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Abstract: Glaucony is a significant green marine facies in the northwestern passive margin of
the Guadalquivir Basin (Spain), where glauconite formed authigenically on a sediment-starved
continental shelf, with fecal pellets and benthic foraminiferal tests being the main glauconitized
substrates. Results from a study using XRD, TGA-DSC, SEM-EDS, and EPMA have revealed that
glauconite is remarkably heterogeneous in mineral composition and chemical maturity, even in a
single grain, reflecting a complex interaction of micro-environmental factors, substrate influences
and post-depositional alterations. In its early stage, the glauconitization process is consistent with
the slow precipitation of a Fe-rich smectite phase, most likely intergrade between nontronite and
Fe-montmorillonite end-members, which evolved to a regularly interstratified glauconite-smectite
(G1/S). The Fe-smectite-to-Gl/S transformation is interpreted as a diffusion-controlled reaction,
involving sufficient Fe availability in pore water and the constant diffusive transport of seawater
K* and Mg?* ions towards the substrate. The pelletal glauconite is actually a highly evolved G1/S
consisting almost totally of mica layers, with 0.74 £ 0.05 apfu of K* in the interlayer, while the G1/S
occurring as replacements of foraminiferal tests contains a mean of 7% of expandable layers in the
walls and 16% in the chamber fillings, due to rate-limited ion diffusion.

Keywords: glaucony; green marine clays; authigenesis; glauconitization; glauconite-smectite mixed layer

1. Introduction

Glauconite is a series name of Fe-rich interlayer-deficient dioctahedral micas with
a representative formula of Ko gR3*1 33R?*( ¢7Al(13Si3.87010(OH), [1], in which the ratio
VIRZ* /(VIR?* + VIR3") is greater than or equal to 0.15, the ratio YIAl/(VIAL + VIFe3*) is lesser
than or equal to 0.5, and the total interlayer cations (mostly K*) comprise between 0.60 and
0.85 atoms per formula unit (apfu). Recently, glauconite has been described as a mica-rich
mica-smectite (R3 ordered) mixed layer mineral, with pure end-member glauconitic mica
having up to 0.8 apfu of K* in the interlayer space [2].

The term glaucony was introduced by Odin and Létolle [3] to designate a green
marine facies, composed mainly of sand-sized glauconitic grains, commonly reported in
transgressive deposits and condensed sections, in association with phosphate grains and
abundant fossils. Hence, glauconite authigenesis is regarded as a powerful indicator tool
for basin analysis and stratigraphic correlation purposes [4], as well as a reliable paleoenvi-
ronmental indicator for climate history [5]. It is generally agreed that glauconitization is
an authigenic process that typically develops in marine settings, on the outer margins of
continental shelves and adjacent slope areas with low sedimentation rates [6], although
ancient glaucony has also been reported in shallow-marine depositional environments,
including estuaries and coastlines [7].

Over the past decades, the glauconitization process has been revisited by many au-
thors, and a variety of models have been postulated to explain the origin and compositional
evolution of glauconite, including: (1) the “layer lattice” theory [8,9], which assumes a
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conversion of degraded 2:1 clay mineral to a newly formed Fe- and K-rich glauconitic
mineral, under reducing conditions, with the simultaneous increase of K and Fe contents;
(2) the “verdissement” theory [6,10], which involves the initial precipitation of K-poor and
Fe-rich smectite within porous substrates, usually biogenic clasts or fecal pellets, and the
subsequent dissolution and recrystallization of the substrate with increasing fixation of
K at constant Fe content, evolving through four successive maturation stages; and (3) the
“pseudomorphic replacement” theory, which implies dissolution and replacement of a pre-
existent K-rich mineral grain (e.g., K-feldspar) with highly variable Fe content, regardless of
whether the original substrate is porous or non-porous, as proposed by Dasgupta et al. [11].
So far, the precipitation-dissolution-recrystallization theory is the most widely accepted
explanation for the origin and evolution of glauconite.

Although glauconite has been studied extensively, it continues to attract a high level of
research interest. Substantial progress has been achieved in understanding the depositional
environment, sedimentary conditions, and paleogeographical implications of glaucony
(for a review see [7]), but there is still debate about the true mineralogical nature of
glauconite, and the precise process and microenvironment of formation still remain poorly
understood [12]. Moreover, the origin of the grain-scale compositional heterogeneity has
usually been overlooked or has not been addressed in sufficient detail.

In this paper, we report a comprehensive study focusing on the process of glauconi-
tization of fecal pellets and foraminiferal tests in a passive-margin condensed section of
the lower Guadalquivir Basin (SW Spain), by integrating XRD, TGA-DSC, SEM-EDS, and
EPMA data. The aims of the research were to: (1) identify the factors controlling the source,
(geo)availability and geochemical behavior of iron and other major elements needed for
glauconite formation; (2) constrain the overall glauconite-forming process in terms of min-
eral chemistry; (3) determine the influence of the host substrate on the chemical variability
and maturity of glauconite; and (4) assess the post-depositional weathering effects on
glauconite composition.

2. Geological Setting

The area selected for a detailed study of glauconite is geologically located in the
westernmost sector of the Guadalquivir Basin, a Neogene foreland basin situated between
the Paleozoic rocks of the Variscan Iberian Massif northward and the external units of
the Betic Ranges to the south (Figure 1a). The sedimentary infill of the Guadalquivir
Basin comprises five off-lapping depositional sequences, namely, A, B, C, D and E, that
are progressively younger to the west, ranging in age from the Upper Miocene to the
Quaternary [13].

At the western edge of the Guadalquivir Basin, the Neogene deposits have been
divided into four sedimentary formations from bottom to top, as follows [14-16]: (1) the
Niebla Formation (Upper Tortonian), made up of mixed carbonate-siliciclastic deposits;
(2) the Gibraleén Clay Formation (Upper Tortonian-Lower Pliocene), formed by a monotonous
succession of greenish-bluish clays and marls; (3) the Huelva Sands Formation (Lower
Pliocene), characterized by densely fossiliferous sandy deposits; and (4) the Bonares Sands
Formation (attributed to the Upper Pliocene-Lower Pleistocene), composed of coarse-grained
sands that grade upwards into pebble conglomerates. These Neogene formations correspond,
in whole or in part, to the regional depositional sequences B, C, D and E, respectively.

Two distinctive glauconite-rich levels occur at the base of both the Gibraleén Clay
and the Huelva Sands Formations, within stratigraphically condensed intervals formed
during major transgressive events, which have been interpreted to reflect periods of very
low rates of sedimentation [17,18]. The lower glauconitic horizon has been radiometrically
dated at 6.7 &= 0.3 Ma [19], close to the Tortonian—-Messinian transition, while the upper
one is assigned to the Lower Pliocene, based on fossil evidence [14]. It must be noted that
glauconite continues to be formed in the present day on the outer shelf adjacent to the
study area [20].
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The stratigraphic section of the Neogene deposits exposed in the area (Figure 1b,c)
consists of a coarsening upward sequence of clays, white sandy silts and glauconitic sands
(Upper Miocene), which are erosively overlain by siliciclastic deposits of Early Pliocene
age [21]. The contact between the glauconite-bearing horizon (up to 3 m thick) and the
underlying sediments appears intensely bioturbated, with biogenic structures (burrows)
filled with glauconite. The Neogene sediments were deposited unconformably over the
Paleozoic basement and, in turn, are unconformably overlain by Pleistocene terrace and
alluvial deposits. According to Muiiiz et al. [22], the lower section can be correlated to
sequence B of Sierro et al. [13], while the upper section would be connected to sequence
E (Bonares Sands Formation), thus indicating the existence of a significant stratigraphic
hiatus including at least part of the depositional sequences C and D, as suggested by
Rodriguez-Tovar et al. [23].
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Figure 1. Generalized geological maps of the study area on a regional (a) and local (b) scale (adapted from IGME [24]),
and schematic cross-sections of the exposures sampled for this study (c), showing the stratigraphic location of the green

glauconitic sands.

3. Material and Methods

Eight representative samples of glauconite-bearing sediments were collected in three
disconnected outcrops, namely, La Vera, La Bella and La Tinajita, of the lower glauconitic
level (Figure 1c). The samples were sieved through 63 um and 2 mm meshes to obtain
the clean sand-size fraction. The clay fraction associated with the glauconitic condensed
level was separated by centrifugation. Owing to its high paramagnetic susceptibility, the
glauconite grains were magnetically separated from the non-magnetic sand fraction to a
nearly pure glauconite concentrate, using a Frantz isodynamic separator with a current of
0.45 A, a longitudinal dip of 15°, and a transverse tilt of 20°. The concentrates were washed
in deionized water, oven-dried at 60 °C, and then weighed to determine the percentage of
glauconite by weight in each sample.

Firstly, some handpicked grains of the glauconite concentrates were examined under a
binocular microscope to observe color and shapes. High-resolution back-scattered electron
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(BSE) images were acquired using an environmental scanning electron microscope (ESEM)
FEI Quanta 200 (FEI Co., Hillsboro, OR, USA), equipped with energy-dispersive X-ray
detectors (EDS), in order to elucidate details of morphology, size and fabric. Image]
software, a public domain Java image processing program, was used to measure basic
shape parameters such as area, circularity (47tArea/perimeter?), roundness (4Area /7t major
axis?), and elongation of the granules.

The glauconite separate samples were gently ground into a fine powder using an
agate mortar and pestle, and mineralogically characterized by X-ray diffraction (XRD)
with a Bruker AXS D8-Advance diffractometer (Bruker Corp., Karlsruhe, Germany), using
Cu-Ko radiation at 40 kV and 30 mA. Randomly oriented powders were scanned from 3 to
65° 20, with a step size of 0.02° and a counting time of 0.6 s per step. Oriented mounts
of glauconite and clay separates were prepared and analyzed in the air-dried state, after
solvation with ethylene glycol (60 °C for 48 h) and after heating (550 °C for 2 h). The
oriented specimens were scanned from 1 to 30° 26 using a step size of 0.02° and a step time
of 1.2 s. The Pseudo-Voigt function was used to improve the measurement of positions,
intensity and full width at half-maximum of the diffraction peaks, as well as to deconvolute
overlapping peaks.

The major element composition of glauconite was determined in selected points
of the examined granules, by electron probe microanalysis (EPMA) with a JEOL JXA-
8200 SuperProbe (JEOL, Tokyo, Japan). The specimens were embedded in epoxy resin
and polished to ensure optimal conditions for quantitative wavelength-dispersive (WDS)
analysis, operating at 15 kV accelerating voltage, 20 nA beam current, and beam diameter
of up to 5 um. A suite of well-characterized minerals and synthetic materials was used as
the standard for the calibration, and a conventional ZAF correction procedure was applied
to correct for atomic number (Z), absorption (A), and fluorescence (F) effects.

Furthermore, thermo-gravimetric analysis (TGA) and differential scanning calorimet-
ric (DSC) analysis were conducted to study the thermochemical decomposition behavior
of glauconite, using a Mettler Toledo TG/DSC1 (Mettler Toledo, Greifensee, Switzerland)
instrument equipped with STARe software (version 16.00, Mettler Toledo, Greifensee,
Switzerland). The glauconite separates (20 mg) were placed into an open alumina crucible

and heated from room temperature to 900 °C, at a constant heating rate of 10 °C/min .

All measurements were carried out under an oxygen flow of 20 mL/min !
4. Results
4.1. Abundance, Physical Appearance and Occurrence

Glauconite abundance ranged widely, depending on the sampling location and the
stratigraphic position of the samples. The largest concentration (21%) was found at the
base of the glauconitic sand deposits outcropping at La Vera, while the lowest contents
were observed at the La Bella and La Tinajita occurrences, in which glauconite made up
less than 5% of the whole sample.

Under the binocular microscope, the glauconite concentrates from La Vera and La
Bella exposures showed a dark green to almost black color that reflects high maturity, while
those from La Tinajita consisted of pale to light green grains, likely corresponding to a less
mature state. Brown and yellow-brown grains stained by iron oxides were also seen in
glauconite sand, occurring as burrow infillings.

Overall, glauconite occurred as medium sand-sized grains ranging in diameter from
260 to 350 pm. The samples collected in the glaucony-rich deposit of La Vera showed
granules up to 700 pm in size, with high mean values of circularity (about 0.78) and
roundness (0.77), while the concentrate from La Bella was characterized by smaller and
more elongate grains of glauconite, with an aspect ratio of 1.75:1.

Under SEM examination, glauconite exhibits considerable variety in habits and mor-
phology (ovoidal, spheroidal, lobate, mammillary, and irregular-shaped), depending on
the nature of the parent material subjected to glauconitization, the evolution stage, and the
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effects of post-depositional disturbances. Three types of common substrates for glauconite
formation were recognized (Figure 2):

1.

<408

Fecal pellets. Glauconite usually appears as round, smooth-surfaced ovoidal or
spheroidal pellets, often with a distinct rim. Some glauconitized pellets display radial
cracks that taper inward, without evidence of breakage. The pelletal glauconite from
La Tinajita, unlike the other sites, is characterized by a concentric zoning pattern and
rough surfaces with alteration halos along fractures.

Biogenic clasts. Glauconite occurs as fossil casts and internal molds that retain
the shape of the original skeletal material by pseudomorphic replacement. Benthic
foraminifera, with both spiral and serial arrangement of chambers, are the domi-
nant biogenic substrate, followed occasionally by planktonic foraminifera and other
biogenic clasts that resemble echinoderm ossicles and bryozoan fragments. The
microfossil cavities appear to be filled with fine-grained flakes of glauconite.
Abiogenic clasts. Glauconite replaces detrital minerals, rock fragments and other
non-biogenic clasts whose exact nature is difficult to determine, because their original
shape was obliterated by glauconitization. Although glauconitic granules derived
from slightly evolved fecal pellets may present inclusions of quartz and feldspars, these
substrates were attributed to abiogenic clasts based on their high chemical maturity.

1@pm WD T J 300 10pm WD1lmm

JEOL COMP  15.0kV X D1 1mm g JEOL COM
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Figure 2. SEM/BSE images showing several types of glauconitized substrates: (a) well-rounded and ovoidal pellet; (b) pellet

with internal radial cracks; (c) zoned grains from La Tinajita; (d) benthic foraminifera (order Rotaliida) with spiral chamber

arrangement; (d) idem (order Ammonia); (f) biserial agglutinated benthic foraminifera (order Textulariida); (g) planktonic

foraminifera; (h) fragment of echinoderm with a reticulate structure; (i) non-biogenic clast with tiny relicts of quartz and

albite. Mineral abbreviations: Ab (albite); Ilm (ilmenite); Qz (quartz).
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4.2. Mineralogy

The glauconite-bearing sediments systematically contain quartz and clay minerals

with discrete amounts of alkaline feldspars. SEM-BSE imaging and EDS microanalysis

revealed the presence of accessory minerals, such as ilmenite, hematite, rutile, aggregates
of tabular crystals of jarosite pseudomorphs after pyrite, and fragments of ferruginous
sandstones. The clay separates generally consisted of illite and kaolinite. In addition,
smectite with marked swelling behavior upon ethylene glycolation was found in the clay
fraction of the glauconitic horizon of La Vera (Figure 3a). Glauconitic mica was not detected
in the <2 pm separates because it typically occurs in the sand fraction. A weak (002)
reflection at ~5 A is attributed to illite.

169A
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H < 2
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10A Sm: Smectite
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- Mu M: Mica (illite)
= 4A K e
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Figure 3. Representative XRD patterns of glaucony. Oriented aggregate diffractograms of clay
separate in the air-dried state, and after heating to 500 °C and ethylene-glycol solvation (a); random
powder diffractogram of glauconite separate (b); XRD diffractograms from oriented mounts of
glauconite separate untreated and after heat-treatment (c); and deconvoluted (001) peak at ~10 A

after ethylene-glycol solvation treatment (d).
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Powder XRD air-dried diagrams of the glauconite concentrates (Figure 3b) exhibit
a series of sharp and narrow diffraction peaks at ~10 A, 453 A, 332 A, 259 A, 240 A,
and 1.51 A spacings, among others, that can be assigned, respectively, to the reflections
(001), (020), (003), (130), (201), and (060) of well-ordered glauconite. The first-order basal
reflection (dgg1 ~1OA) does not exhibit a symmetrical sharp profile, but rather, a broad
band that extends towards higher basal spacings, giving an average intensity maximum
of 10.3 A. This peak shifted to 9.9 A on heating at 500 °C, and became more intense and
fairly symmetrical upon heating (Figure 3c). After peak deconvolution of the samples
solvated with ethylene glycol, the first basal reflection appears as an asymmetrical and
wide band formed by two overlapping peaks at 9.9 A and 10.9 A spacings (Figure 3d),
indicating that glauconite may contain some expandable smectite layers. According to
Lopez-Quiros et al. [2], the XRD patterns can be interpreted as a glauconite—smectite (R3
ordered) mixed-layer mineral comprised mainly of mica-type layers (>90%), based on the
weak response to ethylene glycol solvation.

Thermogravimetric analysis of glauconite separates (Figure 4) showed a thermogravi-
metric curve (TG) and differential thermogravimetric curve (DTG) indicative of a first
weight loss of 4-5%, associated with a low-temperature (80-200 °C) endothermic effect due
to the removal of the interlayer and adsorbed water. A second weight loss of about 2—4%
was observed in the range of 500-600 °C, corresponding to the dehydroxylation reaction of
a glauconite with some expandable mixed layers [25] that are responsible for the loss of
weight at low temperatures through dehydration.

100 o
2
99 Dehydration 2 . os O
T z / DSC -1
£ J =
r { z 0 H i i o5
ol “1 f\/ J| Joa
S =1 1\ e
T % i\ 2 =
e i TG 2 o
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Figure 4. TG and DSC (inset) curves of glauconite concentrate. The derivative thermogravimetric
(DTG) curve is also displayed, revealing two mass loss steps during the heating process.

4.3. Mineral Chemistry

The major element oxide composition of glauconite, determined on 63 points, varied
from one grain to another and even within the same grain, depending on the nature of the
substrate (Table 1). This grain-scale compositional heterogeneity is particularly apparent in
the well-preserved foraminiferal tests from La Vera. The authigenic glauconite, occurring
as infillings of foraminiferal chambers, has a higher content of Al,O3; and lower contents
of Fe, O3 (total Fe recalculated as Fe;O3), KO and MgO than those of the glauconite that
forms the test walls and septa. The pelletal glauconite is comparatively richer in Fe,O3 and
K;O relative to that occurring as the replacing material of foraminiferal tests.

The mean concentrations of TiOp, MnO, CaO, NayO, and P,Os are negligible and do
not show any clear tendency. The pale green grains from La Tinajita clearly differ chemically
from the others. They have a low silica content and display pronounced compositional
zoning, defined by a rim-to-core increase in Fe,O3(t).

The Al,O5 content displays a significant (p < 0.05) negative correlation with Fe,O5(t), ir-
respective of the glauconitic substrate and stratigraphic position of the samples (Figure 5a).
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A high negative correlation (R? = 0.74) was also found between Al,03 and K,O (Figure 5b),
and K,O appears to be positively interrelated with Fe,O3(t) (Figure 5¢), as well as with
MgO (Figure 5d), although there are some scattering of data points except perhaps at a low
K content. No other significant correlations were observed among major elements.

Table 1. Averaged data from quantitative single-point EPMA microanalysis of glauconite grains (n = number of data points

acquired). Each value represents the mean plus/minus one standard deviation. Total Fe expressed as Fe;Oj3.

Sampling Site La Vera La Bella La Tinajita
Foraminifera Burrow Abiogenic Fecal Zoned Grains
Substrate Walls Chambers  Fecal Pellets Infillings Clasts Pellets Core Rim
Oxide (wt %) n=13 n=9 n=10 n=12 n=2 n=11 n=3 n=3
SiO, 4761+ 185 48.69 150  48.19 4+ 0.63 46.84 + 1.40 4827 +095 46.86+0.89 33.50+348 30.23 £3.51
Al,O3 6.06 + 1.07 8.85 +2.16 451 +0.71 4.66 +0.92 6.72 + 0.86 5.46 + 1.09 5.57 +1.23 5.77 +1.07
TiO, 0.04 £+ 0.04 0.09 £+ 0.05 0.04 £+ 0.02 0.04 +0.04 0.07 £+ 0.08 0.03 +0.04 0.39 £ 0.16 0.36 +£0.12
Fe,O5(t) 2911+ 181 2654+1.44  29.88 + 047 29.95 + 2.05 2726 +136 2946 +0.92 37.62+1.11 29.84 +258
MnO 0.03 £+ 0.03 0.03 £+ 0.02 0.02 £+ 0.03 0.02 £+ 0.02 0.02 £+ 0.01 0.03 £+ 0.02 0.01 £ 0.01 0.02 £+ 0.02
MgO 411 +0.44 3.79 + 0.56 429 +0.27 4.04 +0.37 429 +0.18 421 +0.18 3.17 +0.33 2.83 +0.28
CaO 0.20 £+ 0.05 0.30 +£0.12 0.18 £+ 0.06 0.22 £+ 0.09 0.28 + 0.03 0.12 £+ 0.05 0.05 £+ 0.01 0.02 £+ 0.01
Na,O 0.04 £ 0.03 0.07 £ 0.05 0.05 £ 0.04 0.08 £+ 0.07 0.14 £0.17 0.03 4+ 0.02 0.02 +0.02 0.04 +0.03
K,O 7.20 £ 0.51 5.76 + 1.08 7.88 +0.48 7.54 + 0.53 7.66 + 0.05 8.06 + 0.42 5.65 + 0.89 4.89 +0.76
P,0s5 0.15 £+ 0.04 0.09 £+ 0.03 0.10 £+ 0.03 0.13 £+ 0.07 0.12 £ 0.01 0.15 £+ 0.03 0.40 +£0.12 0.28 £+ 0.08
Total 9456 +1.66 9421 +1.64 95.13 +0.45 93.51 + 1.01 9483 +0.17 9442+ 053 8639 +216 7428 +2.51
40 10
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Figure 5. Bivariate plots showing the relationships between Fe;O3() and Al,O3 (a); KO and
Al O3 (b); KO and Fey Oz (c); and KoO and MgO (d). The dotted line is the linear regression fit.

The composition of individual glauconite grains was calculated on the basis of a
half-unit cell with 10 oxygen atoms and 2 hydroxyls (22 negative charges) per formula unit,
and assuming all measured Fe to be ferric. The average structural formulae (Table 2) show
that the content of Si is nearly constant, with a value around 3.50 apfu in most grains, which
implies the considerable replacement of Si by Al (0.42-0.49 apfu). In some glauconites, Fe>*
(up to 0.08 apfu) was needed to fill the tetrahedral sites. These cationic replacements lead
to a negative tetrahedral charge of about 0.5 per half-unit cell.

Iron is the prevalent octahedral cation, ranging from 1.44 to 1.58 apfu, but subordinate
amounts of Mg (0.41-0.47 apfu) and Al (up to 0.25 apfu) are also present in the octahedral
sheet, which together account for a negative octahedral charge of between 0.11 and 0.32.
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Thus, the isomorphic substitutions result in an overall net negative charge from 0.60 to
0.83. The resultant charge imbalance, arising mainly from Si-for-Al substitutions in the
tetrahedral sheet, is compensated for by interlayer cations, mostly K*. Calcium and Na*
enter the interlayer space only as minor ions.

Table 2. Average structural formulae of glauconite calculated from EPMA results on the basis of 22 negative charges

corresponding to O19(OH), per half-unit cell (n is the number of data points acquired).

Type of Substrate Average Structural Formula
Foraminifera walls (n = 13) (Ko.67 Nag 01 Cag.02)070 (Fe**1.58 Al.o5 Mgo.45)2.08 (Siz.50 Alg.a7 Fe3 g 03)4 O19 (OH),
Foraminifera chambers (n = 9) (Ko.53 Nag g1 Cap02)0.56 (Fe**1.44 Alg2s Mgo41)2.10 (Sizs1 Alg.a9)s O19 (OH),

Fecal pellets (n = 33)

(Ko.74 Nag 01 Cag,01)0.76 (Fe**1.58 Alg g1 Mg0.46)2.05 (Siz 50 Alp.ar Fe**(05)a O10 (OH)»

Non-biogenic clasts (n = 2) (Ko.71 Nag g2 Cap02)0.75 (Fe**1.50 Alg g9 Mgo.47)2.06 (Siz51 Alp.ag)s O19 (OH),

Table 3. Averaged crystal-chemical data of glauconite obtained from the structural formulae.
VIR2+ 4 VIR3+)

cation and (

The mean content of interlayer K* ions ranges between 0.59 and 0.79 apfu, the mean
ratio VIR?** /(VIR?** + VIR3*) is between 0.18 and 0.23, and the ratio VIA1/(VIAI + VIFe?*) is
close to zero, except for the chamber infills, in which the mean ratio is about 0.15 (Table 3).
Such values fall within the typical range of the interlayer-deficient micas and are in good
agreement with the composition of glauconite, defined by the International Mineralogical
Association (IMA) and the Association Internationale pour I’Etude des Argiles (AIPEA)
nomenclature committees [1].

VIRZ* is represented by Mg

by the sum of Mg, Fe and Al cations in the octahedral sheet. M is the number of interlayer cations

and M* the interlayer charge; n is the number of data points acquired.

Sampling Site Type VIR2+/(VIR2* 4 VIR3+)  VIAY/(VIAL + VIFe) IR | M*(Si/4)—1 VIFe/LVIR
Foraminifera walls (n = 13) 0.22 £ 0.02 0.03 £ 0.03 0.70 £0.05  0.81 +0.06 0.76 £ 0.05

Foraminifera chambers (n = 9) 0.19 £ 0.03 0.15 £ 0.09 0.56 £0.09  0.67 £0.10 0.68 £ 0.05

La Vera Fecal pellets (n = 10) 0.23 4 0.01 0 0.76 £0.04 0.87 £0.05 0.77 £ 0.01
Burrow infillings (n = 12) 0.22 4 0.02 0.01 & 0.01 0.75+0.04 0.88+0.05 0.77 £ 0.01

Abiogenic clasts (n = 2) 0.23 +0.01 0.06 = 0.05 0.75+0.03  0.88 +0.04 0.73 £ 0.04

La Bella Fecal pellets (n = 11) 0.23 4 0.01 0.01 & 0.01 0.784+0.04 091+0.05 0.77 £ 0.01
La Tinajita Core (n = 3) 0.18 £ 0.02 0 0.63+£0.09  0.88 £ 0.07 0.81 £ 0.01
Rim (n = 3) 0.18 + 0.01 0 0.62+0.08  0.83 +0.05 0.81 £ 0.00

The crystal chemistry of the chamber infillings diverges from that of the walls and
septa, indicating that compositional heterogeneity is effective not only from one grain
to another but also within a grain, from one site to another. It is noteworthy that the
layer charge of the glauconitic material preserved within the foraminiferal chambers was
generally below 0.6. The cause for this layer charge deficit may be due to the occurrence of
a smectite-rich smectite-glauconite interstratified mineral rather than, strictly speaking,
a glauconite. This is in agreement with the XRD patterns, as the smectite layers are
responsible for the change in position of the dyy; peak observed after ethylene glycol
treatment, and their K-deficient character.

When the compositional data are plotted in the cross-plot between the interlayer
charge and the sum of octahedral cations (Figure 6), one can see that data points are
widely scattered, and most of them fall outside the chemical composition domain of
glauconite defined by Meunier and El Albani [26]. However, as noted previously, they
fit the composition of glauconite proposed by IMA and AIPEA, which covers a broader
compositional range. Many of our data points lie within the mica-rich glauconite-smectite
interstratified mineral field of Lopez-Quirds et al. [2], except those referring to the infillings
of foraminiferal chambers, most of which fall within or near the Fe-montmorillonite
compositional field. As it has a tetrahedral charge, and because its Fe content is much
greater than its Al content, this smectite can be regarded as a phase, with a composition
intermediate between nontronite and Fe-montmorillonite end-members [27].
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Figure 6. Projection of the chemical composition of glauconite pellets and foraminiferal tests in
the 4M* /Si vs. Fe/ZV! cation diagram of Meunier and El Albani [26], where M* is the total in-
terlayer charge (M* = Na + K + 2Ca). The compositional domains of the Fe-bearing clay phases
(Fe-illite, Fe-Al smectites and Fe-smectites) and the mica-rich glauconite-smectite mixed layers of
Lopez-Quir6s et al. [2] are included for comparison. Mineral abbreviations: Gl (glauconite); Sm

(smectite); MLM (mixed-layer minerals).

The percentage of glauconite in the mixed-layer clay mineral can be calculated using
a logarithmic function model [2,28] that relates the percentage of mica-type layers with the
interlayer K* ion content determined from the EPMA results (Figure 7). Thus, the pelletal
glauconite can be ascribed to a glauconite-smectite mixed layer composed almost entirely
of mica-type layers (97% on average), while the interlayer K* content is compatible with
a glauconite-smectite mixed layer having around 93% of mica layers in the foraminiferal
walls, and around 84% in the glauconite infillings within the chambers of foraminifera.
Therefore, they are not the extreme form of glauconitic mica with 100% of mica layers, as
interstratification with expandable smectite layers is always present in varying degrees.

100
9 | %G1 =40.001 x log(K*) + 108.72
R2=0.85
80
)
g% 70 |
5 =
23 60 f
Q X
o =
E g 50 |
S5
N 40 ) Average K° Mean perce'm
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10
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Figure 7. Percentage of glauconite layers in the glauconite-smectite mixed layer of the pellets and
foraminiferal tests, estimated from the mean content of interlayer K* ions using the exponential trend-
line equation proposed by Lopez-Quir6s et al. [2] after Baldermann et al. [28]. Mineral abbreviations:

Gl (glauconite); Sm (smectite).
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5. Discussion

The green clay minerals of this study are interpreted to have been formed in situ
and have not undergone significant reworking, although they show some evidence of
post-depositional alteration. The first indication of the autochthonous origin of glaucony is
the relatively low thickness (less than 3 m) of the glauconite-bearing condensed interval,
and the close association of the glauconitic pellets with trace fossils and intensely burrowed
sediments [29,30]. Another reliable indication of authigenesis is the scarcity of small
fragments of broken pellets and the presence of deeply penetrating cracks within the
glauconitic granules, which in turn is indicative of little or no appreciable transport [31,32].
These fractures likely formed due to the expansional growth of glauconite, which induces
cracking at the grain surface. The glauconitic fillings observed inside well-preserved
bioclasts can be regarded as authigenic clay minerals, because they also show no evidence
of breakage.

Fecal pellets and benthic foraminiferal tests were the dominant substrates for glau-
conite authigenesis. Fecal pellets are relatively porous and usually contain a mixture
of reactive organic matter and terrigenous clay minerals, and the calcareous shells of
foraminifera are susceptible to dissolution, whereby both substrates were prone to glau-
conitization. They provide initially organic-rich, semi-confined microenvironments close to
the sediment-seawater interface, with suitable post-depositional conditions for glauconite
formation, as reported in previous studies [6,12,26].

It is generally thought that the concentrations of Fe3* and K* in the seawater solution
are too low to promote glauconite authigenesis by direct precipitation, but the glauconitic
granules can gradually evolve from a neoformed Fe-rich smectite [33] through increased
layer charge and K* fixation, to establish charge balance. In fact, the chemical compo-
sition of the glauconitic minerals reported here scatters in a relatively large domain of
the 4M*Si vs. VIFe/XV! cations cross-plot (Figure 8), extending from the field of highly
evolved Fe-rich glauconites toward the Fe-smectite composition. Using the approach of
Baldermann et al. [34], it can be inferred that the first stage of the glauconitization process
is consistent with slow precipitation of an initial Fe-rich smectite-like phase in the pores of
the fecal pellets and bioclast cavities, during a lengthy period of low sedimentation rate.
The earliest phase to be formed was most likely an intergrade between nontronite and
Fe-montmorillonite end-members, which evolved to an interstratified phase becoming,
over time, more of a mica-rich glauconite-smectite mixed layer.

1 *-'\_\Muscovite
0.9 Glauconite g.'
---------- - @
0.8 . ‘ «' \\ ! o .\_.8,‘% Fe-rich

0.7 Highly
evolved
0.6 zomomeoeonsoscnsnannsos
o /
7] .
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<t
0.4
03 Symbols
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Foraminifera tests

Fast precipitation Slow precipitation
0.1 4 Montmorillonite High sedimentation rate Low sedimentation rate © Walls and septa
@ Chamber infills
0 T T T T
0 0.2 0.4 0.6 0.8 1
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Figure 8. Projection of the glauconite pellets and foraminiferal tests in the 4M*/Si vs. VIFe(II + IIT) /X
Vlcations cross-plot of Baldermann et al. [34], depicting the path of the glauconitization process from a
Fe-rich smectite precursor. The black stars represent the compositions of muscovite and montmorillonite.
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5.1. Source and Geoavailability of Iron

A promoting factor for the initial precipitation of Fe-rich smectite was the abundance
and geoavailability of iron. The radiometric age of glaucony in the study area (6.7 & 0.3 Ma,
according to Galdn et al. [19]) is consistent with the timeframe (7-8 Ma) of the weathering
processes that controlled the supergene alteration of the outcropping sulfide masses in the
nearby continent (Iberian Pyrite Belt) during the Miocene [35], when uplifted and exposed
at the surface, leading to the formation of gossans. During the Tortonian sedimentation,
the foreland basin was in fact filled with clastic debris derived from the Paleozoic bedrock,
including sulfide weathering products and gossanized rocks, due to terrigenous inputs
from the surrounding continental margin to the sea.

Acid rock drainage waters likely played an important role in delivering Fe from the
hinterland to the shelf sediments, as either nanoparticulate or dissolved materials, thereby
contributing to the supply of iron needed for glauconite formation. Detrital amorphous
Fe-oxides have been reported as the most effective Fe supplier in marine realms where
glauconitic clays formed recently [36]. The large flux of continental sulfide weathering
products probably resulted also in slightly acidic conditions that favored the development
of glauconite from a Fe-rich smectite precursor [37].

The hinterland-derived weathering products were deposited on the oxic seafloor of
the adjacent continental shelf. Under these oxidizing conditions, most of the Fe present in
detrital sediments was in the trivalent oxidation state, primarily bound to Fe oxides and
oxy-hydroxides like hematite and goethite. In this form, Fe was not originally available
for uptake during glauconitization, thus preventing or limiting the authigenic formation
of Fe-rich smectite and its subsequent transformation to glauconite. However, green-clay
authigenesis was made possible by the prolonged residence time of the sediments at or near
the interface between the oxidizing and reducing environments, where Fe3* is transiently
available as Fe?* in solution [12,38].

Results from a study of the glaucony facies along the northern margin of the Guadalquivir
Basin [39] provide evidence of the suboxic depositional setting, supported by a strong
positive Ce-anomaly in glauconite and by the occurrence of pyrite and phosphorite nodules.
Although pyrite was not observed in the sediments of the study area, the association of
glauconitized pellets with jarosite, a secondary sulfate derived from sulfide oxidation
under surface conditions, is an indirect indication of its primary occurrence.

The clay mineral assemblage of the marine mud was a heterogeneous mixture of
illite, kaolinite and smectite, as inferred from XRD data. This clay fraction of the sediment
matrix was probably the precursor material that filled the foraminiferal chambers after the
death and decay of the organisms. Accumulation of terrigenous clayey material and Fe
oxy-hydroxides nanoparticles inside foraminiferal chambers and other microfossil cavities
might have occurred as a result of the gentle winnowing action of the bottom currents [40].

5.2. Glauconite-Forming Process

The results from this study are consistent with the most widely accepted conceptual
reaction model proposed for glauconite authigenesis [2,6,28], which can be described as a
two-step evolutionary process involving: (1) early diagenetic precipitation of a precursor
Fe-smectite phase, and (2) the formation of mica-rich glauconite-smectite mixed layer
through chemical maturation.

Our findings support the hypothesis that the redox conditions necessary to produce
the solubilization of Fe(Ill) bound chemically to detrital minerals were achieved, at least
locally, within fecal pellets, foraminiferal tests and their enclosing sediments, in which
biogenic debris and bacterial activity imposed reducing conditions [26]. The microbial
oxidation of organic matter would have enhanced the dissolution of Fe oxy-hydroxides,
detrital clay minerals and carbonates under local, mildly reducing and slightly acidic
conditions, as previously reported in the literature [28,30]. This implies that Fe and a
variety of other elements, notably Si, Al, Mg and Ca, were released by reductive dissolution
reactions into the surrounding seawater and pore fluids, thus providing a basic reservoir
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of free ions in solution for the early diagenetic precipitation of Fe-smectite into the pores
and cavities of the substrates. This precursor might have derived from a reaction between
a Si-Al gel-like phase and Fe oxides [41].

Once mobilized by the reducing interstitial fluid, Fe>* might have migrated inside the
host substrates, where it was partly oxidized to Fe3*, probably induced by the mineraliza-
tion of organic matter and cessation of bacterial activity [26,42], and then stabilized in the
octahedral sheets of the newly formed Fe-smectite. It can be assumed, therefore, that fecal
pellets and microfossil cavities served as reducing microenvironments that counteracted
the oxidizing seafloor conditions to produce, at the scale of the microsystem, the redox
state initially required for starting the glauconitization.

During the progressive stages of early marine diagenesis, the Fe-smectite precursor
phase is thermodynamically unstable [42] and was subsequently transformed into glau-
conite through the formation of glauconite—smectite mixed-layer minerals. The Fe-smectite
to glauconite transformation can be viewed as a diffusion-controlled reaction [26] involving
the slow diffusive transport of dissolved ions between the interstitial solution and the
neoformed green clay.

Major chemical exchanges can be inferred from the statistical relationships between
octahedral (Fe, Al and Mg) and interlayer (K) cations of the slightly evolved glauconitic
fillings observed within the chambers of foraminiferal tests (Figure 9).
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Figure 9. Bivariate plots displaying the relationships between major elements of the green clay within
the chambers of foraminiferal tests: (a) K vs. VIFe(II + II); (b) K vs. Mg; (c) VIFe(Il + IT) vs. VIAl; and
(d) K vs. VIAL All values are expressed in atoms per formula unit (apfu). The solid line is the linear

regression fit.

5.3. Chemical Maturity

The average K,O content is generally used as the key indicator for assessing the
chemical maturity or evolutionary state of glauconitization, because the concentration
and activity of seawater K* ions have a strong influence on the progress of the glauconite-
forming process [6,43]. Accordingly, most glauconitic pellets reached a moderate to high
level of maturity, with mean K,O values of 7.88% (La Vera) and 8.06% (La Bella), while the
maturation state of the foraminiferal tests differed considerably depending on the domain
studied: the walls and septa have a moderate maturity level (7.20% K,O on average) and
the chamber fillings are slightly evolved (5.76% K,O on average). The dominant occurrence
of pelletal glauconite in the high mature state indicates that glauconitization could have
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taken between 10° and 10° years [10], which reflects a long period of residence at the sea
water-sediment interface, in sediment-starved conditions, before burial.

As noted previously, it is clear that the interlayer incorporation of K* ions increased
in the course of glauconitization and, therefore, the content of expandable smectite layers
gradually decreased in the mixed-layer mineral, even though the degree of chemical
maturity varied with the substrate nature. The high percentage of mica layers present
in the pelletal glauconite suggests that the glauconitization process reacted almost to
completion, due to the constant diffusion of seawater K* ions toward the substrate, and the
sufficient supply of Fe available for uptake. In this type of substrate, the diffusion process
was active until reaching highly mature grains, and most of the precursor Fe-smectite
phase was transformed into a mica-rich glauconite-smectite interstratified with a mean
composition of 97% mica layers and 3% smectite layers.

The foraminiferal tests are in different stages of evolution, even within a single grain.
The glauconite-smectite mixed layers of the walls and septa are composed of 93% mica
layers and 7% smectite layers on average, whereas the chamber infillings are mixed-layer
minerals consisting of 84% mica layers and 16% smectite layers. A plausible explanation
for this decreased maturity in the green clay fillings is that the glauconitization process was
stopped at an early stage before completion of the reaction, probably due to a disruption
of the ion diffusion regime. The formation of dense, impermeable microstructures during
glauconite maturation [44] caused a dramatic loss of microporosity and permeability in
the shell material through cementation, thereby reducing the rate of diffusion between
the foraminiferal chambers and the interstitial solution. The supply of K* ions might also
have been hindered by fine sediments clogging the tiny pores (5 um) of foraminifera [45].
In any case, the result is that the loss of microporosity limited the maturation process of
glauconite within the foraminiferal tests.

As a general summary, an overall sketch illustrating the evolutionary process of
glauconitization proposed in this study, for both fecal pellets and foraminiferal tests, is
shown in Figure 10.

5.4. Post-Depositional Weathering

Glauconitic minerals are highly stable and resistant to dissolution in the marine
environment [46]; however, they tend to destabilize in weathering profiles. In fact, glau-
conite grains showed some evidence of post-depositional alteration as a result of chemical
weathering processes (Figure 11).

The pelletal glauconite from La Vera and La Bella often appears surrounded by a thick
rim (<10 pm) (Figure 11a), chemically composed mainly of Fe (up to 64% Fe;O3)) and
other immobile elements like Al (up to 10.2% Al,O3) and Ti (up to 2.14% TiO,). The rims
are usually made up of nanometric inclusions of iron oxy-hydroxides, according to High
Resolution Transmission Electron Microscopy (HRTEM) observations made elsewhere [47],
and probably contain some kaolinite, which are the common products of glauconite alter-
ation under weathering conditions [48]. The ferruginous rims have encapsulated some of
the glauconite granules and sealed their surface cracks, protecting them against advanced
weathering and fragmentation.

Another indication of supergene alteration is the formation of jarosite at the expense
of pyrite closely associated with glauconite, as detected by SEM-EDS in various granules
(Figure 11b). It is noteworthy that the glauconite granules affected by this process showed
a decrease of about 25% in the K,O content with respect to the average value of the
unweathered glauconite. The hydrogen ions (H") released by the oxidative dissolution of
pyrite created an acidic microenvironment favorable to producing partial hydrolysis of
nearby glauconite grains. As a result of this hydrolytic action, the K* ions were removed
from the interlayer spaces of glauconite and became available in the aqueous solution,
to combine with Fe3* and sulfate ions released by pyrite (FeS,) oxidation, thus forming
jarosite (KFe3(504)2(OH)g) through the following reactions:

FeS, + 7/20, + HyO — Fe?* + 2504~ + 2H"
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2Fe** +1/20, + 2H* — 2Fe®* + H,O
K* + 3Fe3" + 25042 + 7H,0 — KFe3(SO4)2(OH)g + 6H*

The compositional zoning displayed by the vast majority of the pale green glau-
conitic pellets from the La Tinajita occurrence (Figure 11c) can be also attributed to post-
depositional effects. The EPMA data revealed that there is a decrease in the Fe;O3y), K;O
and MgO contents of the glauconitic material toward the periphery of the grains, as well
as along the fractures, and an increase in the Al,O3 content relative to the cores, thus
following a pattern similar to the reverse glauconitization [5,49]. This concentric zoning is
typical of glauconite that undergoes degradation by the action of meteoric water [50].
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Figure 10. Schematic evolution of the glauconitization process in fecal pellets (a) and foraminiferal
tests (b), highlighting the three main stages involved in the development of glauconitic minerals (see
explanation in the text for details).
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Figure 11. SEM/BSE images showing certain effects due to post-depositional evolution: an ovoidal glauconite pellet

rimmed by Fe oxides (a); a K-poor glauconite associated with jarosite (b); a zoned pellet from La Tinajita in which the

change from the inner to the outer zone is marked by a decrease in the contents of Fe; O3 and K»O (c). Scale bar (c): 50 um.
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6. Concluding Remarks

This study has revealed that green marine clay of the glaucony facies is heterogeneous
in mineral and chemical composition, reflecting a complex interaction of substrate influ-
ences, environmental factors, and post-depositional effects. Highly porous substrates, a
reductive microenvironment, sufficient iron availability, and residence for lengthy periods
at or near the water—sediment boundary (depositional hiatus) have been suggested as
some of the key factors driving the glauconite-forming process. A range of recognizable
substrates was susceptible to glauconitization, with fecal pellets and foraminiferal tests
being the most favorable. However, not all substrates were equally conducive to the
progress of the reaction, as evidenced by the occurrence of glauconite at different evo-
lutionary stages in the same stratigraphic level. The proportion of mica-type layers in
the glauconite—smectite mixed layers seems to be a reasonable basis for distinguishing
between the various evolutionary stages. The glauconite pellets reached the most evolved
stage, with 97% of mica layers on average, while the bioclasts displayed different degrees
of maturation, even within a single grain, ranging from 84% (chamber infillings) to 93%
(shell replacements) of mica layers. The results highlight the importance of addressing this
grain-scale compositional heterogeneity if the glauconitization process is to be accurately
documented, and glauconite is to be used for the isotopic dating of condensed stratigraphic
sections. For geochronological purposes, the highly evolved, K-rich pelletal glauconite
grains should be exclusively selected.
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