors in the ReeY (REEs
plus Y) series. As a result, anomalies in Y and La/
Nd ratio are lower in particulate matter than in
seawater. Bau et al. (1996) assigned the special
behavior of Y and La to their more stable electronic
configuration, similar to noble gases, with half filled
4f orbital, known as the tetrad effect.
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Fig. 11. Two pore-water REE patterns 11.97 and 16.47 cm below the sea bottom (dotted lines) from suboxic, iron free, early-diagenetic
environment (locality Sta. 9 from Haley et al., 2004) compared to the REE patterns of Gaiman Formation concretions. Good correlation
between both suggests that concretions precipitated quantitatively from this type of pore water, thus inheriting a flat REE pattern as a
consequence of LREEs being released from organic matter decay. All the samples were normalized to Piper’s shale, but values from pore
water were multiplied by an appropriate factor scale for better visualization.
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Shields and Stille (2002) indicated values between
1.5 and 2.3 for Y anomaly and 0.8-1.3 for La/Nd
ratio in modern seawater. Yttrium anomaly in
Gaiman Fm. concretions is low and shows a
positive correlation with La/Nd ratio, suggesting
that Y and La behave in the same way in pore
waters. Most values found in the Gaiman Fm.
concretions are equivalent to those of seawater or
slightly lower (Fig. 8E), indicating that Gaiman Fm.
concretions did not undergo intense diagenesis
(Shields and Stille, 2002). Instead, they were
probably formed from phosphatic solutions impo-
verished in Y and La in relation to other REEs, as a
result of REEs release to solution from organic
complexes in the early diagenesis. Y and Ce
anomalies and La/Nd ratio in Gaiman Fm. concre-
tions have significant loadings in Factor 2 (Figs. 9A
and B) that point out a secondary variability of
the system, probably linked to minor compositional
changes in REEs in the diagenetic environment.
The lack of correlation between Ce anomaly vs. Y
anomaly, and Ce anomaly vs. La/Nd (Figs. 8A and B)
is probably due to redox Ce recycling. In the
sediments, just a few centimeters below the sea
bottom, REEs can be released by organic matter
remineralization, and pore water acquires a flatter
REE pattern and a lower La/Nd ratio than those of
the seawater (Shields and Stille, 2002; Haley et al.,
2004). Gaiman Fm. concretions presumably formed
in that environment, similarly show flat REE
patterns (Fig. 11) and low La/Nd ratios (Fig. 8E).
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Fig. 12. La/YDb ratio vs. La/Sm ratio for Gaiman Formation
concretions. Values are similar to those of modern coastal and
oceanic waters provided by Reynard et al. (1999) indicating that
REEs in concretions mostly preserved the original seawater
values. Concretions apparently did not undergo strong post-
depositional recrystallization, that would have shifted the values
along the “‘substitution” horizontal arrow, nor intense adsorp-
tion, that would have caused value shifting along the vertical
“adsorption” arrow.

The La/YD ratio varies between 0.2 and 0.7, and
the La/Sm ratio between 0.75 and 1.68 in Gaiman
Fm. concretions (Fig. 12). These values are similar
to those of modern oceanic water values provided
by Reynard et al. (1999), which are fairly homo-
geneous (0.2-0.5 for La/Yb and 0.6-1.6 for La/Sm).
The La/Yb and La/Sm ratios are considered as
indicators of light REE enrichment and bell-shaped
patterns, respectively (Reynard et al., 1999). These
authors studied the crystal chemical factors that can
influence the REE fractionation between apatite
and water. They pointed out that if the adsorption
of REEs onto authigenic apatite was the main
fractionation mechanism, La/Yb values would
increase in comparison to seawater, due to the
preferential sorption of LREEs, but no significant
changes should be observed in La/Sm. On the
contrary, if substitution by recrystallization was
the main process in the REE incorporation to the
apatite lattice, the La/Sm ratio would show a
significant decrease and a ‘“‘bell-shaped” pattern
would be observed. Thus, according to Reynard
et al. (1999) REEs could be incorporated: (a)
quantitatively from seawater without fractionation;
(b) by adsorption in moderate diagenesis; or (c) by
recrystallization in more pronounced diagenesis.

The La/Yb and the La/Sm ratios in Gaiman Fm.
concretions (Fig. 12) plot into the field of oceanic
water of Reynard et al. (1999) indicating that REEs
were incorporated preserving the seawater pattern
and that neither strong postdepositional recrystalli-
zation nor strong adsorption took place in them.

5.3. Geochemical insights in the phosphogenetic
system

The REEs geochemical signatures and the sedi-
mentological features indicate that Gaiman Fm.
concretions did not undergo strong diagenesis or
weathering. Their relatively flat pattern could not be
inherited from the associated detritic sediments
because concretions show high-REE enrichment
relative to host shale (Fig. 3). Flat, “linear” REE
patterns like that of the Gaiman phosphatic
concretions are typical from oxic or suboxic pore
waters in surficial sediments (Haley et al., 2004).
According to these authors, organic coatings
formed in the surface seawater are enriched in
LREEs and Ce. The fraction of organic coatings
that reach the sea bottom is remineralized, driving a
rapid increase in REE concentration, at or a few cm
below the sea bottom. Differential release of LREEs
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and Ce in oxic or suboxic early-diagenetic environ-
ments returns the REE ratio to flat patterns
resembling the original patterns at the sea surface.
Thus, quantitative precipitation of REE minerals
from pore water in the Gaiman Fm. will reproduce
the flat pattern typical of oxic—suboxic pore waters.
On the other hand phosphate precipitation mainly
takes place in suboxic conditions (Jarvis et al., 1994)
and reactions involved in “‘redox pumping of iron”
(Froelich et al., 1988) and other phosphogenetic
mechanisms are related to redox changes with depth
into the sediment. A sediment mixed layer up to 15
or 20cm below the sea bottom, probably resulting
from bioturbation, was considered critical for the
redox cycling of iron and phosphorite formation on
the East Australian continental margin (O’Brien
et al., 1990). Sediment mixing and reworking by
organisms favored early-diagenetic processes in the
Gaiman Fm., allowing the reagents to be fully in
contact. Phosphatic concretions around fossils
suggest that decaying organic matter from the soft
parts of the organisms created suboxic microenvir-
onments prone to phosphate precipitation (Fig. 2C).
Enhanced water circulation through a dense net-
work of tunnels and shafts of Ophiomorpha isp. and
smaller burrows improved ion diffusion and pore
water renewal in the early-diagenetic system of the
Gaiman Fm. As a consequence, many concretions
were formed around and along the walls of the big
burrows or within them (Figs. 2 and 10). Anoxia
can be reached a few centimeters below the sea
bottom in normal marine conditions, but in the
Gaiman Fm. concretions formed throughout an
extended oxic—suboxic zone as a result of deeper
penetration of oxigenated sea bottom waters in the
sediments, improving the pore water oxigenation
and turning oxic or suboxic the otherwise anoxic
deeper parts of the sediments. Phosphogenesis
processes take place at very shallow burial and
were therefore constrained to the oxic—suboxic
zone. As a result, all the concretions in the unit
show the same REE pattern.

6. Conclusions

The Gaiman Fm. phosphatic concretions show
similar major element ratios, REE patterns and
total REE contents in different stratigraphic levels
and geographic locations suggesting a common
process for their origin.

Major elements oxides in phosphatic concretions
are grouped into two well-defined sets: the “clastic”

group (Si, Al, Ti, K and Fe), which corresponds to
the clastic fraction of the samples, mainly composed
by quartz, feldspar, biotite, pyroxene, glass and clay
minerals, and the “authigenic” group (P, Ca and
total REEs), which corresponds to the authigenic
cements of francolite and calcite. Manganese has a
different behavior, most likely to its high mobility in
seawater. Major element ratios indicate that the
composition of the shales and host rocks is similar
to the clastic fraction within the concretions.

Shale-normalized REE patterns from phosphatic
concretions are slightly depleted in LREEs and
slightly enriched in HREESs in comparison to shales.
All phosphate concretions display a weak negative
Ce anomaly and no differences between in situ and
reworked concretions were found. Host shales
exhibit a typically flat REE pattern and the presence
of reworked concretions impart to the coquinas a
“concretion-like pattern” with lower total REE
contents.

The La/Yb and the La/Sm ratios in Gaiman Fm.
concretions indicate that the REEs incorporation
process preserved the seawater pattern and that
neither strong postdepositional recrystallization nor
strong adsorption took place.

The Y anomaly and La/Nd ratios in Gaiman Fm.
concretions are equivalent to seawater or slightly
lower, also pointing out that Gaiman concretions
did not undergo intense diagenesis, but were
probably formed from phosphatic solutions impo-
verished in Y and La in relation to other REEs, as a
result of REEs release to solution from organic
complexes in the early diagenesis.

Water circulation through burrows at the Miocene
seawater—sediment interface improved ion diffusion
and pore water renewal in the sediments, allowing the
development of a widened oxic—suboxic zone. In
addition, sediment mixing and reworking by organ-
isms and microenvironments from organic matter
decay within fossils and burrows contributed to
phosphatic concretion formation.

REE patterns in early-diagenetic concretions of
the Gaiman Fm. suggest quantitative precipitation
from early-diagenetic pore waters, reproducing the
flat pattern of oxic—suboxic recent pore waters,
which result from remineralization of organic coat-
ings rich in Ce and other LREE:s.
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