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Abstract

Using estimates of past seawater ionic composition and atmospheric CO2 levels, and assuming
constant temperature of 15 ºC, we calculated seawater saturation state with respect to CaCO3 mine-
rals (aragonite and calcite) and dolomite for the past ~550 million years. Comparison shows that mea-
sured rates of shallow marine limestone accumulation for this period broadly conform to fluctuations
in calculated aragonite and calcite saturation ratios. This relationship suggests a primary control by
seawater chemistry on limestone formation, and therefore also on the biomineralization processes of
many algae and invertebrates whose shells are common limestone components. This inference is sup-
ported by increased abundance of microbial and nonskeletal carbonates during periods of elevated
seawater saturation state. Higher values of saturation state and limestone accumulation during times
of ‘calcite seas’, and lower values during ‘aragonite seas’, suggest an integrated pattern of variation
in marine CaCO3 precipitation, and consequently in CO2 sequestration, reflecting global geochemical
cycles.
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Resumen

Usando las estimaciones de la composición iónica del agua del mar en el pasado y de los niveles
de CO2 atmosférico, y asumiendo una temperatura constante de 15 ºC, hemos calculado el estado de
saturación del agua del mar con respecto a los minerales de CO3Ca (aragonito y calcita) y a la dolo-
mita para los últimos ~550 millones de años. La comparación muestra que las variaciones en la tasa
de acumulación de calizas en aguas marinas someras para este intervalo se ajustan a las fluctuaciones
en las tasas de saturación calculadas para la calcita y el aragonito. Esta relación sugiere un control pri-
mario de la química del agua marina sobre la formación de calizas y, por tanto, también sobre los pro-
cesos de biomineralización de algunas algas e invertebrados cuyas conchas son componentes comu-
nes en las calizas. Esta inferencia está apoyada por un incremento en la abundancia de calizas
microbianas y de carbonatos no esqueléticos durante períodos de elevada saturación del agua marina.
Valores más altos del estado de saturación y de acumulación de calizas durante los intervalos de
“mares calcíticos”, y bajos valores durante los intervalos de “mares aragoníticos” sugieren una pauta
integrada de variación en la precipitación de CO3Ca y, consecuentemente, en el secuestro de CO2,
reflejando ciclos geoquímicos globales. 

Palabras clave: Biomineralización, carbonatos, Fanerozoico, precipitación, nivel de saturación.



INTRODUCTION

One of the environmental consequences of the pre-
sence of long-lived oceans on Earth has been the con-
tinuing extensive sequestration of atmospheric CO2 in
the form of sedimentary calcium carbonate minerals
such as aragonite and calcite. This inorganic carbon
reservoir, preserved as limestones in crustal rocks, far
exceeds the organic carbon in modern biomass and
fossil fuels combined (Holland, 1978; Stumm and
Morgan, 1996). Without such CO2 sequestration,
Earth’s habitability may have been jeopardized by a
runaway greenhouse climate similar to Venus (Walker
et al., 1981).

Significant questions concerning long-term con-
trols on marine CaCO3 precipitation are still unresol-
ved (Leeder, 1999). Both organic and inorganic pro-
cesses can result in CaCO3 precipitation (Leeder,
1999). The relative importance of these processes over
geological time (Opdyke and Wilkinson, 1990;
Bosscher and Schlager, 1993) together with the effects
of secular variations in seawater composition (Hardie,
1996, 2003; Stanley and Hardie, 1998; Horita et al.,
2002; Lowenstein et al., 2001) are uncertain. Many
algae and invertebrates have exploited the availability
of calcium (Ca2+) and carbonate (CO3

2–) ions in the
oceans to precipitate CaCO3 shells. These skeletons, in
addition to non-skeletal precipitates, are often major
components of limestone throughout much of the
Phanerozoic (Leeder, 1999). Such biomineralization
could therefore constitute a significant control on
limestone formation over time. However, lack of close
correspondence between the evolutionary history of
skeletal organisms and variation in the measured accu-
mulation rate of shallow marine limestones during the
Phanerozoic, suggests that other factors are involved
in determining limestone accumulation (Bosscher and
Schlager, 1993). In contrast to biological control,
assumption of a long-term balance between Ca2+ input
to the oceans, from volcanic and weathering fluxes,
and output as CaCO3 precipitation from seawater
(Holland, 1978; Berner et al., 1983), would imply an
essentially inorganic chemical control of limestone
formation. In this case, the biomineralization proces-
ses in many of the organisms whose shells dominate
marine limestones, rather than controlling precipita-
tion would instead have been dependent on seawater
chemistry. 

Knowledge of long-term variation in the saturation
state of seawater with respect to CaCO3 minerals
would aid assessment of the relative importance of
biological and inorganic chemical processes for limes-

tone formation (Webb, 2001). In particular, such
knowledge would allow comparison of secular varia-
tion in marine limestone accumulation rate (Bosscher
and Schlager, 1993) and seawater saturation state with
respect to CaCO3 minerals. Positive correlation betwe-
en these trends would support a primary inorganic che-
mical control on limestone precipitation, and therefore
on CO2 sequestration, over geological time scales.
This in turn would have significant implications for the
role of biomineralization processes in carbonate preci-
pitation. Accordingly, we set out to calculate the satu-
ration state of seawater with respect to CaCO3 mine-
rals for the Phanerozoic and to compare this trend with
that of measured marine limestone accumulation rate
(Bosscher and Schlager, 1993) for the same interval
(Riding and Liang 2003; Riding and Liang 2004).
Here we explain our methodology and initial results.

CALCULATION OF SATURATION STATE

Under chemical equilibrium conditions, saturation
state (Ω) for CaCO3 minerals is determined by activity
product over solubility constant: Ω = (Ca2+) (CO3

2–)/
KCaCO3, where KCaCO3 differs for aragonite and calcite
(Stumm and Morgan, 1996). To calculate seawater car-
bonate concentration, two of the following values are
required: alkalinity, partial pressure of carbon dioxide
(pCO2), dissolved inorganic carbon (DIC), or pH. Ωcalcite
has been calculated for the past 100 Myr (Arvidson et
al., 2000) from estimates of pCO2, Ca2+, pH, and DIC
(Berner et al., 1983; Lasaga et al., 1985). To calculate
Ωaragonite and Ωcalcite for the past 550 Myr we used esti-
mated values for Ca and Mg (Stanley and Hardie,
1998), and K and SO4

2– (Hardie, 1996); and we assu-
med present-day values for other major ions (e. g., Na+,
Cl–). In our calculations we held temperature constant
at 15 ºC and used pCO2 values from the GEOCARB III
model (Berner and Kothavala, 2001). Because of the
lack of specific information regarding changes in pH,
alkalinity and DIC over geological time, as a first
approximation we estimated DIC using the correlation
established for pCO2 and HCO3

– for the last 100 Myr
(Lasaga et al., 1985). DIC prior to 100 Myr was extra-
polated from this correlation using GEOCARB III
pCO2 data. 

With this input, we calculated Ωaragonite, Ωcalcite and
pH for the past ~550 Myr (Fig. 1a,b) using a stoichio-
metric equilibrium approach (PHREEQC code, ver-
sion 2, Parkhurst and Appelo, 1999). Equilibrium
constants for aqueous species were taken from the
PHREEQC database. Activity coefficients were esti-

REVISTA ESPAÑOLA DE MICROPALEONTOLOGÍA, V. 37, N.° 1, 20052



RIDING-LIANG — SEAWATER CHEMISTRY CONTROL OF MARINE LIMESTONE… 3

mated using the extended Debye Hückel expressions
incorporated in the code. To compare activity estima-
tes based on the Debye Hückel approximation with
those derived from Pitzer equations, we used PHRQ-

PITZ (Plummer et al., 1988) to derive saturation state
values for a selected range of our data. The saturation
state results obtained with PHRQPITZ are within 5%
of those derived from PHREEQC. Thus, the extended
Debye Hückel expressions are a reasonable approxi-
mation to the Pitzer approach for estimating activity
coefficients of seawater. Calculated Ωaragonite and 
Ωcalcite curves (Fig. 1b) are similar in shape, Ωcalcite
being 1.4 times Ωaragonite. Using the same input and
methodology we also calculated Ωdolomite for the past
~550 Myr (Fig. 1c).

LIMESTONE ACCUMULATION RATE

Accumulation rates compiled from 119 published
examples of shallow marine carbonate platforms for
the past 550 Myr (excluding apparently higher rates
during poorly constrained periods) range 17-239
m/Myr (Bosscher and Schlager, 1993). Whereas total
preserved limestone thickness reflects intra-sequence
breaks (Opdyke and Wilkinson, 1993) and the effects
of subsequent erosion (Hay, 1985), limestone accumu-
lation rate (Bosscher and Schlager, 1993) represents
secular variation in carbonate precipitation rate. Since
carbonate accumulation rates are optimal only when
equalled by sea level rise, and sediment compaction is
not corrected for in these data (Bosscher and Schlager,
1993), accumulation rate can be regarded as a mini-
mum estimate of net precipitation rate. Inverse corre-
lation between accumulation rate and duration of sam-
pling interval was corrected for by normalizing all
rates to a 1-Myr interval (Bosscher and Schlager,
1993). Normalized rates are greater than those of the
uncorrected dataset but show similar overall pattern of
secular variation, with maxima ~225 and ~110 Myr
ago (Bosscher and Schlager, 1993).

COMPARISONS

Calculated saturation state (Ωaragonite and Ωcalcite) and
measured normalized limestone accumulation rate
(NLAR) (Bosscher and Schlager, 1993) for the past
550 Myr are compared in Fig. 1a and b. At first sight,
resemblances between the trends of NLAR (Fig. 1a)
and calcite and aragonite saturation (Fig. 1b) are not
striking. However, examination reveals broad corres-
pondence in the positions of the peaks (e. g., 520, 420,
365, 290, 220, 115 Myr), and overall similarity in the
timing and direction of fluctuations of the trends.
Correlation between saturation state and NLAR is best

FIGURE 1–a. Normalized limestone accumulation rate (NLAR,
(Bosscher and Schlager, 1993) in metres per million years
for the past ~550 Myr (no data for the interval 239-250
Myr). Arrows 1 and 2 indicate divergence between NLAR
and calculated Ωaragonite and Ωcalcite ~360 and ~100-65 Myr
ago, respectively.

b. Calculated saturation state for calcite and aragonite, for the
past ~550 Myr. Periods of abundance of non-skeletal
and/or microbial carbonates (stippled) coincide with calcu-
lated saturation state maxima: mid-Early Cambrian to end-
Cambrian (540-500 Myr) (Arp et al., 2001; Riding, 1992;
Wilkinson et al., 1985), Mid-Silurian (420 Myr) (Arp et
al., 2001), Late Devonian to mid-Early Carboniferous
(377-333 Myr) (Arp et al., 2001; Riding, 1992), mid-Late
Permian to end-Triassic (252-208 Myr) (Arp et al., 2001),
and Late Jurassic to Early Cretaceous (157-97 Myr) (Arp
et al., 2001; Wilkinson et al., 1985). Aragonite I-III and
Calcite I-II indicate variation in primary mineralogy of
marine skeletal and non-skeletal precipitates (Stanley and
Hardie, 1998). Limestone accumulation and calculated
saturation states are, in general, elevated during times of
‘calcite seas’, and reduced during ‘aragonite seas’. Time
scale according to (Harland et al., 1990), except for base of
the Cambrian Period taken at 550 Myr.

c. Calculated saturation state for dolomite for the past ~550
Myr.



in the younger part of the range, e. g., 200-0 Myr ago
(correlation coefficient = 0.69, Fig. 2). Marked diver-
gence between NLAR and calculated Ωaragonite and
Ωcalcite, which reduces the correlation, occurs ~360
and 100-65 Myr ago (arrows 1 and 2, Fig. 1a). In addi-
tion, NLAR is noticeably elevated in comparison to
saturation state ~245-220 Myr ago. If these discrepan-
cies are disregarded, then saturation states and NLAR
both tend to be relatively high ~545-340 and ~170-35
Myr ago, and relatively low between ~340-170 and
35-0 Myr ago. These time segments variously corres-
pond to ‘calcite sea’ and ‘aragonite sea’ episodes (see
Sandberg, 1975; Wilkinson, 1979; Stanley and Hardie,
1998) (Fig. 1b). Very broadly, calculated Ωaragonite and
Ωcalcite and NLAR values tend to be lower during ‘ara-
gonite seas’ than during ‘calcite seas’. 

DISCUSSION

Saturation Ratio
Calculated saturation state is based on modelled

estimates of past seawater and atmospheric CO2 com-
position, derived from global geochemical budgets
that are subject to revision (Berner et al., 1983; Lasaga
et al., 1985; Spencer and Hardie, 1990; Hardie, 1996;
Alt and Teagle, 1999; Berner and Kothavala, 2001;
Rowley, 2002; Demicco, 2004). The ionic values
(Hardie, 1996; Stanley and Hardie, 1998) are based on
estimated changes in mid-ocean ridge hydrothermal
brine, riverine inputs to seawater, and evaporative pre-
cipitation (Spencer and Hardie, 1990). Predicted Ca
and Mg values for the past 545 Myr (Hardie, 1996;
Stanley and Hardie, 1998) are generally consistent
with analyses of fluid inclusions preserved in marine
halite (Lowenstein et al., 2001; Horita et al., 2002),
although the latter exhibit a considerable range.
Modelled pCO2 values also show a large range (Berner
and Kothavala, 2001). Although pCO2 proxy data, such
as d13C values of palaeosol carbonates (Ekart et al.,
1999) and densities of stomata in fossil land plants
(Royer et al., 2001), offer broad support for the mode-
lled pCO2 values, such evidence is scarce particularly
for older periods (Crowley and Berner, 2001). For our
calculations, the average values of Berner and
Kothavala’s (2001) pCO2 data were used.

The input data are model-dependent and contain
considerable noise. In addition, estimation of the sea-
water carbonate system prior to 100 Myr is a particu-
lar problem. CO3

2– can be computed from any of the
following pairs of variables: DIC and alkalinity, alka-
linity and pCO2, DIC and pH, etc. In our approach, pCO2

is used in combination with DIC. As stated earlier, we
took Phanerozoic pCO2 values provided by the latest
GEOCARB model (Berner and Kothavala 2001), and
estimated DIC using the correlation between for pCO2
and HCO3

– for the last 100 Myr (Lasaga et al., 1985).
This is unsatisfactory because the correlation for the
past 100 Myr may not hold for the earlier periods.
Additionally the modelling approach used by Lasaga
et al (1985) to derive ionic composition differs from
that of Hardie (1996) and Stanley and Hardie (1998),
which may result in significant uncertainty in HCO3

–

estimates. 
Despite these difficulties, we observe that the range

of calculated pH values (7.5–8.2, Fig. 3a), which are
dependent upon pCO2 and HCO3

–, is broadly compara-
ble with other estimates of Phanerozoic seawater pH
(Pearson and Palmer, 2000; Zeebe, 2001; Caldeira and
Wickett, 2003). The relatively modest size of this
range of fluctuations supports the view that pH may
not have varied to any great extent over the past 550
Myr. In the short term, doubling atmospheric CO2
would result in lowering of seawater pH by 0.28 units
(Stumm and Morgan, 1996), assuming that alkalinity
remains unchanged. However, with increased alkali-
nity through carbonate and silicate weathering (in res-
ponse to increased CO2) (Berner et al., 1983), oceanic
pH need not vary significantly over geological times-
cales (Grotzinger and Kasting, 1993).

We also note that our calculated Ωcalcite values (2.9-
12.8) for the past 550 Myr as a whole (Fig. 1b) are
comparable in their lower range with those of present-
day Bahama Bank waters (Morse et al., 1984), and
their upper range would not be unreasonable for pre-
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FIGURE 2–Correlation between normalized limestone accumu-
lation rate (NLAR) and calculated saturation state of calci-
te for the past 200 Myr.



sent-day Persian Gulf waters in which homogeneous
precipitation might occur (Morse and He, 1993).
Calculated saturation ratio values do not take account
of either latitudinal or secular temperature fluctuations
that may have been significant over the past 550 Myr.
However, incorporating temperature variations based
on detrended oxygen isotope analyses derived from
d18O values (Veizer et al., 2000) is expected to amplify
rather than transform the calculated saturation trend. In
addition, our procedure reproduces the trend of seawa-
ter saturation with respect to calcite for the past 100
Myr calculated by Arvidson et al. (2000) from the che-
mical data given in Lasaga et al. (1985). 

We conclude that although our calculated saturation
states may not be absolute values, they merit discus-
sion as relative estimates. Below we draw particular
attention to implications arising from comparison of
these trends of calculated aragonite and calcite satura-
tion state with the geological record of CaCO3 precipi-
tates.

Limestone Accumulation
Broad correspondence between measured accumu-

lation rate of shallow marine limestones (Bosscher and
Schlager, 1993) and calculated saturation state over the
past 550 Myr (Fig. 1a, b), supports the view that sea-
water saturation has been a primary long-term control
on marine carbonate precipitation (Kempe and
Kazmierczak, 1990; Opdyke and Wilkinson, 1990).
Saturation state indicates the general tendency of pre-
cipitation (Stumm and Morgan, 1996). Nonetheless,
CaCO3 precipitation rate follows an empirical power
law of seawater saturation (Zhong and Mucci, 1989)
consistent with correlation between calculated satura-
tion state and the measured net precipitation rate
reflected in NLAR. Such a determining role for sea-
water chemistry in carbonate precipitation over geolo-
gical time scales is consistent with both Holocene
(Broecker and Takahashi, 1966; Opdyke and
Wilkinson, 1993) and older (Opdyke and Wilkinson,
1990) tropical carbonates whose distributions have
been suggested to reflect the saturation state of seawa-
ter. In addition, for as long as it has been traced (the
past 140 Myr), the oceanic calcite compensation depth
(CCD) (van Andel, 1975) broadly tracks calculated
saturation state and NLAR, being at shallower depths
during periods when saturation state and NLAR have
higher values. At first sight, deepening of the CCD
might suggest increase in saturation state since the
Cretaceous. Alternatively, such long-term fluctuation
in the CCD could primarily reflect partitioning of car-
bonate deposition between shallow and deep seas (van

Andel, 1975), in response to sealevel fall (Edmond and
Huh, 2003). Consequently, reduction in shallow water
carbonate precipitation could permit deepening of the
CCD without overall increase in saturation state.
Correspondence between saturation state and NLAR
(Fig 1a,b) tends to support the view that marine CaCO3
precipitation has balanced input of Ca2+ and CO3

2– to
the oceans over geological time scales (Holland, 1978;
Berner et al., 1983).

However, since NLAR only describes shallow
water carbonate accumulation (Bosscher and Schlager,
1993), divergence between saturation state and NLAR
is to be expected at times of increased deposition of
deep-sea carbonates in response to pelagic biominera-
lization. Comparisons made above draw attention to
divergences between NLAR and calculated Ωaragonite
and Ωcalcite, ~360 and 100-65 Myr ago (arrows 1 and 2,
Fig. 1a). Low values of NLAR relative to saturation
state 100-65 Myr ago (Fig. 1a, arrowed) coincide with
diversification of coccolithophore algae and globigeri-
ne foraminifers (Tappan and Loeblich, 1973). These
calcified plankton substantially increased deep-water
carbonate accumulation (Hay, 1985; Opdyke and
Wilkinson, 1988) at the expense of shelf carbonates
(Wilkinson and Walker, 1989). The scant deep ocean
record prior to ~180 Myr ago (Hay, 1985; Wilkinson,
and Walker, 1989) hinders assessment of the relative
decline in NLAR ~360 Myr ago. Nonetheless, wides-
pread intercalations of pelagic limestones in shelf
sequences near the Devonian-Carboniferous boundary
(362 Myr ago) (Wendt and Aigner, 1985) coincide
with diversification of calcareous plankton (Benton,
1993), suggesting parallels with the 100-65 Myr inter-
val.

Fluctuations in NLAR ~520-370 Myr ago are much
greater than those of calculated saturation state, alt-
hough peaks and troughs broadly correspond. At pre-
sent we have no explanation for this difference. It may
indicate that NLAR values were less variable, or that
the input data on which saturation ratio is based was
more varied, than shown. 

NLAR was very high ~245-220 Myr ago. This
period relates to peaks in saturation state that are rela-
tively high for the 340-170 Myr interval (Aragonite II),
but that are low for the Phanerozoic as a whole (Fig. 1b).
During ‘aragonite seas’ saturation state appears to
have been generally lower than during ‘calcite seas’
(see Secular Patterns, below). The explanation for the
unusually high NLAR values ~245-220 Myr ago is
unclear. Assuming they are correct, a factor that con-
ceivably would account for anomalously high NLAR
relative to saturation state is exceptional rates of pro-
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duction of biologically controlled calcifiers. However,
common skeletal components of tropical limestones at
this time were sponges and corals (Flügel, 2002), i. e.,
biologically induced calcifiers, together with microbial
and nonskeletal carbonates that are also dependent on
elevated saturation state (Riding and Liang, 2004).
Another possibility is that oceanic conditions during
the Early-Mid Triassic promoted saturation states hig-
her than those calculated. Early Triassic seafloor
cements have been interpreted (Woods et al., 1999) as
an example of increased shallow water saturation state
resulting from mixing of deep anoxic water (Kempe,
1990). Such an effect would increase our calculated
saturation values. These and other possibilities
accounting for high limestone accumulation rates
~245-220 Myr ago deserve further consideration.

Biomineralization
It has long been recognized that non-skeletal and

microbial carbonates, including ooids, marine
cements, and calcified cyanobacteria, require elevated
saturation state for their formation (Kempe and
Kazmierczak, 1990; Opdyke and Wilkinson, 1990;
Webb, 2001) and exhibit a markedly episodic secular
distribution during the past 550 Myr (Riding, 1992). It
follows that these limestone components should there-
fore have been abundant at times in the past when satu-
ration state was elevated. This is borne out by the com-
parison shown in Figure 1, where peaks of calcite and
aragonite saturation ratio broadly correspond with
periods of increased abundance of non-skeletal and
microbial carbonates (Fig. 1a,b) (Riding and Liang,
2004). For example, enhanced abundances of one or
more of ooids (Wilkinson et al., 1985), marine
cements (Grotzinger and Knoll, 1995; Riding, 1992),
and calcified cyanobacteria (Arp et al., 2001; Riding,
1992) coincide with maximum calculated saturation
values at 540-500 Myr, 420 Myr, 377-333 Myr, 252-
208 Myr, and 155-97 Myr (Fig. 1b). Consequently, the
episodic secular distribution of non-skeletal and
microbial carbonates (Riding, 1992) can be linked to
fluctuations in seawater chemistry, specifically satura-
tion state.

However, similarities in the trends of NLAR and
saturation state have even wider implications for orga-
nic carbonates. In aquatic organisms, skeletal biomine-
ralization ranges from biologically controlled, where
organisms closely regulate calcification, to biologi-
cally induced, where calcification is metabolically
mediated but dependent on ambient water chemistry
(Mann, 2001). It is proposed here that the simplest
explanation for broad long-term correspondence bet-

ween NLAR and saturation state is that the majority of
shells constituting Phanerozoic marine limestones
were biologically induced. As a result they would have
been subject, along with non-skeletal and microbial
components, to the influence of saturation state. This is
consistent with the view that biomineralization processes
in many sediment producing marine organisms over the
past 550 Myr have been (Kempe and Kazmierczak,
1990; Stanley and Hardie, 1998), and remain
(Opdyke and Wilkinson, 1990; Kleypas et al., 1999),
strongly influenced by the saturation state of seawater.
Furthermore, calculated values support the view that
decline in saturation state has favoured biologically
controlled over biologically induced biomineralization
during the past 100 Myr (Wilkinson and Walker, 1989;
Kempe and Kazmierczak, 1990; Webb, 2001). Thus, it
seems likely that, in addition to non-skeletal and
microbial carbonates, biomineralization processes in
many of the algae and invertebrates whose skeletons
are important limestone-building components have
also been dependent on seawater saturation state. Such
subordination of biomineralization processes to seawater
chemistry in many sediment-producing organisms
(Stanley and Hardie, 1998) would explain difficulty in
accounting for secular variation in NLAR solely by
reference to biotic factors (Bosscher and Schlager,
1993).

Secular Patterns
In addition to the thermodynamic driving force

reflected by saturation state, kinetic factors strongly
influence carbonate precipitation (Morse and
Mackenzie, 1990; Stumm and Morgan, 1996; Leeder,
1999). During the past 550 Myr long-term oscillation
between ‘calcite seas’ and ‘aragonite seas’ has been
recognized from variation in primary mineralogy of
marine skeletal and non-skeletal precipitates
(Sandberg, 1975). This oscillation has been attributed
to changes in seawater Mg2+ /Ca2+ ratio (Sandberg,
1975; Wilkinson, 1979), with Mg2+/Ca2+ = 2 delimi-
ting the aragonite-calcite fields (Stanley and Hardie,
1998). Broad comparison of saturation state, limestone
accumulation rate and carbonate mineralogy reveals
an integrated pattern of variation in marine CaCO3 pre-
cipitation, with higher values of saturation state and
limestone accumulation during ‘calcite seas’ and lower
values during ‘aragonite seas’ (Riding and Liang,
2004) (Fig. 1). This indication that higher values of
saturation state correspond with ‘calcite seas’, and
therefore with times of global high sea level, is contrary
to the suggestion by Mackenzie and Morse (1992,
p. 3287).
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The saturation states of seawater with respect to
aragonite and calcite reflect the rates of ionic input and
removal via hydrothermal processes, riverine input
following weathering on land, and mineral precipita-
tion in seawater. Although high saturation state ther-
modynamically favours precipitation, it cannot be
maintained together with high precipitation rate (thus
accumulation rate of the precipitate), unless accompa-
nied by large ionic flux input. The saturation states of
calcite and aragonite during the past 545 Myr shows
four intervals that can be related to ‘aragonite seas’
and ‘calcite seas’ (Fig. 1b). From ~545-340 Myr
(Calcite I) elevated saturation state reflects high levels
of both Ca and pCO2 (Fig. 3b). Due to the acidification
effect of CO2 on seawater pH (Fig. 3a) a moderate level
of CO3

2– is observed during this period of high pCO2.
Elevated saturation state presumably was maintained
by high Ca flux (Fig. 3b). During the interval 340-170
Myr ago (Aragonite II), pCO2 was relatively low
(Fig. 3a). Between 340-255 Myr ago, especially, it was
close to present-day values. Accordingly, pH was rela-
tively high (Fig. 3a), leading to the lowest CO3

2– levels
of the entire Phanerozoic (Fig. 3b). The relatively low
values of saturation state during this interval resulted

mainly from low Ca flux, combined with relatively
low CO3

2–. During the period 170-35 Myr ago (Calcite
II), initially both pCO2 and Ca increased (Fig. 3), pea-
king 170 and 120 Myr ago respectively, before decli-
ning. CO3

2– levels were at their highest for the
Phanerozoic, and relatively unchanged throughout this
interval. From 35-0 Myr ago (Aragonite III) conditions
were similar to those during Aragonite II and calcula-
ted saturation state mainly reflects Ca levels.

Overall, since Phanerozoic Ca values are at least 2
orders of magnitude higher than CO3

2– (Fig. 3b), satu-
ration state generally follows the Ca trend. Saturation
state tends to be lower during ‘aragonite seas’ due to
low Ca flux and relatively low CO3

2–. Low Ca flux
contributes to the increased Mg2+ /Ca2+ ratio that
favours aragonite precipitation over calcite.
Conversely, high Ca flux and high CO3

2– result in high
saturation states during ‘calcite sea’ intervals. These
elevated saturation states favoured enhanced precipita-
tion of both aragonite and calcite during ‘calcite seas’.
This is likely to have resulted in increased carbonate
production by biologically induced calcifiers and
increased early lithification, accounting for higher
NLAR values generally observed during ‘calcite seas’
in comparison to ‘aragonite seas’ (Fig. 1a,b). Thus, the
factors determining saturation state, together with rate
of accumulation of the resulting precipitate, and the
mineralogy of the precipitate, are fundamentally lin-
ked. Underlying controls for these fluctuations in
marine carbonate precipitation can be sought in the
global cycles (Sandberg, 1975; Holland, 1978, 2004;
Berner et al., 1983; Sandberg, 1983; Lasaga et al.,
1985; Wilkinson and Walker, 1989; Spencer and
Hardie, 1990; Mackenzie and Morse, 1992; Hardie,
1996; Berner and Kothavala, 2001) that influence sea-
water chemistry. 

Dolomite
Apart from markedly low values ~320-270 Myr

ago, calculated Ωdolomite (Fig. 1c), shows overall rise
from 550-50 Myr ago followed by steep decline to the
present-day. This trend has both similarities and diffe-
rences to those of Ωaragonite and Ωcalcite (Fig. 1). Our
Ωdolomite trend differs from that calculated for the past
100 Myr by Arvidson et al. (2000), who used data
from Lasaga et al. (1985), in showing elevated 
Ωdolomite values until ~50 Myr ago, but is in agreement
in showing decline during the past 50 Myr.
Comparisons of dolostone abundance with changes in
seawater chemistry over geological timescales do not
offer straightforward interpretations (Burns et al.,
2000). Nonetheless, dolostone abundance for the
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FIGURE 3–a. pCO2 average values from the GEOCARB III
model (Berner and Kothavala, 2001) plotted with calcula-
ted pH. Values of pH peaked when pCO2 levels were lowest
~290 Myr ago.

b. Calculated CO3
2- and Ca concentrations in seawater for the

past 550 Myr. Ca concentration is 2 orders of magnitude
higher than CO3

2-. Variation in CO3
2- is relatively small

within a range of 20.5-27.5 micromole/L, with the lowest
levels of CO3

2- occurring ~310 Myr ago. Ca variation is
relatively large, with a range of 8.9-25.8 millimole/L.



Phanerozoic as a whole (Given and Wilkinson, 1987)
show broad resemblances to our calculated Ωdolomite
trend, and it has been suggested that secular variation
in Ωdolomite may have significantly influenced dolomite
formation in the past (Arvidson et al., 2000). However,
since many ancient dolostones formed by late replace-
ment of limestone (Given and Wilkinson, 1987), data
concerning the abundance of primary dolostones are
required to evaluate the relationship between these and
secular variation in Ωdolomite. 

SUMMARY AND CONCLUSIONS 

We calculated Phanerozoic variation in surface sea-
water saturation ratio (Ω) for aragonite, calcite and
dolomite using estimates of past seawater ionic com-
position (Hardie, 1996; Stanley and Hardie, 1998) and
atmospheric CO2 levels (Berner and Kothavala, 2001),
and assuming constant temperature of 15 ºC.
Fluctuation in the accumulation rate of shallow marine
limestones (Bosscher and Schlager, 1993) show broad
similarities to that of calculated Ωaragonite and Ωcalcite,
and episodes of increased abundance of microbial and
nonskeletal carbonates (Wilkinson et al., 1985, Riding,
1992; Arp et al., 2001) correlate with elevated satura-
tion ratios. Abundance of microbial and nonskeletal
carbonates also broadly correlates with elevated esti-
mated sea surface temperature (Veizer et al., 2000).
Incorporating temperature variations based on detren-
ded oxygen isotope analyses (Veizer et al., 2000) into
our calculations would enhance calculated saturation
ratio peaks.

These relationships with calculated seawater mine-
ral saturation ratio have significance for understanding
the long-term development of (i) marine carbonates in
general, and (ii) microbial carbonates in particular. 

(i) With regard to marine carbonates, correlation of
measured limestone accumulation rate with calculated
saturation ratio suggests that, despite widespread bio-
logical mediation of carbonate precipitation, the satu-
ration state of seawater has generally exerted a primary
control on the formation of shallow marine limestones
during the Phanerozoic. This role of seawater satura-
tion state in determining carbonate precipitation over
geological timescales is consistent with observations
of Holocene tropical carbonates (Broecker and
Takahashi, 1966; Opdyke and Wilkinson, 1993),
and has been inferred from palaeolatitudinal distribu-
tions of ooids and marine cements and associated
skeletal carbonates (Opdyke and Wilkinson, 1990).
Subordination of biomineralization processes to sea-

water chemistry in many sediment producing orga-
nisms (Stanley and Hardie, 1998), not only in micro-
bial carbonates, explains difficulty in accounting for
secular variation in limestone accumulation rate solely
by reference to biotic factors (Bosscher and Schlager,
1993). 

(ii) Secular correspondence between Ω maxima and
episodes of Phanerozoic abundance of microbial car-
bonates supports the inference that seawater chemistry
in general (Riding, 1982, Arp et al., 2001) and satura-
tion state in particular (Kempe and Kazmierczak,
1990; Merz-Preiß, and Riding 1999, Webb, 2001) has
had a major role in determining microbial calcifica-
tion, and it underscores the importance of early calci-
fication and lithification in the formation of microbial
carbonates (Riding, 2000). Therefore, this underlying
inorganic chemical control must, in addition to ecolo-
gical and evolutionary factors, be taken into account in
assessing secular variations in microbial carbonates.

Calcification in many other sediment-producing
organisms apart from bacteria is also dependent on
ambient water chemistry (Leadbeater and Riding,
1986; Stanley and Hardie, 1998). It can therefore be
expected that secular variation in seawater saturation
state for CaCO3 minerals should have influenced the
long-term history of organisms that biologically indu-
ce, rather than closely control, their calcification.
Comparison of calculated seawater saturation state
with patterns of marine calcified organisms during the
Phanerozoic Eon suggests that the diversity of orga-
nisms with biologically induced calcification, such as
chlorophytes, corals and sponges, increased during
periods of elevated saturation state and declined when
saturation state was reduced. This is consistent with
biomineralization processes of most shallow marine
skeletal carbonates being biologically induced rather
than biologically controlled (Kempe and Kazmierczak,
1990; Stanley and Hardie, 1998). In contrast, orga-
nisms with relatively controlled calcification, such as
molluscs, brachiopods, bryozoans, and echinoderms,
appear to have been relatively unaffected by saturation
state (Riding, 2004). This indicates that CaCO3 availa-
bility – governed by saturation state – has significantly
influenced the diversity of organisms with biologically
induced calcification. This effect involves many tropi-
cal marine algae and invertebrates, especially those
that are most involved in reef building. Thus, despite
its apparent abundance, CaCO3 has been so widely
employed in biomineralization by aquatic organisms
during the past ~550 million years that it may have
constituted a limiting resource, partitioned between
organisms that biologically control and biologically
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induce their calcification, with the surplus being inor-
ganically precipitated. We conclude that the mineral
saturation state of seawater has been the principal fac-
tor determining accumulation of shallow marine
limestones. In addition, the primary control of seawa-
ter chemistry has imposed a long-term pattern of secu-
lar variation on marine limestones that is reflected
by fluctuation in their accumulation rate (Bosscher
and Schlager, 1993) as well as in their mineralogy
(Sandberg, 1983).

Apart from the anomalous interval ~245-220 Myr
ago, comparison of Sandberg’s curve of mineralogical
oscillation with Ω and NLAR suggests that saturation
ratio and carbonate sediment accumulation rate have
been elevated during times of ‘calcite seas’, and redu-
ced during ‘aragonite seas’ (Fig. 1a,b). The controls on
this integrated pattern of secular variation in marine
carbonate precipitation, and thus CO2 sequestration,
over geological timescales presumably lie in processes
such as the influence of oceanic crust formation on
hydrothermal exchange of magnesium for calcium in
seawater, CO2 degassing, and sealevel rise that affect
extent of both marine shelf and continental crust expo-
sed to atmospheric weathering (e. g., Holland, 1978;
Berner et al., 1983; Wilkinson et al., 1985; Wilkinson
and Walker, 1989; Spencer and Hardie, 1990;
Mackenzie and Morse, 1992; Berner and Kothavala,
2001). Prior to widespread appearance of skeletal car-
bonates in the Early Palaeozoic, this primary inorganic
chemical control of marine CaCO3 precipitation is
likely to have operated even more rigorously. Further
insights into secular variation in limestone formation
require improved knowledge of past seawater and
atmospheric compositions, especially from proxy data,
and of the controls on skeletal and non-skeletal CaCO3
precipitation.
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WHY IS ‘RED MARBLE’ RED?
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Abstract

‘Red marble’ has been quarried since the Middle Ages in Western Europe and has been extensi-
vely used for ornamental purposes. We have studied Devonian ‘griottes’ in France and Belgium, the
Devonian Slivenec Limestone of the Czech Republic, Devonian red mounds in France and Belgium,
and the Jurassic Ammonitico Rosso in Italy in order to elucidate the origin of their colour. In all these
cases, the red pigmentation is related to the activity of iron bacteria. They are recognizable because
their submicronic sheath is composed of red hematite. The bacterial group cannot be identified with
precision as the identification of modern iron-oxidizing microorganisms is based on RNA sequences.
However they probably had anionic exopolymerids, able to accumulate iron and/or manganese in
the sheaths. These iron hydroxides (now hematite), after the death and decay of the microorganisms
were dispersed in the matrix. Biofilms at the marine water depth sediment interface were formed in
an environment relatively poor in iron and oxygen. Iron bacteria have no palaeobathymetric signifi-
cance as they proliferate from lakes to deep oceanic basins. Luckily a few were fossilized, and those
‘miraculous’ fossils show the mineralization pathway that helps to interpret the origin of the red color
in ‘marbles’.

Key words: Pigmentation, Phanerozoic limestones, iron-bacteria.

Resumen

El ‘mármol rojo’ se ha explotado en Europa occidental desde la Edad Media y ha sido amplia-
mente usado con fines ornamentales. Con objeto de dilucidar el origen de su color, en este trabajo
hemos estudiado rocas de las facies ‘griotte’ de Francia y Bélgica, de las calizas devónicas de
Slivenec de la República Checa, de los montículos rojos devónicos de Francia y Bélgica, y de las
facies jurásicas de Ammonitico Rosso de Italia. En todos los casos analizados, la pigmentación roja
está relacionada con la actividad de bacterias del hierro. Dichos organismos se reconocen por la pre-
sencia de vainas de tamaño inferior a la micra compuestas de hematites roja. El grupo bacteriano no
puede ser identificado con precisión ya que la determinación de los microorganismos actuales que
oxidan el hierro se basa en las secuencias de ARN. No obstante, pudieron tener exopolímeros anió-
nicos capaces de acumular hierro y/o manganeso en las vainas. Después de la muerte y descomposi-
ción de los microorganismos estos hidróxidos de hierro (actualmente hematites) se dispersaron en la
matriz. Las láminas microbianas se formaron en ambientes relativamente pobres en hierro y oxígeno
en la interfase agua-sedimento. Las bacterias del hierro no tienen significado paleobatimétrico, ya que
proliferan desde lagos hasta cuencas oceánicas profundas. Afortunadamente, algunas fosilizaron y
estos fósiles ‘milagrosos’ muestran el patrón de mineralización descrito, que ayuda a interpretar el
origen del color rojo en los ‘mármoles’.

Palabras clave: Pigmentación, calizas fanerozoicas, bacterias reductoras del hierro.



INTRODUCTION

Since the Middle Ages, ‘red marble’ of Western
Europe has fascinated architects and sculptors. It has
been used extensively in civil and religious monu-
ments (churches, cathedrals, castles) and in works of
art (sculptures, capitals, columns). This article is an
attempt to explain the origin of the red pigmentation at
the base of such an enduring vogue.

It seems appropriate to introduce this discussion by
a poem of the XIXth century, since the red colour has
been the source of many inspirations,

‘Quand sur toi leur scie a grincé,
les tailleurs de pierre ont blessé
quelque Vénus dormant encore,
et la pourpre qui te colore
te vient du sang qu’elle a versé’

Alfred de Musset, Poésies Nouvelles

that could be quoted as:

When upon you the stone carver’s saw squeaked
It wounded a Venus deep asleep
And from the blood which flowed
Your colour became deep red

‘Red marbles’ are quite rare in Nature and therefo-
re have been actively quarried since centuries. In
France and in Spain, Devonian griottes (‘cherries’,
Mamet & Boulvain, 1991, Mamet & Perret, 1995,
Préat et al., 1999a,b) have been incorporated primarily
in churches, as columns, capitals, cloisters or altars.
The Jurassic Ammonitico Rosso (Mamet & Préat,
2003a,b) is extensively incorporated, in the architectu-
ral framework of Italian and Spanish cathedrals and
churches. It was already used by the Romans in their
monuments. The red Slivenec limestone (Mamet et al.,
1997) was used as castle mantelpieces, doorways and
in the floortiles and columns of the Prague cathedral.

The French and Belgian ‘red marbles’ were in
vogue from the XV to XIX centuries, and were expor-
ted all over the world. More than 400 quarries from the
Montagne Noire (Coumiac, Cabrières, Préat et al.,
1999a,b) to the French-Belgian Ardennes (Boulvain,
1989, Mamet & Boulvain, 1988, Boulvain et al., 2001)
produced a vast selection of colours and textures, from
the ‘Byzantine Reds’ to the ‘Imperial Reds’ (Dumont,
1982). Pigmentation ranges from rose to dark red. In
Belgium, there is still a quarry named ‘Trou de
Versailles’, since its entire production was shipped to
decorate the Louis XIV palace. The adjoining Trianon

includes ‘red marble’ not only for its interior decora-
tion, but also as blocks for its frame. 

• …what is the origin of the pigmentation that made
these limestones so precious?

In the XVIII-XIXth centuries, geologists already
wondered and proposed a simple explanation (Delhaye,
1908), and as iron means red, both were associated for
a long time (Reijers, 1985). Detrital iron minerals were
supposed to be abundant and mixed with the carbonate
during sedimentation. Concentration and degree of oxi-
dation were responsible for the different hues. Simple
alteration due to exposure was originally discarded.

Later (Aubouin, 1964, Witske & Heckel, 1988) a
relation between ferruginization/paleogeography/cli-
mate became fashionable. Laterites provided a great
quantity of iron that could be incorporated in the sedi-
ment. Thus red limestones were used as climatic indi-
cators.

• another unexplained question?
In many outcrops, red limestones intermingle with

green limestones (Slivenec Limestone). This suggests
high oxygen availability for the first, reducing condi-
tions for the second, both being in the same shallow-
water environment. However, a number of silicified
red limestones (lydites) are recognized as oceanic and
deep while they contain a very small amount of iron
and oxygen. 

A simple solution was to ignore the problem. In a
Symposium on the Ammonitico Rosso (Farinacci &
Elmi, 1991), and within an appropriate scarlet cover,
one finds articles on sedimentology, palaeontology,
diagenesis, but not a word on the reddish colour, so
characteristic of the rock.

• observations
Truly the iron content is low (< 1%) and less than

the ‘average’ of carbonate rocks, thus not directly rela-
ted to the pigmentation. Moreover, oxidation state is
not related to oxygen concentration during sedimenta-
tion, nor is it related to a shallow water environment
where oxygen is abundant. Thus...?

• an alternative question…
In the Ardennes (Dinant basin) Frasnian ‘red marble’

was extensively quarried from mud mounds (Boulvain,
1993). These formed during a regressive phase starting
from the aphotic zone (absence of light), passing through
the dysphotic zone (filtered light) and ending in the eu-
photic zone (complete light spectrum). The base of the
mounds was deposited in calm, poorly oxygenated
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waters, well below the storm wave level (< SWB);
their summit reached the normally oxygenated, agita-
ted normal wave base (FWWB). There is no subaerial
exposure, as is observed in modern marine biocons-
tructions.

The observed ‘red marble’ levels are concentrated
in calm marine environments, without large input of
iron or oxygen. They are stratified, with minor pig-
mentation variations.

• macroscopical and microscopical morphologies
(Fig. 1, Plates 1 and 2)

The pigment (now hematite Fe2O3) is concentrated
in different ways that can be summarized as:

1.o infilling of original cavities. Hematite fills any
original void present at the time of sedimenta-

tion: bryozoan zoecia, internal cavity of bra-
chiopods, gastropods, tentaculites, ammonoids,
trilobites (in the Paleozoic), brachiopod and
echinid spines, etc. (tentaculites, Pl. 2, Fig. 4;
bryozoans, Fig. 2, n.o 1 left; Tetraxis (foramini-
fer), Fig. 2, n.o 1 right),

2.o remplacement of dissolved calcite network of
echinoderm plates (Pl. 1, Fig. 1 center; Fig. 2,
n.o 2),

3.o remplacement of calcitic original structures
(welded prisms of trilobites, foliation of bra-
chiopods, Pl. 1, Fig. 3; Fig. 2, n.o 4) and coating
of former aragonite crystals (Fig. 2, n.o 3),

4.o infilling of (sponge-bacterial) perforations
(Pl. 1, Fig. 2; Fig. 2, n.o 5),

5.o infilling of hairy structures simulating ‘hedge-
hogs’, or ‘erythrospheres’ (Pl. 1, Fig. 5-6;
Fig. 2, n.o 6-7),

FIGURE 1–Geographical locations of studied areas. 1A: Early Carboniferous griottes of Asturias, Cantabrian Mountains, Spain;
1B: Bashkirian-Moscovian red limestones in Sierra del Cuera. Same region; 2: Late Devonian griottes of the French Central
Pyrénées (Marbre de Campan, etc.); 3: Late Devonian of th French Eastern Pyrénées (‘Marbre de Villefranche’); 4:
Devonian griottes of the French Montagne Noire (‘Marbres de Coumiac’ etc.); 5. Late Frasnian red marbles of the Dinant
Synclinorium (northern France, Belgium); 6: Late Jurassic Ammonitico Rosso of the Trento Plateau (Italy); 7: Early
Devonian Red Slivenec Limestone, Czech Republic; 8: Jurassic Ammonitico Rosso of the sub-betic Cordillera (Spain).



6.o massive coating around fossils (Fig. 2, n.o 4,
outer coating; Fig. 2, n.o 9),

7.o simple continuous or discontinuous biofilms
(Pl. 1, Fig. 6, outer coating), 

8.o exogeneous microstromatolites (Pl. 1, Fig. 9-
10; Fig. 2, n.o 8 and 10), multiple biofilms
(Pl. 1, Fig. 11),

9.o endogenous microstromatolites (Pl. 1, Fig. 7-8).
Some are crenulated (Pl. 1, Fig. 1, outer coa-
ting) developing within dark cavities, and
are not related to light or gravity (Pl. 1,
Fig. 7-8),

10.o single or dichotomous filaments in the matrix
(Fig. 2, n.o 11; Pl. 2, Fig. 1, 3-7),

11.o spherules of coccoids (Pl. 2, Fig. 2).

Thus hematite is not passively dispersed at random
which disproves a contamination by weathering. It is
concentrated at some levels and follows regular pat-
terns. This suggest a biosedimentary pathway.

• iron bacteria…
Modern iron bacteria form Fe and/or Mn deposits

(Ehrlich, 1990). Oxygen and pH values are the para-
meters that control solubilization and precipitation of
iron in aqueous solution. Acidophile bacteria grow in
environments where ferrous iron and oxygen are 
in small quantity. These bacteria use the energy liberated
from the ferrous iron/ferric iron transfer to reduce the
carbon dioxide (Ghiorse, 1984). This pattern is not
applicable to our material because there are no disso-
lution cavities. On the other hand, neutrophile iron
bacteria are associated with the oxic-anoxic interface
(Sphaerotilus, Leptothrix, Gallionella, Beggiatoa…).
In these kinds of bacteria biomineralization of iron is
linked to anionic exopolymeric substances (sheaths
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FIGURE 2–Observed hematite morphologies (see text and Della
Porta et al., 2003).

→

PLATE 1–Light photomicrographs of petrographic thin-sections. 1, Asymmetrical crenulated microstromatolite on two faces of
an echinoderm fragment. The two other faces being in the sediment are not covered. Echinoderm network is altered and partly
ferruginized. Red Slivenec Limestone, Pragian, Lower Devonian, Cikanka quarry near Prag, U. de M. 888/31, x78. 2,
Trilobite fragment. Thin biofilm at the surface and numerous, irregular perforations cutting through the microstructure. Red
marble, Lower Givetian, Pic de Vissou quarry, Montagne Noire, PB 43, x54. 3, Mollusk fragment. Thin biofilm at the base.
Hematite coating on the prisms (‘vertical filaments’) and sponge perforations. Irrregular, dichotomous endolithic filaments
(2 microns) cut through the original structures. Red Slivenec Limestone, Pragian, Lower Devonian, Sbrko, U. de M. 887/11,
x78. 4, Dacryconarid (‘Tentaculite’) completely filled by massive hematite. Red Slivenec Limestone, Pragian, Lower
Devonian, Cikanka quarry near Prag, U. de M. 889/12, x98. 5, Trilobite fragment with discontinuous biofilm. Hematite
‘hedgehog’ with radiating filaments. Red Slivenec Limestone, Pragian, Lower Devonian, Cikanka quarry near Prag, U. de
M. 894/12, x121. 6, Trilobite fragment. Uniform biofilms at base and top of fossil. Hematite infiltrations along microstruc-
ture. A ‘hedgehog’ formed by a sponge perforation surrounded by bacterial filaments. Red Slivenec Limestone, Pragian,
Lower Devonian, Cikanka quarry near Prag, U. de M. 889/27, x300. 7, 8, Microstromatolites growing within an echinoderm.
Domes grew in total darkness (non photropic) and in all directions, independant of gravity. Some hematite ‘blebs’. Genicera
red griottes, las Galeas quarry, North of ‘Polo de Gordon’, Spain, Tournaisian/Viséan boundary, 655/7. Fig. 7 is an enlarg-
ment of Fig. 8, respectively x98 and x25. 9, Semi-oncolite with crenulations. As Fig. 7-8, 655/27A, x62.



MAMET-PREAT — WHY IS ‘RED MARBLE’ RED? 17

PLATE 1



rich in polysaccharides that can form bacterial mats;
Ehrlich, 1990, Decho, 1994).

In these mats, ferric iron is passively precipitated in
the sheath. In the past, coccoid and filamentous bacte-
ria formed (in association with other microfossils)
mineralogical (Fe, Mn) biofilms (Konhauser, 2000;
Birgel et al., 2004).

•… observations with the SEM
Do we observe, in our carbonates, morphologies

that suggest the presence of fossil bacteria? This
obviously requires SEM microscopy with magnifica-
tion factors of 1,000-35,000x.

Five categories of morphs are present:

1.o simple regular filaments (Mamet & Préat, 2003a),
2.o simple filaments with regular constrictions

(Mamet et al., 1997), 
3.o dichotomous filaments with constrictions

(Mamet et al., 1997),
4.o concentrations of regular sphaerules (Préat et

al., 1999a,b).

These morphs are 2 microns in diameter or less, and
all have a hematite sheath. There is no iron concentration
inside the fossil (Pl. 2, Fig. 1). Thus morphology and the
hematitized sheath suggest the presence of iron bacteria. 

5.o Larger filamentous organisms (10 microns and
more) associated with spores? (Préat et al.,
2000, Mamet & Préat, 2003a) that suggest
Fungi imperfecti (bacterial-fungal association).
They are also able to concentrate iron. 

• paleogeographical consideration (Fig. 3)

In the detrital or climatic weathering hypothesis, iron
is concentrated not far away from the continent, in agi-
tated oxygen-rich environments, thus in shallow-water
platforms. In the iron bacterial hypothesis, the hematite

(from former hydroxides) is formed in poorly oxygena-
ted water, within an oxic-anoxic gradient. Neutrophile
iron bacteria are not light sensitive and can proliferate in
lakes as well in marine platforms on the continental
slope and even in oceanic basins (lydites). Thus, they
are independant of bathymetry and have no paleogeo-
graphic connotation. We have not studied non-marine
red carbonates although they are known to exist in the
geological record (red travertines).
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→

PLATE 2–SEM photomicrographs of polished and briefly etched rock sections. 1, Altered filament, with hematite concentrated in
the sheath. Oval cut perpendicular to the longitudinal section. Polished section. Bar is around 10 microns. Red Slivenec
Limestone, Pragian, Lower Devonian, Slivenec quarry near Prag, sample CZH 19. 2, Chains of coccoids and bacillar bacteria
(diameters 0,2-2 microns). Polished thin section. Bar is around 8 microns. Lower Famennian, Coumiac Griotte, upper quarry
of Coumiac (Montagne Noire, South of France), sample KM 33. 3-7, Details of well-preserved filaments. The red ‘matrix’ is
composed of intertwined filaments composed of irregular, dichotomous hyphae (Fungi imperfecti) and iron bacteria. Together
they form a mat. Ammonitico Rosso Veronese, Trento Plateau, Italy. 3, Voltascura quarry, Lower Ammonitico Rosso,
Callovian, x1350, AR 89; 4 as 3, x750, AR 89; 5 as 3, x1,350, AR 89; 6, Casteletto, Upper Ammonitico Rosso, Kimmeridgian,
x1,200, AR 188; 7, Ceniga, Upper Ammonitico Rosso, Kimmeridgian, x1,200, AR 135.

FIGURE 3–Model of the two depositional settings of red limes-
tones (detrital and biological). Abbreviation: SWB = storm
wave base, FWB = fair-weather wave base.



MAMET-PREAT — WHY IS ‘RED MARBLE’ RED? 19

PLATE 2



CONCLUSIONS

Many red limestones derive their colour from the
abundance of detrital iron oxides. However this is not
the only pathway that explains their red colour.

Iron bacteria (and associated microbes) are also res-
ponsible for the pigmentation of many Phanerozoic red
limestones. Iron bacteria contain anionic exopolymers
that accumulate Fe and/or Mn in their sheath. It is the-
refore logical to propose that iron was concentrated at
the marine/sediment interface (Gillan & De Ridder,
1997; Gillan et al., 2000), by a biofilm in an iron-oxy-
gen depleted facies. It is interesting to note that most
of the observed microstromatolites display morpholo-
gies similar to manganese rich nodules, although that
metal has not been encountered in quantities.

Iron-encrusted bacteria were buried, they disinte-
grated, and then liberated iron hydroxides in the sedi-
ment. The iron hydroxides (now in the form of infra-
micronic hematite) coloured the micronic micrite. A
few encrusted organisms were not degraded, subsisted
as microfossils and are now a guide to understanding
of the biomineralization pathway.
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PHANEROZOIC REEFAL MICROBIAL CARBONATE ABUNDANCE:
COMPARISONS WITH METAZOAN DIVERSITY, MASS EXTINCTION

EVENTS, AND SEAWATER SATURATION STATE
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Abstract

Reefal microbial carbonate abundance data (Kiessling, 2002) show an oscillating and declining
Phanerozoic trend that, very broadly, varies inversely with metazoan diversity and directly with cal-
culated seawater saturation state. Reefal microbial carbonates responded most to metazoan diversity
and saturation state when these influences reinforced one another. Thus, when metazoan diversity was
low and saturation state high, reefal microbial carbonates increased; e. g., during the Cambrian-Early
Ordovician and Late Silurian, and following Late Devonian, end-Permian, and end-Jurassic extinc-
tions. Conversely, when metazoan diversity was high and saturation state low, reefal microbial car-
bonates declined, e. g., Late Carboniferous, Early-Mid Jurassic, and Cenozoic. When metazoan diver-
sity and saturation state trends neither corresponded nor conflicted, the effects of these factors were
less marked. Changes in reefal microbial carbonate abundance immediately following the five major
Mass Extinction Events were: end-Ordovician, 50% decrease; Late Devonian, 370% increase; end-
Permian, 17% increase; end-Triassic, 17% decrease; end-Cretaceous, no change. These data are rele-
vant to assessment of the Disaster Form concept, although their stratigraphic resolution is limited and
they probably underestimate end-Permian microbial carbonate increase, and overestimate Late
Devonian increase. 

Reefal microbial carbonate abundance increased in the Late Devonian and end-Permian, declined
at the end-Ordovician, and either declined or changed little in the end-Triassic and end-Cretaceous
aftermaths. Allowing for reduction of calculated saturation state by low temperatures and CaCO3
removal, these changes appear to reflect variations in metazoan diversity and saturation state. Microbial
carbonates declined at end-Ordovician due to low global temperatures, despite reduced metazoan diver-
sity, and increased in the Late Devonian due to elevated saturation state and reduced metazoan
diversity. Prior to end-Permian extinctions, reefal microbial carbonates were already abundant due to
elevated saturation state, and continued to increase in the Mass Extinction aftermath in response
to reduced metazoan diversity and continued high saturation state. Although stratigraphic resolution of
the data is poor, it is likely that microbial carbonates decreased slightly at the end-Triassic, presumably
in response to falling saturation state despite reduced metazoan diversity. Resolution is also poor for
the end-Cretaceous, but it is possible that prior to this event reefal microbial carbonates were already
at a minimal level because planktic removal of CaCO3 reduced saturation state, and were therefore not
noticeably affected by metazoan extinctions. These relationships imply that at times of low metazoan
diversity saturation state determines the development of reefal microbial carbonates. Present-day coin-
cidence of high metazoan diversity and low saturation state results in reefal microbial carbonates being
scarcer than at almost any other time during the Phanerozoic.

Key words: Extinctions, metazoans, microbial carbonates, seawater chemistry.

Resumen

Los datos de abundancia de carbonatos microbianos arrecifales (Kiessling, 2002) muestran una
tendencia oscilante y de descenso a lo largo del Fanerozoico que, muy ampliamente, varía inversa-



mente con la diversidad de metazoos, y directamente con el estado de saturación calculado para el
agua del mar. Los carbonatos microbianos arrecifales han respondido a la diversidad de metazoos y
al estado de saturación cuando estos fenómenos se han reforzado mutuamente. Así, cuando la diver-
sidad de metazoos era baja y el estado de saturación alto, los carbonatos microbianos incrementaron;
por ejemplo, durante el Cámbrico-Ordovícico inferior y el Silúrico superior, y después de las extin-
ciones en masa del Devónico superior, final del Pérmico y final del Jurásico. Inversamente, cuando
la diversidad de metazoos era alta y el estado de saturación bajo, los carbonatos microbianos dismi-
nuyeron; por ejemplo, en el Carbonífero superior, Jurásico inferior y medio y en el Cenozoico.
Cuando las tendencias en la diversidad de metazoos y en el estado de saturación ni coinciden ni son
contrarias, los efectos de estos factores fueron menos marcados. Los cambios en la abundancia de
carbonatos microbianos inmediatamente después de los cinco grandes Los eventos de extinción en
masa fueron: final del Ordovícico, descenso del 50%; Devónico superior, incremento del 370%, final
del Pérmico, incremento del 17%; final del Triásico, descenso del 17%, final del Cretácico, sin cam-
bios. Estos datos son relevantes para estudiar el concepto de las “formas desastre”, aunque la resolu-
ción de sus rangos estratigráficos sea limitada y probablemente infravaloren el incremento de carbo-
natos microbianos del final del Pérmico y sobreestimen el incremento del Devónico superior.

La abundancia de carbonatos microbianos incrementó en el Devónico superior y al final del
Pérmico, disminuyó al final del Ordovícico, y disminuyó o cambió poco como consecuencia de las
extinciones del final del Triásico y del Cretácico. Estos cambios parecen reflejar variaciones en la
diversidad de metazoos y en el estado de saturación, si se considera una reducción del estado de satu-
ración calculado por baja temperatura y por eliminación de CO3Ca. Los carbonatos microbianos dis-
minuyeron al final del Ordovícico debido a una bajada global de las temperaturas, a pesar de la redu-
cida diversidad de metazoos, e incrementaron en el Devónico superior debido al elevado estado de
saturación y la reducida diversidad de metazoos. Antes de las extinciones del final del Pérmico los
carbonatos microbianos arrecifales eran ya abundantes debido al elevado estado de saturación, y
siguieron incrementando como consecuencia de la extinción en masa, en respuesta a la reducida
diversidad de metazoos y al continuado alto estado de saturación. Aunque la resolución estratigráfi-
ca de los datos es pobre, es muy probable que los carbonatos microbianos disminuyeran ligeramente
al final del Triásico, posiblemente en respuesta a la caída en el estado de saturación a pesar de la redu-
cida diversidad de metazoos. La resolución es también pobre para el final del Cretácico, pero es posi-
ble que antes de este evento los carbonatos microbianos arrecifales estuvieran ya en niveles mínimos
porque la eliminación de CO3Ca por los organismos planctónicos redujo el estado de saturación y no
fueron, por tanto, sustancialmente afectados por la extinción de metazoos. Estas relaciones implican
que en los intervalos temporales de baja diversidad de metazoos el estado de saturación determina el
desarrollo de los carbonatos microbianos arrecifales. La coincidencia en la actualidad de alta diversi-
dad de metazoos y bajo estado de saturación tiene como consecuencia que los carbonatos microbia-
nos arrecifales son más escasos que en cualquier otro intervalo temporal del Fanerozoico.

Palabras clave: Extinciones, metazoos, carbonatos microbianos, química del agua marina.

INTRODUCTION

The view that marine microbial carbonates in gene-
ral, and stromatolites in particular, have decreased in
abundance from an acme in the Proterozoic or Early
Palaeozoic was proposed by Maslov (1959). Fischer
(1965) observed that stromatolites became less abun-
dant in normal marine environments after the mid-
Ordovician, but most subsequent workers suggested
that decline commenced during the Proterozoic. Using

stromatolite morphotypic diversity as a proxy for
abundance, Awramik (1971) suggested that decline
commenced 675 Myr ago, and Walter & Heys (1985)
that it commenced ~1,000 Myr ago. Qualitative stro-
matolite abundance data suggest that decline began
even earlier, ~2,000 Myr ago (Grotzinger, 1990, Fig. 6).
This tendency to recognize progressively earlier incep-
tion of decline has been challenged by reanalysis of
morphotype data (Olcott et al., 2002) that ‘demonstra-
tes that the steepest decline in stromatolite form
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diversity occurs in the late Neoproterozoic, not ca. 1
Ga, and culminates in the Early Cambrian, coincident
with the widespread appearance of macroscopic meta-
zoa and significant bioturbation’ (Olcott et al., 2002).

These varied assessments of the Proterozoic pattern
of stromatolite development reflect the limited nature of
the data available. If anything, this problem has
been even greater for the Phanerozoic, where lack of
measures of microbial carbonate abundance have
made the course of the inferred Phanerozoic decline
quite difficult to evaluate. Microbial carbonates were
locally important in algal-metazoan reefs at many
times during the Phanerozoic (Copper, 1974, 2002;
Fagerstrom, 1987; Soja, 1994a; Wood, 1999; Webb,
1996, 2001), and it has been proposed that stromatoli-
tes were particularly conspicuous in the aftermaths of
Mass Extinction Events (Schubert & Bottjer, 1992).
Rough assessments suggest that microbial carbonates
had an episodic pattern of Phanerozoic abundance,
with peaks in the Cambrian-Early Ordovician, Late
Devonian, and Triassic (Riding, 1992). Only recently
have better microbial carbonate abundance data beco-
me available. Kiessling (2002, Fig. 16) compiled rela-
tive abundance of Phanerozoic marine reef builders,
based on extensive literature search (Kiessling &
Flügel, 2002). These data provide an opportunity to
assess secular patterns of change in Phanerozoic reefal
microbial carbonates in more detail than previously
possible.

Two main factors have been held responsible for
long-term reduction in microbial carbonates. One is
eukaryote competition, whether through predation,
competition for space, substrate modification, or other
interference. The other is changes in seawater che-
mistry that reduced the early lithification necessary for
microbial carbonate accretion and preservation. For
example, Fischer (1965, pp. 1208-1209) suggested
reduction in pCO2 limiting microbial growth and cal-
cification, together with algal competition, as possible
causes of Phanerozoic stromatolite decline.

Kiessling’s (2002, Fig. 16) data tend to confirm
overall decline in microbial carbonate abundance from
the Late Cambrian to the present-day, as widely infe-
rred by previous workers (e. g., Maslov, 1959; Fischer,
1965; Awramik, 1971) (Fig. 1). These data also sup-
port the view that the pattern of abundance has been
markedly oscillatory (Riding, 1992). Here I compare
Kiessling’s (2002, Fig. 16) data with marine metazoan
diversity (Sepkoski, 1997) and with calculated seawa-
ter saturation state (Riding & Liang, 2003, 2004,
2005). This comparison suggests that reefal microbial
carbonate abundance varied inversely with metazoan

diversity and directly with calculated seawater satura-
tion state. If this is correct, it indicates that it is the
combined effects of metazoan competition and satura-
tion state that account best for the secular pattern of
Phanerozoic reefal microbial carbonate abundance. 

COMPARATIVE DATA

1. Microbial Carbonates
Kiessling (2002, Fig. 16) compiled relative abun-

dance of marine microbial carbonates, based on 3,050
Phanerozoic reef sites listed in the Paleoreef database
(PaleoReefs) (Kiessling & Flügel, 2002). These data
are the ‘dominant reef-building groups’ in the Biotic
Composition attribute of the database, with reef-buil-
ding organisms defined as ‘sessile organisms having
the potential to contribute significantly to buildup for-
mation by constructing, baffling, binding, or carbona-
te precipitation’ (Kiessling & Flügel, 2002, p. 83).
Kiessling & Flügel (2002, p. 83) commented: ‘the
dominant biota field is one of the most complete in
the database; 92% of all reefs contain a value. The poten-
tial sources of error are likely to be balanced by the
large amount of data.’ The fourteen reef-builder cate-
gories recognized in the primary database were redu-
ced to nine (including microbes, algae, coralline spon-
ges, etc.), showing ‘the number of reefs in which a
particular reef-building group is dominant’ plotted
against thirty-two ‘supersequence’ time-slices
(Kiessling, 2002, Fig. 16). The ‘time-slices are thought
to represent supersequences bounded by second-order

FIGURE 1–Relative abundance of microbial carbonates in reefs
during Phanerozoic supersequences; data replotted from
Kiessling (2002, Fig. 16) using Golonka & Kiessling’s
(2002, Fig. 1, pp. 13-18) time intervals for each superse-
quence. Five major mass extinction events (Sepkoski,
1996) are indicated by vertical bars.



unconformities’ (Golonka & Kiessling, 2002, p. 13).
Kiessling (2002, Fig. 16) standardized the duration of
these time-slices. These microbial reef data are here
replotted using time ranges for each supersequence
based on Golonka and Kiessling’s (2002) evaluation of
absolute ages (Fig. 1). 

2. Metazoans and Mass Extinction Events
Phanerozoic diversity of marine metazoans compi-

led by Sepkoski (1997) shows a zero to ~2,500 rise in
genera from Early Cambrian to Neogene (Fig. 2a).
Considerable secular variation within this wide range
at times included sharp reductions in diversity of up to
~50% for families and ~80% for genera, marking
major Mass Extinction Events (Sepkoski, 1996;
Hallam, 1998). On this basis, the five largest Mass
Extinction Events that pattern Phanerozoic marine
metazoan diversity (Sepkoski, 1996, table 1) were end-
Ordovician (60% genera extinct, #2 largest extinction
event, Late Devonian) (57%, #3), end-Permian (82%,
#1), end-Triassic (50%, #4), and end-Cretaceous
(47%, #5).

3. Carbonate Saturation State
Seawater saturation ratio (Ω) with respect to CaCO3

minerals is determined by calcium and carbonate ion
concentrations at given pH, pCO2, and temperature con-
ditions (Stumm & Morgan, 1996). Riding & Liang

(2004, 2005) calculated Ωaragonite and Ωcalcite for the
Phanerozoic using a stoichiometric equilibrium appro-
ach (PHREEQC code, version 2, (Parkhurst & Appelo,
1999) based on modelled estimates of seawater major
ion (Hardie, 1996; Stanley & Hardie, 1998) and
atmospheric pCO2 values (Berner & Kothavala, 2001).
In the calculation, constant temperature of 15 ºC was
used. In the absence of pH data, carbonate concentra-
tion was determined by estimated DIC using the corre-
lation established for pCO2 and HCO3

– for the last 100
Myr in the revised BLAG data (Lasaga et al., 1985),
and extrapolation to earlier periods was made from the
pCO2 data. Calculated Ωaragonite and Ωcalcite are shown in
Fig. 3.

OSCILLATORY DECLINE

Relative abundance of reefal microbial carbonates
has varied considerably through the Phanerozoic
(Kiessling, 2002, Fig. 16) (Fig. 1). According to this
data compilation, peaks in percentage values of micro-
bial carbonates in comparison with associated reef
builders, occur at 511-482 Myr (Mid-Cambrian to
Earliest Ordovician, ~90%), 418-409 Myr (Latest
Silurian-Earliest Devonian, ~30%), 370-323 Myr
(Latest Devonian-Early Carboniferous, ~50%), 269-
225 Myr (Mid-Permian to Mid-Triassic, ~20%), and

REVISTA ESPAÑOLA DE MICROPALEONTOLOGÍA, V. 37, N.° 1, 200526

FIGURE 2–(a) Marine metazoan generic diversity (Sepkoski,
1997) compared with (b) relative abundance of microbial
carbonates in reefs during Phanerozoic supersequences
(Kiessling, 2002, Fig. 16).

FIGURE 3–(a) Calculated seawater saturation ratio Ω) with res-
pect to CaCO3 minerals (Riding & Liang, 2004, 2005)
compared with (b) relative abundance of microbial carbo-
nates in reefs during Phanerozoic supersequences (after
Kiessling, 2002, fig. 16).



163-135 Myr (Late Jurassic-Earliest Cretaceous,
~10%). These peaks are separated by lows at 443-418
Myr (Early-Late Silurian, 10%), 409-370 Myr (Early-
Late Devonian, ~13%), 323-296 Myr (Late
Carboniferous, 5%), and 225-163 Myr (Late Triassic-
Mid Jurassic, <2%). From the Mid-Late Cretaceous
(81 Myr) to the present-day microbial carbonates have
comprised <4% of reefs. Overall, Phanerozoic reefal
microbial carbonate relative abundance therefore
shows steep Early Palaeozoic decline becoming more
gradual towards the present-day, with marked osci-
llation superimposed on this trend. Successively
diminishing peaks of relative abundance occur near
500 Myr (93%), 350 Myr (65%), 240 Myr (20%) and
150 Myr (10%) (Fig. 4).

Kiessling’s (2002, Fig. 16) data show relative abun-
dance, they therefore reflect paucity of other reef buil-
ders (algae and metazoans) as well as abundance of
microbial carbonates. This affects the steepness of
Early Palaeozoic decline since microbial carbonate-
dominated reefs in the Cambrian-Early Ordovician
were relatively thin and few, whereas younger reefs
generally, although not always, were thicker and more
abundant (Kiessling, 2002, Figs. 2, 6). Nonetheless, if
high Cambrian-Early Ordovician values of microbial
carbonates are disregarded, oscillatory decline remains
the overall trend (Fig. 4).

METAZOAN DIVERSITY AND MASS
EXTINCTIONS

Comparison of reefal microbial carbonate abundan-
ce (Kiessling 2002, Fig. 16) with metazoan generic

diversity (Sepkoski, 1997) shows broad inverse corre-
lation (Fig. 2). During the immediate aftermaths of the
five largest Mass Extinction Events that pattern
Phanerozoic marine metazoan diversity (Sepkoski,
1996), microbial carbonate reefal abundances were:
end-Ordovician 10%, Late Devonian 65%, end-
Permian 23%, end-Triassic 2% and end-Cretaceous
0%. This implies the following changes in microbial
carbonate abundance at Mass Extinctions: end-
Ordovician, 50% decrease; Late Devonian, 370%
increase; end-Permian, 17% increase; end-Triassic,
17% decrease; end-Cretaceous, no change: no reefal
microbial carbonates are recorded either immediately
before or after this event (Fig. 5). Thus, these data sug-
gest that reefal microbial carbonates declined substan-
tially at the end-Ordovician event, increased subs-
tantially at the Late Devonian, increased slightly at the
end-Permian, declined slightly at the end-Triassic, and
did not alter at the end-Cretaceous extinction events. 

SEAWATER SATURATION STATE

Comparison of calculated saturation state (Riding
& Liang, 2003, 2004, 2005) with microbial carbonate
reefal abundance (Fig. 3) shows some positive corres-
pondence prior to ~140 Myr ago. Prior to this date
(Early Cretaceous) maxima of calculated saturation
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FIGURE 4–Reefal microbial carbonate relative abundance
(from Fig. 1) with trends of marked cyclicity (dotted) on
timescales of 100-150 Myr, and overall decline (dashed),
drawn to aid discussion. 

FIGURE 5–Percentage change in reefal microbial carbonates
at major mass extinctions, based on relative abundance
data of reefal composition during Phanerozoic superse-
quences from Kiessling (2002, Fig. 16). Due to limited
stratigraphic resolution of the data, Late Devonian incre-
ase may be overemphasized, and end-Permian increase
underemphasized. 



state and relative microbial carbonate reefal abundan-
ce correspond ~500, ~415, ~350, ~240, and ~150 Myr
ago; minima correspond ~375 and ~175 Myr ago.
Reefal microbial carbonates do not increase with cal-
culated saturation state in the Early Cretaceous, but do
show decline with saturation state from the Late
Cretaceous (~80 Myr ago) to the present-day.

DISCUSSION

1. Oscillatory decline
Maslov (1959) may have been the first to recognize

decline as a dominant feature of Phanerozoic stroma-
tolite history. Kiessling’s (2002, Fig. 16) semi-quanti-
tative data confirm Phanerozoic microbial carbonate
decline and reveal its pace and pattern (Fig. 1). A stri-
king feature that demands explanation is the marked
oscillation of this declining trend (cf. Riding, 1992)
with peaks near 500, 415, 350, 240 and 150 Myr ago,
and lows near 430, 375, 310 and 175 Myr ago (Fig. 4).
Metazoan competition, in its broadest sense, and fluc-
tuation in seawater saturation state have both been pro-
posed as major controls on microbial carbonate secu-
lar abundance. The question that therefore arises is
whether changes in metazoan diversity and/or in sea-
water saturation state account for Kiessling’s (2002,
Fig. 16) pattern of reefal microbial carbonate abun-
dance?

2. Metazoan diversity
Kiessling’s (2002, Fig. 16) data are consistent with

microbial carbonates being generally more common
during the Phanerozoic when the diversity of metazo-
an ‘competitors’ was low, and less common when
metazoans were diverse (Fig. 2). This broadly inverse
correlation between microbial carbonate reefal abun-
dance and marine metazoan diversity fits the widely
held view (e. g., Garrett, 1970; Awramik, 1971;
Steneck et al., 1998) that metazoan interference has
reduced microbial carbonate abundance. The precise
nature of the inferred effect on microbial carbonates,
whether by predation, competition, a combination of
these, or other interference, remains to be elucidated.
We should note that inverse correlation between
microbial carbonates and metazoan diversity does not
rule out possible competitive interactions with algae
(Fischer, 1965). In addition to suggesting metazoan
interference, inverse correlation between microbial
carbonates and metazoan diversity conceivably also
reflects competition for CaCO3 required for biomine-
ralization (Riding, 1993). Phanerozoic correspondence

between calculated saturation state and limestone
accumulation rate could reflect overall balance betwe-
en availability of CaCO3 in the world ocean and its
output in biomineralization (Riding & Liang, 2004,
2005). 

However, there are some discrepancies in this broad
inverse correlation between microbial carbonate reefal
abundance and marine metazoan diversity (Fig. 2). For
example, in the Early Carboniferous (~330 Myr), Late
Permian (~260 Myr) and Late Jurassic (~155 Myr),
microbial carbonate abundance was relatively high
despite high metazoan diversity. Conversely, even gre-
ater inconsistencies are evident following some Mass
Extinction Events, e. g., according to these data micro-
bial carbonate abundances were low when metazoan
diversity was also very low following end-Ordovician,
end-Triassic and end-Cretaceous Mass Extinctions.

3. Mass extinctions
Flügel and Kiessling (2002, p. 691) recognized

eight first (carbonate production loss >90%) order and
three second order (carbonate production loss >75-
90%) Phanerozoic reef crises. Among these eleven
reef crises, Flügel and Kiessling (2002, p. 698 and
Fig. 8) recognized four in which there was ‘a clear
switch from a metazoan-dominated ecosystem to a
microbe-dominated ecosystem’: end-Devonian, end-Mid
Permian, end-Permian, end-Pliensbachian (although
the latter example, within their time-slice 19, does not
appear to be borne out by their data; see Kiessling,
2002, Fig. 16, and Fig. 1). But they commented, ‘the
majority of reef crises exhibit a decline in microbial
reefs as severe as other biotic reef types’ and cited the
end-Ordovician and end-Mississippian (both first
order crises) as examples, and pointed out that their
data indicate that microbes as disaster forms following
mass extinctions ‘is the exception rather than the rule’
(Flügel & Kiessling, 2002, p. 698). 

If microbial carbonate development were limited
by metazoans, then microbial carbonates should incre-
ase in Mass Extinction aftermaths. This is the rationa-
le for the concept of stromatolites as Disaster Forms
(Schubert & Bottjer, 1992). As Flügel & Kiessling
(2002, p. 698) noted, it appears from the Paleoreef
database (Kiessling, 2002, Fig. 16) that although
microbial carbonates were generally present during
Mass Extinction aftermaths, they did not always incre-
ase in abundance. This is evident from their decrease
following the end-Ordovician and end-Triassic events,
and lack of change after the end-Cretaceous event.
On the other hand, microbial carbonates did increase after
the Late Devonian and end-Permian events (Fig. 5). If
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these data are correct, they suggest that factors in addi-
tion to metazoan diversity significantly influenced
microbial carbonate abundance, and they raise ques-
tions concerning the concept of stromatolites as
Disaster Forms. 

4. Microbial carbonates as Disaster Forms
Schubert & Bottjer (1992, 1995) interpreted Early

Triassic stromatolites in Arizona as ‘post-mass extinc-
tion disaster forms’: ‘long-ranging opportunistic gene-
ralists that briefly proliferate in the aftermath of mass
extinctions, invading vacant ecospace until forced to
return to more marginal settings through competition
with specialist taxa returning from refugia’ (Rodland
& Bottjer, 2001). This concept of stromatolite resur-
gence in the aftermaths of Mass Extinctions is clearly
linked to that of Phanerozoic stromatolite decline
resulting from algal-metazoan diversification (e. g.,
Fischer, 1965; Garrett, 1970; Awramik, 1971). In addi-
tion to the end-Permian extinctions, Schubert &
Bottjer (1992, p. 885) suggested that end-Ordovician
and end-Triassic extinctions could also have favoured
stromatolite expansion. Sheehan & Harris (2000,
2004) proposed that following Late Ordovician mass
extinction, earliest Silurian (Rhuddanian) stromatoli-
tes in Nevada and Utah were ‘opportunistic disaster
forms’. They suggested that stromatolites ‘temporarily
regained prominence in the aftermath of the Late
Ordovician and end-Permian mass extinctions’; subse-
quently, ‘thick stromatolites and thrombolites disappe-
ared when diversity increased and differentiated com-
munities were re-established. This pattern suggests
animals that were suppressing stromatolites and
thrombolites were reduced or absent after mass extinc-
tions’ (Sheehan & Harris, 2000).

In contrast to Sheehan & Harris’s (2000, 2004) con-
tention that stromatolites resurged following the end-
Ordovician event, Kiessling’s (2002, Fig. 16) data
indicate a 50% decrease in reefal microbial carbonates
from Late Ordovician to Early Silurian. With regard to
the end-Permian extinction, abundant Early Triassic
reefal stromatolites have indeed been recognized
(Flügel, 2002, p. 400), especially in Asia , e. g., Iran
(Taraz et al., 1981; Flügel and Senobari-Daryan,
2001), southern China (Kershaw et al., 1999;
Lehrmann, 1999; Ezaki et al., 2003), and south-west
Japan (Sano & Nakashima, 1997). However, the Early
Triassic level of 23% microbial carbonate reefal abun-
dance followed ~50 Myr of increase throughout the
Permian (Fig. 1). Reefal microbial carbonates were
important in Late Permian reefs (e. g., southern China
(Fan et al., 1990; Guo & Riding, 1992; Flügel, 2002,

p. 400) prior to Mass Extinction. Although Weidlich
(2002, Fig. 12) estimated that microbial reefs declined
during the latest Permian, their overall Late Permian
relative abundance was ~18% (Fig. 1). Early Triassic
increase to 23% was therefore modest. Following end-
Triassic extinctions, rather than resurging microbial
carbonates declined by 17% (Fig. 5). Schubert &
Bottjer, (1992, p. 885) cited the Cenomanian-Turonian
(~94 Myr ago) as an extinction of lesser magnitude
where the ‘rapidity of full biotic recovery’ – 0.5-0.6
Myr – ‘would likely preclude a stromatolite resurgen-
ce’. In fact, Kiessling’s (2002, Fig. 16) data show that
reefal microbial carbonate abundance increased at this
time (Fig. 1). Furthermore, the example of the
Messinian Salinity Crisis (see Regional Extinctions,
below) indicates that microbial carbonates could colo-
nize habitats virtually instantaneously following regio-
nal extinction. With regard to the end-Cretacous event,
Schubert & Bottjer (1992, p. 885) explained the appa-
rent lack of a ‘revived stromatolite presence’ by ‘les-
ser impact on benthic marine faunas’. However,
Kiessling’s data record no reefal microbial carbonates
before or after this event, again suggesting that other
factors than metazoan influence were at work.

It therefore appears that Kiessling’s (2002, Fig. 16)
data, as Flügel & Kiessling (2002, p. 698) noted, do
not generally support the Disaster Form concept.
However, important questions arise concerning the
relevance of Kiessling’s (2002) data to evaluation of
the Disaster Form concept. Firstly, can these reefal
data be directly applied to stromatolite abundances at
Mass Extinctions, and do the time-slices used by
Kiessling (2002) provide appropriate temporal resolu-
tion of aftermaths?

4.1. Reefal Data. Soja (1994a) pointed out that
together with metazoans, reef-related microbial carbo-
nates ‘enjoyed long-term, evolutionary success in sub-
tidal environments on Phanerozoic carbonate plat-
forms’. In response, Schubert & Bottjer (1994)
emphasized that Disaster Form stromatolites are ‘a
phenomenon in the level-bottom subtidal environ-
ment’. They suggested that stromatolites are typically
found in enclosed habitats in post-Middle Ordovician
metazoan reefs Schubert & Bottjer (1992, p. 883),
implying some protection from interference in these
situations. In this view, reefal abundances of microbial
carbonates, e. g., as compiled by Kiessling (2002),
should not be relevant to evaluation of stromatolites as
Disaster Forms, because decline in reefs at Mass
Extinction Events would imply concomitant decline in
reefal microbial carbonates. On the other hand, it could
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be argued that stromatolite domes and other structures
dominated by microbial carbonates can be regarded as
reef types in their own right (Riding, 2002), able to
colonize level-bottom environments in just the same
way as other pioneer reef-organisms. In this view, the
microbial carbonates recorded in Mass Extinction
aftermaths (e. g., Schubert & Bottjer, 1992; Sheehan &
Harris, 2000, 2004) are reefs and need not be regarded
as elements of level bottom communities. The ques-
tion that this provokes concerns the type of data com-
piled by Kiessling (2002). Does this latter information
include all microbial deposits, irrespective of whether
some might regard them as reefs while others might
regard them as components of level-bottom communi-
ties, or does it only list microbial carbonates that occur
within algal-metazoan reefs? 

It does not appear possible to resolve this question
directly from the information presented by Kiessling
(2002), but there are significant clues in associated stu-
dies based on the Paleoreef database. In a comprehen-
sive review of Triassic reefs, Flügel (2002, p. 400)
cited numerous examples of Early Triassic ‘microbial
buildups’ throughout Asia and North America, inclu-
ding those described by Schubert & Bottjer (1992). He
refers to these deposits as ‘microbial buildups and
domal stromatolites’ and notes that ‘the individual
buildups are isolated structures represented by (1)
domal and planar stromatolites occurring within bed-
ded carbonates or (2) thrombolites constituting massi-
ve limestone beds. The thickness ranges from <0.5 m
to about 20 m. Horizons with microbial mounds can be
followed continuously for tens of kilometers (USA) or
even much longer (Transcaucasia, Iran)’ (Flügel, 2002,
p. 400). In summary, he states that the ‘Early Triassic
is characterized by the exclusive dominance of micro-
bial reefs’ (Flügel, 2000, p. 391). Given these state-
ments, and the broad view of what constitutes a reef
used in the PaleoReefs compilation (Kiessling &
Flügel, 2002, p. 83, and see Comparative Data, 1.
Microbial Carbonates, above) it would appear that, for
the Early Triassic, the Paleoreef database includes not
only microbial carbonates within algal-metazoan reefs,
but also microbial domes and horizons of the type refe-
rred to as Disaster Forms by Schubert & Bottjer
(1992). That this may well apply to the database as a
whole is suggested by the scale of microbial reefal
contribution recorded by Kiessling’s (2002, Fig. 16)
data for other periods. For example, for the Mid-Late
Cambrian Sauk II Time Slice, when metazoan reefs
were rare and stromatolite and other microbial carbo-
nate reefs were widespread and abundant (Rowland &
Shapiro, 2002), Kiessling’s (2002, Fig. 16) data show

that more than 90% of reefs were dominated by micro-
bes. It therefore appear that, in terms of the deposits
that they include, the Paleoreef data are relevant to
assessment of the secular abundance of stromatolites
in general.

4.2. Time Slices. Whereas Kiessling’s (2002)
microbial abundance data might prove to be admissi-
ble evidence bearing on the question of stromatolites
as Disaster Forms, the time slice resolution of these
data appears to limit direct application of this informa-
tion. The thirty-two ‘supersequence’ time-slices of the
Paleoreef database (Golonka & Kiessling, 2002) may
not closely relate to evolutionary developments and
extinction events (Copper, 2002, p. 225). For example,
the Late Devonian and end-Cretaceous Mass
Extinction Events are within time slices 10 and 26 res-
pectively. No less important is the length of time repre-
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FIGURE 6–Spindle diagram summarizing suggested effects of
metazoan diversity and saturation state on some principal
maxima (right, high saturation state and low metazoan
diversity intervals) and minima (left, low saturation state
and high metazoan diversity intervals) of reefal microbial
carbonate relative abundances through the Phanerozoic
(data from Fig. 1). 



sented by these slices. Whereas the 15 Myr duration of
Time Slice 6 (end-Ordovician to end-Llandoverian)
could reflect changes in reef composition following
the end-Ordovician event, the 26 Myr duration of time
slice 17 (end-Permian to within the Late Triassic) cle-
arly cannot resolve details of microbial carbonate
abundance during the 8 Myr metazoan reef gap of the
Scythian and early Anisian (see Flügel, 2002, p. 400).
Similar difficulties exist with regard to Late Devonian-
Early Carboniferous Time Slice 11, with a duration of
29 Myr representing most of the Famennian, all of the
Tournaisian and part of the Visean.

4.3. Summary. Reefal microbial carbonate abun-
dance information compiled in the Paleoreef database
may well be relevant to assessment of the Disaster
Form concept, but application of these data are signifi-
cantly limited by their stratigraphic resolution. For
example, modest increase in microbial carbonate
abundance shown by Kiessling’s (2002) data for the
lengthy (26 Myr) Time Slice of the lower part of 
the Triassic (Fig. 1) is unlikely to reflect the real microbial
carbonate abundance of the Scythian and early Anisian
(see Flügel, 2002, p. 400), which could have been
much higher. It could well be that in this Mass
Extinction aftermath, as Schubert & Bottjer (1992)
show from Early Triassic examples in Arizona, stro-
matolites were free to create classic dome morpholo-
gies relatively uncomplicated by algae and metazoans.
Conversely, in the even longer Famennian-Visean
Time Slice 11 (29 Myr), increase in microbial carbo-
nates following Late Devonian extinctions could be
overestimated by inclusion of Tournaisian-Early
Visean Waulsortian and other carbonate mud mounds
(see Webb, 2000, p. 248). Kiessling’s (2002) data may
be more directly relevant to assessment of changes in
microbial carbonates at Mass Extinctions where the
Time Slices are shorter. This could apply to Time Slice
6, representing the Llandoverian (15 Myr), that shows
50% decrease in microbial abundance following end-
Ordovician extinctions. However, Time Slices 19
(Early Jurassic, duration 21 Myr) and 26 (Late
Cretaceous-Palaeocene, duration 23 Myr) provide
poor resolution for the end-Triassic and end-
Cretaceous aftermaths, especially in the latter case
where the era boundary falls within the Time Slice. 

Much more information is required, but despite
these evident problems of resolution, Kiessling’s
(2002) data do provide more than a suggestion that
changes in microbial carbonate abundance at Mass
Extinctions probably differed markedly, particularly
with end-Ordovician decrease contrasting with increa-

se following Late Devonian and end-Permian extinc-
tions. If microbial carbonates did not always resurge at
Mass Extinctions, then factors other than metazoan
interference must have been significantly affecting
microbial carbonate abundance. 

5. Saturation state
Positive correlation between microbial carbonate

abundance and saturation state is expected because
bacteria are dependent on elevated saturation state of
ambient waters to facilitate early lithification (Kempe
& Kazmierczak, 1990; Merz-Preiß & Riding, 1999;
Webb, 2001). This is supported by comparison of qua-
litative microbial carbonate abundance data and calcu-
lated saturation state (Riding & Liang, 2003, 2004,
2005) and now also by comparison between calculated
saturation state and Kiessling’s (2002, Fig. 16) data
(Fig. 3). It is consistent with the long held recognition
that synsedimentary lithification is essential for the
accretion and preservation of microbial carbonates
(Walcott, 1914; Logan, 1961, p. 520; Fischer, 1965;
Monty, 1973, p. 614; 1977, pp. 23-24; Serebryakov &
Semikhatov, 1974; Gebelein, 1976, p. 505; Grotzinger,
1990; Ginsburg, 1991, p. 32; Reid & Browne, 1991;
Riding, 2000). 

Similarity between microbial carbonate abundance
and calculated saturation state maxima and minima
(Fig. 3) is less straightforward than the inverse corres-
pondence shown by microbial carbonates and metazo-
an diversity (Fig. 2), but nonetheless suggests a positi-
ve relationship. Saturation state could explain
microbial carbonate abundances that appear anoma-
lous in relation to metazoan diversity alone (see
Discussion, 2. Metazoan diversity, above). For exam-
ple, elevated saturation state could account for high
microbial carbonate abundances where metazoan
diversity was also high, as in the Early Carboniferous,
Late Permian and Late Jurassic, and reduced saturation
state could account for low microbial carbonate abun-
dances when metazoan diversity was also low, e. g.,
following end-Triassic Mass Extinctions. In these
cases it could be that the inhibiting effects of reduced
lithification were more important than metazoan inter-
ference in determining microbial carbonate abun-
dance.

Two anomalies that remain are the end-Ordovician
extinctions aftermath and the Late Cretaceous, when
calculated saturation states were high but microbial
carbonate abundances low. These discrepancies could
arise because seawater saturation state, as calculated
by Riding & Liang (2003, 2004, 2005), does not take
account either of temperature fluctuations or of CaCO3
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precipitation. Consequently, low sea surface tempera-
tures associated with end-Ordovician extinctions
would reduce calculated saturation state, which assu-
mes constant 15 ºC temperature (see Comparative
Data, 3. Carbonate Saturation State, above). In the case
of the Late Cretaceous, actual saturation state could
have been much lower than calculated due to removal
of CaCO3 by the biologically controlled calcification of
globigerine foraminifers and coccolithophore algae.
This might be an example of eukaryote competition
with microbes for CaCO3 in biomineralization (Riding
& Liang, 2005).

Low sea surface temperature could similarly have
reduced saturation state well below calculated values
in the Late Carboniferous, Mid-Jurassic, Quaternary,
contributing to reduced microbial carbonate abundan-
ces at these times. In the same way, when temperatu-
res were elevated (e. g., Late Cambrian-Early
Ordovician, Mid-Devonian, Late Permian-Early
Triassic, see Veizer et al., 2000), saturation state could
have been higher than calculated. Removal of CaCO3
by biologically controlled calcification could also have
been important in reducing saturation state well below
calculated values during the Cenozoic generally.

In combination, therefore, these effects could
account, at least in part, for (i) end-Ordovician, Late
Carboniferous, Early-Mid Jurassic and Quaternary
declines in microbial carbonates (low temperatures
reducing saturation state), (ii) Late-Cambrian-Early
Ordovician, Late Permian-Early Triassic increases in
microbial carbonates (higher temperatures increasing
saturation state), and (iii) Late Cretaceous scarcity of
microbial carbonates (biological removal of CaCO3
reducing saturation state, despite elevated temperatu-
re). If calculated saturation state (Riding & Liang,
2003, 2004, 2005) could be corrected for secular fluc-
tuations in temperature and in biologically controlled
removal of CaCO3, it may account much better for
long-term variation in microbial carbonates. This
remains to be explored.

6. Synthesis: extrinsic controls on microbial 
carbonates
Both metazoan diversity (Fig. 2a) and seawater

saturation state with respect to CaCO3 minerals (Fig.
3a) can be related to the Phanerozoic secular distribu-
tion of reefal microbial carbonates. Neither of them
alone, however, adequately accounts for the observed
trend. The central proposal of this paper is that it is in
combination that these factors of metazoan diversity
and seawater saturation can provide a fuller explana-
tion for reefal microbial carbonate abundance through

time. Accordingly, the following provisional synthesis
suggests how major features of the secular distribution
of reefal microbial carbonates (Fig. 1) derived from
Kiessling’s (2002) compilation may relate to changes
in both metazoan diversity and carbonate saturation
state during the Phanerozoic (Fig. 6).

Essentially, times of greatest and least abundance of
microbial carbonates depended on whether the effects
of metazoan diversity and saturation state reinforced or
countered one another. Thus, microbial carbonates
were abundant when elevated saturation state coinci-
ded with low metazoan diversity, e. g., during the
Cambrian-Early Ordovician and Late Silurian, and
following Late Devonian, end-Permian and end-
Jurassic extinctions. Conversely, low microbial carbo-
nate abundances occurred when reduced saturation
state coincided with high metazoan diversity, e. g.,
during the Late Carboniferous, Early-Mid Jurassic and
Cenozoic. In addition to these maxima and minima, it
might be expected that microbial carbonates should
have been abundant following end-Ordovician and
end-Cretaceous extinctions when calculated saturation
state (Riding & Liang, 2003, 2004, 2005) was relati-
vely high. However, these calculated values do not
consider either temperature fluctuation or precipitation
of CaCO3. Microbial carbonates may have been redu-
ced during the earliest Silurian due to the effect of low
global temperatures on seawater saturation state, with
the result that both metazoans and microbial carbona-
tes declined at the end-Ordovician. During the Late
Cretaceous, rapidly rising diversity of organisms with
biologically controlled calcification, such as marine
plankton, increased competition for CaCO3 as well as
for other resources, depressing saturation state well
below calculated values, and as a consequence micro-
bial carbonate abundances were low. Following end-
Cretaceous extinctions, saturation state continued to
decline (Arvidson et al., 2000) and microbial carbona-
tes, already at minimal levels, failed to increase.
Present-day coincidence of high metazoan diversity
and low seawater saturation state results in reefal
microbial carbonates being scarce in comparison with
the Mesozoic and, particularly, Palaeozoic. 

7. Environmental effects at Mass Extinctions
Although microbial carbonate reefal abundance did

not always increase following Mass Extinctions, in at
least two instances, following Late Devonian and end-
Permian events (see 4.3. Summary, above), it is likely
that microbial carbonates did significantly increase. In
cases such as these could some of the environmental
changes connected with Mass Extinction have facilita-
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ted microbial growth and calcification (Riding,
1997)? High sea surface temperatures could be delete-
rious for metazoans while at the same time promoting
microbial growth and raising saturation state that
enhanced calcification and early lithification. The
influence of temperature on Late Devonian extinctions

remains debatable (Joachimski & Buggisch, 2002;
Gong & Xu, 2003), but sea surface temperatures were
elevated during and after the end-Permian Mass
Extinction (Veizer et al., 2000). It is possible that, just
as low end-Ordovician temperatures may have contri-
buted to decline at that time in both metazoans and
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FIGURE 7–Spindle diagram summary of suggested effects of metazoan diversity and saturation state on reefal microbial carbonate
relative abundances at Mass Extinction Events during the Phanerozoic (data from Fig. 1). Essentially, it is suggested that reefal
microbial carbonates relative abundances were low at end-Ordovician, end-Triassic and end-Cretaceous events due to low satu-
ration state, despite low metazoan diversity. In contrast, reefal microbial carbonates relative abundances were high at Late
Devonian and end-Permian events due to the combined effects of high saturation state and low metazoan diversity. This implies
that at times of low metazoan diversity, saturation state determined the development of reefal microbial carbonates.



microbial carbonates, elevated temperature may simul-
taneously have promoted microbial carbonate for-
mation and metazoan extinction in the Late Permian-
Early Triassic. Similarly, elevated Late Cambrian-Early
Ordovician temperatures (Veizer et al., 2000) could
have restricted metazoan diversification whilst simulta-
neously promoting microbial growth and calcification.

Another possible environmental effect associated
with the end-Permian event could have been CO2 rele-
ase. A variety of processes may have raised atmosphe-
re-ocean CO2 and CH4 levels at this time (see Kidder
& Worsley, 2004; Krull et al., 2004, for reviews). A
rise in CO2 from 300-1,100 ppm within less than 200
Kyr has been postulated (Berner, 2002, Fig. 9).
Through global carbon cycling, such an increase in
CO2 could ultimately have resulted in a rise in seawa-
ter saturation state that would have enhanced microbial
carbonate precipitation. Temperature increase due to
greenhouse warming following CO2 and CH4 release
could have further increased saturation state. Schubert
& Bottjer (1992, p. 885) suggested that ‘some unk-
nown physical condition(s), perhaps related to the
extinction event, may have also played a role in allo-
wing stromatolite growth in the Early Triassic’.
Perhaps CO2 release was such a condition. 

8. Regional extinctions
The main focus of stromatolite resurgence studies

has been their possible links to global Mass Extinction
Events (e. g., Schubert & Bottjer, 1992). However,
regional episodes of stromatolite development have
also been attributed to more localized extermination of
metazoans. Soja (1994b) proposed that ‘normal-mari-
ne subtidal stromatolites not associated with global
extinctions … may have developed similarly as a
result of a local or regional wholesale extermination of
populations of shelly marine benthos’. Martín & Braga
(1994) suggested the Mediterranean region in the
aftermath of the Messinian (Late Miocene) Salinity
Crisis as such an example. Martín & Braga (1994)
observed that proliferation of large stromatolite and
other microbial carbonate domes of Late Messinian
(~5.5 Myr) age in Almería, south-east Spain, might
reflect regional elimination of invertebrate competitors
following desiccative drawdown of the Western
Mediterranean. 

In this area of Spain immediately prior to the
Salinity Crisis, microbial carbonates were volumetri-
cally abundant as crusts in coral (Riding et al., 1991)
and algal (Braga et al., 1996) reefs. Immediately after
the Crisis, these reefs largely gave way to microbial
domes, although it is not clear that microbial carbona-

tes as a whole increased. This poses similar questions
to those arising from larger scale Late Permian-Early
Triassic changes. Did stromatolite abundance increase
overall, or was increase concentrated in domes becau-
se fewer metazoans were available to complicate this
classic stromatolite morphotype? Could it just be that
structurally complex microbial-algal-metazoan reefs
were replaced by morphologically simple microbial
(stromatolite dome) reefs? A complicating factor is
that these post-Messinian Salinity Crisis stromatolites
include coarse-grained and siliciclastic domes (Braga
et al., 1995), suggesting enhanced lithification in addi-
tion to other factors that may have determined their
development. This instructive example emphasizes the
need to accurately assess microbial carbonate abun-
dances, discriminate between controls on their forma-
tion, and also to clearly frame the Disaster Form con-
cept.

SUMMARY AND CONCLUSIONS

Compilation of relative abundance (Kiessling, 2002,
Fig. 16) based on the Paleoreef database (Kiessling &
Flügel, 2002) may provide the best measure of
Phanerozoic marine microbial carbonates currently
available. It provides an opportunity to re-examine
long-term trends in their secular variation, and to com-
pare them with factors such as metazoan interference
and changes in seawater saturation state with respect to
CaCO3 minerals that may have affected them. These
data (Fig. 4) broadly confirm previous views that micro-
bial carbonate abundance has declined (e. g., Maslov,
1959; Fischer, 1965) with marked fluctuation (Riding,
1992, 1993) during the Phanerozoic.

1. Metazoan Diversity
Microbial carbonate abundance shows broad inver-

se variation with metazoan diversity (Fig. 2), suppor-
ting the long held view that metazoan interference has
been a major factor limiting the abundance of micro-
bial carbonates (e. g., Garrett, 1970; Awramik, 1971).
Such metazoan interference in microbial carbonate
formation could include competition for the CaCO3
required for microbial calcification (Riding, 1993;
Riding & Liang, 2005). However, there are some dis-
crepancies in the broad inverse correlation between
microbial carbonate reefal abundance and marine
metazoan diversity (Fig. 2). For example, microbial
carbonate abundances were relatively high despite
high metazoan diversity in the Early Carboniferous
(~330 Myr), Late Permian (~260 Myr) and Late
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Jurassic (~155 Myr); conversely, microbial carbonate
abundances were low when metazoan diversity was
low following end-Ordovician, end-Triassic and end-
Cretaceous Mass Extinctions.

2. Carbonate Saturation State
The degree of positive correspondence between

calculated seawater saturation state and microbial car-
bonate abundance (Fig. 3) supports views that early lithi-
fication in general (e. g., Walcott, 1914; Logan, 1961,
p. 520; Fischer, 1965), and saturation state (Kempe &
Kazmierczak, 1990; Riding, 1997, 2000) in particular,
have been major factors influencing the abundance of
microbial carbonates. Fluctuations in saturation state
could account for most of the anomalies noted betwe-
en microbial carbonate abundance and metazoan
diversity. For example, elevated saturation state could
account for high microbial carbonate abundances
where metazoan diversity was also high, as in the
Early Carboniferous, Late Permian and Late Jurassic,
and reduced saturation state could account for low
microbial carbonate abundances when metazoan
diversity was also low, e. g., following end-Triassic
Mass Extinctions. In these cases it could be that the
inhibiting effects of reduced lithification were more
important than metazoan interference in determining
microbial carbonate abundance. The discrepancies that
remain unaccounted for are following end-Ordovician
and end-Cretaceous Mass Extinctions, when microbial
carbonate abundances and metazoan diversity were
both low and calculated saturation state was high. In
these cases it could be that actual saturation state was
much lower than calculated because the latter value
does not take account of temperature fluctuations or
CaCO3 removal (Riding & Liang, 2003, 2004, 2005).
Thus, actual saturation states could have been low at
the end-Ordovician due to low temperatures, and low
in the Late Cretaceous due to oceanic removal of
CaCO3 by calcified plankton.

3. Disaster Forms
It has been suggested that stromatolites resurged as

Disaster Forms in response to metazoan reduction in
Mass Extinction aftermaths (Schubert & Bottjer,
1992). Kiessling’s (2002, Fig. 16) data relate to reefs,
but appear to include microbial domes and columns
that occur on their own, independently of algae and
metazoan reef builders. They could thus reflect chan-
ges in stromatolite abundance in general. However, the
stratigraphic resolution of these data limits their appli-
cation to assessment of the Disaster Form concept.
Late Devonian aftermath abundances may be over-

emphasized and those of the end-Permian under-emp-
hasized, and end-Triassic and end-Cretaceous after-
math abundances are also poorly resolved. Large
Llandoverian decrease relates to a shorter time interval
and could more reliably reflect microbial carbonate
abundance in the end-Ordovician aftermath. Caution is
necessary, but there is an intriguing indication from
these data that in Mass Extinction aftermaths microbial
carbonate abundance variously increased (Late
Devonian, end-Permian), decreased (end-Ordovician),
or altered little (end-Triassic, end-Cretaceous). If
reduction in metazoan interference were the sole factor
permitting stromatolite resurgence as Disaster Forms,
then increase rather than mere survival of microbial
carbonates would be expected. The fact that – at least
so far as these data are concerned – this is not gene-
rally observed suggests that microbial carbonate abun-
dance was not only responding to reduced interfe-
rence.

4. Combined Effects of Metazoan Interference and
Early Lithification
A key outcome of this analysis is that, individually,

neither change in metazoan diversity nor in saturation
state adequately explains the changes observed in
microbial carbonate abundance. In combination,
however, they can account for much of the pattern.
Essentially, microbial carbonates were most abundant
when elevated saturation state coincided with low
metazoan diversity, e. g., Cambrian-Early Ordovician
and Late Silurian, and following Late Devonian, end-
Permian and end-Jurassic extinctions. Microbial car-
bonates were least abundant when reduced saturation
state coincided with high metazoan diversity, e. g., Late
Carboniferous, Early-Mid Jurassic, and Cenozoic.
Thus, maxima and minima of microbial carbonate
abundance during the Phanerozoic have depended on
whether the effects of metazoan diversity and carbona-
te saturation state reinforced or countered one another.

In addition, changes in sea surface temperatures
(Veizer et al., 2000), not included in saturation state
calculation by Riding & Liang (2004, 2005), could
have further reduced saturation state in the Late
Carboniferous, Mid-Jurassic, and Quaternary, contri-
buting to reduced microbial carbonate abundances at
these times, and further raised saturation state in the
Late Cambrian-Early Ordovician, Mid-Devonian, Late
Permian-Early Triassic, when microbial carbonates
were abundant. Removal of CaCO3 by biologically
controlled calcification could also have been important
in reducing saturation state well below calculated
values during the Cenozoic generally.
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In Mass Extinction aftermaths, so far as the resolu-
tion of these data permit, it appears that microbial car-
bonates declined at the end-Ordovician, rose at the
Late Devonian and end-Permian, and showed little or
no change at the end-Jurassic and end-Cretaceous.
Each of these individual patterns can tentatively be
related to changes in metazoan diversity and saturation
state (Fig. 7). This includes the otherwise anomalous
situations of the end-Ordovician and end-Cretaceous
aftermaths, when allowance is made for reduction of
calculated saturation state to actual levels by low tem-
perature and CaCO3 removal respectively. Thus:
microbial carbonates declined at the end-Ordovician
due to low global temperatures, despite reduced meta-
zoan diversity; microbial carbonates increased at the
Late Devonian and end-Permian in response to eleva-
ted saturation state and reduced metazoan diversity;
microbial carbonates may (the resolution is poor) have
decreased slightly at the end-Triassic in response to
falling saturation state despite reduced metazoan
diversity; microbial carbonates – already at low levels –
may (again the resolution is poor) not have changed
noticeably at the end-Cretaceous, despite reduced
metazoan diversity, because planktic removal of
CaCO3 reduced saturation state. This implies that at
times of low metazoan diversity, saturation state deter-
mined the development of reefal microbial carbonates. 

5. End Piece
This attempt to account for the reefal abundance of

microbial carbonates over Phanerozoic time presented
by Kiessling’s (2002, Fig. 16) data has only considered
secular changes in metazoan diversity and seawater
saturation state. The assumption that marine metazoan
generic diversity is a reasonable proxy for metazoan
interference is obviously open to question, and seawa-
ter saturation state calculations by Riding & Liang
(2003, 2004, 2005) are preliminary attempts based on
model values and uncertain inferences. The data com-
pilation of Kiessling (2002, Fig. 16) that forms the
basis for this comparative study is an invaluable sour-
ce, but it must necessarily be incomplete, presents rela-
tive abundance data, and lacks temporal resolution
particularly with regard to changes at Mass
Extinctions. Furthermore, these data combine stroma-
tolites, thrombolites, dendrolites and other diverse
categories of microbial carbonate deposits (Riding,
2000) that may well have had different responses to
changes in metazoan interference and seawater satura-
tion state. In addition, important factors, e. g., evolutio-
nary and metabolic changes in the organisms responsi-
ble for microbial carbonate formation, are not

considered here at all. Consequently, the suggestions
advanced here to account for observed changes in
microbial carbonate abundance are preliminary and
quite speculative. Much more information is required,
in particular concerning past variations in seawater
saturation state and to augment and subdivide
Kiessling’s (2002, Fig. 16) abundance data for micro-
bial carbonates. My hope is that the explanations ten-
tatively proposed here may prove to be more correct
than incorrect, and that they will stimulate further rese-
arch into these fascinating questions that concern
many aspects of shallow marine carbonate sediments.
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Abstract

Early Paleoproterozoic stromatolite assemblages were first described in Karelia, Russia and
Finland and they were later adopted for stromatolite biostratigraphy in China, India, and Australia.
However, their biostratigraphic potential is not widely accepted due to their strong provinciality and
apparently different time ranges for taxa on global scale. Stratigraphic potential of stromatolites was
further hampered by recent controversy over their biogenic origin, in particular of microdigitate stro-
matolites. Here we compare microdigitate stromatolites from carbonate successions deposited during
the ca. 2.2-2.1 Ga carbon isotope excursion to test whether they contain similar taxa. We assign some
Paleoproterozoic microdigitate stromatolites from Finland and USA that were earlier described as dif-
ferent genera to genus Djulmekella originally defined in Karelia, Russia, in the eastern part of the
Fennoscandian Shield. Our study suggests that microdigitate stromatolites with similar morphologies
are abundant in the 2.2-2.1 Ga carbonate successions and emphasize their potential for interbasinal
correlation.

Key words: Paleoproterozoic, Jatulian, microdigitate stromatolites, Djulmekella immanis,
Fennoscandian shield, carbon isotope excursion.

Resumen

Las asociaciones de estromatolitos del Paleoproterozoico fueron descritas por primera vez en
Karelia, Rusia y Finlandia, y fueron posteriormente adoptadas para la bioestratigrafía con estromato-
litos en China, India y Australia. No obstante, su potencial bioestratigráfico no está ampliamente
aceptado debido al fuerte provincialismo de los estromatolitos y a los rangos temporales aparente-
mente diferentes de los taxones a escala global. El uso estratigráfico potencial de los estromatolitos
se ha visto impedido, además, por la reciente controversia sobre su origen biogénico, en particular de
los estromatolitos microdigitados. En este trabajo comparamos los estromatolitos microdigitados de las
secuencias carbonatadas depositadas durante la excursión isotópica del carbono que tuvo lugar hace
2,2-2,1 Ga para comprobar si contienen taxones similares. Asignamos algunos estromatolitos micro-
digitados de Finlandia y USA, que inicialmente fueron atribuidos a géneros diferentes, al género
Djulmekella, inicialmente definido en Karelia, Rusia, en la zona oriental del Escudo Fenoscándico.
Nuestro estudio sugiere que los estromatolitos microdigitados con morfologías similares son abun-
dantes en las secuencias carbonatadas de 2,2-2,1 Ga y enfatiza su potencial para la correlación entre
cuencas. 

Palabras clave: Paleoproterozoico, Jatuliense, estromatolitos microdigitados, Djulmekella imma-
nis, escudo fenoscándico, excursión isotópica del carbono.



INTRODUCTION

Early Paleoproterozoic stromatolite assemblages
were first described in Karelia, Russia and Finland
(Metzger, 1924; Butin, 1966; Krylov & Perttunen,
1978; Makarikhin & Kononova, 1983) and were later
adopted in China (Zhu and Chen, 1992), India
(Semikhatov & Raaben, 1994), and Australia (Walter,
1972; Grey, 1994) for stromatolite biostratigraphy (see
extensive discussion in Bertrand-Sarfarti & Walter
(1981), Semikhatov et al. (1999). However, their bios-
tratigraphic potential was not universally accepted due
to a strong provinciality of stromatolite assemblages
and different time ranges for taxa on global scale
(Semikhatov & Raaben, 2000). Furthermore, biogeni-
city of stromatolites, in particular microdigitate stro-
matolites, was recently questioned (Grotzinger, 1989;
Grotzinger & Kasting, 1993; Grotzinger & Rothman,
1996). Their temporal evolution was related to envi-
ronmental rather than biological changes, among
which decrease in atmospheric pCO2 level and ocean
carbonate saturation and oxidation of the deep
ocean were probably most important (Maslov, 1959;
Grotzinger & Knoll, 1995, 1999). This view is based
on the presence of textures indicating growth of arago-
nite crystals, general absence of microfossils in asso-
ciation with stromatolites, and temporally restricted
stratigraphic range of microdigitate stromatolites from
ca. 2.6 to 1.0 Ga (Grotzinger, 1989). Microdigitate
stromatolites are abundant in early and middle
Proterozoic peritidal and restricted evaporitic environ-
ments, and in Phanerozoic lacustrine settings (Grey &
Thorne, 1985; Hofmann & Jackson, 1987; Sami 
& James, 1996; Pope et al., 2000; Pope & Grotzinger,
2000). Recent reviews of microdigitate stromatolites
(Hofmann & Jackson, 1987; Raaben, 1991, 1998;
Bartley et al., 2000) indicate that they also occur in
the early Riphean and Cambrian carbonate succes-
sions and that only a small portion of microdigitate
stromatolites including Asperia, Yelma, and
Pseudogymnosolen contain radial fibrous, radiaxial
fibrous, and fascicular optic textures (Grotzinger &
Knoll, 1999) typical for aragonite crystals. Even the
latter textures were considered to be related to biologi-
cally-induced aragonite precipitation either under a
mat (Horodyski, 1975) or on algal filaments by CO2
uptake during photosynthesis or, at a later stage,
during organic matter degradation by heterotrophic
bacteria that promoted carbonate precipitation (Grey
& Thorne, 1985; Hofmann & Jackson, 1987; Bertrand-
Sarfati & Pentecost, 1992; Grotzinger & Knoll, 1995).
Neoproterozoic and younger stromatolites contain

abundant evidence for trapping, binding, and precipi-
tating microbial influence and include calcified micro-
bes (Riding, 1994). This is consistent with the notion
that syn-vivo calcification is confined to settings low
in dissolved inorganic carbon and high in calcium (Arp
et al., 2001). Consequently, lack of calcified filaments
and, therefore, evidence for their role in stromatolite
growth agrees with the inferred high pCO2 levels in the
early Precambrian (Grotzinger & Kasting, 1993).
While synsedimentary carbonate precipitates constitu-
te the bulk of Late Achaean (Sumner & Grotzinger,
2000) and early Paleoproterozoic (Sami & James,
1996; Pope & Grotzinger, 2000) carbonate platforms,
two independent observations suggest biological
influence on their formation: 1) recurrent association
with stromatolites and organic-rich horizons, and their
absence in allochem-rich facies; and 2) presence of
clotted micrite fabrics similar to mineralized coccoid
cyanobacterial sheaths at the base or in the core of
fibrous cements (Sami & James, 1996; Bartley et al.,
2000). The most compelling evidence so far for inor-
ganic precipitation of aragonite crystals in some
microdigitate stromatolites is interpenetrative crystal
growth at the boundary between fans (Hofmann &
Jackson, 1987).

Here we compare stromatolite forms from the early
Paleoproterozoic carbonate successions deposited
during the 2.2-2.1 Ga carbon isotope excursion (Karhu
& Holland, 1996) to test whether they contain similar
stromatolite taxa applicable for interbasinal correla-
tion. Stromatolites from the Upper Jatulian Group of
Karelia, Russia; the Nash Fork Formation of the
Snowy Pass Supergroup, WY, USA; the Rantamaa
Formation of the Peräpohja Schist Belt, northern
Finland were compared with published descriptions
for stromatolites from the Whalen Group in the
Rawhide Creek area of the Hartville Uplift, WY
(Hofmann & Snyder, 1985); the Kona Dolomite of the
Chocolay Group of MI, USA (Twenhofel, 1919;
Hofmann & Davidson, 1998); the Hurwitz Group of
the Quartzite Lake area, Canada (Hofmann &
Davidson, 1998); and the Juderina Formation of the
Nabberu Basin, Western Australia (Grey, 1994).

GEOLOGIC SETTING

The Upper Jatulian Tulomozero Formation of the
early Paleoproterozoic Onego Group outcrops around
the Onego Lake in Russian Karelia. It consists of an
800 m-thick magnesite-dolostone-red bed succession
and contains abundant stromatolites in carbonate beds
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(Makarikhin & Kononova, 1983; Melezhik et al.,
2000; Fig. 1). Recently, Ovchinnikova et al. (2001)
obtained Pb-Pb carbonate age of 2090 ± 70 Ma for car-
bonates of the Tulomozero Formation which they
interpreted as an age of sedimentation or early diage-
nesis. The formation consists of eight lithostratigraphic
members that can be divided into six biostratigrap-
hic units – ‘beds with phytoliths’, each with distincti-
ve stromatolites, oncolites and microfossils (Fig. 1;
Makarikhin, 1992). Terrigenous red beds are develo-
ped throughout the sequence and were deposited in
three depositional settings: (1) a braided fluvial system
over a low-energy coastal plain, (2) a low-energy,
barred lagoon or bight, and (3) a non-marine, playa
lake (Melezhik et al., 2000). Carbonate beds contain
abundant stromatolites including non-columnar,
columnar, and branching-columnar varieties.
Stromatolites form six successive assemblages in the
Tulomozero Formation. Some of these assemblages
can be traced laterally over large distances, up to a few
hundred kilometers. Their lateral continuity was used
to establish biostratigraphic units (‘beds with phytoli-
tes’) and to correlate carbonate sequences within the
Karelian region of the eastern Fennoscandian Shield.
The stromatolites accreted in shallow-water, low-
energy, intertidal zones, barred evaporitic lagoons and
peritidal evaporitic environments of a larger open-
marine basin (Heiskanen, 1990; Melezhik et al., 2000;
Ojakangas et al., 2001). Evaporitic settings were sites
of synsedimentary to early diagenetic precipitation of
anhydrite and gypsum as evidenced now by dolomite
and quartz pseudomorphs and associated collapse
breccias (Melezhik et al., 2001). Only a small portion
of stromatolites including 1 m high columns of
Colonnella carelica might have grown in open-marine
environments. The red-colored, flat-laminated stroma-
tolites in dolomite and magnesite beds accreted in
hypersaline ephemeral ponds, coastal sabkhas, and
playa lakes. Tepees, mudcracks, pseudomorphs after
calcium sulphate, halite casts, and red beds are abun-
dant in the formation suggesting arid, partially discon-
nected from the sea depositional settings. However,
herringbone cross-bedding in the D member (see
Fig. 1) suggest that basin was at least episodically
open marine. The carbonates exhibit one of the most
extreme 13C enrichment that has ever been reported
(cf. Bekker et al., 2003). The highest enrichment in 13C
is restricted to the playa magnesite (up to +17.2‰) and
the flat-laminated dolomitic stromatolites accreted in
ephemeral ponds (up to +16.8‰), whereas dolostones
from less restricted environments are less enriched in
13C (+5.6 to +10.7‰; Melezhik et al., 1999).

Carbonates of the 100 to 300 m thick Rantamaa
Formation of the Peräpohja Schist Belt in northern
Finland (Fig. 2) were deposited after the extrusion of
the Jouttiaapa metalavas, dated at 2090 ± 70 Ma by
Sm-Nd method (Huhma et al., 1990). The upper part
of the Rantamaa Formation that contains carbonates
with δ13C values plunging down to 3‰ (Karhu, 1993)
is overlain by the Väystäjä Formation that includes
carbonates with δ13C values close to 0‰ (Karhu, in
press) and felsic effusive porphyry with U-Pb zircon
age of 2050 ± 8 Ma (Perttunen & Vaasjoki, 2001).
Most of the Rantamaa carbonates are shallow-water
sediments deposited on a tidal flat (Kortelainen &
Karhu, 1998). They are light-colored and laminated
dolostones with distinct features suggesting inter- and
supratidal origin such as intraformational conglomera-
tes, stromatolites, microbial laminites, tepees, cross-
bedding, ripple marks, and stone rosettes. The supra-
and intertidal carbonates are pervasively dolomitized.
However, locally, the Rantamaa Formation contains
layered calcite-dolomite ribbon rock deposited in a
deeper-water environment, below the fair-weather
base. It is composed of 5 to 10 cm thick graded turbi-
ditic layers. In each layer the lower part is coarser-grai-
ned and calcitic, while the top is very fine-grained and
dolomitic. The δ13C values of the Rantamaa carbona-
tes vary from +3.4‰ to +6.7‰ (Karhu, 1993). No dif-
ference in isotope values can be observed between sha-
llow- and deep-water carbonates. The d13C values of
deep-water carbonates range from 3.7‰ to 5.7‰
(Kortelainen & Karhu, 1998).

The ~2 km thick Nash Fork Formation was deposi-
ted on a mature passive margin and was recently sub-
divided into 3 parts consisting of 12 members (Bekker
& Eriksson, 2003). The formation straddles the end of
the carbon isotope excursion (Bekker et al., 2003;
Fig. 3) constrained on the Fennoscandian Shield bet-
ween 2.11 and 2.06 Ga (Karhu, 1993, in press; Karhu
& Holland, 1996). Studied stromatolites belong to the
lower part of the formation (L8 member; stromatolitic
dolomite of outer to inner shelf; Fig. 3). Isolated molds
and layers of molds after displacive crystals of gyp-
sum and anhydrite nodules are abundant in argillite of the
underlying heterolithic siliciclastics-carbonate facies
association (Bekker & Eriksson, 2003). Carbonates of
the Nash Fork Formation were deposited in an open-
marine environment and they show a trend of carbon
isotope values that is broadly consistent with that
observed in carbonates deposited in other early
Paleoproterozoic open-marine basins (Bekker et al.,
2003). Carbonates in the basal part of the Nash Fork
Formation have highly positive carbon isotope values
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FIGURE 1–Stratigraphic column of the Tulomozero Formation, drill hole 5177 in the Onega area of Karelia, Russia with δ13C
variations and stratigraphic position of Djulmekella sundica Mak. shown (modified from Melezhik et al., 1999). B to H are
members of the Tulomozero Formation, black shales at the top of the section belong to the lower part of the Zaonega
Formation (Zn1). Note that δ13C values do not show stratigraphic trend and are similar in both open marine (e. g. herringbone
cross-bedded siltstone and sandstone facies of the D member) and restricted to closed basin environments.



within a 20 m thick carbonate interval marked by δ13C
values as high as +28‰ whereas the rest of the lower
Nash Fork Formation has carbon isotope values ran-
ging from +6 to +8‰. Carbonates of the upper Nash
Fork Formation, above the second carbonaceous shale
representing a flooding event, have carbon isotope
values ranging from 0 to +2.5‰ (Bekker et al., 2003).

The Kona Dolomite in the eastern part of the
Marquette Range lies above the mature Mesnard
Quartzite and the underlying glaciogenic Enchantment
Lake Formation and is overlain by the Wewe Slate; all
these units belong to the lower part of the Chocolay
Group of the Marquette Range Supergroup (Morey and
Van Schmus, 1988). The Kona Dolomite is composed of
white to dark-brown cherty dolomite interlayered with
beds of slate, graywacke, and quartzite. Dolomite and
slate beds contain abundant pseudomorphs and molds
after displacive crystals of gypsum and anhydrite nodu-
les, and halite hoppers (Larue, 1981; Hemzacek et al.,
1982). Taylor (1972) subdivided the Kona Dolomite

into eleven informal members and Bekker et al. (1997)
found that carbonates of the Mount Mesnard area carry
13C-enrichment above +4‰ (the highest δ13C value of
the Kona Dolomite is +8.3‰).

STROMATOLITES

It should be noted, that definition of the stromatoli-
te genera Collumnacollenia, Collumnaefacta, and
Hadrophycus which are discussed below need to be
revised. Their definitions are uncertain and allow wide
interpretation. Almost all stromatolite buildups would
fit to these diagnoses (for instance Hadrophycus is
“large dome-shaped or expanded algae which consist
of irregularly flexuous or crumpled laminae”, Fenton
& Fenton, 1939). For this reason we do not use these
names and recommend these genera for taxonomic
revision to define their diagnoses more accurately as it
have been done with genus Collenia, for instance.
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FIGURE 2–Stratigraphic column of the Peräpohja belt (northern Finland) showing age constraints, δ13C variations and the strati-
graphic position of the studied stromatolites.
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FIGURE 3–Stratigraphic column of the Nash Fork Formation, Snowy Pass Supergroup of the Medicine Bow Mountains, WY
with δ13C variations and stratigraphic position of studied stromatolites shown (modified from Bekker et al., 2003).
Arrow indicates stratigraphic position of 2.08 Ga detrital zircons in the quartzite layer of the upper Nash Fork
Formation.



The stromatolite association of the Rantamaa
Formation in northern Finland contains similar stro-
matolites with the stromatolite association of the
Tulomozero Formation in Russian Karelia. Namely,
Collumnacollenia rantamaa Kryl. et Pert. 1978 is very
similar to Colonella carelica Mak. 1983 in branching
habit (simple columnar), margin structure (no walls),
and the nature of the laminae (gently convex), but
slightly differs in column shape and by development of
bridges between columns. According to our analysis,
the diagnosis of Collumnacollenia rantamaa fits to
genus Colonella, hence we assign it to Colonella ran-
tamaa (Kryl. et Pert. 1978). Collumnaefacta asymme-
trica Kryl. et Pert. 1978 closely resembles Djulmekella
sundica Mak. 1983 (Fig. 4; Pl. 1, Fig. 1) in branching
habit, column shape, margin structure, and the nature
of the laminae, but differs in thicker laminae walls and
a larger size from Djulmekella sundica. Consequently,
we assign this form to Djulmekella asymmetrica
(Kryl. et Pert. 1978). Since stromatolite taxa
Collumnacollenia and Collumnaefacta were not preci-
sely defined and described when they were erected,
they had very wide interpretation in the past and
should be avoided. Both formations also contain gene-
ra Omachtenia, Stratifera, and Soanlachtia (Krylov &
Perttunen, 1978; Makarikhin & Kononova, 1983;
Makarikhin, 1992). 

Paleoproterozoic ministromatolites very similar to
Djulmekella also occur in the Kona Dolomite of the
Marquette Range area of Michigan, USA (Twenhofel,
1919), the Nash Fork Formation of Wyoming (Knight,
1968), the Whalen Group of the Hartville Uplift,
Wyoming (Hofmann & Snyder, 1985), and the
Hurwitz Group of the Hearne Province, Canada
(Hofmann & Davidson, 1998). Ministromatolites of
the Kona Dolomite occur in large columnar buildups
of Colonella kona (Twenhofel) 1919 and consist of
subcylindrical stubby closely-spaced columns 3 to 5
mm in diameter connected to each other by a number
of bridges (Pl. 1, Fig. 2). Branching is rare and into two
smaller columns. Relatively thick laminae form a
gently convex profile. Margin structure is ornamented
by cornices and peaks. All these features fit to the
diagnosis of Djulmekella as described by Makarikhin
(1983) and we named these ministromatolites
Djulmekella kona.

Stromatolites of the Whalen Group in the Rawhide
Creek area (Hofmann and Snyder, 1985; Fig. 5) closely
resemble those in the L8 member of the Nash Fork
Formation (see Systematic Description below) by their
mode of occurrence – metric dome-shaped biostromes
with parallel, obliquely-oriented quartz rods and centi-

metre-sized, laterally-linked pseudocolumnar ministro-
matolites within the larger mounds. Fine, convex lami-
na is not preserved in ministromatolites. The age of the
Whalen Group is poorly constrained as either Late
Archean or early Paleoproterozoic (Sims, 1995; Sims
and Day, 1999). Bekker et al. (2003) found that carbo-
nates in the Rawhide Creek area are strongly enriched in
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FIGURE 4–Column reconstruction of the holotype of
Djulmekella sundica Mak., 1983 (from Makarikhin &
Kononova, 1983).



13C (Fig. 5) and were most likely deposited during the
2.2-2.1 Ga carbon isotope excursion. These carbonates
therefore are broadly time equivalent with those within
the lower part of the Nash Fork Formation.

Hofmann and Davidson (1998) described
Paleoproterozoic contiguous decimetric to metric
domal stromatolites with constituent mammilate
laminae that outline millimetric pseudocolumnar to
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FIGURE 5–Stratigraphic sections from the locality 1 and 2 of the Rawhide Creek area with d13C variations and stratigraphic
position of microdigitate stromatolites shown. A, map of the Hartville Uplift, WY with the rectangle showing the Rawhide
Creek area; B, detailed map of the Rawhide Creek area of the Hartville Uplift (modified from Bekker et al., 2003).



columnar ministromatolites in the carbonate unit of
the Quartzite Lake area west of Hudson Bay, Hearne
Province, Canadian Shield. Although this carbonate
unit is considered correlative with the Watterson
Formation of the Hurwitz Group (see Hofmann &
Davidson, 1998), it is likely significantly older than
the Watterson Formation since it carries 13C-enrich-
ment up to +8‰ (Hofmann & Davidson, 1998;
Bekker et al., unpubl. data) typical for the
Paleoproterozoic carbonates deposited during the 2.2-
2.1 Ga carbon isotope excursion (Karhu and
Holland, 1996). Carbonates in the type area of the
Watterson Formation do not show any 13C-enrich-
ment (Bekker et al., unpubl. data), were deposited
with a significant hiatus on the sequence 2 of the
Hurwitz Group, and contain detrital zircons as young
as 1.96 Ga (Davis et al., 2000). Hofmann and
Davidson (1998) assigned stromatolitic buildups of
the Quartzite Lake area to Hadrophycus kona
(Twenhofel) 1919 and mentioned that their consti-
tuent ministromatolites are similar to Djulmekella
and Collumnaefacta asymmetrica Kryl. et Pert. 1978.
The ministromatolites are arranged into distinctive
vertical cycles. The cycle starts with flat-laminated
stromatolites that grade to columnar-layered and, at
the top, columnar stromatolites. The columnar-laye-
red portion of these cycles looks very similar to
Djulmekella (Fig. 4, b and Fig. 5 in Hofmann &
Davidson, 1998). The upper part, consisting of clo-
sely-spaced mammillate columns, is quite different
from Djulmekella. The genus Collumnaefacta asym-
metrica Kryl. et Pert. 1978 has been renamed above
as Djulmekella asymmetrica (Kryl. et Pert.) since
Collumnaefacta has very wide and uncertain diagno-
sis being a synonym for all columnar-layered stroma-
tolites (see above and Systematic Description below).
The ministromatolites in the columnar-layered por-
tion of the cycles are different from D. asymmetrica
in close spacing (almost contiguous), short columns,
rare branching and bridging but are similar to those
present in the Kona Dolomite, Marquette Range
Supergroup, MI, USA which are named above as
Djulmekella kona (see Systematic Description
below).

Djulmekella-like stromatolites were also described
in the Juderina Formation of the Paleoproterozoic
Glengarry Group, Yerrida Basin, Western Australia
(Grey, 1994). The age of this unit is poorly constrained
by Pb-Pb carbonate age at 2173 ± 80 Ma (Woodhead
& Hergt, 1997). This age is consistent with carbon iso-
tope data for carbonates of the Juderina Formation that
show 13C-enrichment up to +9‰ (Lindsay & Brasier,

2002; Bekker et al., unpubl. data). The Juderina
Formation was deposited in shallow-marine, restricted
environment and contains abundant quartz pseudo-
morphs after displacive anhydrite and gypsum crystals
that still contain anhydrite inclusions (El Tabakh et al.,
1999). Ministromatolites from the drillcore of this unit
(Fig. 10 A-D in Grey, 1994) look very similar to
Djulmekella but were assigned by the author to anot-
her Karelian genus Segosia.

CONCLUSIONS

Microstromatolites of the genus Djulmekella
occur in carbonate successions with ages ranging
from 2.3 to 1.6 Ga. These carbonate successions were
deposited in shallow-water (peritidal) settings of
lacustrine, restricted marine, and open-marine basins.
Stromatolites of this genus are particularly common
in carbonates deposited during the 2.2-2.1 Ga carbon
isotope excursion. These carbonate successions also
contain abundant pseudomorphs and molds after cal-
cium sulfate evaporites that are absent in older sedi-
ments and rare in younger Paleoproterozoic sedi-
ments indicating period with global warm and arid
climate. Growth of these oldest early diagenetic dis-
placive calcium sulfate crystals in fine-grained silici-
clastic and carbonate beds likely reflects rise in the
ocean sulfate content during the 2.2-2.1 Ga carbon
isotope excursion that contributed to the emergence
of free oxygen in the Earth’s atmosphere and the ini-
tiation of the oxidative part of the sulfur cycle.
Macroscopic seafloor precipitates with textures typi-
cal of aragonite crystals are rare in carbonate succes-
sions deposited during this carbon isotope excursion
while they are common in older and younger carbo-
nates (Bekker & Eriksson, 2003). In addition, oölites
from these successions have alternating cortical
layers that were originally composed of aragonite and
calcite crystals (e. g. Makarikhin & Kononova, 1983)
indicating that ocean composition at that time stradd-
led at the calcite-aragonite ocean boundary.
Interestingly, calcified algae that are almost entirely
unknown from the Archean record (Riding, 1994)
were described in Jatulian carbonates of Karelia,
Russia (Butin, 1966; Vologdin, 1966). Combination
of the above-mentioned lithological, geochemical,
paleoclimatic, and paleontological features emphasi-
zes time-specific characteristics of these successions
and provides the basis for interbasinal correlation
among carbonate successions deposited during the
2.2-2.1 Ga carbon isotope excursion.
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SYSTEMATIC DESCRIPTIONS

Genus Djulmekella Makarikhin, 1983

1974 Segosia (?). Dolnik, pp. 871-874. 
1978 Columnaefacta. Krylov & Perttunen, pp. 87-

105.
1983 Djulmekella. Makarikhin & Kononova, pp. 91-

93.
1987 Djulmekella. Zhu et al., Figs. 27/2, 27/4, 27/7.
1992 Djulmekella. Zhu & Chen, Figs. 5/3, 6/5.

Type species.–Djulmekella djulmekensis Makarikhin,
1983 from the Tulomozero Formation (beds with
Butinella), Jatulian (Yatulian) Group, Djulmjaki Island
on the Segozero Lake, Karelia, Eastern Fennoscandian
Shield.

Derivation of name.–After the Djulmjaki Island,
the type locality.

Diagnosis.–Subcylindrical columns vertical or
slightly inclined with round or elliptical plan outline,
which are closely spaced and connected to each other
by a number of bridges (Fig. 6). Branching is rare into
two smaller columns. Relatively thick laminae form a
gently convex lamina profile. Margin structure is orna-
mented by cornices and peaks. (Translated from
Makarikhin & Kononova, 1983).

Comparison.–The genus differs from Segosia Butin
1966 with which it co-occurs in its rounded plan view
and a gentler convex lamina profile. Djulmekella
resembles Kussiella Krylov 1963 but differs from the
latter in its rare branching and numerous bridges.
Similar to Djulmekella, genus Katernia (Cloud and
Semikhatov, 1969) differs from Djulmekella by its
bushlike growth patterns and common branching. In
addition, Katernia shows well-developed widening
before branching. Djulmekella is similar to Butinella
Makarikhin, 1978 in column shape and margin
structure, but the latter has a gentler convex lamina
profile and thinner laminae; moreover, Djulmekella
has more bridges. Paleoproterozoic stromatolites that
are very similar to Djulmekella occur in the Kona
Dolomite of the Marquette area, Michigan, USA
(Twenhofel, 1919), the Nash Fork Formation of
Wyoming (Knight, 1968), the Whalen Group of the
Hartville Uplift, Wyoming (Hofmann and Snyder,
1985), and the Hurwitz Group of the Quartzite Lake
area, Nunavut, Canada (Hofmann and Davidson,
1998). Stromatolites of the Kona Dolomite occur in
large columnar buildups of Colonella kona
(Twenhofel) 1919. Decimetric to metric dome-shaped
biostromes of the Hurwitz Group consist of

ministromatolites, which compose distinctive upward-
deepening cycles marked from the base to the top by
flat-laminated, columnar-layered, and columnar
ministromatolites. The columnar-layered portion of
these cycles looks very similar to Djulmekella (Fig.
4b; Fig. 5 in Hofmann and Davidson, 1998). The upper
part, consisting of closely-spaced mammillate
columns, is quite different from Djulmekella.

Stromatolites in the Whalen Group carbonates of
the Rawhide Creek area (Hofmann and Snyder, 1985)
closely resemble those in the Nash Fork Formation in
their mode of occurrence – meter-sized dome-shaped
biostromes with parallel, obliquely-oriented quartz
rods and centimeter-sized, laterally-linked pseudoco-
lumnar ministromatolites. Fine, convex lamina in
these ministromatolites is not preserved. 

Content.–Djulmekella djulmekensis Makarikhin,
1983, Djulmekella sundica Makarikhin, 1983,
Djulmekella tuanshanziensis (Liang et Tsao) Zhu
1987, Djulmekella asymmetrica (Krylov et Perttunen)
1978, Djulmekella shungitica Makarikhin et
Medvedev, 1990.

Distribution and age.–Zaonezhskaya Formation
of the 2.1-1.92 Ga Ludikovian Group, Tulomozero
Formation and Rantamaa Formation of the ca. 2.3-
2.1 Ga Jatulian Group, Eastern Fennoscandian
Shield; 1.85 Ga Chayskaya Formation of the
Akitkan Range near the Baikal Lake in Siberia; ca.
2.3 Ga Dashiling and Qingshicun formations of the
Doucun Subgroup and ca. 2.3 Ga Hebiancun
Formation of the Dongye Subgroup, the Hutuo
Group at the Wutai Mountain, China; ca. 1.80-1.65
Ga Tuanshanzi Formation of the Changcheng
System at the Yanshan Range, China. Paleoproterozoic
of North America: Hurwitz Group of Nunavut,
Canada; Kona Dolomite of Michigan, Nash Fork
Formation of Wyoming, and Whalen Group at the
Hartville Uplift of Wyoming, USA.

Djulmekella immanis (Fenton & Fenton) 1939
(Plate 1, Figs. 3-6)

1939 Hadrophycus immanis Fenton and Fenton,
pp. 92-95.

Holotype.–Sample # CM 1617 at the Carnegie
Museum of Natural History in Pittsburgh is the holoty-
pe collected from the Nash Fork Formation in the
Medicine Bow Mountains (Libby Lake Road),
Wyoming, USA.

Paratype.–Samples # CM 1616, 1619, 1621, 1654
in the collection of the Carnegie Museum of Natural
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History in Pittsburgh, USA are either from the same
locality as the holotype (1621, 1654) or from the loca-
lity near the Towner Lake (1616, 1619).

Derivation of name.–immanis (lat.), tremendous.
Named after large dome-shaped bioherms that are for-
med by ministromatolites.

Diagnosis.–Djulmekella with rarely branching,
stubby, uniform, short columns that show an inclina-
tion to the bedding surface or, in rare cases, sinuous
attitude.

Description.–Outcrop: At the type locality grey
fine-grained laminated dolomites are interbedded with
cherts. The 10 meter thick dolomite bed in which stro-
matolite domes (Pl. 1, Fig. 6) occur can be traced for 1
to 2 miles.

Mode of occurrence: Stromatolites form domal bio-
herms with diameters up to 5 m. Adjacent stromatoli-
tes have a common stratiform base.

Branching habit: Branching is rare. Branching style
is bifurcate, lateral, and parallel. Method of branching is
alpha.

Column shape: The plan view is rounded or oblong.
Cylindrical columns 1 cm in height have diameters up
to 0.5 cm. Columns are uniform, in rare cases have
sinuous attitude, and are inclined at an angle of 60o to
the bedding surface.

Margin structure: Column margins are ragged
and uneven with numerous small bumps, peaks, and
bridges. Some laminae are sharply deflected at the
margin and extend down the column to form in pla-
ces a poorly defined and discontinuous wall (Pl. 1,
Fig. 4); others terminate abruptly and give rise to
peaks and cornices that comprise wall ornamenta-
tion.

Nature of the laminae: Columns show indistinct
lamination. Laminae are steeply convex, smooth, have
low synoptic relief and moderate degree of inheritan-
ce. The laminae are laterally discontinuous across the
column and variable in thickness (Pl. 1, Fig. 5).
Dolomite crystals that fill bird eye voids are mostly
oriented normal to the lamina. In places, parallel cou-
plets with light laminae up to 1.0 mm in thickness
composed of dolospar and dark lamellae 0.1 mm or
less in thickness composed of organic-rich dolomicri-
te are preserved (Pl. 1, Fig. 5).

Microstructure: Poorly preserved, streaky, or
granular in better-preserved patches. Organic films
bound lamina, which is composed of dolomite with
a grain size between 0.05 and 0.1 mm (Pl. 1, Figs.
4, 5).

Intercolumnar space filling: Homogeneous fine-
grained dark dolosparite composed of recrystallized

dolomite grains up to 2 mm in size. In addition, corro-
ded grains of common quartz, plagioclase, and musco-
vite as well as small carbon-rich particles are present
(Pl. 1, Fig. 4).

Secondary alteration.–Veins and lenses filled with
quartz crystals (Pl. 1, Fig. 5).

Remarks.–The genus Hadrophycus was erected for
‘large dome-shaped or expanded algae’ and
Hadrophycus immanis was described as ‘domes, bis-
cuit-shaped masses and laminar colonies’ (Fenton and
Fenton, 1939). The holotype of Hadrophycus immanis
is the stromatolite sample ‘with three orders of laminar
curvature, comprising crinkled stratiform laminae with
low to moderate degrees of inheritance and spaced lar-
ger, laterally linked domes’ (Hofmann and Davidson,
1998). The Nash Fork Formation and Kona Dolomite
(Twenhofel, 1919) ministromatolites belong to the genus
Djulmekella Mak. 1983. Stromatolites of the 
genus Djulmekella have been described using modern
approach whereas stromatolite structures in the Kona
Dolomite and Nash Fork Formation has been descri-
bed as algae. Thus, Djulmekella is the only valid taxon
for ministromatolites in these units as well as in the
Hurwitz Group.

Comparison.–The species differs from other
species of Djulmekella by shorter columns with
sinuous attitude and steeply convex lamina profile.
Recently Hofmann and Davidson (1998) described
Paleoproterozoic contiguous decimetric domal
stromatolites with constituent mammilate laminae
that outline millimetric pseudocolumnar to columnar
ministromatolites in the Hurwitz Group of the
Quartzite Lake area west of Hudson Bay, Canadian
Shield. They assigned these buildups to Hadrophycus
kona (Twenhofel) 1919 and mentioned their
similarity with Djulmekella and Collumnaefacta
asymmetrica Kryl. et Pert. 1978. The Collumnae-
facta asymmetrica Kryl. et Pert. 1978 has been
recently included into genus Djulmekella and was
renamed as Djulmekella asymmetrica (Kryl. et Pert.)
(Medvedev, unpublished data). Djulmekella immanis
differ from D. asymmetrica in close to almost
contiguous spacing, shorter columns, rare branching
and bridging.

Material.–Samples # 3824, 3825, 3826, 3827 (97-
41-1) in the collection of the Institute of Geology,
Karelian Research Center of RAS, Petrozavodsk; Nash
Fork Formation.

Distribution and age.–Ca. 2.1 Ga Nash Fork
Formation of the Upper Libby Creek Group, Snowy
Pass Supergroup of the Medicine Bow Mountains,
Wyoming, USA.
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Abstract

Since the end of the nineteenth century, at least 703 species of fossil non-geniculate coralline algae
(Rhodophyta, Corallinales) have been described. Although these species have been grouped into 27
genera, a remarkable 596 of them (84.8%) are attributed to only four genera: Lithothamnion (as
Lithothamnium), Lithophyllum, Sporolithon (as Archaeolithothamnium) and Mesophyllum. By con-
trast, 16 genera contain less than 5 species, and 10 of these genera are monospecific. In addition,
78.2% of the species have been quoted in the literature less than five times, an extremely low use of
the established specific names by palaeontologists. Many specific and supraspecific attributions have
been based on only a few anatomical features of slight or doubtful taxonomic relevance (if any). As
a possible consequence of this lack of well-defined circumscriptions of established taxa, subsequent
authors preferred to erect new species and genera instead of trying to accommodate their findings wi-
thin the pre-existing names in the literature, thus contributing to the huge number of existing species
names. This traditional taxonomical practice underlies the present difficulties to identify species in
fossil coralline algae. To solve this lack of accurate diagnoses of coralline species, therefore, the ori-
ginal type material must be reassessed using new taxonomic perspectives. 

Key words: Fossil corallines, taxonomy. 

Resumen

Desde finales del siglo XIX se han descrito al menos 703 especies de algas coralinas no genicula-
das fósiles (Rhodophyta, Corallinales). Aunque estas especies se incluyen en 27 géneros, se constata
que 596 especies (el 84,8% del total) se han atribuido sólo a cuatro géneros: Lithothamnion (como
Lithothamnium), Lithophyllum, Sporolithon (como Archaeolithothamnium) y Mesophyllum. Por el
contrario, 16 géneros contienen menos de cinco especies y 10 de estos géneros son monoespecíficos.
Además, el 78,2% de las especies han sido citadas en la literatura menos de cinco veces, lo que supo-
ne un uso extremadamente bajo de los nombres específicos previamente establecidos por otros pa-
leontólogos. Numerosas definiciones específicas y supraespecíficas se han basado en rasgos anató-
micos de escaso o dudoso valor taxonómico. Como consecuencia de esta falta de buenas definiciones
de las circunscripciones de los taxones, los diferentes autores han preferido establecer nuevos géne-
ros y especies en vez de intentar atribuir los ejemplares encontrados a los nombres ya existentes en la
literatura, contribuyendo así a la gran cantidad de nombres de especies que existen. Esta práctica taxo-
nómica tradicional ha conducido a que actualmente sea muy difícil identificar y denominar las espe-
cies de algas coralinas fósiles. Para resolver esta falta de diagnosis adecuadas, deben hacerse estudios
del material tipo original, usando nuevas perspectivas taxonómicas.

Palabras clave: Coralinas fósiles, taxonomía.



INTRODUCTION

In recent years, problems regarding the classifica-
tion of fossil non-geniculate corallines (Rhodophyta,
Corallinales), hereafter referred to as corallines, have
been increasingly evident. Traditionally, fossil coralli-
ne species have been described on the basis of only a
few anatomical features of doubtful taxonomic value
(Bosence, 1983, 1991; Braga et al., 1993; Braga and
Aguirre, 1995). The value of hundreds of species
names is questionable since they have been based only
on the cell sizes of small fragments of the thallus or
other characters of uncertain taxonomic significance.
Attention has been drawn to this problem in many
recent papers on the taxonomy of fossil species emplo-
ying taxonomical criteria utilized in the classification
of extant corallines (Braga et al., 1993; Piller, 1994;
Braga and Aguirre, 1995; Aguirre et al., 1996; Aguirre
and Braga, 1998; Basso et al., 1997, 1998; Rasser and
Piller, 1994, 1999, 2000; Vannucci et al., 1998, 2000;
Bassi et al., 1998, 2000, 2002; Bassi and Nebelsick,
2000). Vague and inconsistent species circumscrip-
tions in the available literature have made it very diffi-
cult to assign species names to fossil coralline plants.
The lack of a consistent and reliable taxonomy of fos-
sil corallines at the species level is a major obstacle for
the study of this group and has considerably affected
research into such far-reaching topics as the palaeo-
biogeography of the group through its evolutionary
history, its long-term diversification patterns, and its
phylogenetic relationships (Aguirre et al., 2000a,
2000b; Bassi et al., 2002; Braga, 2003).

Herein we offer a quantitative evaluation of the
number of species names of fossil corallines establis-
hed since the end of the nineteenth century. In addi-
tion, we examine the impact of these species names in
the palaeophycological literature throughout the his-
tory of research on this group. We assess the acceptan-
ce of the species names proposed by successive au-
thors and the incidence of these names in the
present-day taxonomy of fossil corallines. 

METHODOLOGY

The data were obtained from more than 600 publica-
tions from the end of the XIX century (1871) to 2003,
including monographs on fossil coralline taxonomy as
well as papers dealing with different aspects of coralli-
ne palaeontology. The number of species names within
each genus was calculated (discarding varieties), in
addition to the Citation Index (CI) for each species. The

Citation Index, defined as the number of times that each
species name has been quoted in the literature, provides
a direct quantification of the impact of the species
names in fossil coralline algal research. 

The Citation Index of species names has been arbi-
trarily grouped into six categories: CI-1 (species cited
from 1 to 5 times), CI-2 (species cited from 6 to 10
times), CI-3 (species cited from 11 to 15 times), CI-4
(species cited from 16 to 20 times), CI-5 (species cited
from 21 to 25 times), and CI-6 (species cited more than
26 times). 

RESULTS

At least 703 species of coralline red algae have been
described from rocks ranging in age from the Late Ju-
rassic-Early Cretaceous to the Pleistocene. They have
been included in 27 genera (Table 1): Aethesolithon,
Archaeoporolithon, Distichoplax, Goniolithon, He-
miphyllum, Hydrolithon, Kymalithon, Leptolithophy-
llum, Lithophyllum, Lithoporella, Lithothamnion (as
Lithothamnium), Melobesia, Mesolithon, Mesophy-
llum, Neogoniolithon, Palaeophyllum, Palaeoporoli-
thon, Palaeothamnium, Parakymalithon, Paraphyllum,
Paraporolithon, Phymatolithon, Porolithon, Spongites,
Sporolithon (as Archaeolithothamnium), Tenarea and
Titanoderma (including Dermatolithon). 

The species richness within these genera is extre-
mely variable, with 4 genera containing 596 species,
representing 84.8% of the total species (Table 1):
Lithothamnion (218 species), Lithophyllum (176 spe-
cies), Sporolithon (114 species) and Mesophyllum (88
species). The next most diverse genus is Titanoderma
(including Dermatolithon), represented by only 22 spe-
cies (Table 1). In contrast to these four species-rich
genera, 16 genera out of the 27 (59.3%) are represented
by less than 5 species, and 10 of them are monospecific.

The authorship of 646 species, which represent
91.9% of the total 703 species, can be seen in the
bibliographic survey that we have carried out. It is
worth noting that 60.6% of these 646 species were
defined by only seven authors. The most prolific au-
thors defining species of fossil corallines were M.
Lemoine (99 species) and J. H. Johnson (97 species).
However, members of the Genoa school, such as V.
Mastrorilli (58 species), S. Conti (31 species) and M.
Airoldi (31 species) were also very productive, alto-
gether establishing 120 new species of fossil coralli-
nes. The Japanese W. Ishijima (71 species) and the
Russian V. P. Maslov (39 species) complete the list of
the most prolific palaeoalgologists. 
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This burst of productivity in the field of fossil cora-
lline taxonomy extends from the 1920s to the 1970s,
being most intense in the 50’s and 60’s decades
(Fig. 1). The great majority of the species defined
during the first half of the XX century was due to the
work of Lemoine, although Conti and Airoldi contri-
buted significantly during the 30s and 40s. The peak
introduction of new names corresponds to the coinci-
dent maximal activity of Johnson, Mastrorilli, Ishijima
and Maslov, with some contributions by Conti.
Mastrorilli, together with Segonzac, established a high
number of new species in the decade of 1971-1980. 

A very significant proportion of the species names
created, 556 out of 703, fall within the CI-1 category;
that is, 78.2% of the species names have been cited in
the literature less than five times (Table 1, Fig. 2).
Most of these names have been cited only by one au-
thor, who described the species. In fact, most species
belonging to monospecific or with few species genera
fall within the category CI-1 (Table 1).

The number of species names in the second cate-
gory, CI-2, is much lower than in CI-1, whereas in
categories CI-4, CI-5 and CI-6 the number of names is
low and approximately constant (Fig. 2). 

CI-1 CI-2 CI-3 CI-4 CI-5 CI-6 TOTAL
(1-5) (6-10) (11-15) (16-20) (21-25) (> 26) SPP

Aethesolithon 4 1 0 0 0 0 5
Archaeoporolithon 1 0 0 0 0 0 1
Distichoplax 1 0 0 0 1 0 2
Goniolithon 5 0 0 0 0 0 5
Hemiphyllum 1 0 0 0 0 0 1
Hydrolithon 1 0 0 0 0 0 1
Kymalithon 0 0 1 0 0 0 1
Leptolithphyllum 6 1 0 0 0 0 7
Lithophyllum 147 16 7 2 3 1 176
Lithoporella 13 0 0 0 1 1 15
Lithothamnion 169 29 11 5 3 1 218
Melobesia 11 0 0 0 0 0 11
Mesolithon 1 0 0 0 0 0 1
Mesophyllum 68 10 7 1 2 0 88
Neogoniolithon 10 0 0 0 0 0 10
Palaeophyllum 4 0 0 0 0 0 4
Palaeoporolithon 1 0 0 0 0 0 1
Palaeothamnium 1 1 2 0 0 0 4
Parakymalithon 0 1 0 0 0 0 1
Paraphyllum 0 1 0 0 0 1 2
Paraporolithon 1 0 0 0 0 0 1
Phymatolithon 0 1 0 0 0 0 1
Porolithon 8 0 0 0 0 0 8
Spongites 0 0 0 0 0 1 1
Sporolithon 79 23 7 0 1 4 114
Tenarea 2 0 0 0 0 0 2
Titanoderma 16 4 2 0 0 0 22
TOTAL SPP. 550 88 37 8 11 9 703
% TOTAL 78.2 12.5 5.3 1.1 1.6 1.3

TABLE 1–Number of coralline algal species in each genus and the number of times that they have been cited in the literature
(Citation Index –CI–). Numbers in each column indicate the number of coralline algal species of each genus included in the
different CIs. 



As regards the most quoted species, only 9 (1.3%)
are included in the CI-6 category, five of which were
defined by Lemoine. Lithoporella melobesoides
(Foslie) Foslie was the most referred-to species (86
citations). Other frequently cited species are:
Spongites albanensis (Lemoine) Braga, Bosence &
Steneck, (38 citations), Sporolithon lugeoni Pfender –as
Archaeolithothamnium– (35 citations), S. nummuliti-
cum (Gümbel) Rothpletz –as Archaeolithothamnium–
(33 citations), Lithothamnion moreti Lemoine –as
Lithothamnium- (31 citations), and S. rude Lemoine
–as Archaeolithothamnium– (30 citations). 

DISCUSSION AND CONCLUSIONS

The most obvious implication of this study is that the
plethora of fossil species established throughout the his-
tory of coralline research is the result of splitting taxono-
mic practices. A detailed scrutiny of the literature shows
that most species have been established on the basis of
only a few anatomical features (such as cell size) that are
usually of doubtful taxonomic significance (Bosence,
1983; Braga et al., 1993; Braga and Aguirre, 1995). 

This taxonomical practice accounts for the minimal
impact of the names of fossil species of corallines
among palaeoalgologists. Defining new species based
on minimal anatomical traits has been the preferred
option in contrast to attributing specimens to pre-
viously described species. As a result of this long-las-
ting taxonomic practice, the large number of ill-defi-
ned species makes it difficult to assign specific names
to fossil corallines. This impediment makes it an
urgent task to revise type collections and reassess fos-
sil types employing new taxonomic perspectives.

In accordance with the classification scheme of pre-
sent-day corallines (Braga, 2003), valid taxonomic cri-
teria for circumscription at the family or the subfamily
levels comprise the type of asexual reproductive struc-
tures (whether isolated sporangial chambers grouped
in sori or conceptacles) and the number of pores on the
roof of the conceptacles. Nonetheless, fossil species
have often been described based only on the vegetati-
ve characters, without any description or illustration of
the reproductive structures. Thus, for example, the
species glangeaudii was assigned by Lemoine (1939)
to the genus Lithophyllum. A detailed study of the type
material, however, shows that the holotype contains
isolated sporangial cavities distributed in sori. Thus,
this species must be transferred to the genus
Sporolithon (Aguirre and Braga, 1998). The absence
of reproductive structures in Mesophyllum ehrmanni
and Lithophyllum sigi, also described by Lemoine
(1939) in Algeria, precluded any generic attribution of
these species (Aguirre and Braga, 1998). A similar
example can be found in Lithothamnium applanatum,
a species described by Lemoine (1930) where no con-
ceptacles are present in the type material (Rasser and
Piller, 1994). These authors pointed out that, in several
other species belonging to the original material descri-
bed by Lemoine (1930), when conceptacles are preser-
ved in the types, the number of pores on the roofs is
indistinguishable, and therefore no supraspecific
assignment is feasible (Rasser and Piller, 1994). 

All these examples indicate the difficulties in assig-
ning specific names to fossil corallines. As a result,
authors are increasingly using an open specific nomen-
clature (e. g. Bassi, 1995; Stockar, 2000; Misra et al.,
2001). The best procedure to solve the problem is to
reassess the original type material using new taxono-
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FIGURE 1–Number of coralline algal species defined by
decade.

FIGURE 2–Percentage of coralline algal species included in
each CIs. 



mic perspectives and applying the taxonomic criteria
recognised in present-day coralline taxa to fossil plants
insofar as possible. The latter option is inapplicable in
certain cases since some diagnostic taxonomic features
in living corallines, such as characters of reproductive
structures or developmental features are not preserved
in the fossil plants. However, this obstacle can be par-
tially solved, at least for the supraspecific circumscrip-
tions, using ancillary characters recognizable in fossil
plants, or applying informal names with a broader cir-
cumscription than in living representatives (Braga,
2003). 

On the other hand, many type collections unfortu-
nately seem to be missing or lost. In most cases it is
difficult, if not impossible, to discern the features cha-
racterising species established in the past where no
type material preserved. The use of the names of such
species is consequently meaningless, since the accu-
racy of the assignments to a particular taxon cannot be
confidently tested. Examination of collections or new
material from type localities, where still possible, may
help to solve this problem in certain cases; otherwise,
it is strongly recommendable to avoid using the names
of fossil coralline species with no type material preser-
ved (Bassi et al., 2002). 
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Abstract

At the south coast of the island of Santa Maria (Azores, Portugal) a coralline-algal framework
emerges near the base of a Quaternary succession. It is located about 2 m above the present mean sea
level, extends for near 200 m along the littoral zone, and has a maximum thickness of 60 cm. The
main framework builders are coralline red algae (Corallinaceae, Rhodophyta). Mollusc shells, ver-
metid tubes and bryozoans are the secondary framework builders. The coralline assemblage is com-
posed of Spongites fruticulosus, with some Neogoniolithon brassica-florida, Lithophyllum incrustans
and Titanoderma pustulatum. The morphological network and taxonomic composition show close
analogies with the coralline algal assemblages of the Mediterranean and west Atlantic, formed at sea
level in narrow tide amplitudes and moderate hydrodynamics.

Key words: Coralline red algae, coralline framework, Quaternary, Azores. 

Resumen

En la costa Sur de la isla de Santa Maria (Azores, Portugal) queda expuesto un arrecife calcáreo
atribuido al Cuaternario, situado 2 m sobre el nivel del mar, extendiéndose 200 m a lo largo del lito-
ral, con un espesor máximo de 60 cm. Las algas coralinas rojas (Corallinaceae, Rhodophyta), son los
constructores primordiales de esta bioconstrucción. Conchas de moluscos, tubos de vermétidos y
briozoos son los constructores secundarios. La asociación coralina está compuesta por Spongites fru-
ticulosus, junto con algún Neogoniolithon brassica-florida, Lithophyllum incrustans y Titanoderma
pustulatum. Estructuras de algas coralinas de composición taxonómica y morfológica similares exis-
ten cerca del nivel del mar en el Mediterráneo y Atlántico occidental en condiciones hidrodinámicas
moderadas y con poca amplitud de marea.

Palabras clave: Algas coralinas rojas, framework coralino, Cuaternario, Azores.

INTRODUCTION

Santa Maria is the oldest (around 5,2-8,12 Ma, see
Abdel-Monem et al., 1975; Ferraud et al., 1984) and
easternmost island of the Azores, situated 430 km east
of the Mid-Atlantic Ridge (Fig. 1a, b). The island has
two distinct morphologic areas: the western part is flat
and exhibits extensive wave-cut platforms reaching
altitudes of 250 m above sea level, whereas the eastern

part is irregular, the highest point exceeding 450 m.
The shoreline is rugged with high steep cliffs reaching
342 m. There are some bays but only one relatively
long sand beach, Praia Formosa.

There are no indications of recent volcanism, the
last eruptions having occurred during the Upper
Pliocene (Serralheiro & Madeira, 1993). It is the only
island of the archipelago where marine fossiliferous
deposits are known (Mitchell-Thomé, 1981; Ferraud et



al., 1984). The marine fossils of Santa Maria have
been studied since the 19th century (see revision in
Mitchell-Thomé, 1976). Most of the older work con-
centrated on Miocene-Pliocene successions. More
recently, however, attention has been given to the
Quaternary deposits (Zbyszewski & Ferreira, 1961;
Garcia-Talavera, 1990; Callapez & Soares, 2000;
Ávila et al., 2002).

At Prainha, situated on the South coast of the island
(Fig. 1c), a small fossiliferous cliff emerges at about
2 m above sea level, and extends for 200 m along the
shore (Fig. 3a). Although no absolute dating has been
made, all authors agree that it represents a Quaternary
deposit, with Garcia-Talavera (1990) placing it as
Tyrrhenian or Neotyrrhenian. According to
Zbyszewski et al. (1961), a contemporary sequence
to this fossil deposit can be found in several other parts
of the island, and indeed Callapez & Soares (2000)
established a direct association between Prainha and
Lagoinhas, another Pleistocene shore deposit.

All the stratigraphic descriptions of the outcrop of
Prainha mention the occurrence of a level of calcare-
ous algae, named by Berthois (1953a, b) and
Zbyszewski & Ferreira (1961) as “Lithothamnium”.
No detailed studies of this specific level are known.

This is the first phycological study of the outcrop of
Prainha. Therefore, the present paper aims to identify
and describe the algal components of the fossil frame-
work of Prainha and to compare the algal association
with similar modern frameworks elsewhere.

MATERIAL AND METHODS

Fieldwork was done in February 2001 and June
2002. Eight vertical profiles were selected along the
outcrop. For each profile, the different layers were
identified and measured, panoramic and detailed pho-
tographs were taken, and a lithologic description was
produced. The collections made were numbered and
deposited in the Department of Biology at the
University of the Azores, Ponta Delgada.

For microscopic analysis, thin sections and electron
microscopy preparations were made. The diagnosis of
the algal components was based on morphological and
anatomical characters and reproductive structures,
following Woelkerling (1988), Braga et al. (1993),
Irvine & Chamberlain (1994), Braga & Aguirre
(1995), Womersley (1996) and Braga (2003). The rela-
tive abundance of each species was determined on the
thin section slides using a transparent overlay with a
grid of dots. Nomenclature and synonymy follow
Guiry & Nic Dhonncha (2004).

RESULTS

Lithology
The outcrop of Prainha is located over an irregular

platform of ankaramnitic basalts (Fig. 2, A), belonging
to the Anjos complex that dates from the origin of
the island (Upper Miocene, probably Tortonian,
Serralheiro & Madeira, 1993). Basaltic veins often
intersect the bedding surface.

Above the basalt platform is an extremely cemen-
ted fossiliferous marine conglomerate, with a maxi-
mum thickness of 40 cm (Fig. 2, B).

Overlying the conglomerate is a coralline-algal fra-
mework (Fig. 2, C) that incorporates some pebbles and
a large quantity of mollusc shells.

Above the coralline-algal framework is a layer of
sands, up to 130 cm thick (Fig. 2, D) and rich in micro-
fauna such as Cantharus variegatus, Lucinella divari-
cata, Polynices lacteus, Conus ermineus and Ensis
minor (more information in Ávila et al., 2002). This
unit varies in colour from grey to yellow. It shows in
the lower part an alternation of sand grains and small
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FIGURE 1–The Azores in the North Atlantic (a, b) and the loca-
tion of Prainha in Santa Maria Island (c).
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rounded pebbles (to 10 cm in diameter) deposited by
wave action. These sand and pebble deposits form in
some places cemented lenses. The top layer in unit D
is characterised by cross-laminated eolic sediment
with roots of non-identified plants.

Torrential and landslide deposits (Fig. 2, E) cover
the sequence.

This lithologic succession is in agreement with des-
criptions made by Berthois (1953a) and Zbyszewski &
Ferreira (1961).

Coralline-algal framework
Macroscopically, the coralline-algal framework

(Fig. 2, C) appears as a flattened bed (Fig. 3a). It varies
in colour from light to dark yellow and shows oxida-
tion signs. The surface is mostly uneven, but in some
areas may be smooth and shiny. It shows multiple fis-
sures filled with sand from unit D.

The primary framework building are non-genicu-
late, attached, Corallinaceae that overgrow each
other as intimate adherent layers with warty to
lumpy growth forms (sensu Woelkerling et al., 1993,
Fig. 3b, c). In many places these growth forms form
a less compact structure, with an intricate net of tun-
nels and small chambers filled with sediment,
mollusc shells, bryozoans, and vermetid tubes.
These are accessory components of the framework.
It is also possible to see landings colonized by borers
that are enclosed inside the framework by the cora-
lline growth.

Four species of Corallinaceae (see descriptions
below) were identified in the samples (SMAf-02-05;
SMAf-02-07; SMAf-02-09) collected on algal fra-
mework. Intergrowth between taxa is common, but it
was not possible to evaluate the encrusting succes-
sions. Spongites fruticulosus had the highest relative
abundance (77%) in the samples studied, followed
by Lithophyllum incrustans (12%), Neogoniolithon
brassica-florida (10%) and Titanoderma pustulatum
(1%).

TAXONOMY

Division RHODOPHYTA Wettstein, 1901
Class RHODOPHYCEAE Rabenhorst, 1863

Order CORALLINALES Silva and Johansen, 1986
Family CORALLINACEAE Lamouroux, 1812

Subfamily MASTOPHOROIDEAE Setchell, 1943
Genus Spongites Kützing, 1841

Spongites fruticulosus Kützing, 1841

Synonyms.–Lithothamnion ramulosum Philippi
1837; Melobesia fruticulosa (Kützing) Decaisne
1842; Spongites ramulosa (Philippi) Kützing 1869;
Lithothamnion fasciculatum f. fruticulosum
(Kützing) Hauck 1883; Lithothamnion meneghia-
num Vinassa 1892; Lithothamnion fruticulosum
(Kützing) Foslie 1895; Paraspora fruticulosa
(Kützing) Heydrich 1900; Goniolithon verruco-
sum Foslie 1900; Lithophyllum verrucosum (Foslie)
Foslie 1901; Neogoniolithon verrucosum (Foslie) Adey
1970.

FIGURE 2–Schematic profile of the Prainha outcrop: 1) basaltic
bedrock; 2) cemented fossiliferous conglomerate; 3) cora-
lline-algal framework; 4) biogenic sands; 5) small rounded
pebbles; 6) cross-laminated eolic sands; 7) torrential and
landslide deposits.



Description.–Thallus pseudoparenchymatous, 
2-3 mm thick with dorsiventral organization.
Monomerous construction, consisting of a plumose
ventral region (Fig. 4a) and a peripheral region where
portions of core filaments curve outwards towards the
thallus surface. Cells of adjacent filaments connected
laterally by cell-fusions (Fig. 4b). Secondary pit-con-
nections not observed. Cells more or less quadrangu-
lar, 15-18 µm in diameter and 23-25 µm long. A single
layer of non-flared epithallial cells (15-20 µm in dia-
meter, 10-13 µm long), distal walls rounded, was
observed. Trichocytes in horizontal arrangement or
single were observed on the thallus surface (Fig. 4c).

Uniporate sporangial conceptacles (Fig. 4d) are, in
average, 515-750 µm in diameter and 316-450 µm
long. Central columella was not observed. Pore canal
cylindrical to slightly bulbous, lined by protruding
cells. Conceptacle roof protruding the thallus surface.
9-30 cells above the sporangial chamber. No male con-
ceptacles were recognized.

Genus Neogoniolithon Setchell & Mason, 1943
Neogoniolithon brassica-florida (Harvey) 

Setchell & Mason, 1943

Synonyms.–Melobesia brassica-florida Harvey
1849; Lithothamnion brassica-florida (Harvey)
Areschoug 1852; Melobesia notarisii L. Dufour 1861;
Lithophyllum insidiosum Solms-Laubach 1881; Litho-
phyllum fosliei (Heydrich) Heydrich 1897; Melobesia
insidiosa (Solms-Laubach) Heydrich 1897; Litho-
thamnion fosliei Heydrich 1897b; Choreonema notari-
sii (Dufour) Foslie 1898; Goniolithon brassica-florida
(Harvey) Foslie 1898; Lithophyllum chalonii
Heydrich 1899; Goniolithon notarisii (Dufour)
Foslie 1900; Goniolithon frutescens Foslie 1900c;
Goniolithon fosliei (Heydrich) Foslie 1903; Goniolithon
laccadivicum (Foslie) Foslie 1904; Lithophyllum frutes-
cens (Foslie) M. Lemoine 1911; Lithophyllum notari-
sii (L. Dufour) Lemoine 1912; Lithothamnion notarisii
(Dufour) Lemoine 1915; Neogoniolithon fosliei
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FIGURE 3–Field view of Prainha coralline-algal framework (a) and warty to lumpy growth-form of the crustose algae, unbran-
ched (b) and branched (c).



(Heydrich) Setchell & Mason 1943; Neogoniolithon
frutescens (Foslie) Setchell & Mason 1943;
Neogoniolithon laccadivicum (Foslie) Setchell &
Mason 1943; Neogoniolithon notarisii (Dufour) G.
Hamel & M. Lemoine 1953; Spongites notarisii (L.
Dufour) Athanasiadis 1987.

Description.–The plants exhibit a pseudoparenchy-
matous thallus 2.4 mm thick with dorsiventral organi-
zation. Monomerous construction, cells of the ventral
region arranged in coaxial filaments (Fig. 4e) that
curve outwards towards the thallus surface. Cells of
adjacent filaments connected laterally by cell-fusions.
Secondary pit-connections not observed. Cells of the
peripheral region 13-15 µm in diameter and 20-23 µm
long. Epithallial cells not observed. Trichocytes arran-
ged in horizontal and vertical rows within the thallus.

Sporangial conceptacles (Fig. 4f), elliptical in
shape, are uniporate and lacking a central columella.
Chambers are, in average, 724 µm in diameter and
332 µm long. The pore canal is cylindrical with gentle
curved sides in longitudinal section, and lined by cells
oriented more or less parallel to the thallus surface.
Conceptacle roof protrudes conspicuously above
surrounding thallus surface. Over 20 cells above the spo-
rangial chamber. No male conceptacles have been found.

Subfamily LITHOPHYLLOIDEAE Setchell, 1943
Genus Lithophyllum Philippi, 1837

Lithophyllum incrustans Philippi, 1837

Synonyms.–Corallium cretaceum-lichenoides Ellis
1755; Spongites confluens Kützing 1841; Melobesia
polymorpha Harvey 1843; Lithothamnion depressum
P. L. Crouan & H. M. Crouan 1867; Lithothamnion
incrustans (Philippi) Foslie 1895; Crodelia incrustans
(Philippi) Heydrich 1911.

Description.–plants with dimerous thallus, 1-3 mm
thick. The filaments appear as continuous aligned rows
of cells clearly delimited from adjacent ones. Cells of
contiguous filaments joined by secondary pit-connec-
tions. No epithallial cells have been found in the sam-
ples studied. In surface view, the cells are irregularly
arranged, rectangular to polygonal, almost rhomboe-
dric in shape. Cells of primigenous filaments are 
8-10 µm in diameter and 13-15 µm high. Cells of pos-
tigenous filaments are clearly distinct and measure 
18-23 µm high and 10-13 µm in diameter.

Uniporate sporangial conceptacles (Fig. 4g) are
bean-shaped in section and exhibit the remains of a
columella. Chambers are, in average, 214-230 µm in
diameter and 112-117 µm high. The pore canal is
cylindrical, with gentle curved sides in longitudinal

section. There were 13-21 cells above the sporangial
chamber. No male conceptacles were recognized.

Genus Titanoderma Nägeli, 1858
Titanoderma pustulatum (J. V. Lamouroux) 

Nägeli, 1858

Synonyms.–Titanoderma litorale (P. L. Crouan & H.
M. Crouan) Boudouresque & Perret; Melobesia pustula-
ta J. V. Lamouroux 1816; Melobesia verrucata J. V.
Lamouroux 1816; Melobesia macrocarpa Rosanoff
1866; Melobesia simulans P. L. Crouan & H. M. Crouan
1867; Melobesia hapalidioides P. L. Crouan & H. M.
Crouan 1867; Lithophyllum hapalidioides (P. L. Crouan
& H. M. Crouan) Hariot 1889; Lithothamnion adplicitum
Foslie 1897; Dermatolithon hapalidiodes (P. L. Crouan &
H. M. Crouan) Foslie 1898; Dermatolithon pustulatum (J.
V. Lamouroux) Foslie 1898; Dermatolithon macrocar-
pum (Rosanoff) Foslie 1899; Melobesia caspica Foslie
1899; Dermatolithon adplicitum (Foslie) Foslie 1900;
Lithophyllum pustulatum (J. V. Lamouroux) Foslie 1904;
Lithophyllum macrocarpum (Rosanoff) Foslie 1904;
Litholepis caspica (Foslie) Foslie 1905; Epilithon pustu-
latum (J. V. Lamouroux) Lemoine 1921; Lithophyllum
adplicitum (Foslie) Lily Newton 1931; Fosliella ascripti-
cia (Foslie) G. M. Smith 1944; Dermatolithon caspica
(Foslie) Zaberzhinskaya ex Zinova 1967; Tenarea ascrip-
ticia (Foslie) Adey 1970; Tenarea caspica (Foslie) Adey
1970; Tenarea hapalidioides (P. L. Crouan & H. M.
Crouan) Adey & P. J. Adey 1973; Tenarea pustulata (J.
V. Lamouroux) Shameel, nom. inval 1983; Titanoderma
ascripticia (Foslie) Woelkerling, Y. M. Chamberlain &
P. C. Silva 1985; Titanoderma hapalidioides (P. L.
Crouan & H. M. Crouan) J. H. Price et al. 1986;
Titanoderma verrucatum (J. V. Lamouroux) Y. M.
Chamberlain 1986; Titanoderma macrocarpum
(Rosanoff) Y. M. Chamberlain 1986; Titanoderma caspi-
ca (Foslie) Woelkerling 1986.

Description.–Thallus pseudoparenchymatous with
dorsiventral organization, 265 µm thick. Dimerous
construction with a single layer of palisade cells. Cells
of contiguous filaments joined by secondary pit-con-
nections (Fig. 4h). Epithallial cells not observed.
Primigenous cells are 18-20 µm in diameter and 24-
25 µm high. Postigenous cells, rectangular in shape,
are 23-25 µm in diameter and 15-18 µm long.

Sporangial conceptacles are uniporate, hemispheri-
cal in longitudinal section and lack a central colume-
lla. Chambers are, in average, 321 µm in diameter and
122 µm high. The pore canal is wide and cylindrical.
4-6 cells thick above the sporangial chamber. No male
conceptacles were recognized.
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FIGURE 4–Spongites fruticulosus Kützing (a-d): plumose (PB) ventral region (a), cell fusions (b, arrow), trichocytes (arrow) and
epithallial concavities, uniporate sporangial conceptacle (d). Neogoniolithon brassica-florida (Harvey) Setchell & Mason (e-f):
coaxial (CB) ventral region (e), uniporate sporangial conceptacle (f). Lithophyllum incrustans Philippi: sporangial conceptacle
(g). Titanoderma pustulatum (Lamouroux) Foslie; detail of palisade cells (h) showing secondary pit connections (arrow).



DISCUSSION

The presence of Lithothamnion on the framework
of Prainha was not confirmed. It is likely that previous
authors (Berthois, 1953a, b; Zbyszewski & Ferreira,
1961) used the term “Lithothamnium” in a general
sense.

From the four species identified in the present study,
only Titanoderma pustulatum is recorded for the recent
algal flora of the Azores (Neto, 1994). However, given
the identification difficulties of this group, the possibi-
lity that the remaining framework species are also pre-
sent today should not be disregarded.

The main taxonomic problems of the present work
concerned the distinction between Neogoniolithon and
Spongites. According to Penrose (1992), the presence
or absence of coaxially arranged cells in the ventral
region of the thallus should not be regarded as a valua-
ble feature to separate the two genera. Their differen-
tiation should be made according to the distribution
and origin of the spermatangia in the conceptacle
chamber, and the origin of the gonimoblast filaments.
However, these anatomical structures have very low
preservation potential in the fossil record (Braga,
2003). In the absence of these characters, we have used
the classical palaeontological criteria (see Braga et al.,
1993; Braga, 2003). Despite some differences in cell
measurements, the Azorean material fits well with the
literature descriptions.

The generic composition and specific depth zona-
tion of coralline frameworks are typical for each place,
and can be used to make palaeoecological inferences. 

Adey (1986) described a general pattern for tempe-
rate and subtropical regions, in which the genus
Lithophyllum dominates the shallow waters (above
10 m), tropical mastophoroid genera like
Neogoniolithon and Hydrolithon occupy medium
depth waters (10-50 m), and cold-water melobesioid
genera like Lithothamnion and Phymatolithon are
found in mid to deep water (below 50 m).

In tropical areas, mastophoroids are the main com-
ponents in shallow water algal assemblages (Braga &
Aguirre, 2001). The mastophoroid genera Spongites
and Neogoniolithon predominate in the Neogene algal
nodules that grew when the western Mediterranean
was under tropical/subtropical climatic conditions.
Neogoniolithon brassica-florida, can even be the main
element locally, especially in the warmer southern and
eastern regions of the Mediterrean (Adey, 1986).
Lithophyllum species are subordinate but always pre-
sent, while melobesioids tend to predominate in the
deeper reef slopes.

The predominance of Mastophoroideae in the
Prainha algal framework, and the absence of
Melobesioideae, fits this tropical zonation pattern.

The irregular growth of the Prainha algal frame-
work leave inter-skeletal spaces which are filled by
contemporaneous particulate sediment and alochtho-
nous material. This formation can be regarded as a
filled frame reef, a type of skeleton-supported reef
sensu Riding (2002).

Structures similar to the Prainha algal framework
are not known to occur presently in the Azores.
Their occurrence, however, is documented for other
places, namely in the Mediterranean and West
Atlantic (Thorton et al., 1978; Bosence, 1983; Adey,
1986). According to these authors, coralline-algal
frameworks develop on rocky substrate at shallow
depths, forming flat calcareous patches that have an
important role in the stabilization (cementation) of
shore conglomerates. These formations develop pri-
marily in seas with narrow tide amplitude (Adey,
1986).

This type of construction suggests an environment
with moderate turbulence. Coralline formations that
grow in low energy environment are characterized by
having a reduced number of species and foliaceous
structures, whereas the ones of higher energy environ-
ments are characterized by crusts of several species
intimately overlapped or densely branched (Bosence,
1983). Moreover, the genera Neogoniolithon and
Lithophyllum (moderately abundant on the Prainha
framework) are typical of framewoks with moderate to
high hydrodynamics (Steneck & Adey, 1976; Braga &
Aguirre, 2001).
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Abstract

Late Viséan calcareous algal assemblages from south-west, south-east and north-east Ireland, and
from the Alston Block, Askrigg Block and Stainmore Trough in northern England have been analy-
zed. Analysis of many taxa allowed us to select 16 genera for their restricted biostratigraphic ranges
in the Asbian to Brigantian interval. The abundance of the calcareous algae in these regions allows us
to recognize five dominant local assemblages, two in the Asbian and three in the Brigantian. Algal
assemblages are based mainly on the first occurrence or last occurrence of taxa, although in some
cases, acmes of taxa are distinguished. Modifications due to palaeoecological, sedimentological and
palaeogeographic factors are also considered. 

Key words: Algae, biostratigraphy, Carboniferous, Mississippian, England, Ireland.

Resumen

Se han analizado las asociaciones de algas calcáreas del Viseense superior del suroreste, sureste y
noreste de Irlanda, así como del Alston Block, Askrigg Block y Stainmore Trough en el norte de
Inglaterra. Se han seleccionado 16 taxones debido a su restringido rango bioestratigráfico para el
intervalo del Asbiense al Brigantiense. La abundancia de las algas calcáreas en estas regiones nos per-
mite reconocer cinco asociaciones dominantes para dicho intervalo, dos en el Asbiense, y tres en el
Brigantiense. Dichas asociaciones se basan en la aparición, desaparición y acmes de algunos de estos
taxones. Sin embargo, se observan modificaciones debidas a factores paleoecológicos, sedimentoló-
gicos y paleogeográficos.

Palabras clave: Algas, biostratigrafía, Carbonífero, Mississippiense, Inglaterra, Irlanda.

INTRODUCTION

Upper Viséan rocks in deep-water facies in Britain
have been traditionally dated and zoned with goniati-
tes and conodonts (e. g. Bisat, 1924; Varker, 1968;
Varker & Sevastopulo, 1985; Fig. 1). In shallow-water
facies, rugose corals and brachiopods have been used
for zonation (Mitchell, 1989; Riley, 1993; Fig. 1), but
these fossils have palaeocological constraints, such as

bathymetry, light, currents and substrate preference.
Foraminifera are one of the best microfaunal groups
for biostratigraphic studies in shallow-water carbonate
facies in the Viséan. Their utility is widely demonstra-
ted in European Carboniferous basins (e. g. Mamet,
1974; Vachard, 1977; Conil et al., 1991; Fig. 1). In
Ireland and Great Britain, however, few studies have
demonstrated an unquestionable reliability of forami-
nifera for the Asbian-Namurian interval (Hallett, 1971;



Conil et al., 1980; Strank, 1981; Gallagher, 1998),
because the typical Palaeotethyan markers do not occur at
the base of the different stages (e. g. Asteroarchaediscus,
Bradyina, Climacammina, Cribrospira, Howchinia,
Neoarchaediscus), or they are extremely rare (e. g.
Loeblichia, Vissariotaxis), or virtually never recorded
(e. g. Eolasiodiscus, Eosigmoilina, Monotaxinoides,
Tubispirodiscus, compare with Conil et al., 1991).

The Asbian stratotype section is at Little Asby Scar,
Cumbria (Fig. 2) and the Asbian Stage is divided into
a lower and upper part (early and late Asbian), corres-
ponding to the Mesothems D5a and D5b of
Ramsbottom (1977), which coincides with the rugose
coral assemblages F and G of Mitchell (1989). The
Brigantian stratotype section is at Janny Wood, near
Kirky Stephen, Cumbria (Fig. 2) and is divided into a
lower and upper part (early and late Brigantian),
corresponding to the Mesothems D6a and D6b of
Ramsbottom (1977). The early Brigantian coincides
with the rugose coral assemblages H to J, and the late
Brigantian to assemblage K of Mitchell (1989) (see
Fig. 1).

Calcareous algae have been generally ignored for
biostratigraphic studies, because most taxa are consi-

dered to be long-ranging. However, the recent but pro-
gressive improvement in the knowledge of this micro-
floral group is shown by more precise stratigraphic
ranges (e. g. Vachard, 1977; Skompski et al., 1989;
Mamet, 1991, 2002; Sebbar & Mamet, 1996, 1999;
Vachard et al., 2001; Krainer & Vachard, 2002).
Detailed investigations of sequences in upper Viséan
rocks in Ireland suggest a distinct relay of algal gene-
ra throughout the Asbian and Brigantian stages.
Similar assemblages of algae occurring in the same
stratigraphic intervals are recognized in northern
England. 

Despite the long established and well documented
data on the late Viséan stratigraphy in Great Britain
and Ireland (e. g. George et al., 1976; Ramsbottom,
1981), the knowledge of the algal content of these
rocks is scarce. Moreover, although there are several
studies in which algal genera are occasionally docu-
mented (e. g. Conil et al., 1980; Somerville & Strank,
1984; Somerville et al., 1992; Johnson & Nudds,
1996; Gallagher & Somerville, 1997), they do not
though provide any additional data on their biostrati-
graphical range. Of special interest are the works of
Mamet & Roux (1974, 1975a, 1975b, 1977) and
Mamet (1991), who revised many Carboniferous cal-
careous algal genera, and described new genera and
species, as well as documenting numerous stratigrap-
hic ranges and palaeogeographic distribution of algal
taxa. Nevertheless, these stratigraphic ranges contain
compilations of occurrences in the Palaeotethys, and
thus, their precise occurrences in England and Ireland
are masked by the occurrences of the same algae in
other basins. As a consequence, their application to
this study is limited.

The aim of this work is to demonstrate the useful-
ness of calcareous algae as regional markers of the
Asbian-Brigantian interval for the shallow-water plat-
form environments from Ireland and Great Britain,
despite their palaeoecological limitations. This has led
to the recognition of distinct algal assemblages com-
prising many taxa of limited stratigraphic range.

MATERIALS AND METHODS 

The investigation for this study involved examina-
tion of c. 2900 thin-sections (2500 from Ireland and
400 from Britain) prepared from upper Viséan rocks in
Ireland and northern England (Fig. 2). In Ireland they
were prepared for research projects of postgraduate
students (e. g. Gallagher, 1992 and Somerville, 1999,
as well as current biostratigraphic studies by the aut-
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FIGURE 1–Late Viséan zonation in the British Isles and Ireland.
Modified from Riley (1993), except for foraminifera
column 2 (extracted from Mamet, 1974). 
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hors in south-east Ireland. The results of part of
Gallagher´s (1992) work were presented in Gallagher
(1996) and Gallagher & Somerville (1997, 2003). Part
of the research work of Somerville (1999) was docu-
mented in Somerville et al. (1996). In addition, some
results of the study in south-eastern Ireland (counties
Carlow, Laois and Kilkenny) mostly from quarries
have been recently documented in Cózar & Somerville
(2005).

Distribution of the algal taxa in Ireland has been
divided into three geographic regions: south-west
Ireland, south-east Ireland and north-east Ireland
(Fig. 2). These regions are distinguished by diffe-
rences in their stratigraphic succession (Fig. 3) and
structural/sedimentological controls on basin/platform
evolution (see Strogen et al., 1996; Gallagher &
Somerville, 1997, 2003). In north-east Ireland the suc-
cessions in Co. Tyrone (Cookstown Quarry and
Ballytrea Borehole) and Co. Armagh (Carganamuck
Quarry) have a high siliciclastic input with limestones

interbedded with sandstones and shales (Somerville,
1999; Somerville et al., 2001; Mitchell, 2004). Also
included in this region are Ardagh Quarry, Mokeeran
Quarry, Poulmore Scarp, and Deer Park sections of the
Kingscourt area, Co. Meath (Strogen et al., 1995;
Somerville, 1999) (Fig. 2) which have a higher pro-
portion of limestones. Sedimentation in some parts of
northern Ireland was interpreted as having accumula-
ted in tectonically-controlled basins (e. g. Strogen et
al., 1996). In contrast, sedimentation in southern
Ireland shows an extensive shallow-water carbonate
platform, mostly eustatically-controlled and characte-
rized by cyclic sequences (Gallagher, 1996; Gallagher
& Somerville, 1997, 2003; Cózar & Somerville,
2005). In south-west Ireland (Burren and Aran
Islands), the facies are mostly composed of grainsto-
nes and packstones, representative of an inner to outer
platform, similar to that in the Buttevant area, N. Cork
(Gallagher & Somerville, 1997, 2003). However, the
Asbian-Brigantian succession in the Limerick

FIGURE 2–Location of the areas in Ireland and Great Britain mentioned in the text (A), and detailed location of the boreholes
and sections in northern England (B). Abbreviation, Bh. = Borehole.



Syncline area (Somerville et al., 1992), is influenced
by local volcanism. As a result, this facies does not
contain many algae. Also included in the south-west
region are the deeper water ramp/outer platform limes-
tones and shales of the Foynes Borehole section, NW
Co. Limerick (Somerville, 1999; Sleeman & Pracht,
1999) in which wackestones are dominant. In south-
east Ireland in contrast, cycles lithologically ranging
from grainstones to mudstones are usually recorded, in
which middle and inner platform facies are commonly
recorded in counties Carlow, Kilkenny and Laois
(Cózar & Somerville, in press). These include quarry
sections at Ballyadams, Clogrenan, Paulstown,
Bannagogle and Durrow-2 borehole (Fig. 2). Also
included in this region are sections in Callan, Co.
Kilkenny and borehole sections in south Co. Wexford.
The lithological variations in these three regions seem
to have some palaeoecological influence in the distri-
bution of the algae, and in their abundance.

In Britain, 84 thin-sections from the Asbian/
Brigantian boundary stratotype at Janny Wood
(Stainmore Trough) have been examined, as well as
315 thin-sections obtained from several boreholes in
the north of England. These include: the Rookhope
Borehole, Alston Block, North Yorkshire (referred to
in Johnson & Nudds, 1996); the Allenheads boreholes
(Alston Block, using a composite log of these boreho-
les adapted from figures in White, 1992); the Back
Scar Borehole (south-west margin of Askrigg Block,
using the log of White, 1992); and the Feizor Borehole
(south-west margin of Askrigg Block, using the log of
White, 1992).

In northern England, the Alston Block, Stainmore
Trough and Askrigg Block are located in different
structurally-controlled depositional settings, similar to
the situation in Ireland. The sedimentation in all three
areas is composed of cyclothems with widespread
limestone units. The Alston Block contains the shallo-
west water carbonate facies, whereas in the Stainmore
Trough the succession is of slightly deeper-water outer
platform facies (see Burgess & Mitchell, 1976). The
cyclothemic sedimentation recorded in northern
England has a strong influence in the distribution of
the calcareous algae, because it represents mostly sili-
ciclastic sedimentation with sparse limestones beds,
and even in the latter, there is a notable component of
fine terrigenous sediment. This feature, in general, is
reflected by poorer assemblages of calcareous algae in
northern England compared to Ireland, and the algal
distribution is partially palaeoecologically controlled.

In addition, the algal database from Great Britain
has been also compiled from Hallett (1971) and

Horbury & Adams (1996), which contain illustrations
of the algal genera in the studied regions in northern
England. 

All the taxa which have controversial taxonomic
groupings in the literature are informally regarded here
as problematic algae: Kamaenella, Ungdarella,
Saccamminopsis, Fasciella, Calcifolium, Claracrusta
and Girvanella. Kamaenella is traditionally included
in the Palaeobereselleae Mamet & Roux, 1974 =
Palaeosiphonales Shuysky, 1985, whose relatives were
originally considered as foraminifera (e. g. Von
Moeller, 1879), an hypothesis later abandoned in
favour of their algal nature. Some authors (Shuysky
1985; Mamet 1991) considered the genera of this tribe
as green algae, and in particular dasyclads (Mamet &
Roux, 1974; Skompski, 1987). This second dasycladal
hypothesis can be also rejected because Della Porta et
al. (2002) reported biostromes of Donezella (a closely
related genus, but included in the Pennsylvanian bere-
sellids) from the upper slope facies, from 0 to 300 m
water depth. In a third hypothesis, the palaeoberese-
llids were attributed to the Moravamminidae Termier,
Termier and Vachard, 1975, and included in the
Ischyrospongia. 

Ungdarella is attributed to the Ungdarellaceae
Maslov, 1956, which is considered to be a family of
primitive red algae (e. g. Mamet & Roux, 1977;
Mamet, 1991, 2002; Shuysky, 1999), although was
assigned to the Algospongia by Termier et al. (1975,
1977). There are no detailed studies which allow a
consensus in its attribution, but the lack of peritha-
llial/hypothallial zones and reproductive structures
prevent its direct link to the red algae.

Saccamminopsis was originally considered as a
foraminifer (Brady, 1876; Loeblich & Tappan, 1964),
then subsequently as a dasycladal alga (e. g. Skompski,
1986), but later rejected by Skompski (1993). Finally,
due to morphological and palaeoecological similari-
ties, it was interpreted as possibly being related to the
udoteacea Caulerpales by Vachard & Cózar (2003).

Fasciella was considered as a questionable green
alga (Kulik, 1973 as Shartymophycus; Mamet & Roux
1975a), an incertae sedis (e. g. Ivanova, 1973;
Chuvashov et al., 1987; Mamet, 1991), a questionable
“Moravamminida” by Vachard (1991), a questionable
rhodophyta (Groves, 1986; Sebbar, 2000), or included
in the Fasciellaceae by Shuysky (1999) as one family
of Palaeozoic rhodophyta.

Calcifolium was considered as a green alga of the
Codiaceae (e. g. Shvetsov & Birina, 1935; Maslov,
1956; Burgess, 1965; Mamet & Roux, 1975a, 1977;
Skompski, 1981), to the green algae Anchicodiaceae
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(Chuvashov et al., 1987; Bogush et al., 1990) or to the
Calcispongia (e. g. Perret & Vachard, 1977; Termier et
al., 1977).

Claracrusta is generally admitted as an incertae
sedis alga (Vachard & Montenat, 1981; Mamet, 1991),
although also possibly linked to the Aoujgaliales
(Vachard et al., 2001).

Girvanella, Ortonella and other cyanobacteria were
originally considered to be blue-green algae (e. g.
Wray, 1977), but more recent works suggest their
inclusion in the cyanobacteria (e. g. Riding, 1991;
Mamet, 1991).

The study of the algae was undertaken in tandem
with an investigation of the foraminiferal assemblages
(which will be published elsewhere). The identifica-
tion of key foraminiferal taxa was used independently
to recognize the various stages and substages (see fora-
miniferal subzones of the Neoarchaediscus Cf6 Zone
in Conil et al., 1991; Jones & Somerville, 1996;
Fig. 1).

SIGNIFICANT LATE VISÉAN ALGAL
TAXA DISTRIBUTION IN IRELAND

Three algal groups are distinguished, which are
represented by 20 genera. These include green algae
(dasyclads and codiaceans), comprising 12 genera
(Koninckopora, Nanopora, Kulikia, Eovelebitella,
Pseudokulikia, Coelosporella, Atractyliopsis,
‘Velebitella’, ‘Windsoporella’, Cabrieropora, Palaepi-
mastoporella and ‘Paraepimastopora’), red algae (2
genera, Neoprincipia and Archaeolithophyllum) and
problematic algae (6 genera, Kamaenella, Ungdarella,
Saccamminopsis, Fasciella, Calcifolium and
Claracrusta).

Green algae
The upper Viséan succession in Ireland contains

common Koninckopora (a genus which first occurs in
the Chadian; Pl. 1, Fig. 14), both in the early Asbian
(Cf6α-ß subzones) and for most of the late Asbian (Cf6γ
Subzone) (Fig. 3). In south-west Ireland, Konincko-
pora is common up to the middle part of the late
Asbian, and in south-east and north-east Ireland it is
common just up to a few metres below the
Asbian/Brigantian boundary. It is rare in the upper-
most part of the Asbian and very rare in the early
Brigantian (Cf6δ Subzone) (Fig. 3).

The dasyclad Nanopora (Pl. 1, Fig. 1) occurs
throughout Ireland in the late Asbian and Brigantian
(Fig. 3), and in the early Asbian in north-east and

south-west Ireland, but is absent in south-east Ireland
in the Durrow-2 borehole (Fig. 2) within a thick
grainstone sequence. The occurrence, occasionally, of
Nanopora in rich concentrations in a thin-section (‘flo-
ods’) is clearly a facies-controlled event, since it
occurs usually in muddy bioclastic wackestones, with
fauna representative of shallow-water facies (e. g. large
gastropods, brachiopods, corals, other dasyclads), as
well as in spiculitic wackestones, and in some horizons
associated with Saccamminopsis. In Ireland, it is first
recorded in the Arundian (Co. Tipperary, unpublished
data, and Co. Fermanagh, Legg et al., 1998). In conse-
quence, the genus seems to be strongly facies-contro-
lled.

The dasyclad Kulikia (Fig. 4A; Pl. 1, Fig. 2,) first
occurs in the lower part of the late Asbian in south-east
and south-west Ireland, with an acme in the upper part
of the late Asbian in south-east Ireland and in the base
of the Brigantian (Fig. 3). In north-east Ireland, it has
been recorded in the early Brigantian. However,
Gallagher & Somerville (1997) documented Kulikia in
the early Asbian. Gallagher (1992, 1996) also indica-
tes common Kulikia in the late Asbian. Re-examina-
tion of this material though, shows that only three hori-
zons in south-west Ireland can be confirmed as
containing Kulikia. Most specimens are now re-identi-
fied as the dasyclad Eovelebitella n. sp. (Fig. 4B, Pl. 1,
Fig. 6), which is common in the Asbian of this region.
Eovelebitella (as E. occitanica) is also common in
southern France (e. g. Vachard, 1977) and Spain (e. g.
Mamet & Herbig, 1990), but unknown in northern
Africa and other western Palaeotethyan basins (Mamet,
1991, 1992). Eovelebitella is rare in south-east Ireland,
with c. 20 mostly oblique sections have been attributed
to this taxon in the early Brigantian. Unquestionable
sections of Eovelebitella occur at the base of the early
Brigantian in north-east Ireland (Cookstown Quarry
and Ballytrea Borehole), but only for a short strati-
graphic interval (Fig. 3). It occurs rarely up to the
lower part of the late Brigantian in north-east Ireland
(Carganamuck Quarry). 

Among the material documented as ‘Kulikia’ in
south-west Ireland, there are two specimens from the
lower part of the late Asbian, which have been re-iden-
tified here as the codiacean Pseudokulikia Mamet (Fig.
4C). This genus was first described from Morocco
(Mamet, 1997). There are no other published referen-
ces related to this genus, but some taxa illustrated in
the literature as Kulikia sp. need to be revised (e. g.
Mamet et al., 1980 in Belgium; Sánchez-Chico et al.,
1995 in Spain). Specimens identified from Ireland are
seldom well preserved and are usually small fragments
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FIGURE 3–Selected algal distribution in the Asbian/Brigantian from Ireland. Foraminiferal subzones are those used in Conil et
al. (1991). 



(Pl. 1, Fig. 3). However, in a borehole in Asbian rocks
in south County Wexford (south-east extremity of
Ireland, Fig. 2), large specimens occur which are per-
fectly preserved (Pl. 1, Fig. 4). Pseudokulikia also
occurs elsewhere in south-east Ireland (Clogrenan
Quarry, Clogrenan B Borehole, late Asbian and lower
part of the early Brigantian) and in north-east Ireland
(Mokeeran Quarry, late Asbian to lower part of the
early Brigantian). Thus, its wide distribution across
Ireland is established.

The dasyclad Coelosporella (Fig. 4D, Pl. 1, Fig. 10)
is widely referred to in the British literature and is
represented by two species C. jonesii and C. wethere-
dii (e. g. Wood, 1940; Hallett, 1971; Horbury &
Adams, 1996). It occurs just a few metres below the
Asbian/Brigantian boundary in most sections in
Ireland, and its acme is in the early Brigantian (Fig. 3).
The occurrence of Coelosporella in parts of south-west
Ireland (e. g. Buttevant, Burren) was restricted to the

uppermost early Brigantian and base of the late
Brigantian by Gallagher (1992, 1996), but it also
occurs just above and below the Asbian/Brigantian
boundary in the Foynes Borehole (Somerville, 1999).
Re-examination of the thin-sections from the Burren
area has also shown specimens of Coelosporella from
the base of the early Brigantian. Thus, its wide occu-
rrence and stratigraphic range throughout Ireland is
quite uniform (Fig. 3). The number of specimens
recorded in wackestone facies is higher than in packs-
tones and grainstones, and thus, the acmes of this
genus in south-east and north-east Ireland are repre-
sented by tens of specimens per thin-section. 

Some specimens of the dasyclad Atractyliopsis
(Fig. 4E, Pl. 1, Fig. 11) in south-west Ireland occur in
the lower part of the late Asbian, and others which
were misidentified as Coelosporella in Gallagher
(1992), and Gallagher & Somerville (1997), occur in
the upper part of the early Brigantian. In south-east
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FIGURE 4–Schematic drawings of some selected green algae (dasyclads and codiaceans). A, Kulikia (modified from Mamet et
al., 1980). B, Eovelebitella (modified from Mamet & Roux, 1983). C, Pseudokulikia (modified from Mamet, 1997). D,
Coelosporella. E, Atractyliopsis (modified from Cózar & Vachard, 2004). F, Anatolipora (modified from Konishi in
Johnson, 1963). G, ‘Velebitella’ (modified from Mamet & Roux, 1975a). H, Cabrieropora. I, ‘Windsoporella’. J,
Palaepimastoporella (modified from Cózar & Vachard, 2004). 



Ireland Atractyliopsis rarely occurs and only in the
early Brigantian, whereas in north-east Ireland
(Cookstown) it first occurs just below the Asbian/
Brigantian boundary and throughout the Brigantian
(Fig. 3).

The dasyclad ‘Velebitella’ (Fig. 4G, Pl. 1, Fig. 5)
occurs just below the Asbian/Brigantian boundary in
south-east and north-east Ireland (it is unknown in
south-west Ireland), and it is common in the early
Brigantian, but rare in the lower part of the late
Brigantian in north-east Ireland (Fig. 3). Some authors
have proposed the transfer of the Carboniferous-
Permian species of ‘Velebitella’ into the genus
Pseudovelebitella (e. g. Mamet & Roux, 1978; Mamet,
1991; Granier & Deloffre, 1994; Granier & Grgasovic,
2000), but others consider them as true Velebitella
(e. g. Vachard, 1974).

In south-east and north-east Ireland, is recorded the
dasyclad ‘Windsoporella’ (Fig. 4I, Pl. 1, Fig. 12; Fig. 3).
It has a similar stratigraphic range as ‘Velebitella’, first
appearing just below the Asbian/Brigantian boundary,
and extending through the early Brigantian into the
lower part of the late Brigantian in south-east and north-
east Ireland. This taxon, although considered by Vachard
(1980) to be a true Windsoporella, is attributed here to
‘Windsoporella’, because the type species Windsoporella

radiata Mamet & Rudloff, 1972 (from Canada), exhibits
composite vestibules, with a secondary projection in the
medulla. However, ‘Windsoporella’ is a relative well-
known genus in the western Tethys: Guadiato Area in
south-west Spain (unpublished data), Lublin Basin 
in Poland (Skompski, 1986, Pl. 3, Fig. 1, as Albertapore-
lla), Montagne Noire in France (Mamet & Roux, 1975a,
Pl. 13, Figs. 4-7, as indet. genus), and Morocco
(Ouarache et al., 1991; Vachard & Tahiri, 1991; Vachard
& Berkhli, 1992, as Windsoporella).

The dasyclad Cabrieropora (Fig. 4H, Pl. 1, Fig. 16)
occurs within the same stratigraphic range in south-
east Ireland as ‘Windsoporella’ (uppermost late Asbian
to lowermost late Brigantian). It has not been recorded
in others areas in Ireland. It is also a typical late
Asbian/Brigantian taxon in France and Spain (Mamet,
1991). 

The dasyclad Palepimastoporella (Fig. 4J, Pl. 1,
Fig. 13) has been recently proposed by Cózar &
Vachard (in press) from the uppermost late Asbian and
base of the Brigantian from the Guadiato Area, south-
west Spain. It occurs rarely in the early Brigantian of
south-east Ireland (Paulstown Quarry), but it is com-
mon in the uppermost late Asbian to early Brigantian
of north-east Ireland (Cookstown Quarry) (Fig. 3). It is
unknown in south-west Ireland.
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PLATE 1–1, Nanopora anglica Wood, longitudinal section, specimen PC-8/8/17-2215/19, Clogrenan Quarry, Clogrenan
Formation, Co. Carlow, early Brigantian (x90). All PC thin-sections are housed in the Department of Palaeontology,
Universidad Complutense de Madrid. 2, Kulikia rozovskaiae (Mamet and Roux), longitudinal section, specimen UCD-
Cookstown 34-2217/17, Cookstown Quarry, Rockdale Limestone Formation, Co. Tyrone, early Brigantian (x33). All UCD
thin-sections are housed in the Department of Geology, University College Dublin. 3, Pseudokulikia khenifraensis Mamet,
tangential section, specimen UCD-BCS45/21.5m-2217/7, Ballyclogh stream section, Dromdowney Member, Ballyclogh
Limestone Formation, Buttevant area, North Co. Cork, late Asbian (x33). 4, Pseudokulikia khenifraensis Mamet, longitudi-
nal section, specimen from borehole PC-WX67-3/65.55m-2217/19, Wexford Formation, Co. Wexford (x33). 5, ‘Velebitella’
pareyni Mamet and Roux, longitudinal section, specimen PC-1363-2215/9, Clogrenan B Borehole, Clogrenan Formation, Co.
Carlow, early Brigantian (x90). 6, Eovelebitella n. sp., longitudinal section, specimen UCD-BCS45/28m-1027/6, Ballyclogh
stream section, Dromdowney Member, Ballyclogh Limestone Formation, Buttevant area, North Co. Cork, late Asbian (x33).
7, Atractyliopsis sp., tranverse section, specimens BGS-AH60-1010/10, Allenheads No. 1 Borehole, Peghorn Limestone,
early Brigantian (x53). All BGS thin-sections are housed in the Palaeontological Unit, British Geological Survey, Keyworth.
8, Anatolipora sp., oblique section, specimen PC-8/8/9-2215/11, Clogrenan Quarry, Clogrenan Formation, Co. Carlow, early
Brigantian Asbian (x90). 9, Kulikia rozovskaiae (Mamet and Roux), oblique section, specimen BGS-RH577’-2222/11,
Rookhope Borehole, Tyne Bottom Limestone, early Brigantian (x53). 10, Coelosporella wetheredii Wood emend. Perret and
Vachard, longitudinal sections, specimen PC-8/8/11-2217/3, Clogrenan Quarry, Clogrenan Formation, Co. Carlow, early
Brigantian (x33). 11, Atractyliopsis sp., oblique section, specimen UCD-Cookstown27-2217/16, Cookstown Quarry,
Rockdale Limestone Formation, Co. Tyrone, early Brigantian (x33). 12, ‘Windsoporella’ sp., longitudinal section of a seg-
ment, specimen UCD-BLl1310, Ballytrea Borehole, Rockdale Limestone Formation, Co. Tyrone, early Brigantian (x90). 13,
Palaepimastoporella sp., longitudinal section, specimen PC-20/8/4-2215/27, Paulstown Quarry, Clogrenan Formation, Co.
Kilkenny, early Brigantian (x33). 14, Koninckopora inflata (de Koninck), transverse section, PC-27/8/12-2272-27,
Ballyadams Quarry, Ballyadams Formation, Co. Laois, late Asbian (x26.5). 15, Coelosporella wetheredii Wood emend.
Perret and Vachard (left) and ‘Paraepimastopora’ sp. (centre), specimens BGS-AH60-1010/11, Allenheads No. 1 Borehole,
Peghorn Limestone, early Brigantian (x26.5). 16, Cabrieropora pokornyi Mamet and Roux, longitudinal section, specimen
PC-8/8/17-2215/18, Clogrenan Quarry, Clogrenan Formation, Co. Carlow, early Brigantian (x90).
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Occasionally, fragments of questionable attribution
to other representatives of the family Mastoporae also
occur in the Brigantian of south-east Ireland (Clogrenan
B Borehole, and Clogrenan, Bannagogle and Dunamase
quarries). The specimens are always poorly preserved,
and the entire morphology of the thallus is difficult to
recognize. However, the presence of a thick wall perfo-
rated by ‘relatively’ narrow pores suggests identifica-
tion as ‘Paraepimastopora’. Despite the difficulties in
the identification of ‘Paraepimastopora’, its importance
as a possible regional Brigantian marker has yet to be
established. Nevertheless, similar specimens of
‘Paraepimastopora’ have been recorded in the late
Asbian in the Spanish basins of Los Santos de Maimona
(Sánchez-Chico et al., 1995) and Guadiato Area (late
Asbian-early Serpukhovian, unpublished data), and in
the early Namurian of Algeria (Sebbar, 1998; Sebbar &
Mamet, 1996, 1999). Furthermore, ‘Paraepimastopora’
may also occur in Morocco, in the Asbian (Vachard &
Tahiri, 1991), where it was identified as Orthriosiphon. 

Red algae
Neoprincipia (Fig. 5A, Pl. 2, Fig. 2), a corallinace-

an algal genus was recently described by Cózar &
Vachard (2003), and included the species N. tethysia-
na. It is based on well-known specimens in the litera-
ture usually referred to as Archaeolithophyllum vailha-
ni or Principia vailhani (e. g. Ouarache et al., 1991;
Vachard et al., 1991; Vachard & Berkhli, 1992;
Sánchez-Chico et al., 1995; Sebbar & Mamet, 1996).
It is rare in south-west and north-east Ireland within

the late Asbian, but in south-east Ireland (Guileen-1
Borehole, Clogrenan, Paulstown, Bannagogle, Duna-
mase and Aghamaddock quarries, and Rock of Du-
namase section) it only occurs in the Brigantian. Most
of the specimens are from the lower part of the early
Brigantian, and extend up to the lower part of the late
Brigantian in south-east and north-east Ireland. 

Probably, the most unusual algal taxon in Ireland
is the presence of Archaeolithophyllum (Fig. 5D,
Pl. 2, Fig. 3) in the late early Brigantian in north-east
Ireland at Ardagh Quarry, Kingscourt (Somerville et
al., 1996). Because of neomorphism, this corallinace-
an red alga (probably A. ex gr. lamellosum, pers.
comm., D. Vachard) has lost the original size diffe-
rentiation of cells within the hypothallus and peritha-
llus. It is typically a Pennsylvanian genus, and it is
only recorded in late Mississippian rocks in Poland
(early Serpukhovian, Skompski, 1996), France (early
Serpukhovian, Vachard & Aretz, 2004), and Spain
(confirmed in the early Serpukhovian, but questio-
nably in the Brigantian, unpublished data). Other
Viséan or Serpukhovian ‘Archaeolithophyllum’ in the
literature (e. g. Sánchez-Chico et al., 1995; Sebbar &
Mamet, 1996, 1999) were attributed to the genera
Principia and Neoprincipia by Cózar & Vachard
(2003).

Problematic algae and cyanobacteria
In north-east Ireland (Ballytrea Borehole and

Cookstown Quarry), Kamaenella exhibits two acmes,
one in the early Asbian and the other in the lower part
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FIGURE 5–Schematic drawings of some selected rhodophytes and problematic algal taxa. A, Neoprincipia (modified from Cózar
& Vachard, 2003). B, Claracrusta (modified from Vachard & Montenat 1981). C, Calcifolium? punctatum. D,
Archaeolithophyllum (modified from Vachard et al., 2001). E, Calcifolium okense.



of the late Asbian; it occurs up to the lower part of the
early Brigantian where it is last recorded (Pl. 2, Fig. 9).
In south-east Ireland, it is common throughout the
early Asbian (Durrow- 2 borehole) and lower part of
the late Asbian, it becomes more rare in the upper part
of the late Asbian (Ballyadams Quarry and Clogrenan
B Borehole), and it occurs rarely through the early
Brigantian (Clogrenan B Borehole and Rock of
Dunamase), and exceptionally, at the base of the late
Brigantian (Aghamaddock Quarry). In south-west
Ireland, Kamaenella exhibits an acme in the late
Asbian, but it is present in the lower part of the early
Asbian, as well as in the early Brigantian (Gallagher,
1996). However, its stratigraphic range in the upper
part of the early Asbian has to be regarded also as an
acme in south-west Ireland (Buttevant area), becau-
se it is very common in numerous samples from 
the Cecilstown Member (Ballyclogh Limestone
Formation).

Ungdarella (Maslov, 1956; Perret & Vachard,
1977; Mamet, 2002) occurs above the early/late Asbian
boundary in Ireland (Pl. 2, Fig. 8). However, it is com-
mon everywhere in Ireland in the upper part of the late
Asbian (Cf6? Subzone, Fig. 3, Gallagher &
Somerville, 1997, Fig. 8; Gallagher & Somerville,
2003).

Saccamminopsis was traditionally regarded as a
Brigantian marker, based on the work of Brady
(1876) and Hallett (1971). However, it has been
recognized subsequently in older rocks in Ireland. A
late Asbian age is recorded in Somerville et al.
(1992), Strogen et al. (1995), Gallagher & Somerville
(1997), Somerville (1999) and an early Asbian age in
Somerville (1999). Moreover, in other European
basins, an Holkerian age is suggested (Mamet, 1974;
Vachard & Cózar, 2003). According to Gallagher
(1992), Saccamminopsis ‘floods’ occur just above the
Asbian/Brigantian boundary in south-west Ireland
(e. g. at Buttevant, Liscarroll Formation and the
Burren, Slievenaglasha Formation), but in the Foynes
Borehole it occurs in the early Asbian (Somerville,
1999). In addition, in the Burren Formation, Burren
area, there is also a ‘flood’ of Saccamminopsis in
the ‘Terraced cycle 9’, i. e. in the uppermost part of the
Formation of latest Asbian age. In south-east Ireland
(Clogrenan Formation) the first floods occur only a
few metres above the Asbian/Brigantian boundary
(Fig. 3). These rich concentrations in south-east
Ireland (Clogrenan, Bannagogle and Paulstown qua-
rries, and Rock of Dunamase; Pl. 2, Fig. 4) occur
mostly in the early Brigantian, and rarely in the late
Brigantian (Dunamase Quarry). Isolated specimens

can be found though in thin-sections throughout the
Brigantian succession. In contrast, in north-east
Ireland (Ballytrea Borehole, Cookstown and
Carganamuck quarries), Saccamminopsis is common
in the late Asbian and in the early Brigantian
(Somerville, 1999).

The typical Fasciella kizilia Ivanova, occurs in
Ireland from the late Asbian (Jones & Somerville,
1996; Gallagher, 1996), and it extends up to the late
Brigantian. However, Fasciella crustosa, a species
usually found encrusting large intraclasts 2-4 mm in
diameter (Gallagher, 1992; Somerville et al., 1992;
Somerville, 1999; Vachard et al., 2004), or brachio-
pod shells, is only recognized in the early Brigantian
throughout Ireland (Pl. 2, Fig. 7) and occasionally at
the base of the late Brigantian (Fig. 3). 

One of the most useful biostratigraphic markers is
the genus Calcifolium. Calcifolium? punctatum
Maslov (Fig. 5C, Pl. 2, Fig. 11) occurs in the mid early
Brigantian everywhere in Ireland, and it ranges up to
the uppermost late Brigantian in north-east Ireland
(Ballytrea Borehole, Cookstown and Carganamuck
quarries and Poulmore Scarp) (Fig. 3). In contrast,
Calcifolium okense Shvetsov and Birina (Fig. 5E, Pl.
2, Fig. 13) occurs only in the uppermost late Brigantian
in north-east Ireland at Poulmore Scarp, Kingscourt
(Somerville, 1999; Somerville & Somerville, 1999).
Calcifolium? punctatum never occurs as characteristic
fan-shaped cups or petals, but only as encrusting forms
(as illustrated in Burgess, 1965). 

Finally, Claracrusta (Fig. 5B), only occurs in the
Brigantian. This encrusting alga is composed of a
laminar sheet, internally whole, and subdivided by
irregular septation (Pl. 2, Fig. 6). It is particularly asso-
ciated with the oncoidal limestones at the base of the
Brigantian in south-west and south-east Ireland, but
higher in the succession, Claracrusta occurs encrus-
ting any bioclast or intraclast (Fig. 3).

Girvanella oncoids are widespread in the Asbian-
Brigantian interval in Ireland but have an acme just
below the Asbian/Brigantian boundary in north-east
Ireland and just above the Asbian/Brigantian boundary
in south-east and south-west Ireland (Fig. 3).

LATE VISÉAN ALGAL DISTRIBUTION 
IN GREAT BRITAIN

Introduction and stratigraphic setting
In northern Britain the first most comprehensive

work on algae (as well as foraminifera) was underta-
ken by Hallett (1971), which focused on the Yoredale
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‘Series’ of the Askrigg Block in North Yorkshire.
Subsequent to this work, few studies have shown algal
ranges in any great detail (e. g. Johnson & Nudds,
1996, in which algal taxa are not illustrated), or the
studies have been devoted to certain algae in selected
areas (e. g. Horbury & Adams, 1996), or rarely, inclu-
ded some illustrations of algae (Mamet & Roux, 1974,
1975a, 1975b, 1977; Conil et al., 1980). Some data on
algal distributions can be found in the published works
of Johnson (1958) and Burgess (1965). The stratigrap-
hic ranges of all these algal data are summarized in
Figure 6 as well as the various stages and substages
(see Fig. 1). Following the works of George et al.
(1976) and Dunham & Wilson (1985) in the Askrigg
Block, who considered the Hawes Limestone as the
base of the Brigantian, it is now recognized that only
the latest Asbian to Brigantian interval is recorded in
Hallett (1971), with the exception of the Namurian
Great Limestone. In the Askrigg Block, the base of the
late Brigantian is placed below the base of the Middle
Limestone (Ramsbottom, 1974, 1981), and it is corre-
lated with the Scar Limestone in the Alston Block
(Ramsbottom, 1974; George et al., 1976; Dunham &
Wilson, 1985; Johnson & Nudds, 1996). A late
Brigantian age is confirmed by conodont data, with the
presence of Lochriea nodosa and L. mononodosa from
the Scar to the Four Fathom limestone interval in the
Rookhope Borehole (Johnson & Nudds, 1996), and by
the record of the P2 zonal goniatite Lusitanoceras gra-
nosus from the shales above the Middle and Scar
limestones (Dunham & Wilson, 1985) (Fig. 1). In
South Cumbria, the Lower Urswick Limestone
Formation is considered early Asbian in age and the

Upper Urswick Limestone Formation as late Asbian
(Mitchell, 1989; Horbury & Adams, 1996), with the
Gleaston Formation representing the Brigantian (Rose
& Dunham, 1977). In the Rookhope Borehole, and
throughout the Alston Block, the base of the
Brigantian is placed below the base of the Peghorn
Limestone (Burgess & Mitchell, 1976; Johnson &
Nudds, 1996), with the early Brigantian substage
extending up to the top of the Tyne Bottom Limestone
(Fig. 6). Virtually all of the Melmerby Scar Limes-
tone Group is here regarded as late Asbian, due to the
occurrence of the foraminifera Omphalotis omphalota
(Rauzer-Chernousova & Reitlinger), Cribrostomum
lecomptei (Conil & Lys), Pseudoendothyra,
Palaeotextularia (double wall) and Endothyranopsis
crassa (Brady) (Cózar & Somerville, 2004). The base
of the late Brigantian is placed below the base of the
Scar (Cockleshell) Limestone (Mitchell, 1989;
Johnson & Nudds, 1996), with the substage extending
up to the top of the Four Fathom Limestone (Fig. 6).

Green algae
Coelosporella occurs below the Asbian/Brigantian

boundary, with a significant acme, but it probably
occurs throughout the Brigantian (Hallett, 1971). In
addition, Hallett (1971, Pl. 2, Figs. 3-4) illustrated spe-
cimens referred to as Coelosporella sp. This latter
taxon was described also as Sphinctoporella? rozovs-
kaiae by Mamet & Roux (1975a), and later considered
as a Kulikia (Massa & Vachard, 1979; Skompski,
1987). In fact, this is the same species of Kulikia that
is commonly found in Ireland, as well as in Poland
(Skompski et al., 1989), Belgium and Russia (Mamet
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PLATE 2–1, Neoprincipia tethysiana Cózar & Vachard, oblique section, specimen BGS- RH375’-2222/5, Rookhope Borehole,
Five Yard Limestone, late Brigantian (x53). 2, Neoprincipia tethysiana Cózar & Vachard, oblique section, specimen PC-
8/8/24-2147/26, Clogrenan Quarry, Clogrenan Formation, Co. Carlow, early Brigantian (x53). 3, Archaeolithophyllum ex gr.
lamellosum Wray, longitudinal sections, specimen UCD-ARTS18.2m.-2217/23, Ardagh Quarry, Kingscourt area, Co. Meath,
early Brigantian (x11.5). 4, Saccamminopsis fusulinaeformis (McCoy) emend. Vachard & Cózar, specimen PC-8/20/14,
Paulstown Quarry, Clogrenan Formation, Co. Kilkenny, early Brigantian (x15). 5, Claracrusta catenoides (Homann), longi-
tudinal section, specimen UCD-Humphrey Head-1015/15, Humphrey Head, Gleaston Formation, Cumbria, early Brigantian
(x53). 6, Claracrusta sp., longitudinal section, specimen PC-9/8/17-2215/25, Bannagogle Quarry, Clogrenan Formation, Co.
Carlow, early Brigantian (x90). 7, Fasciella crustosa Vachard, Somerville & Cózar, specimen UCD-DPS132b, Deer Park
South section, Deer Park Formation, Kingscourt area, Co. Meath, early Brigantian (x20). 8, Ungdarella uralica Maslov, lon-
gitudinal section, specimen PC-1342-2215/2, Clogrenan B Borehole, Ballyadams Formation, Co. Carlow, late Asbian (x23).
9, Kamaenella sp., longitudinal and tangential sections, specimen PC-27/8/102-2215/31, Ballyadams Quarry, Ballyadams
Formation, Co. Laois, late Asbian (x90). 10, Calcifolium? punctatum Maslov, specimen BGS-AH53-1010/30, Allenheads
No. 1 Borehole, Smiddy Limestone, early Brigantian (x26.5). 11, Calcifolium? punctatum Maslov, longitudinal section, spe-
cimen UCD-Cookstown 34-2217/27, Cookstown Quarry, Rockdale Limestone Formation, Co. Tyrone, early Brigantian
(x33). 12, Calcifolium okense Shvetsov and Birina, longitudinal sections, specimen BGS-AH11-1011/18, Allenheads No. 2
Borehole, Great Limestone, Namurian (x26.5). 13, Calcifolium okense Shvetsov and Birina, oblique section, specimen UCD-
PH8m-2217/33, Poulmore Scarp, Deer Park Formation, Kingscourt area, Co. Meath, late Brigantian (x33). 
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FIGURE 6–Selected algal distribution in the Asbian and Brigantian from northern Britain. Askrigg Block and South Cumbria,
modified from Hallett, 1971, Horbury & Adams, 1996; southern Askrigg Block microfloral distribution (this study) is based
on the Back Scar and Feizor boreholes: Alston Block microfloral distribution is based on the Rookhope and Allenheads
boreholes.



& Roux, 1975a; Mamet et al., 1980). Both specimens
illustrated by Hallett (1971) are from the Hawes
Limestone, and thus of early Brigantian age (Fig. 6).
On the other hand, Horbury & Adams (1996) descri-
bed common Coelosporella throughout the Asbian
Urswick Limestone Formation at the base of cycles.
Two illustrations of Coelosporella in the early Asbian
can be found in that publication (Horbury & Adams,
1996, figs. 5b and 5c), but both are doubtful determi-
nations. The first illustration (fig. 5b) only shows a
tangential section of a thallus composed of round
endospores, which could be also attributed to
Atractyliopsis or Kulikia. No lemon-shaped endospo-
res or longitudinal sections typical of Coelosporella
are visible. The second illustration (fig. 5c) is a small
segment perforated by relatively small and numerous
pores. This specimen is not identifiable at genus level.
However, similar sections found in Ireland have been
identified in horizons containing Eovelebitella.
Temporarily, this taxon is identified here as
Eovelebitella? (Fig. 6). In the Janny Wood section,
locally rich concentrations of Coelosporella occur in
the Robinson Limestone, but it is common in most
samples from the Peghorn Limestone. In the
Rookhope Borehole, Coelosporella occurs at the top of
the Melmerby Scar Limestone and the base of the
Robinson Limestone (Pl. 1, Fig. 15). It is also common
in the Peghorn Limestone, and has single occurren-
ces in the Lower Little and Jew limestones. Thus, its
range in the Alston Block and Stainmore Trough, is
latest Asbian to early Brigantian. In the Askrigg Block,
Coelosporella is restricted to the Brigantian (Fig. 6). In
the Alston Block (Rookhope Borehole), Kulikia is the
most common dasyclad (Pl. 1, Fig. 9), and it occurs
commonly from the top of the Melmerby Scar
Limestone up to the Four Fathom Limestone (late
Asbian to latest Brigantian) and in the Allenheads
boreholes extends up into the Namurian Great
Limestone (Fig. 6). Kulikia is rarely recorded from the
Gordale Limestone (Late Asbian) in the Askrigg
Block. In the Janny Wood section, Kulikia is common
throughout the succession. In consequence, the strati-
graphic range of Kulikia is recognized throughout the
late Asbian to the earliest Namurian in northern
England.

In the upper part of the cycles in the Urswick
Limestone, Anatolipora is documented by Horbury &
Adams (1996). However, their illustrations (figs. 6f
and 6h) are probably not of Anatolipora (see Fig. 4F).
In figure 6h, well-preserved fragments of ‘Velebitella’
can be identified (compare with Pl. 1, Fig. 8 and Fig.
4G). Moreover, in the same illustration (upper left cor-

ner), there is a large segment that appears to be a
‘Windsoporella’. The preservation of this specimen
though is not good and it is not clear enough to detect
the presence of four pores (compare with Pl. 1, Fig. 12
and Fig. 4I). The specimen illustrated in figure 6f does
not show the internal row of pores, and pores are not
present in the entire thallus. Owing to its size, it
could be also identified as a tangential section of
‘Windsoporella’. The precise stratigraphic location
of these samples is unknown, because the relative posi-
tion of the different quarries was not presented. Thus,
an early or late Asbian age is possible, and the strati-
graphic range in Figure 6, has highlighted this uncer-
tainty. ‘Velebitella’ has not been recorded in any of the
boreholes studied, but in the Janny Wood section it is
present at the base of the Peghorn Limestone and at the
top of the Birkdale Limestone (Fig. 6). Similarly,
Eovelebitella sp. is rare, but it is recorded in the
Smiddy Limestone in the Allenheads Borehole No. 1
and from the Birkdale Limestone to the Smiddy
Limestone in the Janny Wood section. Occasionally,
possible sections of ‘Windsoporella’ occur at the
base of the Brigantian in the Peghorn Limestone
(Allenheads Borehole No. 1), and the Hawes
Limestone (Back Scar Borehole), but also in the late
Asbian in the Back Scar Borehole. Preservation of the
specimens though is too poor for a precise determina-
tion. 

Koninckopora is common in the Asbian and is last
recorded below the base of the Brigantian (Hallett,
1971), or just above the base of the Brigantian
(Somerville & Strank, 1984). However, in the
Rookhope Borehole it is last recorded in the Robinson
Limestone just below the Asbian/Brigantian boundary,
but its striking reduction in numbers is at the top of the
underlying Melmerby Scar Limestone. Burgess (pers.
comm., in Somerville & Strank, 1984) recorded
Koninckopora in the Lower Little Limestone in the
Alston Block, but this record has not been confirmed
by the authors in the Rookhope and Allenheads bore-
holes. In the Janny Wood section, Koninckopora is
rare, only three horizons containing this alga occur in
the Robinson Limestone, but it also occurs at 14-15 m
above the base of the Peghorn Limestone. In the Back
Scar Borehole (Askrigg Block), most specimens of
Koninckopora are last recorded 3 m below the
Asbian/Brigantian boundary, but there is a final occu-
rrence of Koninckopora 2 m above this boundary, in
the Hawes Limestone. In the Feizor Borehole (Askrigg
Block), there is also a fragment of Koninckopora 5 m
above the Asbian/Brigantian boundary, in the Hawes
Limestone. Thus, the occurrence of Koninckopora
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above the Asbian/Brigantian boundary is confirmed
in the Askrigg Block and Stainmore Trough, but not in
the Alston Block.

Nanopora was only documented in the Brigantian
(Hallett, 1971), but in the Rookhope and Back Scar
boreholes (and possibly in the Janny Wood section), it
first appears from the late Asbian, and in the
Allenheads Borehole No. 2, Nanopora ranges up to
the Namurian Great Limestone (Fig. 6). Its geographic
distribution can be regarded as cosmopolitan and with
an extended stratigraphic range, Viséan-Namurian
(Mamet, 1991). 

Two specimens of Cabrieropora occur in the
uppermost Melmerby Scar Limestone in the Rookhope
Borehole, as well as in the Back Scar Borehole, but in
both these boreholes, it is not recognized in the Brigantian.
However, Cabrieropora occurs in the Peghorn Limestone
in the Allenheads Borehole, i. e. at the base of the
Brigantian. 

Atractyliopsis occurs in the early Brigantian inter-
val from the Peghorn to the Smiddy limestones (Alston
Block) in the Rookhope and Allenheads boreholes
(Pl. 1, Fig. 7), where it is locally abundant. In the
Askrigg Block, Atractyliopsis is recorded in the late
Asbian Gordale Limestone (Back Scar Borehole).

Possible sections assignable to ‘Paraepimastopora’
have been recognized in the Hawes Limestone (Back
Scar and Feizor boreholes), the Peghorn Limestone
(Allenheads Borehole, Pl. 1, Fig. 15), and the Smiddy
Limestone in Janny Wood section. Thus, its wide basal
Brigantian distribution across Ireland and Great
Britain seems to be confirmed. However, diagnostic
specimens need to be found for its precise taxonomic
affiliation.

Red algae
The rhodophyte Neoprincipia is common in the

interval from the Peghorn Limestone up to the Five
Yard Limestone in the Rookhope Borehole (Pl. 2, Fig.
1), and in the Peghorn and Little limestones in the
Allenheads boreholes (both in the Alston Block).
Thus, its stratigraphic range is through the entire
Brigantian, and into the Namurian (Fig. 6). This alga is
not recorded in either the Feizor or Back Scar boreho-
les in the Askrigg Block. In Janny Wood section, it is
common throughout the Robinson Limestone and 
is relatively common in the Peghorn and Smiddy limes-
tones. This early occurrence of Neoprincipia in the
latest Asbian is recorded in some other basins, as well
as in south-west and north-east Ireland, but such num-
ber of specimens have been never recorded elsewhere in
western Palaeotethyan basins (Cózar & Vachard, 2003).

The frequent occurrence of Neoprincipia in the late
Asbian of the Stainmore Trough can be related to the
palaeogeographic position of this region, by a muddier
and slightly deeper-water platform facies in the
Stainmore Trough compared to the flanking shallower-
water platform facies of the Askrigg and Alston blocks
(see Burgess & Mitchell, 1976). This muddier-water
facies in the Stainmore Trough favoured the spread of
the typical algae adapted to deeper shelf environments
(such as Neoprincipia or Saccamminopsis), and ena-
bled the flourishing of most dasyclads (except for
Kulikia).

Problematic algae and cyanobacteria
Kamaenella is one of the major constituents of the

early Asbian and lower part of the late Asbian in South
Cumbria (Horbury & Adams, 1996). Kamaenella in
the Rookhope Borehole is abundant only in the mid
part of the late Asbian Melmerby Scar Limestone, and
higher in the succession, there are two horizons in the
early Brigantian Tyne Bottom Limestone in which it is
also common (Fig. 6). In the Back Scar Borehole, it
is very common in most of the late Asbian Gordale
Limestone, although there are two different species.
The small species, Kamaenella tenuis (Moeller)
emend. Mamet & Roux, is dominant in the lower half
of this limestone unit, and the large species K. denbig-
hi Mamet and Roux, is common in the upper half of
this limestone. Both species are last recorded just
below the Asbian/Brigantian boundary. The dominant
species recorded in Ireland, and in most boreholes
from northern England is Kamaenella tenuis, and
usually, later records of Kamaenella in the Brigantian
in Ireland correspond to K. denbighi Mamet & Roux.

Ungdarella is common in the upper part of the late
Asbian in South Cumbria (Horbury & Adams, 1996).
In the Rookhope Borehole it is very abundant in most
thin-sections from the late Asbian Melmerby Scar
Limestone and in the upper part of the Robinson
Limestone, where it is last recorded. In the Janny
Wood section, Ungdarella is only recorded in the
Robinson Limestone. In the Back Scar Borehole
Ungdarella is very common in the mid-upper part of
the late Asbian Gordale Limestone, and it is last recor-
ded just below the Asbian/Brigantian boundary
(Fig. 6).

The calcifoliales Calcifolium? punctatum and
Calcifolium okense, in northern England and Scotland
show similar stratigraphic ranges as in Ireland.
According to Hallett (1971), the former species occurs
in the middle part of the early Brigantian and ranges up
through the Brigantian, but it does not reach the upper-
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most Brigantian. C. okense occurs only in the uppermost
late Brigantian and Namurian (Hallett, 1971). In 
the Rookhope Borehole, Calcifolium? punctatum
first occurs in the uppermost early Brigantian
(Tyne Bottom Limestone), and is also common in the
Scar Limestone and Five Yard Limestone. It shows a
younger occurrence in the Four Fathom Limestone, all
of latest Brigantian age. It is relatively common in the
Smiddy Limestone in the Allenheads Borehole No. 1
(Pl. 2, Fig. 10), and occasionally in the Gayle
Limestone in both the Feizor and Back Scar boreholes
in the Askrigg Block. In the Janny Wood section, it
occurs in the Smiddy Limestone. Thus, its first occu-
rrence is closer to the base of the Brigantian (Fig. 6).
In addition, Strank (in Ramsbottom, 1981), documen-
ted Calcifolium sp. in the Peghorn Limestone in the
Janny Wood section, but this record is not confirmed
by the authors. Furthermore, Burgess (1965) and
Hallett (1971) claimed that the upper stratigraphic
range of Calcifolium? punctatum was at the top of the
Brigantian, but we have commonly recorded it in the
Namurian Great Limestone in the Allenheads
Borehole No. 2 (Fig. 6). A single fragment questio-
nably attributed to C. okense, is recorded from the top
of the Five Yard Limestone, but it commonly occurs in
the upper part of the Four Fathom Limestone in the
Rookhope Borehole. Johnson & Nudds (1996) docu-
mented the occurrence of C. bruntonense (= C. oken-
se) from the Three Yard Limestone, but no specimens
of Calcifolium have been found in the thin-sections we
examined from the Three Yard Limestone in the
Rookhope Borehole. In the Allenheads Borehole
No. 2, C. okense only occurs in the Four Fathom
Limestone (1 specimen), Iron Post Limestone and the
Namurian Great Limestone (Fig. 6, Pl. 2, Fig. 12).

According to Hallett (1971), Saccamminopsis ‘flo-
ods’ first occur just below the Asbian/Brigantian boun-
dary and they are common in the Brigantian. In the
Janny Wood section, Saccamminopsis occurs as ‘flo-
ods’ in the Peghorn and Smiddy limestones, but also in
the underlying Robinson and Birkdale limestones.
In the latter limestones they form rich concentrations
throughout the entire thickness of these beds (several
metres). In the Rookhope Borehole, a single specimen
of Saccamminopsis occurs at the top of the late Asbian
Melmerby Scar Limestone, and in the Brigantian
Grain Beck Limestone. The only ‘flood’ observed by
the authors in this borehole occurs in the Four Fathom
Limestone. However, Johnson & Nudds (1996) docu-
mented Saccamminopsis in the first cycle of the
Robinson Limestone, and in the upper cycle of the
Smiddy Limestone. In the Allenheads Borehole, a

‘flood’ of this taxon is observed in the Three Yard
Limestone. In the Askrigg Block, there are common
Saccamminopsis ‘floods’ at the base of the Brigantian
(Fig. 6). Except in north-east Ireland and the
Stainmore Trough, in which it occurs commonly in
the Asbian, its distribution is similar to that found
in south-east and south-west Ireland. Horbury & Adams
(1996, Fig. 4) documented Saccamminopsis mostly at
the base of the Urswick Limestone cycles in S.
Cumbria, but no stratigraphic range was presented nor
any specimen illustrated. Thus, its record in the late
Asbian is confirmed, but its presence in the early Asbian
of Cumbria remains uncertain.

Fasciella crustosa ranges from the Peghorn to the
Five Yard limestones in the Allenheads Borehole,
the Birkdale to Four Fathom limestones in the Rookhope
Borehole, the Birkdale to Smiddy limestones in Janny
Wood section, and the Hawes to Hardraw limestones
in the Back Scar and Feizor boreholes. Thus, it is vir-
tually confined to the Brigantian in northern England.

The problematic Claracrusta occurs in the early
Brigantian (Fig. 6), especially in the intraclastic and
oncoidal limestones in the Hawes Limestone (Back
Scar and Feizor boreholes in the Askrigg Block),
Peghorn Limestone (Rookhope Borehole, Alston
Block), Peghorn to Smiddy limestones (Janny Wood,
Stainmore Trough) and base of the Gleaston
Formation (South Cumbria), all within the
Girvanella/‘Osagia’-type nodular beds (Pl. 2, Fig. 5).

The Girvanella/‘Osagia’-type oncoids that occur just
above the Asbian/Brigantian boundary, also occur in
younger Brigantian rocks. In the Rookhope Borehole,
these ‘Osagia’-type oncoids occur in the second cycle
of the Peghorn Limestone (Johnson & Nudds, 1996) or
upper Peghorn Limestone, but Girvanella is extremely
rare in thin-sections throughout the borehole. In South
Cumbria, Girvanella/‘Osagia’-type oncoids occur at the
base of the Gleaston Formation at Humphrey Head
(Rose & Dunham, 1977). In Janny Wood, ‘Osagia’-type
oncoids are locally abundant at the top of the Peghorn
Limestone and throughout the Smiddy Limestone, but
they are also recorded from the Robinson Limestone.

DISCUSSION: BIOSTRATIGRAPHIC/
PALAEOECOLOGIC SIGNIFICANCE 

OF THE ALGAL ASSEMBLAGES

The algal data documented above from Ireland and
Great Britain allow us to recognize five major inter-
vals, although in some of them, the influence of palae-
oecological factors is evident. The algal stratigraphic
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ranges recognized in Ireland and Britain are exclusi-
vely confined to these platforms, because, some of
these taxa exhibit different ranges in other basins.
These differences do not seem to be ecologically-con-
trolled because, for instance, Claracrusta is typically
recorded in the late Asbian in SW Spain (here only in
the Brigantian), and in similar facies (cyclic inner plat-
form sediments) as those recorded in Ireland and Great
Britain. These differences are interpreted to be a result
of migration, rather than ecological or depositional/
stratigraphical settings.

Some of the discussed algal taxa, although previously
considered by some authors to be biostratigraphically
important, yet their wide distribution in both the Asbian
and Brigantian suggest the contrary. They cannot be nor-
mally used as regional markers. These taxa include:
Girvanella-‘Osagia’, Nanopora, Saccamminopsis,
Kulikia, Eovelebitella, Palaepimastoporella. The occu-
rrence of Girvanella oncoids is clearly facies-contro-
lled. They form a well-known and common feature in
the lower part of the Brigantian in northern England
(Vaughan, 1905; Garwood, 1913; Hallett, 1971), and
occur indistinctly in the Peghorn, Smiddy and Hawes
limestones (Burgess & Mitchell, 1976; Johnson &
Nudds, 1996). As was mentioned previously, rich con-
centrations of Nanopora are clearly related to particu-
lar lithofacies, and have been recorded in Ireland from
the Arundian to the Brigantian, and thus, it cannot be
considered as a biostratigraphically useful taxon.
Similarly, Saccamminopsis has been recorded in
Ireland and Britain in both the Asbian and Brigantian,
thus, it cannot be regarded as a biostratigraphic marker
of the Brigantian. The distribution and rich concentra-
tions of this problematic alga is related to muddy, quiet
water low-energy facies, mostly in ‘floods’, in sedi-
ments of inner-middle platform, but also in outer plat-
form facies (e. g. Stainmore Trough), it can constitute
the dominant bioclast. Exceptionally, in north-east
Ireland, in muddy lagoonal facies, it is also abundant
(e. g. a 5-6 m thick interval in the early Brigantian
Carganamuck Quarry (Co. Armagh), and Cookstown
Quarry (Co. Tyrone). Thus, these differences seem to
be controlled by turbid environments more than bathy-
metry. A similar dysphotic, turbid environment, was
recognized in the Guadiato Area (SW Spain), in which
Saccamminopsis is very common (Vachard & Cózar,
2003). Kulikia has been recorded from the early
Asbian to the late Brigantian, but, its distribution in
older rocks in Ireland or northern England is unknown.
Eovelebitella first occurs in the lower part of the late
Asbian in south-west Ireland, but it is last recorded in
the Brigantian. However, this genus is only recorded

in the Brigantian in other basins in Ireland, in the latest
Asbian to base of the Brigantian in the Stainmore
Trough, and is also present in the early Asbian in the
lower Urswick Limestone Formation, S. Cumbria.
Palaepimastoporella has been recorded only in north-
east and south-east Ireland, and from the upper part of
the late Asbian to the early Brigantian. Thus, its scar-
ce distribution does not allow us to infer biostratigrap-
hic or palaeoecologic constraints.

In the following section we have highlighted the 5
main time intervals in which distinct algal assemblages
are recorded. However, no attempt is made here to for-
mally define these assemblages by named taxa. The
age of these intervals is independently established
using mainly foraminiferal data supported by corals
and conodonts.

Early Asbian and lower late Asbian
The early Asbian and lower late Asbian interval

in most basins in Ireland and northern England is
characterized by very common Koninckopora and
Kamaenella. Although both taxa are well known from
older rocks, they never reach similar abundances as in
this interval. The main controls in algal assemblages
are the bathymetry, and the sedimentary style of the
basin. Thus, these genera are more common in middle
and inner platform facies in eustatically-controlled
basins (e. g. south-west and south-east Ireland, south
Cumbria, Askrigg Block), whereas, in open platform
facies in cyclothemic sequences or tectonically-con-
trolled basins (i. e. Stainmore Trough, north-east
Ireland), the number of specimens decrease notably, or
their acmes occur in localized horizons. In this interval
has been also recorded the first occurrence of
Pseudokulikia (in Co. Wexford). However, although a
precise stratigraphic level within the Asbian for
Pseudokulikia has not been ascertained (in a mostly
dolomitized succession), it is present in wackestones,
in a quiet-water, low-energy facies. 

In the lower part of the late Asbian substage
Ungdarella first appears. This first occurrence is uni-
form in most studied basins (independently of the pala-
eoecological limitations), except for the lower
Urswick Limestone Formation (Horbury & Adams,
1996). However, this datum in S. Cumbria could not
be confirmed by the authors.

Upper late Asbian
The upper late Asbian substage is characterized

by: (1) the first occurrences of Coelosporella,
‘Velebitella’, ‘Windsoporella’, Cabrieropora and
Neoprincipia, (2) the acme of Ungdarella, and (3) the
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decrease in the number of Kamaenella and
Koninckopora. In Ireland, Coelosporella is always
recorded in the latest Asbian, and in north-east and
south-east Ireland, it shows an acme. In south-west
Ireland, Coelosporella does not exhibit such abundan-
ce, but this is interpreted to be related to the lack of
wackestone facies in most cycles. However, in nort-
hern England, it is first recorded in the upper part of
the late Asbian (top of the Melmerby Scar Limestone
in the Alston Block or its lateral equivalent in the
Stainmore Trough, the Knipe Scar Limestone), but it
does not reach the same numbers as those in Ireland.
Similar features are observed with ‘Velebitella’ and
‘Windsoporella’. They both are more common in
north-east and south-east Ireland than in south-west
Ireland, or in the case of ‘Velebitella’, not recorded at
all in the latter area. This difference is also interpreted
as a result of the lack of wackestone facies. In
England, these genera, like Coelosporella, are more
rare than in Ireland, but occur more or less at equiva-
lent stratigraphic levels. Cabrieropora has been also
recorded from this interval and in the early Brigantian
and just at the base of the late Brigantian. However,
its distribution is variable, and it does not occur in
every area. As a result, the occurrence of the other
three dasyclads (Coelosporella, ‘Velebitella’ and
‘Windsoporella’) seem to be more reliable biostrati-
graphically, but not in their abundance. Koninckopora
and Kamaenella became more rare in the uppermost
part, except locally, where some horizons can exhibit
rich concentrations of Koninckopora. The deeper
water shelf facies represented by the Robinson 
and Birkdale limestones in the Alston Block and
Stainmore Trough, are not favourable for these two
genera, which has been interpreted as probably repre-
senting too turbid and dysphotic environment. On the
other hand, Ungdarella which is rare in the lower part
of the late Asbian becomes common in the upper
part of this substage. This feature is recognized in several
areas, but not in the Alston Block and Stainmore
Trough. In the Alston Block, the interval with rare
Ungdarella coincides with a major influx of siliciclas-
tic material between the Melmerby Scar and Robinson
limestones (due to the typical cyclothemic pattern of
sedimentation in the Yoredale cycles), but it is also
abundant in the Robinson Limestone. Ungdarella is
not present in the Robinson Limestone in the
Stainmore Trough. However, despite the sedimentolo-
gical similarities of the Robinson Limestone in both
areas, if we take into account the palaeogeographic
reconstruction proposed by Burgess & Mitchell
(1976), in the Stainmore Trough this limestone is a

slightly deeper water platform facies, and probably
more turbid and dysphotic. This feature can explain
the lack of Ungdarella in the Janny Wood section.
Other data which supports this interpretation is the
record of Neoprincipia. The latter genus is recorded
mostly in the Brigantian in south-west and south-east
Ireland and the Alston Block, but in north-east Ireland,
it first occurs in the upper part of the late Asbian, in a
more turbid micritic facies (with terrigenous influx). In
addition, in the Stainmore Trough, it is also very abun-
dant. The adaptation of the red alga Neoprincipia to a
more turbid environment seems to be also contrasted. 

In the latest Asbian, Fasciella crustosa and
‘Paraepimastopora’ are very occasionally recorded,
the former taxon in the Birkdale Limestone of a latest
Asbian age in the Alston Block and Stainmore Trough
(two specimens), and the latter in the Clogrenan B
Borehole (only one specimen). However, these taxa
are usually recorded from the base of the Brigantian in
most studied areas, and can be considered are ‘relati-
vely’ reliable as basal Brigantian markers. 

Lower early Brigantian
The algal assemblages in the lower early Brigantian

substage are interpreted as a continuation of the cha-
racteristics observed in those of the latest Asbian, i. e.
common and diversified dasyclads, Neoprincipia,
Fasciella crustosa and ‘Paraepimastopora’, decrea-
sing Koninckopora and Kamaenella, but in addition,
the virtually last record of Ungdarella in the lower part
of the Brigantian. However, the base of the Brigantian
also records the first occurrences of Claracrusta. The
validity of Claracrusta, Fasciella crustosa and
‘Paraepimastopora’ being regarded as regional bios-
tratigraphic markers in the Brigantian can be suppor-
ted, because these genera are well-known in other
basins in older rocks (e. g. all three genera occur in the
late Asbian in the Guadiato Area). In consequence,
the younger occurrence of these taxa in Ireland and nort-
hern England can be interpreted as a function of migra-
tion of these benthic flora. On the other hand,
Calcifolium? punctatum first occurs rarely in the midd-
le part of the early Brigantian (in Ireland, it is recorded
c. 20-30 m above the Asbian/Brigantian boundary, and
in northern England, from the Smiddy and Gayle
limestones).

Upper early to lower late Brigantian
During the upper early to lower late Brigantian

interval, assemblages are characterized by the more
frequent occurrence of Calcifolium? punctatum, which
is very common at the top of the early Brigantian.
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However, its presence seems to be a function of
migration, because, this species is rare in south-west
and south-east Ireland, more common in north-east
Ireland, and very abundant in northern England. This
difference in the abundance of Calcifolium? puncta-
tum cannot be explained by ecological factors, and
this distribution seems to be primarily a function of
migration. The upper part of this interval (of late
Brigantian age) can be recognized by the generally
poor algal assemblages, in which Calcifolium? punc-
tatum, Neoprincipia and Claracrusta can be locally
common, and Eovelebitella, ‘Velebitella’,
‘Windsoporella’, Coelosporella and Kamaenella are
rare, and last recorded at the top of this interval.
Locally in north-east Ireland, Archaeolithophyllum
ex gr. lamellosum is recorded, but at the top of micro-
bial mounds (Somerville et al., 1996), which seems
to be a very restricted and particular environment, not
recorded in others areas. In consequence, although
the first occurrence of Archaeolithophyllum seems to
be a biostratigraphic event (appearing in older rocks
than in other Palaeotethyan basins), it is strongly
facies-controlled.

Upper late Brigantian
The youngest Viséan algal assemblages, of upper

late Brigantian age, are characterized by the first occu-
rrence of Calcifolium okense and its acme in the upper-
most late Brigantian. However, this interval seem to be
represented only in north-east Ireland and the Alston
and Askrigg blocks. It is also notable that the dasy-
clads are no longer recorded.

CONCLUSIONS

Detailed petrographic analyses of thin-sections
from the Asbian and Brigantian limestones in Ireland
and northern England permit the recognition of
major trends (relays) in the algal distribution. The
distribution across Ireland and northern Britain of
selected genera shows stratigraphic ranges of regio-
nal importance. These genera were selected because:
(1) they are commonly documented in the British
literature (i. e. Nanopora and Saccamminopsis); (2)
they are well-known and easy recognized taxa, and
are regarded by many authors as biostratigraphically
significant (i. e. Koninckopora, Kamaenella, Fasciella,
Ungdarella, Coelosporella, Archaeolithophyllum,
Calcifolium, ‘Velebitella’, Kulikia and Atractyliopsis);
and (3) they are recognized as being biostratigraphi-
cally important in other Palaeotethyan basins, although

were never recorded previously in Great Britain or
Ireland (i. e. Claracrusta, ‘Paraepimastopora’,
Neoprincipia, ‘Windsoporella’, Pseudokulikia,
Cabrieropora and Palaepimastoporella).

The distribution of sixteen of these genera allow us
to recognize five regional algal assemblages, two wit-
hin the Asbian Stage and three in the Brigantian Stage.
These assemblages can be used to identify the
Asbian/Brigantian stage boundary due to several first
occurrences and acmes. However, the occurrence of
these algae/problematica also depend on palaeoecolo-
gical and palaeogeographic factors, which modify
slightly their stratigraphic ranges (i. e. first appearances
or last appearances) in these areas. The early Asbian
and lower late Asbian interval is characterized by com-
mon Koninckopora and Kamaenella; the upper late
Asbian substage is notable for the acme of Ungdarella
and the first occurrence of several dasyclads (e. g.
Coelosporella, ‘Velebitella’, ‘Windsoporella’); the
lower early Brigantian substage is characterized by
the first occurrences of Claracrusta and Calcifolium?
punctatum, the first appearances (in most areas) of
Fasciella crustosa and ‘Paraepimastopora’, as well as
rich and diversified dasyclads; the upper early
Brigantian and lower late Brigantian interval by the
acme of Calcifolium? punctatum and the decrease in
number of dasyclads; and finally the upper late
Brigantian substage by the first occurrence of
Calcifolium okense.
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TRIASSIC DASYCLADALEAN ALGAE FROM THE DOLOMITES 
(NORTHERN ITALY): STRATIGRAPHIC ASSESSMENT
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Abstract

The use of the calcareous green algal group Dasycladales for biostratigraphic correlation in the
Triassic of the Dolomite area (northern Italy) has, up till now, suffered from the poor state of know-
ledge concerning their taxonomic inventory and stratigraphic distribution. In this study, the Triassic
Dasycladales from the Dolomite area are listed together with the assessment of their stratigraphic ran-
ges. At least 34 dasycladalean species (14 genera) are known from the Dolomite area. The greatest
species richness occurs during the Pelsonian-Illiryan (26 species from 10 genera) and corresponds to
the late Anisian carbonate platform development well known in the literature. At the Anisian-
Ladinian boundary, most of the species disappear. Abundant and diverse dasycladaleans have not
been identified during the development of the extensive Ladinian to Rhaetian carbonate platforms as
might be expected. The biostratigraphic record of the Dasycladales is highly biased by provincialism
and facies dependence.
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Resumen

El uso de las algas verdes calcáreas perteneciente al grupo Dasycladales para la correlación bio-
estratigráfica en el Triásico del área de las Dolomitas (norte de Italia) ha sufrido hasta ahora del esca-
so conocimiento sobre su taxonomía y su distribución estratigráfica. En este trabajo se presenta un
listado de especies de Dasycladales triásicas de las Dolomitas y se valora el rango estratigráfico de
cada una de ellas. Se conocen al menos 34 especies, distribuidas en 14 géneros, del área de las
Dolomitas. La mayor riqueza específica tiene lugar durante el Pelsoniense/Illiriense (26 especies per-
tenecientes a 10 géneros) y se corresponde con el desarrollo de las plataformas carbonatadas durante
el Anisiense superior, bien conocidas en la literatura. La mayoría de las especies desaparece en el
límite Anisiense-Ladiniense. A pesar de lo que cabría esperar, no se han encontrado abundantes ni
diversas asociaciones de Dasycladales en las amplias plataformas carbonatadas en el intervalo
Ladiniense-Rhetiense. El registro bioestratigráfico de Dasycladales está altamente sesgado por el pro-
vincialismo y la dependencia de facies.
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INTRODUCTION

Marine benthic calcareous algae are important bio-
genic components of Triassic shallow water carbonate
successions. The Triassic calcareous algal floras, stu-

died since the second half of the 19th century, are repre-
sented by blue-green algae (e. g., cyanobacteria), green
algae (udoteaceans and dasycladaleans), as well as by
solenoporacean and gymnocodiacean red algae. In the
Triassic, about 50 genera and 200 species of calcare-



ous algae have been described (Flügel, 1991;
Barattolo, 1991). The extinction rate at the Permian-
Triassic boundary is 80% for dasycladaleans genera
(Granier & Grgasović, 2000) and 53% for all algal
genera (Flügel, 1991). In the Early Triassic calcareous
algae (except for spongiostromates) are absent at a glo-
bal scale (Flügel, 1991; Kiessling et al., 2003). The
Permian-Triassic biotic extinction led to a profound
decline in reef production, but platform growth was
less affected even if the facies changed considerably. It
cannot yet be tested whether latitudinal variations in
the distribution of Lower Triassic photozoan-type plat-
forms are correlated with climatic fluctuations
(Kiessling et al., 2003). A climate feedback from the
coal-forest extinction has been proposed for explai-
ning the Lower Triassic intensified warmth; such a cli-
mate feedback contributed to delayed biotic recovery
that generally did not begin until mid-Triassic, but
appears to have resumed first at high latitudes late in
the Early Triassic (Kidder & Worsley, 2004). The first
Triassic skeletal algae have been found in the lower-
most Middle Anisian of the western Tethys. Starting
from the Anisian, carbonate platform settings are cha-
racterised by highly diverse dasycladalean floras (93
species; Granier & Grgasović, 2000) which indicate a
rapid post-Permian diversification. Dasycladalean
diversity decreases from the Anisian to the Late
Triassic with a high taxonomic turnover during the
Middle and Late Triassic and reaches a low at the
Ladinian/Carnian boundary (Ott, 1972a; Flügel, 1991;
Barattolo, 1991). The Triassic sedimentary succes-
sions of the Dolomite area (DA, Southern Alps, nor-
thern Italy; Fig. 1) show such a high species diversity
of Dasycladaleans. To elucidate the history of this
important calcareous algal group in the DA, we have
collected all the literature data concerning Triassic
dasycladalean records allowing the dasycladalean spe-
cies diversity to be resolved at the stage level for the
first time. This analysis reveals previously unrecogni-
sed patterns which may be useful for the biostrati-
graphy of the DA stratigraphic successions. No syste-
matic revision was made herein on the quoted species;
many taxonomic determinations have been made using
different and outdated diagnostic criteria and, therefo-
re, need to be revised. Nonetheless, the stratigraphic
position of many species have to be checked according
to the updated DA stratigraphy as well as to the strati-
graphic correlations with other fossil groups.

The aims of this study are, therefore, (a) to provide
a bibliographic, geographic and stratigraphic inventory
of the Triassic dasycladalean taxa recorded so far in
the DA, (b) to update the taxonomic list according to

the most recent studies (e. g., Granier & Grgasović,
2000; Bucur & Enos, 2001), and (c) to assess the stra-
tigraphic level to which these species have been iden-
tified.

The Dolomites are located in the eastern Southern
Alps. They are bounded by the Neogene Insubric
Lineament to the North and by the Valsugana-Pieve di
Cadore Thrust to the South (Fig. 1). During the
Triassic, the DA underwent extensional conditions due
to strike-slip tectonics which is also responsible for
local compression features (Doglioni, 1984, 1987).
The Dolomites consist of separate blocks controlled by
roughly E-W and N-S structural trends. These show
different subsidence rates resulting in varying thick-
nesses of the same lithostratigraphic units within the
Triassic sedimentary cover (De Zanche et al., 1993).
Triassic deposits consist of continental, lagoonal, car-
bonate platform and basinal units which are variously
stacked and interfingered. These successions are cha-
racterised by a great variety of facies (e. g., Leonardi,
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FIGURE 1–Geographic location of the Dolomites (Southern
Alps, northern Italy).
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1967a; Assereto et al., 1977; Broglio Loriga et al.,
1990; De Zanche, 1990; Bosellini, 1984, 1991; Masetti
et al., 1991; Russo et al., 1991; Gaetani et al., 1992;
Brack & Rieber, 1993; De Zanche et al., 1993; Wignall
& Hallam, 1993). Particularly noteworthy are the
Anisian to Carnian carbonate platforms, recording an
evolution from regional muddy banks to isolated high-
relief buildups (e. g., Bosellini et al., 2003).
Stratigraphic synthesis and sequence stratigraphy of
the whole Triassic interval in the Southern Alps have
been proposed by De Zanche et al. (1993) and by
Gianolla et al. (1998). Although none of these studies
considered dasycladalean algae in the biostratigraphy
of the Triassic successions of the DA, Pia (1930a,
Fig. 3) in his biostratigraphic division of Middle Triassic
of Southern Alps established several dasycladalean
zones and defined the Anisian-Ladinian boundary on
the base of the first appearance of Diplopora annulata
Schafhäutl. Pia’s pioneer work has been often quoted
and a Ladinian age for D. annulata-bearing strata has
been accepted by most of the authors (see references in
Granier & Grgasović, 2000). Among these Ott (1972a, b)
recognised four different algal floras in the Triassic of
Alps (DA included) that may have biostratigraphic
value.

STRATIGRAPHIC ASSESSMENT

In the present paper, we only refer to Triassic dasy-
cladalean species identified in the DA if they have
been described and/or illustrated in the cited studies.
We also include the records of Triassic dasycladaleans
from the Brenta Dolomites (Giudicarie Alps) which
represent the transitional zone between the Lombardy
Basin and the DA (e. g., Venzo & Fuganti, 1965;
Gaetani, 1969; Peloso & Vercese, 1982). The strati-
graphic distributions of the taxa are considered as
given by the cited authors. For those species revised in
later studies, the valid names following Granier &
Grgasović (2000), Bucur & Enos (2001), and Granier
& Hofmann (2002) are used. Species are listed alpha-
betically.

Aciculella bacillum Pia, 1930b: Senowbari-Daryan
et al., 1993 (uncertain assignment).

Clypeina besici Pantic in Granier & Deloffre, 1994,
non 1965: Flajs, 1977 (uncertain assignment).

Diplopora annnulata (Schafhäutl, 1853) 1863:
Stoppani, 1858; Gümbel, 1872; Salomon, 1895;
Tornquist, 1899; Steinmann, 1907; Pia, 1920; Bubnoff,
1921; Ogilvie Gordon, 1927; Epting et al., 1976;

Gaetani et al., 1981; Senowbari-Daryan et al., 1993;
Rinaldo & Jadoul, 1994 (uncertain assignment);
Pugliese, 1997.

Diplopora cadorica Ogilvie-Gordon, 1935: Ogilvie
Gordon, 1935.

Diplopora cellulata Hurka, 1967: Hurka, 1967;
Farabegoli & Levanti, 1982 (uncertain assignment).

Diplopora comelicana Fois, 1979: Fois, 1979.
Diplopora monregalensis (Baretti, 1919) Granier &

Hofmann, 2002: Ogilvie-Gordon, 1927; Rossi, 1967;
Bechstädt & Brandner, 1970; Gaetani et al., 1981;
Senowbari-Daryan et al., 1993; Pugliese, 1997;
Granier & Hofmann, 2002.

Diplopora nodosa Schafhäutl, 1863, emend. De
Castro, 1979: Gümbel, 1872; Salomon, 1895; Pia,
1920; Farabegoli & Levanti, 1982.

Euteutloporella triasina (Schauroth, 1859) De
Castro, 1993: Schauroth, 1855; Gümbel, 1872;
Tornquist, 1900; Pia, 1912.

Griphoporella curvata (Gümbel, 1872) Pia, 1915
emend. Barattolo et al., 1993: Pugliese, 1997.

Griphoporella? guembeli (Salomon, 1895) Pia,
1920: Salomon, 1895; Pia, 1920.

Gyroporella vesiculifera Gümbel, 1872, emend.
Benecke 1876: Pia, 1920; Pugliese, 1997.

Kantia debilis (Gümbel, 1872) Baretti, 1919,
emend. Güvenç 1979: Gümbel, 1872.

Kantia dolomitica Pia, 1912 emend. Güvenç, 1979:
Pia, 1912.

Kantia praecursor (Pia, 1920) Güvenç, 1979:
Hurka & Schmid, 1971.

Macroporella alpina Pia, 1912: Farabegoli &
Levanti, 1982; Senowbari-Daryan et al., 1993.

Macroporella perforatissima Pia, 1920: Casati et
al., 1982.

Oligoporella pilosa var. varicans Pia, 1935:
Senowbari-Daryan et al., 1993.

Oligoporella serripora Pia, 1912: Pia, 1912.
Physoporella croatica Herak in Granier & Deloffre,

1994 non 1958: Hurka, 1969.
Physoporella intusannulata Hurka, 1967: Hurka,

1967.
Physoporella leptotheca Kochanski-Devidé, 1967:

Fois, 1979.
Physoporella lotharingica (Benecke, 1898) Pia,

1931: Pugliese, 1997.
Physoporella pauciforata var. gemerica Bystrický,

1962: Dieni & Spagnulo, 1964; Casati et al., 1982.
Physoporella pauciforata var. pauciforata Pia ex

Bystrický, 1964: Steinmann, 1907; Pia, 1920; Ogilvie-
Gordon, 1927; Hurka, 1969; Farabegoli & Guasti,
1980; Casati et al., 1982.



Physoporella pauciforata var. sulcata Bystrický,
1962: Dieni & Spagnulo, 1964; Gaetani et al., 1981;
Casati et al., 1982.

Poncetella helvetica (Pia, 1912) Güvenç, 1979:
Hurka, 1967.

Poncetella hexaster (Pia, 1912) Güvenç, 1979:
Bubnoff, 1921 (uncertain assignment); Senowbari-
Daryan et al., 1993.

Scinderella scopuliformis Grgasović & Sokač,
2002: Senowbari-Daryan et al., 1993; Grgasović et al.,
2002.

Terquemella brentai Pugliese, 1997: Pugliese,
1997.

Teutloporella herculea (Stoppani, 1857) Pia, 1912:
Salomon, 1895; Ogilvie-Gordon, 1927.

Teutloporella peniculiformis Ott in Granier &
Deloffre, 1994 non 1963: Ogilvie-Gordon, 1935
(uncertain assignment); Epting et al., 1976; Casati et
al., 1982; Senowbari-Daryan et al., 1993.

Teutloporella vicentina var. nana Pia, 1912:
Tornquist, 1899; Pia, 1912; Accordi, 1955; Leonardi,
1967b; Epting et al., 1976; Scheuber, 1990.

Teutloporella vicentina var. vicentina Pia, 1912:
Pia, 1912.

In the Triassic formations of the Dolomites, 34 spe-
cies belonging to 14 genera were identified ranging
from the Anisian to the Rhaetian (Fig. 2). In the
Aegean, dasycladaleans are very rare being represen-
ted only by Poncetella helvetica (Pia) Guvenç and
Oligoporella serripora Pia; the latter is, however, of
uncertain stratigraphic position and taxonomic assign-
ment. During the Bithynian, only 5 species (belonging
to 5 genera) are recorded.

The diversity reaches a peak during the Pelsonian-
Illiryan with 26 species (from 10 genera). Most of the
species belong to the genera Physoporella Steinmann
and Kantia Pia. The Pelsonian-Illiryan boundary
seems to be marked by the appearance of the Kantia
species such as K. praecursor (Pia) Guvenç, K. dolo-
mitica Pia, as well as Diplopora comelicana Fois, D.
monregalensis (Baretti), Euteutloporella triasina
(Schauroth) De Castro, Physoporella leptotheca
Kochanski-Devidé, Scinderella scopuliformis
Grgasović & Sokač, Teutloporella vicentina var. nana
Pia, and T. var. vicentina Pia. Most of the species
disappear at the Anisian-Ladinian boundary.

Twelve species (from six genera) have been recog-
nised in the Ladinian and three species (all of uncertain
taxonomic assignment, from two genera) in the lower
Carnian. No dasycladalean species occur in the Upper
Carnian. During the Norian and Rhaetian, no dasycla-

daleans have been recorded and illustrated in the DA
sensu stricto; in the Brenta Dolomites only
Griphoporella curvata (Gümbel) Pia, Gyroporella
vesiculifera Gümbel and Terquemella brentai Pugliese
have been identified. Oligoporella serripora Pia,
Diplopora cadorica Ogilvie Gordon, Diplopora cellu-
lata Hurka, Diplopora annulata (Schafhäutl), and
Diplopora monregalensis (Baretti) show the longest
stratigraphic ranges.
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FIGURE 2–Dasycladalean algae in the Triassic of the
Dolomites and their stratigraphic distribution. Grey bars
after Granier & Deloffre (1994); dashed lines point to
uncertain taxonomic assignments; *Brenta Dolomites. The
stratigraphic distribution of Scinderella scopuliformis is
after Grgasović et al. (2002). 



The peak of dasyclad diversity reached in the
Pelsonian-Illiryan corresponds to the wide distribution
of Anisian carbonate platforms in the DA. Although a
dasycladalean abundance has been recorded during the
Ladinian to Rhaetian (e. g. Granier & Deloffre, 1994;
Granier & Grgasović, 2000), no abundant and diversi-
fied dasycladaleans have been identified in the DA as
would be expected in the carbonate platform succes-
sions of this time span. Further studies are needed to
verify if this lack of data are due to the real absence of
dasycladaleans or to the incompleteness of the palae-
ontological data.

BIOSTRATIGRAPHIC REMARKS

Early Triassic Tethyan carbonate platforms were
formed without the contribution of reefal debris. The
Anisian and Ladinian shelf platforms are similar to
those of the Early Triassic with regard to the impor-
tance of micrite and microbial carbonates, but differ by
the increasing quantitative importance of dasycladale-
an green algae, the increasing frequency of crinoids
and molluscs, and the scarcity of ooids. Late Triassic
platform carbonates resemble those of the Middle
Triassic, but have a higher contribution of foraminife-
ra, molluscs and oolites, and fewer dasycladaleans
(e.g., Maurer, 2000; Keim & Schlager, 2001; Kiessling
et al., 2003). This general trend is followed by the
dasycladaleans in the DA which show the highest
diversity in the Anisian-Ladinian. The decrease in
diversity toward the Norian and Rhaetian (Fig. 2) is
coupled with the higher contribution of foraminifera,
molluscs and oolites. While Anisian and Ladinian plat-
forms carbonates originated within or near the core
tropics, Norian and Rhaetian platforms are absent or
rare in the equatorial zone (Kiessling et al., 2003).

The comparison between the stratigraphic distribu-
tion of dasycladalean species provided by Granier &
Deloffre (1994) and that presented herein show some
differences (Fig. 2). Poncetella helvetica (Pia) occurs
in the Aegean-Bithynian of the DA while Granier &
Deloffre (1994) indicated a younger stratigraphic dis-
tribution limited to the Ladinian. Physoporella leptot-
heca Kochanski-Devidé appears in the Illiryan of the
DA, while Granier & Deloffre (1994) indicate Norian
age for this species.

Traditionally, assemblage zones (coenozones) have
been applied to shallow water Triassic successions in
Europe. The application of Triassic calcareous algae
for biostratigraphy is restricted to dasycladaleans and
is strongly affected by environmentally controlled dis-

tribution patterns. Algal assemblages, rather than the
stratigraphic range of single taxa, enable the recogni-
tion of time intervals which might correspond to seve-
ral ammonite or conodont zones in the Triassic
(Flügel, 1991). In the Triassic of the Apuseni
Mountains (Romania), Dragastan (1981) defined six
coenozones based on benthic foraminifera and dasy-
cladaleans. Most of these coenozones can be also
recognised in the DA except for the Diplopora annu-
lata-D. nodosa association (Ladinian in Dragastan,
1981) which, in the DA, has been found spanning the
Pelsonian-Ladinian. Grgasović & Sokač (2003) recog-
nised several fossil dasycladalean assemblages in the
Triassic carbonate platform successions of Croatia.
The strong analogy of these assemblages with those of
the DA is represented by the diversity peak reached in the
Pelsonian-Illiryan. The Anisian-Ladinian boundary in
Croatia is marked by the first appearance of Kantia
dolomitica Pia and Diplopora annulata Schafhäutl
which in the DA are already present since the Illiryan
and Pelsonian respectively. Although the record of
Clipeina besici Pantic in the DA is questionable (i. e.
Flajs, 1977), it is restricted to the Carnian as in Croatia.
Gyroporella vesiculifera Gümbel and Gryphoporella
curvata (Gümbel) characterise the Norian and the
Rhaetian in both areas. 

According to Grgasović & Sokač (2003), correla-
tions between the Triassic stratigraphic distributions of
dasycladaleans and other fossil groups (e. g. ammoni-
tes, benthic foraminifera, conodonts, etc.) has not yet
been sufficiently established and still needs to be ela-
borated. An interesting statistical approach to the pala-
eobiogeography of dasycladalean distribution has been
performed by Rasser & Fenninger (2002) for Jurassic-
Cretaceous taxa of the Northern Calcareous Alps.
Such an analysis could also be developed for the
Triassic forms in order to verify possible analogies
between similar localities as DA and Croatia.
Furthermore, taphonomic bias represent a main pro-
blem. The preservation of the aragonitic dasycladalean
extraskeleton as a whole and of the taxonomic features
in particular requires a micritic matrix, encrustation
and/or micritisation. Although studies on skeletal
minerology exist (e. g. Flajs, 1977), taphonomic consi-
deration on dasycladalean have been restricted to only
a few taxa (e. g. De Castro, 1993). The biostratigraphic
record of the Dasycladales in the DA is highly biased
due to provincialism and facies dependence. The
potential use of this group for biostratigraphic inter-
pretations is also hampered by the poor knowledge
concerning their stratigraphic distributions and taxo-
nomic inventory. We suggest that the definition of for-
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mal biozones is an appropriate first order approach for
a stratigraphic correlation using dasycladaleans. As
suggested by Rasser & Fenninger (2002), dasycladale-
an biozones should, however, only be defined for dis-
tinct bioprovinces.
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Abstract

Upper Jurassic–lowermost Cretaceous shallow-water, algae-bearing carbonates outcropping
in Poland represent Tethys (Outer Carpathians) and its northern passive margin (Holy Cross
Mts.). Oxfordian–Kimmeridgian algae for the Holy Cross Mts. occur in coral-ooidal megafacies
(“bahamite” facies). Except of solenoporaceans which are locally abundant, algae are rare and
poorly differentiated taxonomically (Solenopora sp., Parachaetetes cf. asvapatii, Marinella
lugeoni, Thaumatoporella parvovesiculifera, rare Dasycladales: Terquemella sp.,
Salpingoporella annulata, S. gr. pygmaea, ?Petrascula sp.). Microbial structures, microencrus-
ters (except Bacinella-Lithocodium oncoids) and rivulariacean-like cyanobacteria are rare.
Stramberk-type limestones (Tithonian (mainly)-lowermost Cretaceous) are known only as exotic
pebbles, boulders, rarely klippes, occurring within Cretaceous-Palaeogene flysch deposits of the
Outer Carpathians. Two main algae-bearing facies have been recognized: (1) coral-microbial
biolithite facies containing Thaumatoporella parvovesiculifera, Nipponophycus ramosus,
Neoteutloporella socialis and other fragments of Dasycladales, rare solenoporaceans and
Marinella lugeoni. Microencrusters, including problematic Iberopora bodeuri, as well microbial
structures are abundant and diverse; (2) algal-foraminiferal facies dominated by Dasycladales
represented by 19 species of the genera Salpingoporella, Anisoporella, Petrascula, Linoporella,
Campbelliella, Otternstella, Montenegrella, and relatively rare Clypeina sulcata. Both of these
facies can co-occur with Bacinella-Lithocodium boundstones containing Thaumatoporella par-
vovesiculifera. A facies-related distribution pattern accounts for some of these algae and their
associations. However, differences between algae from the Carpathians and the Holy Cross Mts.,
apart of different age, primarily reflect the palaeogeographical position of these areas during
Late Jurassic.

Key words: Calcareous algae, Upper Jurassic-lowermost Cretaceous, Outer Carpathians, Holy
Cross Mts., Poland.

Resumen

Los carbonatos con algas calcáreas de aguas someras del Jurásico superior - base del Cretácico de
Polonia representan parte del registro del Tethys (Zonas Externas de los Cárpatos) y su margen pasi-
vo septentrional (Montañas Holy Cross). Las algas del Oxfordiense-Kimmeridgiense de Holy Cross
se encuentran en megafacies de corales y oolitos. A excepción de las solenoporáceas, que son local-
mente muy abundantes, las algas son raras y escasamente diferenciadas a nivel taxonómico
(Solenopora sp., Parachaetetes cf. asvapatii, Marinella lugeoni, Thaumatoporella parvovesiculifera,
escasas dasicladáceas: Terquemella sp., Salpingoporella annulata, S. gr. pygmaea, ?Petrascula sp.).



INTRODUCTION 

Upper Jurassic shallow-water, algae-bearing carbo-
nates outcropping in Poland represent two palaeogeo-
graphic domains: Northern Tethys (Outer Carpathians,
Southern Poland; Fig. 1) and its northern, passive shelf
situated on the European Plate (Holy Cross Mts.,
Central Poland; Fig. 2). In the Holy Cross Mts. algae
occur within Upper Oxfordian and (mainly) Lower
Kimmeridgian coral-ooidal megafacies (“bahamite”
facies).

In the Polish Outer Carpathians shallow-water
deposits known as Stramberk-type limestones (mainly
Upper Tithonian) are known only as pebbles, boulders
(so called exotics) and klippes (e. g., Inwald, Kruhel)
occurring within the Cretaceous-Palaeogene flysch
sequences.

Calcareous benthic algae of similar age are also
known from boreholes the in the Carpathian Foredeep
and northern Polish Lowlands.

Upper Jurassic-Lowermost Cretaceous algae from
Poland have rarely been the subject of detailed taxo-
nomic investigations. The present paper deals with
algae from the Holy Cross Mts. and the Outer
Carpathians. Some of these are reported or described
here for the first time from Poland.

GEOLOGICAL FRAMEWORK

Holy Cross Mountains (Gory Swietokrzyskie)
Upper Jurassic deposits of the Holy Cross Mts.

belong to the northern shelf of Tethys –a broad belt of
carbonates extended from Spain to Romania. It repre-
sents a shallowing upward sedimentary mega-sequen-
ce –from sponge buildups and related facies in
Oxfordian to shallow water “bahamite” facies of
Oxfordian-Kimmeridgian age. The shallow water car-
bonates diachronously overlap deeper ones from NE to
SW due to progressive basin infilling. Sedimentation
of “bahamite” facies took place on an extensive gently
inclined carbonate ramp in high (oolite shoals) and
moderate energy environments. Two main algae-bea-
ring facies can be distinguished (see Kutek, 1969,
1994; Kutek et al., 1992; Roniewicz & Roniewicz,
1971; Wieczorek, 1979):

• coral-bearing grapestone facies–peloidal packs-
tones and wackestones rich in cortoids, micritised
bioclasts and aggregated lumps. Common and
well-preserved macrofauna include corals, someti-
mes in life position, gastropods and bivalves (dice-
ratids). This environment ranged from moderately
agitated to quiet water deeper part of lagoons par-
tially inhabited by coral meadows.
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Las estructuras microbianas, organismos microencostrantes (excepto oncoides de Bacinella-
Lithocodium) y cianobacterias del tipo rivulariáceas son raras. Las calizas de tipo Stramberck
(Titónico [principalmente] - parte basal del Cretácico) son conocidas sólo como cantos exóticos, rara-
mente klippes, que se encuentran en los depósitos de flysch del Cretácico-Paleógeno de las Zonas
Externas de los Cárpatos. Se reconocen principalmente dos facies con algas: (1) facies de corales y
carbonatos microbianos con Thaumatoporella parvovesiculifera, Nipponophycus ramosus,
Neoteutloporella socialis y otros fragmentos de dasicladales, escasas solenoporáceas y Marinella
lugeoni. Los organismos microencostrantes, incluyendo el problemático Iberopora bodeuri, al igual
que otras estructuras microbianas son abundantes y diversos; (2) facies de algas y foraminíferos domi-
nadas por dasicladales representadas por 19 especies de los géneros Salpingoporella, Anisoporella,
Petrascula, Linoporella, Campbelliella, Otternstella, Montenegrella y relativamente raros ejemplares
de Clypeina sulcata. Ambos tipos de facies pueden aparecer conjuntamente con construcciones de
Bacinella-Lithocodium que contienen Thaumatoporella parvovesiculifera. La distribución de algu-
nas de estas algas y sus asociaciones está condicionada por las facies. No obstante, las diferencias
entre las algas de los Cárpatos y las de las Montañas Holy Cross, aparte de la edad, reflejan sobre
todo la posición paleogeográfica de estas áreas durante el Jurásico superior.

Palabras clave: Algas calcáreas, Jurásico superior-Cretácico inferior, zonas externas de los
Cárpatos, Montañas Holy Cross, Polonia.
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FIGURE 1–Position of the localities with exotic boulders and pebbles sampled from the Outer Carpathians (geology after Malata
et al., 1996; map from Ciborowski & Kol⁄odziej, 2001, slightly modified).

FIGURE 2–Localities with studied algae from the Holy Cross Mts. In the lower right part of figure location of the areas studied
on a simplified geological map of Poland.



• oolite-bioclastic facies–oolitic and oolitic-bio-
clastic cross-bedded grainstones. This facies
represents high energy shoals.

Outer Carpathians
The term “Stramberk-type limestones” coming

from famous outcrops in Stramberk (Moravia, Czech
Republic; Elias & Eliasova, 1984, 1986) has been
widely used in the area of the former Austro-
Hungarian Empire for field descriptions of shallow
water, so called “reefal” limestones of Upper Jurassic
age within flysch deposits of the Outer Carpathians.
Several local traditional names are still in use (e. g.,
Inwald limestones in the Andrychów klippes, Poland;
Ernstbrunn Limestone in Moravia and Austria), reflec-
ting lithological differences and geographic location.
A Tithonian age of these limestones has often been
assumed, however locally this type of sedimentation
persists until the Berriasian (e. g., Sotak, 1987a;
Housa, 1990; Ciborowski & Kolodziej, 2001) and pos-
sibly even to the Valanginian (Ivanova & Kol⁄odziej,
2004).

Stramberk-type limestones known only as isolated
pebbles, boulders and klippes, together with exotics of
other ages, occurs within the Cretaceous-Palaeogene
flysch sequences. The source areas, not preserved,
represent basement of flysch deposits, periodically
emerged and eroded as “cordilleras” within sedimen-
tary flysch basins. 

Stramberk-type limestones in Poland originated at
the  northern margin of the Tethys, which underwent
strong Late Jurassic/Early Cretaceous block tectonics
(e. g., Kutek, 1994). Sedimentation took place on car-
bonate platforms flanking the European Plate (e. g.,
Brno Platform, Pavlov Platform; Elias & Eliasova,
1984, 1986). The relatively undisturbed shallow-water
Upper Jurassic/Earliest Cretaceous carbonate complex
of the Carpathian Foredeep and the Polish Lowlands,
still in sedimentary position (e. g., Niemczycka, 1976;
Zdanowski et al., 2001), represents the north-eastern
continuation of this platform. Another area of sedi-
mentation is represented by rimmed carbonate plat-
forms with diverse morphology (Silesian Crests s.l.;
Hoffmann, 2001) separated from the North European
Plate by narrow basins with deep-water sedimentation
including allodapic limestones (e. g., Cieszyn
Limestone). [Author M. H. considers that the
Bachowice Basin (Ksią z

.
kiewicz, 1956) possibly did

not exist and that exotics from Bachowice belong to
the Cetechowice-Magura sedimentary unit. During
overthrust of the Carpathian  nappes these blocks were
moved northward to their present position.]

Sedimentary environment of the Stramberk-type
limestones

At first sight, reconstruction of the Stramberk-type
limestones sedimentary environment on the basis of
material from exotic blocks appears to be problematic.
Isolated occurrences, varied derivation, small size and
lack of index fossils in most of exotics make  esta-
blishment of the spatial and age relationships between
facies difficult. However, comparison with other well
exposed areas of similar age and geotectonic position
(e. g., Ota reef in Portugal; Leinfelder, 1992) makes
reconstruction of facies pattern feasible. 

Traditionally depicted as reefal, Stramberk-type
limestones actually comprise a variety of shallow-
water facies: coral-microbial biolithite, sponge-micro-
bial biolithite, algal-foraminiferal, oncoidal grapestone,
peloidal wackestone, bioclastic rudstone/grainstone
and ooidal bioclastic (Hoffmann, 1992). Sedimentation
of the Stramberk-type limestones took place on the
northern margin of Tethys affected by block tectonics
and separated from the European Plate by the
Metacarpathian Arch. Sedimentary environments of
carbonate platforms s. l. ranged from lagoon to barriers
and shoals. The platform edge was occupied by rudsto-
ne/grainstone or ooidal-bioclastic facies. These high
energy deposits represent in situ debris reefs, shelf crest
high energy shoals and/or event deposits of foreslope
facies. High rate of sedimentation and extremely des-
tructive energy inhibited microbial binder growth and
as a consequence development of preserved rigid fra-
mework. The lack of framework reefs in high energy
zone seems to be common for Late Jurassic examples
(Leinfelder, 1992). According to Ksią z

.
kiewicz (1971)

Inwald limestones represent deposits of shoals with
bahamite deposits which borderd reefs.

The open marine platform was occupied by algal-
foraminiferal, oncoidal grapestone and peloidal
wackestone facies. Within these, coral-microbial
patch-reefs developed. The relatively low rate of sedi-
mentation, due to occasional energy increase, preven-
ted muddy sedimentation and allowed the develop-
ment of thick microbial coatings on macroskeletons. In
the studied material open marine platform facies pre-
vailed. High energy platform edge facies are however
common in Stramberk Limestone (Kotouc quarry in
Stramberk, Housa, 1987) and basinal areas (Cieszyn
Limestone, Matyszkiewicz & Slomka, 1994). This fea-
ture could be due to scarcity and random derivation of
samples and probably does not reflect the real facies
pattern of Stramberk-type limestones.

Two main algae-bearing facies have been distin-
guished.
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• coral-microbial biolithite facies–composed of
framestones, bafllestones and bindstones with corals
and calcified sponges as the metazoan constructor
guild. These macroskeletons are encrusted and stick
together by microbial structures, sometimes up to
several cm thick: “Tubiphytes”–thrombolite foramini-
feral-thrombolite, Lithocodium-Bacinella and various
types of crust and stromatolites (peloidal, clotted, etc.).
Common growth cavities are filled with bioclastic
grainstone of the algal-foraminiferal facies.

• algal-foraminiferal facies–consist of bioclastic
grainstones and packstones. Grain particles are often
superficially micritised. The faunal community is
dominated by dasycladalean algae, benthic foramini-
fers and rivulariacean-like cyanobacteria. Bioclasts of
macroskeletons (corals, calcified sponges) with micro-
bial coatings are common. Lithocodium-Bacinella
structures also occurs alone  as decimetric irregular
lumps. 

It is also possible that Lithocodium-Bacinella
microbolites on their own formed small patch-reefs co-
occuring with algal-foraminiferal facies (cf., Hoffman,
1992).

MATERIAL

Outer Carpathians
The material studied comes from pebbles and boul-

ders of the Stramberk-type limestones from several
localities of the Silesian, Sub-Silesian and Skole units
(Fig. 1). The localities (see numbers on Fig. 1) and
stratigraphic position of exotic-bearing deposits with
relation to the Outer Carpathian nappes are given
below. 

Silesian nappe
1 – Zamarski – 6 km north from Cieszyn; Lower

Cieszyn Beds (Kimmeridgian-middle Upper Titho-
nian).

2 – Z
.
ywiec, outcrop upon Sol⁄a river, western part

of Grójec Hill; olistostrome within the Upper Cieszyn
Beds (Valanginian-Lower Hauterivian). 

3 – Stream in Leńcze village, 5 km north of
Kalwaria Zebrzydowska; Lower Istebna Beds (Late
Senonian).

4 – Gródek upon Dunajec (Roz
.
nów Lake), 15 km

north of Nowy Są cz; Cięz
.
kowice Beds (Eocene). 

Sub-Silesian nappe
5 – Krzywa stream in Krzywica village, 7 km west

of Skawina; Verovice Beds (Barremian).

6 – Jastrzębia stream in Jastrzębia village, 1.5 km
east of Lanckorona; Grodziszcze Beds (Early Aptian).

7 – Rędzina stream in Wozniki village, 6 km north
of Wadowice; black shales within Gaize Beds (Late
Aptian–Albian). 

Skole nappe
8 – Lubeńka stream in Lubenia village, 12 km

south-east of Rzeszow, Babica Clays (Lower
Palaeocene). 

9 – Lipnik Hill (Wapielnica) near Przemyśl, 5 km
south-east of Przemyśl; Ropianka Formation
(Maastrichtian-Palaeocene). The locality is in the vici-
nity of the Kruhel klippe, now poorly exposed.

Exotic pebbles and thin sections are deposited in
the Geological Museum of the Institute of Geological
Sciences, Jagiellonian University, Kraków. The first
number given in explanations of figures on plates
(e. g., 99/216) refers to museum collection of extic
pebbles (UJ 140P, sample 99); the second number
refers to the musum collection of thin sections (UJ 30,
thin section 216).

Holy Cross Mts. (HCM)
Thin section observations have been made on the

samples collected in four localities: 

1. Bal⁄ tów near Ostrowiec Świętokrzyski, NE mar-
gin of HCM (Middle Oxfordian).

2. Bukowa near Mal⁄ogoszcz, SW margin of HCM
(Lower Kimmeridgian).

3. Ptasznik near Chmielnik, S margin of HCM
(oncolite horizon, Lower Kimmeridgian).

4. Sulejów near Piotrków Trybunalski, NW margin
of HCM (Lower Kimmeridgian). This locality,
not included on Fig. 2, is situated ca. 65 km NE
from Bukowa.

OVERVIEW OF THE ALGAE

Table 1 lists the algal assemblages studied here. 

Holy Cross Mountains
Algae from the Holy Cross Mts. (HCM) consist

mainly of solenoporanceans (Parachaetetes cf. asvapatii
Pia, Solenopora sp.) showing seasonal banding and
often pink colour (cf., Wright, 1985). Material studied
comes mainly from Bukowa and Baltow, however
solenoporaceans also occur in other localities in the
HCM. Marinella lugeoni Pfender of problematic sys-
tematic position (red alga with close relationships to
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solenoporaceans according to Barattolo & Del Re,
1985, or to corallinaceans, according to Leinfelder &
Werner, 1993) mainly occurs in ooidal-bioclastic limes-
tones. In some horizons, this alga is abundant (Kutek,
1969; Roniewicz & Roniewicz, 1971). Dasycladales are
represented by 5 rarely occurring species.
Rivulariacean-like cyanobacteria and encrusting micro-
problematica are rare. However there are horizons of
large oncoids made mainly by microbial structures and
Lithocodium-Bacinella association (e. g., Kutek &
Radwanski, 1965, and personal observations). Within
these oncoids the alga Thaumatoporella parvovesiculi-
fera (Raineri) and microproblematicum Koskinobullina
socialis Cherchi & Schroeder also occur, although,
generally, both species are rare in other algae-bearing
limestones  studied. In addition, Bacinella is frequently
attached to decomposed solenoporacean algae (cf. Helm
& Schulke, 1998). The associated foraminifers are
Alveosepta jaccardi (Schrodt), Mohlerina basiliensis

(Mohler), Pseudocyclammina sp., Andersenolina sp.
and Lenticulina sp.

The only taxonomic paper dealing with the Upper
Jurassic algae from the HCM is by Golonka (1970)
who described the following species from the Upper
Jurassic of this area (original determinations):
Marinella lugeoni, Acicularia elongata Carozzi, A.
jurassica Johnson, Actinoporella cf. podolica Alth
and cyanophyta: Cayeuxia moldavica Frollo, C. piae
Frollo, Pycnoporidium lobatum Yabe & Toyama,
Girvanella minuta Wethered. Golonka also recognized
the new species Solenopora magna (cells diameter
0.1-0.13 mm) and Rothpletzella jurassica, but these
species as well as Belzungia sp. seem not to be algae,
but instead represent chaetetid, bryozoa and foramini-
fera respectively. We also have to note that representa-
tives of the genus Acicularia seem to be absent in
Jurassic deposits, and all such identifications in litera-
ture (see also discussion in this paper) are most pro-
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(1995), Bassoullet (1997), Bucur (1999), Granier & Berthou (2002), De Castro (2002), Helm et al. (2003).



bably wrong. Almost all illustrated specimens in
literature under the name Acicularia belong to
Terquemella.

Although solenoporaceans are locally abundant,
interpretation of solenoporaceans-bearing limestones
as algal-coral reefs (Golonka, 1970, 1978) is not justi-
fied. It should be noted that chaetetids are locally
abundant in the Upper Jurassic of the HCM. In the
older geological literature dealing with the HCM they
were often incorrectly described as Solenopora.

Outer Carpathians
The two algae-bearing facies distinguished within

the Stramberk-type limestones contain different algal
assemblages.

Coral-microbial biolithite facies. Algae are not
numerous and are represented by green algae [frag-
ments of Dasycladales including Neoteutloporella
socialis (Praturlon), Thaumatoporella parvovesiculife-
ra, Nipponophycus ramosus Yabe & Toyama]; rare red
algae (Solenopora sp., the problematic Marinella luge-
oni - only in one pebble), and rivulariacean-like cya-
nobacteria. Lithocodium aggregatum Elliott associated
with the boring foraminifer Troglotella incrustans
Wernli & Fookes is one of the most common microen-
crusters (Kol⁄odziej, 1997). In addition, Bacinella irre-
gularis Radoicić, “Tubiphytes” morronenis Crescenti,
Iberopora bodeuri Granier & Berthou, Koskinobullina
socialis, microbial and other problematic crusts occur.

Algal-foraminiferal facies. This facies contains
numerous fragments of Dacycladales (including
Neoteutloporella) and rivulariacean-type cyanobacte-
ria. Bioclasts are sometimes covered by Lithocodium
and Bacinella. “Tubiphytes” occurs quite often, toge-
ther with numerous foraminifera and bioclasts, inclu-
ding corals, but intraclasts are rare.

Thaumatoporella parvovesiculifera occurs relati-
vely commonly within Bacinella-Lithocodium micro-
bolite, that formed small patch-reefs co-occuring with
algal-foraminiferal facies.

Additional associated biota are: Pseudocyclammina
lituus (Yokoyama), Troglotella incrustans, Mohlerina
basiliensis, Andersenolina alpina (Leupold),
Andersenolina elogata (Leupold), Protopeneroplis
ultragranulata (Gorbachik), Coscinophragma sp.,
Charentia sp., Everticyclammina sp., Arenobulimina
sp., miliolid foraminifera and Radiomura cautica
Senowbari-Daryan & Schaefer.

In previous studies, only a few algae were recogni-
zed in the Stramberk-type limestones. From the Inwald
Limestone (klippes in Inwald and Roczyny; western
part of Outer Carpathians), Ksiazkiewicz (1971) and

Olszewska and Wieczorek (2002) listed five species of
Dasycladales: Actinoporella podolica, Clypeina juras-
sica Favre, Salpingoporella annulata Carozzi, S. ex gr.
pygmea (Gümbel), Neuoteutroporella socialis and
Acicularia elongata (original determinations). 

Nowak (1972) recognized Clypeina jurassica [=C.
sulcata (Alth)] in the Upper Tithonian–?Valanginian
allodapic Cieszyn Limestone in the western part of
Polish Outer Carpathians.

Interestingly, the studied material only includes one
sample containing Marinella lugeoni, although this
species is common (as well as fragments of
Solenopora) in bioclastic conglomerates with ooids
belonging to the Upper Cieszyn Limestone (Berriasian
carbonate flysch) from Zywiec area (western part of
the Outer Carpathians; Matyszkiewicz & Sl⁄omka,
1994).

REMARKS ON SELECTED CALCAREOUS
ALGAE

Remarks on some poorly known or controversial
algae and Microproblematica are given below.

1. Dasycladalean green algae

Genus Anisoporella Botteron, 1961
Anisoporella? jurassica (Endo, 1961) Bucur, 1995

(Pl. 2, Fig. 12)
Anisoporella? cretacea (Dragastan, 1967) Bucur,

1995
(Pl. 4, Fig. 2-4)

Endo (1961) described Pseudoepimastopora juras-
sica from the Torinosu Limestone considered of Late
Jurassic age. Pseudoepimastopora cretacea was des-
cribed by Dragastan (1967) from Lower Cretaceous
deposits. The two species were invalidated by Granier
& Deloffre (1993) owing to the attribution to the non-
valid genus Pseudoepimastopora Endo, 1960.
However, both species were validated by their subse-
quent attribution to valid genera. P. cretacea was trans-
fered to the genus Epimastoporella Roux, 1979
(Bucur, 1992) and subsequently transfered to the genus
Anisoporella Botteron, 1961 (Bucur, 1995, 2000). P.
jurassica was firstly transfered to the genus
Epimastoporella by Senowbari et al. (1994) and sub-
sequently transfered to the genus Anisoporella by
Bucur (1995). The reasons of this last attribution and
the related uncertainity were presented in Bucur
(2000). Helm et al. (2003) followed this attribution for
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the species P. cretacea. The uncertainty surrounding
this generic attribution remains, for two reasons: 1) The
genus Anisoporella has two rows of laterals in each
vericil (double verticil), while the two species under
discussion have only one. 2) The vesiculiform shape of
the laterals (considered as well by Bucur, 2000; see
also the description of Gyroporella lukicae by Sokac &
Velić, 1982) could be questioned.

Epimastopora cekici Radoicić (1970) is undoubtly
a species belonging to this algal group. The euspondyl
arrangement of laterals can be deduced from the speci-
men illustrated in Pl. VI, Fig. 1 (Radoicić, 1970). It is
obvious that this alga does not belong to the genus
Epimastopora Pia ex Korde, 1951, emend Roux, 1979
and we propose, until a thorough revision of this group
of alge, the new combination Anisoporella? cekici
(Radoicić) nov. comb.

Barattolo et al. (1993) revised Griphoporella cur-
vata (Gümbel) from the Upper Triassic. This alga has
phloiophorous laterals with a subterminal narrowing.
This character can sometimes give  the false impres-
sion of the existence of vesiculiform laterals, and for
this reason the species was sometimes wrongly attri-
buted to Gyroporella vesiculifera (see synonymy
list in Barattolo et al., 1993). The resemblance betwe-
en some sections of Griphoporella curvata (e. g.
Barattolo et al., 1993, Pl. 3, Fig. 1) and sections of
Anisoporella? cretacea (e. g. Dufaure, 1958, Pl. 3, Fig.
6; Bouroullec & Deloffre, 1970, Pl. 7, Fig. 1-3; Bucur,
1992, Pl. 4, Fig. 1-11; Bucur, 2000, Pl. III, Fig. 1-5;
Helm et al., 2003, Pl. 7, Fig. 5; Pl. 8, Fig. 9) and
Anisoporella? jurassica (Endo, 1961, Pl. XIV, Fig.
1-2, Pl. XV, Fig. 3-4; Dragastan, 1975, Pl. XXXVII,
Fig. 3; Sotak & Misik, 1993, Pl. 1, Fig. 5; Bucur, 1995,
Pl. I, Fig. 1-2; Moshammer & Schlagintweit, 1999, Pl. 1,
Fig. 6; Schlagintweit & Ebli, 1999, Pl. 3, Fig. 3, Pl. 10,
Fig. 2) lead us to consider that the two species tentati-
vely attributed to the genus Anisoporella could rather

be attributed to the genus Griphoporella Pia, 1915,
emend Barattolo et al., 1993.

Moreover, the curved outline of these algal frag-
ments, as well as the appearance of the pores  aspect,
make them very similar to fragments of the upper part
(cap) of some species of Petrascula, representing the
external calcified part of second or third order laterals
(e. g. Bernier, 1979, Pl. 2, Fig. 1, Pl. 3, Fig. 1; Bernier,
1987, Pl. 2, Fig. 2-3, Pl. 3, Fig. 5). Such an origin
could especially apply to the specimen illustrated by
Fenninger & Hötzl (1967, Pl. 5, Fig. 2, reproduced
also by Rasser & Fenninger, 2002, Pl. I, Fig. 1).

Representatives of the genus Sestrosphaera Pia
1920 (e. g. Sestrosphaera liasina Pia in Bassoullet et
al., 1978, Pl. 32, Fig. 2-5) have a skeleton morphology
very similar to Griphoporella, the main difference
consisting in the general morphology of the thallus:
club-shaped, with distinct stem and cap, in
Sestrosphaera; cylindrical to slightly club-shaped,
with a progressive enlargements towards the upper
part, in Griphoporella.

Moreover, some algae referred to Cylindroporella
(e. g. Cylindroporella ivanovici Sokac, 1987, Pl. I, Fig.
1-5, Pl. II, Fig. 1-2; Bucur, 1994, Pl. III, Fig. 15-17),
Urdiporella (e. g. Urdiporella jurassica Dragastan,
1989, Pl. 2, Fig. 1 –possibly also a Cylindroporella
species) and Epimastoporella (e. g. Epimastoporella
sp., Schlagintweit & Ebli, 1999, Pl. 11, Fig. 7) have a
very thin calcareous envelope surrounding a large cen-
tral cavity, due mostly to the lack of calcification of
the main stem and first order laterals. The morpholo-
gical resemblance between such specimens and frag-
ments of algae attributed to Pseudoepimastopora-
Epimastoporella-Anisoporella? is obvious.

Consequently, the systematic attribution of such
algal skeletons is still an open problem, requiring well
preserved material and a thorough revision of the alre-
ady published data.
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PLATE 1–1-19, Salpingoporella gr. pygmaea (Gümbel). 1, Oblique section, Gródek, 99/229 (O.C.), x 30. 2, Oblique section,
Gródek, 86/275 (O.C.), x 30. 3, Transverse-oblique section, Gródek, 120/268 (O.C.), x 60. 4, Transverse-oblique sec-
tion, Gródek, 99/272 (O.C.), x 60. 5, Oblique section, Gródek, 99/227 (O.C.), x 30. 6, Transverse-oblique section, Gródek,
120/268 (O.C.), x 60. 7, Transverse section, Leńcze, 74/208 (O.C.), x 60. 8, Transverse section, Krzywica, 109/274 (O.C.), x
60. 9, Transverse-oblique section, Leńcze, 83/210 (O.C.), x 60. 10, Transverse section, Jastrzębia, 75/273 (O.C.), x 60. 11,
Transverse-oblique section, Gródek, 100/230 (O.C.), x 60. 12, Transverse section, 121/276 (O.C.), x 60. 13, Transverse-
oblique section, Gródek, 84/221 (O.C.), x 60. 14, Transverse section, Gródek, 100/231 (O.C.), x 60. 15, Oblique sec-
tion, Gródek, 99/228 (O.C.), x 30. 16, Fragment in longitudinal section, Leńcze, 83/210 (O.C.), x 60. 17, Transverse
section, Gródek, 99/269 (O.C.), x 60. 18, Transverse section, Krzywica, 38/75 (O.C.), x 60. 19, Tangential section, Gródek,
99/228 (O.C.), x 15. N.B. For all plate explanations: O.C. = Outer Carpathians; H.C.M. = Holy Cross Mountains.
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Genus Griphoporella Pia, 1915 
emend. Barattolo et al., 1993

Griphoporella? cf. perforatissima Carozzi, 1955
(Pl. 4, Figs. 15-16)

This alga was described by Carozzi (1955) and con-
sidered valid by Bassoullet et al. (1978), Barattolo et
al. (1993) and Granier & Deloffre (1993). Based on
the illustrated specimens in literature, it is difficult to
juge if Griphoporella perforatissima fits with the
generic characteristics of Griphoporella as emended
by Barattolo et al. (1993), in which phloiophorous
laterals have a distal constriction. In lacking such a
character, Griphoporella? perforatissima could  inste-
ad belong with the genus Salpingoporella Pia, 1918. In
fact, Granier (1988, Pl. 5, Fig. 1) attributed a specimen
to the species Salpingoporella pygmaea which has a
morphology more close to Griphoporella perforatissi-
ma Carozzi.

?Griphoporella sp.
(Pl. 4, Fig. 5)

Longitudinal-oblique section through a dasyclada-
lean having a thin calcareous wall pierced by many
thin tubular pores. The shape of the pores (laterals)
makes attribution to the genus Griphoporella Pia,
1920, emend. Barattolo et al., 1993 doubtful. Sections
through similar algae were also illustrated by Barattolo
& Pugliese (1987, Pl. X, Fig. 1, as Epimastopora? sp.)
and Carras (1995, Pl. 14, Fig. 1, as unidentified alga).

Genus Montenegrella Sokac & Nikler, 1973
Montenegrella florifera Bernier, 1978

(Pl. 3, Fig. 6, 7)

Montenegrella florifera was described by Bernier
(1978) from Upper Jurassic (Portlandian) limestones
of southern France. Farinacci & Radoicić (1991, Pl. 6,
Fig. 1-8) illustrate specimens of Linoporella svilajen-
sis Sokac and Velić which are quite similar to the
Montenegrella florifera specimens of Bernier (1978).
Linoporella? svilajensis is a dasycladalean described
by Sokac and Velić (1976) from Upper Jurassic?-
Lower Cretaceous? of southern Croatia. Even if the
preservation in these two algae is somehow different,
and Linoporella? svilajensis has slightly larger dimen-
sions, the two algae have similar overall morphology.
In fact, the specimens illustrated by Farinacci &
Radoicić (1991) cover the dimensional range of both
Montenegrella florifera and Linoporella? svilajensis
(Table 2). If we consider the shape of the laterals, and
the relationship between the primary and secondary
laterals, the species could rather be attributed to the
genus Montenegrella Sokac & Nikler, 1973. If the two
species prove to be synonymous, than the new combi-
nation would be Montenegrella svilajensis (Sokac and
Velić).

The algae illustrated by Barattolo & Pugliese
(1987, Pl. X, Fig. 2, 4, and Pl. XI, Fig. 1-3 as
Dissocladella intercedens Bakalova, are considered by
Farinacci & Radoicić (1991) as belonging to
Linoporella svilajensis.
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PLATE 2–1, 2, Salpingoporella annulata Carozzi. 1, Longitudinal-oblique section, Gródek, 99/226 (O.C.), x 30. 2, Oblique sec-
tion, Gródek, 99/272 (O.C.), x 60. 3, 4, Clypeina sulcata (Alth). 3, Fragment of verticil in horizontal-transverse section,
Gródek, 99/271 (O.C.), x 60. 4, Fragment of verticil in vertical-tangential section, Gródek, 99/226 (O.C.), x 60. 5, 6, 9,
Otternstella sp. 5, Oblique section, Gródek, 118/263 (O.C.), x 30. 6, Transverse section, Gródek, 99/269 (O.C.), x 30. 9,
Longitudinal-tangential section, Gródek, 84/221 (O.C.), x 30. 7, Campbeliella striata (Carozzi), longitudinal-tangential sec-
tion, Wozniki, 31/83 (O.C.), x 30. 8, ?Linoporella sp., transverse-oblique section, Leńcze, 74/208 (O.C.), x 60. 10,
Montenegrella sp., longitudinal section, Jastrzębia, 77/273 (O.C.), x 7,5. 11,  Neoteutloporella socialis (Praturlon), oblique
section, Gródek, 118/263, x 7,5. 12, Anisoporella? jurassica (Endo), longitudinal section, Krzywica, 90/218 (O.C.), x 15.
13, ?Otternstella sp., oblique section, Gródek, 86/275 (O.C.), x 30. 14, ?Suppiluliumaella sp., transverse section, Gródek,
99/226 (O.C.), x 30.
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Montenegrella sp.
(Pl. 2, Fig. 10)

A very nice, but solitary, longitudinal section
through an alga belonging to the genus Montenegrella
was found (Pl. 2, Fig. 10). The general morphology is
similar to that of Montenegrella corbarica Jaffrezo
(1975), but the specimen from Polish Carpathians has
larger dimensions (e. g. D = 3.3 mm, and d = 1.7 mm,
compared with D = 1.35-1.6 mm, and d = 0.05-1.0 mm
in Montenegrella corbarica).

Genus Petrascula (Gümbel, 1873) emend Bernier,
1979

?Petrascula sp.
(Pl. 3, Fig. 9-13; Pl. 4, Fig. 1)

Fragments in longitudinal, oblique or transverse
sections which belong most probably to species of the
genus Petrascula (Gümbel, 1873), and represent either
sections through the transitional zone between the

stem and the cap (Pl. 3, Fig. 9, ?10), or fragments of
the cap (Pl. 3, Fig. 11-13; Pl. 4, Fig. 1). These frag-
ments can be compared with illustrations of Petrascula
in Bernier (1979, Pl. 2, Fig. 1; Pl. 3, Fig. 1), Bernier
(1978, Pl. 2, Fig. 2, 3; Pl. 3, Fig. 5).

Other algal specimens identified in the Polish
Carpathians could belong either to similar fragments
of Petrascula or to fragments of Griphoporella (e. g.
Pl. 4, Fig. 6-11; Pl. 5, Fig. 1). Sometimes, such frag-
ments show two orders of laterals (Pl. 4, Fig. 12, 13)
and these could represent either fragments of
Petrascula or fragments of  Tersella Morellet, 1951.

Genus Salpingoporella Pia, in Trauth, 1918
Salpingoporella gr. pygmaea (Gümbel, 1981)

Bassoullet et al., 1978
(Pl. 1, Fig. 1-19)

The algae we assign to the species Salpingoporella
pygmaea are the most common dasycladaleans in the
samples from Polish Outer Carpathians. Using the
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Montenegrella florifera Linoporella? svilajensis Linoporella svilajensis
(Bernier, 1978) (Sokac and Velić, 1976) (Farinacci & Radoicić, 1991)

L 13.23 – –
D 1.70-2.14 2.03-2.78 0.67-2.75
d 0.94-1.32 0.73-1.18 0.825-1.10
p 0.102-0.204 0.10-0.17 0.08-0.11
l 0.20-0.38 0.25-0.37 0.275-0.37

P’ 0.050-0.204 – 0.050-0.060
l’ 0.20-0.31 0.37-0.52 0.27-0.32
h 0.21-0.41 0.37-0.45 0.32-0.44
w 24-28 28-35 20-26
w’ 4-6? 3-4 –

Table 2–Comparative general dimensions of Montenegrella florifera Bernier, 1978 and Linoporella? svilajensis Sokac and Velić,
1976 (in mm).

→

PLATE 3–1, Petrascula bursiformis (Etallon), transverse section through the stem, Wozniki, 112/255 (O.C.), x 15. 2, 3,
Linoporella sp., transverse-oblique sections, Lubenia, 111/254 (O.C.), x 60. 4, 5, Linoporella kapelensis Sokac & Nikler. 4,
Transverse-oblique section, Krzywica, 38/75 (O.C.), x 15. 5, Enlargement of a part of Fig. 4 to show the shape and arrange-
ment of laterals, x 30. 6, 7, Montenegrella florifera Bernier. 6, Oblique section, Krzywica, 88/216 (O.C.), x 30. 7,
Transverse section, Gródek, 99/270 (O.C.), x 30. 8, ?Linoporella sp., oblique section, Gródek, 99/269 (O.C.), x 60. 9-13,
?Petrascula sp. 9, 10, Sections through the transitional part between the stem and the cap; 9, Bukowa 112/b (H.C.M.), x 30;
10, Krzywica, 38/75 (O.C.), x 30. 11-13, Sections through cap fragments, Gródek, 99/272 (11, 12) and 99/226 (13) (O.C.), 
x 30.
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most obvious morphological differences between the
specimens, we initially attempted to differentiate spe-
cies by using the Bernier’s (1984) diagram. Fig. 3
shows that most specimens fall outside the fields deli-
mited by Bernier for different species, and conse-
quently they cannot be attributed, on this basis, to any
of the species S. johnsoni, S. etalloni, S. pygmaea or S.
enayi which are those morphologically most  similar to
our specimens. Starting from similar considerations,
Senowbari-Daryan et al. (1994) enlarged the fields for
the four species inside the Bernier’s diagram, and pre-
ferred to assign Sicilian specimens to already publis-
hed species, even though their plots on the diagram did
not justify the delimitation of clearcut filds (see
Senowbari-Daryan et al., 1994, Fig. 2).

We do not intend here to establish a synonymy bet-
ween species of the genus Salpingoporella. In any case,
it seems that Bernier’s diagram is not adequate for their
differentiation, and we prefer to assign all the identified
specimens to the group Salpingoporella pygmaea,
which is chronologically the first described species,
and which possesses  the most morphological characters.
We concur with Senowbari-Daryan et al. (1994) regar-
ding the necessity of a thorough revision of this group
of algae, based on well preserved populations and
taking into account all the morphological characters.

2. Solenoporacean red algae

Genus Parachaetetes Deninger, 1906
Parachaetetes cf. asvapatii Pia, 1936

(Pl. 6, Fig. 4-10)

Solenoporacean algae are very common in samples
from the Holy Cross Mountains. Their internal struc-
ture is closer to that of the genus Parachaetetes than of
the genus Solenopora (Moussavian, 1989; Stockar,
2000): regularly spaced cells situated at about the same
level in adjoining filaments, giving a general grid-like
appearence (Pl. 6, Fig. 4,  9, 10). Each cell filament has

its own micritic outer wall. The cells frequently have a
barrel shape (Pl. 6, Fig. 6, 8) and are polygonal in
transverse or  transverse-oblique sections (Pl. 6, Fig. 5,
7). The specimens illustrated by Helm et al. (2003, Pl.
7, Fig. 2, 3) as Solenopora jurassica show cells with
similar shape, and probably they too belong to
Parachaetetes.

If we accept the synonymy between Parachaetetes
Deninger, 1906 and Elianella Pfender & Basse, 1948,
the oldest known specimens of Parachaetetes asvapatii
(= Elianella elegans) recorded in literature are from the
Albian (Moussavian, 1989; Granier et al., 1991). The
type species, Parachaetetes tornquisti is known from
the Middle Jurassic. We have also to note that the attri-
bution of Parachaetetes asvapatii to solenoporaceans
was recently questioned by Aguirre & Barattolo (2001).
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→

PLATE 4–1, ?Petrascula sp., section through a cap fragment, Krzywica, 88/216 (O.C.), x 15. 2-4, Anisoporella? cretacea
(Dragastan). 2, Longitudinal oblique section, Woźniki, 31/83 (O.C.), x 30. 3, Fragment in transverse-oblique section,
Krzywica, 90/218 (O.C.), x 30. 4, Fragment in tangential section, Krzywica, 88/216 (O.C.), x 30. 5, ?Griphoporella sp., lon-
gitudinal-oblique section, Woźniki, 46/86 (O.C.), x 7,5. 6-11, Dasyclad fragments belonging either to the genus Petrascula
(cap fragments) or to the genus Griphoporella. 6, 7, Leńcze, 83/211 (O.C.), x 30. 8, Gródek, 115/259 (O.C.), x 30. 9-11,
Krzywica, 94/221 (O.C.), x 30. 12, 13, Dasyclad fragments belonging either to the genus Petrascula or to the genus
Tersella. 12, Gródek, 99/228 (O.C.), x 30. 13, Gródek, 99/226 (O.C.), x 15. 14, ?Petrascula sp., transverse section through
the transitional part between the stem and the cap, Gródek, 120/268 (O.C.), x 30. 15, 16, ?Griphoporella sp. cf.
Griphoporella perforatissima Carozzi, fragments in longitudinal-oblique sections. 15, Gródek, 99/228 (O.C.), x 15. 16,
Gródek, 84/221 (O.C.), x 15.

FIGURE 3–Plot of 18 specimens of Salpingoporella illustrated
in plate 1 in Bernier’s 1984 diagram.
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3. Microproblematica

Genus Iberopora Granier & Berthou, 2002
Iberopora bodeuri Granier & Berthou, 2002

(Pl. 5, Fig. 6-8, 11, 12)

Iberopora bodeuri was formally described by
Granier and Berthou (2002), but the first illustration of
this microproblematicum was by Elias & Eliasova
(1984), who determined it as Archaeolithothamnium
sp. It seems to be an important encrusting organism in
reefal environments. Schlagintweit & Ebli (1999, Pl.
10, Fig. 1) illustrated I. bodeuri as “crust problemati-
cum” Schmid 1996, but, in our opinion, the crust illus-
trated by Schmid (1996, p. 206, Fig. 125, 126) does
not belong to Iberopora bodeuri. The  specimen illus-
trated by Helm et al. (2003, Pl. 6, Fig. 1) seems also to
have a structure different from that of I. bodeuri. A
good specimen of this microproblematicum was illus-
trated by Schagintweit et al. (2003, Pl. 2, Fig. 5).
Iberopora bodeuri was also found in the Romanian
Stramberk-type limestones (Uta & Bucur, 2003).
Following Granier and Berthou (2002), I. bodeuri
could be compared with some red algae, but also with
acervulinid foraminifera. The fine “cellular” structure
of this microproblematicum (Pl. 5, Fig. 8, 11), supports
the last attribution better, but a microbial origin has
also been inferred by Granier (1987 – “microstructure
porostromate A”) and Uta & Bucur (2003).

DISCUSSION

Comparisons with other regions

Apart of the Holy Cross Mts. and the Stramberk-
type limestones in the Carpathians, Upper Jurassic-
lowermost Cretaceous algae are known in Poland from
boreholes in the Polish Lowlands and the Carpathian
Foredeep.

Little is known about Upper Jurassic algae from the
Polish Lowlands. In descriptions of boreholes the pre-
sence of Acicularia, Solenopora and Marinella lugeo-
ni have been mentioned. Noteworthy are occurrences
of Terquemella (Acicularia in the original) in the
Astartian (?Upper Oxfordian) of the eastern part of
the Polish Lowlands (Radlicz, 1965). This alga occurs
there mainly in ooidal and ooidal-bioclastic limesto-
nes. Usually only a few pieces occur in a thin section
of standard size, however in one thin horizon they are
very abundant (38% of limestone volume).

More is known about Upper Jurassic-lowermost
Cretaceous calcareous algae from the Carpathian
Foredeep, although they have not been the subject of
detailed taxonomic studies. The following taxa have
been recognized there: Solenopora, Marinella lugeoni,
Acicularia (= Terquemella), Clypeina jurassica (= C.
sulcata), Salpingoporella annulata, Actinoporella
podolica (e. g., Morycowa & Moryc, 1976; Golonka,
1978; Olszewska, 2001; Zdanowski et al., 2001).
Although these assemblages are not diverse, based on
literature data it can be  assumed that at least during
the Tithonian-Berriasian interval they are far more
numerous than in the Holy Cross Mts. In the
Zagorzyce well near Rzeszów, Clypeina sulcata (as
Clypeina jurassica) frequently occurs in the Tithonian
Ropczyce Series. In this well, lagoonal deposits
(Tithonian-lower Berriasian) with charophyte stems of
Clavator sp. div. have been also recognized
(Olszewska, 2001; Zdanowski et al., 2001). In compa-
rison with the Stramberk-type limestones studied here,
Marinella lugeoni and solenoporaceans occur more
common in material from the Carpathian Foredeep.

There are few studies of Late Jurassic algae situated
at similar palaeolatitudes as the Holy Cross Mts. The
richest moderately diversified algal assemblage has
recently been described by Helm et al. (2003; see also
Helm, 1999; Helm & Schulke, 1998, 2001; Helm et
al., 2001) from the Lower Saxony Basin, NW
Germany (located on about 35o palaeolatitude during
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→

PLATE 5–1, Dasyclad fragment belonging either to the genus Petrascula or to the genus Griphoporella, Gródek, 120/268 (O.C.),
x 30. 2, 3, Nipponophycus ramosus Yabe & Toyama. 2, Transverse section, Leńcze, 70/200 (O.C.), x 15. 3, Longitudinal
section, Leńcze, 70/201 (O.C.), x 15. 4, 5, Marinella lugeoni Pfender. 4, Longitudinal-vertical section through a hemispheri-
cal growth form, Z

.
ywiec, 110/253 (O.C.), x 15. 5, Detail from a longitudinal section, Bukowa 112 (H.C.M.), x 30. 6-8, 11,

12, Iberopora bodeuri Granier & Berthou. Crusts developed on different substrates, with details of the crust structure in fig.
11. 6, 8, 11, Gródek, 117/262 (O.C.) (6, x 15; 8, x 60; 11, x 120). 7, Gródek, 81/209 (O.C.), x 15. 12, Jastrzębia, 112/256
(O.C.), x 60. 9, Rivulariacean-like cyanobacteria, Gródek, 99/269 (O.C.), x 15. 10, Thaumatoporella parvovesiculifera
(Raineri), Leńcze, 73/207 (O.C.), x 30.
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the Oxfordian). The following taxa have been 
identified in the Middle Oxfordian of the
Korallenoolith Formation: Solenopora jurassica
Brown, Solenopora cf. helvetica Peterhans, Clypeina
sp., Anisoporella? cretacea, Goniolina geometrica
(Roemer), Otternstella cf. lemmensis Bernier,
Rajkaella cf. iailensis (Maslov), Salpingoporella
annulata, Salpingoporella? suentelensis (Helm,
Schülke & Schlagintweit), Terquemella div. sp.,
Cayeuxia spp., Pycnoporidium lobatum, Bacinella
irregularis. Terquemella is also common, as it is in
boreholes from the Polish Lowlands. Algal nodules
are composed mainly of Solenopora jurassica,
Pycnoporiduium lobatum and Bacinella-Lithocodium
association. Thaumatoporella parvovesiculifera was
not mentioned from the Lower Saxony Basin. In addi-
tion, Helm and Schülke (2001) recognized Marinella
lugeoni from deposits that cannot definitely be assig-
ned to the Korralenoolith Formation or to the ovelying
“Kimmeridge” deposits. Compared with these algal
assemblages, the material from the Holy Cross
Mountains is less differentiated and algae are less
numerous.

Algae from the British Corallian are very poorly
diversified: Solenopora jurassica, Terquemella sp. and
“Porostromata” (see Helm et al., 2003).

The algal assemblages from the Polish Outer
Carpathians contain species characteristic of  the
whole Tethyan realm (Table 1). Comparisons could be
made with the Stramberk Limestone in Moravia and
related facies known from exotics from the West
Carpathians, the Ernstbrunn Limestone in Austria, and
the Stramberk-type limestones (“in situ”) from the
Romanian Carpathians.

A first report on dasyclad algae from Stramberk
Limestone belong to Steinmann (1903) who descri-
bed the new dasyclad Tetraploporella remesi
(=Triploporella remesi). Further information on
Triploporella species from Stramberk Limestone were
given by Sotak et al. (1983).

According to Elias & Eliasova (1984, 1986) there
are differences between the algal assemblages from the
Stramberk Limestone (where coral-microbial debris
reef are typical) and the Ernstbrunn Limestone (from
Moravia area) in which coral reefs are poorly develo-
ped. The Stramberk Limestone is dominated by
Teutloporella socialis, Teutloporella sp., Pianella
pygmea, Nipponophycus cf. ramosus,
Archaeolithothamnium sp. (=Iberopora bodeuri)
Parachetetes sp. and Pseudoepimastopora jurassica.
The Ernstbrunn Limestone is dominated by Marinella
lugeoni, Solenopora sp., Cayeuxia moldavica and
Girvanella minuta (original determinations).
Dasycladales mentioned by Elias and Eliasova are not
numerous  and these authors attributed differences in
the fossil communities to tectonically controlled diffe-
rences in conditions of sedimentation. The Stramberk
reef complex formed on the Baska cordillera during a
time of intensive subsidence  that was compensated for
by rapid growth of organogenic limestones. The
Ernstbrunn Limestone originated on the Pavlov carbo-
nate platform, which was less mobile. However algal
assemblages determined by Hofmann (1993) and
Moshammer and Schlagintweit (1999) in the
Ernstbrunn Limestone from Austria are dominated by
dasycladaleans, and solenoporaceans are rare (T.
Hofmann and F. Schlagintweit, written communication
to B. K.). In the material studied, Marinella and
Solenopora occur sporadically. However as has alre-
ady been mentioned, fragments of theses algae are
numerous in the Berriasian allodapic Cieszyn
Limestone (Matyszkiewicz & Slomka, 1994). 

Sotak (1987b) and Sotak and Misik (1993) descri-
bed Jurassic and Lower Cretaceous dasycladaleans
from pebbles and klippes in the Western Carpathians
(Czech Republic and Slovakia). Some of these algae-
bearing limestones can be compared with Stramberk-
type limestones from the Polish Carpathians, although
direct comparisons are not possible due to of lack of
precise age of our material. The following facies and
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→

PLATE 6–1, Salpingoporella annulata Carozzi (a) and ?Salpingoporella sp. (b), Bukowa 113/73 (H.C.M.), x 30. 2, 3,
Terquemella sp. 2, Bukowa 174; 3, Bukowa 34 (H.C.M.), x 60. 4-10, Parachaetetes cf. asvapatii Pia. 4, 5, 9, Longitudinal
or longitudinal oblique sections. 4, Bukowa 29 (H.C.M.), x 30. 5, Bal⁄ tów 4 (H.C.M.), x 30. 9, Bal⁄ tów 2 (H.C.M.), x 15. 7,
Oblique-transverse section, Bal⁄ tów 4 (H.C.M.), x 15. 6, 8, 10, Enlargements showing the internal structure. 6, 8, Bal⁄ tów 4
(H.C.M.), x 60. 10, Bal⁄ tów 2 (H.C.M.), x 60.
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algal assemblages were recorded in the West
Carpathians (original determinations are given):

1) Clypeina-limestones (Kimmeridgian-lower
Berriasian). The algae are represented by
Clypeina jurassica (the most frequent species),
Actinoporella podolica, Campbelliela striata,
Teutloporella obsoleta Carozzi, Salpingoporella
grudii Radoicić, S. annulata, Pseudotrinocladus
piae (Dragastan). Bacinella, and cyanophyta
nodules also occur [Rivularia lissaviensis
Borneman, Carpathocodium anae (Dragastan),
Bevocastria  toomeyi Dragastan, Mitcheldeania
americana (Johnson)]. According to Sotak and
Misik this facies occur also in Stramberk area,
as well in the Inwald limestones (Poland).
However, according to Olszewska and Wieczorek
(2001) Clypeina jurassica is rare in the Inwald
limestones.

2) Reefal limestones (Upper Tithonian-Lower
Berriasian) with cyanophytes, “Tubiphytes”,
Thaumatoporella parvovesiculifera. Dasyclads
also occur, but no species was given. This facies
was considered as typical for the Stramberk
Limestone (Kotouc quarry). 

3) Peri-reefal and intraplatform facies (Upper
Tithonian-Lower Berriasian), with detritus of
reefal biota skeletons or bahamite particles (coa-
ted and micritized grains, peloids, lumps) con-
taining Triploporella remesi (Steinmann),
Neuoteutloporella socialis, Salpingoporella
pygmea, S. johnsoni Dragastan, Dissocladella
cf. intercedens Bakalova, Pseudoepimastopora?
jurassica Endo, Megaporella? sp., Clypeina
jurassica and Acicularia aff. elongata. 

In the Romanian Carpathians (East Carpathians,
South Carpathians and Apuseni Mountains) very
thick sequences of Stramberk-type limestones occur
with very diversified algal assemblages (Dragastan,
1975; Bucur, 1978; Dragastan, 1980; Bucur, 1995;
Dragastan, 1999; Săsăran & Bucur, 2001) containing
most of the species described from the Polish Outer
Carpathians. 

In order to emphasize the  palaeogeographical simi-
larities between different regions of the Tethyan realm,
Rasser and Fenninger (2002) utilized a statistical me-
thod (Jaccard’s similarity index). To obtain good results
from such an approach, based mainly on literature
data, two conditions are required: 1) a large quantity of
data, and 2) a thorough taxonomical revision of the
published assemblages. Moreover, many regions with

algae of this time interval have not been studied in suf-
ficient detail, and such a statistical approach could be
inappropriate at present.

Palaeographical and environmental controls of
algal distribution

Significant differences in algal assemblages
from the Holy Cross Mts. and the Outer Carpathians
primarily reflect palaeogeographical situation.
However their age differences and  the climatic
influence over these areas should also be taken into
consideration.

Recent Dasycladales mainly occur in shallow mari-
ne waters of subtropical regions. They occur around
the world in a broad belt reaching to about 25o N and
35o S (Berger & Kaever, 1992) (45o N and 35o S accor-
ding to Valet, 1969). Mu (1993) used the presence of
aragonitic green algae as the key criterion for delinea-
ting Tethyan, Boreal and Subantarctic Realms during
the Late Cretaceous. Applying this model to the Late
Jurassic, Helm et al. (2003) assumed that a moderately
diverse dasycladalean association from Oxfordian of
the Lower Saxony Basin has to be assigned to the
Tethyan province. Because green algae are rare in the
British Corallian, these authors assumed that during
the Late Jurassic a boundary between the Boreal and
the Tethyan realms was located between these basins.
In comparison with algae from the Lower Saxony
Basin, Dasycladales from the Holy Cross Mts. are less
abundant. Different stratigraphical position of algal-
bearing carbonates in both areas, and related changes
of climate during the Late Jurassic (see Helm et al.,
2003), can be considered as reasons for the lack of sui-
table conditions for flourishing development of
Dasycladales in the Holy Cross Mts.

More diverse and numerous Dasycladales from
the Carpathian Foredeep (Zagorzce region) during the
Tithonian-Berriasian confirm the influence of Tethyan
waters (e. g., Zdanowski et al., 2001).

The variety of sedimentary environments, contro-
lled by block tectonics, good connection to the internal
Tethys, as well as climate, all favoured development of
rich and highly diversified algal assemblages in the
Stramberk-type limestones. Distributional patterns of
algae (as well as microencrusters and microbial struc-
tures) of two main algae-bearing facies from the
Stramberk-type limestones generally reflect distribu-
tion pattern known from the Upper Jurassic of the
Tethyan realm (abundant Dasycladales in platform
deposits, and rare in reefs). 

Frequent occurrences of Marinella lugeoni in ooi-
dal-bioclastic sediments in the Holy Cross Mts. is

REVISTA ESPAÑOLA DE MICROPALEONTOLOGÍA, V. 37, N.° 1, 2005124



facies controlled. Although this species occurs in a
wide variety of palaeoenvironments, it is most fre-
quent in particle-rich limestones (Leinfelder &
Werner, 1993).

CONCLUSIONS

The Upper Jurassic-lowermost Cretaceous algal
assemblages from two palaeogeographic regions of
Poland, namely Northern Tethys (Stramberk-type
limestones, Outer Carpathians) and its northern shelf
located on European Plate (Holy Cross Mts.) show sig-
nificant differences.

The assemblage from the Holy Cross Mountains
(Upper Oxfordian-Lower Kimmeridgian) is dominated
by solenoporacean algae, occurring mainly within
coral meadows. Marinella lugeoni is also locally com-
mon, particularly in ooidal-bioclastic limestones, but
Dasycladales are poorly diversified (5 species) and
rare numerically. This is typical for areas of this pale-
olatitude, however the middle Oxfordian dasyclads
from the lower Saxony Basin are more numerous and
a little more  diversified. 

Algal assemblages from the Stramberk-type limes-
tones are facies-controlled. Coral-microbial biolithite
facies conatin Thaumatoporella parvovesiculifera,
Nipponophycus ramosus, Neoteutloporella socialis,
and other fragments of Dasycladales, and sporadical
solenoporaceans and Marinella lugeoni. Algal-forami-
niferal facies contain far more numerous Dasycladales,
represented by 19 species of the genera Salpingoporella,
Anisoporella, Petrascula, Linoporella, Campbeliella,
Otternstella, Montenegrella, and relatively rare
Clypeina sulcata. Both facies can contain Bacinella-
Lithocodium boundstones containing Thaumatoporella
parvovesiculifera.

Differences between algae from the Holy Cross
Mts. and the Carpathians, apart of different age,
mainly reflect the palaeogeographical position of these
areas during the Late Jurassic.
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CALCAREOUS ALGAE OF SAUDI ARABIAN PERMIAN TO
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Abstract

Calcareous algae are stratigraphically and palaeoenvironmentally important components of Saudi
Arabian carbonates, but have not been previously documented in any detail. Late Permian to Early
Triassic very shallow marine carbonates of the Khuff Formation yield Mizzia velebitana,
Gymnocodium bellerophontis, Permocalculus sp.cf. tenellus, Permocalculus sp.cf. fragilis and
Cayeuxia sp. Middle Jurassic carbonates of the Tuwaiq Mountain Formation contain Clypeina sulca-
ta and Thaumatoporella parvovesiculifera. Late Jurassic, Oxfordian, carbonates of the upper Hanifa
Formation, contain Clypeina sulcata, Pseudoclypeina distomensis and Thaumatoporella parvovesi-
culifera. The moderately deep to very shallow marine carbonates of the Kimmeridgian Jubaila and
Arab Formations contain Clypeina sulcata, Thaumatoporella parvovesiculifera, Salpingoporella
annulata and Cayeuxia sp. Early Cretaceous, Berriasian and Valanginian moderately deep to shallow
marine carbonates of the Sulaiy and Yamama Formations contain Salpingoporella annulata,
Salpingoporella spp., Cylindroporella sp. cf. arabica, Actinoporella gr. podolica, Lithocodium aggre-
gatum, Permocalculus inopinatus and Thaumatoporella parvovesiculifera. Early Cretaceous, Early
Aptian, moderately deep to shallow marine carbonates of the Shu’aiba Formation contain
Salpingoporella dinarica, Lithocodium aggregatum and indeterminate dasyclads. The palaeoenviron-
mental ranges of these species have been calibrated using their coexisting foraminifera, for which
there is greater palaeoenvironmental understanding. The calcareous algae often present bioevents that
assist sequence definition and local stratigraphic correlation.

Key words: Saudi Arabia, calcareous algae, Permian, Jurassic, Cretaceous, palaeoenvironment.

Resumen

Las algas calcáreas son importantes en las rocas carbonatadas desde un punto de vista estratigrá-
fico y paleoambiental, pero hasta el momento no han sido documentadas en detalle en Arabia Saudí.
Los carbonatos de la Formación Khuff, depositados en ambientes marino someros en el Pérmico
superior-Triásico inferior, contienen Mizzia velebitana, Gymnocodium bellerophontis, Permocalculus
sp. cf. tenellus, Permocalculus sp. cf. fragilis y Cayeuxia sp. En los carbonatos del Jurásico medio de
la Formación Tuwaiq Mountain se encuentran Clypeina sulcata y Thaumatoporella parvovesiculife-
ra. Los carbonatos del Oxfordiense, Jurásico superior, de la parte alta de la Formación Hanifa con-
tienen Clypeina sulcata, Pseudoclypeina distomensis y Thaumatoporella parvovesiculifera. Los car-
bonatos de aguas muy someras a moderadamente profundas del Kimmeridgiense de las Formaciones
Jubaila y Arab presentan Clypeina sulcata, Thaumatoporella parvovesiculifera, Salpingoporella
annulata y Cayeuxia sp. En los carbonatos moderadamente profundos a someros del Berriasense y
Valanginiense, Cretácico inferior, de las Formaciones Sulay y Yamama hay Salpingoporella annula-
ta, Salpingoporella spp., Cylindroporella sp. cf. arabica, Actinoporella gr. podolica, Lithocodium
aggregatum, Permocalculus inopinatus y Thaumatoporella parvovesiculifera. Los carbonatos some-
ros a moderadamente profundos del Aptiense inferior, Cretácico inferior, de la Formación Shu’aiba
contienen Salpingoporella dinarica, Lithocodium aggregatum y dasicladales indeterminadas. Los



INTRODUCTION

The calcareous algae described were encountered
during microscopic analysis of thousands of thin sec-
tions by the author during micropalaeontological studies
of cored carbonates from Permian to Cretaceous hydro-
carbon reservoirs of Saudi Arabia. Their stratigraphic
distribution and inferred palaeoenvironmental preferen-
ces are discussed with reference to their associated
micropalaeontological biocomponents. Calcareous algal
species mentioned in the text are illustrated in Plates 
1-3.

In all cases, micropalaeontological analysis is based
on thin sections taken from slices of trimmed horizon-
tal core plugs. Time constraints imposed on industrial
micropalaeontology preclude preparation of supple-
mentary oriented thin sections. This approach has
meant that species diagnostic microfeatures are mostly
minimal and a superficial, practical and pragmatic
taxonomic approach has been adopted for practical
application of these useful biocomponents. The most
useful taxonomic references include Barattolo and
Pugliese (1987), Pia (1920), Deloffre (1988, 1992),
Granier (1988), Granier and Deloffre (1995),
Bassoullet et al. (1978), de Castro (1997) and Granier
and Grgasovic (2000). 

Taxonomic studies of calcareous algae from the
Middle East region include Edgell and Basson (1975)
and Elliott (1955, 1956, 1957a, 1957b, 1959, 1960,
1962, 1963, 1968,), Rezak (1959), Granier (2003)
based on carbonates from Iraq. There are no known taxo-
nomic studies on the calcareous algae of Saudi Arabia.

The stratigraphic and palaeoenvironmental use of
calcareous algae in the Middle East include Bozorgnia
(1964, 1973), Simmons and Hart (1987), Sartorio and
Venturini (1988), Banner and Simmons (1994). Previous
work on the stratigraphic aspects of Saudi Arabian cal-
careous algae is limited to Okla (1987; 1991a; 1991b;
1992a; 1992b; 1994; 1995a; 1995b). Associations of
calcareous algae with other biocomponents together

with their palaeoenvironmental significance have been
described from Saudi Arabian Middle to Upper
Jurassic carbonates of the Tuwaiq Mountain, Hanifa,
Jubaila and Arab Formations (Hughes, 1996, 2004)
and from Lower Cretaceous, Lower Aptian carbonates
of the Shu’aiba Formation (Hughes, 2000).

PERMIAN CARBONATES

The only carbonate formation of Permo-Triassic
age in Saudi Arabia is the Khuff Formation. It includes
four carbonate members namely, in ascending order,
the Late Permian Huqayl, Duhaysan and Midhnab
Members and the Early Triassic Khartam Member.
Each carbonate unit is followed by a succession of
anhydrite. The Khuff Formation is best described by
Powers et al. (1968). Aspects of the depositional envi-
ronment, diagenesis and reservoir characteristics have
been investigated by Al-Jallal (1989; 1995; 1996). A
major field-based study of the Khuff by the BRGM
examined the lithostratigraphy, sedimentology and
biostratigraphy (Le Nindre et al., 1990). In the subsur-
face, four carbonate reservoirs are of economic impor-
tance, and include the Khuff D to A, in stratigraphic
order. 

Permian calcareous algae
Calcareous algae are locally common within the

Huqayl and Duhaysan Members. Dasyclad species
include Mizzia velebitana (Schubert 1909).
Gymnocodiaceans are represented by Gymnocodium
bellerophontis (Rothpletz) Accordi 1956,
Permocalculus cf. fragilis (Pia) Elliott 1955 and
Permocalculus sp. cf. tenellus (Pia) Elliott 1955.
Cyanophytes are represented by Cayeuxia sp. 

Mizzia velebitana (Schubert 1909) Rezak, 1959
(Plate 1, Figs. 1.1, 1.2, 1.3, 1.4) is not common, and is
typically confined to the shallower marine pulses rela-
ted to early parasequence transgressions within the

REVISTA ESPAÑOLA DE MICROPALEONTOLOGÍA, V. 37, N.° 1, 2005132

rangos paleoambientales de estas especies se han calibrado usando los foraminíferos asociados, de los
cuales se conoce mucho mejor sus requerimientos ecológicos. Las algas calcáreas a menudo registran
bioeventos que ayudan a la definición de secuencias y a establecer escalas locales de correlación
estratigráfica.

Palabras clave: Arabia Saudí, algas calcáreas, Pérmico, Jurásico, Cretácico, paleoambientes.
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lower part of the Khuff C reservoir. It is associated
with Agathammina sp. foraminifera and may be
slightly hypersaline tolerant.

Gymnocodium bellerophontis (Rothpletz) Accordi,
1956. (Plate 1, Figs. 1.5, 1.6) is found within the lower

part of the Khuff C reservoir where it is often associa-
ted with shallow marine biocomponents such as gas-
tropods, brachiopods, Cayeuxia sp. and the foramini-
fera Agathammina sp. and Hemigordius sp. A shallow
marine palaeohabitat is suggested.

PLATE 1–Late Permian calcareous algae (Khuff Formation). 1, Mizzia velebitana (Schubert 1909) Rezak, 1959, vertical axial
section, chamber length 1.3 mm. 2, Mizzia velebitana (Schubert, 1909) Rezak, 1959, vertical axial section, chamber length
1.5 mm. 3, Mizzia velebitana (Schubert 1909) Rezak, 1959, transverse section, chamber diameter 1.6 mm. 4, Mizzia velebi-
tana (Schubert 1909) Rezak, 1959 transverse section, chamber diameter 1.3 mm. 5, Gymnocodium (Rothpletz) Accordi,
1956 oblique vertical axial section, segment length 2.4 mm. 6, Gymnocodium (Rothpletz) Accordi, 1956 oblique vertical
peripheral section, segment length 2.3 mm. 7, Permocalculus tenellus (Pia) Elliott, 1952 vertical axial section, length
2.0 mm. 8, Permocalculus fragilis (Pia) Elliott, 1955 transverse section, chamber diameter 1.8 mm. 9, Permocalculus sp.
vertical axial section, segment length 2.0 mm. 10, Cayeuxia sp. vertical section, specimen width 2.0 mm. 11, Cayeuxia sp.
vertical section, specimen width 2.0 mm.

PLATE 1



Permocalculus fragilis (Pia) Elliott 1955. (Plate 1,
Figs. 1.8) is found within the lower part of the Khuff C
reservoir where it is often associated with shallow
marine biocomponents such as gastropods, brachio-
pods, Cayeuxia sp., Gymnocodium and the foraminife-
ra Agathammina sp. and Hemigordius sp. A shallow
marine palaeohabitat is suggested.

Permocalculus sp. cf. tenellus (Pia) Elliott 1955.
(Plate 1, Fig. 1.7) is found in low energy muds where
the individual segments have been preserved in their
attached position. It is associated with Agathammina
sp. and Hemigordius sp. foraminifera. A low energy,
probably normal salinity shallow marine palaeoenvi-
ronment is suggested. 

Cayeuxia sp. (Plate 1, Figs. 1.10, 1.11) is found
within the lower part of the Khuff C reservoir where it
is often associated with shallow marine biocompo-
nents such as gastropods, brachiopods, Gymnocodium
bellerophontis, and the foraminifera Agathammina sp.
and Hemigordius sp. A shallow marine palaeohabitat
is suggested.

JURASSIC CARBONATES

The Jurassic in Saudi Arabia consists entirely of
carbonates, and includes the Marrat, Dhruma, Tuwaiq
Mountain, Hanifa, Jubaila and Arab Formations. The
Early Jurassic, Toarcian, Marrat Formation has not
been studied, and the Middle Jurassic, Bajocian to
Bathonian, Dhruma Formation contains only rare
undifferentiated calcareous algae. The Tuwaiq
Mountain Formation is of Callovian age and includes
three members namely, in ascending order, the
Baladiyah, Maysiyah and Daddiyah Members (Enay
et al., 1987) of which the latter contains the Hadriya
reservoir. The Upper Jurassic includes the Hanifa
Formation, of Oxfordian age, and the Jubaila and
Arab Formations, of Kimmeridgian to Tithonian age.
The Hanifa Formation contains the Hawtah and
Ulayyah Members, of which the Ulayyah Member
contains the Hanifa reservoir. The Jubaila and Arab
Formations together contain the world’s largest oil
reservoirs.

Jurassic calcareous algae
Calcareous algae have been examined from the

upper Tuwaiq Mountain, Hanifa, Jubaila and Arab
Formations (Hughes, 1996, 2004). Dasyclad species
include Pseudoclypeina distomensis, Clypeina sulcata
and Salpingoporella cf. pygmaea (Gumbel, 1891)
Bassoulet et al., 1978. Cyanophytes include Cayeuxia

sp. Thaumatoporellaceans include Thaumatoporella
parvovesiculifera Raineri. 

Pseudoclypeina cf. distomensis Radoicic (Plate 2,
Figures 2.10, 2.11, 2.12) is present within the grainsto-
nes of the upper part of the Hanifa Formation where it
is associated with Kurnubia palastiniensis,
Nautiloculina oolithica, rare Alveosepta jacardi. It dis-
plays a vertical cyclic distribution that alternates with
Clypeina sulcata, as both species rarely co-occur. The
more robust construction of the stems may represent
an adaptation to the higher energy conditions associa-
ted with the grainstone texture.

Clypeina sulcata (Alth, 1881) Granier and Brun,
1991, (Plate 2, Figures 2.3, 2.4, 2.5, 2.6) is present within
the Hanifa Formation, and also as localized, storm-deri-
ved allochthonous beds within the Jubaila Formation. It
is, however, best represented within the lower part of the
Arab Formation where it is almost consistently develo-
ped. In the Hanifa Formation, it exhibits mutual exclusi-
vity with Pseudoclypeina distomensis, but is typically
found with the branched stromatoporoid Cladocoropsis
mirabilis and the benthonic foraminifera Redmondoides
lugeoni, Valvulina spp. and Quinqueloculina spp. In the
Arab-D Member of the Arab Formation, it is typically
found above the massive stromatoporoid facies, and in
the presence of the branched stromatoporoid
Cladocoropsis mirabilis, together with foraminifera such
as Kurnubia palastiniensis, Nautiloculina oolithica,
Redmondoides lugeoni and undifferentiated miliolid fora-
minifera. The species is typically present within a mud-
dominated lithology, including wackestones and packsto-
nes and thereby displays a possible affinity with lower
energy, protected conditions.

The name Clypeina sulcata has been assigned to
the species encountered, based on a recommendation
from Dr. B. Granier (oral communication, 2003) and
Dr. Mariano Parente (written communication) that C.
sulcata is the senior synonym, as the widely published
Clypeina jurassica had been used previously. 

Salpingoporella annulata Carozzi (Plate 2, Figures
2.1, 2.2) is rare and found scattered within the Arab
Formation. A shallow shelf, possibly lagoonal, normal
salinity palaeoenvironment is concluded based on its
association with a moderately high diversity foramini-
feral assemblage that includes Kurnubia palastinien-
sis, Nautiloculina oolithica, Redmondoides lugeoni
and undifferentiated miliolids.

Cayeuxia sp. (Plate 2, Figure 2.7) is rare, and found
within shallow marine sediments above the
Cladocoropsis mirabilis-bearing sediments.

Thaumatoporella parvovesiculifera Raineri, 1922
(Plate 2, Figures 2.9, 2.9) is present within the upper
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part of the Jubaila Formation and lower part of the
Arab Formation where it is almost consistently deve-
loped. It is typically found above the massive stro-
matoporoid facies, and in the presence of the bran-
ched stromatoporoid Cladocoropsis mirabilis,
together with foraminifera such as Kurnubia palasti-

niensis, Nautiloculina oolithica, Mangashtia vienot-
ti, Pfenderina salernitana, Trocholina alpina and
undifferentiated miliolid foraminifera. It displays an
encrusting habit, and tubular forms may have
encrusted some vegetative material that has not been
fossilised.
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PLATE 2–Middle to Late Jurassic calcareous algae (Tuwaiq Mountain, Hanifa, Jubaila and Arab Formations). 1, Salpingoporella
annulata Carozzi, vertical axial section, length 0.7 mm. 2, Salpingoporella annulata Carozzi, transverse section, segment
diameter 0.6 mm. 3, Clypeina sulcata transverse section, diameter 2 mm. 4, Clypeina sulcata (Alth) transverse section, dia-
meter 1.5 mm. 5, Clypeina sulcata (Alth) transverse section, diameter 1.5 mm. 6, Clypeina sulcata (Alth) transverse section,
diameter 1.2 mm. 7, Cayeuxia sp. width of image 1 mm. 8, Thaumatoporella parvovesiculifera Raineri maximum width of
subcircular transverse section 0.8 mm. 9, Thaumatoporella parvovesiculifera width of image 0.8 mm. 10, Pseudoclypeina
distomensis width of image 2 mm 11, Pseudoclypeina distomensis width of image 1 mm. 12, Pseudoclypeina distomensis
width of image 1 mm.

PLATE 2



CRETACEOUS CARBONATES

In Saudi Arabia, the Lower Cretaceous succession
is dominated by shallow marine carbonates of the
Sulaiy, Yamama, Buwaib and Shu’aiba Formations,
spanning the Berriasian, possibly latest Tithonian, to
Aptian. Of these, only the Sulaiy, Yamama and
Shu’aiba Formations have been studied.

Cretaceous calcareous algae
Calcareous algae have been examined from the

Sulaiy Formation, of possible Tithonian to Berriasian
age (Granier, written communication) and the Yamama
Formation, of possible Berriasian to Valanginian age
(Granier, written communication) and also from the
Early Aptian Shu’aiba Formation. Dasyclad species
include Salpingoporella annulata Carozzi, 1953.
Triploporellaceans include Cylindroporella sp. cf. ara-
bica Elliott 1957. Chlorophytes include Lithocodium
aggregatum Elliott 1956. Rhodophytes include
Permocalculus inopinatus Elliott 1956. Cyanophytes
include Cayeuxia sp. Thaumatoporellaceans include
Thaumatoporella parvovesiculifera Raineri.

Salpingoporella annulata Carozzi (Plate 3, Figures
3.4, 3.7, 3.8) is present in the uppermost part of the
Sulaiy Formation, and common throughout the Yamama
Formation, where is displays localized episodes of
abundance that are interpreted as small-scale deepening
events, on a parasequence level. A moderately deep
marine, normal salinity palaeoenvironment, below
storm wave base and within a shelf, possibly lagoonal
setting, is interpreted from its coexistence with the bent-

honic foraminifera Praechrysalidina infracretacea,
Trocholina elongata, Pseudocyclammina lituus together
with sponge spicules and the pelagic bivalve Bositra sp. 

Salpingoporella dinarica Radoicic (Plate 3, Figure
3.22) is present within the lowermost and uppermost
parts of the Shu’aiba Formation, where it is typically
associated with deeper marine foraminifera that inclu-
de Praechrysalidina infracretacea, Debarina hahou-
nerensis, Vercorsella arenata and rare planktonic fora-
minifera.

Salpingoporella sp. (Plate 3, Figure 3.3, 3.5, 3.6,
3.9) is found only in the Yamama Formation, where it
is associated with S. dinarica and Praechrysalidina
infracretacea.

Actinoporella gr. podolica (Alth) (Plate 3, Figures
3.10-3.15) is found only in the Yamama Formation,
where it is uncommon.

An indeterminate dasyclad species that resembles
Cylindroporella sp. cf. arabica Elliott 1957 (Plate 3,
Figure 3.16-18) is rare, and found only within the
upper part of the Shu’aiba Formation. It is present with
the foraminifera Praechrysalidina infracretacea,
Debarina hahounerensis, Vercorsella arenata and rare
planktonic foraminifera that resemble Hedbergella
delrioensis, and a moderately deep marine palaeoenvi-
ronment is concluded within a shelf or open lagoon
protected by a rudist bank complex.

Lithocodium aggregatum Elliott 1956 (Plate 3,
Figures 3.1, 3.2, 3.21) is rare within the Yamama
Formation, but abundant within the lower part of the
Shu’aiba Formation where it forms a regionally
extensive biofacies. It is associated with very low
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PLATE 3–Early Cretaceous calcareous algae (Sulaiy, Yamama and Shu’aiba Formations). 2, Lithocodium aggregatum Elliott,
1956 width of image 4.0 mm. 1, Lithocodium aggregatum Elliott, 1956 width of image 6.0 mm. 3, Salpingoporella sp. axial
vertical section, length 0.6 mm. 4, Salpingoporella annulata Carozzi, 1953 peripheral vertical section, length 1.3 mm. 5,
Salpingoporella sp. axial vertical section, length 0.4 mm. 6, Salpingoporella sp. oblique vertical section, length 0.5 mm. 7,
Salpingoporella annulata Carozzi, 1953 general view, maximum image width 4.0 mm. 8, Salpingoporella annulata
Carozzi, 1953 transverse section, diameter 0.6 mm. 9, Salpingoporella sp. axial vertical section, length 0.5 mm. 10,
Actinoporella gr. podolica oblique transverse section, width 3.7 mm. 11, Actinoporella gr. podolica oblique transverse sec-
tion, width 1.0 mm. 12, Actinoporella gr. podolica oblique transverse section, width 1.0 mm. 13, Actinoporella gr. podolica
lateral rays transverse section, width 1.2 mm. 14, Actinoporella gr. podolica oblique transverse section, width 1.2 mm. 15,
Actinoporella gr. podolica oblique transverse section, width 1.8 mm. 16, Cylindroporella sp. cf. arabica Elliott, 1957, obli-
que vertical section, length 1.2 mm. 17, Cylindroporella sp. cf. arabica Elliott, 1957, oblique transverse section, maximum
diameter 0.9 mm. 18, Cylindroporella sp. cf. arabica Elliott, 1957, transverse section, diameter 0.6 mm. 19,
Thaumatoporella parvovesiculifera width of image 2.0 mm. 20, Thaumatoporella parvovesiculifera width of image 1.0 mm.
21, Lithocodium aggregatum Elliott, 1956 width of image 8.0 mm; Shu’aiba Formation. 22, Salpingoporella dinarica obli-
que transverse sections, diameter 0.4 mm, Shu’aiba Formation. 23, Indeterminate dasyclad transverse section, diameter
0.3 mm, Shu’aiba Formation. 24, Indeterminate dasyclad axial vertical section, diameter 0.3 mm, Shu’aiba Formation.
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trochoid specimens of the orbitolinid foraminifera
Palorbitolina lenticularis and also with Trocholina
alpina and rare planktonic foraminifera that resem-
ble Hedbergella delrioensis. A moderately deep
marine palaeoenvironment, below storm wave base,
on a platform with open marine access is concluded.

Permocalculus inopinatus Elliott 1956 is rare, and
has been encountered only in the Yamama Formation.
It’s co-occurrence with Salpingoporella annulata sug-
gests a moderately deep marine, normal salinity, depo-
sitional environment.

Cayeuxia sp. is rare within the formations exami-
ned, but has been found in the Yamama Formation. A
moderately deep marine, normal salinity, depositional
palaeoenvironment is concluded.

Thaumatoporella parvovesiculifera Raineri (Plate
3, Figures 3.19, 3.20) is rare within the Early
Cretaceous formations, but it has been encountered
within the Yamama Formation in association with
moderately deep marine, normal salinity foraminife-
ra and deposition below storm wave base is inter-
preted.

SUMMARY AND CONCLUSIONS

In the Late Permian carbonates of the Khuff
Formation, the localized presence of Gymnocodium
and Mizzia velebitana are associated with localized
concentrations of foraminifera within the Duhaysan
Member, and in the Khuff B and C reservoirs. Their
distribution, combined with the wackestone rock
fabric, provides valuable support towards defining the
depositional cyclicity of the carbonate succession. On
a regional basis, the algal and foraminiferal events are
interpreted as transgressive pulses that have been used
to establish time lines over distances up to 20 km apart
and thereby serve as constraints on the sequence stra-
tigraphic interpretation of the associated reservoir lit-
hofacies.

The packstone and grainstone carbonates of the
Middle Jurassic Tuwaiq Mountain Formation and the
Late Jurassic Hanifa Formation are associated with the
highstand systems tracts of the Tuwaiq Mountain and
Hanifa sequences. They are associated with modera-
tely shallow depositional environments that typically
provided conditions conducive to stromatoporoid bio-
herm development, with associated back-bank bran-
ched stromatoporoid meadows and lagoons. 

In the Late Jurassic, the Jubaila sequence uncon-
formably overlies the Hanifa, and the moderately
deep marine wackestones and packstones of the

Jubaila Formation contain storm-derived localized
beds of allochthonous grainstones and packstones
with shallower marine foraminifera, stromatoporoid
and Clypeina sulcata fragments. These events are
correlatable between adjacent cored sections in
exploration and development wells. Within the lower
Arab-D member of the Arab Formation, Clypeina
sulcata is consistently present and provides a cha-
racteristic biofacies that overlies the domed stroma-
toporoid biofacies. The coexistance with the bran-
ched stromatoporoid Cladocoropsis mirabilis
suggests a possible deepening event that succeeded
the relatively higher energy related to the domed and
encrusting stromatoporoid biofacies.

In the Early Cretaceous Sulaiy Formation, deep
marine parasequence pulses are clearly defined by
the localized distribution of Salpingoporella annula-
ta. These are better developed in the overlying
Yamama Formation that was deposited unconfor-
mably as a separate sequence. These cyclic events
probably represent parasequences, and can be used
for correlation between cored sections over tens of
kilometres. 

Deep marine, open platform conditions in the lower
Shu’aiba Early Aptian carbonates are represented by
an extensive, regionally corrrelatable Lithocodium
aggregatum biofacies that is related to the transgressi-
ve systems tract of the Shu’aiba sequence.
Salpingoporella species in the Shu’aiba Formation
form minor events that are considered to represent
high frequency marine transgressions on a parasequen-
ce scale, but have been proved useful for fine-scale
correlation over tens of kilometers.

Calcareous algae in selected Saudi Arabian carbo-
nate reservoirs are important for providing potential
correlative bioevents within the reservoirs, and supple-
ment events provided by other microbiocomponents.
These are provided either as allochthonous, storm-
derived events, or by parasequence-linked transgres-
sions and the creation of environments suitable for
colonization by the various calcareous algal species.
Most of the species are erect, branched forms except
for the encrusting habit of Lithocodium aggregatum
and Thaumatoporella vesiculifera. The associated
microfauna enable moderately deep marine, low
energy conditions to be associated with the
Lithocodium aggregatum, with shallower low energy
conditions for the dasyclad forms. The encrusting
habit of Thaumatoporella parvovesiculifera may be
adapted to higher energy shallower conditions.
Slightly hypersaline conditions may be tolerated by
Mizzia velebitana.

REVISTA ESPAÑOLA DE MICROPALEONTOLOGÍA, V. 37, N.° 1, 2005138



ACKNOWLEDGMENTS

This paper is published with the approval of the
Saudi Arabian Ministry of Petroleum and Saudi
Aramco. I here acknowledge the encouragement and
advice in response to the oral presentation of this paper
provided by various attendees at the 8th international
conference on calcareous algae, Granada. In particular,
Dr. Bruno Granier and Professor Robert Riding offe-
red expert advice and recommendations. Comments on
the draft of this paper by Dr. Bruno Granier and Dr.
Mariano Parente have improved the final version sig-
nificantly and I hereby acknowledge their assistance.

REFERENCES

Banner, F. T., and Simmons, M. D. 1994. Calcareous algae
and foraminifera as water-depth indicators: an example
from the Early Cretaceous carbonates of northeast
Arabia. In Simmons, M. D. (Ed.) Micropalaeontology
and Hydrocarbon Exploration in the Middle East.
Chapman & Hall, London, 243-252.

Barattolo, F., and Pugliese, A., 1987. Mesozoico dell’Isola
di capri. Quaderni dell’ Accademia Pontaniana, 8,
172 pp.

Bassoullet, J.-P.; Bernier, P.; Conrad, M. A.; Deloffre, R.,
and Jaffrezo, M. 1978. Les Algues Dasycladales du
Jurassique et du Cretace. Geobios, Lyon, Memoir spe-
cial, 2, 330 pp.

Bozorgnia, F. 1964. Microfacies and microorganisms of
Paleozoic through Tertiary sediments of some parts of Iran.
National Iranian Oil Company, Tehran, Iran, 158 pl.

—. 1973, Paleozoic foraminiferal biostratigraphy of cen-
tral and East Alborz Mountains, Iran. National Iranian
Oil Company, 4, Tehran, Iran, 45pl., 185 pp.

De Castro, P. 1997. Introduzione allo studio in sezione sot-
tile delle Dasicladali fossili. Quaderni dell’ Accademia
Pontaniana, 22, 172 pp.

Deloffre, R. 1988. Nouvelle taxonomie des algues
Dasycladales. Bulletin Centres Recherche Exploration -
Production Elf-Aquitaine, 12, 165-217.

—. 1992. Revision des Gymnocodiaceae (Algues rouges,
Permien-Miocene), Taxonomie, Biostratigraphie,
Paleobiogeographie,  3e partie.  Revue de
Micropalaontologie, 35, 23-37.

Edgell, H. S., and Basson, P. W. 1975. Calcareous algae
from the Miocene of Lebanon. Micropaleontology, 21,
165-184.

Elliott, G. F. 1955. Fossil calcareous algae from the Middle
East. Micropaleontology, 1, 125-131, pl. 1. 

—. 1956. Further records of fossil calcareous algae from
the Middle East. Micropaleontology, 2, 327-334. 

—. 1957a. New calcareous algae from the Arabian penin-
sula. Micropaleontology, 3, 227-230. 

—. 1957b. Subterraniphyllum, a new Tertiary calcareous
alga. Palaeontology, 1, 73-75. 

—. 1959. New calcareous algae from the Cretaceous of
Iraq. Rev. Micropaleontology, 1, 217-222. 

—. 1960. Fossil calcareous algal floras of the Middle East
with a note on a Cretaceous problematicum, Hensonella
cylindrica gen. et sp. nov. The Quarterly Journal of the
Geological Society of London, 115, 217-232. 

—. 1962. More microproblematica from the Middle East.
Micropaleontology, 8, 28-44. 

—. 1963. Problematical microfossils from the Cretaceous
and Paleocene of the Middle East. Palaeontology, 6,
293-300. 

—. 1968. Permian to Palaeocene calcareous algae
(Dasycladaceae) of the Middle East. Bulletin of the
British Museum (Natural History), Geology, Supplement
4, London, 111 pp.

—. 1970. Pseudaethesolithon, a calcareous alga from the
Fars (Persian Miocene). Geologica Romana, 9, 31-46. 

Enay, R. 1987. Le Jurassique d’Arabie Saoudite centrale.
Geobios, Lyon, Memoir speciale 9, 314 pp.

Granier, B. 1988. Algues Chlorophyceae du Jurassique ter-
minal et du Crétacé inférieur en Alicante.
Mediterranea, Alicante, 5, 1986, 5-96.

Granier, B., and Deloffre R. 1995. Inventaire des Algues
Dasycladales fossiles. IIo partie- Les Algues
Dasycladales du Jurassique et du Cretace. Revue de
Paléobiologie, 12/1 (1993), 19-65. 

—. 1995. Inventaire des Algues Dasycladales fossiles. IIIo

partie- Les Algues Dasycladales du Permien et du Trias.
Revue de Paléobiologie, 14/1, 49-84, 5 tabl. 

Granier, B., and Grgasovic T. 2000. Les Algues
Dasycladales du Permien et du Trias. Nouvelle tentative
d’inventaire bibliographique, géographique et strati-
graphique. Geologia Croatica, 53/1, 1-197.

Granier,  B.; Bsker, E.; Charollais, J., and Davaud, E.
2003. Berriasian-Valanginian dasyclad algae from
Geiz (Ain, France). In Braga, J.C., and Aguirre, J.
(Eds.), p. 25. Abstracts of the 8th International
Symposium on Fossil Algae, Granada, Spain, 18-20
September, 2003.

Hughes, G. W. 1996.  A new bioevent stratigraphy of Late
Jurassic Arab-D carbonates of Saudi Arabia.
GeoArabia, 1, 417-434. 

—. 2000. Bioecostratigraphy of the Shu’aiba Formation,
Shaybah Field, Saudi Arabia. GeoArabia, 5, 545-578.

—. 2004. Middle to Upper Jurassic Saudi Arabian carbo-
nate petroleum reservoirs: biostratigraphy, micropalae-
ontology and palaeoenvironments. GeoArabia, 9,
79-114.

Okla, S. M. 1987. Algal microfacies in Upper Tuwaiq
Mountain Limestone (Upper Jurassic) near Riyadh,
Saudi Arabia. Palaeogeography, Palaeoclimatology,
Palaeoecology, 58, 55-61.

—. 1989. The occurrence of dasycladacean-bearing beds in
Tuwaiq Mountain Limestone (Upper Jurassic) in central

HUGHES — CALCAREOUS ALGAE OF SAUDI ARABIAN PERMIAN TO CRETACEOUS CARBONATES 139



Saudi Arabia. Journal of the University of Kuwait
(Science), 16, 155-163. 

—. 1991a. Dasycladacean Algae from the Jurassic and
Cretaceous of central Saudi Arabia. Micropaleontology,
37, 183-190.

—. 1991b. Common Jurassic fossil algae from Tuwaiq
Mountain Limestone in central Saudi Arabia. Revista
Española de Micropaleontología, 13, 89-100. 

—. 1992a. Permian Algae and algal microfacies from
Unayzah, Quassim district, Saudi Arabia. Facies, 27,
217-224. 

—. 1992b. Further record of Jurassic, and Cretaceous fossil
algae from central Saudi Arabia. Revue de
Paléobiologie, 11, 373-383. 

—. 1994. Fossil Algae from Saudi Arabia revisited. Rivista
Italiana di Paleontologia e Stratigrafia, 99, 441-460. 

—. 1995a. Campanian to Maastrichtian dasycladacean
Algae from the Aruma Formation in central Saudi
Arabia. Revista Española de Micropaleontología, 27, 5-
14. 

—. 1995b. Late Cretaceous Dasycladales from the Aruma
Formation in central Saudi Arabia. Neues Jahrbuch für

Geologie und Paläontologie, Monatshefte, Jahrgang
1995, 8, 475-487. 

Pia, J. 1920. Die siphoneae verticillatae vom Karbon bis
zur Kreide. Abh. zool.-bot. Ges., Wien, 11, 1-163.

Rezak, R. 1959. New Silurian Dasycladaceae from the
southwestern United States. Colorado School of Mines
Quart., 54, 115-129.

Sartorio, D., and Venturini, S. 1988. Southern Tethys
Biofacies. Agip Stratigraphic Department, Donato
Milanese, 235 pp.

Simmons, M. D., and Hart, M. B. 1987. The biostrati-
graphy and microfacies of the Early to mid-Cretaceous
carbonates of Wadi Mi’aidin, Central Oman Mountains,
In Hart, M. D. (Ed.) Micropalaeontology of Carbonate
Environments, Ellis Horwood Limited, Chichester, UK,
176-207.

MANUSCRITO RECIBIDO: 24 marzo, 2004
MANUSCRITO ACEPTADO: 15 septiembre, 2004

REVISTA ESPAÑOLA DE MICROPALEONTOLOGÍA, V. 37, N.° 1, 2005140



Revista Española de Micropaleontología, 37(1), 2005, pp. 141-169
© Instituto Geológico y Minero de España
ISSN: 0556-655X

141

TRIASSIC HALIMEDACEANS: NEW GENERA AND SPECIES FROM
THE ALPS, SICILY AND SOUTHERN APENNINES

B. SENOWBARI-DARYAN1 AND V. ZAMPARELLI2

1 Institute of Paleontology, University of Erlangen-Nürnberg, Loewenichstr. 28, 
D-91054 Erlangen, Germany. 

E-mail: basendar@pal.uni-erlangen.de
2 Department of Scienze della Terra, University of Naples, Largo S. Marcellino 10, 

I-80138 Napoli, Italy. 
E-mail: valzampa@unina.it

Abstract

Halimedaceans (= Udoteaceans) are an ancient group of green algae (Chlorophyta) that first
appeared in the Upper Cambrian and occur through the Phanerozoic up to the Recent. The num-
ber of described Triassic genera and species of halimedaceans have more than doubled during
the last decades. The first representative of Triassic halimedaceans appeared in the Anisian. The
number of halimedacean taxa increased during the Triassic, reaching maximum abundance in
Late Triassic (Norian-Rhaetian). In addition to the previously known taxa, new taxa are descri-
bed from the Ladinian-Carnian reefs limestones of the Dolomites, Italy and from Norian reef
limestones of Sicily and the Southern Appennines. These are: Calabricodium irregularum nov. gen.,
nov. sp., Collarecodium cornuformis nov. sp.,  Brandneria calabrica nov. sp., Madonicodium nori-
cum nov. gen., nov. sp., and Alpinocodium fluegeli nov. gen., nov. sp. The majority of halimeda-
ceans occur only in reefs, but a few of them are also commonly found in deposits of lagoonal
environments.

Key words: Algae, Halimedaceans (Udoteaceans), Alpinocodium, Brandneria, Calabricodium,
Collarecodium, Egericodium, Madonicodium, Triassic, Alps, Dolomites, Southern Appenines, Sicily.

Resumen

Las halimedáceas (= udoteáceas) son un grupo de algas verdes (Chlorophyta) que aparecieron
en el Cámbrico superior y se encuentran a través del Fanerozoico hasta la actualidad. El número
de géneros y especies de halimedáceas triásicas descritas se ha doblado en las últimas décadas.
Los primeros representantes de halimedáceas del Triásico aparecieron en el Anisiense. El núme-
ro de taxones incrementó durante el Triásico, alcanzándose el máximo de abundancia en el
Triásico superior (Noriense-Rhaetiense). Además de los taxones previamente conocidos, en este
trabajo se describen algunos nuevos de las calizas arrecifales del Ladiniense-Carniense de las
Dolomitas (Italia) y de las calizas arrecifales del Noriense de Sicilia y sur de los Apeninos. Éstos
son: Calabricodium irregularum nov. gen., nov. sp., Collarecodium cornuformis nov. sp., Brandneria
calabrica nov. sp., Madonicodium noricum nov. gen., nov. sp., y Alpinocodium fluegeli nov. gen.,
nov. sp. La mayoría de estas halimedáceas se encuentran sólo en arrecifes, pero algunas de ellas
aparecen comúnmente también en depósitos de lagoon. 

Palabras clave: Algas halimedáceas (udoteáceas), Alpinocodium, Brandneria, Calabricodium,
Collarecodium, Egericodium, Madonicodium, Triásico, Alpes, Dolomitas, S de Apeninos, Sicilia.



REVISTA ESPAÑOLA DE MICROPALEONTOLOGÍA, V. 37, N.° 1, 2005142

INTRODUCTION

Halimedaceans (=Udoteaceans) are an ancient
group of green algae (Chlorophyta), that first appeared
in the Upper Cambrian (Wray, 1977; Bassoulet et al.,
1983; Barattolo, 1991). They are common in shallow
water of Ordovician to Recent carbonates (Bassoulet et
al., 1983; Barattolo, 1991). While numerous genera of
halimedaceans are known from the Paleozoic (Konishi,
1961; Roux, 1985), and late Mesozoic to Cenozoic
records, only little information could be found in the
literature on the Triassic representatives. Bassoullet et
al. (1983) cited only the genus Boueina from the
Triassic, but, during the last decade, several additional
taxa have been described from the Triassic, particulary
by Dragastan et al. (1997, 1999). The following taxa
have been described to date from Triassic deposits (see
Tab. 1):

Collarecodium oenipontanum Brandner & Resch
1980, from the Carnian of the Wetterstein lime-
stone of Innsburger Nordkette, Tirol, Austria. 

Boueina hochstetteri Toula, Flügel 1975, from
Norian reef limestones of Gosaukamm, Austria. 

Boueina marondei Flügel 1988 from the Norian-
Rhaetian of Huai Chongkhrong, NW of
Bangkok, Western Thailand, and later reported
by Senowbari-Daryan & Hamedani 1999, from
the Norian-Rhaetian Nayband Formation, south
of Abadeh, central Iran. According to Dragastan
et al. (1999), B. marondei represents a species of
Halimeda and does not belong to the genus
Boueina Toula. However, the comparision of
Boueina marondei with Halimeda helladica by
Dragastan et al. (1999: 145), based on the type
and ramification of the siphons (without taking
into consideration diagenetic alteration) is very
theoretical and is not recognizable in Flügel’s
(1988) and Dragastan’s et al. (1999) illustra-
tions. The same is also true for the cortical utri-
cles of Halimeda discreta reconstructed by
Dragastan et al. (1999: Fig. 6). 

Udotea adnetensis Kühnel 1932, from Upper
Rhaetian Reef limestones near the town of
Adnet, Austria. It is not possible to comment
specifically about this alga (nomen oblitum?),
based on the available illustrations.

Shonabellia verrucosa Retallack 1983, from the
Anisian-Ladinian of New Zealand.

Egericodium hungaricum Flügel et al. 1992, from
Carnian reef limestones of Bükk-Mts.,
Hungary.

Brandneria dolomitica Senowbari-Daryan,
Zühlke, Bechstädt & Flügel 1993. Brandneria
dolomitica was described from Anisian reef
boulders of the Southern Alps (Dolomite,
Italy), and was assigned to porostromate cya-
nophyceans by Senowbari-Daryan et al.
(1993). We consider it here as belonging to the
Halimedaceans. 

Dragastan et al. (1997) have described from the
Upper Triassic (Norian-Rhaetian) of the Island of
Hydra (Greece) the following new taxa, which they
assigned to new families: Pseudoudotea littleri, P. gra-
nucalcarata, P. magna, P.  mediterranea (= Cayeuxia
mediterranea Herak), P. flabellum, P. sp., Hydraea
calcarata, Pseudopenicillus aegaeicus, Permocalculus
pelagonicus. Further “halimedacean” or “udoteacean”
taxa: Halimeda helladica, H. discreta, Felixporidium
triasicum, and Hydracara kubeae, were later described
from the same locality by Dragastan et al. (1999).
Dragastan et al. (1977) and Dragastan et al. (1999)
also assigned “porostromate” cyanophyceans (like
Garwoodi and Hedstroemia) to the Chlorophyta (see
also Dragastan and Richter, 1999). Therefore, these last
genera are not taken into consideration in Table 1. All
the species mentioned from Hydra are poorly docu-
mented and their determination is almost  impossible.
Taking into account the taxa established by Dragastan
et al. (1997, 1999), and adding the genera and species
described in this paper, the  number of Triassic hali-
medaceans is total at least 15 genera and 23 species
(Table 1). 

Reid (1986) reported phylloid algae, possibly hali-
medaceans, from Norian reef limestones of the Yukon
Territory, Canada. She compared the Norian represen-
tatives with the Paleozoic genus Ivanovia. Additional
species of halimedaceans, not determined in detail,
were described, e. g. from the Upper Triassic (Norian)
carbonates of Wombat Plateau (Northwest Australia)
by Röhl et al. (1991). Neither the Yukon nor Wombat
Plateau representatives are included in Table 1. 

HALIMEDACEAN TAXA EXAMINED,
THEIR GEOGRAPHIC OCCURRENCE,

METHODS OF STUDY, AND REPOSITORY 

Taxa examined
The following taxa were examined: Collarecodium,

2 species (C. oenipontanum Brandner & Resch, and C.
cornuformis n. sp.), Egericodium, 1 species (E. hunga-
ricum Flügel et al.), Calabricodium nov. gen., 1 spe-
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cies (C. irregularum nov. sp.), Brandneria, 1 species
(B. calabrica nov. sp.), Madonicodium nov. gen., 1

species (M. noricum nov. sp.), and Alpinocodium nov.
gen., 1 species (A. fluegeli nov. sp.).

TABLE 1–Triassic halimedacean taxa and their stratigraphic occurrence. Genera, like Garwoodia or Hedstromia, which formerly
were attributed to Cyanophyceans and were placed in the Halimedineae by Dragastan et al. (1997, 1999), are not included in
this table. Numbers in parenthesis give the durations of stages in million of years ago (after Gradstein et al., 2004). Asterisk
means the occurrence of the species in Anisian-Ladinian.



Geographic Sources

A) Alps
A1) The specimens of Collarecodium oeniponta-

num Brandner & Resch were collected from the type
locality (Carnian part of Wetterstein limestones of
Innsbrucker Nordkette, Austria) by one of the authors
(B. S.- D.). Detailed information about the microfacies
and organism associations of these reef limestones
were reported by Brandner & Resch (1980, 1981).

A2) Specimens of the species Egericodium hunga-
ricum and Collarecodium cornuformis nov. sp., and
the only specimen of Alpinocodium fluegeli nov. gen.,
nov. sp. came from Ladinian reef boulders cropping
out in the Mahlknecht locality, Seiser pasture (Seiser-
Alm/Alpe di Siusi) Dolomites, Northern Italy. The
specimen of Alpinocodium fluegeli nov. gen., nov. sp.
was collected by E. Flügel (Erlangen), and  all the
others by Flügel & Senowbari-Daryan. This locality is
situated in the southwestern part of the Seiser Alm.
According to Brandner et al. (1991) the Mahlknecht
Cliff, together with the Roßzähne/Denti di Terrarossa,
forms the margin of the Schlern-Rosengarten carbona-
te platform. The palaeogeographic position of this
locality was illustrated by Bosellini (1984). The micro-
facies and fossil content of allochthonous carbonate
boulders exposed at this locality was presented by
Brandner et al. (1991).   

B) Sicily 
The samples containing Madonicodium noricum

nov. gen., nov. sp. were collected from Norian reef
limestones cropping out in Madonie-Mts., central
Sicily. The outcrops are exposed around the Piano di
Battaglia, Portella Arena Pass and at the ski-trail.
Some paleontological papers on these localities and
associated organisms have been published by
Senowbari-Daryan et al. (1982), Senowbari-Daryan &
Schäfer (1996), and Senowbari-Daryan (1990).

C) Southern Apennines 
The samples containing Calabricodium irregula-

rum nov.gen., nov. sp., and Brandneria calabrica nov.
sp. were collected  from the Upper Triassic (Norian-
Rhaetian) reef limestones cropping out in various loca-
lities of Northern Calabria (Bocca della Cappella,
Buonvicino, M. Cannitello, and also from more the
distant area of M. Cocuzzo). These successions
(“Verbicaro Unit” of Amodio Morelli et al., 1976) are
interpreted (according to the model of Cirilli et al.,
1999, and Zamparelli et al., 1999) as  having formed

on the margin of intraplatform restricted troughs with
poorly oxygenated bottom waters, and are characteri-
zed by peculiar microbial-serpulid communities.
Geological and biostratigraphical data from these loca-
lities were published in Zamparelli et al. (1999),
Mastandrea et al. (2003), and Perri et al. (2003).

Methods of Study
The examined algae were investigated in more than

500 “large” thin sections (most of them 10 x 7.5 cm or
10 x 15 cm) under a light microscope with transmitted
light and few of them were studied in polished slabs.
Because of the poor calcification and recrystallization
of these algae a scanning electron microscope was not
useful for determination of taxa or ascertainment of
microstructure. Thin sections and enlarged copies of
pictures were used in making drawings of the algae.
The three dimensional reconstructions of these algae
are based on longitudinal, cross and oblique sections.
The photographs were made under a light microscope
from thin sections by Mrs. M. L. Neufert (Institute of
Paleontology, Erlangen), only a few polished slabs
were photographed.       

Repository
The investigated material from the Southern

Apennines is deposited in collections of the
Department of “Scienze della Terra”, University of
Napoli (Material: Zamparelli); those from Sicily, the
Southern Alps (Dolomites) and from the Innsbrucker
Nordkette (Northern Calcareous Alps) are deposited in
collection of the Institute of Paleontology, University
of Erlangen-Nürnberg (Material: B. Senowbari-Daryan).

SYSTEMATICS AND PALEONTOLOGY

Classification of Halimedaceans
The systematic subdivision of the fossil halimeda-

ceans (Udoteaceans) within the system of algae is still
controversical. They are generically differentiated by the
shape and construction of the thallus and by 
the arrangement, shape and branching pattern of the
medullar and cortical filaments (siphons and utricles)
(Konishi, 1961; Elliott, 1970; Bassoullet et al., 1983).
However, according to Flügel (1988), some of these
criteria seem to be variable and not species characte-
ristic. A detailed discussion of systematics of halime-
daceans can be found e. g. in Mu (1991).
Classifications of calcareous siphonous green algae
suggested by different authors are summarized by
Dragastan et al. (1997). According to Hillis-Colinvaux
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(1984), the family name Halimedaceae Link is
synonymous with Udoteaceae Endlicher. However,
Dragastan et al. (1997) recently kept the term
Udoteaceae for a separate family and subdivided the
suborder Halimedineae Hillis-Colinvaux (1984) into
the following five families: Halimedaceae Link,
Udoteaceae Endlicher, Avrainvilleaceae Dragastan et
al. (nov. fam.), Rhipiliaceae Dragastan et al. (nov.
fam.), and Pseudoudoteaceae Dragastan et al. (nov. fam.).
Various genera which were before attributed to
Cyanophyceans, are placed in the mentioned families
established by Dragastan et al. (1997).

Phylum SIPHONOPHYTA
Class BRYOPSIDOPHYCEAE

Order CAULERPALES Schaffner 1922 
(= Caulerpales) Setchell 1929, 

see Hillis-Colinvaux 1984
Suborder HALIMEDINEAE Hillis-Colinvaux 1984

Family HALIMEDACEAE Link 1832
(syn. Udoteaceae Endlicher 1834)

Definition of Halimedaceans
“Chlorophycean algae with thallus devoid of par-

titions, ramified or not, composed of more or less
anastomosed filaments, differentiated in medullar
and cortical zone” (Bassoullet et al., 1983, translated
by Bucur, 1994: 14). (instead of the term “filament”,
the terms siphons, for the medullar zone, and utri-
cles, for the cortical zone, will be used elsewhere in
this paper).

Taxa examined

Genus Collarecodium Brandner & Resch 1980

Type species.–Collarecodium oenipontanum
Brandner & Resch 1980.

Collarecodium oenipontanum 
Brandner & Resch 1980

(Pl. 1, Figs. 1-3)

? Syringopora vermicularis Klipstein in Ott, ?1966,
p. 162, Fig. 2. 

1980 Collarecodium oenipontanum n. sp.– Brandner
and Resch, p. 38, Pl. 1-4, Text-Figs. 2-4.

Material.–Several specimens (longitudinal sections
in thin section NK31/l and transverse sections in thin
section NK31/q) from the type locality (Innsbrucker
Nordkette, Tirol, Austria). 

Description.–Numerous thalli of this multibranched
species appear to be bush-like (like dendroid corals)
and were interpreted as such in the field. Individual
thalli reach lengths of more than 20 mm (according to
Brandner and Resch, up to 150 mm), and have diameters
of about 1 mm (according to the above authors, up to
0.5-1.7 mm). In our material, the thalli are strongly
recrystallized, and only the cortical zone without
recognizable utricles is visible (Pl. 1, Fig. 3). The
medullar zone is usually totally recrystallized. Because
of that stronge recrystallization, data on the siphons in
both differentiated zones are lacking, but all other cha-
racteristics of the alga correspond to the original des-
cription of Brandner and Resch (1980). A possible
orientation of the siphons in the medullar and cortical
zone of C. oenipontanum were reconstructed by
Brandner and Resch (1980).

Remarks.–Ott (1966) described from the Cassian
Formation (Ladinian-Carnian) of Southern Alps, Italy
a “tube-like multibranched” fossil (with question-
mark) as Syringopora vermicularis Klipstein.
According to its dimensions and presence of medullar
and cortical zones, as well as by the occurrence of
collar-like elements evident in Ott’s illustration, this
fossil most probably represents Collarecodium oeni-
pontanum.   

Organism association.–For detailed organism asso-
ciation of C. oenipontanum see Brandner and Resch
(1981).

Occurrence and stratigraphic range.–C. oenipon-
tanum is known only from the Carnian (Cordevolian)
part of Wetterstein reef limestones of the type locality
(Innsbrucker Nordkette, Northern Calcarous Alps/
Austria). It seems to be restricted to the reef biotope.

Collarecodium cornuformis nov. sp.
(Pl. 2, Figs. 1-4, Pl. 3, Figs. 1-7, Pl. 8, Fig. 7,

Text-Figs. 1-2)

Derivatio nominis.–Cornus (lat. = antler, horn) und
forma (lat. = form, shape), according to the horn-like
branching pattern of the thallus.

Holotype.–We designate as holotype the specimen
illustrated in Pl. 2, Fig. 2/A (see Text-Fig. 1/A).

Paratypes.–All specimens figured in Pl. 2, Figs. 1,
3-4, Pl. 3, Figs. 1-7, Pl. 8, Fig. 7 (Text-Figs. 1-2).

Locus typicus.–Maulknecht locality, Seiser pasture
(Seiser-Alm, Dolomites/Italy). 

Stratum typicum.–Ladinian reef boulders.
Diagnosis.–Thallus slender, cylindrical, multibran-

ched (bush- or antler-like) with well differentiated
medullar and cortical zones. The branching angles of

SENOWBARI-DARYAN - ZAMPARELLI — TRIASSIC HALIMEDACEANS: NEW GENERA… 145



the thallus are between 30o and 90o. Both the medullar
and the cortical zones are weakly calcified. Siphons
are not preserved. The individual thalli grew separa-
tely and do not touch each other.

Material.–Numerous thalli in thin sections P170/1
(holotype), P170/2, P/178, and P/212.

Description.–The cylindrical and slender thalli of
this alga grew beside each other, but do not touch as in
Alpinocodium fluegeli nov. gen., nov. sp., which occur
at the same locality (see below). The colonies may
reach heights and diameters of up to 15 cm. Individual
thalli reach lengths of more than 5 cm, having diame-
ters of about 0.4-0.5 mm. Thalli are branched dichoto-
mously or polychotomously (horn- or antler-like) with
angles of 30o-90o. 

Both, the medullar and cortical zones are well dif-
ferentiated. In transmitted light, the medullar zone
appears clear and is composed of large sparitic crys-
tals, indicating no calcification or only weak calcifi-
cation of this zone. The cortical zone appears darker
and composed of microsparite pointing to strong
recrystallization. The medullar zone has a diameter of
0.15-0.18 mm, almost the same thickness as the cor-
tical zone that has a thickness of 0.14-0.2 mm. In
both zones no siphons are recognizable. However,
siphons of the medullar zone, which are run parallel
to the axis of the thallus, could be recognized in some
well preserved thalli (Pl. 3, Fig. 7). They have a dia-
meter of approximately 30 µm. Because of the strong
recrystallization, utricles of the cortical zone have
disappeared. 

The designated holotype (Pl. 2, Fig. 2/A) is a tha-
llus, which grew with numerous other thalli as a bul-
bous “colony” larger than 10 cm in diameter. A thin
section was made from this “colony” and it and the
two rock pieces are kept in collection at the Institute of
Paleontology, Erlangen. 

Remarks.–Collarecodium cornuformis nov. sp. dif-
fers from the genotype Collarecodium  oenipontanum
Brandner & Resch (1980) by having the horn- or
antler-like branching pattern of the thallus, in dimen-
sions of the thallus, as well as dimensions of the medul-
lar and cortical zones, and finally by the small siphons
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TEXT-FIG. 1–Collarecodium cornuformis nov. sp. Drawing of a
small part from the same colony with holotype (A) shows
the numerous thalli cut in longitudinal, oblique and trans-
verse sections. The medullar zones are white and cortical
zones are stippled (compare Pl. 2, Fig. 2). Scale 2 mm. 

→

PLATE 1–1-3, Collarecodium oenipontanum Brandner and Resch. 1, Longitudinal section. View of numerous thalli that grew
one beside the other. Wetterstein limestone, Nordkette, Tirol, Austria. NK 31, x1.3; 2, Magnification from fig. 1 (large
arrow) exhibiting some branched and unbranched thalli, each with a recognizable thin cortical zone. x5; 3, Magnification
from Fig. 1 (small arrow), exhibiting some longitudinal sections of thalli with recognizable cortical zones and a collar-like
extension that may be branching point in one thallus in the lower part of photograph. x7. 4-5, Calabricodium irregularum
nov. gen., nov. sp. 4, Longitudinal section through a specimen exhibiting segmentation or annulation of the thallus. Because
of strong recrystallization the medullar and cortical zones are not separable. M. Cocuzzo, Northern Calabria. AC314. x5; 5,
Tangential sections through circular, oval or irregular outlines of several thalli, that show clearly recognizable cortical zones
and recrystallized medullar zones with relicts of recognizable siphons. Bocca della Cappella, Northern Calabria. ACc1,
x2.5. 
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of the medullar zones (in C. oenipontanum 32-112 µm,
in C. cornuformis only 30 µm). The medullar zone in
C. oenipontanum is 2-3-times thicker than the cortical
zone, but in C. cornuformis both have almost the same
thickness. In addition, the annulations with collar-like
sculptures at the base of annulations, as described from
Collarecodium oenipontanum, were not observed in C.
cornuformis nov. sp.

Organism association.–For detailed organism asso-
ciation and microfacies types of the C. cornuformis-
bearing limestones, see Brandner et al. (1991).  

Occurrence and stratigraphic range.–Until now C.
cornuformis nov. sp. is known only from the Ladinian reef
limestones of the type locality. The organism association
indicates the occurrence of the alga in reef biotopes.

Genus Egericodium Flügel, Velledits, 
Senowbari-Daryan & Riedel 1992

Type species.–Egericodium hungaricum Flügel,
Velledits, Senowbari-Daryan & Riedel 1992.

Egericodium hungaricum Flügel, Velledits,
Senowbari-Daryan & Riedel 1992

(Pl. 4, Figs. 1-3)

Egericodium hungaricum n. gen., n. sp. Flügel,
Velledits, Senowbari-Daryan & Riedel 1992, p. 45, Pl.
8, Figs. 1-5, Pl. 9, Figs. 1-9.

Description.–The specimen shown in Pl. 4, Fig. 1
has a diameter of 80 mm and a height of at least
50 mm. The bush-like growth and dichotomosly mul-
tibranched thallus has branches up to 3 mm in diameter.
Individual branches are weakly annulated at various
intervals.

The thallus is subdivided into a thick medullar and
thin cortical zone. Thickness of the cortical zone ran-
ges between 200 µm and 350 µm. Depending on the
thickness of the thallus, the medullar zone reaches dia-
meters of up to 3 mm. 

Siphons of the medullar zone diverge to the peri-
phery of the thallus. Utricles of the cortical zone are
very thin (about 20 µm) and are orientated perpendicu-
lar to the medullar zone. All other characteristics of the
specimens from the Dolomites correspond to those
from the type locality. 

Organism association.–For detail association of
organisms see Brandner et al. (1991).

Occurrence and stratigraphic range.–Until now
Egericodium hungaricum was known only from the
type locality (Carnian reef limestones of the Bükk
Mts., NE Hungary). This second occurrence of the alga
is in Ladinian reef boulders cropping out in the
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PLATE 2–1-4, Collarecodium cornuformis nov. sp. All photographs were taken of the same colony from a Ladinian reef boulder
from the Maulknecht locality, Seiser pasture (Seiser-Alm), Dolomites, Italy,  P170/1. 1, Section through numerous, partly
multibranched, thalli. Most of the thalli are upwards orientated. P170/1, x4; 2, Longitudinal sections through several multi-
branched thalli. Holotype is designated with “A” (compare Text-Fig. 1). In all specimens the medullar zone appears white,
and the microsparitic cortical zone dark. P170/1, x8; 3, Longitudinal section through three antler-like branched specimens.
P170/1, x16; 4, similar to Fig. 3. P170/1, x20.

TEXT-FIG. 2–Collarecodium cornuformis nov. sp. Drawing of a
part of the same colony as in Fig. 1, but at a different level
on a separate thin section. Sections through numerous thal-
li exhibit the multibranching pattern of the thalli. The axial
medullar zones are white and cortical zones are stippled.
Scale 2 mm.
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Maulknecht locality in the Southern Alps. Therefore,
the stratigraphic range of the species should be exten-
ded to Ladinian-Carnian. In both localities the alga
occurs in a reef biotope.     

Genus Calabricodium nov. gen.

Derivatio nominis.–Named from Calabria and
Codium, a widespread suffix of halimedacean
algae.

Diagnosis.–Cylindrical to irregularly shaped, but
distinctly segmented or annulated thallus with a wide
and weakly calcified medullar zone. The cortical zone

is very thin, with extremely thin and dichotomouly
multibranched utricles.

Type species.–Calabricodium  irregularum nov. sp.  

Calabricodium irregularum nov. sp.
(Pl. 1, Figs. 4-5, Pl. 3, Fig. 8, Pl. 5, Figs. 1-6, Pl. 6,

Figs. 5-8, Pl. 12, Figs. 1, 3, Text-Fig. 3-4)

“Poorly preserved specimen doubtfully ascribed to
Panormida”– Zamparelli et al. 1999, Pl. 9, Figs. 4, 6.

Sphinctozoan sponge (Deningeria sp.).– Perri et al.,
2003, Pl. 15, Figs. 1-2, Pl. 11, Fig. 5.
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TEXT-FIG. 3–Calabricodium irregularum nov. gen., nov. sp.
Transverse section through the thallus shows the thin corti-
cal zone with very small utricles and the medullar zone
with relicts of the relatively large siphons. The spine-like
extention of the cortical zone into the medullar zone shows
multibranched utricles of the cortical zone extending from
the medullar zone. Schematic, not to scale.

TEXT-FIG. 4–Reconstruction of Calabricodium irregularum
nov. gen., nov. sp. Schematic, not to scale.

→

PLATE 3–1-7, Collarecodium cornuformis nov. sp. All photographs are from the Ladinian reef boulders. Maulknecht locality,
Seiser pasture (Seiser-Alm), Dolomites, Italy. 1, Sections through several, antler-like branched specimens that exhibit
strongly recrystallized thalli, but still with recognizable medullar and cortical zones. P220, x10; 2, Section through an antler-
like branched and totally recrystallized specimen. P178, x20; 3, Similar to fig. 2. P220, x20; 4, Similar to fig. 1. P210, x10;
5, Longitudinal section through the younger part of an antler-like multibranched and recrystallized specimen. P182, x10; 6,
Similar to Fig. 5. P178, x10; 7, Longitudinal section through a multibranched specimen (from the same colony as holotype)
exhibits the siphons of the medullar zone running parallel to the axis of the thallus. P/170/1, x30. 8, Calabricodium irregula-
rum nov. gen., nov. sp. Details of cortical zone with utricles. Buonvicino, Northern Calabria, x40. 
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Derivatio nominis.–Because of irregularly shaped
thallus.

Holotype.–As holotype we designate the specimen
illustrated in Pl. 5, Fig. 4. It is cut in longitudinal sec-
tion and shows well the annulation of the alga and the
cortical zone in the upper part (thin section Ac314).  

Paratypes.–All specimens illustrated in Pl. 1, Figs.
4-5, Pl. 3, Fig. 8, Pl. 5, Figs., 1-3, 5-6, Pl. 6, Figs. 5-8,
Pl. 12, Figs. 1, 3.   

Locus typicus.–M. Cocuzzo, Northern Calabria,
Southern Apennines, Italy.

Stratum typicum.–Upper Triassic (Norian-
Rhaetian) reef boulders in the  “Verbicaro” Unit of
Northern Calabria. 

Diagnosis.–See diagnosis of the genus.
Material.–Numerous specimens in thin sections

ACc1, ACc1/7, FS630, FS632, FS 635, ACc1/2) and a
block (Pl. 12, Figs. 1, 3).

Description.–This alga has segmented or annulated,
cylindrical or irregularly shaped thalli. It reaches a
length of up to 20 mm with a diameter of 3-7 mm. The
holotype (Pl. 5, Fig. 4) is a well segmented specimen,
composed of at least 4 segments. It is a poorly preser-
ved specimen but exhibits the medullar and cortical
zone at least in the fourth (youngest) segment.

The cortical zone is relatively thin, having a thick-
ness of 0.15-0.37 mm. This zone appears dark in trans-
mitted light, and exhibits extremely thin and dichoto-
mously multibranched utricles of almost 20 µm (Pl. 3,
Fig. 8). The internal boundary of the cortical zone is
not smooth and spine-like utricles of the cortical zone
extend into the medullar zone, indicating that utricles
of the cortical zone were longer but they are only par-
tially preserved (Pl. 6, Fig. 5, Text-Fig. 3).

The medullar zone is thick and occupies almost the
whole thallus surrounded by the thin cortical zone. The
medullar zone, in almost all specimens, is weakly cal-
cified and, therefore, strongly recrystallized. In some
specimens relicts of siphons, with diameters of about
80 µm, are preserved (Pl. 5, Figs. 1-3, Pl. 6, Figs. 7-8,
Text-Figs. 3-4). A reconstruction of Calabricodium
irregularum nov. gen., nov. sp. is shown in Text-Fig. 4. 

Remarks.–Because of the thick medullar zone
and the thin cortical zone, Calabricodium is similar
to Egericodium but differs from that genus by the
singleness of the thalli and absence of the bush-like
growth pattern developed in Egericodium. In
addition, the thalli of Calabricodium are segmented
or strongly annulated, a feature absent in
Egericodium.

Organism association.–Thalli of Calabricodium
irregularum nov. gen., nov. sp. grew one beside the
other, occupying generally more than 50% of the
rock (Pl. 12, Figs. 1, 3). They are associated with
microbial crusts, some agglutinated foraminifers,
gastropods and abundant peloids. Stromatactis-like
bird-eye structures occur. The space between the
thalli of Calabricodium are filled also with abundant
secondary calcite cement. The best outcrop of this
algal association is exposed near the Buonvicino
village, where in the middle part of the succession,
referred to the upper slope, resedimented large
blocks with marginal facies are made almost totally
by thalli of Calabricodium irregularum. The large
bioconstructed blocks with algae, grade laterally to
different types characterized by thrombolitic
microbialites with serpulids and,  in the external
part, by the  stromatolitic microbialites.

The described skeletal boundstone corresponds to
the “oligotypic sphinctozoan associations” of Perri et
al. (2003) in this locality.

Occurrence and stratigraphic range.–Until now
Calabricodium irregularum is known only from
various Upper Triassic localities (Buonvicino, M.
Cannitello, M. Cocuzzo, Bocca della Cappella) of
the dolomitic Unit (Verbicaro Unit) in Northern
Calabria. According to Zamparelli et al. (1999),
Mastandrea et al. ( 2003 ), and Perri et al. (2003) it
is possible to refer Calabricodium irregularum to
the Upper Triassic,  more exactly to the Upper
Norian  (“Lower Unit” of Perri et al., 2003), due to
the presence of conodont horizons with
Epigondonella slovakensis (Mastandea et al., 2003,
Perri et al., 2003).
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PLATE 4–1-3, Egericodium hungaricum Flügel et al. from a Ladinian reef boulder. Maulknecht locality, Seiser pasture (Seiser-
Alm), Dolomites, Italy. 1, Oblique section through a multibranched specimen. 252, x2.5; 2, Magnification of part of Fig. 1
shows two branches with thick medullar and thin cortical zones. Relicts of medullar siphons are clearly recognizable. x15;
3, Magnification of part of Fig. 1. View of a branch exhibits the medullar and cortical zones with very fine siphons. x40. 4,
Madonicodium noricum nov. gen., nov. sp. Magnification of part of the holotype (Plate 9, Fig. 1, arrow Nr. 1) shows the
dark-appearing medullar zone. Relatively large and divergent utricles of the cortical zone branch from the medullar zone.
Norian reef limestone, Madonie Mts., Sicily. 95/2/8, x20.
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Genus Brandneria Senowbari-Daryan, Zühlke,
Bechstädt & Flügel 1993

Original diagnosis.–“Upward growing alga with a
thallus consisting of a basal part, a stem and a distal
part. The stems are club-shaped and broaden towards
the periphery. Siphons run parallel to the axis of the
thallus and are branched dichotomously with an angle
of less than 30o “(Senowbari-Daryan et al., 1993: 240).

Emended diagnosis.–Dichotomously branched thal-
lus composed of a very thin to almost missing cortical
zone and a thick medullar zone. The diameter of the
thalli increases in the distal part. Siphons in the medu-
llar zone are orientated parallel to the axis of the thallus,
while those in the cortical zone are orientated almost
perpendicular to the axis. Siphons of both zones are
dichotomously branched.

Type species.–Brandneria dolomitica Senowbari-
Daryan, Zühlke, Bechstädt & Flügel 1993. 

Brandneria calabrica nov. sp.
(Pl. 6, Figs. 1-4, Pl. 7, Figs. 1-4, Pl. 8, Figs. 1-3, Pl.

12, Fig. 2, Text-Figs. 5-6)

“Udoteacean algae”.–Zamparelli et al. 1999, Pl. 8,
Figs. 2-6.

Derivatio nominis.–Named for Calabria, southern
Italy.

Holotype.–As holotype we designate the specimen
illustrated in Pl. 8, Fig. 1 (compare Zamparelli et al.
1999, Pl. 8, Fig. 4 and Text-Fig. 5-6)

Paratypes.–Specimens illustrated in Pl. 6, Figs. 1-4,
Pl. 7, Figs. 1-4, Pl. 8, Figs. 2-3, Pl. 12, Fig. 2.

Locus typicus.–Monte Cannitello, Northern
Calabria, Southern Apennines.

Stratum typicum.–Upper Triassic (Norian-
Rhaetian) limestones (Verbicaro Unit), Northern
Calabria, Italy. 

Diagnosis.–Dichotomously branched thallus with
thin cortical and thick medullar zone. The cortical

zone is missing in the distal (younger) parts of the thal-
lus. The diameter of the thallus increases moderately
during growth. Siphons in the medullar zone are orien-
ted parallel to the axis of the thallus, while in the cor-
tical zone they are almost perpendicular to the axis.
Siphons of both zones are dichotomously branched.

Differential diagnosis.–See after the species des-
cription.  

Material.–Numerous specimens in several thin sec-
tions (FS634, AC304, FS635) and on rock surfaces
(Pl. 12, Fig. 2).
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PLATE 5–1-6, Calabricodium irregularum nov. gen., nov. sp. 1, Oblique sections through several specimens clearly exhibit the
cortical zone and the relicts of siphons in medullar zones. Bocca della Cappella, Northern Calabria. ACc1/7, x4; 2, Similar
to fig. 1. M. Cannitello, Northern Calabria. FS632F, x10; 3, Oblique section through a specimen shows, on the right, a sec-
tion through the cortical zone, with fine bifurcated to multibranched utricles. On the left, relicts of the medullar zone and the
relatively well preserved cortical zone are recognizable. Buonvicino, Northern Calabria. FS666b, x16; 4, Holotype.
Longitudinal section through a distinct segmented but strongly recrystallized thallus. M. Cannitello, Northern Calabria.
FS632F, x5; 5, Section through several thalli that show the distinct segmentation of two or three specimens. M. Cannitello,
Northern Calabria. FS632F, x5. M; 6, Section through a thallus with segmentation along one side. M. Cannitello, Northern
Calabria. FS632F, x5.

TEXT-FIG. 5–Longitudinal section through Brandneria calabri-
ca nov. sp. (holotype, compare Pl. 8, Fig. 1) shows the
large and parallel longitudinal siphons of the medullar
zone, coated in part by the thin cortical zone, which is not
developed in the youngest parts of the thallus. Scale 2 mm.
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Description.–The dichotomously multibranched
thalli of this alga usually grew very densely together,
forming grass-like wickerwork (Pl. 7, Fig. 1, Pl. 12,
Fig. 2). As a result, it is not possible to recognize indi-
vidual branches of one thallus from the others.
However, if the thalli grew alone, like the holotype (Pl. 8,
Fig. 1), individual branches and their branching pat-
tern can be recognized. The thalli are usually strongly
recrystallized; only in some specimens are the medul-
lar and cortical zones recognizable. The holotype (Pl.
8, Fig. 1, Text-Figs. 5-6) is a dichotomously multi-
branched specimen having a height of 10 mm and
width of 9 mm. It branches at the base of the thallus to
several other branches. Individual branches are 0.4-0.7
mm in diameter at the base (where the first branching
took place), becoming wider and up to 1.6 mm wide
where further branchings (second order branchings)

followed. The diameter of the thallus increases mode-
rately during the growth stage. 

Because of strongly recrystallization of the thalli,
separation of the medullar and cortical zones is hardly
recognizable. Thickness of the cortical zone ranges
between 20-30 µm. The cortical zone is still not deve-
loped in youngest parts of the thallus (see Text-Fig. 5).
The siphons are also hardly recognizable in the thick
medullar zone but they are relatively well preserved in
the younger parts of the thalli, having diameters of 10-
20 µm. Siphons of the medullar zone are parallel to the
axis of the thallus and are also dichotomously multi-
branched (Pl. 6, Figs. 1-3, Text-Fig. 5). Text-Fig. 6
shows a reconstruction of Brandneria calabrica nov.
sp.    

Remarks.–Brandneria calabrica nov. sp. differs
from the genotype Brandneria dolomitica – first des-
cribed from the Anisian reef boulders of Spiz Znel
(Dolomites, Italy) by Senowbari-Daryan et al. (1993)
and later from the Anisian limestones of southern
Karawanks (Karinthia, Austria) by Schafhauser (1997)
- by the relatively thick cortical zone (in B. dolomitica
about 10 µm, in B. calabrica 20-30 µm), by the small
siphons of the medullar zone (in B. dolomitica 20-40
µm, in B. calabrica 10-20 µm) and, finally, by the
moderate increase of individual branches of the thalli.
In addition B. calabrica differs from B. dolomitica by
the grass-like wickerwork growth pattern and its occur-
rence in the Norian-Rhaetian. 

Organism association.–The bush-like, multibran-
ched thalli of B. calabrica grew one beside the other,
occupying generally more than 50% of the rock. The
alga is associated with microbial crusts, fragments of
porostromate cyanophyceans, small agglutinated fora-
minifers and abundant peloids. Spaces between thalli
of B. calabrica also may be filled with secondary cal-
cite cement.
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TEXT-FIG. 6–Reconstruction of Brandneria calabrica nov. sp.
Schematic, not to scale.

→

PLATE 6–1-4, Brandneria calabrica nov. sp. 1, Section through the younger part of some thalli exhibiting the multibranched
pattern of siphons in the medullar zone, where they almost grew together. Cortical zone is not developed. M. Cannitello,
Northern Calabria. FS443, x8; 2, Similar to fig. 1. The section exhibits the increasing dimensions of the thallus in its youn-
ger part. M. Cocuzzo, Northern Calabria. AC202, x10; 3, Magnification of a branch of a thallus, showing the recystallized
cortical zone and medullar zone with parallel siphons. M. Cannitello, Northern Calabria. FS635/5, x30; 4, Transverse sec-
tion through branches of a multibranched thallus shows the thick medullar zones and thin cortical zones. M. Cannitello,
Northern Calabria. FS635, x10. 5-8, Calabricodium irregularum nov. gen., nov. sp. 5, Transverse section showing the
poorly preserved cortical and strongly recrystallized medullar zones. The spine-like extentions of the cortical zone into the
medullar zone possibly indicate the branching pattern of utricles of the cortical zone. M. Cannitello, Northern Calabria.
FS632h, x20; 6, Longitudinal section through a distinctly segmented specimen exhibits the cortical zone and medullar zone
filled partly with sediment and calcite cement. M. Cannitello, Northern Calabria. FS632F, x8; 7, A relatively well preserved
thallus shows the dark-appearing cortical zone and the poorly preserved medullar zone with relicts of siphons. Bocca della
Cappella, Northern Calabria. AC612, x15; 8, Similar to Fig. 7. Bocca della Cappella, Northern Calabria. AC612, x10.
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Occurrence and stratigraphic range.–The alga is
known only from the Upper Triassic (Norian-
Rhaetian) dolomitic limestones (Verbicaro Unit) from
several localities in Northern Calabria. The microfa-
cies and organism association of B. calabrica –bearing
limestones indicate the occurrence of the alga in reef
environments.

Genus Madonicodium nov. gen.

Derivatio nominis.–Named from the type locality,
Madonie Mts. in central Sicily, and Codium, a wides-
pread suffix of halimedacean algae.

Diagnosis.–Bush-like, multibranched thallus. Most
characteristic of the thallus are, in thin sections, the
spine-like appearing elements at the surface of the thal-
lus representing deepenings of honey-combed pattern.
Medullar and cortical zones are not distinctly separa-
ted. The large siphons of the medullar zone are parallel
to the axis of the thallus. The siphons of cortical zone
diverge upwards and end as spine-like elements and
between them to the outside. 

Type species.–Madonicodium noricum nov. sp.

Madonicodium noricum nov. gen., nov. sp.
(Pl. 4, Fig. 4, Pl. 8, Figs. 4-6, Pl. 9, Figs. 1-6, Pl. 10,

Figs. 1-6, Text-Fig. 7)

Derivatio nominis.–From the occurrence of the alga
in Norian stage rocks.

Holotype.–We designate as holotype the specimen
illustrated in Pl. 9, Fig. 1 (thin section 95/2q2).

Paratypes.–All specimens illustrated in Pl. 8, Figs.
4-6, Pl. 9, Figs. 2-6, Pl. 10, Figs. 1-3, 6.

Locus typicus.–Portella Arena Pass, Madonie
Mountains, central Sicily.

Stratum typicum.–Norian reef limestones.
Diagnosis.–See diagnosis of the genus.
Material.–In numerous thin sections, among them

in 95/2q2 (holotype), P/231/2, P442/1l, P422/q, P447,
94/24, 94/28, 94/42, 94/112, 94/117, 94/122, 94/123/1,
94/153, 94/163, 94/164/1, 94/?, CL11, SK20/3. 

Description.–The bush-like and multibranched thal-
li of this alga reach heights and diameters up to

30 mm. Because branches of the thallus were easily
broken, the individual branches were often found as
isolated fragments. The typical characteristics of this
alga are the spine-like sculptures at the surface of the
thallus, like those shown in thin section (Pl. 8, Figs. 4-
6, Pl. 9, Figs. 1-6, Pl. 10, Figs. 3-6). Distances betwe-
en the “spines” range 0.15 mm up to 0.45 mm. In
some specimens the “spines” are well developed,
while  in others they are rudimentary. We interpret
these “spines” as deepenings of a honey-combed pat-
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PLATE 7–1-4, Brandneria calabrica nov. sp. 1, View of numerous thalli that grew together. M. Cannitello, Northern Calabria.
FS443, x1.5; 2, View of several multibranched thalli. Note the extension of thallus branches in the youngest part. M.
Cocuzzo, Northern Calabria. AC 303, x6; 3, Similar to Fig. 2. M. Cocuzzo, Northern Calabria. AC 303, x6; 4, Similar to
Fig. 2. M. Cocuzzo, Northern Calabria. AC 303 x6.

TEXT-FIG. 7–Madonicodium noricum nov. gen., nov. sp.
Holotype (compare Pl. 9, Fig. 1). Medullar zones are dark,
and cortical zones are white. Scale 2 mm.
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tern at the surface of the thallus. Individual branches
have diameters of 0.25-1 mm. 

The thalli are usually strongly recrystallized; the-
refore the medullar and cortical zones are not always
recognizable. In relatively well preserved speci-
mens the medullar zone appears dark, having a dia-
meter of approximately 0.05 mm (Pl. 10, Figs. 1-2,
3, 6). The utricles of the cortical zone diverge
upwards (Pl. 10, Figs. 1-2, 3, 6). In some specimens
the utricles of the cortical zone end in spines, and in
other specimens between them (Pl. 4, Fig. 4, Pl. 10,
Figs. 3-4, 6).  

The holotype (Pl. 9, Fig. 1, compare the magnifi-
cations in Pl. 4, Fig. 4, Pl. 10, Figs. 4-5 and Text-Fig.
7) is a bush-like specimen having a thallus height 
of 20 mm with a diameter of 20 mm. It is composed of
numerous dichotomous branches that diverge
upward. 

The thalli of Madonicodium noricum are, in
most cases, surrounded by microbial crusts
(“Spongiostromata”). 

Remarks.–Madonicodium is differentiated from
both genera described above by its bush-like thallus,
the large siphons and, especially, by the honey-combed
structural pattern at the thallus surface. Because of the
outer morphology and the bush-like branching pattern
of the thallus, Madonicodium noricum resembles
Collarecodium oenipontanum Brandner & Resch
(1980), described from the Carnian (Cordevolian) part
of the Wetterstein limestones of Innsbrucker
Nordkette, Tirol, Austria (compare Pl. 1, Figs. 1-3).
The most distinctive feature of Madonicodium is the
honey-combed-like sculptured surface of the thallus,
which is lacking in Collarecodium. 

Organism association.–Madonicodium noricum is
associated with “typical” reef organisms, especially
with coralline sponges and with typical microbial

crusts (“Spongiostromata”) of Norian-Rhaetian reefs
(for details see Senowbari-Daryan et al., 1982).   

Occurrence and stratigraphic range.– Madonicodium
noricum nov. gen., nov. sp. was found in numerous
thin sections of the Norian reef limestones that are
exposed in several places in Portella Arena Pass,
Madonie Mts., central Sicily. It is likely that the spe-
cies also occurs in other Norian reef limestones in
the Palermo Mts. (north and northwest of Palermo).
The microfacies and organism association of
Madonicodium-bearing limestones indicate the occur-
rence of the alga in reef biotopes.

Genus Alpinocodium nov. gen.

Derivatio nominis.–From the Alps, where the algae
occurs, and Codium, a widespread suffix of halimeda-
cean algae.

Diagnosis.–Nodular colonies of irregularly grow-
ing alga that are more than 20 cm in diameter, with
dichotomously multibranched thalli. The medullar
zone is poorly calcified, appearing dark in transmitted
light. The relatively thick cortical zone is strongly
recrystallized, therefore the siphons are not recogniza-
ble.   

Remarks.–Alpinocodium differs from similar lo-
oking Brandneria and Collarecodium by the colonial
growth and the constant diameter of the thalli.  

Type species.–Alpinocodium fluegeli nov. sp.

Alpinocodium fluegeli nov. gen., nov. sp.
(Pl. 11, Figs. 1-7, Text-Fig. 8)

Derivatio nominis.–Dedicated to Prof. Dr. Erik
Flügel who collected this alga.

Holotype.–Pl. 11, Fig. 1 (Enlargements of parts of
holotype are illustrated in Pl. 11, Figs. 2-7).
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PLATE 8–1-3, Brandneria calabrica nov. sp. 1, Holotype. Longitudinal section (for details compare Text-Fig. 3). M. Cannitello,
Northern Calabria. FS 635, 7.5x; 2, Longitudinal section through 2 branches that exhibit recrystallized cortical and poorly
preserved medullar zones with parallel siphons. M. Cannitello, Northern Calabria. FS 635, 10x; 3, Longitudinal section
through a branch showing siphons of the medullar zone. M. Cannitello, Northern Calabria. FS 635, 10x. 4-7, Madonicodium
noricum nov. gen., nov. sp. 4, Sections through three branches of a totally recrystallized specimen with clearly recognizable
“spine-like” elements. Norian reef limestone, Portella-Arena-Pass, Madonie Mts., Sicily. 94/123/1, x7.5; 5, Sections through
several strongly recrystallized branches, exhibiting the honey-combed structures (appearing as spine-like in longitudinal
section). Norian reef limestone, Portella-Arena-Pass, Madonie Mts., Sicily. 94/122, x7.5; 6, Similar to Fig. 4. Norian reef
limestone, Portella-Arena-Pass, Madonie Mts., Sicily. 94/28, x10; 7, Collarecodium cornuformis nov. sp. Section through
several dichotomously branched thalli, showing their white-appearing medullar and dark-appearing cortical zones. Ladinian
reef boulder, Maulknecht locality, Seiser pasture (Seiser-Alm), Dolomites, Italy. P170/1, x8.
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Locus typicus.–Maulknecht, Seiser pasture (Seiser-
Alm), Dolomites, Italy.

Stratum typicum.–Ladinian reef boulders. 
Diagnosis.–See diagnosis of the genus.
Material.–Only one nodular-shaped specimen of

almost 20 cm in diameter. Two thin sections (longitu-
dinal and transverse) were made. 

Description.–This alga is nodular in shape, with a
diameter of almost 20 cm. The longitudinal section
from this specimen exhibits numerous dichotomously
multibranched thalli, grown one beside and above the
others. Diameters of individual thalli range between
0.35 mm and 0.50 mm. The medullar zone appears
dark in transmitted light and reaches diameters of
about 0.10-0.15 mm. The medullar zone was most pro-
bably not calcified, therefore no siphons are preserved.
The cortical zone, usually thicker than the medullar
zone, is strongly recrystallized and no siphons are
recognizable. Relicts of dichotomously branched si-
phons of about 25 µm in diameter, which run almost
perpendicular to the medullar zone could be perceived
only in some thalli. The thalli are cylindrical and their
diameters remained constant during growth. 

Organism association.–See Collarecodium cornu-
formis n. sp.

Occurrence and stratigraphic range.–Alpinocodium
fluegeli nov. gen., nov. sp. is known only from the
Ladinian reef boulders of the type locality.

CONCLUSIONS

Our present knowledge about the Triassic
Halimedaceans (Udoteaceans) may be summarized as
followings:

1. The earliest known Triassic halimedacean alga,
Brandneria dolomitica appears in the Anisian

(Southern Alps, Dolomites, Italy) followed by
Ladinian representatives Collarecodium cornu-
formis and Alpinocodium fluegeli. The occurren-
ce of the Anisian and Ladinian pioneer genera,
Brandneria and Colleracodium continues
throughout the Carnian or Norian stage.

2. The frequency of halimedacean algae increased
during the Triassic, reaching its maximum abun-
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TEXT-FIG. 8–Alpinocodium fluegeli nov. gen., nov. sp. Drawing
of a small part of the colony, from which the holotype (Pl.
11, Fig. 1) and all photographs in Pl. 11 were made. Dark
areas indicate the medullar zone, white areas the cortical
zones. Scale 2 mm.

→

PLATE 9–1-2, 3?, 4-6, Madonicodium noricum nov. gen., nov. sp. 1, Holoype. Longitudinal to oblique section through irregularly
multibranched specimen (for magnifications see Pl. 4, Fig. 4, Pl. 10, Figs. 4-5 and Text-Fig. 7). Norian reef limestone, Ski
trail, Madonie Mts., Sicily. 95/2q/2, x7.5. 2, Oblique section through a specimen similar to holotype. Ski trail, Madonie
Mts., Sicily. SK20/3, x7.5. 3, Longitudinal section through a specimen growing on a sponge fragment. Because of the lack
of “spine-like” elements, the attribution of this specimen to M. noricum is uncertain. Portella-Arena-Pass, Madonie Mts.,
Sicily. CL/11, x4.5. 4, Transverse to oblique section through a totally recrystallized specimen. Ski trail, Madonie Mts., Sicily.
95/5, x7. 5, Section exhibits the “spine-like” elements on the thallus surface. Ski trail, Madonie Mts., Sicily. X7.5. 6, Section
through several branches that exhibit the medullar and cortical zones. Ski trail, Madonie Mts., Sicily. 95/282, x16.
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dance in Late Triassic (Norian-Rhaetian, see
Tab. 1). 

3. The different thallus zones (medullar or cortical)
of most Triassic halimedaceans are only poorly
calcified, or uncalcified.  

4. Two main types of Triassic halimedaceans, des-
cribed in this paper, can be differentiated, based
on their medullar and cortical zone. The first
type is characterized by a bush-like growth pat-
tern and thin branches with almost the same
thickness of medullar and cortical zones, like
Collarecodium or Madonicodium. The second
type is single or has branched thalli, and thick
medullar and thin cortical zones, like
Egericodium or Calabricodium.

5. While only some representatives of halimedace-
ans (like Boueina) may be found in  the lagoonal
environment, the majority of Triassic halimeda-
ceans occur in reef biotopes.  
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PLATE 11–1-7, Alpinocodium fluegeli nov. gen., nov. sp. All figs. are enlargements of parts of the holotype (Fig. 1). Ladinian
reef boulder from the Maulknecht locality, Seiser pasture (Seiser-Alm), Dolomites, Italy. 1, Holotype. Longitudinal section.
View of numerous thalli which grew one beside the other. Fl/A, x2.5; 2, Longitudinal section through several partly dichoto-
mously multibranched thalli. The medullar zones appear dark. x8; 3, Similar to Fig. 2. x12.5; 4, Similar to 2. x8; 5, The
dark-appearing medullar zones are clearly recognizable. x12; 6, Transverse section. x2.5; 7, Oblique section through nume-
rous parallel thalli exhibit the dark-appearing medullar zones and white-appearing cortical zones. x10.
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PLATE 12–1, Calabricodium irregularum nov. gen., nov. sp. Polished slab shows transverse sections of  numerous specimens of
different sizes. Buonvicino, Northern Calabria. Length of photograph 25 cm. 2, Brandneria calabrica nov. sp. Surface of a
naturally weathered specimen shows numerous branched thalli on the left part of the photograph. Monte Cocuzzo, Northern
Calabria. Length of the photograph 11 cm. 3, Calabricodium irregularum nov. gen., nov. sp. Polished slab shows the longi-
tudinal sections (section perpendicular to Fig. 1) of numerous, partly annulated thalli. Buonvicino, Northern Calabria. Same
sample as Fig. 1. Length of the photograph 11 cm.
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Abstract

In the Lower Aptian succession exposed at the Rio de Mouro section (to the W of Lisbon, central
Portugal), one single level from the “Margas com Ostras” unit has revealed a charophyte association
of Early Aptian age, which includes the new genus Luzochara, whose type-species is  L. reyi nov.
comb. Atopochara trivolvis (Peck, 1938) Peck, 1941, Flabellochara harrisi (Peck, 1941) Grambast,
1959, and Embergerella sp. are also present. The clavatoracean forms without utricle calcification
could be assigned to the Luzochara nov. gen., as defined here.

Key words: Sistematics, charophytes, Lower Aptian, Rio de Mouro, Portugal.

Resumen

En la sucesión del Aptiense inferior de Rio de Mouro (Oeste de Lisboa, centro de Portugal), un
único nivel de la Unidad de “Margas com Ostras” ha proporcionado una asociación de carofitas que
incluye el nuevo género Luzochara nov. gen., cuya especie tipo es L. reyi nov. comb. También están
presentes Atopochara trivolvis (Peck, 1938) Peck, 1941, Flabellochara harrisi (Peck, 1941)
Grambast, 1959, y Embergerella sp. Las formas sin utrículo calcificado incluidas en la familia clava-
torácea podrían ser asignadas al género Luzochara según ha sido definido en este trabajo.

Palabras clave: Sistemática, carófitas, Aptiense inferior, Rio de Mouro, Portugal.

INTRODUCTION AND STRATIGRAPHICAL
SETTING

The Lower Cretaceous Rio de Mouro section
(approximately 20 km to the W of Lisbon, along the
National road EN249, between Lisbon and Sintra)
(Fig. 1) has been the subject of previous stratigraphical
studies, focusing on lithostratigraphy, biostratigraphy,
microfacies, palaeontology and micropalaeontology
(Rey, 1972; Berthou and Leereveld, 1990; Cabral,
1995). Charophytes have been reported by Cabral (1995)
and by Cabral and Colin (1998), but until now no
more intensive studies on this taxon have been carried
out.

The focus of this paper is on some levels of the
same Rio de Mouro section, which have been prima-
rily dated as Early Aptian by the foraminifera assem-
blage (Rey, 1972). Subsequent studies developed by
Berthou and Leereveld (1990), using dinokist informa-
tion, have allowed to confirm this age. A summary of
the regional stratigraphy as proposed by previous aut-
hors is presented in Fig. 2.

The Rio de Mouro section displays a shallow mari-
ne to continental influenced succession (Fig. 3):

— At the base, this succession corresponds to the
“Margo-calcários com Heteraster oblongus” unit
(Cobre Member, Cresmina Formation, Rey,



1992), composed of marginal marine marls, detri-
tal marls and detrital limestones, in which a range
of foraminifera (Choffatella decipiens and
Palorbitolina lenticularis –e. g. Rey, 1972), dino-
kists (Kiokansium hesperum, Pseudoceratium
securigerum, P. pelliferum and Ovoidinum diver-
sum –Berthou and Leereveld, 1990) and ostra-
cods, mainly Platycythereis gibbera, Cythereis
(Rehacythereis) almadenensis and Paracypris
galopimi (Cabral, 1995; Cabral & Colin, 1998)
occur.

— The middle portion of the section (“Calcários
recifais Superiores” unit, Ponta Alta Member,
Cresmina Formation, Rey, 1992) shows a suc-
cession of continentally influenced, intertidal to
subtidal marls, detrital marls and sandstones,
with a poor fossil content. 

— The upper levels consist of shallow subtidal marls
and marly limestones, with marked continental
influence towards the top (“Margas com Ostras”
unit, Praia da Lagoa Member, Cresmina
Formation, Rey, 1992 ), bearing a rich microfos-
sil record: ostracods, namely Cythereis
(Cornicythereis) ericeiraensis, Dolocytheridea
(Dolocytheridea) cf. berthoui, Cytheropterina
estoiensis, Asciocythere dilatata (Cabral, 1995;
Cabral and Colin, 1998); foraminifera, such as
Choffatella decipiens and Palorbitolina lenticula-

ris (e. g. Rey, 1972); and dinokists
(Kleithriasphaeridium eoinodes, Kiokansium
hesperum and Pseudoceratium securigerum, and
at the top of the unit representatives of the
Cyclossephalium compactum group appear
–Berthou and Leereveld, 1990). In one of the
uppermost levels (RM-34T), a rich charophyte
association was previously reported, along with a
freshwater to oligohaline ostracod association,
represented by Rosacythere lacobrigensis,
Cytheropterina estoiensis, Zonocypris sp.,
Cypridea aff. bullata, C. cf. quadrangulata and
C. gr. aculeata (Cabral, 1995; Cabral and Colin,
1998). The taxonomical study of the charophyte
floral association is presented below.

Above the described succession, Upper Aptian to
Middle Albian p. p. fluvial sandstones from the “Grés
superiores de Almargem” unit (Rodízio Formation,
Rey, 1992) occur.

The charophyte content of the studied level shows
abundant Atopochara trivolvis (Peck, 1938) Peck,
1941 and Luzochara reyi (Grambast-Fessard, 1980)
nov. comb., associated with less common
Flabellochara harrisi (Peck, 1941) Grambast, 1959,
rare Embergerella? sp. and an unidentified large sized
Clavatoraceae. The association of these forms points
to an Early Aptian age.
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FIGURE 1–Location of studied section.
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SYSTEMATIC PALAEONTOLOGY (R. P.)

The classification used here follows the “traditio-
nal” systematical approach, in the sense of biological
species of Mayr (in Martín-Closas & Schudack, 1997).
When using such an approach, one must be aware of
the impossibility to test the reproductive ability of the
palaeontological entities. However, in the authors’ opi-
nion, for palaeontological purposes and preliminary
taxonomical positioning, this approach is less proble-
matic. Evolutionary phylogenetic relationships (sensu
Wiley and Mayden, 2000) can be attempted later.

Family CLAVATORACEAE Pia, 1927
Subfamily CLAVATOROIDEAE GRAMBAST, 1969 emend.

Martín-Closas ex Schudack, 1993
Genus Luzochara (Grambast-Fessard, 1980) nov. gen.

Diagnosis.–Clavatoracean gyrogonite devoid of
utricle calcification, with spiral cells generally conca-
ve, showing ringstruktur (Schudack, 1993) calcifica-
tion only around the apical neck.

Description.–The new genus Luzochara was
firstly described as a Porocharaceae, assigned to the

genus Stellatochara, by Grambast-Fessard (1980).
However, studies by Martín-Closas (1996, 2000) and
the present work, indicate that these charophytes are
indeed Clavatoraceae, with the distinctive presence
of ringstruktur calcification around the apical neck,
where generally a star-shaped thickening is visible in
apical view (Fig. 4, Pl. 1, Figs. 1-5). In the studied
specimens, the apical neck is not always clearly
observed; however, according to Martín-Closas
(pers. com.), it exists and is visible in section or in
some specimens devoid of this supplementary apical
calcification. As previously described by Grambast-
Fessard (1980), the gyrogonites are ovoid in shape,
with a rounded base and a conical truncated apex.
The gyrogonites show concave to convex spiral
cells.

Discussion.–The type-species of this genus,
Luzochara reyi nov. comb. is similar to some forms of
Flabellochara harrisi (Peck, 1941) Grambast, 1959,
which show weak utricle calcification and often occur
together with the former. However, F. harrisi presents
a clear apical neck (Pl. 1, Figs. 7-12) and/or partial
utricle cover. This latter character is absent in all of the
forms of Luzochara nov. gen. These features are signi-

FIGURE 2–Local stratigraphy of Lisbon-Sintra region. Studied section range in grey.



ficant for generic distinction, because according to the
genus definition of Feist and Grambast-Fessard (1991),
the utricle is a primary distinctive character. Thus, its
presence or absence allows, in the authors’ opinion, a

primary separation of the specimens. In addition, the
type-species Luzochara reyi nov. comb. is smaller
(Fig. 5) and has a few other different morphological
features.
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FIGURE 3–Litostratigraphical succession of Rio de Mouro. Charophytes sampled at level RM-
34T (adapted from Cabral, 1995).



The species Stenochara zavialensis Grambast-
Fessard, 1980 from the Albian? of Zavial (Algarve,
Portugal) is also included in the genus Luzochara,
since it lacks utricular cover and presents apical rings-
truktur calcification, as visible in Plate 3, Figure 12
and 13, in Grambast-Fessard (1980).

Other species could be included in this genus, since
they all lack the utricle calcification, such as,
Stellatochara nehdenensis Schudack, 1987 and
Stellatochara sp., from the Barremian of Germany
(Schudack, 1987a; 1993), Stellatochara aff. reyi from
the Barremian of Spain (Schudack, 1989),
Henanochara squalida Zhang, Jiang and Meng, 1985
and H. nitida Zhang, Jiang and Meng, 1985 from the
Lower Cretaceous of China (Jiang et al., 1985 in
Martín-Closas, 2000) and Morphotype AK1 clavato-
roide gyrogonites (sensu Schudack, 1989; 1993) from
the Berriasian to Lower Valanginian of Germany,
Romania and Spain (Schudack, 1989; 1993).

Generic name origin.–From the locality Nossa
Senhora da Luz, in Algarve (Portugal), where this
form was originally studied by Louis Grambast and
later described by Grambast-Fessard (1980).

Luzochara reyi nov. comb.
(Pl. 1, Fig. 1-6)

1980 Stellatochara reyi n. sp.  Grambast-Fessard,
p. 42, Pl. 3, Figs. 6-9.

1987b Stellatochara aff. reyi Grambast-Fessard, 1980
– Schudack, pp. 130-132, Fig. 85; Pl. 4, Figs. 15-
18.

1995 Clavator harrisi reyi, Soria et al., p. 147.
1996 Clavator harrisi reyi nov. comb. Grambast-

Fessard, 1980, Martín-Closas, p. 279.

Description.–Medium-sized ovoid gyrogonite, wi-
thout nodular or structured utricle cover. It shows an
apical star-shaped cell thickening, and the ringstruktur
is visible in apical view (Fig. 4, Pl. 1, Figs. 1-5). The
gyrogonite has a rounded base and a conical to roun-
ded truncated apex. In a population of hundreds of
gyrogonites, from which 50 were measured, the
Length of Polar Axis (LPA) averages 530 µm and
the Length of Equatorial Diameter (LED) averages
410 µm, with 9-10 concave or convex spiral cells (NC)
(sometimes 8 to 12), not fully calcified. Anisopolarity
Distance (AND) values are about 290 µm. Average
Apical Pore Diameter (APD) and Basal Pore Diameter
(BPD) are about 80 µm and 30 µm, respectively. The
Isopolarity Index (ISI), with values of 130 in average,
shows an elliptical gyrogonite, and Anisopolarity
Index (ANI) values (averaging 54) point to an asym-
metrical shape, with larger basal half. Equatorial cell
diameter values averages 59 µm. Population statistics
is presented below (Table 1). Comparative morphome-
tric analysis with other charophytes occurring at the
same level is shown in Figure 5. 
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FIGURE 4–Schematic aspects of ringstruktur calcification
around the apex of Luzochara reyi nov. comb.

TABLE 1–Morphometric values for the gyrogonites of Luzochara reyi nov. comb.

LPA (µm) LED (µm) NC AND (µm) ISI ANI APD (µm) BPD (µm)

Mean 531 406 10 289 131 54 82 31
Median 529 412 9 294 130 55 78 29
Mode 549 412 9 294 130 57 78 29
Minimum 471 353 8 245 119 50 59 20
Maximum 569 441 12 314 147 59 108 59

Count 50 50 50 50 50 50 43 39



REVISTA ESPAÑOLA DE MICROPALEONTOLOGÍA, V. 37, N.° 1, 2005176

FIGURE 5–Graphical projection of the morphometric parameters LPA vs. LED of the charophytes from level RM-34T.

→

PLATE 1–1, Luzochara reyi nov. comb. Lateral view. (x 70). 2, Luzochara reyi nov. comb. Lateral view. (x 70). 3, Luzochara
reyi nov. comb. Lateral view. (x 70). 4, Luzochara reyi nov. comb. Apical view, showing ringstruktur calcification and star
shape apical thickening. (x 70). 5, Luzochara reyi nov. comb. Lateral view. (x 70). 6, Luzochara reyi nov. comb. Basal view.
(x 70). 7, Flabellochara harrisi (Peck, 1938) Grambast 1959. Lateral view. (x 70). 8, Flabellochara harrisi (Peck, 1938)
Grambast 1959. Lateral view. (x 70). 9, Flabellochara harrisi (Peck 1938) Grambast 1959. Lateral view. (x 70). 10,
Flabellochara harrisi (Peck, 1938) Grambast 1959. Lateral view. (x 70). 11, Flabellochara harrisi (Peck, 1938) Grambast
1959. Lateral view. (x 70). 12, Flabellochara harrisi (Peck, 1938) Grambast 1959. Lateral view. (x 70). 13, Flabellochara
harrisi (Peck, 1938) Grambast 1959. Apical view. (x 70). 14, Flabellochara harrisi (Peck, 1938) Grambast 1959. Basal
view. (x 70). 15, Atopochara trivolvis Peck 1938. Lateral view. (x 70). 16, Atopochara trivolvis Peck 1938. Lateral view. (x
70). 17, Atopochara trivolvis Peck 1938. Apical view. (x 70). 18, Atopochara trivolvis Peck 1938. Basal view. (x 70). 19,
Embergerella sp. Lateral view. (x 50). 20, Embergerella sp. Lateral view. (x 50).

Discussion.–The studied specimens are in some ways
similar to Luzochara zavialensis nov. comb., as compa-
red to Grambast-Fessard (1980) original diagnosis,
namely, as regards to its concave spiral cells. However,
the studied specimens show convex, concave and also

concave to convex spiral cells in the same gyrogonite.
Despite this, when considering the morphometric para-
meters, the studied population differs from L. zavialen-
sis, namely by the high asymmetry values, that reflect its
ovoid shape, smaller dimensions and larger apical pore.



PEREIRA-CABRAL — CHAROPHYTES FROM LOWER APTIAN OF RIO DE MOURO… 177

PLATE 1



Luzochara reyi nov. comb. is also similar to the
forms of Flabellochara harrisi (Peck, 1941)
Grambast, 1959, that do not present full utricle calcifi-
cation. However, Luzochara is smaller in size (Fig. 5),
rounder and shows a more significant asymmetry than
F. harrisi, in addition to the utricle absence around the
gyrogonite.

Other occurrences.–In Portugal, this form is found
in the Aptian of Nossa Senhora da Luz (South
Portugal) (Grambast-Fessard, 1980). In Europe, L. reyi
nov. comb. is also found in the Barremian of Spain
(Soria et al., 1995; Schudack, 1987b).

Genus Flabellochara Grambast, 1959

Flabellochara harrisi (Peck, 1938) Grambast, 1959
(Pl. 1; Figs. 7-14)

1941 Clavator harrisi n. sp., Peck, pp. 292-294, Pl.
42, Figs. 25-37.

1957 Clavator harrisi Peck, Peck, pp. 14-15, Pl. 2,
Figs. 9-20.

1959 Flabellochara harrisi (Peck, 1941) nov. comb.
Grambast, p. 559.

1986 Flabellochara harrisi (Peck, 1941) Grambast
1959, Martín-Closas and Grambast-Fessard, pp.
21-24, Fig. 6; Pl. 5, Figs. 9-11.

1988 Flabellochara harrisi (Peck 1941) Grambast
1959, Martín-Closas, Figs. 4-5.

1989 Flabellochara harrisi (Peck, 1941) Grambast
1959, Schudack, p. 419, Pl. 4, Figs. 9-13.

1989 Flabellochara harrisi (Peck, 1941) Grambast
1959, Musacchio, Pl. 2, Fig. 7.

1993 Flabellochara harrisi (Peck, 1941) Grambast
1959, Musacchio, Fig. 9.

1993 Clavator harrisi Peck 1941, Schudack, pp. 80-
82, Pl. 10, Figs. 7-14.

1996 Clavator harrisi (Peck, 1941) emend. Martín-
Closas, Martín-Closas, pp. 278-279, Fig. 12.

1999 Flabellochara harrisi (Peck, 1941) Grambast
1959, Feist et al., p. 614, Pl. 1, Fig. 2.

Description.–Ovoid to bottle-shaped fructification,
with utricle ranging from fully covered to partial or
almost absent, and often revealing the internal nodular
layer and the spiral cells of the gyrogonite. In those forms
bearing partial utricle cover, an apical neck can be 
observed. With approximately bilateral symmetry, the
utricle presents two lateral bract cell impressions forming
a fan, usually with five digitated cells, comprising the
totality or part of the utricle. Average dimensions are:
length 690 µm, width 530 µm and ISI and ANI values of
the “body” of the utricleare 115 and 51, respectively.
When possible, spiral cells were counted, having shown
to range between 10 and 13, being 11 the most common
value. Apical pore diameter is circa 95 µm, and basal pore
averages 38 µm. Apical Neck Length (ANL) is usually
78 µm, but forms without apical neck may also occur.
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TABLE 2–Morphometric values for the utricles of Flabellochara harrisi.

LPA LED 
NC

AND
ISI ANI

APD BPD ANL
(µm) (µm) (µm) (µm) (µm) (µm)

Mean 689 532 11 388 115 51 95 38 78
Median 686 539 11 392 116 51 98 39 78
Mode 667 549 11 412 107 47 98 39 78
Minimum 559 471 10 304 98 45 59 20 0
Maximum 775 588 13 451 132 59 137 59 137

Count 37 37 8 36 37 36 21 24 37

Occurrences.–In Portugal, this form was recogni-
zed in Algarve by Rey and Ramalho (1974) and
Grambast-Fessard (1980). This species has been
documented also in Spain, from the Berriasian to
Lower Barremian (e. g. Schudack, 1989; Hernández
et al., 1999; Martín-Closas and Millán, 1998; Soria
et al., 1995; Martín-Closas, 2000), in the Lower

Cretaceous of Germany, at Nehden (Schudack,
1993), in the Aptian of eastern Morocco (Feist et al.,
1999) and the Aptian of Morrison Formation, USA
(Peck, 1957). It also occurs in the Lower Cretaceous
of Argentina (Musacchio, 1989; 1993) and in the
Lower Cretaceous of Ukraine and China (Martín-
Closas, 2000).



Family CLAVATORACEAE Pia, 1927
Subfamily ATOPOCHAROIDEAE (Peck) Grambast, 1969

Genus Atopochara Peck (1938) emend. 1941

Atopochara trivolvis Peck, 1938
(Plate 1, Figs. 15-18)

1938 Atopochara trivolvis n. sp.- Peck, pp. 173-176,
Fig.1; Pl. 28, Figs. 5-12.

1941 Atopochara trivolvis Peck, Peck, p. 290, Pl. 42,
Figs. 1-6.

1957 Atopochara trivolvis Peck, Peck, p. 290, Pl. 42,
Figs. 1-5.

1967 Atopochara trivolvis Peck, Grambast, p. 582,
Figs. 14-16.

1968 Atopochara trivolvis subsp. trivolvis Peck,
Grambast, p.8, Pl. 3, Fig. 16.

Description.–Diamond-shaped utricle with rounded
contour in apical view and “triradial” symmetry.
Ramified utricular impressions are dextrally coiled
and show high spiralization degree at the apical half.
The basal half shows sub-vertical ramification and, in
basal view, the trifurcate cells are straight, not showing
spiralization. No antheridia imprints were found in the
studied specimens. The utricle averages 558 µm in
height, 523 µm in width and 109 for ISI values. ANI
values reveal asymmetric forms with larger basal half.
The apical pore diameter is usually 49 µm and the
basal pore diameter is usually 54 µm.
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Occurrences.–This form is geographically widely
spread and occurrences have been found in the Aptian
of Portugal (Rey and Ramalho, 1974; Grambast-
Fessard, 1980) and also in Lower Cretaceous of
Germany (e. g. Schudack, 1993), Spain (e. g. Martín-
Closas, 2000) and the USA (Peck, 1938, 1941, 1957).
It has also been described from the Lower Cretaceous
of China, Libya, Syria, Morocco, Romania, Italy and
Hungary (Martín-Closas, 2000).

Genus Embergerella Grambast 1969

Embergerella sp.
(Pl. 1, Figs. 19-20)

Description.–Only two specimens were found in
the studied sample. They present two or three ramified
expansions, with utricular imprints forming a rose-like
structure around a pore.

CONCLUSIONS

At the Rio de Mouro section (Lisbon region,
Portugal), a single bed has yielded a rich charophyte
association of Early Aptian age, comprising
Atopochara trivolvis, Luzochara reyi nov. comb. and
Flabellochara harrisi; Embergerella sp. also occurs.
This age is confirmed by the occurrence of different
associations of foraminiferids, dinokists and ostracods.
The charophyte association occurs together with an
ostracod fauna that indicates a freshwater to oligohali-
ne environment, representing the transition from a sha-
llow marine, subtidal depositional setting to a conti-
nental one.

Based on morphological features and statistical para-
meters, a new definition is proposed for Luzochara reyi,
in order to differentiate it from Flabellochara harrisi
(Peck, 1938) Grambast, 1959, a form from the Clavator
harrisi lineage (sensu Martín-Closas, 1996).

TABLE 3–Morphometric values for the utricles of Atopochara trivolvis.

LPA (µm) LED (µm) AND (µm) ISI ANI APD (µm) BPD (µm)

Mean 558 513 302 109 54 47 54
Median 549 520 294 109 54 49 54
Mode 549 529 294 100 56 49 59
Minimum 461 431 235 93 50 29 29
Maximum 667 588 392 122 59 69 78

Count 50 50 50 50 50 36 32
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