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Photosynthesis-Induced Biofilm
Calcification and Calcium
Concentrations in Phanerozoic
Oceans

Gernot Arp,* Andreas Reimer, Joachim Reitner

Photosynthetic carbon assimilation is commonly invoked as the cause of cal-
cium carbonate precipitation in cyanobacterial biofilms that results in the
formation of calcareous stromatolites. However, biofilm calcification patterns
‘in recent lakes and simulation of photosynthetically induced rise in calcium
carbonate supersaturation demonstrate that this mechanism applies only in
settings low in dissolved inorganic carbon and high in calcium. Taking into
account paleo—partial pressure curves for carbon dioxide, we show that Pha-
nerozoic oceans sustaining calcified cyanobacteria must have had considerably
higher calcium concentrations than oceans of today. In turn, the enigmatic lack
of calcified cyanobacteria in stromatolite-bearing Precambrian sequences can
now be explained as a result of high dissolved inorganic carbon concentrations.

There is increasing evidence that the ocean’s
chemical composition fluctuated consider-
ably during the Precambrian as well as during
the Phanerozoic (/-3). Conditions favoring
carbonate precipitation can be inferred from
cyanobacteria, because their calcification is
dependent on the supersaturation of the am-
bient water with respect to CaCO, minerals
(4, 5). Recurrent calcification of microbial
mats and biofilms, commonly dominated by
cyanobacteria and/or nonphototrophic bacte-
ria, leads to the formation of stromatolites,
laminated reeflike structures that once were
common in the marine realm. Starting with a
limited number of Archean occurrences, stro-
matolites were most widespread and abun-
dant in the Proterozoic, followed by a severe
decline in the latest Proterozoic (6, 7). Sub-
sequently, clotted microbial deposits, so-
called thrombolites, were common since the
beginning of the Cambrian, but finally van-
ished almost completely from normal-marine
environments during the Late Cretaceous, to-
gether with the remaining stromatolites (8).
Carbonate stromatolites of the Precam-
brian almost never exhibit tubular or vesicu-
lar carbonate microfossils of cyanobacteria,
which should have been the dominant group
of microorganisms in most of the shallow-
marine stromatolite occurrences (8, 9). This
appears enigmatic (9) because cyanobacterial
filament and cell remains have been pre-
served when early silification occurred (/0).
On the other hand, such calcified cyanobac-
teria occur nearly continuously in fluctuating
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abundances from the Cambrian to the Creta-
ceous, either forming skeletal stromatolites,
oncolites, or distinct microfossils such as
Girvanella (10).

Three crucial steps in cyanobacterial bio-
film calcification can be distinguished: (i) the
initial supersaturation of the macroenviron-
ment with regard to CaCO, minerals, (ii) the
shift of the carbonate equilibrium to surpass
the critical supersaturation for CaCO, miner-
al formation, and (iii) the process of seed
crystal formation. In the following, saturation
is given by the saturation index

Slso = log(IAP/Kp) (1)

where IAP denotes the ion activity product
and K is the solubility product of the cor-
responding mineral (solid phase) (/7). Case
studies of nonmarine settings exhibiting
present-day calcifying cyanobacterial bio-
films indicate a 9.5- to 15-fold supersatura-
tion of the ambient water with respect to
calcite (/2-14). Therefore, an ~10-fold su-
persaturation (SI., = 1.0) is here taken as a
prerequisite for cyanobacterial calcification.

CaCO, mineral nucleation in microbial
biofilms always starts from the common gel-
like exopolymer matrix. Apart from their bi-
ological functions (/5), extracellular poly-
meric substances (EPS), arranged in a highly
hydrated network, affect mineralization in
two ways. (i) They permit the establishment
of physicochemical and chemical microgra-
dients by reducing diffusion rates, and (ii)
they bind divalent cations such as Ca?* and
Mg?* from the liquid phase. The latter re-
flects the abundance of acidic groups within
the EPS, which is not merely a sticky mass
trapping and binding particles, but is com-
posed largely of highly reactive, carboxylated
polysaccharides (15, 16). In accordance with

the concept of organic matrix—mediated bi-
omineralization (17, 18), the stereochemical
arrangement of these acidic groups is of cru-
cial importance in mineral nucleation. Highly
ordered acidic groups at defined distances
that correspond to the crystal lattice promote
nucleation, whereas irregularly arranged
groups inhibit precipitation. Because EPS
are, in contrast to organic matrices in biomin-
eralization, highly diverse and disordered,
this latter effect prevails in biofilms. Nucle-
ation of CaCO, only occurs at acidic groups,
which are suitably arranged mainly by acci-
dent, after a sufficient diffusive Ca?* supply
surpasses the complexation capacity of the
EPS. As a result, if no effective physico-
chemical microgradients are established by
the microorganisms, randomly distributed
crystals form in the EPS (/9).

Stimulated by the hypothesis (20) that
ocean chemistry before 1000 Ma (million
years ago) might have been highly alkaline,
with pH values up to 10, and that soda lake
microbialites may have Proterozoic counter-
parts, we investigated biofilm mineralization
in soda lakes. Typically, physicochemically
driven CaCO, precipitation of randomly dis-
tributed crystals occurs in the biofilm EPS at
the contact to the supersaturated liquid phase
so that no defined sheath impregnation results
(12-14, 19).

By contrast, for the formation of calcified
cyanobacteria, it is critical that photosynthet-
ic carbon withdrawl creates a pH-microgra-
dient within the trichome-surrounding sheath
to induce a spatially defined CaCO, impreg-
nation (/9). A causal relation of photosyn-
thetic carbon assimilation and carbonate pre-
cipitation in cyanobacteria has been shown
convincingly for freshwater settings, both by
isotopic and experimental studies (21, 22).
So, how strong is the relative effect of pho-
tosynthesis in shifting carbonate equilibrium
in the different hydrochemical settings?

The basic concept is expressed by the
solubility product

Kso = {Ca’"} X {CO;*} (2)

A rise in the concentration of CO,~
([CO,%7]) will cause the ion activity product
to exceed the solubility product, resulting in
higher supersaturation the lower the initial
concentration in dissolved inorganic carbon
(DIC) is. In the case of photosynthesis, the
rise in [CO,%7] results from the dispropor-
tionation of bicarbonate to carbonate and
CO,, which is fixed by the organisms (23):

2HCO;” =COs + CO, + H,0 (3)

To simulate the susceptibility of calcite su-
persaturation of high-Ca?*/low-DIC and
low-Ca?*/high-DIC waters against a given
photosynthetic carbon removal, we calculat-
ed model curves (24). The same procedure
was applied to water-chemistry data of 29
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settings sustaining calcifying biofilms (24). 0.6
The resulting difference between the calcite

supersaturation index before and after carbon 0.5 -

subtraction, termed ASI_, is plotted against

DIC at equilibrium conditions in Fig. 1. 0.4 -

As a result, high-DIC waters—i.e., soda

lakes and adjacent mixing zones at freshwater 9.3 |
<

inputs—show a negligible to minor rise in

calcite supersaturation upon carbon removal 0.2 -

(Fig. 1). This is because of the large carbon
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pool and the strong pH buffering of soda lake
waters. All of these high-DIC settings lack
CaCO, precipitates spatially linked to cya-
nobacterial sheaths (25). Low-DIC marine
settings and Na-Cl-dominated lakes show
minor to moderately high ASI_ values. Lake
Tanganyika (Tanzania), Lake Satonda (Indo-
nesia), Lake Thetis, and Shark Bay (Western
Australia) cluster between 0.1 and 0.2 ASI ..
These settings, which presently sustain mi-
crobial reef growth, show clotted, microcrys-
talline precipitates within the cyanobacterial
biofilm EPS (25). Nonetheless, precipitates
immediately linked to cyanobacteria occur
regularly in Lake Clifton (Western Australia)
at a ASI_ of 0.20, although a clotted fabric
still dominates in these thrombolites (25).
Thus, a ASI_, of at least 0.20 is here consid-
ered necessary for the formation of calcified
cyanobacteria as defined by CaCO,-impreg-
nated cyanobacterial sheaths. Saline pools of
the Aldabra atoll (Seychelles) (ASI., =
0.18 — 0.30) exhibit stromatolites that locally
contain cyanobacterial filament moulds en-
cased in microcrystalline carbonate (25).
Riding (26) described calcareous sheath im-
pregnation in Plectonema from another pool
on Aldabra high in Ca®* as a possible analog
of the calcified cyanobacterium Girvanelia.

Low-DIC nonmarine settings—i.e., hard-
water lakes and creeks—show a relatively
strong rise in calcite supersaturation upon
DIC removal (ASI., = 0.3 — 0.5). The
ASI. is generally higher compared with ma-
rine water of the same initial DIC (Fig. 1)
where Mg?™ and SO,?~ tend to lower free
Ca?* and CO,?~ concentrations as a result of
ion pairing and complexation. Commonly,
physicochemical CO, degassing dominates in
hardwater creeks, and cyanobacterial fila-
ments mineralize externally (4, 6). Only
when in equilibrium with atmospheric pCO,
does sheath impregnation by microcrystalline
carbonate occur. Notably, the few known
case studies of proven photosynthesis-in-
duced CaCO, precipitation show the most
substantial calculated rise in supersaturation
upon DIC removal (Fig. 1): Fayetteville
Green Lake (2/) and a pond from the Ever-
glades (22).

Figure 2 demonstrates the photosynthetic
effect on supersaturation at pCO, levels ex-
pected for certain periods in Earth’s history.
Whereas high ASI._ values (>0.20) can be
achieved for a pCO, between 1073 and
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Fig. 1. Computed mi-
croenvironmental rise
in the calcite supersat-
uration index (ASl. ) of
natural waters (24)
upon a carbon decrease
by 200 pmol liter™’
as a function of DIC
for present-day atmos-
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10725 atm, if sufficient Ca?" is added, at
higher pCO, (1072, 10~" atm) ASI._ gener-
ally remains below this threshold, and calci-
fied cyanobacteria are unlikely to occur. The
dotted line in Fig. 2 illustrates the suscepti-
bility of standard seawater to carbon removal
by rising pCO, at a constantly held 10-fold
initial supersaturation. After reaching a max-
imum ASI._ at pCO, = 10~2 atm, standard
marine waters show an increasingly low re-
action to carbon removal at higher pCO,
conditions. In any case, only an additional
Ca’™" input can cause the ASI__ of seawater
to exceed the threshold for cyanobacterial
sheath calcification of 0.20.

As aresult of this effect, a lower threshold
of Ca?* concentrations can be calculated for
Phanerozoic oceans that sustained calcified
cyanobacteria (Fig. 3). Accepting palaeo-
pCO, curves of Berner (27) and Ekart et al.
(28) and a ASI._ of 0.20 to enable CaCO,
impregnation of cyanobacterial sheaths by
photosynthesis, at least 13 mmol liter ! Ca?™*
were necessary to sustain calcified cyanobac-
teria in Carboniferous to recent oceans. Ear-
lier in the Paleozoic, Ca®* concentrations up
to at least 23 mmol liter—! must be assumed.

The resulting Ca?" minimum concentra-
tions are compared with the Ca?™ concentra-
tions derived from model calculations by
Stanley and Hardie (2) (Fig. 3A), which are

1000 5t the whole ocean.

based on steady-state mixing of river water
and mid-ocean ridge hydrothermal brines
coupled with precipitation of solid CaCO,
and SiO, phases. The more the absolute Ca®*
concentrations exceed these Ca?™ minimum
estimates, the higher the likelihood that cal-
cified cyanobacteria formed in the corre-
sponding ocean (Fig. 3, B and C). The fossil
record of calcified cyanobacteria from open-
marine settings should reflect this relation
(29) (Fig. 3D). Although the predicted and
observed abundances of occurrences do not
exactly coincide at the 10-Ma intervals, their
rough tendencies do (Fig. 3). Above all, the
predicted gaps in the Lower Permian, Lower
Triassic, and Lower Jurassic apparently cor-
respond to the Asselian, Scythian, and Toar-
cian, which lack marine calcified cyanobac-
teria, although stromatolites occur.

The most notable discrepancy exists with
regard to the Cretaceous and Paleogene. Very
high Ca?* concentrations are suggested by
the Ca®>* model curve of Stanley and Hardie
(2), but fewer and fewer occurrences of cal-
cified cyanobacteria are known from the Ber-
riasian to Santonian (Fig. 3). However, bio-
genic Ca?* removal is not included in the
Hardie-model calculation, and the successive
vanishing of calcified cyanobacteria may
point to a substantial drawdown of Ca?* by
the calcareous nanoplankton and planktonic
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Fig. 3. (A) Calculated
Ca?* minimum curves
for photosynthetically
induced cyanobacterial
sheath impregnation in
comparison with the
calculated Ca?* curve
of the modeling by
Stanley and Hardie (2). 1] .
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foraminifera since the Late Jurassic (30). This
is consistent with the volume of Upper Cre-
taceous—Early Paleocene chalk deposits of
coccolithophorids. In the first instance, these
sediments reflect high Ca?* flux rates rather
than high absolute Ca®* concentrations.
Precambrian marine carbonate stromato-
lites almost completely lack calcified cya-
nobacteria (8, 9), although cyanobacterial re-
mains comparable to those of recent taxa
were preserved upon early silification (10).
This lack appears astonishing because most
stromatolites, at least those of the Proterozo-
ic, are considered as mineralized cyanobacte-
ria-dominated biofilms (9). However, this
lack can be explained by high DIC concen-
trations (Fig. 2). Regardless of whether high-
pCO, conditions (>10~2 atm) with a slightly
acidic to near-neutral ocean (3I) or low-
pCO, conditions (1073 atm) with an alka-
line “soda ocean” of 5 to 500 meq liter!
carbonate alkalinity (20) are assumed, cya-
nobacteria could not have induced sheath cal-
cification by photosynthetic carbon assimila-
tion (Figs. 1 and 2). Thus, episodic Precam-
brian stromatolite formation should reflect
exopolymer-mediated precipitation driven by
physicochemical fluctuations of the whole-
ocean basins. This is consistent with correla-
tion of Proterozoic stromatolite morphotypes
between different continents (32) and with
the fractal geometry shown by some Archean
stromatolites (33). Consequently, discoveries
of 700- to 750-million-year-old calcified cya-
nobacteria (34) that unequivocally resulted

-450

400 -350  -300

time (Ma)

more significant than today during times of
high seawater Ca?*. This may explain the
occurrence of calcareous microbial fossils
such as Renalcis in reef cavities, and the great
abundance of microbialites during large parts
of the Phanerozoic. The recently discovered
calcitic microbialites containing Epiphyton-
and Girvanella-like structures in a hardwater
lake (36) may therefore indeed serve as an
analog for microbial reefs formed during
high-Ca* times of the Paleozoic.
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A Giant Sauropod Dinosaur
from an Upper Cretaceous
Mangrove Deposit in Egypt

Joshua B. Smith,’* Matthew C. Lamanna," Kenneth J. Lacovara,?
Peter Dodson,"? Jennifer R. Smith,” Jason C. Poole,*
Robert Giegengack,’ Yousry Attia®

We describe a giant titanosaurid sauropod dinosaur discovered in coastal de-
posits in the Upper Cretaceous Bahariya Formation of Egypt, a unit that has
produced three Tyrannosaurus-sized theropods and numerous other vertebrate
taxa. Paralititan stromeri is the first tetrapod reported from Bahariya since
1935. Its 1.69-meter-long humerus is longer than that of any known Cretaceous
sauropod. The autochthonous scavenged skeleton was preserved in mangrove
deposits, raising the possibility that titanosaurids and their predators habitually

entered such environments.

In the early 20th century, the Bavarian geologist
Ernst Stromer described a diverse biota from
the Upper Cretaceous [Cenomanian: 93.5 to
99.0 million years ago (Ma)] Bahariya Forma-
tion () of the Bahariya Oasis, Egypt (Fig. 1).
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The vertebrate discoveries included fish, turtles,
plesiosaurs, squamates, crocodyliforms, and
four dinosaurs: the theropods Spinosaurus,
Carcharodontosaurus, and Bahariasaurus, and
the sauropod Aegyptosaurus (2). Tragically,
Stromer’s collections were largely destroyed
during an Allied bombing of Munich in 1944
(3). With exceptions from Morocco (4-6) and
Algeria (7), evidence of Late Cretaceous Afri-
can dinosaurs remains limited. An improved
understanding of Late Cretaceous African ter-
restrial vertebrates is important for the paleo-
ecology of this region and is needed to evaluate
biogeographic hypotheses pertaining to Gond-
wanan fragmentation (5, §—10). Here we de-
scribe the partial skeleton of an extremely large
sauropod dinosaur, the first tetrapod reported
from Bahariya since 1935 (/7). The specimen
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ment for sampling permits. Funded by the German
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consists largely of vertebrae, pectoral girdle,
and forelimb elements and is preserved in sed-
iments indicative of intertidal deposits. A num-
ber of morphological differences distinguish the
humerus of the specimen (Fig. 2A) from that of
Aegyptosaurus, precluding referral to that ge-
nus (/2). Because of these distinctions and its
possession of several autapomorphies, we des-
ignate the new specimen as Paralititan stro-
meri, gen. et sp. nov. (13).

Two preserved caudal sacral centra of
Paralititan lack pleurocoels. The centrum of
the first caudal vertebra (Fig. 2B) is wider
than high and procoelous, and has a convex
distal articular condyle. The centrum is not
biconvex, as in the titanosaurids 4lamosau-
rus (14), Neuquensaurus (14), and Pelle-
grinisaurus (15). Its ventral surface has
weakly developed longitudinal ridges lateral-
ly bordering a sagittal concavity. A postspi-
nal lamina is present between spinopostzyg-
apophyseal laminae on the distal surface of
the neural spine. A second proximal caudal
(Fig. 2C) is strongly procoelous and has a
well-developed distal condyle.

The scapula is concave medially. A prom-
inent dorsomedial rugosity borders the medi-
al concavity as in the titanosaurids Aeolo-
saurus, Lirainosaurus, Neuquensaurus, and
Saltasaurus (14, 16). Distal to the glenoid, a
well-developed tabular process projects from
the caudoventral margin of the scapula. The
development of this structure in Paralititan is
equaled only in a scapulocoracoid referred to
the brachiosaurid Brachiosaurus altithorax
7).

The humerus is strongly expanded proxi-
mally and distally. Because of the modest de-

Table 1. Phylogenetic data matrix. The macronarian Camarasaurus is postulated as an outgroup of titanosauriformes (45, 46). Character codings are as follows:
0, hypothesized plesiomorphic states; 1 and 2, hypothesized derived states; ?, missing or uncertain data (79).

Characters
Taxa
5 10 15 20 25 30 35 40 45 50 55
Outgroup
Camarasaurus 00000 00000 00000 00000 00000 00000 00000 00000 00000 00000 00000 0
Ingroup
Brachiosaurus brancai 11001 01000 00000 00000 00000 00121 00000 001?20 00001 01010 01000 0
Andesaurus 22111 11000 1100? 20?00 00?20 001?? 2027 22277 27222 22111 22222 ?
Epachthosaurus 22111 22010 11011 20?01 17011 1110? 122?? 2?21? 22211 11121 2101? 0
Opisthocoelicaudia 2?7212 11101 21111 12002 01110 10111 11011 01111 11111 11101 11011 0
Alamosaurus 22272 22222 22?27 2?2101 10011 11101 11?711 10171 111? 21221 12272 ?
Malawisaurus 11?212 1?2221 1100? 20101 10011 00111 12220 22222 22272 22?221 22222 1
Paralititan 22272 222722 2222? 22011 1101? 222?22 172 21112 2?7212 2?2222 22272 ?
Saltasaurus 2?2112 11111 11001 11111 11101 11101 12111 11111 12?221 11211 21111 1
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