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ABSTRACT

Macroids, cm-sized biogenically coated grains made of associations of metazoans or protozoans, accu-
mulate in some high-frequency sedimentary sequences of the upper Hauterivian to lower Barremian
Agua de la Mula Member of the Agrio Formation in the Neuquén Basin (northern Patagonia, Argentina).
The macroids studied are sub-spheroidal and sub-discoidal in shape, 2—3 cm in diameter and 1—2 cm in
height. Each macroid is characterised by a rough, weakly bored surface, encrusted by oysters, serpulids,
and small, dome-shaped bryozoan colonies. The growth arrangement consists of locally concentric,
agglutinated encrusting foraminifers growing above and around skeletal nuclei. The accumulations of
macroids on top of some starvation hemi-sequences during the latest Hauterivian 3rd-order trans-
gressive systems tract help in understanding the palaeoenvironmental conditions at the onset of high-
frequency regressions, characterised by low but persistent sedimentation rates and a generally low-
energy environment. Mineralisation of sand-sized glauconite and apatite grains suggests ephemeral
periods of reduced sedimentation or non-deposition. Pyrite framboid size-distribution indicates the
upper dysoxic zone with oxygen restrictions. The re-establishment of terrigenous sediment input
following transgression promoted eutrophication of the water column. Under such palaeoenvironmental
conditions, benthic life was represented mainly by species able to thrive with eutrophicated, oxygen-
poor waters at the sediment-water interface. This setting excludes activity of borers during the forma-
tion of macroids. Macroids result pivotal in understanding palaeoecology of inherent benthic commu-
nities and in refining the interpretation of palaeoenvironmental parameters in mixed siliciclastic-
carbonate ramp systems.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Coated grains, traditionally subdivided in biogenic and chemical
precipitates, consist of cm-sized carbonate and non-carbonate

from shallow to deep sea. Among the biogenically coated grains,
oncoids, rhodoliths, and macroids represent the most common
grain types. They are composed of an organic or inorganic nucleus
coated by diverse biogenic envelopes arranged in a great variety of

material. They occur in a wide variety of environments ranging growth forms (e.g., Bosellini and Ginsburg, 1971; Bosence, 1983;
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Catalov, 1983; Fliigel, 2004). Like chemical coated grains, biogenic
ones have been recognised as useful palaeoecological and palae-
oenvironmental indicators (e.g., Bosence, 1983; Scoffin et al., 1985;
Reid and Macintyre, 1988; Toomey et al., 1988). Classification of
biogenically coated grains is mainly based on differentiating biotic
constituents. Presently, red algae are considered to be main
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constituent of rhodoliths, while non-red algae, cyanobacteria, and
bacteria represent the dominant component of oncoids (e.g.,
spongiostromate and porostromate oncoids; Peryt, 1983). When
encrusting metazoans or protozoans (occasionally associated with
coralline algae) are significant constituents of cm-sized (>10 mm)
coated grains, these biogenic nodules are named macroids
(Hottinger, 1983; Peryt, 1983; Fliigel, 2004). Calcareous and/or
agglutinated encrusting foraminifers are the dominant constituents
of macroids, forming randomly arranged growth forms attached to
hard surfaces such as bioclasts. These macroid pavements are
commonly found both in modern environments and in the fossil
record. Examples from Recent tropical marine depositional settings
are macroids formed by encrusting foraminifers and coralline red
algae, termed both ‘foraminiferal algal nodules’ and ‘for-algaliths’
(e.g., Reid and Macintyre, 1988; Prager and Ginsburg, 1989; Bassi
et al., 2012). Foraminiferal macroids (‘zoogenic oncoids’; Catalov,
1983) formed by the hyaline genera Acervulina, Gypsina and the
agglutinated genus Haddonia are common constituents of Cenozoic
reef carbonates (e.g., Perrin, 1992; Bosellini and Papazzoni, 2003;
Varrone and d’Atri, 2007). Large bioherms up to 1 m in height
extending for several kilometres framed by the agglutinated fora-
minifer Bdelloidina occur in the Lower Cretaceous inner carbonate
platform facies of the Urgonian of Haute-Savoie, France (e.g.,
Schulte et al., 1993; Wernli and Schulte, 1993). Cyanobacteria and
algae associated with encrusting foraminifers have been described
from the Upper Frasnian unit of Belgium (Denayer, 2018) and the
lower Permian units of southern Kansas, northern Oklahoma,
Texas, and southern New Mexico, variously named ‘algal biscuits’
and ‘osagic grains’ (e.g., Johnson, 1946; Toomey et al., 1988; Scholle
et al., 2016). Major attention was also paid to the study of the role of
encrusting foraminifers in the growth of deep-sea non-carbonate
macroids (i.e., manganese nodules) and crusts, since the discovery
of these firmgrounds (e.g., Wendt, 1969; Tucker, 1973; Greenslate,
1974; Dugolinsky et al., 1977; Mullineaux, 1988; Pattan, 1993).
Several benthic foraminifers have been observed attached to
manganese nodules and interpreted as active builders of such
nodules. Commonly, dark ‘pillar-like structures’ or ‘stromatolitic’
columns are the accretionary growth structures built up by agglu-
tinated encrusting foraminifers (e.g., Wendt, 1974; Hornung et al.,
2007; Rodriguez-Martinez et al., 2011; Scholle et al., 2016).

Trophic resources, defined by Hallock (1987) as nutrients
available to primary producers and organic carbon available to
consumers, constituting the trophic resource continuum (TRC),
have been recognized as highly relevant in shaping the configura-
tion of communities and their development through time. A low
trophic resource level, known as oligotrophy, is associated with
highly complex and diverse communities, while at the other end of
the continuum, eutrophic waters promote the development of low-
diverse biocoenoses dominated by opportunistic species, with low
preservation potential. Besides, high levels of nutrients and organic
matter might generate a reduction in available oxygen that in-
troduces further stress to the ecosystem (Hallock, 1987, 1988;
Lukasik et al., 2000).

Macroids were mentioned by Archuby (2009) and Archuby and
Fiirsich (2010) from two different stratigraphic sections (i.e., Agua
de la Mula and Bajada del Agrio) of the upper Hauterivian to lower
Barremian Agua de la Mula Member of the Agrio Formation (Neu-
quén Basin, northern Patagonia, Argentina). The authors reported
‘nodular foraminiferal buildups’ forming knobby pavements and
dome-like structures in terrigenous sediment-starved deposits.
Although agglutinated encrusting foraminifers are common in
terrigenous starved beds, the presence and eventual accumulation
of macroids is exceptional occurring on top of some starvation
hemi-sequences (sensu Archuby and Fiirsich, 2010) in relatively
deep settings tending to eutrophication. Records of encrusting
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foraminifers from the Agua de la Mula Member are limited to the
calcareous taxon Webbinella sp. (Ballent et al.,, 2006) and to an
agglutinated specimen referred to Tolypammina vagans Brady
encrusting a nautiloid shell (Luci and Cichowolski, 2014).

The Agua de la Mula Member in the study area constitutes the
infill of a siliciclastic and mixed siliciclastic-carbonate homoclinal
ramp system in a proximal position within the Neuquén Basin
(Spalletti et al., 2001; Archuby et al., 2011). Oligotrophic carbonates
(i.e., coral reefs) are restricted to the top of the member. Conversely,
siliciclastic-dominated intervals fed by a regular supply of terrige-
nous sediments and deposited under more eutrophic conditions
are widespread in the sedimentary succession. The palaeogeo-
graphic context suggests a warm-temperate climate, during which
sedimentary facies were punctuated by high-frequency (6th-order)
sequences dominated by thin transgressive systems tracts and thick
regressive (progradational) highstand systems tracts (Sagasti,
2005; Archuby and Fiirsich, 2010; Archuby et al., 2011; Guler
et al., 2013). New surveys of the Agua de la Mula and Bajada del
Agrio localities allowed us to obtain additional data for the char-
acterisation of these macroids with regard to both, the encrusting
fauna and associated (bio)mineralisations (i.e., spherical clusters of
framboidal pyrite and glauconite). Here, we take a closer look at the
material previously reported by Archuby (2009) and Archuby and
Fiirsich (2010) in order to (1) describe the distinct encrusting as-
semblages and their growth forms, (2) characterise the (bio)min-
eralisations, (3) evaluate the occurrence of macroids along the
upper Hauterivian sedimentary sequences, and (4) provide new
evidence to improve the interpretation of the palaeoecological and
palaeoenvironmental significance of the encrusting community
forming macroids in the Agua de la Mula Member.

2. Geological setting

The Neuquén Basin is a triangular-shaped basin located on the
eastern side of the Andes (west-central Argentina), between lati-
tudes 32° and 40° S (Fig. 1). The basin is filled with an up to 7000-
m-thick Upper Triassic—lower Cenozoic sedimentary succession
recording a wide variety of depositional settings (Legarreta and
Uliana, 1991; Howell et al., 2005; Schwarz et al., 2016). The sedi-
mentary fill of the Neuquén Basin accumulated during different
tectonic phases, including syn-rift, post-rift and foreland stages
(Legarreta and Uliana, 1991; Vergani et al., 1995; Howell et al,,
2005). The Agrio Formation (early/late Valanginian-early Barre-
mian) represents the last unit of the Mendoza Group, which records
the post-rift infill during the back-arc stage of the Neuquén Basin
(Vergani et al., 1995; Howell et al., 2005). The unit is widespread in
the Neuquén Basin both in outcrop and subsurface, from the
northern Mendoza Province to the southern Huincul Ridge (Leanza
et al,, 2001; Spalletti et al., 2001, 2011). It conformably overlies the
marine and continental deposits of the Mulichinco Formation
(Valanginian) and is covered discordantly by sandstones, evaporites
and limestones of the Huitrin Formation (Barremian). It has tradi-
tionally been divided into three members (Weaver, 1931; Leanza
et al,, 2001): the (lower) Pilmatué, (middle) Avilé, and (upper)
Agua de la Mula. The lower and upper members of the unit consist
of thick, richly fossiliferous, rhythmic successions made of marine
mixed siliciclastic and carbonate deposits (i.e.,, mudrocks, marl-
stones, limestones, sandstones) separated by the Avilé continental
sandstones (Leanza et al., 2001; Archuby and Fiirsich, 2010;
Archuby et al., 2011; Spalletti et al., 2011).

The Agua de la Mula Member (late Hauterivian—early Barre-
mian), which contains the deposits analysed, is an up to 1000-m-
thick package of distal (low sedimentation rate dominated) mixed
siliciclastic-carbonate to proximal (high sedimentation rate
dominated) ramp deposits (Spalletti et al., 2001; Archuby and
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Huitrin Formation

Fig. 1. A) Geographic position of the Neuquén Basin and location of the measured stratigraphic sections, Agua de la Mula and Bajada del Agrio (modified from Archuby et al., 2009).
Grey solid line: Neuquén Basin boundary; thinner grey lines: National Routes; dotted line: political boundary between Chile and Argentina. Scale bar = 200 km. B, C) Google Earth
satellite images showing the outcrops of the Agua de la Mula Member at Agua de la Mula (B) and Bajada del Agrio (C) sections. Dotted lines: lithostratigraphic boundaries; black

solid segments: transect of sampled sections. Scale bars = 500 m.

Fiirsich, 2010; Archuby et al., 2011). The unit constitutes, together
with the lower and middle members of the Agrio Formation, a
2nd-order sedimentary sequence (Upper Mendoza Mesose-
quence; Legarreta and Gulisano, 1989; Legarreta and Uliana, 1991;
Spalletti et al., 2001). The marine deposits of the upper member
are embedded between two continental lithostratigraphic units
recording important regressive packages, the Avilé Member
below and the Huitrin Formation above. The deposition of the
Agua de la Mula Member begins with the re-establishment of
marine conditions following the relative sea-level drop docu-
mented by the abrupt deposition of fluvial sandstones of the Avilé
Member above the deep marine shales of the Pilmatué Member
(Veiga et al., 2002). High-frequency cyclicity is an outstanding
feature of the Agua de la Mula Member (Legarreta and Gulisano,
1989; Legarreta and Uliana, 1991; Spalletti et al., 2001; Archuby
and Firsich, 2010; Archuby et al.,, 2011). In the northern to
southern Neuquén Basin, various examples of high-frequency
cyclicity of the Agua de la Mula Member clearly stand out in
the stratigraphic sections, from the southern Mendoza province
(Sagasti, 2000) to the northern and central Neuquén province
(Loma La Torre and Bajada del Agrio sections; Spalletti et al.,
2001; Archuby and Fiirsich, 2010; Archuby et al., 2011; Comerio
et al., 2019; Kietzmann and Paulin, 2019).

2.1. Stratigraphic sections

Two stratigraphic sections of the Agua de la Mula Member of the
Agrio Formation, i.e. Bajada del Agrio and Agua de la Mula (here-
after BAL and AM respectively), were measured (Fig. 2). Both

sections conformably overlie the medium-to coarse-grained con-
tinental sandstones of the Avilé Member (Fig. 3A, B). The top of the
unit is well marked by fluvial coarse-grained sandstones and gyp-
sum layers of the Huitrin Formation at the Bajada del Agrio locality
and is poorly exposed at the Agua de la Mula locality (Fig. 3C, D).
Both sections consist of thin-bedded dark shales and argillaceous
marlstones intercalated between bioclastic carbonates (grainstone/
packstone and locally floatstone to rudstone) and subordinated
sandstones (Archuby and Fiirsich, 2010; Spalletti et al., 2011 and
references therein).

2.1.1. Bajada del Agrio section

The section is situated on the right side of the Agrio river,
approximately 10 km southwest of the locality Bajada del Agrio,
along the Provincial route 14 (Fig. 1). The base of the section con-
sists of laminated dark shales and marly shales resting on ripple-
laminated fine-to medium-grained sandstones and siltstones
with desiccation cracks of the Avilé Member. Dark marlstones and
marly shales, with a dispersed benthic macrofauna of gastropods,
bivalves, and echinids and interbedded shell beds (25—90 cm in
thickness), and fine-grained bioturbated sandstones (3—5 c¢m in
thickness) dominate the first 200 m of the section (Spitidiscus ric-
cardii and lower part of Crioceratites schlagintweiti Zone; Aguirre-
Urreta, 1995; Aguirre-Urreta and Rawson, 1997). Fine-grained rip-
ple-laminated sandstones occur in the uppermost few metres. They
are followed by high-frequency sequences consisting of rhythmic
alternations of dark mudrocks and siltstones with fine-to medium-
grained condensed sandstones (20—40 cm in thickness) (upper part
of the C. schlagintweiti and C. diamantensis Zone; Aguirre-Urreta
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Fig. 2. Simplified stratigraphic sections of the Agua de la Mula Member (see Archuby and Fiirsich, 2010 for further details) with locations of the macroid deposits/pavements.
Ammonite biozones and sequence stratigraphy from Archuby et al. (2009). DSAM: Depositional sequence of the Agua de la Mula Member; LST: Lowstand systems tract; MFZ:
Maximum flooding zone; HST: Highstand systems tract; FSST: Falling stage systems tract; SBAM: Sequence boundary within the Agua de la Mula Member; TST: Transgressive

systems tract; RST: Regressive systems tract; TS: Transgressive surface.

and Rawson, 1997). Heterolithic and hummocky cross-stratified
sediments and bioturbated fine-grained sandstones are common
features of the upper part of the C. diamantensis Zone. Thin knobby
pavements made of macroids occur within a 40-m-thick interval
(from ca. 310—350 m; Fig. 2) and rest on the top of some condensed
beds, the latter consisting of coarse-grained mixed rocks (e.g.,
sandy allochemic limestones, bioclastic sandstones; C. diamantensis
Zone). Above, a marked increase in carbonate content is recorded
by limestones, marly limestones, and calcareous marlstones inter-
bedded between poorly bioclastic mudrocks and subordinate fine-
to medium-grained sandstones with ripple lamination (Para-
spiticeras groeberi Zone; Aguirre-Urreta et al., 2005). Thick oolitic
beds (2—5 m in thickness) with grainstone/packstone textures are
important constituents of this last part of the section). They are
composed of poorly sorted ferruginous ooids and shell fragments
scattered in a fine-grained siliciclastic matrix. Glauconite grains
also occur. Small and scattered coral patch reefs rest at the top of
the condensed sandstones. Barren medium-grained sandstones
with ripple lamination occur just below the sandstone and gypsum
layers of the Huitrin Formation. The boundary is a low-angle
unconformity.

2.1.2. Agua de la Mula section

The AM section is located ca 90 km south of the locality Chos
Malal, Neuquén Province, approximately 5 km east of National
Route 40 (Fig. 1). Dark sandy calcareous shales and marlstones,
rich in gastropods and articulated bivalves, with intercalated thin,
fine-to medium-grained sandstones (Spitidiscus riccardii Zone;
Aguirre-Urreta, 1995; Aguirre-Urreta and Rawson, 1997) overlie
medium-to coarse-grained sandstones of the Avilé Member. Thin,
loosely packed shell beds also occur. As in the BAL section, they are
followed by high-frequency sequences consisting of rhythmic al-
ternations of dark bioturbated mudrocks/siltstones and thick fine-
to medium-grained condensed sandstones (30—80 cm in thick-
ness) (C. schlagintweiti and lower part of the C. diamantensis Zone,
Aguirre-Urreta and Rawson, 1997). Ripple- and hummocky cross-
stratified fine-to medium-grained sandstones dominate the up-
per portion of this interval. Characteristically, the macrofauna of
the sediment-starved basal beds of each high-frequency sequence
is mainly composed of gastropods and bivalves and contains am-
monites, their upper surfaces encrusted by oysters and serpulids.
Glauconite grains are also present. Macroids generally occur at the
top of thick and complex starvation hemi-sequences within a 55-
m-thick interval (from 330 up to 385 m; Fig. 2) (C. diamantensis
Zone). In some cases, densely packed accumulations of macroids
form domal structures ranging from a few decimetres to 1 m.
Poorly fossiliferous fine-grained carbonate sandstones and marl-
stones, and interbedded bioturbated calcareous mudrocks and
subordinate siltstones characterise the upper part of the
C. diamantensis Zone. Oolitic beds (20—50 cm in thickness) with
grainstone/packstone texture and associated micritic bioclastic
floatstones and rudstones record an increased carbonate content
up-section. Ferruginous ooids and glauconite grains are common
constituents of the rocks. Coral patch reefs occur at the top of the
oolitic beds. Fine-grained mudrocks are intercalated between fine-
to medium-grained sandstones with ripple and hummocky cross-
lamination up to ca. 430 m of the section. The last part of the
section is poorly exposed and barren. Fine-grained sandstones
probably belonging to the overlying Huitrin Formation were
observed.

3. Material and methods

Macroids analysed in this study were collected at the localities
Bajada del Agrio and Agua de la Mula, in the transgressive systems
tract of the 3rd-order sedimentary sequence DSAM-3 (Archuby
et al.,, 2011). Samples were observed under the binocular micro-
scope; thin-sections were examined and described with the optical
microscope Nikon Eclipse E200 and were also studied under the
Philips XL20 Scanning Electron Microscope (SEM). Besides, energy-
dispersive X-ray (EDX) spectra and element mapping were per-
formed in order to characterise the morphology and test miner-
alogy of encrusting agglutinated foraminifers and pyrite framboids.
The semi-quantitative chemical analysis was performed with a
voltage of 20 kV. Measurements of framboid diameters and sizes
were taken from selected SEM pictures. Repository: Museo Pro-
vincial de Ciencias Naturales "Dr. Prof. Juan A. Olsacher", Zapala,
Neuquén Province, Argentina. Paleomicroinvertebrates collection.
Institutional abbreviation: MOZ-Pm.

4. Description of macroids

Macroids consist of cm-sized nodules, sub-spheroidal/sub-
discoidal in shape, formed by an assemblage of benthic macro-
faunal remains and an encrusting community of microorganisms,
mainly agglutinated foraminifers and associated bryozoans and
serpulids (Fig. 4). Typical continuous laminations made of algal
encrusters are missing. Each macroid, being 2—3 cm in diameter
and 1-2 cm in height, was for the major part built by agglutinated
encrusting foraminifers that grew attached to nuclei composed of
skeletal remains, mostly oyster and other, undetermined, bivalve
bioclasts. Macroids form pavements occurring both separated from
each other in a fine-grained siliciclastic matrix and in large clusters.

4.1. Macroscopic and thin-section analysis

The external surface of macroids is generally rough and weakly
bored, and encrusted by oysters and bryozoans. The encrusting
bryozoans are fairly well-preserved, most of them showing affin-
ities with the Lower Cretaceous cyclostome fauna reported from
the Agrio Formation (Taylor et al., 2009). Colonies consist of flat and
warty small masses less than 3 mm thick, cemented to the skeletal
substrate composed of oysters and other bivalve bioclasts (Fig. 5A).
Tubular zooids with ovoidal apertures are visible. The bryozoan
colonies are up to 5 mm in diameter and are separated from each
other by a few mm. Also, solitary serpulids consisting of long,
convoluted tubes with meander turns and smooth surfaces co-
occur with bryozoans on the macroid surfaces (Fig. 5B).

Internally, agglutinated foraminifers encrust skeletal nuclei,
growing irregularly and producing complex structures (Fig. 6A, B).
In some cases, bioclastic nuclei are coated with pyrite framboids
seen on foraminiferal attachment surfaces (Fig. 6C) and, in contrast
to the external macroid surface, nuclei have not been affected by
bioerosion. As is well known, growth and development of the
encrusting foraminiferal tests reflect the morphology of their sub-
strate, both inorganic (i.e., hardgrounds, Mn-nodules, debris ma-
terial; e.g., Mullineaux, 1988; Gischler and Ginsburg, 1996; Resig
and Glenn, 1997) and organic (i.e., hardparts of invertebrates; e.g.,
Kidwell and Jablonski, 1983; Jones and Hunter, 1995; Richardson-
White and Walker, 2011), producing irregularly and variably ar-
ranged chambers. In some of our examples, the shape of the
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Fig. 3. A, B) Basal contact between the Agua de la Mula Member and continental sandstones of the Avilé Member at the AM (A) and BAL (B) sections. C) Upper contact between the
Agua de la Mula Member and the Huitrin Formation at the BAL section. D) Detail of the uppermost part of the BAL section showing coarse-grained fluvial sandstones (Lower
Troncoso Member) and gypsum (Upper Troncoso Member) layers of the Huitrin Formation unconformably overlying fine-grained sandstones of the Agua de la Mula Member.

foraminiferal attachment surfaces reflects the concavo-convex
pattern of the bioclast they encrust (Fig. 6D). The initial convex-
upward growth of the encrusting foraminifers took place on any
point of the available bioclast surface, in a similar way to that
described by Wendt (1974), Toomey et al. (1988), and Scholle et al.
(2016). Two main growth forms were observed: (1) a densely
curved morphology consisting of superimposed agglutinated
encrusting foraminiferal tests (Fig. 6E), and (2) a gentle wavy
morphology of foraminiferal encrustations with a fashion similar to
small-scale stromatolitic structures (Fig. 6F) (e.g., Wendt, 1969;
Tucker, 1973; Rodriguez-Martinez et al., 2011). Size of the tests and
shape of the chambers are very irregular in both cases. The prox-
imity and overlap between different foraminiferal tests produce
strongly variable outlines of macroids in thin-sections. Test
arrangement as tangled masses makes it difficult to trace and
identify the growth of individuals from randomly oriented thin-
sections. Some specimens of encrusting foraminifers tentatively
have been compared with the genera Haddonia Chapman, 1898
(Family Haddoniidae), Alpinophragmium Fliigel, 1967, Bdelloidina
Carter, 1877 and Coscinophragma Thalmann, 1951 (Family Cosci-
nophragmatidae). For the time being, these studied specimens are
considered to differ from the above-mentioned genera and are kept
in open nomenclature. An in-depth characterisation of proloculus
and apertures is still missing but required to resolve the taxonomic
and systematic position of the specimens. Elongate depressions
similar to slight pits locally separate foraminiferal growth stages

around skeletal nuclei (Fig. 6G). These columnar areas are filled
with the same fine-grained siliciclastic matrix occurring between
macroids and contains fine-bioclastic debris. Agglutinated tubular
foraminifers with an imperforate arenaceous wall (Tolypammina?)
are also associated. Encrusting foraminifers with calcareous test
were not observed, while infaunal benthic foraminifers are rare in
the matrix, represented by rare polymorphinids.

4.2. SEM analysis

SEM semiquantitative analysis revealed that pyrite framboids
occur scattered in the fine-grained siliciclastic matrix as well as
filling the chambers of the encrusting foraminifera. In some cases,
framboids were observed coating the bioclasts surrounded by
foraminiferal encrustations. Framboids show a wide size distribu-
tion ranging from 2.5 to 25 um in diameter (mean size 9.5 pm), but
most of them range from 8 to 10 um. EDX spectra show that the
smallest fraction of framboids (<6 pwm) preserves the original pyrite
composition, while in the remaining ones degradation of sulphur
concentration is a common feature (Fig. 7) leading to the formation
of iron oxyhydroxide. This pseudomorphic transformation affected
the original chemical composition of pyrite due to subsequent
exhumation and exposure to oxygenated waters (e.g., Merinero
et al, 2009, 2010), but preserved the original framboidal
morphology and size distribution. Authigenic glauconite also
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Fig. 4. Macroids from the AM section showing the characteristic sub-spheroidal and sub-discoidal shapes. A-C) Outer surface with the characteristic warty protuberances. D-F)
Lower side with weakly flattened and depressed area in the centre. Encrusting oysters are visible on both sides of the macroids. Scale bar = 1 cm. Collection numbers: MOZ-Pm 001
(A); MOZ-Pm 002 (B); MOZ-Pm 003 (C); MOZ-Pm 004 (D); MOZ-Pm 005 (E); MOZ-Pm 006 (F).

occurs, scattered in the siliciclastic matrix as dark-green sand-sized
grains.

Foraminiferal tests show clear peaks of Si, Al, Na, K, Ca, P and
traces of Fe (Fig. 8). Wall test composition is dominated by Si, with
subordinate Al, Na, and K, consistent with an agglutinated test
(sand and silt grains). Wall test thickness is 0.05 to 0.020 mm. High
content of Si suggests the presence of detrital quartz as dominant
component of the tests, while Al, Na, and K suggest feldspar grains
and clay particles as additional components. Ca and in minor pro-
portion P are dominant within the foraminiferal chambers, sug-
gesting calcite and apatite as common fill minerals. Traces of Fe are
related to framboidal pyrite that locally replaced the infilling.

5. Discussion

Macroids of the upper Hauterivian marine beds of the Neuquén
Basin stand out in being fully constructed by encrusting aggluti-
nated foraminifers, developing a peculiar (half) nut-like shape. It is
well known that such biogenic structures are valuable tools to
refine the interpretation of environmental parameters that control
sea floor conditions (e.g., Wendt, 1969, 1974; Tucker, 1973; Reid and
Macintyre, 1988; Toomey et al., 1988; Rodriguez-Martinez et al.,
2011). The macroids studied provide information on sedimenta-
tion rate, oxygen level, and water energy during deposition of 3rd-
order transgressive systems tracts, allowing to integrate these pa-
rameters with previous sequence-stratigraphic reconstructions and

to better characterise important shifts in the depositional
dynamics.

5.1. Palaeoenvironmental interpretation

5.1.1. Sedimentation rate and water energy

Internal growth fabric of the Agua de la Mula Member macroids
resembles both ‘algal-foram growth’ and ‘pillar-like structures’,
described by Toomey et al. (1988) and Wendt (1969), respectively
although differing in some aspects. In our case study, the complex
arrangement of agglutinated encrusting foraminifers reveals un-
broken surfaces of the foraminiferal tests suggesting that no
interruption of growth occurred. Unlike the ‘pillar-like structures’
found in the Carnian Hallstatt Limestones (Wendt, 1969, 1974),
where the accretionary growth of organic microstructures is
interrupted by deposition of ferromanganese crusts, our macroids
show no evidence of such hard surfaces in spite of the similarities in
the geochemical composition. Ferromanganese crusts and nodules
are common in poorly oxygenated marine depositional settings,
characterised by very low sedimentation rates and submarine
erosion in sediment-starved environments (e.g., Jenkyns, 1970;
Kennedy and Garrison, 1975; Fiirsich et al.,, 1992; Wilson and
Palmer, 1992; Firsich and Pandey, 2003; Taylor and Wilson,
2003). As documented by Rodriguez-Martinez et al. (2011), set-
tings with very low sedimentation rates offered suitable substrates
for the growth of Tolypammina columns or pillar clusters, while
under moderately reduced sedimentation rates, foraminiferal
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Fig. 5. A) Bryozoan colonies encrusting oyster bioclasts. Bryozoan tubular zooids with
ovoid apertures are preserved. B) Convoluted tubes of serpulids growing across the
macroid surface. Br: bryozoan colonies; Oy: oysters. Scale bars = 2 mm. Collection
number: MOZ-Pm 007 (A-B).

colonies are less widespread, although Tolypammina individuals are
present. Many authors have long discussed the role played by
encrusting foraminifers in the formation of ferromanganese crusts
and nodules (e.g., Greenslate, 1974; Wendt, 1974; Dugolinsky et al.,
1977; Mullineaux, 1988). A possible active role of foraminifers in
ferromanganese precipitation has been suggested for Recent and
fossil manganese nodules, leading to the general view that fora-
minifers can secrete organically bound iron cement. Moreover,
several cases of framboidal pyrite filling chambers or tests of mi-
crofossils have been reported from marine sedimentary rocks of
different ages and related to diagenetic processes (e.g., Love and
Murray, 1963, 1984; Love, 1971; Pollastro, 1981; Shroba, 1993). Ex-
amples of pyrite framboids disseminated throughout sedimentary
facies and partially replacing shells or infilling foraminiferal
chambers have been already reported from the Agua de la Mula
Member (e.g., Sagasti, 2000; Archuby, 2009; Comerio et al., 2018,
2020). The occurrence of framboids is often closely associated with
the availability of organic matter, both present in the surrounding
sediment as well as forming the soft parts of the fossil “hosts” (e.g.,
foraminifers, ostracods, phytoplankton). Remains of organisms
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represent the prime nourishment for sulfate reducing bacteria, thus
promoting iron sulfide deposition (Brett and Allison, 1998).
Physico-chemical reactions during burial, or soon after, occurring
on the organic matter present both in the siliciclastic matrix and in
the interior of the foraminifera chambers are generally invoked for
the formation of diagenetic pyrite framboids (Berner, 1984).

In our examples, the products of bacterial activity (i.e., pyrite
framboids) were observed as (1) infilling of foraminiferal chambers
and (2) in-between bioclasts and foraminiferal tests. In the first
case, where foraminiferal chambers acted as receptacles for fram-
boidal pyrite, bacterial activity likely occurred during early
diagenesis. The possibility that foraminifers were alive at the time
of bacteria activity cannot be totally dismissed, based on findings of
iron concentrations in the foraminiferal protoplasm in laboratory
cultures (e.g., Hedley, 1963; Leiter and Altenbach, 2010). In the
second case, the remarkable arrangement of framboidal pyrite al-
lows us to speculate on the role played by encrusting foraminifers
during framboid formation, as well as on the possible relationship
between foraminifers and bacteria. We observed cases, in which
bivalve bioclasts encrusted by agglutinated foraminifers show
framboids occurring at the start of foraminiferal test growth
(Fig. 6C, E). Pyrite framboids appear encased between the external
surfaces or localised points of encrusted bivalve fragments and
foraminifers, making these mineral aggregates a clue for likely
bacterial-foraminiferal interaction. Evidence supports the idea that
organic molecules secreted by foraminifers may have encouraged
the activity of sulfate reducing bacteria, thus promoting iron-
sulfide production. In this view, organic substances (i.e., acid mu-
copolysaccharides) secreted by foraminifers (DelLaca and Lipps,
1972; Langer, 1993) acted both as cementing glue supporting the
attachment to the skeletal fragment, as well as reactive organic
matter available for bacteria proliferation (Graham and Cooper,
1959; Meyer-Reil and Koster, 1991; Richardson and Cedhagen;
2001). Moreover, pyrite framboids would have been a further
agent stabilising foraminifers on the bioclast. Different survival
strategies have been discussed for benthic foraminifers thriving in
apparently unfavourable environments (e.g., symbiotic sulfur
oxidizing bacteria, kleptoplastidy, peroxisome proliferation,
commensalism; Bernhard and Buck, 2004; Bernhard and Bowser,
2008).

Considering all the above, low but persistent sedimentation
rates should be invoked for the development of the analysed
macroids. Similar environmental conditions influence growth rates
of present-day reef and deeper-water macroids (Bassi et al., 2012,
2020). This setting would have inhibited formation of true hard-
ground surfaces. Prolonged exposure of sea floor is known to pro-
mote mineralisation of substrates, thus providing a renewable
supply of potassium, iron, and phosphate ions for the formation of
glauconite and phosphate (Bromley, 1967; Kennedy and Garrison,
1975). Small amounts of glauconite and apatite, the former scat-
tered in the siliciclastic matrix and the latter filling foraminifera
chambers, indicate that mineralisation occurred throughout
growth of the macroid pavements. Nevertheless, these minerals
occur as minor constituents, indicating that strong glauconitisation
and phosphatisation did not occur. The amount and kind of min-
eralisation suggest only ephemeral periods of reduced sedimenta-
tion or non-deposition. During these temporary submarine
exposures, each nucleus of a future macroid acted as hard substrate,
which was subsequently coated by pioneering encrusting
foraminifers.

Episodic moderate to high energy events (i.e., storms), as well as
bioturbation are invoked to explain both the complex arrangement
of some foraminiferal encrustations and the distribution of bryo-
zoans and serpulids on the external surfaces of macroids. Frequent
overturns are considered as a necessary mechanism of nodule
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Fig. 6. Internal growth fabric of macroids. A, B, E) Agglutinated f

raminifers encrusting the whole surface of skeletal nuclei. C) Detail of encrusting agglutinated foraminifers around
a bioclastic nucleus. Note how the bioclast surface is coated by pyrite framboids at foraminiferal attachment surfaces. D) Encrusting agglutinated foraminifers showing the
characteristic convex-upward growth reflecting the concavo-convex attachment surface of the skeletal nucleus they encrust. F) Gentle wavy morphology of foraminiferal tests with
a fashion similar to small-scale stromatolitic structures. G) Foraminiferal chambers arranged in an irregular, sub-concentric manner; note overlap of the chambers, hampering
recognition of isolated individuals. Circled area highlights an elongate depression separating foraminiferal growth stages infilled by fine-grained siliciclastic matrix rich in fine-
bioclastic debris. F: foraminifer; Bi: bioclast; Oy: oyster; S: serpulid; E: echinoderm; Tp: ?Tolypammina; P: pyrite framboid. Scale bars = 1 mm.
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Fig. 7. SEM photomicrographs of pyrite framboids. A-D) EDX mappings showing framboidal pyrite in the interior of a foraminifer chamber. Apatite and calcite represent the filling
minerals, as P and Ca dominate in the interior of the chamber (B, C). Scale bars = 100 pm. E) Detail of pyrite framboids of different sizes and related EDX spectra showing S and Fe
concentrations. Scale bar = 25 pm. F) SEM image of a cluster of pyrite framboids of different sizes in the fine-grained siliciclastic matrix. Scale bar = 10 um. G, H) EDX spectra of two
framboids shown in (E), marked as Spectrum 109 and 110. Note that in the smaller framboids (Spectrum 110) Fe and S are preserved, whereas in the largest framboid (Spectrum 109)

degradation of sulphur concentration is evident.

formation by different authors, who suggested a relationship be-
tween internal growth form and external shape of nodules (e.g.,
spherical shapes and concentric growths of coralline algae are
interpreted as product of frequent waves or strong currents action)
(Bosellini and Ginsburg, 1971; Bosence, 1983). However, biological
activity by burrowing organisms or browsing fishes have also been
considered responsible for nodule movements (e.g., Glynn, 1974;
Pereira-Filho et al., 2015), thus favouring their growth in different
directions resulting in sub-spheroidal morphologies. The forami-
niferal growth fabrics observed in our macroids suggest modest
overturning of the nodules, favouring the exposure of new surfaces
available to be encrusted. A low magnitude of waves or currents
affecting the sea floor can be inferred from lack of evidence of
breakage of the foraminiferal encrustations. This coincides with the
generally low-energy environment that lacks significant palae-
oenvironmental fluctuations (i.e., changes in sedimentation rates,
water chemistry). Bryozoan colonies are limited to the external
surfaces of macroids, thus indicating that they did not actively
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participate in the formation of macroids, but represent a second
encrustation event. However, these encrusting organisms were
detected both on the upper and lower side of the nodules, which
suggests overturning of the macroids thereby offering new hard
surfaces to be encrusted. The environmental interpretation derived
from macroid features fits well the interpretation proposed by
Archuby and Fiirsich (2010), who inferred an outer ramp (offshore)
depositional environment for the facies containing macroids
(Facies 5.2, allochemic mudrocks), based on sedimentological and
taphonomic information.

5.1.2. Oxygen levels

Pyrite is a common constituent of ancient and modern, reducing
marine sediments (Berner, 1970; Wilkin et al., 1996, 1997; Wignall
and Newton, 1998; Wignall et al., 2005; Wei et al., 2012), either as
inorganic sedimentary pyrite (e.g., Graham and Ohmoto, 1994;
Ohfuji and Rickard, 2005) or as biogeochemical pyrite. In marine
sedimentary environments with organic matter on the sea-floor,



M. Caratelli, EM. Archuby, E Fiirsich et al.

Cretaceous Research 123 (2021) 104778

e e

Fig. 8. SEM images and element mapping images of foraminifera chambers and tests (Ca, P, Si, Na, Al). A-E) Encrusting foraminifera with convex-upward growth showing that Ca
dominates the interior of the chambers and Si, Na and Al constitute the test. (A) shows a SEM image of the foraminiferal specimen, while (B) to (E) correspond to element mapping
images. Scale bars = 500 pm. F-M) Strongly curved morphology of encrusting foraminifera with Ca and P as main elements filling the chambers, and Si, Na, and Al constituting the
test. (F) shows a SEM image of the foraminiferal specimen, whereas (G) to (M) correspond to element mapping images. Scale bars = 1 mm. N) EDX mapping showing Si as main
constituent of the foraminiferal tests, and Ca and Fe as principal components of the chamber fills. Scale bar = 1 mm. Bi: bioclast; a: foraminiferal test; b: foraminifera chamber.

sulfate-reducing bacteria generate microcrystal aggregates
commonly clustered in typical spherical framboids (e.g., Berner,
1970; Wilkin and Barnes, 1997; Folk, 2005; Merinero et al., 2010;
Wei et al., 2012). Size distribution of framboidal pyrite in modern
sedimentary settings has been used to reconstruct the redox con-
ditions at ancient marine sea floors (Wilkin et al., 1996, 1997;
Wilkin and Barnes, 1997). Framboidal pyrite growing close to the

1

redox boundary, where concentration of sulfur-reducing bacteria is
much higher, acquires the largest average sizes and a wider size
range (e.g., Merinero et al., 2010). Pyrite framboids from the Agua
de la Mula Member range from 2.5 pm to 25 pm in size, suggesting
that the sediment-water interface of the upper Hauterivian beds
studied falls into the upper dysoxic zone. If oxygen restrictions
existed, they likely persisted below the sediment-water interface,
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Fig. 9. Schematic model of starvation-dilution sequences (not to scale) and position of condensed shell beds (for further detail see Archuby and Fiirsich, 2010). Condensed onlap
shell beds rest on sharp or even erosional surfaces. Condensed downlap shell beds developed in the early phase of the next regression. Interpretations of sedimentation rate,
encrustation and bioerosion, nutrient supply, and oxygen are schematic. TST: Transgressive systems tract; RST: Regressive systems tract; m: mud; fs: fine-grained sandstone; cs:

coarse-grained sandstone.

while the oxygen content increased upward from the sediment-
water interface throughout the water column. The benthic mac-
rofauna in the beds containing macroids suggests also that there
was no permanent oxygen depletion. A similar interpretation has
been also proposed by Comerio et al. (2018, 2020) for the lower-
most part of the Agua de la Mula Member. However, temporal
(seasonal?) anoxia above the sediment-water interface cannot be
discarded.

5.1.3. Trophism

Mechanisms controlling accumulation of organic matter in
marine sediments are still debated (e.g., Tyson and Pearson, 1991;
Arthur and Sageman, 1994; Loubere and Fariduddin, 1999; Tyson
et al.,, 2005). Organic matter accumulates when organisms are not
able to consume it completely, either due to high rates of produc-
tion, lowered rates of consumption (usually linked to deficiencies of
oxygen) or both. We infer that pulses of continental runoff associ-
ated with increased terrigenous sedimentation rates provided nu-
trients to the basin. High levels of nutrients affect the sedimentary
environment with consequent effects on the composition of macro-
and microfaunal assemblages and on the depth of the photic zone,
i.e. increased turbidity of the water column (Lukasik et al., 2000).

Infaunal/epifaunal ratio informs on the niche distribution of
foraminifers and temporal (seasonal) anoxia mentioned above. The
ratio can be indirectly related to oxygen levels and food availability
(e.g., Corliss and Chen, 1988; Bernhard, 1989; Carson et al., 2008).
Under eutrophic conditions oxygen is the main factor controlling
the depth of infaunal foraminifera, while under more oligotrophic
conditions the microfaunal distribution is mainly food-controlled
(Jorissen et al.,, 1995). Thus, when eutrophic environments are
highly oxygen-stressed, infaunal niches become smaller and fora-
minifera occupy shallower depths and when critical oxygen levels
affect the deeper sediment layers infaunal taxa can live at the
sediment-water interface (Jorissen et al., 1995). At the same time,
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less oxygen-tolerant epifaunal taxa will be at a disadvantage and
their niche will be occupied by infaunal taxa. Nevertheless, in
certain cases, opportunistic epifaunal species are pioneer taxa able
to colonise the sediment-water interface under oxygen-poor con-
ditions (e.g., Barmawidjaja et al., 1992; Jorissen et al., 1995). Taking
this into account, the prevalence of encrusting foraminifers forming
macroids and the relative scarcity of infaunal foraminifers suggests
that benthic life persisted only at the sediment-water interface
where the water column was not highly oxygen-depleted (upper
dysoxic), thus promoting the growth of epifauna. In this scenario,
the coating settler community is composed of opportunistic
epifauna, living under most likely eutrophic conditions. Moreover,
the type of sediment did not favour a thriving infauna as macroid
formation preceded re-establishment of sediment input, which
blanketed the substrate with mud (see next section).

5.2. Macroids and sequence stratigraphy

Knobby pavements and dome-like deposits made of macroids
are sandwiched between coarse-grained mixed carbonate and sil-
iciclastic beds and grey/dark pelitic and marly clay packages at the
top of terrigenous starved beds of high-frequency sequences.
Macroids are less common in the BAL section than in the AM sec-
tion and, as indicated by Archuby and Fiirsich (2010), occur in the
latest Hauterivian C. diamantensis Zone within the third 3rd-order
transgressive systems tract (Fig. 2). Starvation/dilution (S/D) se-
quences refer to couplets packages interpreted as eustatic 6th-or-
der Milankovitch precession-driven cycles (Archuby and Fiirsich,
2010; Archuby et al,, 2011). Starvation hemi-sequences consist of
thin, tabular beds, deepening upward with very dense skeletal
concentrations, while dilution hemi-sequences consist of thicker
siliciclastic-dominated beds, coarsening- and shallowing-upward
with rare faunal remains. S/D sequences are developed
throughout most of the Agua de la Mula Member following the
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overall deepening and shallowing trend of the basin (for the posi-
tion of S/D sequences within the transgressive-regressive systems
tracts see Archuby and Fiirsich, 2010). Key surfaces cannot always
be detected in these (few to sub-) metre-scale packages. These
couplets are relatively thin compared to higher hierarchy (3rd- or
4th-order) sequences, which makes it harder to interpret them
(Lukasik and James, 2003; Archuby et al., 2011). Each S/D sedi-
mentary cycle records changes in the sedimentation rate, carbonate
availability and accommodation space, illustrating an environ-
mental shift from the outer ramp (offshore zone) to the inner-
proximal ramp (lower shoreface). Macroids occur invariably at
the top of complex starvation deposits of the S/D sequences. Star-
vation hemi-sequences containing macroids comprise, from base to
top, a coarse-grained mixed sandy-and bioclastic bed, inferred to
have been deposited on the inner to middle ramp (probably
including elements eroded from the preceding sequence, i.e. a lag
deposit); a fining-upward trend with evidence of maximum star-
vation at the top; and a bed with abundant bioclasts embedded in a
fine siliciclastic matrix. The base of starvation hemi-sequences is
often erosional and contains a macrofauna rich in large mollusc
shells affected by fair-weather processes and/or frequent storm
waves. These transgressive lag deposits are interpreted as equiva-
lent to condensed onlap shell beds sensu Kidwell (1991), Kondo
et al. (1998), and Archuby (2009), deposited during the early 6th-
order transgression. Without any sharp boundary, these early
starvation beds grade to the lower-energy (with well-preserved
fauna), high diversity middle starvation hemi-sequence, charac-
terised by intense bioerosion and encrustation, inferred as the
maximum flooding level (Archuby, 2009). The last shell rich layer is
usually poorly recorded and/or amalgamated with the overlaying
next regression beds. Although still starved, they are inferred to
have been deposited during the early phase of the next regression.
The preservation of faunal content is optimal in this package, with
high degrees of articulation and scarce bioerosion (Archuby, 2009).
These shell beds are inferred to correspond to the downlap
condensed shell beds sensu Kidwell (1991), Kondo et al. (1998) and
Archuby (2009). When macroids occur, they are located between
the highly condensed maximum flooding level and the base of
pelitic and marly-argillaceous dilution interval, always as part of
the downlap condensed shell beds, characterised by moderate
degree of starvation but associated with fine-grained terrigenous
mud (Fig. 9).

During transgression, deposition of terrigenous sediment shif-
ted landward following the receding shoreline (retrogradational
pattern), thereby decreasing the nutrient content of the sea water,
which became less eutrophic. Renewed sediment input after
maximum flooding started with fine-grained sediments that con-
tained nutrients from the hinterland (Archuby and Fiirsich, 2010),
which led to eutrophication of the water mass. The terrigenous
input during dilution hemi-sequences increased the trophic re-
sources and triggered a change in the character of the sea floor,
from a mostly bioclastic substrate to a mosaic of soft and shelly
patches (according to the record of benthic macrofossils), and
finally to a homogeneous muddy sediment. High trophic resources
inhibited carbonate production and decreased accumulation rates,
favouring calcium carbonate dissolution (i.e., benthic macro- and
microfauna found it harder to secrete calcareous tests) and, indi-
rectly, destruction by bioerosion (Hallock, 1987, 1988; Lukasik et al.,
2000; Lukasik and James, 2003; Archuby, 2009). An excess of
organic matter production increased the demand of oxygen and, at
the same time, reduced light-penetration as a consequence of
increased turbidity. This in turn caused a reduction of photosyn-
thesis, further reinforcing the oxygen stress. In an extreme case, the
bottom community was restricted to a set of few species that took
advantage of the high trophic resource level and were able to cope
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with reduced oxygen levels. Under these conditions, low-diversity
communities dominated by opportunistic species flourished
(Hallock, 1987). Also, formation of firmgrounds and hardgrounds
coated with glauconite, phosphate, or iron oxide were promoted
(Hallock, 1987; Lukasik et al., 2000). The initial colonization by both
opportunistic foraminifers and filter feeding serpulids and oysters,
marked the switch in the community to a typical eutrophic one.
While the rate of sedimentation was still low, i.e. during relative
sea-level stillstand when transgression changed to early regression,
buildups formed and low-diversity communities developed. How-
ever, occasional excess of nutrients, combined with increased
turbidity, consumed most of the oxygen, resulting in a high-stress
environment for the benthic microfauna. Macroid-building fora-
minifers were promoted and colonized a hostile sea floor with
plenty of organic matter but not suitable for competitors.

When zooming out stratigraphically, it becomes interesting
that, although similar foraminifers are common encrusters of shells
in middle to late starvation hemi-sequences, macroids only
occurred during the latest Hauterivian 3rd-order transgression.
Archuby et al. (2011) detected a possible analogue of the Faraoni
Anoxic Event (Cecca et al., 1994) coinciding with the maximum
flooding of the DSAM-3, just above the transgressive systems tract
TST-3 that bears macroids. It seems that the latest Hauterivian
transgression imposed particular conditions, probably a faster
retrogradation, that created conditions for pulses of oxygen de-
ficiencies in every high-frequency sequence and a stronger
maximum flooding.

6. Conclusions

Macroid pavements and dome-like deposits, mainly composed
of agglutinated encrusting foraminifers with convex-upward and
circum-granular growths around skeletal nuclei, are outstanding
features of some high-frequency cycles of the Agua de la Mula
Member (Agrio Formation). These foraminiferal pavements occur
as part of downlap condensed shell beds of 6th-order starvation/
dilution (S/D) sequences, in terrigenous sediment-starved deposits.
Although agglutinated encrusting foraminifers are widespread in
middle to late starved beds of high-frequency cycles, macroids
developed only in those deposited during the latest Hauterivian
third 3rd-order transgressive systems tract. Palaeoecological and
palaeoenvironmental analyses suggest that macroids were depos-
ited after the restoration of terrigenous sediment input, but still
under low sedimentation rates, in marine reduced conditions. The
starved beds containing macroids passed through very low to high
sedimentation rates, recorded by bioclastic condensed beds and
pelitic and marly-argillaceous intervals, respectively. The re-
establishment of terrigenous sediment input at the onset of the
6th-order regression triggered the development of a series of
phenomena that culminated in an oxygen-stressed habitat: sedi-
mentation introduced nutrients from the hinterland, thus
increasing the trophic resource level, which promoted further in-
crease in turbidity and consequently reduced the depth of the
photic zone. Photosynthesis did not compensate the consumption
of oxygen in this highly eutrophic environment. The sea floor was
beyond the reach of waves that could have introduced oxygen and
thus became depleted in oxygen. Evidence is the size range distri-
bution of pyrite framboids, suggesting their formation in the upper
dysoxic zone close to the sediment-water interface. Scattered
mineralisations of glauconite and apatite are consistent with such
reducing conditions. We infer that the comparatively fast 3rd-order
transgression led to a greater water depth at the end of every high-
frequency transgression. These palaeoenvironmental conditions
persisted until sediment input filled accommodation space, after
which higher-energy and more oxygenated conditions became
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established. More generally, our study confirms that macroids are
valuable tools for highly detailed palaeoecological and palae-
oenvironmental reconstructions of high-frequency sequences in
mixed siliciclastic-carbonate ramp systems.
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