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Shallow-platform settings with marked differences in paleoplatform bottom physiography influence the
degree of connection with oceanic waters and overall circulation patterns, even when sharing the same
palaeoclimatic conditions. Two Kimmeridgian shallow-marine settings have been explored to test the
sensitivity and reliability of carbonate chemostratigraphy to detect such differences. An integrated
overview of the obtained elemental trends depicted four major facies, shared along specific stratigraphic
intervals of both depositional records. Diagenesis obliterated original geochemical signals only
throughout the siliciclastics-rich interval, corresponding to the most landward setting. For the remaining
facies, elemental features could be attributed to the differential action of forcing mechanisms operating
along the south-Iberian paleomargin during Kimmeridgian times. The highest degree of continental
influence can be recognized by a strong relationship between Fe and Mn for the most proximal setting,
which fades out along the mixed carbonate-fine siliciclastic rhythmic deposition in more open settings. A
characteristic geochemical signature of progressively more positive d13C values and significantly higher
Sr content is identified for the interval dominated by biogenic sponge buildups. Such a local response is
related to local forcing by upwelling in the surroundings of a coral fringe. The geochemical signature of a
hydrothermal origin can be clearly differentiated from the influence of mere terrigenous pulses.
Accordingly, the decoupling of Fe and Mn along marginal settings is the clue to detecting major events of
palaeogeographic restructuring. Observed temporal variations in Mg content along both studied sections
are attributed to tectonic activity influencing nearshore/coastal water masses. By integrating chemo-
stratigraphic information and complementary evidence, the palaeoenvironmental mechanisms pro-
moting differentiated sedimentary records along ancient subtropical, shallow, coastal settings can be
disentangled.

� 2019, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Sea-water properties and related palaeoenvironmental dy-
namics are key features for characterizing ancient neritic, shallow
marine water-masses. Chemostratigraphy is a fast-growing and
promising tool for approaching palaeoenvironmental conditions
along shallow settings (Parente et al., 2007; Sessa et al., 2012;
idade de Aveiro, Campus de

of Geosciences (Beijing).

eijing) and Peking University. Produ
c-nd/4.0/).
Coimbra et al., 2016, 2017; Godet et al., 2016; Andrieu et al., 2017;
Huck et al., 2017). This approach must be made thorough lith-
ofacies and eco- and biochronostratigraphic analyses in order to
bypass the intrinsic complexity of chemostratigraphic signals of
carbonates in these settings.

The presented research approaches the potential of carbonate
chemostratigraphy to disentangle the complex palae-
oenvironmental evolution recorded along two shallow-water
sedimentary sections encompassing Kimmeridgian times (ca.
157.3� 1Ma to 152.1�0.9 Ma ago; Cohen et al., 2013 updated; Ogg
et al., 2016). Globally, this period is characterized by long-term
rising sea-levels (Haq et al., 1987; Hardenbol et al., 1998) and
wide carbonate/carbonate-siliciclastic shelves in Europe. A warm-
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temperate zone extended to 60� NeS latitude (Sellwood and
Valdes, 2006), with inter-tropical to warm-temperate zones
showing mean values of marine water temperature ranging from
12 �C to 25 �C, as derived fromO-isotope values from fossil skeletals
(bioclasts) and bulk micrite (Price and Sellwood, 1994; Caracuel
et al., 1997; Lécuyer et al., 2003; Wierzbowski, 2004; Coimbra
et al., 2009, 2014; Coimbra and Olóriz, 2012a,b; Colombié et al.,
2014). However, despite this clear global picture, coeval shallow-
platform areas fail to provide straightforward or equally informa-
tive records. This is because they are often afflicted by a combina-
tion of factors including, but not limited to: multiple sedimentary
sources; the potential superimposition of global and regional cli-
matic signals; the incompleteness of the sedimentary record, often
more prone to diagenetic imprint; and a high sensitivity to local
conditions. In such a context, understanding how the geochemical
record of carbonates responds to these intrinsic complexities is key
to providing a more comprehensive overview of carbonate plat-
form differentiation in time and space.

Two study areas were chosen in order to compare neritic,
shallowmarine water-masses and palaeoenvironmental conditions
during Early Kimmeridgian times in two relatively distant seg-
ments of the south-Iberian paleomargin. These comprise the Rocha
Poço section in the eastern Algarve Sub-basin, nearby the eastern
extreme of the Hispanic Corridor; and the Puerto Lorente section
eastwards in the central Prebetic (Figs. 1 and 2). These selected
sections show different tectonic contexts and lithofacies in the
Lower to earliest Late Kimmeridgian (Platynota through lowermost
Acanthicum zones in ammonite biochronostratigraphy, 156 Ma to
154.3 Ma; Ogg et al., 2016) and can serve to highlight the occur-
rence of a wide array of palaeoenvironmental conditions in
epicontinental, shallow marine seas. A shared regressive trend
from the EarlyeLate Kimmeridgian to late Jurassiceearliest Creta-
ceous times evidences a tectonic counteracting of long-term
eustasy in epicontinental areas of the south-Iberian paleomargin
(Marques et al., 1991). The aim is to make apparent how
geochemical differences, allied with palaeoecological, sedimento-
logical and stratigraphical interpretations, provide key information
to depict differences in platform configuration, circulation patterns,
seawater properties and other potential driving mechanisms
responsible for differential palaeoenvironmental evolution in sub-
tropical, shallow, coastal settings.
Figure 1. (A) Late Jurassic palaeogeography along western Tethys. Plate tectonics after Stam
Simplified schematic representations of the southern Iberian palaeomargin showing assum
Marques and Olóriz, 1989a and Coimbra et al., 2015). Evidenced palaeoenvironmental para
2. Studied sections, geological setting and
palaeoenvironmental context

The two epicontinental sections chosen rely on a tight bio-
chronostratigraphic control and present optimal outcrop condi-
tions (Figs. 1 and 2). The Rocha Poço sectionerepresentative of
epicontinental deposits along the SW Iberian palaeomargin,
located in the eastern Algarve Sub-basin in southern Portugal
(Fig. 2A,B)eis structured by NeS strike-slip faults and EeW
extensional faults and flexures, showing irregular bottoms related
to salt tectonics (Mannupella et al., 1988). Eco-sedimentary condi-
tions in this sub-basin differed from those in the western Algarve
Sub-basin, representing a persistent, shallow carbonate shelf-
system throughout the Jurassic, with an assumed linkage to
southern equivalents identified offshore in boreholes and con-
nected to open-marine Tethyan epioceanic waters to the southeast
(Marques and Olóriz, 1989a) (Fig. 1A,B).

Changing facies and stratigraphic discontinuities are common in
Oxfordian and Lower Kimmeridgian deposits in the eastern Algarve
Sub-basin (Marques and Olóriz, 1989b), indicating a mid-shelf
palaeoenvironmental setting belonging to a neritic shelf-system
characterized by common bioherms with sponges and/or corals
(Marques, 1985; Ramalho, 1985; Rosendhal, 1985; Leinfelder, 1993).
This evidences a local variability in nutrient levels over time, among
other palaeoenvironmental forcing factors. Afterwards, marine
inner-shelf conditions and homogenized sedimentation preceded a
peak-regression during latest Jurassiceearliest Cretaceous times
(Marques, 1985; Mannupella et al., 1988; Marques and Olóriz,
1989b).

The investigated Rocha Poço section shows two well-marked
stratigraphic intervals (Figs. 2B1eB3 and 3AeD): 20 m of silty
limestones and marls followed by 28 m of spongiolitic limestones
and related facies (Peral and Cerro da Cabeça Formations)
(Marques, 1985; Ramalho, 1988). At the lower part of the spon-
giolitic interval a third stratigraphic interval (20e28 m) can be
highlighted on the basis of sponge-buildup development (Fig. 3B).
Without latitudinal difference between the Algarve Basin and the
central Prebetic Zone, local tectonics during the Early Kimmer-
idgian were very distinctive. This resulted in high bottom irregu-
larities due to salt tectonics in the eastern Algarve Sub-basin and
differential subsidence for mixed carbonate-siliciclastic rhythmites
pfli and Borel (2002) and depositional environments after Thierry et al. (2000a,b). (B)
ed location of the studied sections at Puerto Lorente and Rocha Poço (adapted from
meters during deposition are adapted from Olóriz (2000) and Coimbra et al. (2015).



Figure 2. Selected epicontinental sections located in S Portugal and S Spain. (A) Regional distribution of geological units along the Betic Cordillera and the Algarve Basin, adapted
from García-Hernández et al. (1980) and Marques et al. (1991), with geographic location of the studied sections Rocha Poço and Puerto Lorente (marked by stars). (B) Stratigraphic
representation of facies variability and sample distribution along with representative field aspects: (1) siliciclastic interval at Rocha Poço; (2) sponge buildups at Rocha Poço; (3)
spongiolithic limestone at Rocha Poço; (4e6) typical succession of limestone beds at Puerto Lorente section. Dashed lines indicate comparable time windows at the two sections
(see text for further details). Note relevant lithostratigraphic differences within each section and also between sections.
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in the Prebetic, where local Early Kimmeridgian synsedimentary
sliding of Platynota Chron age deposits occurred in outer-shelf
areas corresponding to the comparatively distal Internal Prebetic
(Olóriz and Rodríguez-Tovar, 1998).

Kimmeridgan deposits in the Puerto Lorente section (Figs. 1 and
2) are typical for the Cazorla sector in the Prebetic Zone, and
represent eco-sedimentary conditions of mid-shelf shallow-marine
waterseExternal Prebeticebelonging to the epicontinental shelf-
system of the Betic Cordillera (Fig. 1). The latter was a low-
energy, eastward expanding and distally steepened ramp whose
outer shelf corresponded to the Internal Prebetic (subdivision of the
Prebetic Zone following Azéma et al., 1979 and García-Hernández
et al., 1980). Shelf-break and steepened south to south-eastward
slope separated epicontinental and epioceanic waters and eco-



Figure 3. Representative features of polished slabs from both studied sections. (A) Siliciclastic samples from the Rocha Poço section. (B) Sample from the sponge-buildup interval at
Rocha Poço. (C,D) Spongiolithic limestone samples from Rocha Poço section. (E,F) General aspect of limestone samples at the Puerto Lorente section, representative of the lower and
upper portions of the section, respectively. Note the rather homogeneous aspect of the latter. Cluster numbers (IeIV) according to Fig. 5.
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sedimentary domains, the latter being first represented by the
adjacent, northernmost trough ethe Intermediate Unitse and then
by the northern NEeSW swells-and-troughs complex belonging to
the front of the allocthonous Subbetic Zone (Olóriz et al., 2002 for
extended treatment). The Puerto Lorente section represents
deposition on a comparatively raised bottom, resulting in
condensed, hiatal deposition during Oxfordian and Earliest Kim-
meridgian times (Bimmamatum pro parte and Planula chrones).
Afterwards, an Early Kimmeridgian 3 m-thick siliciclastic inter-
calationeat the lowermost Platynota Zoneeis significant since it is
a typical outcrop feature (Fig. 2B) used as a regional reference level
for correlation. It corresponds to the local record of a widely
recorded tectonic pulse in the Iberian subplateerelated to abrupt
increases in the subsidence rate (Acosta, 1989)ealso identified in
northwest Africa and Submediterranean Europe (Marques et al.,
1991; Leinfelder, 1993; Aurell et al., 2002; Colombié et al., 2014).
Overlying it is a rather thick (over 100 m) homogeneous succession
(Figs. 2B4eB6 and 3E, F) comprising a marly and silty limestone
rhythmite (Lorente Fm.; Pendas, 1971). This succession was
deposited under a warm climate with slight changes in the evap-
oration:precipitation ratio, as indicated by clay mineralogy studies
(López-Galindo et al., 1994). Stratal-pattern analysis points to
tectono-eustatic forcing at the bottom, with orbital forcing of
mainly long- and short-term eccentricity and precession rather
than obliquity cycles as a background control on sedimentation,
especially in the middle part, and interacting with eustasy in the
upper part (Olóriz et al., 1992; Olóriz and Rodríguez-Tovar, 1998).
Mineralogical analysis revealed the influence of bottom topography
on clay mineral distribution (López-Galindo et al., 1991).

Eco-sedimentary conditions of the substrateemixed and tran-
sitional layersein Puerto Lorente section indicate dominant dys-
saerobic, soft-to-firm water-sediment interphases, submitted to
occasional erosion/omission favouring opportunistic colonization
dominated by depositivorous/sedimentivorous organisms
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(Chondrites makers; Olóriz and Rodríguez-Tovar, 1999). Unstable,
relatively higher-energy seabeds were colonized by opportunistic
suspension-feeders in scape galeries (large deep-tier Dip-
locraterium makers; Olóriz and Rodríguez-Tovar, 2000) with trun-
cated tops related to erosion events. The scarcity of benthos was
partially due to amensalism (Olóriz and Rodríguez-Tovar, 1999) as
revealed by opportunistic, low-diversified ichnofossil suites domi-
nated by the mining-like feeding of depositivorous/sed-
imentivorous, worm-like, endobenthic, probably chemosymbiotic
but unconclusively identified organisms (Chondrites and Planolites
makers such as nematodes, polychaetes or pogonophorans for the
former, and polychaetes with diverse feeding behaviour for the
latter). Scarce, large sized Thalassinoides were linked to oxygena-
tion events (Olóriz and Rodríguez-Tovar, 1999). Notwithstanding,
their deep reticulated branching without evidence of vertical tubes
having associated sediment-mounds cannot be conclusively inter-
preted in terms of revealing erosion (Thalassinidean decapods build
burrow openings with and without mounds, which help when
interpreting trophic, ecological behaviours).

For the Rocha Poço and the Puerto Lorente sections, ecostrati-
graphic interpretations were approached based on fossil assem-
blages of macro-invertebrates with and without reference to
sequence stratigraphy (Olóriz et al., 1988, 1991, 1993, 1994; Olóriz,
2000 and references therein). Based on the relative contents in
benthic assemblages vs. ammonites, and the relative composition
of the latter, faunal compositions and trends compatible with
neritic, mid-shelf environments are revealed in both these sections.
Irrespectively of sample size (50e1100 specimens) and local
ecological-taphonomic effects, macroinvertebrate assemblages
throughout the Lower Kimmeridgian are coherent with environ-
mental conditions expected for decreasing (Platynota and Hyp-
selocyclum biochronozones) and increasing ecospace (Divisum
biochronozone) in correspondence to a regressive-transgressive
cycle. Hence, major deviation in ammonite assemblages is seen in
the upper Platynota Zone (comparatively unfavourable conditions
at Rocha Poço); scarce ammonites (Puerto Lorente) and spongiolitic
facies (Rocha Poço) are recorded in the Hypselocyclum Zone; and
ecospace recovery for ammonites (Puerto Lorente) and spongiolitic
facies punctuated by a short ammonite incursion (Rocha Poço) are
typical records in the Divisum Zone.

The stratigraphic correlation between the Rocha Poço and
Puerto Lorente sections derives from biochronostratigraphic con-
trol based on ammonite biostratigraphy (Marques, 1983; Marques
and Olóriz, 1989a, 1992; Olóriz and Rodríguez-Tovar, 1993), here
refined in order to provide awell constrained time-control (Fig. 2B).
Accordingly, the ammonite records of Sutneria platynota, Crussoli-
ceras divisum, Orthaspidoceras uhlandi and Taramelliceras compsum,
and associated fauna, were used to support biochronostratigraphic
correlations at the biozone-subbiozone levels.
3. Materials and methods

From a total of one hundred hand-samples, 86% correspond to
carbonate-rich facies (>75 wt.% CaCO3), including all the samples
from the Puerto Lorente section and spongiolithic limestone sam-
ples from the Rocha Poço section (sampling resolution in Fig. 2).
Conversely, lower carbonate contents were obtained for the silici-
clastic interval recorded at the bottom of the Rocha Poço section
(52e75 wt.% CaCO3). This approach therefore covers the high lith-
ological variability of the studied sections. Clay-rich intercalations
were avoided due to limitations regarding microfacies analysis and
the acquisition of the geochemical proxies here under scope (C- and
O-isotopes and elemental data). Freshly cut surfaces were used for
petrographic inspection and geochemical analysis. Thin sections
were produced from each sampled horizon, and corresponding
photomicrographs were used for microfacies characterization and
to estimate the percentage of quartz grains throughout the silici-
clastic interval identified at the bottom of the Rocha Poço section by
means of pixel counting (see Coimbra and Olóriz (2012) for details
on this method). Bulk rock powder samples of matrix micrite from
carbonate-rich levels of both sections, spongiolithic limestones and
silty matrix from some horizons of siliciclastic intercalations from
the Rocha Poço section were hand-drilled using a 1 mm diamond
drill tip. Care was taken to avoid atypical features such as fractures
or stains.

Bulk micrite samples were analysed for their elemental content
(Ca, Mg, Sr, Fe, Mn) and light stable isotope (d13C and d18O) ratios at
the Institute for Geology, Mineralogy and Geophysics (Ruhr Uni-
versity Bochum, Germany). Geochemical data from the Rocha Poço
section, representing 24% of the total dataset, are taken from
Coimbra et al. (2014, 2015, see for further details), here revisited
under a completely new perspective. Carbon and oxygen isotopes
were obtained for all the carbonate samples (including different
facies) with a Thermo Fisher Scientific Gasbench II carbonate device
connected to a Thermo Fisher Scientific Delta S Isotope Ratio Mass
Spectrometer (following McCrea’s (1950) method). Aliquots of the
same samples measured for isotopic analysis were also investigated
for their Ca, Mg, Sr, Fe, Mn and Ba elemental composition using
inductively coupled plasma-atomic emission spectrometry (ICP-
AES). Dissolution of 1.5 mg of the powdered sample in 1 mL of 3M
HNO3 (over 12 h) was followed by further dilution adding 2 mL of
distilled water. After acid treatment, in some cases it was still
possible to detect the presence of insoluble residue, corresponding
to non-carbonate materials belonging to the detrital fraction as clay
minerals and/or other Fe-bearing mineral phases (oxyhydroxides).
This non-carbonate fraction is partially leached, but not completely
dissolved during acid treatment of bulk micrite samples, which are
the focus of the performed geochemical analysis. It was therefore
necessary to filter the samples (Coimbra et al., 2015). Following this
protocol, normalizing obtained elemental values (in ppm) by their
calcium content ensures an adequate overview of the elemental
dataset. Shared stratigraphic trend for both curves is therefore
indicative of minimal leaching, evidencing the prevalence of
carbonate-bound elements (Christ et al., 2012; Coimbra et al., 2015,
2017).

In order to combine the geochemical information retrieved from
both sections, a hierarchical cluster analysis was performed for
stable C- and O-isotope data and elemental concentrations. Cluster
analysis algorithms made it possible to gather samples in groups
(clusters) based on their degree of similarity. The resulting
dendrogram representation was easier to interpret than the intri-
cate variability of the raw dataset. For the specific case under focus,
no impositions were made regarding the number of clusters ob-
tained or truncation level. In this way, the obtained results are
solely based on the level of entropy generated within each group,
not influenced by user intuition or previous knowledge. The
agglomeration was performed using the Ward method, with
Euclidean distance. Since no difference was identified when stan-
dardized variables were tested against absolute values (in ppm), the
latter were preferred.

The obtained geochemical information will be contrasted with
previous knowledge, including palaeoecological, sedimentological
and stratigraphical interpretations (brought forward in section 2).
Integrating independent evidence provides support to geochemical
interpretations, while demonstrating the potential enclosed in
ancient shallow-water carbonate deposits.



Figure 4. Microfacies details representative of both studied sections, Rocha Poço (RP) and Puerto Lorente (PL). (A) Dominant medium silt-to-fine sand size quartz, and less common
fine sand deposit with comminuted skeletals. Wackestone poor in bioclasts of fine sand size, with scarce forams (Lenticulina?, miliolids eleft upper close-up view) and rare
zoospores of planktic algae (Globochaetes) and filaments (arrows and left lower close-up view) (RP-1x10). (B) Dominant medium silt-to-fine sand quartz and lithoclasts with
common fine sand mud peloids and less common coated grains. Wackestone with rare subhorizontal concentration of skeletals (RP-13x3.5). Close-up views of undeterminable
benthic foram (upper-right, RP-9x10), Microconchida attached to the inner surface of a bivalve fragment (center-right, RP-4x10) and miliolid foram (Quinqueloculina?, lower-right,
RP-4x10). (C) Spongiolitic limestone showing hexactinellid sponge frame (left) and clotted microbial-algal fabric (right) with transverse sections of sponge spicules, coated benthic
forams (dotted arrow), peloidal dense micritic aggregates, reworked aragonitic serpulid-like tubes (white arrow for geopetal orientation) and whitish interstitial (dissolution?)
spaces (dashed white arrow) in-filled by allomicrite?, comminute particles, and peloids (RP16x3.5). (D) Dome-like agglutinated stromatolite showing irregular trapping of
micropeloids (down-left); whitish interstitial space with geopetal filling of micropeloids and comminute particles (centre-up arrow); overlying open-space (coarse sparite, dashed
arrow) fossilized by very fine dense microbialite matrix containing bivalve fragments, sponge spicules and coated comminute particles (RP-16x3.5). Close-up views of Shamovella
(Tubiphytes) and medium sand size cryptic micrite BMC-micro oncoids (top-, center- and bottom-right) (RP-17x3.5 and RP-15Bx3.5), and coarse sand sized recrystallized bivalve
(bottom-right) (RP-17x3.5). (E) Microbial (cryptalgal) fabrics with common thrombolitic structures (shaded white arrows in F); within microbialite clotted fabric (black stars) and
inside inter-microbialite growth space (whitish), partially in-filled by fine siliciclastics and recrystallized carbonate showing peloidal micrite and small microbialite fragments; note
zoospores of planktic algae (Globochaetes) showing axial cross between crossed nicols (white arrows); thinner cryptalgal growths around of wide ovoid-to-circular recrystallized
nuclei (black arrows); transversal sections of uncoated sponge spicules (dashed black arrows). (F) Microbial (cryptalgal) fabrics with common thrombolitic structures (shaded white
arrows), cryptic micrite BMC-microoncoids or lumps (white arrows), and thinner cryptalgal growths around of wide ovoid-to-circular recrystallized nuclei (sponge spicule the
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4. Results

4.1. Petrographic analysis

In terms of microfacies features, the siliciclastic interval at Rocha
Poço (Fig. 4A, B) revealed the presence of abundant angular quartz
grains with an average abundance of 34% (established by pixel
counting) and carbonaceous remains. Silty mudstone to wacke-
stone matrices intercalate with more siliciclastic intervals, showing
fossil remains of ammonites, bivalves and plants together with
ostracods, and less common small benthic foraminifera (aggluti-
nated and calcareous forms) and gastropods.

These features clearly contrast with those typically registered
throughout the spongiolithic limestone interval of the Rocha Poço
section (Fig. 4CeF), where microbialecryptalgalefabrics with
abundant thrombolites dominate in spongiolithic horizons,
together with micro-oncoids, thinner cryptalgal growths around
wide ovoid-to-circular recrystalized nuclei and Tubyphites. Crypt-
algal growths also coat around nuclei undifferentiated from the
surrounding pale-grey matrix typical of interstitial spaces (poten-
tial inner cast of bivalves?, burrows?). Zoospores of planktic algae
occur within the clotted fabric of microbialites as well as inside
inter-microbialite growth space, which is partially in-filled by fine
siliciclastics and recrystallized particles, peloidal micrite and small
microbialite fragments. Sponge spicules and sponge frames are
common. Geopetal in-filling can be identified through peloidal
clots and small intraclasts embedded in irregular patches of
microspar. Rare brachiopods and benthic agglutinate forams (single
Ammobaculites-like lituolid) can be locally registered. Indetermi-
nate bioclasts are very common.

At Puerto Lorente (Fig. 4GeH), the dominant texture consists of
mudstone to wackestone with a rather low content in fossil re-
mains, although some samples show an episodic increase in fossils
(fossil-rich wackestone to packstone in condensed horizons). Silt-
to-fine sand-size lithoclasts dominate, especially subrounded
quartz, without distinction of sedimentary laminae and/or partic-
ular orientations of grains. The rather brownish matrix shows
common mud peloids of medium silt size in mudstones (medium-
to-coarse in wackestones) to very fine sand size, undetermined
recrystallized particles of medium-to-coarse silt to very fine sand
size, and comminuted skeletals of medium-to-coarse silt size.
Carbonaceous particles occur. Fragmentation is high, and dissolu-
tion of skeletals and eroded particles is widespread. Examples of
microboring and microbial-peloid coatings were identified.
Macroscopic burrowing is concentrated in particular horizons.
Common bioclasts range from medium silt (coarse silt in wacke-
stone) to medium sand specimens and fragments, with rare very
coarse sand-size fragments. They correspond to pelagic bivalves
(“filaments”), echinoderm plates, bivalves, and ostracods, as well as
benthic forams in-filled by matrix or recrystallized (e.g., episto-
minids, spirillinids, nodosariids), small calcispheres, zoospores of
planktic algae, less common radiolaria, scarce brachiopods,
smaller one?, black arrows); Tubyphites (not shown); cases of cryptalgal growths around nuc
peloidal clots and small intraclasts in irregular patches of microspar that sometimes represe
(single Ammobaculites-like lituolid), and indeterminate forms (E,F; RP-18x3.5). (G) Mudsto
smaller size, bioclasts are a single medium-sand size undetermined bioclast (left lower close
sand-size benthic forams recrystallized (uncoiled nodosariid�arrow) or in-filled by matrix
ostracods and/or bivalves?; very fine-sand to coarse-silt-size calcispheres; medium-to-co
Wackestone; medium-coarse silt-to-very fine sand-size mud peloids with conminute recrys
coarse silt or very fine sand; no lamination. From greater to smaller size, bioclasts are rare ve
medium sand-size benthic forams (scarce spirillinids and rare microbored disarticu
(quinqueoculina �right top close-up view), disarticulate valves of mall ostracods and/or bi
recrystallized stellate-pentagonal crinoid ossicles and “U”-arm microplates, common fragm
tallized grains (voids?) (right lower-center, left close-up view) and isolate ostracod valves; a
right close-up view), fragments of gastropod?, and a single recrystallized zoospore of plank
echinoid spines, crinoid ossicles and arm plates, Saccocoma bra-
chials, gastropods, corals, bryozoans, sponge spicules, belemnites
and aptychi. Serpulids occur in stiffground horizons.
4.2. Statistic approaches to geochemical variables

Linear (Pearson) correlation among all tested geochemical var-
iables obtained from carbonate-rich horizons was performed
individually for each section (Table 1). The highest correlation co-
efficients (R > 0.7) were obtained exclusively when Fe and Mn
concentrations are concerned (Table 1), and verified for both
studied sections. At the Rocha Poço section, Fe and Mn also corre-
late very strongly with C-isotope values (Table 1).

The cluster analysis applied to all geochemical variables estab-
lished a dendrogram with two main branches that generate four
geochemical clusters (clusters I to IV, Fig. 5A and Table 2). The
relative contribution of each variable accounting for the differences
among clusters can be accessed along the profile plot of each cluster
(Fig. 5B; centroid values in Table 2). Accordingly, d13C values and Fe
concentration seem to have a greater influence in discriminating
between clusters I and II, while Mg and d18O are visibly less rele-
vant. Clear cases of these trends are also evidenced in Table 2,
where for example the d13C centroid value ise2.2& for cluster I and
0.84& for cluster II, along with differences in Fe concentrations of
ca. 6000 ppm vs. 3000 ppm (respectively, clusters I and II). In
contrast, the geochemical differences accounting for the differen-
tiation between clusters III and IV are much smoother (Fig. 5B and
Table 2). While Mg and Sr abundance show rather similar values
(Fig. 5B and Table 2), slight differences in Fe and Mn concentrations
seem to best represent the contrast between these two clusters
(Table 2).

The stratigraphic representation of the samples included in each
cluster (Fig. 5C) shows that they are not randomly distributed. In
fact, each cluster is well constrained across specific stratigraphic
intervals (Fig. 5C). Interestingly, this differentiation follows only
partially the most significant facies changes identified throughout
both outcrops (Fig. 5C). Accordingly, cluster I corresponds to the
lowermost interval at the Rocha Poço section (0e20 m; Platynota
Zone), followed by cluster II (20 m to ca. 25 m; lowermost Hyp-
selocyclum Zone). Both these clusters are exclusively represented
along the Rocha Poço section, coinciding with the facies showing
lower carbonate content (Fig. 5C). In contrast, facies with similar
high carbonate content (Fig. 5C) are represented by two clusters (III
and IV) at both sections. Cluster III dominates the first 40 m
(throughout Platynota Zone) of the Puerto Lorente section, chang-
ing into cluster IV for the upper interval of this section (40e80 m;
Hypselocyclum and Divisum biochronozones). Regarding the Rocha
Poço section, clusters III and IV are interspersed in the uppermost
15 m of the section (mid-upper Hypselocyclum and Divisum bio-
chronozones). For this reason, further considerations will use the
combination of clusters III and IV for the Rocha Poço section.
lei undifferentiated from the surrounding pale-grey matrix typical of interstitial spaces;
nt geopetal fillings. Not shown are rare brachiopods, scarce benthic agglutinate forams
ne; medium silt-to-very fine sand size mud peloids; no lamination. From greater to
-up view); rare medium to very fine sand-size pelagic bivalves (“filaments”); scarce fine
(rare spirillinids�left upper close-up view), and small recrystallized and disarticulated
arse silt-size comminute skeletals and rare recrystallized particles (PL-35Ax10). (H)
tallized skeletals of medium-to-coarse silt-size and common recrystallized particles of
ry coarse sand-size eroded-bored echinoderm plate (right upper-center close-up view);
lated bivalves�arrow) and undetermined skeletals; rare fine-sand-size miliolids
valves?, and holothurian sclerites?; very fine to fine sand-size “filaments”, rare small
ented echinoderm plates, and relatively common microbial-peloid coating of recrys-
nd rare medium-coarse silt-to-very fine sand-size echinoid spines (right lower-center,
tic algae (Globochaetes) (PL-75Cx10).



Table 1
Pearson correlation matrix for studied geochemical proxies. Bold lettering refers to
statistically significant correlation coefficients (here >0.7).

d13C d18O Mg/Ca Sr/Ca Fe/Ca Mn/Ca

P. Lorente d13C 1
d18O 0.27 1
Mg/Ca �0.39 0.18 1
Sr/Ca �0.28 �0.27 0.61 1
Fe/Ca �0.50 �0.49 0.51 0.48 1
Mn/Ca �0.49 �0.37 0.56 0.67 0.82 1

R. Poço d13C 1
d18O 0.50 1
Mg/Ca 0.04 �0.10 1
Sr/Ca �0.10 �0.34 0.37 1
Fe/Ca �0.78 �0.45 0.46 0.34 1
Mn/Ca �0.73 �0.25 0.16 0.47 0.70 1
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In order to appraise the significance of the obtained geochem-
ical clusters from horizons with variable carbonate content, the
geochemical dataset was compared against well-known deposi-
tional and diagenetic trends (Fig. 6). The comparison between Fe
and Mn concentrations at both sections provided a very high cor-
relation coefficient (R¼ 0.9; Fig. 6A). Only two samples depart from
this trend, corresponding to sharp Mn increments up to
600e800 ppm (Fig. 6A). When comparing O-isotope values with
Mn concentrations for both sections, no significant correlation was
obtained between these variables (Fig. 6B). However, two trends
became apparent along this plot: a progressive O-isotope decrease
Figure 5. Agglomerative hierarchical clustering performed on the set of geochemical variab
according to dissimilarity between samples, showing the establishment of two main bran
representing normalized centroid value for each computed cluster (see also Table 2). (C) S
content (CaCO3 in wt.%). Note the dominance of each cluster along specific stratigraphic inte
each cluster and the carbonate content of the sampled horizons and lithofacies is only par
from e2.5& to e5& from clusters IV to III; and decreasing Mn
concentration from clusters I and II towards III and IV, without
major changes in O-isotope values (Fig. 6B).

4.3. The geochemical dataset

The centroid values of geochemical clusters I to IV were
compared to the distribution of the untreated dataset, i.e., across
the C- and O-isotope crossplot (Fig. 7) and along stratigraphic
elemental abundance (Fig. 8) to support further discussion.

4.3.1. C and O-isotope values
Distinct lithofacies in the two epicontinental sections (Figs. 2e4)

show clear differences in carbon and oxygen isotope values
(Fig. 7A). Regarding d13C, samples from the siliciclastic interval at
the Rocha Poço section show the lowermost values, ranging from
e5.6& to 1.0&. Samples belonging to this interval show an average
34% of quartz grains (example in Fig. 7B). The spongiolithic lime-
stone d13C values at Rocha Poço provided values from 1.4& to 2.1&,
partially overlapping the very narrow range of values presented by
samples from the Puerto Lorente section. The latter show very
persistent values, ranging from 1.7& to 2.7& (Fig. 7A).

The siliciclastic interval at Rocha Poço shows the lowermost,
narrowest range of d18O values, from e4.8& to e3.9&. The
remaining lithofacies show a wider range of variation in d18O
values, both from ca. 4.8& to e2.4&. Another evident feature is
that the spongiolithic limestone facies show a stratigraphic in-
crease in O-isotope values.
les obtained for both sections. Vertical line marks the truncation level. (A) Dendrogram
ches and four clusters (clusters I to IV). (B) Profile plot for each geochemical variable
tratigraphic distribution of samples assigned to each cluster and respective carbonate
rvals, despite gradational transition and/or episodic recurrences. The relation between
tial.



Table 2
Centroid values for each cluster, absolute values (in ppm) and normalized by calcium content (see also Fig. 5).

Cluster δ13C (‰) δ18O (‰) Mg/Ca Sr/Ca Fe/Ca Mn/Ca
I –2.20 –4.48 1.4483 0.1541 2.4804 0.1397
II 0.84 –4.25 1.2361 0.1811 1.0182 0.0984
III 2.12 –4.29 0.8921 0.1001 0.6321 0.0298
IV 2.27 –3.65 0.9816 0.0978 0.4623 0.0261

Cluster -- -- Mg (ppm) * Sr (ppm) * Fe (ppm) * Mn (ppm) * Ca (ppm)*
I -- -- 3361 362 5732 330 232,700
II -- -- 3916 574 3135 321 316,938
III -- -- 3215 361 2255 107 362,007
IV -- -- 3622 362 1690 96 370,261

*values used in Fig. 6
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The centroid cluster values of C- and O-isotopes (Table 2) were
used for positioning the obtained geochemical clusters along the
obtained C- and O-isotope dataset (Fig. 6). Accordingly, cluster I
falls along the siliciclastic interval of the Rocha Poço section, and
cluster II records a transition between these facies and the upper-
most spongiolithic limestone (Figs. 5C and 7A). In turn, clusters III
and IV partially overlap the range of C- and O-isotope values pre-
sented by the spongiolithic limestones of Rocha Poço and all the
Puerto Lorente samples (Fig. 7A). Along this trend, cluster IV
shows a less negative centroid d18O value of e3.6& (Fig. 7A and
Table 2).

4.3.2. Stratigraphic elemental composition
The elemental abundance along each section is presented in

both absolute and corrected values (ppm and calcium normaliza-
tion; Fig. 8). They largely overlap, confirming that all elements
under scope were carbonate bound, discarding significant leaching
of non-carbonate phases. This similarity justifies the use of ppm
values, which is highly convenient for further discussion. The only
exceptions are the cases of Mg and Sr across the siliciclastic interval
at Rocha Poço (cluster I, Fig. 8B). Such a difference is probably due to
Figure 6. Geochemical biplots combining selected variables for both sections. (A) Iron vers
et al., 2000) and terrigenous input (e.g., Vincent et al., 2006). (B) Obtained oxygen-isotop
able degree of diagenetic influence (e.g., Veizer, 1983); (ii) salinity and water temperature ch
after Coimbra et al. (2015). See text for details on trends (ieiii).
the very low calcium content of this siliciclastic facies,
200e300 ppm (Coimbra et al., 2015; Fig. 5C), which induces
considerable bias in the correction procedure (see section 3). Since
values in ppm are preferable, this effect is held to be irrelevant.

The description of the stratigraphic elemental fluctuations
(Fig. 8) will be based on the major elemental differences of each
cluster (Table 2). Cluster I shows the highest Fe concentration (ca.
6000 ppm; Table 2 and Fig. 8B), along with high Mn values (ca.
300 ppm). Mg and Sr values are within the range of other estab-
lished clusters (3215 ppm and 361 ppm, respectively), hence they
are not considered a characteristic feature for this cluster. Cluster II
is mainly characterized by a significant increase in Sr and Mg
contents, reaching ca. 600 ppm and 4000 ppm, respectively (Fig. 8B
and Table 2). This change is accompanied by a rather high Mn
content (321 ppm), but lower Fe values (ca. 3000 ppm). When
compared to clusters I and II, clusters III and IV show overall
depletion in all measured elements (Fig. 8A,B; Table 2), more sig-
nificant in the case of Mn and Fe concentrations. But when
comparing clusters III and IV to each other, different trends arise
(Fig. 8). Namely, Fe and Mn differences are not very noticeable, but
still show a slight decrease from cluster III to IV; Sr content remains
us Mn concentration, along with expected trends proposed for hydrothermal (Corbin
e values versus Mn concentration, with indication of expected trends due to (i) vari-
anges (Marshall, 1992), as well as (iii) terrigenous input; epioceanic d18O range of values



Figure 7. (A) Crossplot representation of carbon and oxygen isotopes obtained for the studied sections at Rocha Poço and Puerto Lorente. Note clear variations depending on
lithology. Epioceanic signal and diagenetic (burial and meteoric) envelopes after Coimbra et al. (2014). (B) Example of quartz content estimation by pixel counting for samples
belonging to the siliciclastic interval of the Rocha Poço section.
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quite constant and Mg concentration is relatively higher in cluster
IV (Fig. 8A,B).

Apart from the major stratigraphic elemental trends, particular
peaks shown by certain variables are noteworthy (Fig. 8). These
include Fe concentration-peaks reaching 6000 ppm, accompanied
by coeval Mn increments (up to 160 ppm) along the Puerto Lorente
section (at the bottom and ca. 30 m above; Fig. 8A). Also note-
worthy are the sharp Mn concentration peaks (up to 800 ppm) that
occur without major changes in Fe concentration at the base and
mid-portion of the Rocha Poço section (Fig. 8B).

5. Discussion

Both studied sections represent neritic, mid-shelf environ-
ments, submitted to a regressive-transgressive cycle. But major
differences can be highlighted (see section 2) and evidence from
previous studies can be articulatedwith newgeochemical data, and
discussed in light of the obtained geochemical differentiation.
Namely, the Rocha Poço section represents irregular bottom phys-
iography along a persistent, shallow carbonate shelf-system
throughout the Jurassic in SW Iberia (see section 2). This neritic
mid-shelf setting received variable nutrient input, as clearly evi-
denced by a separation in the spatial distribution of coral and
sponge dominate communities. Later, marine inner-shelf
conditions and homogenized sedimentation preceded a peak-
regression during latest Jurassic-earliest Cretaceous times. In
contrast, the Puerto Lorente section represents low-energy, mid-
shelf shallow-marine conditions to the southeast at the epiconti-
nental shelf-system of the Betic Cordillera, dominated by dys-
saerobic, soft-to-firm water-sediment interphases, only
occasionally submitted to erosion/omission. As a raised bottom, it
received condensed, hiatal deposition during Oxfordian and oldest
Kimmeridgian times. This was interrupted by a rather thin carpet of
siliciclastics that resulted in a relative levelling of the seabed, cor-
responding to the local record of awidely recorded tectonic pulse in
the Iberian subplate. It was immediately followed by the deposition
of a thick, marly and silty limestone rhythmite under warm climate.
Orbital forcing was the main control dictating the stratal pattern on
this ramp, interacting with eustasy in the upper part of the record
(see section 2).

When comparing the two studied sections, major paleoenvir-
onmental differences at the Rocha Poço sector relate to more
irregular bottoms and their influence on shallow marine currents.
The common framework entails a relative disconnection from
oceanic circulation, stronger continental influence, and higher
biogenic activity on raised bottoms, either under oligotrophic
conditions (coral fringe reefs) or locally submitted to fertilization by
upwellings (sponge buildups and related facies). In such a context,



Figure 8. Stratigraphic trends of elemental variations of Mg, Sr, Fe and Mn throughout both studied sections along with indication of the geochemical clusters I to IV. (A) Puerto
Lorente section, showing only slight differences between clusters III and IV. (B) Rocha Poço elemental record. Note relative differences in elemental concentration among the four
obtained geochemical clusters. Absolute values (in ppm) are plotted along with corrected (calcium normalized) values for comparison, with overall agreement between both curves
(b-spline curves are used to connect datapoints). Grey arrows along Fe and Mn curves indicate sharp increase in elemental concentration (see text for discussion).
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biogenic activity was also higher at the seabed level, forcing a
higher incidence of biogenic automicrite. Skeletal breakdown and
drainage from the coral-fringe reef and the spongiolithic buildups
resulted in a common skeletal-rich deposition (Fig. 3).

In contrast, the “homogeneous” rhythmic carbonate-fine-
siliciclastic deposition at the Puerto Lorente sector is interpreted
as resulting from a position comparatively seawards and distal from
the potential carbonate factory, in a low-energy, ramp-like, non-
rimmed shelf. Higher accumulation rates, as inferred from strati-
graphic thickness, distinctive surfaces and lithofacies, show Puerto
Lorente to be a comparatively persistent, lower-energy depocenter
receiving finer continental detritus and offbank exportation of
carbonate muds and siliciclastics, with a higher incidence of allo-
micrites. The established paleoenvironmental conditions will be
discussed in terms of the geochemical information obtained.

The most significant correlations between geochemical vari-
ables for each section all included Fe and Mn (Table 1). When both
sections are considered (Fig. 6A) the Fe vs. Mn correlation is very
evident, fitting perfectly with independent evidence provided by
the lithofacies differentiation resulting from field observations and
the carbonate content of the materials under scope (Figs. 5C and
6A). Additionally, particular cases of deviation from the major Fe
andMn correlation are strongly evidenced (Fig. 6A). The coupling of
these variables informs on the overall terrigenous input along both
epicontinental areas (Elrod et al., 2004; Vincent et al., 2006; Zhao
and Zheng, 2014; Costa et al., 2016; Coimbra et al., 2017). Such
elemental supply is therefore more significant for the Rocha Poço
section, especially for cluster I, representing the siliciclastic interval
at the bottom of this section. The two samples departing from the
major trend (bottom and 30 m above, Rocha Poço section; Fig. 6A)
coincide with the bottom’ of the siliciclastic interval and topmost
horizon of the spongiolithic bioconstructions (Fig. 8B). These peaks
in siliciclastic input clearly mark a sharp transition which can be
attributed to local tectonic noise, agreeing thus with major
geochemical forcing due to hydrothermal contribution, i.e., syn-
depositional submarine volcanic activity. This activity is typically
characterized by sharp Mn input without major Fe changes, among
others (Lupton and Craig, 1981; Kickmaier and Peters, 1990; Rubin,
1997; Corbin et al., 2000; Aquilina et al., 2014; Coimbra et al., 2015).
Such a difference is attributed to dispersal mechanisms of hydro-
thermal plumes, accounting for seawater Mn contamination up to
great distances from seepage (Klinkhammer and Hudson, 1986;
Feely et al., 1992; Middag et al., 2011; Coimbra et al., 2015). In
contrast, Fe showing lower solubility in seawater tends to be
removed from the hydrothermal plumes earlier, i.e., closer to the
source (e.g., Bennett et al., 2008). Alternative proxies for such hy-
drothermal activity are not used due to the wide application of Mn
to depict hydrothermal influence in ancient deposits and even
detect plume progression in modern settings (Lupton and Craig,
1981; Kickmaier and Peters, 1990; Rubin, 1997; Corbin et al.,
2000; Middag et al., 2011; Aquilina et al., 2014; Coimbra et al.,
2015).
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The variation of Mn concentration (excluding hydrothermal
contribution) was used along with O-isotope values (Fig. 6B) to test
for the influence of diagenetic processes on the geochemical
dataset recorded at the investigated epicontinental sections.
AlthoughMn/Sr is a commonly used ratio due to opposing partition
coefficients (Brand and Veizer, 1980; Veizer, 1983), it was here
avoided due to a potential bias induced by particular palae-
oenvironmental behaviour of Sr (further discussed). Absolute
manganese abundance was therefore preferred (Fig. 6B).

Such comparison led to a clear separation between: (i) diage-
netic influence (Veizer, 1983; van der Kooij et al., 2009); (ii)
changes in water-mass density related to salinity and temperature
(e.g., Marshall, 1992); and (iii) variable terrigenous input (also
depicted in Fig. 6A). In Fig. 6B, the diagenetic trend (i) is deter-
mined exclusively by samples from the Rocha Poço section,
marked by progressive depletion in O-isotope values along with
Mn increase towards the siliciclastic interval (cluster I; Fig. 6B).
The O-isotope diagenetic pattern along siliciclastic facies was
previously dealt with in Coimbra et al. (2014). Apart from the
original volume of freshwater entering the proximal fringe (inner
and middle shelf), the silty-to-fine sandy character of this more
siliciclastic facies allows to assume higher porosity and perme-
ability due to its comparatively low but variable carbonate con-
tent, thus promoting a higher water/rock ratio accounting for the
diagenetic influence of phreatic (fresh/brackish) waters (Coimbra
et al., 2014 for full details). This diagenetic pattern serves to
demonstrate that, the depicted geochemical trends are in fact a
combined effect of particular palaeoenvironmental differences,
related to changes in water-mass density and terrigenous input (ii
and iii in Fig. 6B), which later promotes differential, more perva-
sive diagenetic pathways.

Based on the above, samples belonging to clusters III and IV from
both sections record a clear trend of increasingly negative d18O
values (e2.5& to e4.5%; Fig. 6B) when compared to the coeval
epioceanic signal (Fig. 7; epioceanic signal and burial/meteoric
diagenetic envelopes after Coimbra et al., 2014). This relative
depletion fits a scenario of increase inwater temperature landward,
towards epicontinental, more nearshore settings throughout Early
Kimmeridgian times. The alternative of increased burial tempera-
ture is here discarded based on the integration of isotope and
elemental data (Fig. 6B) and the lack of very negative burial realm
oxygen-isotope values (down to e9&) when compared to late ce-
ments belonging to coeval nearby settings (Fig. 7A). The potential
record of this trend along other clusters may have been compro-
mised by the previously mentioned diagenetic influence. In com-
parison, the obtained absolute d18O values for clusters III and IV
demand an exaggerated difference in seawater temperature of ca.
8 �C (Marshall, 1992) between epioceanic and epicontinental water
masses. Such an effect must therefore act in combination with
decreasing salinity due to freshwater input landwards on the cor-
responding epicontinental areas. This interpretation reinforces
previous evidence of freshwater/brackish influence on the
geochemical record throughout the epicontinental realm (Coimbra
et al., 2014), precisely due to a high original porosity (Fig. 7A). The
latter is supported by the strong influence of terrigenous input
(Fig. 6A,B and Table 1). However, it is important to note that the
obtained geochemical data do not reflect original lithological dif-
ferences or differential diagenetic processes affecting the mixed
carbonate-siliciclastic rhythmite at Puerto Lorente (Fig. 2B), where
siliciclastics are finer and restricted to a thiner stratigraphic interval
of the same age. This is especially evident along the O-isotope re-
cord, showing a very persistent record across subtle lithological
changes throughout time (Figs. 6B and 7). The temperature and
salinity changes previously discussed are perhaps more significant,
and hence superimpose other background influences. Since this
study focuses mainly on carbonate horizons (Figs. 2 and 5), such
fine-scale trends factors may be hard to detect.

The described trends will be taken into account together with
the information obtained from geochemical clusters in terms of the
palaeogeographic and palaeoecological contexts of the studied
areas at Puerto Lorente and Rocha Poço. Cluster analysis resulted in
a highest order major branching (dissimilarity) that differentiates
clusters I and II from clusters III and IV (Fig. 5A). In addition, further
differences between clusters I and II were detected along the profile
plot of each cluster (Fig. 5B). For these reasons, the more differen-
tiated clusters I and II will be discussed separately, while the more
similar clusters III and IV will be addressed jointly.

5.1. Cluster I: the siliciclastic end-member

Cluster I, covering the siliciclastic interval along the Rocha Poço
section, is the most differentiated one (Figs. 5e8). It represents an
end-member regarding the strong correlation between Fe and Mn,
reaching the highest Fe andMn concentrations obtained along both
epicontinental settings (Fig. 8B and Table 2). Further enhancement
of the geochemical differentiation results from the obtained
depleted d13C ratios (e2.2&; Table 2), only reflected by these facies
with higher siliciclastic content (cluster I; Fig. 7A,B). To account for
this geochemical signature, a combination of two probable mech-
anisms is envisaged: (i) input of 12C from remineralized organic
carbon that may lower the d13C values as much as 4.0&
(Immenhauser et al., 2002, 2008), which reinforces primary effects
of higher input of nutrients and organic matter levels forcing a
strong palaeoenvironmental/palaeoecologic signal in response to
such a fertilization increase; and (ii) high porosity and grain size
throughout this siliciclastic interval favours meteoric (phreatic)
diagenetic imprint (Allan and Matthews, 1982; Lohmann, 1988), as
previously discussed for diagenetic influence of this siliciclastic
facies on the O-isotope record.

Cluster I therefore represents the maximum continental influ-
ence recorded at the compared epicontinental intervals of both
settings. Furthermore, it records the maximum diagenetic influ-
ence depicted throughout all obtained clusters, combining
maximum palaeoenvironmental difference with maximum diage-
netic imprint. These particularities make it possible to establish
adequate terms of comparison for the remaining clusters.

5.2. Cluster II: spongiolitic buildups

The fully established sponge bioherms at Rocha Poço determine
a marked eco-sedimentary, lithostratigraphic (Fig. 2) and
geochemical change (cluster II in Fig. 5). The characteristically
higherMg and Sr concentrations aremajor distinctive features. This
interval is related to profound changes in environmental and
ecological conditions. On the one hand, higherMg contents account
for a higher relative carbonate content of the sediments throughout
this interval (Fig. 5C), in agreement with a local decrease in
terrigenous input (Figs. 6 and 8B). All this fits with conditions of
comparatively raised bottoms (tectonic readjustment) in response
to local tectono-eustatic counteracting of expected effects of the
global, second order sea-level rise (Haq et al., 1988; Hardenbol
et al., 1998). Hence, carbonate margin progradation, and a related
siliciclastic decrease, favoured local sponge growth where meso-
trophic conditions were established. The impact on the Mg content
of alternative mineralogy changes (high- vs. low-magnesium
calcite), and/or changes in seawater temperature, are hard to
ascertain as these may potentially be superimposed by the clearly
identified increase in carbonate content (Figs. 5, 6 and 8).

Further support for the particularity of the lowermost portion of
the spongiolithic limestones (cluster II) was previously presented in
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Coimbra et al. (2015) in terms of the geochemical signal of fine
detrital carbonate material in-filling interstitial space in sponge
buildups (similar to Fig. 3B). These showed lowered d13C values
with respect to the sponge frame, but such a difference is lost
further up-section, when sponge-buildup activity diminished
(clusters III and IV at Rocha Poço; Fig. 5).

On the other hand, Sr content is atypically high, reaching the
highest values obtained for all clusters (ca. 600 ppm; Table 2 and
Fig. 8B). The Rocha Poço area was located at the vicinity of sectors
experiencing active reefal-growth under oligotrophic conditions at
the Eastern Algarve shelf (Marques,1985; Ramalho,1985; Rosendhal,
1985; Leinfelder, 1993). Corals, stromatoporoid-like organisms and
algae are the highest accumulators and discriminators for Sr among
marine invertebrates (e.g., Bowen, 1956). Reefal patches containing
corals and algae (high-level Sr-reservoirs and donors) may have
become affected in terms of ecologically favourable/unfavourable
conditions by the described relative sea-level dynamics (section 1
and 2). Early diagenetic stabilization and/or dissolution of arago-
nite thus provided abundant Sr supply to surrounding seawaters, as
recorded in cluster II (Coimbra et al., 2015 for details). All of this
shows a case of local gradient of nutrients.

5.3. Clusters III and IV: demise of sponge bioherms and hemipelagic
rhythmite deposition

One of the most noteworthy findings was that two very well-
differentiated lithofacies recorded comparable geochemical
trends obtained from the carbonate fraction (Figs. 5e8). The upper
spongiolithic interval at Rocha Poço, just above the spongiolithic
climax (cluster II), shows no significant geochemical deviationwith
respect to the Puerto Lorente rhythmite, both thus included in
clusters III and IV. This fact allows two readings: (i) either deposi-
tional conditions related to the fading-out of the spongiolithic
buildup climax at Rocha Poço were not so different from those
promoting rhythmite deposition at Puerto Lorente; and/or (ii) po-
tential original geochemical differences were not recorded/ana-
lysed, or were homogenized at a rather early diagenetic stage.

For the first alternative (i), relative paleoenvironmental differ-
ences only affected the geochemical indicators considered here to a
moderate extent. The mesotrophic conditions that favoured the full
development of sponge-bioherms during the interval represented
by cluster II were probably not persistent throughout
Hypselocyclum-Divisum times. Accordingly, nutrient supply for
sponge growth was progressively cancelled, accounting for the
demise of biogenic build-ups. Low relative sea-levels (Fig. 8B) and
unfavourable bottom physiography for upwelling persistence
(smoothed seabed relief) may indirectly account for degradation of
optimal ecological conditions (nutrient levels) in which sponges
thrived. In fact, a third order peak-transgression during the late
Divisum Chron favoured a short-time ammonite re-colonization,
resulting in a marker limestone bed within the upper spongio-
lithic facies (ecostratigraphic event in Fig. 3 of Olóriz, 2000; Figs. 2B
and 8B).

The overall conditions described for Rocha Poço may not differ
significantly from those established at the more uniform, homo-
clinal ramp, at Puerto Lorente in broad terms of depositional con-
ditions. The latter refer to settings receiving bioclasts from
surrounding, raised bottoms colonized by shelly benthics, despite
recognized differences in shelf configuration. Thus, far from
optimal conditions for sponge buildups, the ecological difference in
source areas determined, at most, the accumulation of diverse
dominant skeletals in the depositional sites at Rocha Poço and
Puerto Lorente. These two settings represent epicontinental areas
within the same latitudinal belt, with Rocha Poço being placed
slightly landward under the limited influence of detrital material
related to a nearby coral-reef fringe. Hence, no major geochemical
difference was registered in carbonate matrices, at least concerning
the isotopic and elemental signals investigated (Figs. 6e8). The
latter alternative (ii) would first imply that other geochemical/
mineralogical proxies and complementary sampling of non-
carbonate horizons could be necessary to obtain stronger differ-
entiation between the two settings under focus. Yet concerning the
variables under scope here, early diagenetic homogenizationwould
be a reasonable assumption for the investigated carbonates, while
always subtle enough to preserve nearly the original signature of
d18O values (Fig. 6B).

A closer look at the differences between clusters III and IV (Fig. 8
and Table 2) reveals that they establish two clear stratigraphic in-
tervals along the Puerto Lorente section, but not in Rocha Poço
(Figs. 5C and 8B). Despite a negligible difference in elemental values
between the two settings under scope (Table 2 and Fig. 8), a smaller
thickness (ca. 20 m vs. 80 m) and a lower number of samples (7
samples vs. 76 samples) make general interpretations at Rocha
Poço rather inconclusive. At Puerto Lorente, clusters III and IV do
not show strong changes in absolute elemental values (Table 2). For
example, the established difference of ca. 500 ppm for Fe concen-
tration or only 11 ppm in Mn abundance between the two clusters
can be considered minimal (Table 2). But this subtle trend may be
associated with a more expressive 407 ppm variation of Mg, the
latter reflecting higher carbonate content (Ca abundance difference
of ca. 10,000 ppm; see Table 2). This is in complete agreement with
relative sea-level trend (shallowing), with a more arid local climate
and consequent lowering of terrigenous input along the upper
portion of the Puerto Lorente section (Fig. 8A). All the above means
that the performed cluster analysis proves to be a valuable fine-
resolution tool for detecting minor, but meaningful palae-
oenvironmental geochemical trends.

Apart from the described major trends, prominent Fe and Mn
concentration peaks appear along the Puerto Lorente section
(Fig. 8A). This feature is noteworthy as it occurs at samples with
high carbonate content (>ca. 90%, Fig. 5C), validating the presence
of the elements here under scope as carbonate-bound (see also
Fig. 8). They reflect major events of terrigenous input, as reflected
by the stratigraphic log of this section (base and mid-portion;
Fig. 8A). When these events are compared to the 3rd order rela-
tive sea-level curve (Fig. 8), the first pulse corresponds to a
comparatively high sea-level, while the second one relates to the
lowest sea-level envisaged for the studied interval. Hence, when
the lowermost siliciclastic peak in Puerto Lorente is compared to
the coeval hydrothermal Mn peak at the base of the Rocha Poço
section, both can be attributed to tectonic instability along the
shelf-system under scope. This is evidence for the differential
expression of local to regional tectonic events along the epiconti-
nental fringe, either by increased terrigenous influx (at Puerto
Lorente) or affecting ambient seawater geochemistry (at Rocha
Poço). This interpretation agrees with clay mineralogy data from
the same section (López-Galindo et al., 1991) as well as with
widespread regional observations across Iberia and North Africa
(Marques et al., 1989,1991), which can be correlated with a tectonic
phase (plate readjustments) encompassing marginal areas related
to the evolution of the central North Atlantic Basin (Olóriz et al.,
2003).

The recorded Mg concentration trend along the Puerto Lorente
section shows some particular features (Fig. 8A). The value of ca.
4000 ppm at the base of this section is followed by a significant
decrease down to 2500 ppm, then a progressive recovery back to
4000 ppm along the mixed carbonate-siliciclastic rhythmite. The
Mg signature of about 4000 ppm is also reflected by the sedi-
mentary package preceding the stratigraphic interval here under
scope, i.e., below the siliciclastic interval. Thus, two aspects need to
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be clarified: the higher Mg signature in this epicontinental setting
when compared to the very stable signal of 3000 ppm for coeval
epioceanic Ammonitico Rosso facies (Coimbra et al., 2015); and the
sharp decrease recorded above the siliciclastic interval followed by
the slowly recovery trend up-section (Fig. 8A).

Mg concentration in marine carbonates is known to respond to
changes in seawater temperature and pCO2 (Burton and Walter,
1991; Adabi, 2004). The effects of seawater pH, alkalinity, impact
on sulphate reduction processes, controls exerted by biologic pro-
cesses; and/or local current patterns, fall beyond the scope of this
contribution. But both temperature and pCO2 need to be taken into
account for the particular setting under focus. Compared with
epioceanic records, a slightly warmer water temperature is envis-
aged for the epicontinental Puerto Lorente section (Fig. 6B), as
interpreted from lowered O-isotope values, explaining also the
recorded increase in Mg concentration.

The significant decrease and slow recovery towards these higher
values (4000 ppm) occurs just after a major tectonic readjustment
at the regional scale (e.g., Acosta, 1989; Marques et al., 1989, 1991;
López-Galindo et al., 1991; Olóriz et al., 2003), as recognized by the
conspicuous siliciclastic interval at the bottom of this section
(Fig. 8A). It is here proposed that such a relevant event could release
CO2 into ambient seawater, potentially forcing the obtained low-
ered Mg values (ca. 2500 ppm). Such tectonic activity could also
promote a local increase of seawater temperature due to increased
CO2 levels, potentially counteracting the effect of lowering Mg
content (Burton and Walter, 1991). The Mg stratigraphic trend
registered throughout the Lower Kimmeridgian shows recovery to
standard values for the Puerto Lorente area, accompanying a
change towards locally more arid climatic conditions leading to
lowered siliciclastic input and consequently increased carbonate
deposition on this epicontinental area (lower cluster IV beds;
Fig. 8A). Manganese and Fe trends support this interpretation
(Figs. 6 and 8A), as well as the decreasing O-isotope values (Fig. 6B).
6. Conclusions

The obtained chemostratigraphic record from carbonate hori-
zons relates to distinctive characteristics of two Kimmeridgian
shallow-marine, epicontinental settings characterized by dissimilar
platform morphology, degree of connectivity to oceanic waters,
circulation patterns, terrigenous input, lithofacies and stratal pat-
terns. Cluster analysis of geochemical dataeretrieved from these
mid-shelf carbonate recordsereveals major elemental trends
differentiating shallow marine waters submitted to different de-
grees of connection with open sea, epioceanic Tethyan waters.
Accentuated diagenetic imprint mostly relates tometeoric/phreatic
diagenesis affecting the siliciclastic interval, associated with the
comparatively landward setting (the Rocha Poço vs. the Puerto
Lorente section). The integration of paleoceanographic knowledge
with geochemical, geological and palaeoenvironmental informa-
tion has led to the following inferences:

(i) Continental influence was revealed by the strong Fe and Mn
correlation evidenced at both nearshore sites, more marked at
the locally rimmed shelf of Rocha Poço, but also detected along
the comparatively homogeneous, mixed carbonate-fine-sili-
ciclastic rhythmic deposition on the non-rimmed shelf at
Puerto Lorente;

(ii) The obtained signature for biogenic buildups at Rocha Poço is
attributed to changes in ecological conditions forced by local
upwelling (fertilization) and the influence of coral-fringe ef-
fects, thus revealing a case of variable local gradient in
nutrient levels;
(iii) Major events of palaeogeographic restructuring were variably
recorded along the investigated north-Tethyan epicontinental
fringe, either by sudden increases in siliciclastics related to
widespread, regional tectonic pulses (bottom instability,
changing subsidence) or detected by geochemical deviations
(decoupling of Mn and Fe trends);

(iv) A considerably stable background signal of Mg concentration
related to warmer seawater conditions along shallow-marine,
nearshore/coastal settings, was identified and corroborated by
lowered O-isotope values. Strong disruptions of the recorded
steady increasingMg values could be linked to the influence of
geochemically altered water-masses due to tectonic activity;

(v) The geochemical approach to characterize packages of car-
bonate horizons enabled to differentiate shallow-water set-
tings, providing enough sensitivity and reliability to detect
palaeoenvironmental differences occurring along different
segments of the northwestern Tethyan margin, covering pro-
cesses ranging from tectonics to relative sea-level dynamics
and forced ecology. The presented outcomes are encouraging,
and can be seen as a step-forward towards a deeper under-
standing of the palaeoenvironmental significance of a wide
range of elemental and isotopic signals.
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