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a  b  s  t  r  a  c  t

In  the  Iberian  Chains  of  northeastern  Spain,  the  Hirnantian  Orea  Shale  comprises  three  erosive  glaciogenic
unconformities  punctuating  two  transgressive  glaciomarine  sequences.  These  sequences  represent  ice
retreat  episodes  of grounded  ice on  a  North  Gondwanan  region  of 50–60◦S of  estimated  palaeolatitude.  In
contrast,  the same  formation  recorded  in  the Hesperian  Chains  repeated  episodes  of extensional  tectonic
activity:  diamictites  were  associated  with  slope-related  debris  flows  and  slumps  commonly  interrupted
by  truncating  discontinuities.

An  analysis  of  �13Corg in  the  Orea  Shale  has revealed  that the  lower  Orea  sequence  displays  isotopically
light  baseline  values  (∼ −27‰)  punctuated  by  minor  (2–3‰)  shifts.  In distal  parts,  the  upper  sequence  is
characterised  by  a  rapid  rise  in  �13Corg values,  which  mark  a  positive  excursion,  in the  range  of  2.5‰  to 7‰
over  40  cm  of thickness.  The  stratigraphic  gap  involved  in the  intra-Orea  erosive  unconformity  appears  to
be  greater  both  in  proximal  exposures  and  slope-related  (Hesperian)  areas,  where  the  chemostratigraphic
shift  was not  recorded.  Upsection  in  the  three  studied  sections,  the  �13C values  display  upsection  a  sharp
return  to baseline  values  of −26‰ to −28‰.
The Hirnantian  strata  of  the  Iberian  and Hesperian  Chains  have  recorded  three  major  correlatable
events:  (i)  a the  karstic  surface  that  caps  upper  Katian  limestones  and  reflects  the  maximum  glacial
extension;  (ii)  a  single  �13Corg positive  peak  of  ∼6‰ that  is recognisable  in distal  ramp  settings,  marking
the  beginning  of  the  second  ice  retreat  episode  and  probably  representing  the  late Hirnantian  HICE  shift;
and  (iii)  the erosive  unconformity  marked  by the  progradation  of  the  Los  Puertos  shoreline  complexes.
. Introduction

The understanding of Late Ordovician climatic events has been
reatly enhanced by the introduction of stable isotope analysis.
fter the relationship between Hirnantian carbon isotope excur-
ions (HICE) and sea-level fluctuations proposed by Brenchley et al.
1994), there has been considerable discussion about the causes
nd patterns of the Hirnantian glaciation. Most of the early carbon
sotopes analyses were conducted on carbonate strata (�13Ccarb),
oth on calcitic brachiopod shells and whole rock (see revisions
y Brenchley et al., 2003; Melchin and Holmden, 2006). Because

he Hirnantian carbonate deposits mainly developed in low palae-
latitudes, almost all of the isotopic studies were concentrated in
eri-equatorial palaeocontinents, mainly in Baltica and Laurentia
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(e.g., Copper and Jin, 2014). The only exception is the analysis of car-
bon isotopes on brachiopod shells from the Argentine Precordillera,
located during the Hirnantian in a periglacial setting. Nevertheless,
this study analysed a single fossiliferous horizon, and although they
detected heavy �13C values, the authors did not attempt to provide
a complete isotopic curve.

Studies on carbon isotopes derived from the organic matter
fraction (�13Corg) have also been conducted on Hirnantian rocks
(Underwood et al., 1997; Wang et al., 1997; Melchin and Holmden,
2006; Fan et al., 2009; LaPorte et al., 2009). Analysis of �13Corg

variability was  carried out in the high-palaeolatitude periglacial
region of Jordan (Armstrong et al., 2005), but the black shales that
were analysed form part of the final deglacial succession and do
not record any of the well-known carbon isotopic shifts related to

Hirnantian glacial cycles.

After the first attempts to use the Hirnantian �13C excursions
as refined tools for chemostratigraphic correlation between dis-
tant areas (Brenchley et al., 1994, 2003; Marshall et al., 1997;
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nderwood et al., 1997), Melchin et al. (2003) suggested that the
ature and trend of the �13C curves does not allow such a high-
esolution because �13C curves contain both regional and global
omponents. Only one of the two main Hirnantian positive �13C
eaks from South China (Wang et al., 1997) and Arctic Canada
Melchin and Holmden, 2006) are recognised elsewhere. Thus,
epending on which of the peaks is correlated with single peaks
rom the Baltic and Laurentian successions (Anticosti and Dob’s
inn) successions, the calibration of the Hirnantian global events
s different (Jones et al., 2011; Finnegan et al., 2012; Copper et al.,
013; Copper and Jin, 2014). In addition to the difficulties corre-

ating �13C curves from incomplete successions, it must be also
ept in mind that the absolute values of the �13C excursions are
ffected by locally acting carbon cycles (Melchin and Holmden,
006). Nevertheless, analysis of carbon isotopes provides an oppor-
unity for Hirnantian global correlation, as long as its limitations
re recognised and the assumption is made that the Hirnantian
13C shifts are directly related to glacioeustatic sea-level changes
Finney et al., 1999; Kump et al., 1999; Villas et al., 2002; Melchin
nd Holmden, 2006). The potential of global isotopes analysis for
lobal correlation is so widely acknowledged that the International
ubcommission on Ordovician Stratigraphy (ISOS; Webby et al.,
004; Chen et al., 2006) has defined the boundary between the two
irnantian stage slices (Hi1 and Hi2) to be at the end of the global
irnantian �13C excursion HICE (Bergstrom et al., 2009). This exam-
le is the only case in which one of the Ordovician stage slices is
ot based on conodont or graptolite zones.

The chronostratigraphy of European Hirnantian successions
rom periglacial settings fringing North Gondwanaland (see Harper
t al., 2013: Fig. 11.14) is still poorly constrained, which con-
rasts with the existing accurate chronostratigraphic information
n correlative successions from North Africa (Bourahrouh et al.,
004; Villas et al., 2006; Colmenar and Álvaro, 2014). Thus,
any uncertainties remain regarding the chronology of the typ-

cal Hirnantian glaciomarine strata in Europe, their stratigraphic
ompleteness, and their relationships with the described glacial
axima and related global sea-level low-stands. According to

renchley et al. (1991), the Hirnantian glaciomarine diamictites
rom the Iberian Peninsula would have been accumulated after
he main glacioeustatic regression, whereas those from the Prague
asin would have pre-dated it. However, the relative sea-level
uctuations recorded in periglacial settings were also affected
y isostatic depressions of the platforms caused by loading of

ce sheets (Brenchley et al., 1991). A possible solution for some
f these uncertainties may  be the study of the carbon isotopes
erived from organic matter in dark claystone diamictites or clayey
andstones from periglacial settings. An analysis of the varia-
ions in �13Corg values through glaciomarine strata from platforms
ordering the North African margin of Gondwana could allow:
i) a chemostratigraphic correlation with the better constrained
arbonate-dominated successions from low-latitude basins; (ii)

 better understanding of the incompleteness of Hirnantian
tratigraphic sequences represented by biostratigraphically poorly
onstrained diamictites interrupted by distinct glaciogenic gaps;
nd (iii) a comparison of chemostratigraphic shifts and ice retreat
ulses. Addressing these three points would lead to a better under-
tanding of global Hirnantian climatic events and how they may
ave triggered the Late Ordovician extinctions (Ghienne, 2011).

. Geological setting and stratigraphy
Upper Ordovician strata are known in two areas of the Iberian
anges in northeastern Spain: (i) the eastern Iberian Chain and
ii) several inliers that constitute its southwestern prolonga-
ion (named the Hesperian Chains), which are composed of the
de 75 (2015) 335–343

Aragoncillo, Nevera, Sierra Menera, and Tremedal inliers (Fig. 1).
The glaciogenic character of some Upper Ordovician strata was first
pointed out by Carls (1975) and Fortuin (1984). The lithostratig-
raphy of both areas is relatively similar and has been described
by Carls (1975); Villena (1976); Hammann (1992) and Gutiérrez-
Marco et al. (2002). Subsequently, Herranz Araújo et al. (2003)
proposed a lithostratigraphic revision for the Hesperian Chains,
where new formations were defined based on special lithic char-
acters. We  follow this updated stratigraphic sketch.

The glaciogenic shale-dominated Orea Shale Formation
50–80 m thick unconformably overlies the upper Katian Cystoid
Limestone (Fig. 2). The latter is up to 50 m thick and characterised
by pelmatozoan-bryozoan meadows and mud-mounds dated by
means of conodonts (Carls, 1975; Sarmiento, 2002), brachiopods
(Villas, 1985) and trilobites (Hammann, 1992). The shales of the
Orea Formation have rarely yielded unreworked organic-walled
microfossils. Although acritarchs reported from the lower part of
the Orea Formation were dated by Hafenrichter (1979) as Silurian,
Vecoli (pers. comm.) suggests that the association is not distinctive
enough to discriminate between Ordovician and Silurian strata.
More recently, Vizcaïno et al. (2004) described the presence of the
only biostratigraphically significant fossils of the Orea Formation.
They reported the occurrence of Mucronaspis mucronata,  a biogeo-
graphically widespread Hirnantian trilobite commonly associated
with the Hirnantia Fauna (Owen et al., 1991), close to Noguera
(Tremedal inlier). M. mucronata occurs in the Noguera section
(reported below as section NOR), 2 m above the base of the Orea
Formation. Although its presence confirms the Hirnantian age of
the unit, it is not stratigraphically precise enough to discriminate
between the two  graptolite zones or the two  stage slices of the
Hirnantian Stage (Bergstrom et al., 2009).

In the eastern Iberian Chain, the Orea Formation contains two
distinct transgressive depositional sequences (related to the retreat
of grounded ice). These sequences are underlain by two pronounced
glaciogenic discontinuities (D1 and D2 in Fig. 2; for a detailed
description of facies associations and sequence framework, see
Álvaro and Van Vliet-Lanoë, 2009). The lower sequence consists of
offshore-dominated shales recorded in proximal outcrops passing
basinward into sedimentation of mixed massive diamictites, rich in
carbonate dropstones. These are associated with intraformational
slumps and local synsedimentary bedding distortion at the Valde-
laparra section (VP). The limited extent of the associated carbonate
dropstone-bearing wedge and the record of unstable substrates
may  reflect the underflow action of active glacier fronts. The
diamictites of the lower sequence formed extensive blanket-like
sheets that draped over pre-existing karstic palaeotopographies
(D1). In proximal outcrops, the upper sequence of the Orea For-
mation is absent due to erosion, and D2 directly coincides with
the erosive base of the overlying Los Puertos Formation (D3). In
central sections (shoreward of the Valdelaparra section, VP, and
Peña del Tormo section, PT), D2 is represented by an abrupt change
from open-sea offshore sediments, which lack distinct records of
glaciogenic processes (lower sequence), to conglomeratic channels
covered by terrigenous glaciomarine diamictites (upper sequence),
indicating abrupt changes in depositional conditions. The upper
sequence consists of massive homogeneous, terrigenous diamic-
tites, considered to be the result of floating, debris-bearing ice. The
ice was  probably in the form of a discontinuous ice platform or
a series of ice platforms that deposited glaciomarine dropstones
in areas of high sedimentation rates with little current rework-
ing. D2 is marked by conglomeratic channels that change into
calcareous sandstones (rich in limestone and dolostone granules)

and limonitised bioclasts (dominated by disarticulated and broken
echinoderm and bryozoan debris).

In contrast, the beginning of the Hirnantian in the Hesperian
Chains recorded an episode of extensional tectonics, characterised
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ig. 1. Generalised map  of the Palaeozoic in both Iberian Chains and Hesperian Cha

y a series of NW–SE trending drowning palaeohighs and grabens
ith encased hydrothermal Fe ore deposits (Fernández-Nieto

t al., 2003; Álvaro and Van Vliet-Lanoë, 2009). Most of the Orea
iamictites close to palaeohighs were associated with debris flows
enerated by slumping, which is evidence of resedimentation and
cannibalistic” processes on upper slopes. Tectonic movements
oeval with the Orea deposition are also suggested by thickness
ariations of facies associations and the common occurrence of
haotic and contorted bedding. Abrupt vertical and lateral varia-
ions are associated with overlying synsedimentary slumped beds,
ocal erosive discontinuities, sedimentary slides, debris flows, asso-
iated olistolithic beds and breccia sheets. This suggests the local
reakdown and instability of the seafloor, the development of
ctive depositional slopes, and the lack of the distinct sequences
escribed in the eastern Iberian Chain (Álvaro and Van Vliet-Lanoë,
009).

The overlying Los Puertos Formation is 1–50 m thick and con-
ists of white sandstones and conglomerates with rare shale
ntercalations. The formation is underlain by another major ero-
ive unconformity (D3 in Fig. 2). The formation has been currently
onsidered to represent the basal Silurian, based on its Rhud-
anian to Aeronian graptolites occurring in clayey intercalations
Gutiérrez-Marco and Štorch, 1998). Nevertheless, the occur-

ence of a low diversity Hirnantia Fauna in the lower horizons
f the Criadero Quartzite (Villas et al., 1999), and in the Luna
uartzite (Gutiérrez-Marco et al., 2010a,b), a lateral equivalent of

he Los Puertos Formation in Central and North Spain, respectively,
th position of sampled locations; modified from Álvaro and Van Vliet-Lanoë (2009).

suggests that the Ordovician-Silurian boundary may  be tentatively
placed within the Iberian unit. The recent discovery of a Hirnan-
tia Fauna within the Los Puertos Formation itself (Bernárdez et al.,
2014) confirms the correlation above.

3. Methods

We selected three reference sections for chemostratigraphic
analysis: (i) the palaeogeographically proximal Valdelaparra ravine
(VP) section of the eastern Iberian Chain (representing a quiescent,
intra-platform ramp); (ii) the distal Peña del Tormo hill (PT) section
of the eastern Iberian; (iii) and the Noguera locality (NOR), which is
a section of the Tremedal inlier in the Hesperian Chains represen-
tative of a tectonically active outer-shelf (Fig. 1). We  analysed 23
and 17 diamictite samples from the two reported sequences of the
Orea Formation in the VP and PT sections. The VP and PT sampled
sections have a thickness of 24 and 22 m,  respectively. We  analysed
32 samples of grey to black shale spanning a monotonous blackish
shale succession, 103 m thickness in Noguera.

After grinding and homogenising the selected samples to
<53 �m, their bulk mineralogy was  studied by X-ray diffractom-
etry (XRD). Oriented aggregates (OA) were prepared by both
the <2 �m and <20 �m fractions. The aggregates were sepa-

rated by sedimentation. The oriented aggregates were chemically
treated by saturation with ethylene glycol and dimethyl sulfoxide.
Semi-quantitative estimates were conducted using the main peak
of every phase, according to Schultz (1964) and Biscaye (1965)
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ig. 2. Stratigraphic logs and �13Corg curves at Valdelaparra (VP), Peña del Tormo (PT
n  the right side of the columns correspond to analysed samples.

ntensity factors. The samples were analysed using a Philips PW
710 diffractometer set at CuK� radiation with an automatic slit
nd a diffracted-beam graphite monochromator.

We follow the Larson et al.’s (2008) in situ method to process
he studied samples. This method was originally designed for the
emoval of siderite. We  made this choice due to the rare presence of
alcite in samples and to avoid the loss of soluble organic material
uring acidification.

Powdered samples were placed in silver capsules and weighed.
ample capsules were left open and placed on a plastic sample
ray for acidification. Each day, 100 ml  of 6 N HCl was  pipetted
nto the open sample capsules and allowed to evaporate overnight.
his volume of acid was chosen so that all of the solid sam-
le and aqueous components would remain within the capsules.
cid was added at the beginning of each day of pre-treatment.
he samples were never rinsed, and acid was not decanted dur-
ng acidification. Following pre-treatment, samples were dried in
n oven at 50 ◦C, removed and weighed. Sample capsules were
hen tightly closed for isotopic and elemental analysis. The sam-
les were put in a rotating carrousel for combustion in a HCNOS
urovector EA 3000 elemental analyser. The gas sample was
ubsequently purified and passed through an ISOPRIME continu-
us flow dual-inlet mass-spectrometer for elemental and isotopic

nalysis. Total organic carbon content was estimated from CO2
ields prior to isotope analyses. Carbon isotope ratios were mea-
ured against international and internal standards. The results are
xpressed in the notation � (‰) in relation to PDB scale. Analytical
 Noguera (NOR) sections; modified from Álvaro and Van Vliet-Lanoë (2009). Figures

reproducibility of replicate samples using this method was better
than 0.1‰.

4. Results and discussion

As stated above, systematic mineralogical and organic carbon
isotopic chemostratigraphy was  carried out for the Orea Forma-
tion along two  sections in the eastern Iberian Range, Valdelaparra
ravine (VP) and Piedra del Tormo hill (PT), and one section in the
Hesperian Chains, Noguera (NOR) (Fig. 1—full results are displayed
in Tables 1 and 2).

4.1. Mineralogical tracers: dealing with diagenesis

Generally speaking, knowledge of the phyllosilicate assemblage
and its crystallochemical parameters allow post-depositional evo-
lution to be monitored. For Ordovician terrigenous sedimentary
rocks of the Iberian Chains, Bauluz et al. (1998) proposed an
evolutionary trend from diagenesis to low-grade anchizone. Our
mineralogical study was  designed to address the extent to which
diagenesis may  alter the original isotopic ratios recorded by the
studied diamictites and claystones and to evaluate its influence on
further palaeoceanographic interpretations.
The mineralogical assemblages mainly comprise quartz, mica,
chlorite and subsidiary feldspar (Table 1). Occasionally, calcite was
detected as a rare component in the PT and VP sections, and it was
eliminated before analysis by the procedure described above. In
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Table  1
Mineralogical composition (XRD) of whole rock and <20 mm and <2 mm fractions of the studied samples. Illite crystallinite (IC) values of <2 mm fraction are also included.

Whole rock <20 �m Fraction <2 �m Fraction

Section Q Fdp Phy Cte I Ka Chl I Ka Chl IC

VP 36–60 3–9 34–59 0–3 88–96 0–5 4–7 83–92 0–6 4–11 0.31–0.50
n  = 16 49 4 46 1 91 3 6 90 2 8 0.45
PT  38–62 0–4 37–50 0–6 89–100 0–5 0–7 85–100 0–8 3–7 0.49–0.79
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n  = 17 51 2 45 2 94 

NOR  37–52 4–9 39–61 – 39–90 

n  = 32 44 5 51 – 57 

ne fractions, the main phases were illite and chlorite, with small
mounts of kaolinite (Table 1). The illite crystallinity (IC) values
anged from 0.31 to 0.50◦2�, from 0.49 to 0.79◦2�, and from 0.29
o 0.61◦2� for the VP, PT, and NOR sections, respectively (Table 1).
hese values are indicative of a diagenetic to anchizone grade. No
rend of significant variability was observed at the local or regional
cales of the studied sections in silt or clay fractions.

.2. X-ray diffraction profiles

The bulk mineralogy, determined by XRD, mainly comprises
uartz, phyllosilicates (mica and chlorite) and scarce feldspars,
hich displayed an upsection replacement of kaolinite (reworked

rom karstic infills associated with the underlying D1 discontinuity)
y feldspar at the lowermost part of the sequences. Few samples
rom the VP and PT sections contain calcite as accessory mineral,
robably also related to the reworking of scattered carbonate clasts
nd fossils from the underlying Cystoid Limestone. Dioctahedral
ica was the main constituent of the <20 and <2 �m fractions.
hereas significant amounts of chlorite were detected in all sam-

les, kaolinite was only found at the bottom of the studied sections.
The IC (CIS) values of the <2 �m oriented aggregates were in

he range of 0.29 to 0.89. This variation is irrespective of the
tratigraphic position. Value fluctuations were not gradual; there
ere some abrupt changes, probably related to the presence of

cattered dropstones. The aforementioned values correspond to
iagenesis and anchizone-grade metamorphism. The above data
re compatible with those obtained by Bauluz et al. (1998) in
ambrian-Ordovician shales and greywackes from the central

berian Chains.

.3. Isotope profiles

Plotting �13Corg versus stratigraphic height for PT, VP, and NOR
ections (Fig. 2) revealed that the chemostratigraphic transect is
istinctly constrained by the setting and timespan involved in the
rosive unconformity that separates the aforementioned lower and
pper sequences (D2). The lower sequence was characterised by

sotopically light baseline values (∼ −27‰)  punctuated by minor
<2−3‰)  shifts. In the distal palaeogeographic area of the Iberian
amp (PT), the upper sequence was characterised by a rapid rise in
13Corg values that mark a positive excursion, on the order of 2.5‰
o 7‰ over 40 cm of thickness. This sample was situated over 2.2 m
t the base of D2. Although the isotopic excursion is represented
y a thin stratigraphic interval, this anomaly is robust because
he analysis was reproduced three times through the particular,
alcite-free stratigraphic interval. In contrast, the stratigraphic gap
nvolved in the unconformity D2 would be expected to be greater
oth in proximal exposures (such as VP) and tectonically active
reas (NOR), where the onset of marine conditions was delayed.

he �13Corg values were higher in the three studied sections, and
hey displayed a sharp return to the baseline values, ranging from
27‰ in the Iberian ramp to −28‰ in the Hesperian shelf. Finally,
13Corg values remained invariant at the NOR section, whereas an
2 4 94 2 4 0.71
0–15 3–60 57–94 0–18 1–45 0.29–0.61
3 40 68 3 29 0.43

abrupt decline above the positive shift was  observed at the PT
and VP sections. Therefore, the described differences in the shape
of the profiles (Fig. 2) are linked to palaeogeographic differences,
specifically proximal intra-shelf ramp versus outer shelf settings.
It is important to remember that the NOR section is marked by
the presence of trilobite-bearing black claystones, and the PT and
VP sections consist of light-coloured siltstones bearing burrowing
traces; thus, there is no evidence of anoxic conditions for the latter
sections.

Based on the clay composition of the studied sections and those
reported at the regional scale (Bauluz et al., 1998), we concluded
that the largest post-depositional influence recorded by the rocks
was related to burial diagenesis. Furthermore, we determined that
the studied sections experienced a similar diagenetic trend. There-
fore, we  suggest that the major changes in isotopic values reflect
primary changes. This suggestion is also supported by the fact that
the PT section recorded a carbon isotope excursion that mimics a
similar shift found in subtropical Hirnantian platforms (Brenchley
et al., 2003 and references therein; Finnegan et al., 2012, Jones
et al., 2011). Absolute values must be regarded with caution, but
there is no evidence for a diagenetic alteration sufficient to greatly
change the original �13C trends. This is in agreement with Schwab
et al. (2005), who stated that carbon isotope signals show little or
no evidence of alteration under anchizone-grade metamorphism
conditions.

As the diagenetic alteration is of particular concern when con-
structing an isotopic profile, it is necessary to consider the effects of
diagenesis on primary �13Corg values. This must be accomplished by
taking into account the low total organic carbon (TOC) concentra-
tions in the studied samples: from 0.15 to 0.44% in the VP section,
0.19 to 0.32% in the PT section, and 0.37 to 0.65 in the NOR sec-
tion. Data collected by Bauluz et al. (1998) and this study have
shown that all Ordovician sediments have undergone diagenetic
modification that promoted organic matter alteration, showing an
evolutionary trend towards isotopically heavier values. By com-
paring our data with those compiled by Melchin et al. (2003) and
Melchin and Holmden (2006), �13Corg values from localities show-
ing no alteration (e.g., Arctic Canada and Dob’s Linn, Scotland)
are relatively lighter (baseline between −32 and −30‰),  but they
are generally only in the Katian and uppermost Hirnantian strata,
which were not sampled/available in this study. Therefore, absolute
values must be regarded with caution. The presence of a positive
�13Corg shift over the same stratigraphic interval in a palaeogeo-
graphically distal ramp section suggests that there is no diagenetic
alteration gradient throughout the studied sections and that the
�13Corg positive excursion in the Iberian ramp correlates with that
reported worldwide through the Hirnantian. These findings indi-
cate that the isotopic data are recording changes at a global scale.

5. Comparison with chemostratigraphic and global

sea-level curves

Melchin and Holmden’s (2006) results from Arctic Canada depict
two main �13C positive excursions throughout the Hirnantian.
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Table 2
�13 Corg composition of the sampled sections.

Sample Height (m)  �13CPDB (‰)

VP section
VP-21 21.7 −23.9
VP-20 19.9 −25.3
VP-19 17.7 −24.0
VP-18 15.7 −25.4
VP-17 13.5 −25.8
VP-16 11.7 −24.0
VP-15 8.5 −26.9
VP-14 5.9 −26.8
VP-13 4.4 −27.0
VP-12 3.4 −26.6
VP-11 2.4 −23.8
VP-10 2.2 −26.3
VP-9 2.1 −26.9
VP-8 2.0 −26.3
VP-7 1.9 −26.1
VP-6 1.8 −25.8
VP-5 1.7 −24.8
VP-4 0.9 −25.1
VP-3 0.8 −24.5
VP-2 0.5 −25.5
VP-1 −0.5 −25.3

PT section
PT-17 22.4 −24.3
PT-16 20.8 −24.6
PT-15 19.5 −24.3
PT-14 18.2 −25.3
PT-13 16.9 −24.8
PT-12 16.0 −26.2
PT-11 15.0 −25.8
PT-10 14.0 −24.5
PT-9 12.0 −24.7
PT-8 10.5 −24.6
PT-7 8.0 −24.6
PT-6 6.5 −24.5
PT-5 4.0 −24.9
PT-4 3.2 −24.1
PT-3b 2.3 −18.0
PT-3 2.2 −17.9
PT-3a 2.1 −18.1
PT-2 0.3 −24.8
PT-1 0.2 −25.4

NOR section
NOR-51 94.5 −27.3
NOR-48 83.5 −26.9
NOR-46 80.1 −27.4
NOR-44 75.5 −27.9
NOR-38 63.4 −28.0
NOR-32 54.6 −27.3
NOR-27 46.7 −27.9
NOR-26 45.3 −27.6
NOR-25 43.6 −27.7
NOR-24 41.4 −27.9
NOR-23 40.3 −27.8
NOR-22 38.8 −27.7
NOR-21 37.9 −27.7
NOR-20 36.9 −27.7
NOR-19 35.9 −27.6
NOR-18 34.1 −27.2
NOR-17 33.5 −27.3
NOR-16 32.3 −27.2
NOR-15 30.9 −27.4
NOR-14 29.3 −27.5
NOR-13 28.5 −27.5
NOR-12 27.4 −27.7
NOR-11 25.8 −27.5
NOR-10 23.7 −27.2
NOR-9 22.7 −27.7
NOR-8 19.7 −27.5
NOR-7 18.1 −27.4
NOR-5 17.2 −26.8
NOR-4 17.2 −27.1
NOR-3 16.3 −27.2
NOR-2 15.0 −26.4
NOR-1 14.1 −26.3
de 75 (2015) 335–343

These excursions are at similar stratigraphic positions than those
of the isotopic curve from South China (Wang et al., 1997). The
results from both regions show that a positive �13Corg excursion of
3–6‰ (Fig. 3) begins just below the base of the Hirnantian, peak-
ing in the lower part of the Normalograptus extraordinarius Zone
(early Hirnantian). A second peak of similar magnitude occurs in
the lower part of the N. persculptus Zone (late Hirnantian; Melchin
and Holmden op. cit.). Although the timing of peak positive excur-
sions is not completely isochronous between different regions
(Melchin and Holmden, 2006; Delabroye and Vecoli, 2010), the
early Hirnantian peak appears to be suppressed or incompletely
recorded outside South China and Laurentia (see also Jones et al.,
2011, Finnegan et al., 2012). Both in South China and Laurentia
(Wang et al., 1997; Melchin and Holmden, 2006; LaPorte et al.,
2009), the late-Hirnantian �13Corg excursion of 2.7 ± 0.4‰ (signif-
icantly smaller than the 5–7‰ positive shifts recorded in epeiric,
carbonate-dominated platform settings) is correlatable with a neg-
ative shift in wt. % TOC contents of ∼4%. The single positive peak
in the �13C curves from the Baltic region is confidently correlated
with the upper peak in Arctic Canada and South China (Melchin and
Holmden, 2006). As pointed out by Melchin and Holmden (op. cit.),
the two  prominent peaks in the �13Corg identified in South China
and Arctic Canada seem to have been triggered by two eustatic falls
related to major glacial pulses identified in West Africa (Ghienne,
2003, 2011; Loi et al., 2010), Turkey (Monod et al., 2003), and North
Africa (Le Heron et al., 2006).

In the Iberian Ranges, the Hirnantian strata overlie a glacio-
genic karstic surface (D1) that marks the top of upper Katian
limestones (Carls, 1975; Hafenrichter, 1979; Vennin et al., 1998;
Álvaro and Gutiérrez-Marco, 2007). The diamictites sandwiched
between D1 and the erosive unconformity that separates the two
Orea sequences (D2) show an irregular �13Corg pattern in VP and
PT, which cannot be correlated with the aforementioned early Hir-
nantian positive �13Corg shift. Above D2, the single positive peak in
�13Corg of ∼6‰, identified in the distal (palaeogeographic) expo-
sures of the upper Orea sequence, probably corresponds to the
worldwide positive excursion, considered to be late Hirnantian in
age (lower part of the persculptus Zone; Melchin and Holmden,
2006). The �13Corg gradient of 2.5 to 7‰ recorded in PT (Fig. 3) mim-
ics the maximum values reported in epeiric seas, a factor probably
controlled by the palaeogeographic setting of the Iberian section.
The reduced thickness (40 cm)  involved in the HICE shift in PT must
be interpreted in terms of a dramatically reduced availability of
accommodation space.

The lower Hirnantian (extraordinarius Zone) strata in the Hespe-
rian shelf would be absent due to the amalgamation of D1 and D2
(Álvaro and Van Vliet-Lanoë, 2009). In the Iberian ramp, the record
of the lower Hirnantian would be constrained by the diachronous
gaps involved in D1 and D2. D1 would correspond to the initial
glacial episodes that led to the emersion of North Gondwana and
the karstification of its Katian limestones. The subsequent flood-
ing of the Iberian ramp was  interrupted by a regression, which is
represented by the glaciogenic unconformity D2. The coincidence
of this regression with the peak of the HICE shift is documented
by its presence in distal parts of the Iberian intra-platform ramp
(PT) overlying D2. The retrogradation of these glaciogenic coarse-
grained siliciclastic deposits (associated with D2) should have led
to shale deposition earlier in the proximal parts of the Iberian
ramp (VP) than in the slope-related environments of the Hespe-
rian shelf, where the peak of the HICE was  not recorded. Although
this second major glacial pulse is considered to have caused the
maximum glacial advance and the greatest global eustatic fall

(Ghienne, 2003, 2011; Monod et al., 2003; Le Heron et al., 2006),
the Iberian ramp only underwent a brief emersion and should have
been able to record the late Hirnantian �13Corg positive excur-
sion in its most distal parts. This second erosive unconformity
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sotope  curve from Artic Canada (Melchin and Holmden, 2006), the glacioeustatic se
olmden (2006: Fig. 7). Numbers on the sea-level curve represent the four high-fre

D2) affected successions variably throughout the Iberian ramp by
odifying the thickness of the second Orea sequence in proximal-

istal transects. The early drowning of the Iberian ramp reinforces
he suggestion of an isostatic depression caused by the load-
ng of a growing or advancing ice sheet (Brenchley et al., 1991).
alaeovalleys related to the Hirnantian glacial event were described
n northern Spain by Gutiérrez-Marco et al. (2010a,b) who
uggested they were related to the Hirnantian North Gond-
ana ice sheet that would have reached the Ibero-Armorican
omain. The same relation with the North Gondwana ice sheet
an be presumed for the ice mass responsible of the isostatic
epression and drowning of the Iberian ramp. The size and

oading effect of the ice sheet would have been enough to sub-
erge the region during this second and most important glacial

ulse.
The Los Puertos Formation is the local representative in the

berian Ranges of the widespread quartzitic unit that overlies the
irnantian diamictites in most of Iberia and the Pyrenees. It could
lso be correlated with the Upper Second Bani Formation in the
oroccan Anti-Atlas. The Iberian quartzitic units capping the Hir-

antian glacial succession have been interpreted to result from
sostatic rebound after the melting of the Hirnantian ice cap (Villas
t al., 2002; Gil-Peña et al., 2004; Álvaro and Van Vliet-Lanoë,
009). However, in some Gondwana margins, the isostatic rebound
ould almost have been compensated by Gondwanan ice-sheet
elting.
The two higher frequency cycles within each of the two  major

lacial cycles related to the C isotopic peaks that have been recog-
ised in Mauritania (Ghienne, 2003) and Turkey (Monod et al.,
003) could provide a more suitable interpretation of the depo-
ition of the Los Puertos Formation. This sandstone unit may  be
elated to the fourth and last of those high-frequency glacial cycles.

he fourth is considered the least intense of the four cycles and
arks the definitive flooding of the cratonic platforms after final
elting of the Gondwanan ice cap (Ghienne, 2003, 2011; see also

lacial interpretations of Desrochers et al., 2010).
ns in the Iberian Chains and Hesperian Chains, with the composite organic carbon
el curve proposed by Ghienne (2003), and the proposed correlation by Melchin and
y glacial cycles recognised by Ghienne (2003) in Mauritania (West Africa).

In summary, the Hirnantian record of the Iberian ramp and
the Hesperian shelf shows three major regressions (responsible
for the onset of three erosive unconformities: D1 to D3) separat-
ing two glaciogenic flooding sequences. D2 is nearly synchronous
with the record of the HICE shift, associated with subglacial erosion
and globally related to the late-Hirnantian glacial climax (Ghienne,
2003, 2011; Loi et al., 2010). As stated by Melchin and Holmden
(2006), these data support the hypothesis that the �13C shifts seem
to be the result of increased rates of weathering of carbonate plat-
forms that were exposed during the glacioeustatic sea-level falls.

6. Conclusions

In the Iberian and Hesperian Chains of NE Spain, the contact
between the Katian Cystoid Limestone and the glaciomarine Orea
Formation is marked by a karstic unconformity. In the Iberian
ramp, the Hirnantian Orea Shale Formation comprise two trans-
gressive sequences that represent the retreat of grounded ice: (i)
proximal offshore shales passing basinward into sedimentation of
massive, mixed diamictites rich in carbonate dropstones and (ii)
homogeneous, terrigenous massive diamictites. Both sequences are
separated by an erosive unconformity characterised by conglomer-
atic channels, which wedge out distally and change into calcareous
sandstones rich in limestone and dolostone granules. By contrast,
the Hesperian shelf recorded an extensional tectonic activity that
led to a different sequence arrangement of the Orea Formation.
Close to the palaeohighs, the diamictites were associated with
debris flows generated by slumping evidence of resedimentation
and “cannibalistic” processes on upper slopes.

An analysis of �13Corg in the Orea Shales revealed differ-
ences related to their palaeogeographic setting. Although each
chemostratigraphic transect is distinctly constrained by the setting

and timespan involved in the erosive unconformity that separates
the two  Orea sequences, the lower sequence was  characterised by
isotopically light baseline values (∼ −27‰)  punctuated by minor
(<2–3‰) shifts. In distal parts of the Iberian ramp, the upper
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equence was marked by a rapid rise in �13Corg values that mark a
ositive excursion, ranging from 2.5‰ to 7‰.  In contrast, the strati-
raphic gap involved in the erosive unconformity that separates
oth Orea sequences was greater both in proximal exposures of
he Iberian ramp and slope-related areas (Hesperian shelf), where
he onset of marine conditions was delayed and the chemostrati-
raphic shift was not recorded. The �13C values were higher in the
hree studied sections and display a sharp return to the baseline
alues of −26‰ to −28‰.

As  a result, the Hirnantian strata recorded in northeastern Spain
ecord three major correlatable events: (i) the karstic surface that
aps the upper Katian limestones, which reflects the maximum
lacial extension in the study area; (ii) a single positive peak in
13Corg of 6‰, exclusively recognisable in distal ramp exposures
f the upper Orea sequence (directly overlying a major erosive
nconformity), which probably corresponds to worldwide late-
irnantian (lower part of the persculptus Zone) positive excursion;
nd (iii) the erosive unconformity marked by the progradation of
he coastal and shoal complexes represented by the Los Puertos
uartzite.

Therefore, lower Hirnantian (extraordinarius Zone) strata appear
o be absent in the Hesperian shelf and incompletely represented
n the Iberian ramp. Their lower part would be constrained by the
nitial glacial episodes that led to the emersion of North Gondwana
nd the karstification of its exposed Katian carbonate platforms,
nd their upper part would be constrained by the stratigraphic gap
nvolved in the unconformity that separates both Orea sequences.
he early Hirnantian flooding of the Iberian ramp pre-dated the
econd major pulse of the late Hirnantian glaciation, marked in
he study area by an erosive unconformity and the HICE �13Corg

ositive excursion. Although this second major glacial pulse is glob-
lly considered to have caused the maximum glacial advance and
he greatest eustatic fall, the Iberian ramp only underwent a brief
mersion in its most distal parts.
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